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ABSTRACT

The Edvard Grieg oil eld was discovered in 2007 in the Norwegm North Sea and is
operated by Lundin Energy Norway. The eld is in the productim stage. Production began
in November 2015, and water injection began in July 2016. Thel @earing reservoir lies in
a half graben in Haugaland High, composed of multi-source se@mn accumulation bounded
by unconformities as most of deposition occurred subareallThe early Cretaceous to late
Triassic reservoir is composed of aeolian sands, uvial s#8) alluvial conglomerates, and
shallow marine sands, all capped by a regionally extensivaiuof chalk. Reservoir charac-
terization challenges arise from the depositional compléxof the eld and detailed analysis
must be done to plan for future production. In the oil and gasnidustry, detailed analysis
and inversion is typically done using PP seismic data. In thiproject, | work to evaluate
the bene ts of PS data to better characterize the reservoiréterogeneity and understand the
e ects of production and injection by performing simultaneus PP-PS prestack time-lapse
inversion.

My analysis begins with theoretical expectations of the PSatiaset from a rock physics
approach and analysis of the raw seismic and well data. Theput PS data has signi cant
signal loss from sand injectites directly above the reseivowhere PP data showed no signal
loss, resulting in the PS reservoir interval to contain a 9Hzgak frequency when registered
to PP time. Given this information, the expectation of the PSdata was to only marginally
improve model estimates.

Synthetic work was done to assess inversion performance atwhtrolling parameters.
Findings show if only PP waves were used for inversion, largesets would be needed for
a partially successful S-impedance inversion, which is nawvailable in the Edvard Grieg
survey, due to a maximum 34 incidence angle. This idea is re ected in the prestack PP

inversion results for the eld data. The prestack PP inversin produces the best estimate



for P-impedance, a large improvement from post-stack inv&on, however, the resulting S-
impedance estimate simply follows the background relatiship with the P-impedance term.
By performing joint PP-PS inversion, we greatly improve theS-impedance estimates to
further characterize the reservoir heterogeneity usinges =\%.

The seismic data is shot in two vintages, 2016 and 2018, witinte-lapse purposes in
mind, leading to excellent repeatability (11% NRMS for PP dat, 24% NRMS for PS data).
Theoretically, the P-impedance estimate is in uenced by ud and pressure changes, while
the S-impedance estimate is chiey in uenced by pressure. hls discrepancy can be used
to separate these two e ects in locations where overlap andterference occurs. The inver-
sion results showed that with limited o sets, the PP prestak inversion derived S-impedance
change estimate provides no time-lapse interpretation berts and simply mimics the changes
in P-impedance. With PP-PS 4D inversion the S-impedance wabla to capture geomechan-
ical changes in the eld and aid in the separation of the e e of saturation and pressure.

The optimal P-impedance estimate is derived from PP prestkanversion while the op-
timal S-impedance estimate is derived from PP-PS prestackviersion. This S-impedance
is noisier due to the PS data, but is far more accurate and alled for better identi cation
of reservoir quality heterogeneities from impedance exttons and the generation of facies
volumes. Baes and barriers were identi ed in the large sandbodies and alluvial section
that correlate to the 4D response.

S-impedance change is used in conjunction with P-impedanceange to create satura-
tion and pressure change maps in the reservoir. The maps arged to determine reservoir
compartmentalization, monitor injected uids, understandwater drive, and identify bypass
zones. The work in this thesis demonstrates the bene ts of 4@int PP-PS prestack in-
version on maximizing the understanding of reservoir quajit heterogeneity, and uid ow
pathways. This information proves invaluable to industry aset teams in making drilling and

reservoir management decisions.
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CHAPTER 1
INTRODUCTION

The Reservoir Characterization Project (RCP) is well knowrfor research in multicom-
ponent data, exploring its bene ts in onshore elds from theEagle Ford to the Vaca Muerta.
This thesis applies the knowledge base from previous RCP dies to a challenging o shore
environment in the North Sea. Thus far, inversion has been germed only on the PP
seismic data in the Edvard Grieg eld by the operator, LundinNorway. The objective of
this project is to investigate the potential bene ts of utilizing time-lapse multicomponent
ocean bottom cable 4-D 4-C data for improved inversion ressilin Edvard Grieg, compared
to the conventional pre-stack PP inversion. Improved inveion results can allow for a better
understanding of the static and dynamic model of the subsate. This chapter gives an

introduction to inversion theory and an overview of the NorthSea Project data and geology.

1.1 Seismic Inversion

The overall goal of a geophysicist is to best represent the ajegy of the subsurface
using data. It is important to recognize not only the geologi features associated with
hydrocarbon migration and entrapment, but also the static ad dynamic characteristics of
the reservoir (Chopra & Marfurt, 2005). Parameters used todentify the structure and
architecture of the reservoir include, but are not limited o, depth, thickness, faults, facies
heterogeneity, porosity, permeability, and uid ow. Well logs provide this information but
in a very sparse 1D sampling. Therefore, we use various alites derived from seismic to
estimate the reservoir properties of interest. Seismic datshows us the interface property
of re ectivity, the contrast between rock properties of vabcity and density. In order to
gather more information from re ectivity, geophysicists lave leaned to the seismic process

of inversion.



Inversion is the technique of extracting, from seismic datdhe underlying physical earth
parameters which gave rise to that seismic. This process liges the interface property of
re ectivity to produce an interface property of the rock unts. In order to perform the model
based inversion discussed in this thesis, there must be threnputs, the initial model, the
wavelet, and the seismic data. Ultimately, the result from iversion is a nonunique solution
for certain rock properties, which is why much care and analis needs to be done in the

process. The following section gives the theory behind thocess and the parameters at
play.

1.1.1 Convolutional Model and Poststack Acoustic Impedance Inversio n

The backbone of seismic inversion is based on the convola@bmodel. The convolutional
model is forward modeling, meaning the inputs are the earthadel and wavelet, the output
is the seismic data. In this model, the seismic trace time ses equals the convolution of the

seismic wavelet with the re ectivity series of the earth pla noise. Written as
s(t) = r(t) w(t) + n(t); (1.2)

where s(t) is the seismic tracey(t) is the re ectivity series, w(t) is the equivalent wavelet,
n(t) is noise, and represents convolution. The assumption of the wavelet in thicase is
that there is a single time-invariant stationary wavelet, lowever, in reality wavelets are both
time-varying and complex in shape (Russell, 1988). The neisomponent is a combination
of random noise and coherent noise, where coherent noisehis tulprit of many processing
steps. Re ectivity is the interface property of the layerirg of the earth, determined by the
contrast in velocity and density. In the simplest case, foryre-mode zero-o set re ections,
the re ection coe cient is

V2 2 Vl 1.

r()y= —————=:
® Vo 2+ Vi g

(1.2)

whereV is velocity, is density and the subscript represents the layer, where farsimple

downgoing wave, layer 2 is below layer 1. The product of veigcand density is impedance



(2), thus, re ectivity is the impedance contrast between bds. Figure 1.1 provides a visual

representation of the convolutional model.
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Figure 1.1 Steps in convolutional model to create noise-fregnthetic seismic. Impedance
equally sampled in depth is converted to re ectivity equall sampled in time. The re ection
coe cient time series is then convolved with the seismic walet estimate to produce the
synthetic seismic trace (Image courtesy of Arcis Seismic 8tbns, TGS, Calgary).

From the convolutional model, we establish the relationspithat is used in post-stack
recursive or direct inversion. Theoretically, we see thatigen a wavelet and the seismic
data we can extract a model of the re ectivity, and thus a modeof the relative acoustic
impedance. However, direct inversion assumes noise-freeadand that the seismic wavelet is
known and exact (Goupillaud, 1961; Robinson, 1975). The weatet is deconvolved from the
data and the deconvolved data are time integrated to produaelative impedance estimates.
Because of these assumptions, the recursive inversion teicque can be severely a ected
by noise, poor amplitude recovery, and the band limited nate of the seismic data. Any
problems in the data itself will be in the nal inversion resit (Lindseth, 1979; Russell, 1988).
This is why for my studies | will be performing model-based irersion.

In model-based inversion, the process begins with buildireggeologic model and using
a forward-modeling operator to iteratively adjust the iniial impedance model to achieve
the best t between observed and predicted data (Cooke & Schkider, 1983). The basic

work ow for this inversion technique is shown in Figure 1.2. He we start with the seismic



data, a wavelet, and an initial impedance estimate from a loWwequency background model.
The low frequency background model is built from log data toige absolute values for the
inversion's initial guess and nal estimate, this is neceasy because the inversion is relative
and therefore needs a starting point. Each iteration updagethe impedance model using
a Generalized Linear Inversion (GLI) framework with a mininezation criterion (Keys &
Weglein, 1983). The user can selectively weight the data ntigLeast-Mean-Squared-Error
(LMSE) I, norm), and the model reasonableness (Daves, 2018). Modeds@nableness is
a manual user input and an interpretive judgement. It is impmented through the use
of the model-covariance matrix (Tarantola, 2005). This moel-covariance matrix constrains
deviations from the current model at each iteration, but camlso incorporate relative weights
between each model parameter.

In model-based inversion for post-stack data we are invemgy for acoustic impedance,
as we don't have a relationship with angle or o set. Moving fsm post-stack data to pre-
stack data we introduce more noise, but we are also able to iesite more parameters.
This is simultaneous amplitude versus angle (AVA) pre-stackiversion, a form of inversion
that inverts for multiple rock parameters simultaneously.In the case of the Hampson Russell
model-based pre-stack inversion used for this analysisgtbutputs are absolute P-impedance,
S-impedance, and density. The actual parameters invertedrf and the implications thereof,
are discussed in detail in Chapter 3. These parameters opdretdoor to estimate a number

of other valuable rock properties.
1.1.2 AVO/AVA Prestack Inversion

Till now we have discussed the inversion of normal incidenseismic traces, but for
prestack data we are dealing with re ections recorded over @nge of incident (re ected)
angles. These additional data cause the inversion to be maremplex, but also results in
more information about the subsurface. When a seismic waveimstiated at a given point,
it propagates through the medium and at each interface gersges re ected and transmitted

P- and S-waves. The conversion between the compressional ahear wave is called a mode



Predicted Impedance

Seismic Trace Trace Estimate

Calculate Error Update
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Solution =
Estimate

Figure 1.2 Model-based inversion work ow in Hampson RusselTlhis simplied ow demon-
strates the iterative process in the model-based inversioiven a low-frequency background
impedance model and a seismic wavelet estimate, the impedarmodel is then iteratively
updated such that the observed seismic data are reproducedote the low-frequency model
convolved with the wavelet produces no re ections. Thereffe, the rst iteration of data is
actually the data mis t. Modi ed from Russell (1988).

conversion. There are four potential derived waves shownfingure 1.3, the re ected P-wave,
transmitted/refracted P-wave, re ected S-wave, and transnitted/refracted S-wave.

The re ected and transmitted angles for an incident wave siking at angle are described
by the generalized Snells law,

_sinj _sing _ sin 1

with variable p as the ray parameter or horizontal slowness term. In this casthe velocity,
V; can be P-velocity or S-velocity, and can be P-wave angle or S-wave angle. This term
is conserved throughout the ray path through re ection, rgfction, and mode conversion.

For re ections at a given depth, rays are bent away from the vécal with increasing source-
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Medium 2

Figure 1.3 Schematic diagram of raypaths of re ected (R) andr@ansmitted (T) waves gen-
erated from an incident plane wave in an isotropic elastic daim. Angle ; is the incident
P-wave angle, r is the re ected P-wave angle, 1 is the transmitted P-wave angle. Angle

r IS the re ected S-wave angle, 1 is the transmitted S-wave angle. Bold arrows indicate
particle motion of P- and SV-waves

receiver o set. Additionally, the larger the velocity contrast between layers, the more the
transmitted ray path bends away from the vertical. If the vebcity contrast is large enough
the incident angle will become critical, meaning the refraed wave travels along the interface
between the two media. Important assumptions break down atgst-critical angles, therefore,
these angle ranges should not be used for re ection seismitalysis (Chopra & Castagna,
2007).

With pre-stack data we can observe amplitude variation with agle (AVA) that provides
valuable information on lithology and uid. A fundamental principal of uid and facies
detection using AVA analysis is the concept that anomalousoatrasts in Vp/Vs or the

Poissons ratio on either side of the surface, result in anofoas partitioning of energy as a



function of angle of incidence (Chopra & Castagna, 2007). €hefore variation of AVA can
be correlated to rock properties like Poissons ratio, dedwed in the isotropic case by the
formula,

= (MEw)? 2
C2[(Vp=W)? 1)

(1.4)

Poisson's ratio is a measure of transverse strain to axiakain, which is related to Vp/Vs.
The larger the contrast between the Vp/Vs ratio between mediug) the larger the AVA
response (Koefoed, 1955). Accurate Vp/Vs is of great interegd exploration geoscientists
as it is can indicate uid presence, rock type, and underlym rock properties (Nanda, 2016;
Tatham, 1982).

AVA information for inversion purposes is very useful as itllows for the estimation of
additional model parameters beyond just P-impedance. Witmtreasing angle, S-impedance
and density begin to contribute to the amplitude of seismice ections. Amplitudes of re-
ected and transmitted plane waves at planar boundaries ofwo elastic media are de ned
for all incident angles by the Zoeppritz equations (Zoepgdd, 1919). These equations gov-
ern the partitioning of energy in the various wave modes seen Figure 1.3. Due to the
di culty in solving the equations, many linearized approximations have been made (Fatti
et al., 1994; Shuey, 1985; Smith & Gidlow, 1987; Wiggiret al., 1983), the Aki and Richards
approximation being most popular (Aki & Richards, 1980). Ths approximation de nes that
the PP re ection coe cients (R) in seismic data can be genered by a combination of the
fractional changes in elastic properties across an intec& shown in Equation 1.5. These
inverted properties are V,, change in P-wave velocity; Vs, change in S-wave velocity; and

, change in density.
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Because the impact of each parameter changes with anglewe can use pre-stack data

to estimate the combination of parameters that best ts the agle-dependent re ection co-

e cients. At smaller incident angles, such as the zero o sete ection, the contribution of



P-wave dominates the approximation and there is no in uencEom S-wave. At larger angles
around =30 we begin to get impact from the S-wave term. Farther angles @ameeded for
recovery of the density term, at =45 the estimation is still not robust (Castagna & Backus,
1993; Rosa, 1976). Because the S-wave and density terms dbaomtribute to the ampli-

tude of the plane wave till far angles, estimating these pamzeters from limited angle range
is di cult when looking at one mode PP data. Density is the mos unreliable parameter
in PP AVA inversion. PS AVA is advocated to better constrain ensity since the PS AVA

linearized approximation involves only S-wave and density
1.1.3 Multicomponent Joint Prestack Inversion

In order to improve inversion model parameter estimates, ntiple modes can be inverted.
Body waves have three modes, consisting of compressionak&+es, and two polarizarions of
shear waves, SV-waves, and SH-waves. These waves have digpeopagation directions and
particle motion. Compressional wave particle motion dirgion is parallel to the propagation
direction, while SV-wave particle motion is in the verticalradial plane as shown in Figure 1.3.
Seismic re ection data can be a combination of these, PP, PSS, and SP, the rst letter
denoting the downgoing wave, the second letter denoting thgygoing wave. In our study,

we are working with PP and PS data, shown in Figure 1.4.

Figure 1.4 Schematic diagram of P-wave re ection (PP) data. i®pagation direction noted
in blue, particle motion noted in red. Source marked by *, regver marked by v. Modi ed
from Spikes (2017).



Conventional quantitative interpretation is done using sigle component PP data. This
is for multiple reasons. PP data typically has the highest smlution and signal to noise.
Using PP data we are able to adequately invert for P-Impedanaehich is the rock property
focused on by many interpreters. However, the relationshipebwveen the rock properties and
uids in P-wave seismic data is nonunique (Veire & Landr, 206). Consequently, there can
be large uncertainties in the inversion results from P-waveata alone.

Acquiring multicomponent data in o shore settings can be cdaly compared to PP streamer
acquisition. Even processing multicomponent data poses ade challenge, particularly re-
lated to the S-wave velocity estimation and shear wave stas, which is why S-wave interpre-
tation is not common (Veire & Landr, 2006). In many of the cass that PS data is recorded,
it is not considered for processing or interpretation due tthe challenges mentioned above.
However, recent improvements in S-impedance inversion andadysis (Du aut et al., 2000),
have shown that the bene ts of improved reservoir charactemation may outweigh the costs
of acquisition and processing of S-wave data. PP data and P&td have di erent propaga-
tion directions as shown in Figure 1.4, and highlight di erehfeatures in the data (Aki &
Richards, 1980). Because S-waves do not propagate in uidhe combined use of P-wave
data and S-wave data might improve our ability to charactede uid response from lithology
e ects. This can be used to our advantage in quantitative irdgrpretation to improve the 3D
static model and the dynamic reservoir model.

This project looks into simultaneous inversion of PP and PSrp-stack seismic data. In
this inversion, the PS data must be registered to PP time usgha work ow described in
Chapter 5, then a modi ed version of Fatti's linearized appoximation is used to invert for
P-impedance, and deviations in S-impedance and density (faet al., 1994; Hampsoret al.,
2005). This is described in more detail in Chapter 3. RCP PhasXVI work showed the
improvement in inversion results using simultaneous inveion including PS eld data for
S-impedance in an unconventional reservoir (Copley, 2018)ly work aims to analyze the

bene t of utilizing PS data in joint 4D inversion on a complexo shore dataset for better



understanding reservoir geometry, heterogeneity, and pnse to production and injection.
1.2 Time Lapse

Time lapse seismic data can illuminate pore pressure and gedtion changes. This in-
formation can allow the identi cation of permeability pathways, ow barriers and ba es,
bypassed reservoir, overpressure zones, compaction, amgamsion in the eld. In order
to understand how changes in elastic properties correspotwirock physics parameters, we
establish a rock physics model based on well data.

There are multiple requirements in the seismic data to allofor interpretation and corre-
lation to our rock physics model. For the 4D seismic surveyadequate time between seismic
surveys must be alloted to allow for dispersion of the uid. Alng with time being an im-
portant component for observing a time lapse response, saépeatability. Repeatability is
simply a measure of the similarity between the baseline andamiter survey. This is vital
as we are focusing on di erences with time from baseline to mitor, thus the interpretable
di erences should only be caused by the development of thelde not due to di erences in
the seismic acquisition or processing. Perfect repeatatyilis unattainable, a level of noise
will exist between surveys due to multiple factors includig but not limited to seismic inter-
ference, tidal e ects, shot generated noise, and ambient ise (Johnston, 2013). The level
of repeatability is measured in NRMS, which measures the neitevel between surveys and
sets an expectation of what amplitude 4D changes we can resoln the seismic. With this

analysis we can begin to understand how the reservoir is befray dynamically.
1.2.1 Dynamic E ects

As elds undergo production and injection, there are a magniide of changes in that
occur both in the reservoir and the overburden. In generalygssure and saturation are both
changing in areas of production and injection, this is why its important to understand
what part of the change is due to pressure versus saturationn the case of hydrocarbon

production, there are changes in pressure, saturation, anemperature. As the reservoir is
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being depleted, the pore pressure in the reservoir decreasad over time there is often a
saturation change from hydrocarbon to water. If the pore pssure drops to bubble point
then the process of gas exsolution begins. Pressure depletin the reservoir increases the
load on the rock matrix resulting in compaction. In most casethe level of compaction
is negligible, but with large enough pressure drop or in higghcompressible reservoir rock
compaction may be signi cant (Toomeyet al., 2017). As the reservoir pulls away from the
surface of the earth, the overburden expands in responseusig stress arching, notable in
the North Sea and the Gulf of Mexico (Keszthelyet al., 2016; Toomeyet al., 2017).

In the case of water injection, we see the opposite set of regges. The injector causes
saturation change, pore pressure increase, and expansidénhe reservoir, and potentially a
responding compaction or compression in the overburden. this scenario again we have a
combination of e ects. These are just two of the many potendil scenarios in a developing
eld, but in both scenarios the pressure changes and saturah changes destructively inter-
fere. Meaning if there was solely a pressure or saturationasige, we would see a stronger
change in amplitude than when there is a combination of prag® and saturation change.
This is why it is necessary to recognize and distinguish théanges as a response to pressure

versus saturation change to accurately characterize our igmic reservoir model.
1.2.2 4D Joint PP/PS Inversion

Joint 4D PP-PS inversion has been proven to be a robust tool feharacterizing e ects
of eld development. Acoustic impedance from PP data captusepressure changes and
saturation changes, while an improved shear impedance fraitme PS data captures only
pressure changes, since S-waves are considered inseadibichanges in pore uid. Formulas
for computation of pressure and saturation changes from 4DPPand PS seismic data have
been derived and tested on synthetic data (Landret al., 2003). From synthetic tests, it
is clear that PS data actually shows more sensitivity to presire (Shahinet al., 2008). In
these synthetics, pressure and saturation changes weretidguished best in amplitude and

travel times, however within the impedance domain we can et understand the separation.
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Using our rock physics template derived from log and core datave can relate the elastic
di erences to rock properties like porosity and permeabty and improve our understanding
of reservoir heterogeneity. By utilizing the bene ts of PS iad PP data with simultaneous

inversion, and highly repeatable seismic surveys, we canttiee characterize the reservoir

statically and dynamically.

1.3 North Sea: Edvard Grieg Field

RCP introduced The North Sea project in Spring 2019 with Lunai Norway as the
sponsor, providing multicomponent seismic data from 201éd 2018 over the Edvard Grieg
Field in the Norwegian North Sea. This project involves the angsis of multicomponent

data in a complex eld that is currently undergoing producton and further development.
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Figure 1.5 Edvard Grieg eld study area (Hallandet al., 2013; Ronneviket al., 2017).
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1.3.1 Field Background

The Edvard Grieg oil eld lies in the Norwegian North Sea, aboutt80 km west of Sta-
vanger in PL338 with an average water depth of 110 meters. Tl@erator, Lundin Norway,
is targeting a variable facies reservoir in a regional inved high, the Haugaland High, which
is located at the southern part of Utsira High Figure 1.5. The resvoir is situated at a depth
of approximately 1,900 meters in a Triassic Age half graben.h& eld consists of undersatu-
rated light oil with a GOR of around 702 scf/bbl (Rnnevik et al, 2017). Today there are 10
exploration wells, 10 production/observation developmenvells, and 4 injection wells, total-
ing 24 wells seen in Figure 1.6. The exploration well penetrag the thickest reservoir, well
E, hits a thick aeolian package with a 40 meter oil column. Thproject area was discovered
in 2007 by well A, production started in November 2015, and waténjection started in July
2016. In injector W-2, gas has also been injected for limitedepods due to gas capacity
issues. The eld is estimated to have 300 MMBOE recoverableserves with 160 MMBOE
remaining reserves (Directorate, 2020). Ocean bottom cahlOBC) multicomponent surveys
were shot in 2008, 2016, and 2018 for time-lapse (4D) seisamalysis. Edvard Grieg is in an
active development phase as Lundin and partners in the eldDMV and Wintershall, plan
to reshoot a seismic survey in 2020 to monitor the productioand injection while drilling 4

more wells as injectors.
1.3.2 Data
For the project the following data are available from LundinNorway:
2016 and 2018 4C Seismic Surveys
Post-Stack and Pre-Stack PP and PS data
10 Exploration Well Logs

14 Production/Injection Wells with very limited log data
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half graben and in the West by the oil water contact. The updigedge of the trap lies in the
South-East.

Modeling from Core Analysis

Velocity Models for PP and PS data

Ocean bottom cable full azimuth seismic surveys were acqetr by WesternGeco in 2016
and in 2018 to obtain a 4D dataset with high repeatability to ge for reservoir evaluation.
In this project, we will be focusing on the 2016 and 2018 sugpgeas the original 4C 2008
survey was acquired using orthogonal shots instead of pdedl and the majority of 4D
e ects from production and development began in 2016. The mieys were acquired in
around 110m of water using Q-seabed OBC cable receivers wétlsource vessel towing two

matched source arrays (Figure 1.7). Acquisition parametergeashown in Table 1.1. The
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survey source-receiver geometry is shown in Figure 1.8. Qakdata quality is very good.
The predominate external noise type for both surveys were réace currents and seismic
interference from an OBN survey in the north-west, the Graneeld towards the northeast,
and the Johan Sverdup platform activity in the East, however ane of the lines were discarded

for this seismic interference.

Source

Recording Vessel- Vessel
WG Tasman

\ .
/' R @@

line spacing

Figure 1.7 2016 and 2018 seismic survey acquisition (from Ldin Norway processing report).

Table 1.1 OBC 4C seismic acquisition parameters

Baseline September/October 2016

Monitor September/October 2018
Group Interval (m) 25
Receiver Line Spacing (m 200
Shot-Point Interval (m) 25
Source Line Spacing (m) 25

Both 2016 and 2018 surveys were then processed by Westerng;egsing the same
work ow to permit time lapse interpretations. The processig work ow consisted of Up-
/Down Deconvolution pre-processing for multiples and degisting instead of conventional
pre-processing (Forcet al., 2019). The data were split into 1248 O set Vector Tiles (OVT)
and after Kircho Prestack Depth Migration (KPSDM) the numb er of OVT was reduced to

621, the maximum fold of the data. Inline spacing is 12.5m anctossline spacing is 25m,
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providing substantial data density. The 2018 monitor gathes were matched to the 2016 base-
line gathers with a global scalar and frequency Itering opator derived from the stacked
volumes. The PS dataset went through a similar processing skaw but is smaller in area,
approximately 2km smaller in the inline direction. Using thevelocity model from KPSDM,
the PS is partially registered to the PP data and of high qualy as seen in Figure 1.9,
however, further registration steps will be taken in this poject.

In addition to the geophysical datasets we have well logs ambre analysis for various
wells in the study. There are 9 wells with su cient log to accuately tie to seismic time,
6 exploration, 1 production, and 2 injection wells, all cortining variable quantity of sonic
(P and S-wave) and density log. Core data was taken at well A, Bnd F, and provide

information on rock physics properties that can be used for edeling.
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Figure 1.8 2016 and 2018 seismic survey geometry (from LundNiorway)
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500m

Depth (mSSTVD)

Figure 1.9 Comparison of 2016 PP and PS seismic data. PP and RSections are sensitive
to di erent factors, and by using both we may obtain more infomation on the fracturing
and uids. Acquisition footprint is much larger in PS. Frequeancy content drops signi cantly
with depth for PS data. Shallow high amplitude anomalies arprevalent in both sections.

1.3.3 Geology

The Edvard Grieg eld geology is complex both depositionall and structurally. The
eld is located on Haugland High, the southern part of the Utsira lgh which is a large
basement high anked by the Viking Graben to the West. The resgoir was deposited from
the late Triassic to early Cretaceous in a half graben with aactive basement fault seen in
Figure 1.10 (Directorate, 2018). The reservoir is composefioulti-source sediment, bounded
by unconformities as most of the deposition occurred subaily. It consists of aeolian sands,
uvial sands, alluvial sandy matrix conglomerate, alluvia silty matrix conglomerate, and
shelfal sand facies (Figure 1.11). Additionally, multiple wis in the North of the eld at the
basement high have proven oil shows in the underlying altetéractured granitic basement

as this bedrock was subareally exposed for an extended pdraf time (Riber et al., 2015).
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| Edvard Grieg Discovery Well | Johan Sverdrup Discovery Well
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Figure 1.10 Regional seismic line running W-E through the Vikop Graben and Haugaland
High (Ronneviket al., 2017). Neighboring Johan Sverdup eld has similar reservaiepth but
the reservoir is composed of younger Jurrasic shoreface $tsamds and fan-delta deposits.

This area is heavily inuenced by tectonics, particularly die to three rifting events.
Firstly, in the Devonian, gravitational collapse of thickered crust and shear driven pull-
apart triggered the start of an extensional regime (Coward,993). The tectonic stresses of
this early extension are NE-SW oriented. The second and lagiemportant tectonic event
occurred in the late Permian to early Triassic rift phase. Tis rift system stress regime
is oriented approximately perpendicular to the previous é&nsion, reactivating Devonian
age structures and creating new fault systems that crosstcpre-existing systems (Ziegler,
1992). The Edvard Grieg eld Triassic reservoir was depositl in the accommodation space
created by this Early Triassic rift stage that lasted regioally in the North Sea till late
Jurassic. Rapid rates of in Il and subsidence ultimately deeased in the early Cretaceous
as a major transgression swept through the North Sea (Zieglek992). This transgression
is marked in the eld as the transition from Triassic sands tdhe Cretaceous marine sands
and the Cretaceous Shetland chalk caprock. Tectonics not grih uence the Edvard Grieg

eld deposition, but also with regards to the generation ananigration of hydrocarbon. The

18



third major tectonic in uence to the eld is the Pliocene to Pleistocene tectonic inversion
that formed the Haugaland high and shifted the basin axis solmvest. This caused renewed
petroleum migration from the late Jurrasic Volgian-Valangiian Draupne source rock, mi-
grating from the Viking graben through vertical leakage alog faults and fractures in the
basement to the inverted high and sealed by the Cretaceousatk (Riber et al., 2015; Ron-
nevik et al., 2017). The low-maturity undersaturated oils were generatl and migrated late.
The lling of the inverted high traps depended on this major ectonic event (Riberet al.,

2015; Ronneviket al., 2017).

Figure 1.11 Seismic interpretation of the Edvard Grieg FieldReservoir in the half graben
includes alluvial sediment, aeolian sands, and thin seistaily unresolvable marine sands
capped by the Shetland Chalk unit. Note that the aeolian unit ontains interbedded uvial
sediment and is interbedded in the alluvial sediment throdgut the eld. Alluvial packages
contain uvial sediment and high amounts of lacustrine depsits particularly at greater
depths. Relatively at re ectors can be seen beneath the clia These re ectors are parallel
to the chalk and are peg-leg multiples, not lithology.

The alluvial fan intervals were deposited by several majoroods that carried large vol-
umes of sediment down to the paleovalley. The sandstone-dmated alluvial fan reservoir

has good sorting and intergranular porosity. The predomirtaly sandy matrix conglomerate
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or pebbly sandstone has poor sorting with variable matrix thhology and is most abundant
in the southern and eastern areas of the eld. Alluvial sedinms make up the bulk of the
reservoir in Edvard Grieg but are the most variable in faciesSediment can change from
sands to sandy matrix conglomerate to tight conglomerates close proximity, and di eren-
tiating the changes in this conglomerate reservoir qualitys a challenge. The high spatial
variability of this unit is shown from the well section in Figue 1.12. In certain areas of the
South of the eld, the alluvial sediment has high quality sads while towards the North of
the graben the reservoir quality of the alluvial silty matrk sediment is actually worse than
the fractured basement. Within this alluvial package thereds large presence of interbedded
lacustrine and uvial sediment. The lacustrine sediment ignost prevalent at greater depths

in the half graben.

Generalized
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Figure 1.12 Cross-section running through wells in the sungehighlighting the reservoir.
Velocity logs increase to the right, log area lled with colo noted by colorbar. Basement
rock only penetrated in well C and well G.

The aeolian sandstone is approximately 6-40 meters thickoweced from the northeast
and holds approximately 50% of the Edvard Grieg oil reserve$his Triassic age aeolian sand
comes from a wet system with high feldspar content from thewerking of the alluvial section.
There are ba es in this clean sand formed by interdune sedinme and wind ripple surfaces
with relatively higher clay content identi ed in core. The reservoir quality is the highest in the

aeolian sandstone, containing multi-Darcy permeability00% net to gross, and a minimum
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porosity of 24% (Ronneviket al., 2017). Overall in this unit, we observe the strongest
seismic amplitude and time-lapse response. The PP amplitedesponse of the reservoir
interval is shown in Figure 1.13, where the thin nger like edswvest oriented structures are
bodies of high porosity oil-bearing aeolian sand. The amplde drop towards the downdip
western side is the oil-water contact, but even past the oil ater contact relatively bright
amplitudes remain. This indicates very porous sands exisarther downdip, but are water
bearing. The time-lapse response in areas of production aigection are much stronger
in these sands because the unit is very permeable, as showrFigure 1.14. However, the
log response to the oil bearing aeolian unit is remarkably mimal with regards to gamma
ray and resistivity. This is because the aeolian unit minefagy contains a percentage of
potassium feldspar which is a conductive mineral and showsgh gamma ray values from
the potassium measurement. The low velocity, low resisttyj high gamma ray signature of
this oil bearing aeolian unit indicates a typical shale. Sp#ral gamma ray could be used to
show the high potassium content, but log signature still dichot indicate high porosity clean
sands. Therefore, without the core analysis of this aeolia@diment, it was unlikely that this
reservoir was to be identi ed as a clean sand.

Good quality uvial sands are interbedded in the aeolian uhi These meandering streams
move through the aeolian sands and rework the aeolian andwlial sediment. The sands
are spatially variable and seismically undetectable. Thegre observed in log and core often
interbedded on the top and base of this aeolian unit, obseenost abundantly in well logs
B and L.

Asgard bioclastic shelfal sandstones of excellent resenguality are the nal chief reser-
voir. This unit contains 28% porosity and multi Darcy permedility, but is relatively thin
at 3-5 meters thickness, well below seismic resolution (Ndwvan et al., 2018). Production
wells in the North of the eld have targeted this thin sand unitand have extracted large
amounts of oil from both the sands and the underlying fractwd basement. This unit marks

the start of the major transgression in the Cretaceous shifty from subaerial alluvial and
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Figure 1.13 PP RMS amplitude extraction ranging from 10 ms alve to 10 ms below the
reservoir. Southeast being updip in the chalk caprock strture. Faults are normal faults at
the reservoir interval, black box indicates hanging wall de.

aeolian sediment to marine sands, chalks, and shales.

Although the reservoir is our primary area of interest, it is mportant to understand
the variations in the overburden as they may hinder the data wplity in our target. The
eld is sealed by the Paleocene shale and the late Cretaceosbketland chalk. The thin
high velocity Shetland chalk directly overlies the reserwoand attenuates half of the energy
and frequencies below. Additionally, critical re ection atthe high velocity chalk occurs at
34 incidence for the downgoing P-wave. This limits the o set ath angle range for velocity
analysis and degrades the seismic image over the reservoteival (Whitebread, 2018).

Further de nition of the spatial architecture needs to be stidied to better characterize and
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Figure 1.14 North-South trending PP seismic section. 4D dirence response shown in color
with blue as a positive amplitude. Black and white wiggle rgmonse is from the baseline
(2016) PP seismic data. Note that the 4D response from the shlal aeolian sediment is

much stronger than the less porous conglomerates.

develop the reservoir.

Thick units of Cretaceous shale interbedded with blocky sastones overly the Shet-
land chalk. The Hordaland group, shown in Figure 1.11, contasntwo levels of very strong
polygonal faulting, the shallowest level shown in Figure 151 This section also contains
unconsolidated sands such as the Grid sands and other intednled marine sands. When
these sands experience pressure, in the presence of patlswdyeast resistance (along dilated
polygonal faults), and with uids owing, sand injectites will most likely form (Cartwright
et al., 2008). In the overburden of Edvard Grieg, this is very comnmo The most notable
injectites seen in this unit are the conical cemented sandsdt appear as positive anomalies
in the seismic for both PP seismic and PS seismic data, notedl Figure 1.11. These high
velocity sands are heavily cemented due to high pressuresianids that come from under-
lying units, potentially even spillo from the reservoir at an earlier geologic time. In this
same process, hydraulic elevation creates forced foldsedity overlying the cemented sand
bodies. These features are commonly associated with polggbfaulting as seen in the area,
prevalent in the Eocene shale units of the North Sea (Hurst & Cawright, 2007). In the

deeper Horda section directly overlying the chalk there is ather unit of injectites, the Grid
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sands, these are uncemented sands very prominent in the P$&iec data. It is important
to identify these bodies as they act as transmission path dbsles that cause azimuthal

variation, pull-up, and amplitude loss in the reservoir uriidirectly beneath, particularly the

shallower injectites.

Variance
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Figure 1.15 Time slice of variance attribute in PP data showip polygonal faulting in shal-
lower units. Time indicated by the arrow in cross section vie. Variance is a calculation of
discontinuity between adjacent seismic locations. High vance can be a key indicator of
faulting.

With analysis of the reservoir and overburden, it is clear thtathe Edvard Grieg eld is
highly heterogeneous and structurally complex. In order tperform the geophysical analysis
on this eld it is vital we have a good understanding of variatbns in the reservoir and

potential challenges that may arise from the overburden.
1.3.4 Project Goal

In this project, we plan to use the time-lapse PS component tig in conjunction with
the PP data, to better understand reservoir heterogeneityral response to production and

injection. Time-lapse seismic is of strategic importancetmany operators due to the value
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added in extending base production, adjusting depletion @hs, rejuvenating the eld by
targeting un-swept areas, and most importantly managing #h life-of- eld more e ectively.
After processing, PS seismic data is usually not utilized fanterpretataion purposes. By
using PS data directly we can get more accurate rock propess to better characterize the
reservoir and how it is responding to development. Overalthe goal of this project is to
evaluate the potential bene ts of PS data in improving statt and dynamic reservoir models

by performing joint 4D PP-PS pre-stack inversion.
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CHAPTER 2
DATA OBSERVATIONS

In the past, seismic surveys have utilized one component (L&ertical geophones/hy-
drophones to record seismic waves. However, even in the caseompressional P-waves, the
wave propagates both in the vertical and horizontal planeosmulticomponent receivers are
needed to capture vertical and horizontal components of garle motion. In this project, the
data is 4 component, one vertical, two orthogonal horizontaeceivers, and one hydrophone.
3C geophones allows for full acquisition of PP data and PS dat This multicomponent data
can prove useful in obtaining better estimates for invertegroperties compared to utilizing
solely PP data. Before diving into the inversion, it is impaiant to rst investigate the poten-
tial value of joint PP-PS inversion by analyzing simple PS rectivity theory, rock physics,

and seismic data quality and character.

2.1 Data Types

The re ection data we have in this project are PP data and PS da. As mentioned in
Chapter 1, PP data denotes single mode P-waves, compressiodowngoing and upgoing
waves with particle motion parallel to propogation directon. PS data involves a P-wave,
which converts to an upgoing SV-wave upon re ection. The sheaipgoing wave consists
of particle motion orthogonal to the propagation directionshown in Figure 2.1. Particle
motion of PP and PS waves is both in the vertical and horizontglanes. Even though this
occurs, the vertical receiver is used for PP seismic data ahdrizontal receivers are used for
PS data. In the isotropic case, the shear waves are SV wavesijle/ in the anisotropic case,
shear wave splitting will occur and create SH-waves with pade motion in the horizontal
plane. These S-wave modes both exhibit orthogonal propagat directions (in the isotropic
media case), but with signi cantly di erent AVO behavior. In the processing for the PS

dataset, the X and Y components were rotated about the Z axiotradial (SV-waves) and
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transverse (SH-waves). After rotation analysis and vector dlity applications, only radial

components were carried through for nal processing. Thee, we will be focusing on

SV-waves.
Source C°'|‘:‘;°i;sti°" Receiver

S : / /7

A N i // / d
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Figure 2.1 Schematic diagram of PP and PS re ection data. Comwon conversion point
noting the location at depth of the re ection or mode convetisn. It is important to note
that if we want PP and PS data for the same o set, the PS incidenP angle is larger than
for PP re ection (Copley, 2018).

An important property of PS data is that there is asymmetry in he ray path. At the
same common image point, the PS data has smaller o set than Riata seen in Figure 2.1.
To account for this in PS surveys, acquisition is done with aoniventional source but several
times more recording channels. In the North Sea surveys, thense recording channels for PP
data are for PS data and we can observe the gaps in data causgdsparse receiver spacing
in the PS seismic data. These gaps from undersampling cauggnscant migration noise
or \swing ups," principally due to edge e ects seen in the cssline direction. Fortunately,
these data gaps do not continue into the target interval andra isolated in the shallow units.

This would only be a large concern if the target was in the sHaW units.
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Processing PS data is typically more di cult than PP data for a magnitude of reasons,
but in order to invert the data it must be properly processeddr best signal to noise and
resolution. The process started with a merged dataset for Xid Y and the resampled output
from overlapping shot removal of P and Z to generate the dowoimg wave eld required for
radial up/down deconvolution (Watts et al., 2016). The PS data underwent this similar
up/down deconvolution (UDD) processing because it was fourtdat UDD produced an uplift
in the 4D signal along with bene ts in deghosting compared téhe conventional work ow
(Ford et al., 2019). However, UDD produced a result with lower frequency drslightly higher
signal to noise when compared to the conventional preproseyy result. Like the PP data,

the PS vintages were co-processed through the same work ot@smaintain 4D capabilities.
2.2 Value for Inversion

In chapter 1, we explored the Aki and Richards approximationoir PP data re ectivity.
The equation for PS re ectivity may allow us to better constain the inverted properties
other than P-impedance, when used in conjunction with PP dat Inverting PP data alone
with a limited angle range gives a reliable estimate for P-ipedance, however, S-impedance
and density can potentially be improved through the use of P8ata. For converted P-SV
waves, the re ection coe cient variation with angle at an interface can be described by the

Aki & Richards (1980) approximation,

PV h ,COS COS COS COoS VS'

1 2VZp? 2V, ) —  AVE(p?
2cos ( sP S Ve Vs S(p Ve Vs ) Vs

Res(; ) : (2.1)

Here the re ectivity is a function of two angles, and , the incident and re ected angles
respectively, corresponding to Figure 2.1. The variableis the ray parameter de ned in the
previous chapter which can be written as,

sin sin

—_ : 2.2

p:



Substituting the ray parameter and redistributing variabkes, equation 2.1 can be written

as,

Ve . i Vs 1Ve Ve . .
Rps( ; 2——si® tan  2cos sin + Z—tan +—sin® tan +cos sin —:
ps(i ) Vs Vs 2 Vs Vs
(2.3)

Here we can better understand the contribution of the S-wavend density terms (VLSS;
and —) to the PS re ectivity with varying angle. VLPP does not contribute to the PS
re ectivity. We can compare this equation with equation 1.5to see at which angles we get
the largest contribution of each term for both PP and PS re etivity. Previous work has been
done in this subject by RCP student Adam Tuppen and shown in Fige 2.2, where these
contributions, or terms are plotted. These terms vary with Vp=Vs which is de ned in the
Aki Richards equations as the averag¥ =V between the two medium at each interface (Aki
& Richards, 1980). For the PP data, the zero-o set re ectiviy is controlled by the P-velocity
and density contrasts. At larger o sets the density term deiates from the P-velocity while
the S-velocity begins to have more of an e ect.

For the PS data, the S-velocity has a larger contribution tolte re ectivity particularly at
mid-angles compared to the S-velocity in the PP data. This gigests utilizing the PS data can
provide more accurate estimations of S-velocity. The detsterm requires even larger angles
to show signi cant contribution, so the PS data in inversionwill most likely not improve the
accuracy of this term. The larger the e ect of each of these xiables, the more potential there
is to get an accurate estimate through inversion. However, i important to note that the
project data only includes angles up to 34 because of the overlying high velocity Shetland
chalk. Additionally, the Aki-Richards linearized approximdions can become inaccurate at
far angles for certain parameters. For P-waves, the Aki Richds equations are very close to
the exact Zoeppritz below about 40 degrees, however for cened waves the approximation
begins to deviate from the exact Zoeppritz at around 20 degre (Haase, 2004). Another

challenge we face in these estimations, particularly witrhe density term, is separating the
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Figure 2.2 Contribution of individual terms to (a) PP, (b) PS AVA behavior. There is a

dependence on = ‘\ﬁp for VS and — terms. The sum of contributions for the typical value

of 2 for is shown in dotted black. This represents a scaled AVA curverfthe case where
all terms in the respective equation are equivalent. Note thmaximum incident angle in the

Edvard Grieg dataset for both PP and PS is 34and background gamma at the reservoir is
approximately 1.8 (Tuppen, 2019).

e ects of each term. In many cases of PP seismic data inversjahe density term follows
the trend of the P-velocity. These are all factors we must kpan mind moving forward with

our expectations in the inversion process.

2.2.1 Rock Physics Value

Another way to test the potential bene ts of utilizing PS data jointly with PP data in
inversion, is to look at the well logs for rock physics analigs This allows us to identify if
an improved value for shear velocity or impedance from thedorporation of PS data, will
actually help us understand the reservoir heterogeneity. Feoeference, the locations of the
logs are shown in Figure 1.6 with the eld outline.

The wells used for the majority of analysis are explorationells A, E, and F. These wells
were chosen because they show the 3 major facies of the resenaeolian sands (well E),
good quality alluvial sands and conglomerates (well A), andgor quality alluvial (well F).

In Figure 2.3, we can observe the facies separability in theossplot domain. The separation
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between good and bad quality conglomerate is complex in thatdepends on multiple vari-
ables. The conglomerate reservoir quality is dependent oth matrix compaosition, (sandy
or silty), the presence of clays in the matrix, and the size ahcontacts of the clasts. The
big challenge is that elastically, it is di cult to di erent iate the e ects of the clast size and
matrix mineralogy because the clasts are often composed bétsame mineralogy as the ma-
trix. In these three wells, we can identify \good" quality vesus \bad" quality based on core
photos but there is still a simpli cation in the plot by grouping in matrix and clast size vari-
ables together. Nevertheless, by grouping the conglomerai@to \good" and \bad" quality
we can see that the facies are separable in the log domain gsboth S-impedance and P-
impedance. Having an improved S-impedance can be used in cmation with P-impedance

to better constrain facies identi cation in the reservoir.

Gamma
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Figure 2.3 Crossplot of S-impedance and P-impedance using thata from wells A, E, and
F. Three grey boxes denote the three main facies categoriesrsén Edvard Grieg. These
being, (a) aeolian sands, (b) alluvial sands and good quglitonglomerate, (c) poor quality
conglomerate.

The rock property that is often related to reservoir qualityand type is Vp=Vs. This
can be particularly useful in separating \good" quality coglomerates from \bad" quality

conglomerates, speci cally from the clast size more so thahe matrix mineralogy. Labo-
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ratory studies suggest that pore geometry has a stronger €eon observedVp=Vs values
than the elastic constants of the mineral comprising the mak (Tatham, 1982). Using this
logic, we can use variations inVp =\ to potentially separate the variable of matrix min-
eralogy from clast size. By having an accuratép=\s estimate, we can better understand
the quality of conglomerate with regards to the clast size @nnarrow down the distribution
in the impedance domain in crossplots like Figure 2.3. There clear separability in the
impedance domains but in theVp =V domain for log data points, shown in Figure 2.4, the
Vp=Vs overlaps with facies. However, the conglomerate shows segality in Vp=Vs. Where
we have better reservoir quality conglomerate, there is thgr Ve =\s. A combination of these
rock properties can be used in 3D to better constrain reseivdacies spatially, and uncover

mineralogy vs clast size contributions to reservoir qualitin the alluvial section.

Porosity
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Figure 2.4 Crossplot of Vp/Vs versus P-Impedance and Vp/Vs vs S-lpedance respectively
using the data from wells A, E, and F. Circles denote the three nrafacies categories
seen in Edvard Grieg. These being (a) aeolian sands, (b) alial sands and good quality
conglomerate, (c) poor quality conglomerate.

To establish a basis for interpretation of future inversiorresults, | have created a rock
physics template for the Edvard Grieg eld. The concept of rck physics templates was
proposed by Dvorkin & Nur (1996) and Odegaard & Avseth (2003) toelate the uid and
mineralogical composition of the reservoir td/ =V using a crossplot. The rock physics
template utilized for our purposes will be P-impedance vaus Vp =V with modeled lithology-

porosity-saturation trends superimposed. Like Odegaard &vseth (2003), Hertz-Mindlin
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contact theory was applied to calculate the pressure-dep#ancy at the high porosity and
low porosity end members modi ed by a critical porosity refeence. Gassmann's equations

were used for uid substitution.

2.25
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- M Brine
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Figure 2.5 Fluid substitution done on Well E for the aeolian sah Overlain trends are
various types of dry bulk modulus and cementation trends. Fld substitution is done with
in situ uid conditions calculated using methods from FLAG inRokdoc.

To understand the e ects of changing pore uids, dry rock prperties were calculated
at well E and uid substituted to calculate brine lled, oil lled, and gas lled cases in the
aeolian sediment. This trend is shown in Figure 2.5. With decasing density of the pore
uid, the Vp=Vs drops, as does the P-impedance. This is the uid trend for akan sands.
Additionally, Vp=Vs can highlight lithology. With increasing porosity, Vp=Vs increases,
however, a more dramatic increase iNp=\s is caused by clay content. Pressure is also a
factor as increasing pressure dropg =\s. Clearly, this parameter can be in uenced by a
magnitude of factors, this is why formulating a rock physicgeemplate from the well logs and
known data can help di erentiate in uences.

Rock physics templates used for Edvard Grieg are calculatéor the aeolian sands and
the alluvial sediment, shown in Figure 2.6. Each of these tergtes show uid and porosity
trends expected given the in situ pressure, temperature, id properties, and mineralogy.

Two trends needed to be identi ed due to the large di erences mineralogy of the aeolian
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sands and conglomerates. These templates provide a "toax for lithology and pore uid
interpretation of inversion results and can help reduce uectainty in interpretation Odegaard

& Avseth (2003). However, the templates are created using edioms that contain many
assumptions. The assumptions include, but are not limitedot matrix homogeneity, well
connected pore space, pressure equilibrium, and spherigedins. Large variation lies in the
geology of the Edvard Grieg reservoir, therefore, these tphates should be used for guidance

but not rm quantitative assessment.
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Figure 2.6 Crossplot ofvp =V versus P-impedance using well data and overlying rock phgsi
templates for (a) aeolian sands and (b) alluvial sediment. nlsitu case includes 40% oll
saturation. Trend nearing horizontal marks the porosity tend. Trends closer to vertical are
the uid trends for varying porosity, moving from brine to oil to gas at constant porosity
with decreasing Vp/Vs. Points above the porosity trend are me likely to be brine lled.

We have shown that obtaining an accurate S-impedance ang=\s can be used to
better constrain the reservoir heterogeneity when used irogjunction with P-impedance
and established tools to aid inversion interpretation. Thaext step is to see if S-impedance
can actually help more than P-impedance in separating reseiv facies. Previous work in
the North Sea has established elds coined \stealth" reserirs, meaning that the reservoir
has low P-impedance but high S-impedance contrast (Rage¢ al., 2005). In these elds, the
reservoir often appears more clearly in the PS seismic dataan the PP. The Alba Field in
the UK North Sea is the most prominent, and earliest example ohis phenomena. In this

eld, there were many features that the PS data highlighted btter than PP, such as the
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reservoir base and top, sand discontinuities, and sand iojées (MacLeodet al., 1999). Also
in the North Sea, the Balder eld OBC survey showed that the Saipedance from the PS
volume provided better illumination of the deeper target rgervoir than the S-impedance or
P-impedance derived from the PP data (Jenkinson & Bucki, 20)3In this eld, a Paleocene
deep water gravity ow reservoir that was best imaged in the B seismic data, and an Eocene
sand injectite reservoir best imaged in the PP seismic dat&imilar ndings were discovered
in the Grane eld in the UK North Sea, where using only one PS stador inversion actually
best characterized the reservoir as shear impedance alooeld be used to discriminate the
sand body (Jenkinsoret al., 2010).

If the Edvard Grieg eld shares comparable qualities, the P8ata may actually provide
more information than the PP data. To test this, we look at thelog data and see if at the
reservoir, the S-impedance contrast is higher than the P-pedance contrast. This would
suggest that the PS data would illuminate the reservoir. In Fjure 2.7 we can see that there
are areas with higher contrasts in shear, but they lie abovée reservoir in the Grid sands
and the Shetland Chalk.

The Grid sands are Eocene age uncemented injectites formednfi the marine sands
prevalent in this shallow unit throughout the survey. Thesesands lie directly above the
reservoir. They have a much stronger response in S-impedartban P-impedance, and are
very high amplitude features in the PS seismic data, partidarly when compared to the
PP data in Figure 2.8. The Vp/Vs at this interface drops from 3 in he shales to 2 in the
injectites. This shear-velocity contrast results in a largr PS re ection coe cient, due to the
larger shear weight in the PS data. Because most energy is eeted at this interface, less
energy is transmitted. These features attenuate the seistrenergy before it hits the reservoir
causing a dimmer chalk and reservoir response. According tad same theory, the logs show
that the chalk should also have a stronger amplitude, negli&ng noise and attenuation, in the
PS data than the PP data. However, because of the large velgcdontrast at the Grid sands,

the chalk and reservoir re ectors are lower amplitude relate to the respective re ectors on
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Figure 2.7 P and S-impedance logs from multiple wells in the I& overlain with di erent
scales to match the background shale trend of the log. Note Rypedance is not equal to
S-impedance in any location, this di erential scaling is a idplay tool to highlight where
S-impedance contrast is higher than P-impedance contrast.

the PP seismic data.

Figure 2.8 Crossline 1969 running through PP and PS seismictdahighlighting the Grid
sands and the aeolian reservoir unit.
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2.2.2 AVA Analysis
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Figure 2.9 Well log E, showing the thickest aeolian unit drild by an exploration well in
Edvard Grieg.
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Another component to analyze from the log and seismic data isnplitude variation with
o set. The pre-stack seismic data contains AVO which can pxdde more information for
inversion purposes but also be used for interpretation. Thigackground AVO trend of PP
seismic data is a decreasing amplitude with o set, while th&end for PS seismic data is
increasing amplitude with o set. Deviations from the backgound trend come from the AVO
characteristics of the lithology or uids which can be showmand modeled with log data.

AVO is dependent on elastic re ectivity and the Poisson's réo. The larger the contrast
in Poisson's ratio between units at an interface, the more AY we should observe. Poisson's
ratio is a function of Vp/ Vs, so we can look at contrasts ivp/ Vs from log data to understand
the e ect expected in AVO. In the log shown in Figure 2.9, theres no apparent jump in

Vp/ Vs at the top of the reservoir, the oil water contact, or the basef the aeolian section.
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The lower part of the Shetland group chalk is the Tor chalk wh very high velocity. This
chalk has an averag&/p/ Vs of about 1.8 as does the reservoir and the conglomerate sewati
below. This is why the AVO at the reservoir is actually class,4meaning a low impedance
event with slightly decreasing AVO for PP seismic data (Casgha & Swan, 1997). For PS
seismic data we see a low impedance event with increasing Agnilar to the background
trend. There is not enough change iVp/ Vs to cause an anomalous AVO. This is con rmed
with synthetic modeling on multiple wells in Chapter 3. Becase the AVO is not strong in
this reservoir, in depth AVO analysis will most likely proveinsigni cant for interpretation
purposes.

From this well log scale analysis, we have observed poteitigene ts and shortcomings of
the seismic data caused by the particular geology of the EdehGrieg eld. We can expect
that an improved shear impedance from the PS data will aid in werstanding reservoir
heterogeneity when used in conjunction with P-impedance. &have also identied some
potential pitfalls of the PS seismic data. The amplitudes ofhe reservoir and caprock, the
Shetland group chalk, are both diminished due to the large stieimpedance response in the
overlying Grid sands. Moving forward, we recognize this ergy loss as a challenge in 3D
reservoir characterization using the PS data and gather cditioning may be a step towards

better imaging of the chalk and reservoir.

2.2.3 4D e ects

The PP and PS seismic data vintages are from August-October B®and August-October
2018. Production began November 2015 and injection startedlyi2016. Therefore we cover
almost 3 years of production and 2 years of seawater injeatiavith intermittent gas in
injector W-2. Information on the gas injection was not providd.

Thus far we have shown how shear impedance may help charaer3D reservoir het-
erogeneity, now we can look to see how shear impedance cam loblaracterize 4D reservoir
response to development. To do this various scenarios exjgecin the Edvard Grieg eld

were modeled in the oil bearing aeolian reservoir at Well Essuming an the average poros-
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ity of 27%. Figure 2.10 shows four one variable changes and 4qial scenarios seen in
this eld. This plot will allow us to understand how much charge we would expect in the
impedance domain for certian development scenarios, andiathof these changes the seismic
can resolve.

The center of the axis indicates virgin conditions; a tempature of 80.2 C, pore pressure
of 19.3 MPa, 24% water saturation, and 76% oil saturation. Tésalinity, mineralogy, GOR,
APi, and gas gravity were taken into account for the modeling.The matrix mineralogy
bulk modulus and shear modulus were calculated using the VbtgReuss-Hill approximation
(Hill, 1952; Reuss, 1929; Voiget al., 1928). Fluid substitution was done using Gassmanns
equations. For gas saturation, the points move from 0%, 10%0%, and 80% deviating from
the origin. For water saturation, the points move from 0%, 4%, 70%, and 83%. The values
were chosen taking into account the irreducible water satation and clay bound water. For
pore pressure variations, the values are equal magnitudepmsite signs, meaning decreasing
pore pressure is negative increasing pore pressure is pesit The magnitudes move from
OMPa, 2.5MPa, 5MPa, and 14MPa pore pressure change. The taaship with pressure
and impedance was derived from core data, however core datasanot available for shear
velocity. Therefore, an approximation was made in which hialof the P-velocity change
associated with pressure was applied to S-velocity. Based bistorical core measurements
in other elds, this assumption grants a reliable approximaon for pressure changes over 1
MPa (Dutta et al., 2010; Zimmeret al., 2002).

Based on this modeling, we can better understand each scanaresponse in P-impedance
and S-impedance. As expected, saturation change in uencesr®pedance more so than S-
impedance, as shear modulus does not depend on uids. Theghktichange in S-impedance is
due to the density term. Pressure changes a ects P-impedanand S-impedance equivalently.
Because S-impedance has a stronger response to pressuraggh¢han saturation change, a
more accurate estimation of this model parameter may alloweparation between pressure

and saturation changes.
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Figure 2.10 Modeling done on well log E. Origin shows virgin @ssure and saturation in an
oil bearing aeolian section. Moving outward from the origiton each line increases pressure
change and saturation change. Field scenarios shown are ggsa

The modeled scenarios shown as squares in Figure 2.10 are gsslation, water injection,
production maintaining pressure, and pressure depletionitwout saturation change. In the
gas exsolution case, there is a conservative estimate of 5& goming out of solution, still
dissolved in the oil, not yet free gas. In this case the gas sadtion increases by 5% and
the pore pressure drops by 5.5 MPa. Because this pressurepiend saturation change
oppositely a ect impedance, this scenario actually resugtin smaller changes in impedance
than each one variable change occurring alone. The S-impada change is stronger than the
P-impedance change. In the water injection case, the watepod contains an 83% change
in water saturation as the rest of the pore space is irredudédand 5.5MPa drop in pressure.

Again the change in saturation and pressure work destructibeand the resulting change
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in the impedances is lower, particularly in P-impedance. T S-impedance actually moves
from a positive change to a negative change with the in uencef pressure. The two nal
scenarios are one variable changes. Production while maiming pressure suggests that
water is replacing oil but the pressure is not dropping due tpressure support. Pressure
depletion without saturation change is the case that a prodier remains in the oil leg but is
dropping the pore pressure from extraction.

From this analysis, we can estimate the 4D impedance respensa the reservoir unit. In
the case of noise free seismic, all of these changes would dendgn the seismic. However,
seismic data is inherently noisy and repeatability betweesurveys is never perfect. The
measure of repeatability we use is NRMS, normalized root meaguare (Kragh & Christie,
2002). In the areas of interest, the NRMS value is about 12% irhé PP seismic data,
decreasing with increasing angle. The near angle for PP datantains the worse signal to
noise because in near angles multiples are most di cult to reove. An NRMS value of
12% indicates excellent repeatability even for a marine sway, but the lower the NRMS, the
better. The far stacks have slightly lower values of NRMS ancherefore the polygon was
made re ecting the NRMS values in the far stack.

In order to relate the NRMS to impedance, we have to model eacbemario in 4D re ec-
tivity at a simple interface. The re ectivity of the top reservoir is calculated before and after
each scenario in four angle stacks using Fatti's approximan (Fatti et al., 1994). The RMS
of one value is simply the value itself, so the equation for NRMbecomes the normalization
equation for two values, the re ectivity before and after eeh scenario. This is done at each
location of the crossplot for each angle stack, to nd in whaareas the calculated value of
NRMS is greater than that of the seismic, suggesting that it cabe seen in the di erence
volume. The polygon drawn is a result of this analysis, scet@s inside the polygon should
not be seen in seismic di erence and those outside the polygshould be clear.

Water injection and production maintaining pressure are wgible in the seismic, but 5%

gas exsolution and pressure depletion without saturatiorhange are not distinguishable due
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to the level of noise. It is important to note that this methodof analysis has been previously
stated as often underestimating the visibility of scenar®in the seismic (Johnston, 2013).
This underestimation is commonly seen and may be due to dispancies in the datasets used
such as in the PVT, which can be highly uncertain (Johnston, 2@). This is most likely the
case in the Edvard Grieg eld, as the water injection shows aevy bright 4D response but
according to the NRMS polygon should be barely visible. Addanally, indications of gas
exsolution are faint but detectable in the seismic di erengesuggesting that this method is
an underestimate of the seismic or that a higher saturationf gas is coming out of solution
than previously thought by Lundin Norway.

With this 4D modeling, it is clear that an improved shear-impdance from joint inversion
will be a very useful parameter in distinguishing the interfay between pressure change and
saturation change. Additionally, water injection and prodation without pressure change
should be clear in the di erence seismic for the aeolian uniiD responses are much smaller
in amplitude in the alluvial section due to the porosity decgase. Nonetheless, this is a
conservative method of analysis and does not negate signsgas coming out of solution
in the di erence seismic. Any signs of this or production witbut saturation change may
suggest a di erent saturation change or pressure change iscoring than expected by the

operator, or that the method was too conservative.

2.3 Field Data

Lundin Norway provided PP and PS gathers in their native time wth 2016 and 2018 vin-
tages. The data underwent up down deconvolution preproc&sg, Kircho pre-stack depth
migration, and were matched for 4D purposes. More details g@rocessing and acquisition
are in Chapter 1.

Viewing the PP full stack seismic data crossline (Figure 2.18nd inline (Figure 2.12),
we can better understand the character and geometry of theismic data. The PP dataset
has no visible waterbottom as the water is only 110m in depthlChere is a slight acquisition

footprint from the receiver cables visible in the crosslindirection (Figure 2.11) and a gap
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in the data due to the platform along with shallow gas hydrate. However, most of these

features do not a ect the reservoir unit as it is much deeper.

Figure 2.11 Full stack PP crossline 1729. Shallow parabolieature near acquisition foot-
print shows the edge of the platform e ect. Signal perturbabn is much larger underneath
platform.

The geologic features are nicely imaged in this PP dataset. h& steep faults in the
basement are resolved in most areas of the survey, potenijatiue to the tilted transverse
isotropy (TTI) migration in processing. The uid e ect in th e reservoir is clear in the strong
trough (red) underneath the chalk.

There are three main seismic aspects of thin-bed tuning pident throughout the survey
(Widess, 1973). Firstly, there is a brightening of amplitudesiearing the pinchout of the
graben in the South visible in Figure 2.11. This should be nalefor all amplitude maps
taken around the reservoir as this bright amplitude in corneof the graben can be misleading.
Second, according to wedge modeling the tuning thicknesstbé aeolian reservoir in the PP
data is 17 meters. The aeolian reservoir varies from 6-40m timckness, thus much of the
reservoir is under tuning causing a deceptively large ampide. Thirdly, the Shetland group
chalk which acts as the seal of the reservoir, has a peak tugiof 22 meters, however, there

is more complexity in this group. The chalk is composed of twanestones, the upper unit
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Figure 2.12 Full stack PP inline 1475. Strong trough reserwoiesponse may continue under
injectite, but injectite footprint destroys signal.

is the Eko sk chalky limestone, and the lower unit is the Tor balk. The tops of both units
are marked by a sharp increase in velocity, clear in Figure 2.Because there are actually
two thin units of chalk in this one package, tuning overall bgins at 50m from the interfering
internal carbonate units. This suggests that in the majorit of the Edvard Grieg eld, the
Shetland Group chalk is within tuning.

Pre-stack AVA information can be seen in Figure 2.13. The owat background trend
shows decreasing AVA as expected. With increasing incident gla, PP particle motion
becomes more horizontal and less vertical. There are somatfees that are best illuminated
at certain angles. The progradational re ectors in the sh&wer alluvial section in the half
graben are the most clear in the near stack. The ultra far stedest retains the amplitudes of
the reservoir area under cemented sands. This is most likelye the raypath undershooting
the cemented sand anomalies which is particularly noticekgon the larger shallow cemented
injectites.

In order to understand the spatial energy loss we have in thePPseismic data, we analyze
RMS extractions over the survey in Figure 2.14. In the rst 50s there is a clear acquisition

footprint of the receiver lines which we can observe in 2D imasslines like Figure 2.11. We can

44



Figure 2.13 Near (0-17), Mid (17-25), Far (25-30), and Ultra-far (30-34 ) stacks of PP
seismic data showing cemented sands and reservoir.

also see the gap in the lines from the platform and a signatuoé the pipeline moving North,
refer to Figure 1.6 for exact locations. Moving to the 500m$00ms window, faint receiver
line and platform footprints remain. In the 1000ms-1500msindow, the platform footprint
continues and we see a large response to the locations of tamented sand injectites. These
high amplitude sands attenuate much of the seismic energyfbee it hits the reservoir. In
window 1500ms-2000ms lies the reservoir. There are amptitugaps in the locations directly
beneath the cemented sands. Additionally, there still remas a footprint from the platform.
It is important to recognize the areas of amplitude loss to Weer understand what results
from the inversion are reliable.

The PS data is much lower resolution with a peak frequency ofr@ind 5 Hz at the
reservoir (in native time), compared to the peak frequencyf@5 Hz in the PP data as shown
in Figure 2.15. When the PS data is registered to PP time, the pkdrequency increases to 9
Hz at the reservoir, which is still very low for seismic intergetation purposes. The ray-path
experiences a signi cant amount of energy loss from the Grghnds (for PS data) and the

chalk unit as mentioned in the previous section.
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Figure 2.14 RMS extractions in 500 ms windows throughout theRPsurvey.
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Figure 2.15 Amplitude spectra of PP and PS full-stack seismicath in their native time

domain for (a) the reservoir and (b) the entirety of the surve

The inlines and crosslines in PS seismic data show that resttdn drop (Figure 2.12).

The PS dataset has a stronger acquisition footprint than th®P seismic seen in the crossline
direction in Figure 2.11. This is due to the asymmetry in the P$ay path requiring denser

receiver spacing than PP in the crossline direction. Withouiense receiver spacing, there will
be gaps in the data that cause migration swings. The reservaiow lies around 3800ms in

PS time as the S-velocity is slower than P-velocity but we mastill be getting an acquisition

footprint at the reservoir.
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The geologic features can still be seen in this dataset but tntm the clarity of the PP
dataset. The steep basement faults are not observable in maseas of the survey. The chalk
is more variable in amplitude. Additionally, the reservoir @es not stand out as strongly in
amplitude as in the PP seismic data. This is because the PS datloes not show uids and
the uid response causes amplitude to increase in magnitudle the PP seismic. However,
the PS data shows clear lithology changes at the reservoihosvn in Figure 2.8. Moving
in the reservoir from PP to PS data, the bright red amplitude m PP data turns into to a
clear top and base aeolian section in the PS data, which in PRt was dominated by uid
response. Understanding lithology distribution and spatiaextent is particularly useful in
Edvard Grieg as the reservoir geology is complex and heteeogous.

There are the same components of tuning in the PS data but theiing thicknesses are
all larger. There are bright spots near the pinchout of the giben just as in the PP seismic
data. The resolution of the chalk is now 66 meters and the rdaton at the reservoir is 53
meters due to the lower frequency content of the PS data. Thigries slightly throughout

the survey depending on velocity and frequency content. Howe, it is important to note

Figure 2.16 PS full stack crossline 1729. No uid response atsexvoir capped by chalk.
Only a response to lithology.
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Figure 2.17 PS full stack inline 1475. No uid response at res@ir capped by chalk. Only
a response to lithology.

that this is a measure of resolvability, not detectability. The reservoir below this tuning
thickness is still detectable but top and base are not sepdil@ and accurate correlations
with amplitude to reservoir quality cannot be made.

The PS dataset contains AVA information which can be seen in §ure 2.18. The overall
background trend is an amplitude increase with o set till tre mid to far angles, described
by Zoeppritz (1919) and shown in Figure 2.2. Shear wave patgcmotion is perpendicular
to the propagation direction. At an interface, at normal inadence, there cannot be a mode
conversion from P-wave to S-wave (Zoeppritz, 1919). Phyalty, one needs incident angle
to increase to produce a mode conversion from P to S. In the mesiack there seems to be
much more noise, less signal, and a footprint from the platim in the center of the survey.
The mid, far, and ultra-far stacks look very similar in ampliude and each stack highlights
the reservoir geometry where the top and base sand can be oligtuished. An interesting
feature to note is that the amplitude for the far stack in the balk is actually slightly higher
than the ultra-far stack. This suggests that the amplitude ises and falls in the chalk with

o set, con rmed by simple modeling in Chapter 3.
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Figure 2.18 Near, Mid, Far, and Ultra-far stacks of PS seismic ttashowing cemented sands
and reservoir.

As was done in the PP data, RMS amplitude extractions over the ¥ survey were taken
every 500ms of PP time for comparison purposes, shown in Figu2.19. In the shallow
window, there is a strong acquisition footprint which we cambserve in the crosslines like
Figure 2.16. There remains a platform and pipeline footprintMoving to the 500ms-1000ms
window, there is still a very strong acquisition footprint fom receiver lines, the platform, and
the pipeline. This footprint goes much deeper in the PS datdan the PP data. In the next
window (1000-1500ms), the platform footprint remains and &see a large response from the
cemented sand injectites, as we saw in the PP data. In the regair window (1500-2000ms),
there are the same amplitude gaps as in the PP seismic data. &S extraction in the
reservoir unit looks much more noisy and discontinuous thahe PP seismic data. This may
cause di culty in interpretation.

Both PP and PS datasets contain areas in the reservoir that naot be used for quan-
titative interpretive purposes. These areas are caused big shallow cemented sands and
the platform in the center of the survey. Steps in processingave been taken to reduce
the footprint of the cemented sands. These features were énted in the migration velocity

model as geobodies, however there is still signi cant pullpuand amplitude loss in the area
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Figure 2.19 RMS extractions in 500 ms windows in PP time throlngput the PS survey.

beneath them. Using the RMS amplitude maps and the seismic,dhareas of unreliability
can be marked as in Figure 2.20 to avoid interpretation mistas moving forward. These
data are su cient for the scope of this project, but future wak may be done on recovering

the signal under the cemented sands.

Figure 2.20 RMS Extraction at the reservoir interval of the PRdata. Polygons are created to
highlight regions of signal loss due to the platform and sHalv cemented sands. PS contains
similar regions of data loss but larger noise.
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2.4 Data Conditioning

In order to give the inversion the best chance to succeed, & important to prepare the
data and improve signal to noise. This can increase accuraayd resolution in the reservoir
property estimates that result from our analysis. Western€co has performed a variety
of post-migration processing methods, including two radodemultiple rounds, minor trim
statics, and residual moveout correction. This dataset wadelivered to RCP with relatively
strong signal to noise. However, upon further investigatiome identi ed various features

that could be improved.

Figure 2.21 Raw o set PP and PS gathers at inline 1759 crossiri887.

From looking at the gathers in Figure 2.21, it is apparent thathere is \jitter" or mismatch
in the re ectors in our reservoir with signi cant residual move-out. Inversion assumes that
the data has been successfully attened and there is no resa move-out, so this must be
xed before moving forward. Without xing this, we obtain large mist in the prestack
inversion particularly in the reservoir where we have the singest amplitudes as shown in
Figure 2.22.

To tackle this problem, trim statics were applied to the PP ad PS o set gathers. Trim
statics is a form of static correction that attempts to detemine the optimal time shift
needed to align events on prestack data. This is done by crassrelating a model trace
to a windowed trace of input data. There are multiple techniges of applying trim statics.

This attening method can be applied before or after stackig. Applying the method after
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Figure 2.22 Here we can observe the e ect of inverting data witlesidual moveout in the angle
stacks by looking at the (a) 2016 PP baseline prestack seigndata, (b) synthetic created
from the prestack inversion, and (c) mist or dierence between volumes. The location
around Well E is a known reservoir interval and area of intest. The chalk is labeled in each
gure with the blue dashed line.

stacking lessens the chance of aligning noise and of haviegidual moveout in the area of
interest. However, because the stacking is done with the \jgr" in the gathers, mismatched
re ectors are stacked, decreasing the signal to noise angodution in each of the angle stacks.
The process of stacking assumes that the re ection data isigthed and the amplitude will
increase proportional to the fold, giving way to the theory lhat larger fold results in better
signal to noise. If the data is misaligned the amplitude wilhot stack constructively with
fold, and may actually result in a low signal to noise. Applyig trim statics before stacking
works to insure that the \jitter" is removed before stacking theoretically improving the
signal. The downside is that if the correlation window is lage enough, or time variant, there
is a possibility of aligning random noise. To moderate thisegative e ect, constraining
parameters can be applied that control window length and thenaximum time shift. This
minimizes the chance of aligning random noise in the gather$here are pros and cons to
both applications, but given the constraints we are able topply, we chose to apply trim

statics to the gathers before stacking.
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With Hampson Russell's software capabilities, trim staticsan be applied in three meth-
ods, shown in Figure 2.23. The trim statics application can bdone with (1) time variant
shifts throughout the volume, (2) constant time shifts fromone interval, or (3) constrained
window time shifts from two intervals.

The time variant method uses multiple model traces and mulie windows for correlation,
iteratively stepping through time. This method will createvery at gathers, but has the
highest chance of aligning, and ultimately stacking randomoise because there are a large
amount of correlation windows. By comparing the data outputvith the synthetics from the
log data, areas where the time variant trim statics alignedaise were clearly identi ed. This
is a quick quality control technique as the synthetics do notontain noise. Additionally,
the focus of the project is to best analyze the reservoir int&l, and with the time variant
method there is no control to prioritizing or weighting a spei ¢ target depth more heavily

than others. In Figure 2.23 (a), we have run 100ms correlatiomindows every 1ms.

Figure 2.23 Gathers after application of trim statics using &) time variant trim statics,
(b) constant time shifts calculated from the chalk, and (c) ime shift calculated from two
intervals. Colors overlain represent the time shifts caldated at each window. Constant time
shift (b), shows one correlated window and surrounding tingeas a constant large negative
shift, however, this time shift is a display issue in Hampson igsell, the time shift in the
correlation window is applied as a bulk shift to each trace.

The other two methods utilize speci ¢ zones for cross coreglon. Figure 2.23 (b) shows

the result of using one correlation window around the rese. In this, the model trace
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is acquired from stacking traces with 100m to 2000m o set, #n cross correlated with the
traces in a 300ms window around the chalk. The time shift comped is applied to the entire
trace. This creates more alignment in the re ectors aroundhie target, but in the shallow
units the shifts create discontinuities. This is clear in Figre 2.24, after the constant time

shift is applied, the shallow continuous re ectors now apge heavily faulted.

Figure 2.24 The shallow section of the PP seismic data befonedaafter one window of trim
statics was applied.

In order to solve this issue, two zones were used for crossretation, one around the
reservoir, and one in the shallow units. With these trim statis windows, the shallow areas
are not distorted, the reservoir re ectors are aligned, the are lower chances of stacking
noise, and time shifts are better interpolated with depth. Usg two windows for trim statics
resulted in the best signal to noise when stacking, for botlné shallow units and deep units
in PP and PS datasets.

The methodology and window lengths were similar for both dasets but the maximum
time shift was di erent. In order to assign a maximum time sht, the data was scanned
in the o set range that would be eventually stacked. This beig up to 2000m for PP data
and 1300m for PS data. The maximum time shifts needed for thénak to align in that
range was assigned as the maximum time shift for each datasétis important to identify
the necessary maximum time shift to constrain the trim statis. With a large maximum

time shift, the trim statics are capable aligning random naie traces to reproduce any given
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reference trace (Bancrofet al., 2000). For the PP data, a maximum time shift of 12ms was
used, while for the PS data, a maximum time shift of 35ms wase. The PS data needs a
larger maximum time shift as the gathers for the PS data shovailger misalignment.

The PP seismic data was successfully attened and aligneding trim statics as shown
in Figure 2.25, however, the application on the PS data was nais e ective. The gather
shown in Figure 2.26 is representative of an average qualitatber in the PS seismic data,
some gathers have more time shift and some have less. Nonethg| time-shifts remained in
the PS seismic data that could not be xed with a larger maximm time shift trim statics.
Increasing the maximum time shift for trim statics would actially increase the mismatch.

Other methods of gather conditioning would have to be utilizd.

Figure 2.25 PP gather before and after the two window method &fim statics was applied.

Figure 2.26 PS gather before and after the two window method tfm statics was applied.
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In both the PP seismic data and the PS seismic data, the jitteor time shifts appeared to
be somewhat cyclical in nature (Figure 2.21). The mismatch tiie chalk re ector would rise
and fall with o set in a pattern. This observation suggestedhat there could be an azimuthal
component to the mismatch. The PS data was sorted into 18 azirth bins, 20 degrees each
bin, shown in Figure 2.27. The gathers sorted into their indidual azimuth sector showed
well behaved AVA and minimal jitter in the chalk re ector. Our goal in sectoring is to make
trim statics application simpler and to identify if there are azimuth bins that are noisier and

have more error that is negatively impacting the stacked dat

Figure 2.27 The PS seismic data sorted into 18 azimuth sectdrgpper right) shown at inline
1943 and crossline 1807 with o set muted to 1400 meters.

The criteria for analyzing the azimuth sectors were fold, seidual moveout, signal-to-noise,
and image quality in and around the reservoir. Initially wha looking at these azimuths, we
found that the highest fold was around bin 4 and 15 and the lowefold was around bin 9.
Most likely due to the acquisition geometry of the OBC datade but exact source receiver
geometries were not available to con rm this hypothesis. Aftough variation in fold was
common in each location, upon muting we found that the incresd fold in certain azimuths
were in 0 sets not included in our stacks. The next criteriad residual moveout. This was

solved by applying individual trim statics on each of the 18 amuth sectors. Because the
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individual azimuth stack re ectors were more aligned, a snil@r maximum time shift of 20ms
was su cient to atten the chalk and reservoir in comparisonto the previous 35 ms shift.
The nal criteria was signal-to-noise and image quality in ad around the reservoir. This
was analyzed by stacking each sector individually and viemg every 32 crosslines with a
chalk horizon interpreted on the full stack as a reference.his allowed us to simultaneously
compare all azimuths with each other and the interpretatiorirom the full azimuth stack as

shown in Figure 2.28.

Figure 2.28 PS crossline through aeolian reservoir in 18 azitih sectors. Blue horizon noting
chalk picked on full stack full azimuth PS seismic data.

With this analysis, we found that no azimuths could be deemedsanoisy in every location.
Azimuth sector 13 is consistently better image quality howey, lacks the detail that other
azimuth sectors contain in certain locations. There is no i cation from this analysis to
remove any azimuths.

There are observations for future work. Azimuths 11-17 conta higher signal to noise
than their counterparts. There is also a minor time shift in he data varying from sector 1-10
that changes magnitude with location. The statics seen in thchalk and reservoir re ec-
tors are most likely associated with the Grid sand injectite and polygonal faulting directly
overlying the chalk in the overburden. These discontinuiés also cause lateral velocity vari-
ations most likely not captured by the S-wave velocity modgkontributing to the complex

azimuthal e ect that we found to be the strongest in the PS ssimic data. The acquisition
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geometry used in conjunction with the azimuth sectoring cdd potentially provide useful
information on this time shift but the source receiver geontey information is not available.
Even with this information, given the level of polygonal falting in both the Grid sands and
the shallower section in the Hordaland unit, it would very chdenging to identify azimuths
that have ray paths which produce the best image. Future wor&an be done in picking indi-
vidual time shifts with azimuth and removing them in their individual sectors. For our work,
we have utilized the dataset with individual trim statics oneach sector to remove the residual
moveout that varies with sector, then combined sectors to oumon image point o set gath-
ers. The azimuthal time shifts became clear in these o set tieers as the residual moveout
was xed individually. To x the time shift from the azimutha | e ect, we applied another
round of trim statics that greatly improved the gather qualty and su ciently attened the

gathers.

2.5 Stacking Methods

After conditioning the gathers for optimal alignment, we stak the data into angle stacks.
This is to increase signal to noise of the data. The more angltacks you create, the better
sampling of amplitude variation with o set. This becomes pdicularly important if the
reservoir is class 2P and ips polarity with o set as many etls in the North Sea are, but
this is not the case for the Edvard Grieg eld (Jenkinsoret al., 2010). Additionally, the
amount of traces or fold in each of those stacks decrease wititreased number of angle
stacks, therefore, you obtain lower signal to noise with ineased number of angle stacks.
The optimal number of stacks for this dataset was set as 4, Wwithe largest angle being 34
degrees. This angle is where the cap-rock, the Shetland ¢hgbes critical.

Conventionally, gathers are stacked into equal angle. Thisften causes the near stacks
to have minimal fold as seen in Figure 2.29. In our dataset, Witequal angle stacks, the
near stack will have very few traces. The near o sets are momgone to noise because
many demultiple techniques rely on residual moveout and idéfying re ectors that are not

properly attened by the velocity model. There is more moveat in the fars than the nears,
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Figure 2.29 PP o set gather showing amplitude with o set ovelain with angle colorbar.
Black lines indicating (a) equal angle sorting (b) equal fdl sorting.

in fact, often in the nears the multiples appear at, which iswhy the nears contain more
residual multiple energy as they are harder for processors temove. With equal angle, the
near stack would contain less fold of noisier data. Ultimatgl we decided to move from equal
angle stacks to equal fold stacks as shown in Figure 2.29.

To do this we equate each location to the center of a circle dsosvn in Figure 2.30 (Todd
& Backus, 1985). The area of that circle is the total fold andhe radius is the o set at
the farthest angle. In this case, the chalks critical anglef 34 degrees is the largest angle
we want to include in our stacks. At this gather, 34 degrees responds to 1950m o set at
the reservoir which becomes radius. With this value for rad&y R, we can estimate what
values of o set needed to create equal fold angle stacks poosfional to R? or o set squared,
schematically shown in Figure 2.30. The respective o setseconverted to angle in Hampson
Russell using the velocity model.

Sorting by o set squared for equal fold is advantageous in rtiple facets. According to
Shuey's two-term AVO equation, amplitude variation with o set varies with sirf  (Shuey,
1985). O set squared is roughly proportional to sif , thus even sampling in o set squared

results in even sampling of the re ectivity. Additionally, residual moveout is also proportional
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Figure 2.30 PP gather showing amplitude with o set overlain wh angle colorbar. Black
lines indicate mutes based on (a) equal angle, and (b) equald.

to o0 set squared, so e ective residual moveout is evenly sgted. Based on this foundation,
the chosen equal fold angle stacks are 0-1247-25, 25-30, and 30-34. The same angles

are used for PP and PS datasets. This nal dataset was shown ihe previous section.
2.6 Wavelet Phase

According to processing reports of the PP and PS data, the seik data has been ef-
fectively zero-phased. However, even with this done in the guessing there could be some
minor phase remaining in the data. A thorough analysis of walet phase was performed
using well ties and inversion analysis iterations to test wdt phase best t the seismic data.

Initially, a statistical wavelet was calculated from a 500rm window around the reservoir
with a 180ms wavelet length for the PP seismic data, and a 758mvindow with a 270ms
wavelet for the PS seismic data. This algorithm extracts thevavelet amplitude spectrum by
analyzing the autocorrelation of a set of assigned high folchces over a time window. Here,
the re ectivity is assumed to be white. According to the conviitional model equation, if

the re ectivity is white, then the autocorrelation of the data is the autocorrelation of the
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wavelet. The phase of the data cannot be determined in this tied, the wavelet is assumed
zero phase or assigned a phase. The challenge with this egti@an is the lack of statistics
or re ectors in the wavelet extraction window around the resrvoir, shown in Figure 2.31.
This window in the seismic data contains the Grid sands, thehalk, and the reservoir. The
chalk is the only strong consistent re ector in the intervalfor the PP seismic data, therefore
a statistical wavelet extraction from this window may potetially just replicate the chalk

re ector. Even with this issue, forward modeling with the satistical wavelet from PP data

matched the seismic dataset nicely but the wavelet shape wast captured in the PS data
with statistical extraction. To tackle the data statistics challenge in the reservoir window,
we extracted a wavelet in the shallow section with many cleae ectors to get wavelet shape
and bandpass lItered the wavelet to match the frequency coant at the reservoir. However,
the wavelet is assumed to be zero phase. Another disadvantagethis extraction is that

whiteness-based deconvolution criteria boost the noisevéd outside the bandpass of the
wavelet because they enforce whiteness over the entire fregcy range (Edgar & Van der

Baan, 2011).

Figure 2.31 PP full stack seismic data with extraction windovoutlined.

Next, a deterministic wavelet was calculated from the datat®e This was done by tying

each well with a Ricker wavelet, then a statistical waveletand nally iterating through
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deterministic wavelets using the well data and the same wind of seismic as the statistical
extraction. The deterministic wavelet or \wavelet using wls" extraction in Hampson Russell
extracts the wavelet by nding an operator that when convoled with the re ectivity from

the well, approximates the seismic traces near the well. Thextraction is extremely sensitive
to the quality of the correlation between the well logs and th seismic data which is why
multiple iterations of well ties had to be done. After each ingidual tie was made an overall
wavelet was extracted using six reliable wells, well A, B, C, ,DE, and G. This wavelet
had a minor phase of -8 suggesting the data at the reservoir had residual phase asoaim

in Figure 2.32. From this analysis we moved forward with a deteninistic wavelet that

included information on the phase. More about wavelet extaiion and the PS wavelet will

be discussed in Chapter 4.

Figure 2.32 Extracted PP wavelets, from (a) statistical metbds and (b) deterministic meth-
ods.

2.7 Summary

Using the analysis done in this chapter, we have establishedeope of the possible uses
of an improved S-impedance with rock physics work. Theoretl work on the re ectivity
equations set expectations for which model estimates aretaihable from inversion, given
limited angle range. The potential challenges the PS data veeidenti ed as well and data
quality in both the PP and PS datasets were assessed. Gathenditioning and stacking
was done to provide the PS data the best chance to improve mddestimates. Overall,

advantages with more accurate S-impedance were analyzedigntial bottlenecks of PS data
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were discussed, and the inputs and tools to aid inversion viowere re ned. Now we will
move to testing inversion methods on synthetic data to evadie the inversion parameters

and potential improvement from incorporating PS seismic dat
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CHAPTER 3
SYNTHETIC DATA TESTS

Real data contains noise, multiples, changing geology, aadnagnitude of other obstacles
for an inversion algorithm to tackle, as discussed in Chapt@. Before inverting challenging
real data, we want to understand what value joint PP-PS invesion can add by inverting
synthetic data. The synthetic data is forward modeled usinghe Edvard Grieg exploration
wells. By inverting for these known properties, the level gbrecision and potential short-
comings of model based inversion can be discerned and opfinmyversion parameters can
be selected. In this chapter we explore the data further witbomparisons to noise free full

elastic synthetics, forward modeling, and inversion of sttmetic data.
3.1 Elastic Waveform Modeling

Synthetic seismograms act as a noise free comparison to tleésmiic data to study the
noise level and potential presence of multiples. The primasynthetic analysis was done on
wells A, B, C, D, E, and G as these were all vertical exploratiowells. These wells contain
generally full suites of logs but occasional gaps particuba in Vs and density, pseudo logs
were created using the relationships derived from other u®in the interval of interest. For
example, the relationship from Figure 3.1 was utilized to ceert Vp to pseudoVs logs. A
similar crossplot was derived for pseudo density. Followgnthe pseudo-log estimation, all
essential logs underwent a mild 10 ft median lter and were @tked for washout zones using
the caliper log. After this log editing, we are able to use allxploration wells but Well F,
as it only contains 150m of log, which is insu cient for use irsynthetic modeling, ties, and
background models.

There are many methods of quality control of seismic data ugj well log synthetics. A
vital rst step is to check the seismic data for multiples andnoise with well ties. Figure 3.2

shows a well tie in the reservoir area on Well A, the discoveryall. The synthetic is modeling
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Figure 3.1 Predicting Vs from Vp using Edvard Grieg log data.

the central angle, 21, using the deterministic wavelet in Figure 2.32, and the sersc data
for comparison is the full stack PP data (0-34. The chalk and reservoir area are replicated
in the synthetic. The shale unit above the chalk has uctuatig density but the resulting
synthetic shows low frequency uctuations just as seen in & eld data. The shallowest
re ector in the window shows mismatch but is not within the irversion window. The cor-
relation coe cient re ned to this 400ms interval is 0.92 indcating a reliable well to seismic
tie, with a correlation of 1 being a perfect match. The well &s for other exploration wells in
PP time have similar correlation coe cients in the reservai ranging from 0.85 to 0.96, often
depending on chalk thickness. There is no clear mismatch ind reservoir area for any of the
logs that would suggest multiple energy. A notable featuresithat the grid sands typically
appear much brighter in the synthetic than they do in the PP semic data. This could be

from some interference and noise in the seismic data that istrre ected in the synthetic.
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Figure 3.2 PP seismic well tie around reservoir at Well A. Syn#tic and real data show the
same trace repeated 4 times. Shallow high velocity bed noteg the grid sands. Synthetic
is lower frequency than real data in this area due to the use aftime constant wavelet and
preferential extraction from the deeper reservoir unit.

Figure 3.3 shows a PS well tie in the reservoir area on Well A. Tiegnthetic is modeling
the central angle, 21, using a deterministic wavelet, and the seismic data for cquarison
is the full stack PS data (0-34). This PS data is far lower frequency than the PP seismic
data. The time-depth of the positive re ectors match nicelybut there are minor di erences
above and below the chalk re ector. In the synthetic, the sHa unit above the chalk has
uctuations that the real data does not. The Grid sands also ppear much stronger in the
synthetic than in the real data, potentially the same interérence and noise issue that the PP
seismic data undergoes in the heavily faulted Grid sands. Hewver, the trough that marks
the reservoir response is stronger in the real data than in ¢hsynthetic. The correlation
coe cient re ned to this interval is 0.74, indicating a relatively good PS well to seismic tie.
The other PS well ties have similar correlation coe cientsn the reservoir ranging from 0.62
to 0.77.

From this introductory analysis, it is clear that the data ha been processed well and
that large noise features like multiples are not very prevaht in the data within the range

of the logs. This analysis can be made because multiples agt mcluded in the synthetics.
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Figure 3.3 PS seismic well tie around reservoir at Well A. Synghic and real data show the
same trace repeated 4 times. Shallow high velocity bed noteg the grid sands. Synthetic
is lower frequency than real data in shallow section due to ¢huse of a time constant wavelet
and preferential extraction from the lower frequency reseoir unit.

The next step is to analyze the modeled prestack gathers. Bhis done by comparing the
synthetic gathers with the real seismic gathers to catch angiscrepancies that need to be
addressed in the gather conditioning, or if not xable, thaineed to be noted moving forward.
For this comparison, | will be showing a synthetic gather at ells A, E, and B for the PP
data (Figure 3.4) and the PS data (Figure 3.5).

The PP and PS synthetics were created using Hampson Russedllastic wave algorithm.
This method was utilized instead of the Zoeppritz algorithmbecause the exact Zoeppritz
equations models primary energy only. Because of this, thigarithm may be inaccurate for
thin layer models with large impedance contrasts as demonsted by Simmons & Backus
(1994). In Edvard Grieg, the Shetland chalk cap-rock is wiih tuning thickness (50m) and
marked by a high impedance layer relative to the shale aboved reservoir below, so the
Zoeppritz equations may result in imprecise synthetic refts. The elastic wave algorithm
models all wave modes simultaneously to solve this problenilhis re ectivity modeling
method is designed to simulate the AVO e ect of P-wave re egtity for a 1D model with

complex re ection layering in the target interval. The synhetics were moveout corrected
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using the exact log velocities and taking into account noniperbolic moveout. This is par-
ticulary important in the converted waves as they display nehyperbolic moveout and con-
ventional NMO methods do not atten re ections accurately. Finally, the synthetics are
stacked for inversion analysis in the same angle range as thkl data, 0-17 , 17-25, 25-30,
and 30-34.

Ideally, the synthetic and eld data would show the same gemal trend across multiple
wells. For the inversion ow, there are angle-dependent deas applied to the PP and
PS angle gathers. This scalar should adjust the inversion taccount for any variations
between the AVO from the synthetic and the seismic data. In Hapson Russell, the scalar
is calculated based on the 10 strongest peaks or troughs in l@osen window around the
reservoir for the wells used in the low frequency backgroumdodel. However, this is a global
scalar, meaning one value is applied per stack in each modehefe is an assumption that
the AVO trend di erence between seismic and synthetic shodlbe consistent throughout the
wells and seismic. The main concern is identifying if the AV@rend di erence is variable
between wells, so | have analyzed the AVO at the wells in the i@y used in the initial
model.

Figure 3.4 shows the PP synthetic gathers alongside the elcismic gathers for three
well locations. The PP gathers match fairly well to the syntktic with a minor time shift,
and both show decreasing AVO trend. However, the amplitude esms to decay much faster
in the real data than the synthetic gathers, particularly inthe overburden. The synthetic
does not account for complicated wave propagation e ects &l are expected in the faulted
region of the overburden. This may be the reason for why the guiitude decays faster in
the real data. The chalk begins to go critical at around 2100 eters o set in the synthetic,
which is the case for the eld data, but residual moveout wasoerected for in the trim statics
process as discussed in Chapter 2. The 3fitical angle at the chalk forces us to omit o sets

past 1900m.
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Figure 3.4 PP synthetic gathers (left) compared to the real dher (right) at the respective
well locations.

The PS synthetic gathers and real data at the same locatiom iFigure 3.5, match well
in time and show a general increasing AVO trend. A notable faare is the consistently
high amplitude re ectors with a decreasing AVO in the eld dda about 500 ms above the
chalk, these are the Grid sands. In the real data, the chalk drreservoir have lower relative
amplitude due to the attenuation from these injectites. Thesynthetics don't incorporate
transmission path complexities. The chalk begins to go ciifal at around 1400 meters o set
in the PS synthetic, which is the case for the eld data, but reidual moveout was corrected
for in the trim statics process as discussed in Chapter 2. Th&4 critical angle at the
chalk forces us to omit o sets past 1300m in the PS data. Anotherotable feature is that
the synthetic wavelet looks lower frequency. This could beud to the low frequency chalk

dominating the wavelet extraction. In regions of thicker chlk towards the East of the eld,
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Figure 3.5 PS synthetic gathers (left) corrected for non hypleolic moveout compared to the
real gather (right) at the respective well location. The chik at wells A and E shows residual
moveout.

like in wells G, D, and C, the chalk re ector may appear lowerrequency and the wavelet
extraction included these wells. Potentially, excluding tese wells in the wavelet extraction
could provide a better match for the synthetics in well A, E, ad B, but would be less
representative of the Eastern portion of the eld. Overallpoth the conditioned PP and PS

gathers match with the synthetic gathers in AVO trend su ciently for inversion purposes.
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3.2 Poststack Inversion

The rst and simplest method of inversion tested is post-stk inversion of the PP seismic
data. Here, we want to understand the parameters that go intohe inversion using the
synthetic data to have a basis of which parameters to choos® the eld data inversion. The
package used is the Hampson Russell model-based inversiotwswé which is a generalized
linear inversion (Cooke & Schneider, 1983). | will discus$é& post-stack inversion method
and main parameters such as the weighting terms, prewhiterg, number of iterations, and
block size.

All inversions attempt to solve the linearized model of seisminversion, written as,
d= g(m)+ n; (3.2)

whered is a vector containing the data time seriesy is the forward modeling operatorm
is the model parameter, anch represents the noise in the data. In post stack inversion, ¢h
modelm contains the logarithm of P-impedance and the operatay contains the wavelets and
derivatives. The pre-stack model and operator include monariables but will be discussed
in the next section.

The post-stack inversion attempts to minimize the objecti® function to nd acoustic
impedance,m, values that when converted to re ectivity and convolved wth the wavelet, g,
best match the observed seismic volumd, Like most inversion techniques, this method is
non-unique. To manage this non-unigueness, particular vgéiting parameters can be applied
in the objective function.

The objective function of the Hampson Russell post-stack ievsion is,
J=w; (d W rn+w, (M H r); (3.2)

whereJ is the objective function,w; and w, are weighting terms,d is the seismic trace,
W is the wavelet, M is the initial impedance model,H is the integration operator that

produces impedance from re ectivity, andr is the re ectivity of the current model.
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This objective function is a combination of the seismic datanist and allowed model
variation (how far can the model deviate in each iteration fsm the initial model), ultimately
controlled by the weighting terms. Note that the two weightirg terms add up to 1. A larger
value forw; would force a solution that minimizes data mis t, and a largevalue ofw, forces
a solution that remains close to the initial impedance modeln Hampson Russell, there is
a \soft" and \hard" constraint option for the weighting term s. The \hard" constraint sets
w, to zero and the nal impedance values are limited to range ofpper and lower values
for maximum impedance change and if the value exceeds this gan it is clipped. This
is actually recommended by Hampson Russell, because the ¢mmst may prevent small
amounts of noise in the data or model errors to drive the algéhm to an incorrect result.
The \soft" constraint option is \stochastic" model inversion and allows the model to deviate
from the initial model and allows the user to assign the modebnstraint, w,, consequently
setting w;. This requires multiple iterations and updates to the inital model to diverge to
a close match to the seismic.

| used the \soft" constraint option moving forward to allow for deviations from the initial
model as the initial model may have error especially in thisighly heterogeneous eld. The
starting model, or the low frequency model, is derived fromoastraining horizons picked
on the PP data and the well data. The inversion then iterativiy solves for re ectivity
by identifying and minimizing mist between the seismic daa and the synthetic seismic
data. Consequently, the more iterations done in the inveisn, the lower the seismic mis t.
However, typically after 2-3 iterations, while the seismic mt decreases, the model error
between control points (wells) and inversion results incases. There is always a trade-o in
inversion between model parameter accuracy and predictegismic mis t. | will be focusing
on minimizing model mist more so than seismic mist as the ptpose of the inversion is
to get accurate rock properties. The number of iterations @hthe prewhitening is set by
the user. These parameters have an important interplay as ive The prewhitening is a

constraining term in the solution for the model update, usetb dampen the seismic mis t
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in uence on each inversion iteration. The larger the prewkening, the closer the model
remains in each update to the previous model, and the more riggions it takes for the
seismic mist to diverge. This parameter becomes much morenportant in the pre-stack
inversion and will be discussed further in the following sgon.

Finally, the post stack method allows for speci cation of \bbck size,"” which is the thick-
ness in time of each model parameter grid block. A smaller lolosize results in a smoother
result which can better t the seismic data, while a larger bck size will result in a more
sparse subsurface representation. Large block sizes magreimplify the geology but in
cases with little knowledge of the geologic setting or incqiex geology, this method may be
preferred. Small block size gives denser, or a larger numlzérmodel parameter estimates.
Denser model estimations can t the data better, but this maynot necessarily be ideal.
After experimentation in the Edvard Grieg eld, | found a blodk size of 4 ms was best able
to capture the gradational changes in the reservoir, whiléne larger block size was best able
to replicate the sharp change at the chalk. The time samplingf the data is also 4 ms.
With the reservoir being the primary interest of the eld, 4 msblock size was chosen for the
post-stack inversions.

After better understanding the parameters going into the olgctive function and creating
the necessary synthetics, we go forward with the inversiofi the synthetic from well A. The
model based inversion requires a wavelet, a low frequency e and the seismic data. For
the low frequency model for the synthetic tests, | used the agt values of the input model
parameter, the P-impedance from the well, and applied a 6 Haw pass and 9 Hz high cut
Iter. This frequency range was applied to Il the frequencyband below that of the seismic
frequency spectrum. This inversion was done on a full stackPPsynthetic seismic dataset
using angles 0-34 degrees. The wavelet used is the deterstiaiwavelet in Figure 2.32.

The synthetic post-stack inversion parameters were,, model constraint, of 0.1,w; of
0.9, 8% prewhitening, and 9 iterations. To determine the aacacy of the inversion methods,

| will be showing the inversion on the most representative WeWell A. Figure 3.6 shows the
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Figure 3.6 The inversion analysis window for post-stack PP wersion on synthetic data
generated at Well A. This method of inversion only outputs aagstic impedance and utilizes a
full angle stack, the seismic shown is one trace repeated wimes. The correlation coe cient
(CC) of the seismic data and seismic data mist is noted on theottom of the synthetics.

inversion analysis window at Well A for post stack inversianin this window, the inverted
P-impedance is compared to the well logs Itered to the seismfrequency band to represent
attainable frequencies. The seismic data shown is the seisrdata created from the inverted
model parameters, the input seismic data, and the mist whit is the di erence between
the input and output seismic. The inversion result for P-impdance closely matches the
well data in all areas but overshoots very slightly in the Gd sandstone. Nonetheless, the
acoustic inversion on the synthetic is very accurate. Theris minimal mist in the data as
the synthetic data is noise free. The seismic in the area otanest, from 1500ms to 2050ms,
has a correlation coe cient of 0.989 suggesting an excellematch, expected in a synthetic
test. The P-impedance model parameter match shown in Figure73has a correlation of 0.98
within a given error bar. This same window and error bar will b used for estimating the
correlation coe cients of the model parameters and the saisic data in every inversion for

consistent comparison purposes.
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Figure 3.7 Crossplot showing variation between P-impedanadkrived from the post-stack

PP synthetic inversion and the P-impedance from the log at WeA. The red line shows the

linear tline, a one to one relationship for reference. Thearrelation between the inverted

and log P-impedance is shown in red, this correlation coe ent is based solely on the model
parameter estimate versus log values.

Next we can test accuracy by looking at the model parameters the crossplot domain,
in Figure 3.7. In a perfect match, all points would be on the retine representing a one to
one relationship. There are slight deviations particulayl in the reservoir interval but the
inversion is very close to exact according to this crossplofThe deviations in the reservoir
are likely due to hydrocarbon presence in the conglomeratecsion and may be improved
with the addition of AVA information. By performing an inversion on the full stack synthetic

data, we see best case scenario of the post-stack inversion.
3.3 Prestack Inversion

After testing post-stack inversion, | moved on to the prestdacdomain to see if model
parameters would be improved using AVA information. Presik inversion uses angle stacks

and is a simultaneous inversion, meaning the inversion ses/for multiple parameters at the
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same time, solving for P-impedance, S-impedance, and déysi

Post-stack inversion ignores the relationship between 8yedance and P-impedance.
However, from the post-stack inversion P-impedance estinggtthe user can predict S-
impedance from established relationships between S-wavedaP-wave velocity. According
to Castagna's equationVp and Vs should be linearly related for water saturated siliciclagt
rocks (Castagnaet al., 1985). Gardner's equation showsp and density should be linearly
related in clastic rocks (Gardneet al., 1974). Simultaneous pre-stack inversion includes cou-
pling between these variables to add stability to the non-ugue and noise sensitive nature
of inversion.

The pre-stack inversion algorithm is under three assumptig, (1) linearized approxima-
tion for re ectivity holds, (2) PP and PS re ectivity as a fun ction of angle can be given
by the Aki-Richards equations, and (3) there is a linear relanship between the logarithm
of P-impedance and both S-impedance and density, which shaunold for background wet
lithologies (Hampsonet al., 2005). Simmons Jr & Backus (1996) used a similar approach in
building relationships betweerVp, Vs, and density to invert for linearized P-re ectivity(Rp),

variations in S-re ectivity( Rs), and variations in density re ectivity( Rp). Buland &

Ve Vs

Omre (2003) used comparable methods but solved for three drent terms Vo Ve

This study used the Aki Richards approximation as well, but tien used a small re ectivity
assumption to relate changes in the parameter to the origihparameter itself with a loga-
rithmic approximation. The Hampson Russell technique combes these approaches with the
three assumptions and the small re ection coe cient assumgon of 0.1 or less magnitude
(Russell, 2014). Note that the small re ection assumption isiot optimal for the Edvard
Grieg eld as the chalk re ector at normal incidence has a reectivity of 0.25, while top
reservoir re ectivity is 0.2. But based on an analysis of théools in various software, this
method is the most tested and proven technique in the cons@t With these assumptions,
the re ectivity approximations can be given by,

1 1
Rp, > L p = E(Lpiﬂ Le); (3.3)
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1 1
Rs, > L s = E(Lsm Lsi); (3.4)
Rp, L s =Lpi+1 Lopi: (3.5)
Here, i represents the interface between layeisandi + 1, and Lp, = In(Zp,), Lg =

In(Zg,), and Lp, = In( p,). In matrix notation this becomes,

1

Rp = EDLP; (3.6)
1

Rs = 5DLs; (3.7)

Rp = DLp; (38)

where R is the re ectivity vector, D is the derivative matrix, and L is the log of the
impedance or density vector. For post-stack inversion, sstituting the re ectivity vector
into the convolutional model from equation 1.1, the equatio becomes,

1
= SWDLp: (3.9)

whered is the seismic trace vector, andV is the wavelet convolutional matrix in which
each column contains n-sample wavelet shifted by one sampiem the previous column.
This is not solved using full matrix inversion, as it is cosyl and potentially unstable. The
strategy chosen is to start with an initial guess impedanceif DL, and iterate towards a
solution using the conjugate gradient method. For pre-stacinversion, Hampson Russell
uses the Fattiet al. (1994) re-expression of Aki-Richards linearized approxirtian,
Rpp = ¢iRp + ;Rs + GRp: (3.10)

2 2
where,c; =1+tan?( ), ;= 8 ¥ tan®( ), cz=0:5tan?() 2 &  sin®():

Vp Vp

Substituting the re ectivity vectors from equation 3.6, 37, and 3.8, and using the convo-
lutional model from equation 1.1, this equation can be usedrfinversion. However, it ignores
the relationship betweenLp and Ls and betweenLp and Lp: Simmons Jr & Backus (1996)

used delta terms to account for deviations away from a linear of Castagna's equation and
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Gardner's equation. In Hampson Russell, the algorithm actllg inverts for deviations away

from a linear t in logarithmic space using the equations,

Ls = KLp + kc+ Ls; (311)

Lo =mLp+m¢+ Lp; (312)

where constantsk and m are slope andk, and m. are intercept derived from well logs.
These values are determined in the crossplot domain usingethwells included in the low
frequency background model as in Figure 3.8. The delta paratess in Figure 3.8 are in-
dependent variables and makes the system more stable. In Hasop Russell model-based

inversion, the three inverted model estimates arep, Lg, and Lp.

Figure 3.8 Crossplots ofn(Zs) vs. In(Zp)(left) and In(Zp) vs. In(Zp)(right) from well log
A used in the synthetic pre-stack inversion as this is the oplog included in the background
model. A best t line has been added according to the assumptis listed above. The
deviations away from the line are the delta terms which do not the background trend and
can be indicators of uid anomalies.

Given these assumptions and relationships, Fatét al. (1994) linearized equation can be

re-expressed as,

d = eW()DLp + &W()D Ls+ cW()D Lp (3.13)

-1

wheree, = 5C; + %kcz + mc; and e, = %cz and d is the seismic trace. This equation

is not solved by full matrix inversion methods because thewofrequency content cannot
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be resolved and the process would be costly and unstable ashe post-stack case. The
practical approach taken is to initialize the solutionto Lp Ls Lp T= LpoOO T where

Lpo is derived from the initial impedance model and used to iteta towards a solution using
the conjugate gradient method.

Referring back to equation 3.1 for pre-stack inversion, théata, d, is a vector containing
the data time series for each angle of incidence, the modelr@aeter, m, is a vector that
contains the natural logarithms of Zp, Zs, and , and the operator, g, contains the
wavelets, derivatives, and coe cients of the AVA linearize approximation. This operator
describes the function that calculates seismic data amplides from model parameters as a
matrix of coe cients, obtained from equation 3.13 for the coresponding angles irl. Because
g and d are known,m can be solved for using the standard least squares inversipproach

(Russell, 2014),
m=(G'G+ 3icC,') 'G'd; (3.14)

where 2 is the prewhitening (damping) factor andC,, is the model covariance matrix.
The incorporated factor is the prewhitening assigned to theversion. This parameter is a
noise level added to stabilize the operation and should recethe variance of the noise in
the input data. In the inversion, a larger the prewhitening equires more iterations for the
predicted data to match the observed, since the model updat any iteration is small. Large
prewhitening means the seismic mis t has less weight on imgon updates, and restricts the
inversion from forcing large changes in the model within ateration. The model updates are
small and close to the pre-established coupling relationipk. This can be useful to constrain
the inversion in noisy seismic data. The method of choosinggwhitening is to test various
magnitudes and select a value that minimizes the data mis t hile avoiding model error, as
with increasing iterations past 2, the seismic mist drops Wwile the model error relative to
log values increases.

The covariance matrixC,, uses the expected ranges for the natural logarithms of Zp,

Zs, and to derive prewhitening parameters based on the amount of pritening set.
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These values are calculated from the crossplots of the logtaldike Figure 3.8, based on the

average scatter around each regression line. The matrix ivgn by

2 5 3
i 12 13
Cn=4%4 2 2 530 (3.15)
31 32 3

where ; represents the covariance and the subscripts indicate theoshel parameter.
The diagonal terms are the variance of each model parameteorh the initial low frequency
model. Because a modied Fatti's approximation is used, whe a single parametei(p)
describes the majority of the data with two delta terms ( Ls and Lp), the terms vary
independently of each other. This allows a reasonable asqution of zero covariance, meaning
all o -diagonal terms in the covariance matrix go to zero. Aarger value of covariance in the
matrix means the inverse value will be smaller, thus less dg@mg is applied to that term.
Presumably, this term will beLp. This covariance matrix constrains the inverted estimate
to only vary within a speci ¢ range around the value predictd by the established coupling
relationship.

Other parameters involved in the prestack inversion inclugithe background ratio ¥s/ Vp),
the global scalar (brie y discussed in the elastic modelingection), and the scalar adjust-
ment factor. The background ratio starts from the initial madel and may be updated with
iterations or can be kept constant at 0.5. In equation 3.13/s/ Ve or gamma is assumed
to be constant and accurately chosen. Another assumption iis Hampson Russell imple-
mentation is that the angle, , is taken as the incident angle, when according to the the Aki
Richards equation the angle should be the average betweeretimcident and the refracted
angle (Hampson & Russell, 2013). The motivation for these assptions is to allow the
C coe cients in equation 3.13 to be constant with time, speedaig up and stabilizing the
calculation (Hampson & Russell, 2013). To address these asguions, the gamma can be
automatically updated with a chosen iteration count startng from the initial model. This
causes (1) a time-variant gamma, (2) a gamma that is updateddm the inversion values,

lessening the non-linear problem from one of the "unknowndjeing in the coe cients, (3)
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the correct average angle is used for calculations, usingethime-variant velocity, and (4)
a longer operation runtime (Hampson & Russell, 2013). This g@ated gamma can give a
higher resolution than the default constant gamma but can ab be unstable and result in
noise. This parameter is analyzed on a case by case basis tntdy the preferred method.

The global scalar is a scalar applied to each angle stack tocaant for any variations in
amplitude with o set between synthetic generation and the @ismic data. Two values are
used, the model scalar, which is the RMS of the model amplitedn the inversion window,
and the seismic scalar, which is the RMS of the 10 largest artpties in the inversion window
divided by the model scalar. The calculated values are prefed to manual changes. Finally,
the scalar adjustment factor is an input to scale the average ectivity, the default is set at
1 but minor changes have shown improvements in the inversioesults.

After understanding parameters going into prestack inversn, we can test the inversion
on prestack synthetics from Well A. This inversion requiresraangle dependent wavelet, a
low frequency model, and pre-stack seismic data. A deternstic wavelet was calculated
for each angle stack to re ect the changing frequency contiefmoveout-stretch) and phase
with angle. This is important as the nears include high freqencies and the fars are lower
frequency. The same low frequency model is used as in the psistck seismic for only well
A, but now includes S-impedance and density as well as P-imgette, with the same 6-9 Hz
low pass lIter applied.

Figure 3.9 shows the optimal inversion result on the synthetidataset at Well A. Here
the optimal model parameters were calculated using a previgming of 6% and 7 iterations.
These values were chosen to get the best model parameter tisthis clear in the logs for P-
impedance and S-impedance. The density term closely follwhe P-impedance as expected
because very large angles are not included in this dataset. wkver, there is some amount
of deviation in the chalk density. The correlation coe cien of the synthetic in the inversion
window is 98.0% which is very high but slightly lower than theost-stack inversion. This is

due to my chosen values for prewhitening and iteration numbeas with higher iterations or
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Figure 3.9 The inversion analysis window for pre-stack PP ievsion on synthetic data gen-
erated at Well A. This method of inversion outputs P-impedane, S-impedance, and density
(from the inverted estimates ofLp, Ls, and Lp) and utilizes four angle stacks. The
Vp/ Vs is updated one time with the inversion result. The seismic ia trace for each angle
stack for the inverted synthetic, original synthetic, and s t.

lower prewhitening the seismic correlation would increasbut my goal is obtaining the best
model parameters for rock property analysis. There is cosgntly a concession between
seismic mis t and model error, but better model parametersra the goal of the project, so
model error will be preferentially lowered. The seismic mtsn this inversion is larger than
the post-stack inversion because of this preferential weighg of model parameters. In real
data, the seismic mis t will be even larger in the prestack aopared to post-stack due to the
presence of increased noise in prestack data. Because thsrkess fold in each angle stack
relative to the full stack, there is inherently more noise irthe prestack information which
can cause more mist between the observed and predicted seis data. However, in this
case, we are testing on noise-free synthetic data. The vare determined for each term was
L,=.332 Ls=.125 Lp=.027. These relative magnitudes are reasonable, the maijgrof

variations should be described by the rst term, and the S-ifpedance variations are expected
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to be larger than that of density, so the second term should barger than the third. An
automatic gamma value with one update allowed for the best bf Vp/Vs without arbitrary

uctuations from noise.

Figure 3.10 Crossplot comparing P-impedance, S-impedandg,=Vs, and density from the
pre-stack PP synthetic inversion versus the log values at Wé. The red line shows the linear
t line, a one to one relationship for reference. The correten between the inverted and log
parameter is shown in red. Noté/s=\s is a derivative product of the inversion estimates.

The model parameter mis t can be seen in crossplot form in Fige 3.10. There are minor
variations between the log values and the inverted valuesrfB-impedance and S-impedance.
The Vp/ Vs, even with a moderate match in Figure 3.9, has a large amount ofis t in the

units directly above the chalk but near the reservoir the eshates converge to the log values.
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This is most likely due to the geology of the chalk and resenvand a lack of large changes
in Vp/ Vs as discussed in Chapter 2.

The prestack PP simultaneous inversion of the synthetic at ¥l A has multiple bene ts
over the post-stack inversion. Prestack data allows for estations of additional valuable
model estimates and a marginally improved estimate of P-ingglance. The P-impedance
model parameter improved by 0.01 in the pre-stack inversiphut the seismic mis tincreased.
With more data, there is more information to obtain a better malel parameter estimate.
This is clear in the synthetic case, however, with real datahere is more noise and variations
in geology. P-impedance estimates can be improved using §texk data but if the signal to
noise of the data is too low the model parameter may contain meerror than the post-stack
derivation. Additionally, the added model parameters of Ssapedance and density from
PP prestack inversion are heavily dependent on angle rangéthe data does not contain
su cient angle range, an independent derivation of shear ahdensity is unlikely as discussed
in Chapter 2. This synthetic analysis shown was done on well Ajmilar work was done on
other wells that supported the conclusion that PP prestacknversion slightly improved the

estimate of P-impedance compared to solely using full stadiata.
3.4 Prestack Joint PP-PS Inversion

The next method of simultaneous prestack inversion we testdorporates the PS multi-
component data. The bene t of multicomponent data is disputd in the literature because
its addition does not always reap enough bene ts in inversiato justify its costly acquisition
and processing (Garotteet al., 2002; Jenkinsoret al., 2010; Roure & Russell, 2019). PS data
contains lower signal to noise relative to PP data. Potentlabene ts depend largely on the
accurate processing of the data and the geology of the eld. Atscussed in Chapter 2, the
term \stealth” reservoir has been coined as reservoirs witlpeology that is better highlighted
with shear impedance, but from the geology of the Edvard Gige eld it seems the shear
impedance contrasts are the largest in the overburden (Jemsionet al., 2010). This e ect

actually works against our PS data, showing that PS data al@nis not able to better charac-
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terize the reservoir than PP data alone. Utilizing PS data ingint prestack PP-PS inversion
may still provide bene ts in the S-impedance because the teris a larger component in the
PS re ectivity, shown in Figure 2.2.

For joint inversion, the modi ed Fatti's equation 3.13 is exended to include prestack
PS data. The re ectivity of PS data is written in terms of shea re ectivity and density

re ectivity as,
Rps(; )= c&Rs+ GRp; (3.16)

wherec, = 2" 4sir( ) 4 cos()cos() ,cs= ) 1+2sin®( ) 2 cos()cos() ,
and = Vs=\s. The SV re ection angle, , is a function of the P-wave incident angle,, as
in snells law, =sin !( sin()). Rs and Rp are the same as in Fatti's approximation in

equation 3.10. With the same small re ectivity assumption, lhe equation can be written as,
dps(; )=cW( )D Ls+cW( )D Lp: (3.17)

Finally, because of the established relationships betweehet parameters, the variables

are coupled again and the equation becomes
Tps(, ): e4W( )DLp ++ C4W( )D |_3+ C5W( )D LD, (318)

whereey = kcy+ mces. This equation in Hampson Russell results in the same threernaan-
eters as the prestack PP inversion. The PS re ectivity is notlependent on P-impedance,
but it is one of the parameters in the nal equation used in thenversion process. This
means that the PS data can actually interfere or leak into thé&-impedance estimate when
performing joint inversion. PS data should not theoreticdy add value to the P-impedance,
so any leakage may potentially damage the P-impedance estite. Therefore, the preferred
method of interpretation should use the P-impedance estirteafrom prestack PP inversion

and the S-impedance estimate from prestack PP-PS inversion
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34.1 PP-PS Inversion Parameters

Testing the inversion on the synthetic from well A allows ckr understanding of the
parameters involved in the inversion in a noise free datasefith no registration mismatch,
as this is often one of the main di culties of PP-PS inversion In joint PP-PS pre-stack
inversion, two datasets are required with at least three fdleach to provide the same number
of data as unknowns in the data operator matrixg. We utilize four fold PP and PS angle
gathers with the equivalent angle ranges of 0-1717-25, 25-30, 30-34. Then four PP
deterministic angle dependent wavelets and four PS anglepgmdent wavelets are extracted
from the data to represent the phase and frequency content &ach angle stack. More
about this extraction is discussed in Chapter 4 on the eld da. The same low frequency
background model should be used as the previous inversions.

The major preparation step for this method is registration.This is the method of convert-
ing PS seismic data to PP time which can be challenging becausven a minor mismatch can
cause signi cant inversion result errors (Jenkinsoet al., 2010; Khareet al., 2009). Regis-
tration can be accomplished through numerous approacheschuas horizon picking, KPSDM
velocity models, synthetic matching, and attribute matchng. More on this will be discussed
in Chapter 4 as registration on synthetic data is not requird A precise registration of the
synthetics is possible by using the log velocities at the wadriginally used to create the
synthetic gathers.

A larger prewhitening is typically applied for joint invergon as the PS dataset contains
more noise and the inversion should be more constrained frauickly changing the model
estimates to t the seismic. If adding multicomponent data mmproves shear impedance,
updates in gamma should be more accurate so this value is setupdate twice. The same
scalars apply, however, di erent scalars are applied for €a angle stack for PP and PS, as
well as a di erent parameter for global scaling factor for ez dataset. This can cause either
PP or PS to be weighted more. If the global scaling factor of PB higher than PS, the

re ections at the PP traces would be scaled to a higher valuend have an increased in uence
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on the the model parameters.

The main weighting factor in the joint inversion is the PS/PPratio. The larger this value,
the more in uence PS data has on the seismic mis t, thereforehe larger the PP data mis t
particularly in eld data. Respectively, the smaller the PFPP ratio, the more in uence PP
data has and the larger the PS data mis tin the eld data. Charging the PS/PP ratio from
0.5 to 1.5 for the synthetic inversion makes minor di erencein the seismic mist. Because
the data is synthetic, noise free, and forward modeled fronhé compared log data, changing
the PS/PP ratio does not result in a signi cant change in seigic mist. The inversion is
non-unique and the seismic mis t will be diverge if allowedreugh iterations, but the errors

become very signi cant in the model parameters.

Figure 3.11 The inversion analysis window for pre-stack PPSPinversion on synthetic data
generated at Well A using a large PS/PP ratio of 100,000, mo#t uenced by the PS data.
This method of inversion outputs P-impedance, S-impedancand density and utilizes four
angle stacks from PP and PS data. Thé&//Vs is updated two times with the inversion
result. The seismic is a trace from each four angle stacks ftne PP and PS inverted
synthetic, original synthetic, and mis t.

To better understand the weighting parameter PS/PP and then uence of each mode of
data, we test an exceptionally large and small ratio. Figure.B1 shows the inversion analysis
window using a very large PS/PP ratio of 100,000. The PS is ding the inversion almost

completely and has a very high seismic correlation and lowisic error. Even though PP
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is weighted minimally, the seismic correlation is over 0.&nd the P-impedance is matching
in most areas. ThisLp term must be coming from the PP data, suggesting the PS/PP
ratio does not stop the PP data from having in uence. The moshoticeable area of error is
at the chalk where seismic error increased in PP seismic daad in all model parameters.
The inversion is not able to capture the sharp impedance caast at the top chalk from

relying on PS data, suggesting the chalk is not a relativelytreng re ector in the PS. This is

because the wavelet is low frequency, therefore seismic trislow but the model parameters

show error and the PP data shows coherent seismic mist. TheSPpre-stack seismic data
in Figure 3.11 shows that the chalk is a large re ector but muclhower frequency than the
overlying re ectors. This is potentially softening the chék impedance contrast in the model
parameters. The Grid sands overlying the chalk are much stiger impedance contrasts in
the S-impedance than the P-impedance, as discussed in Chap2. This causes attenuation
of seismic energy above the PS chalk re ector in the eld datevhich may increase the model

parameter error at the chalk.

Figure 3.12 The inversion analysis window for pre-stack PPSPinversion on synthetic data
generated at Well A using a small PS/PP ratio of .00001, moshiuenced by the PP data.
This method of inversion outputs P-impedance, S-Impedancand density and utilizes four
angle stacks from PP and PS data. Th&//Vs is updated two times with the inversion
result. The seismic is a trace from each four angle stacks ftive PP and PS inverted
synthetic, original synthetic, and mis t.
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The next test is using a PS/PP value of 0.00001. Theoreticgll the result should be
very similar to the PP prestack inversion since minimal welg is given to the PS data.
The result is shown in Figure 3.12. The PS seismic correlatidras dropped to 0.71 and
the error has increased to 0.76, signi cantly higher errorral lower correlation than the PP
seismic data contained when increasing the PS/PP ratio to 0000. This indicates that
inversion iterations are able to obtain a match to the PP samsic data much more e ectively
than PS seismic data, even with very clean synthetic data. EhPP seismic correlation has
decreased by performing joint inversion with the large PS/P when compared to the PP
prestack inversion by about 0.001, which is a negligible d¢rence. The model parameters of
this inversion look similar to those of the PP prestack invesion but contain more deviations
from the log values particularly noticeable in the decreas@ impedance at the reservoir.
The joint inversion estimates lower impedance values thameé well values for the chalk and
the reservoir which is the area of interest. The S-impedanestimate is worse than the PP
prestack inversion alone most likely because previousifia S-impedance was dominated by
the relationship with P-impedance and at this well the relabnship holds. By adding PS
data even with a very small PS/PP ratio, there is still leakag of PS data into the PP seismic
data causing the di erences we see between this inversiondatne PP pre-stack inversion.

Tuppen (2019) found that although PS seismic data can help pnove S-impedance es-
timates, they can diminish the accuracy of P-impedance estates. There is a signi cant
di erence in Vp=Vs between the large and small test values for PS/PP. The largeS?PP
inversion generates &p =k that more closely matches the well logs while the small PS/PP
actually deviates from the low frequency model in the oppdsi direction in one body of
shale. However, theVp=\s in the PP prestack inversion looks much better than the high
PP weighted joint inversion and is comparable to the low PS/P joint inversion. From this
we can conclude that in order to allow the PS to provide benestto the joint inversion, a
signi cant PS/PP ratio should be applied. Often this ratio is lowered to 0.1-0.3, but this

simply provides a less accurate version of the PP prestack/@rsion.
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Figure 3.13 The inversion analysis window for pre-stack PPSPinversion on synthetic data
generated at Well A using all nal parameters, in uenced stongly by both PP and PS data.
This method of inversion outputs P-impedance, S-Impedancand density and utilizes four
angle stacks from PP and PS data. Th&//Vs is updated two times with the inversion
result. The seismic is a trace from each four angle stacks ftve PP and PS inverted
synthetic, original synthetic, and mis t.

The PP-PS joint inversion result that contained the most opimal weighting of PP and
PS seismic data is applying a 0.7 PS/PP ratio as shown in FiguB13. The PP and the PS
correlation are within 0.005 of the best correlation coe agnts from the small PS/PP ratio
and large PS/PP ratio application respectively. The PP seisia mis t is slightly higher at
the chalk than the PP pre-stack data inversion alone, but gemally has very small error
in seismic data. The model parameters of the PP-PS inversi@and the PP inversion are
where the chief di erences are shown. The PS seismic data da®ot re ect that the chalk
amplitude is drastically larger than that of the Grid sands aove, therefore the PS data
pushes for a smaller impedance contrast at the chalk that ikia to the contrast at the Grid
sands. This may be from error in the wavelet extracted from # seismic data. In the PP
data, the chalk is the overwhelmingly strong re ector so thenversion using this dataset
is able to recognize a sharp large change in impedance andidwyfarther from the low
frequency model. Incorporation of the PS data can help in dain areas, but because the

chalk is not a relatively high amplitude re ector, the inversion does not recognize the need
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to deviate anomalously far from the model to the chalk. Here is important to recognize
the limits of our chosen inversion. A major assumption madenithe modi ed version of
Fatti's used in the model-based inversion is the small re ¢g@ity assumption. The area that
our inversion is failing in the PS data is in the very strong dik re ector that has a normal
incidence re ection coe cient of 0.25, well over the accetble re ectivity (0.1) from the
assumption.

An improvement from the joint PP-PS inversion is theVp=Vs estimate. This is most
clear in the inversion analysis window because the crosdpln Figure 3.14 suggest the joint
inversion drops theVp =5 correlation value. In the inversion analysis window, it islear the
PP-PS derived estimates are able to deviate farther from thieitial model closer to the well
log values because the joint inversion is able to obtain moeecurate updates in theVp =\s
from utilizing the multicomponent dataset.

Figure 3.14 shows the variation of the inverted model paramets from the log values.
The joint PP-PS prestack and PP prestack inversion paramete have nearly equivalent
model correlation coe cients. Neither PP prestack nor PP-PSprestack inversion provided
improvement in the density parameter, as expected given thianited angle range. The
PP prestack derived correlations are very slightly higherroall parameters other than S-
impedance which marginally improved using the PS seismictda This study on synthetic
data reveals that where the subsurface follows the low fregcy background model and
the geology follows the coupling relationships betweewt and Vs, and Ve and density,
accurate model parameters can be estimated from PP data atnFor synthetic inversion
this su ces, but in real data the background model is limitedto the sampling of wells, most
of the background model is interpolation between wells. Irhe case that the geology will be
di erent than the well locations, the background model willbe inaccurate. This is when the
inversion depends on the couping relationships betwe¥p and Vs, and Vp and density, and

the covariance matrix derived from the log data.
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Figure 3.14 Crossplot comparing P-impedance, S-impedand4,=Vs, and density derived

from the pre-stack PP-PS synthetic inversion versus the lodata at well A. The red line

shows the linear t line, a one to one relationship for referee. The correlation between the
inverted and log parameter is shown in red.

3.5 Discussion

For pre-stack PP inversion, the inversion result dependsdtily on the variations of the
natural log of P-impedance. The changes in P-impedance dgiany changes in S-impedance
and density. With simple modeling in Figure 2.2, we know that $mpedance contributes to
the PP re ectivity at far angles. Where there is no direct contibution, the background trend
with P-impedance from the well logs is utilized. Both PP and P-PS inversions solve for
Lr, Ls,and Lp, so ifthe background model relationship holds, only thep is needed to

predict the data, whether the seismic data is PP or PS. In arsavhere the linear relationship
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betweenV, and Vs is not suitable and a model change in S-impedance is not indkd in
the background model, the change in S-impedance will not bestécted. In this case an
independent estimation of Lg is not possible with limited angle PP data. For example, in
a unit with anomalously large changes in S-impedance compdrto P-impedance, the PP
prestack inversion will be unable to estimate the correct Bapedance.

For pre-stack PP-PS inversion, the result depends on both ¢hvariations in S- and P-
impedance. The changes in P-impedance still have the large®variance value but the
PS/PP ratio adds weight to the S-impedance. This bimodal wghting causes an averaging
e ect. In areas where the background relationship betweew and Vs is not suitable and
the background model does not contain the correct low fregouey absolute values, the model
estimate will e ectively average the true S-impedance and-inpedance. For example, in a
unit with anomalously large increase in S-impedance, thei®pedance will become closer
to the true impedance increase and the P-impedance will oghioot its impedance estimate
and become less accurate. Whereas PP prestack inversion wiithply t P-impedance model
parameters and replicate that onto S-impedance, instead e$timating a truly independent

Ls.

The PP-PS inversions can yield the most signi cant bene ts Wwere the the background
model does not t the geology, and the linear relationship h&eenVp and Vs is not suitable.
This assumption fails in real data where all geology is notraple brine- lled sedimentary
rock, particularly for the oil bearing Edvard Grieg eld which is capped by a carbonate.
This averaging e ect in the PP-PS inversion for P-impedancand S-impedance can decrease
the accuracy of the P-impedance result and increase the acaty of the S-impedance result.
Therefore, the model parameter for P-impedance is best dexd by PP pre-stack inversion
while S-impedance is best derived by PP-PS pre-stack inviens.

The seismic mist of the two inversion methods can be used jaly to nd deviations
from the background model and the coupling relationship. Aees that have the most seismic

mis t indicate that the background model is not representatve of the geology or that the
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linear relationship betweerVp and Vs is not suitable. This is clear particularly in the PP-PS
prestack inversion. If seismic mist is observed in the PS senic data, this can potentially
con rm a variance from the linear relationship between/s and Vs, and be a indicator of the
averaging e ect between P-impedance and S-impedance. Tinaccuracy of the P-impedance
can be observed in the PP seismic mis t derived from the joinnversion. The area with the
most overlap in mis t between PS and PP can suggest that the Bnpedance estimate is most
inaccurate. In the same sense, we can look to the mis t in tharf stack where S-impedance
begins to take an e ect in the PP seismic data derived from th®P prestack inversion. If
the far stack contains more mis t than at well control points the linear relationship between

Ve and Vs may not su ce and the estimated S-impedance may be inaccurat
3.6 Summary

In this chapter, we have further assessed the eld data quali and established AVA
integrity with elastic modeling. The theoretical importarce of the parameters going into each
inversion has been discussed and the assumptions given whis mode-based inversion are
noted. In the synthetic noise free domain, the di erent techiques of inversion are compared
to see that PP prestack inversion provides the most accurateodel estimates other than
S-impedance which is improved marginally with the PP-PS irarsion. Therefore, the model
parameter estimates chosen for interpretation purposesalid include P-impedance from
PP pre-stack inversion and S-impedance from PP-PS pre-skaitiversion. Neither inversion
method was able to estimate density independently due to lited angle range.

Moving forward with the eld data, areas where the seismic rsit is strongest especially
in the joint PP-PS inversion can suggest that the coupling tationship betweenV, and Vs
is not suitable or the background model does not t the varidbn of S-impedance from P-
impedance. If at the same location mis t is observed in the faangle stacks in the from the
PP prestack inversion, this can potentially con rm there isa variation in S-impedance not
resolved by the PP prestack inversion. Both prestack invams provide added value and

can be used collectively to distinguish error in model paragter estimates.
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CHAPTER 4
BASELINE FIELD DATA APPLICATION

The previous chapters have shown the potential bene ts of ilizing multicomponent data
and introduced the theory and parameters going into the inveion algorithms. Working with
synthetic seismic data allows us to see the idealistic ingon result. With real data, many
more challenges arise from noise, variations in geologydasata uncertainty. Both well logs
and seismic data have a degree of error which must be re ectedthe inversion parameters.
In this chapter, the methods established in previous chapte will be applied to the Edvard

Grieg Field data.
4.1 Low Frequency Background Model

The inversion inputs are the wavelet, seismic data, and thew frequency background
model. Although the wavelet and the seismic data conditiong are crucial to the inver-
sion, in model-based inversion particularly, the low freqncy background model is often the
bottleneck to accurate model parameter estimates.

The low frequency background model is the initial guess fohé absolute rock properties
and supplies the low frequencies missing in the seismic dafhe inversion starts with the
re ection-free low frequency background model and with ehdteration the model updates
to predict the seismic response. Without the initial model, e inversion can only output
relative changes in properties. There can be a number of mésithat match the seismic data
due to the non-unigueness of inverting band-limited data. Ais is why providing a reliable
background model is very important. It allows the inversioralgorithm to move from relative
changes to geologic terms and rock properties like velogitpnpedance, andvp =\k.

The work ow for creating this initial model, requires two man inputs, (1) low frequency
sampling of rock properties, and (2) bounding horizons. Th@ck properties can come from

the well logs or the seismic velocity model. The smooth veibc model is used in cases
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with limited or unreliable well logs because the model oftdiacks representation of the range
of geology in the eld. In the case of Edvard Grieg, there is stient well information
to construct the low frequency background model. Six vertat well logs within the OBC
volume were selected as inputs to the initial model. All 6 (wsl A,B,C,D,E,G) contain a
large depth range ofV p, Vs, and density and could be accurately tied to the PP seismic
time and the PS seismic time. In some wells where thés and density logs had gaps,
pseudo logs were created using relationships derived withp. Because the Edvard Grieg
eld is laterally heterogeneous, all 6 wells were used to dape the variations in geology.
The initial model needs to capture this lateral heterogenigito supply the inversion with an
accurate starting point. Because of this, unconventionalelds like in the Vaca Muerta and
Eagle Ford are su ciently represented by one well as done prmusly in the RCP consortia,
but as this eld contains complex geology, more wells are ressary. Tests were done with
variable number and di erent well logs but we found that thee six wells provided the best
representation of the heterogeneity of the eld. Includingnore wells would overly t the
background model to the speci c wells. Five horizons were jied on the PP seismic data and
used as the bounding surfaces, including the Hordaland, Hordaogaland, Shetland Chalk,
and the Basement. These bounding horizons/surfaces are dge guide the interpolation.
No horizons were used inside the half graben to avoid biasinget inversion result in the
reservoir.

The next challenge is the interpolation method between the ells constrained by the
horizons. Hampson Russell contains various interpolationethods shown as in Figure 4.1,
such as inverse distance power, triangulation, and krigingTheoretically, the application
of these methods should mitigate wells from producing \budeyes", or local highs and lows
of model parameters in the low frequency model. These \budiges" will bias the inversion
result, and most likely be replicated in the inverted model grameters. In application, all
these methods fail to extrapolate the logs in a way that avogdlocal highs and lows in

model parameters. Steps to include the velocity model as amta@rpolation method for the
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wells produced the cokringing result in Figure 4.1. The veldg model contains much lower
velocity values than the log values, therefore, to incorpate the velocity model in the initial

model, the velocity model needs to be arbitrarily calibrai@ to the well logs.

Figure 4.1 P-impedance low frequency models for various inp@lation methods through an
arbitrary line in the survey seen in the top right. Well logs werlain with P-impedance values
Itered to seismic frequency.

Ultimately, the chosen initial model was created in the Petiesoftware by PhD student
Charles Todd shown in Figure 4.2 (Todd, n.d.). The method usedas the kriging method
applied with di erent parameters. This method is known as tke best linear unbiased esti-
mator based on the fundamental statistical properties of # data mean and variance. The
algorithm uses a spherical variogram to express the spatiariability of the data. In Petrel,
the user is able to set more parameters for the interpolatiomethod as the software is more
robust in property modeling. Therefore, the kriging methodn Petrel was best able to in-
terpolate between logs without causing \bullseyes". Aftertte interpolation, the model was
low pass ltered to 6-9Hz to account for gap in the seismic freg@ncy content. One obstacle
in using an externally created model in Hampson Russell is tineethod the software uses to
calculate global model and seismic scalars. These are chdted using the well logs included
in the low frequency background model, but in an externally etived model the software

is unable identify these wells. Therefore, in order to use axternal model, the inversion
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analysis is rst run using a model that is created using the sae wells in Hampson Russell

to calculate scalars. With these scalars set, the updated Pet model can be used.

Figure 4.2 The chosen low frequency model, P-impedance shovor the Petrel kriging

interpolation methods through an arbitrary line in the suney. Well logs overlain with
P-impedance values lItered to seismic frequency, white spa indicates lack of log data.
Con ning horizons in blue. Low impedance feature towards # West is a mix of sand and
lacustrine sediment. The low impedance event extending frothis well in the bottom of

the half graben may be lacustrine sediment in Il in the alluval sediment or an artifact from
interpolation.

4.2 \Wavelet

After seismic conditioning and log calibration is completedan accurate wavelet can be
extracted from the dataset. Chapter 2 briey discussed thetatistical and deterministic
methods of wavelet extraction and concluded that determisiic produced the best model
parameter estimates from the seismic data. Now we will disssi how using a deterministic
wavelet in inversion produces the more accurate model estites than using a statistical
wavelet.

Statistical extraction is the less complex technique and dndepends on the seismic data.
As discussed in Chapter 2, this extraction was taken in a 500msndow around the reservoir
and outputs a zero phase wavelet, which according to procegsreports, is the phase of the
data. The deterministic extraction utilizes the same seisimwindow along with the well tie

to create a wavelet that captures the phase of the data. Aftererning well ties, we found
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that the PP seismic data contained a very minor negative phasranging from -14 to -3,
decreasing phase with each angle stack. To determine whiclawelet was best suited for
inversion, | inverted the datasets using both statistical ad deterministic methods. This
analysis was done for every inversion method, but for simgiy, the post-stack inversion
result will be discussed to compare the deterministic wawtland the statistical zero phase
wavelet.

Figure 4.3 shows the PP post-stack inversion analysis windaw Well K. This inversion
analysis window is the same as described in the previous ctepwhere the model estimates
and generated seismic data are compared with the well datadreld data. This well is
a blind well since it is highly deviated, blind meaning not usd in the initial model. The
inversion using either wavelet matches the seismic data Wwitminimal mis t. The statistical
and deterministic inversions actually have the almost exasame correlation coe cients in
the seismic data, the only di erence is that the determinist wavelet produces a match to
the seismic with 0.001 less error. The seismic mis t di erase is negligible, but the major dif-
ference is in the estimated P-impedance. Neither post-staokersion derived P-impedance
estimates is very accurate, but there are improvements froosing the deterministic wavelet.
The deterministic wavelet is able to capture larger changes impedance, particularly no-
ticeable in the chalk and the reservoir. The statistical waslet has more di culty with large
variations away from the background model. This observatioholds through all other wells.

Typically the deterministic wavelet is always preferred, bt an argument in favor of
statistical wavelets is that deterministic wavelets may b@otentially over tting the logs and
result in inaccuracies away from the wells. Therefore to adeks this concern, the inverted
volumes are examined in 3D to discern if the mist and model pameters deviate away
from the wells. The seismic mist for the statistical and degérministic wavelets is shown
in Figure 4.4. The dierence in seismic mist is minimal and des not vary largely away
from the well locations in either case. The mist in the deteministic wavelet has higher

frequency content which is expected when looking at the inpwavelets in Figure 2.32, as it
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Figure 4.3 The inversion analysis window for post-stack PP wersion on synthetic data
generated at Well K using a (a) statistical wavelet and (b) derministic wavelet. The

seismic shown is one trace repeated ve times. The correlai coe cient (CC) and mis t

is noted on the bottom of the synthetics. In neither case is thP-impedance estimate from
the post-stack inversion very accurate.

has a stronger side lobe than the statistical wavelet. The @a with best reservoir lies around
Well E, which contains similar error in both inversions but ery slightly lower using the
deterministic wavelet. Whereas in the area with higher slopwards well B, the statistical
wavelet performs better at the chalk. The seismic mist shos marginal variations but as
mentioned previously, | set the inversion parameters to gevthe model parameters the least

error which is done in lieu of decreasing the seismic mis t.

Figure 4.4 The inversion mist for post-stack PP inversion ugsg a (a) statistical wavelet
and (b) deterministic wavelet, compared to the (c) originaBaseline PP seismic data. The
seismic mis t is the synthetic generated by the inversion diracted by the original data.
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According to the inversion analysis window control points,ite model parameters show
more change with varying wavelet than the seismic mis t. Figre 4.5 shows the P-impedance
derived from post-stack inversion using the statistical weelet (a) and the deterministic
wavelet (b). The deterministic wavelet shows a better matctio the well log values and
can capture sharp vertical changes in impedance. The mosttable di erence is the lateral
continuity of the chalk using the deterministic wavelet vesus the statistical. The unit of
interest lies in the 50ms below the chalk, depending chalk gtd and the oil water contact.
The oil bearing reservoir is the thickest at well E, and at weB there is the thickest body
of sand. Both are clearly identi ed with around 7000 (m/s)*@/cc) P-impedance. The
statistical wavelet inversion accurately identi es the bdy, but the deterministic wavelet
inversion is able to capture the large and abrupt changes impedance at the top and base
of the sands. Additionally, the reservoir is lower impedarcin the deterministic inversion,
closer to the known well log values. The statistical wavelenversion looks overall smoother
but the deterministic is sharper and more accurate. This hdé for PP pre-stack inversion

as well as PP-PS pre-stack inversion.

Figure 4.5 The P-impedance estimate derived from post-stadkP inversion using a (a)
statistical wavelet and (b) deterministic wavelet. Well lgs overlain with P-impedance values
Itered to seismic frequency. Sand body is expected to varg quality/impedance throughout

the eld. Arrows indicate clear areas of improvement using aederministic wavelet.
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Based on this analysis, we nd that the deterministic wavekgproduces the most accurate
inversion results. The deterministic wavelets shown in Figa 4.6 will be used for analysis.
The seismic extraction window for the PP wavelets is 1500-20ms as described previously,
while the extraction window in the PS seismic is 3400-4200m3he window of extraction
should be approximately 2-3 times the size of the wavelet igit. With this in mind, we found
that a wavelet length of 180ms and taper of 40ms produces thedt PP wavelet, while a
wavelet length of 270ms and taper of 60ms produced the best R&velet. It is recommended
that the taper is 10-25% of the wavelet length. For a larger fger, the wavelet signal is lost
and the low frequencies in the wavelet are increased. Thisriaion in window length is due
to the di erence in frequency content of the PP and PS data. Té reliable frequency content
in the data is where the amplitude spectrum lies above -15dB Figure 4.6. The PP wavelet
contains low frequency content in the PP dataset with up/dow deconvolution pre-processing
(our dataset), but not in the data with the conventional preprocessing ow. This is also
seen in the statistical wavelet extraction. The low frequemes in the wavelet can be reduced
by increasing the wavelet length, but this causes notches the frequency spectrum that
would be replicated in the inversion result. The wavelet lggth was increased till notches
appeared in the frequency spectrum which resulted in the lgths listed. The PP amplitude
spectrum at the reservoir contains frequencies from 2 Hz to 6, with a peak frequency of
25 Hz. The PS data has much lower frequency content but not theamse DC signature as in
the PP data. The PS seismic amplitude spectrum at the reservaontains frequencies from
2 Hz to 10 Hz in native time but compression to PP time e ectivelyincreases these values
to a peak frequency of 10 Hz in the reservoir.

Both extracted wavelets show that with increasing angle, #high frequencies decay and
the low frequencies moderately increase. The near stackv@ahe highest phase and highest
level of noise. The PP wavelets shows a consistently smaltjaéive phase and the PS wavelets
have a smaller magnitude phase per stack. According to the pessing report, the zero-phase

designature operator applied to the dataset was derived froshaping the ghost-free target
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Figure 4.6 Final pre-stack angle dependent wavelets in theiative time from (a) PP seismic
data and (b) PS seismic data. The wavelets have had their ganormalized to equal one for
display.

calibrated marine source (CMS) far- eld signature to a zerphase equivalent. Zero-phasing
operators derived solely from seismic without well log qugt control, as typically done by
processors, may have error in the result (Simm & White, 2002Additionally, it is unlikely
that the far- eld signature recorded was angle-dependenthis is most likely what the cause

of the slight phase in the data at the reservoir interval.
4.3 Post-stack Inversion

After conditioning the eld data, obtaining an accurate low fequency background model
and representative wavelets, | inverted the PP post-stackolume with the same processes
used for the synthetic data. The inputs to the inversion willbe the full stack PP seis-
mic dataset with angles from 0to 34 , a single deterministic wavelet, and a P-impedance
initial model. Various parameters were tested by comparinthe well logs to the inverted
model parameters and observing variations in seismic mis The chosen post-stack inversion
parameters are given in Table 4.1. The \soft" constraint opbn was chosen to allow for devi-
ations from the initial model because the geology in the Edké Grieg eld is heterogeneous

and variability from the initial model is inevitable. The model constraint, w, in equation
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3.2, is set to 0.1 which forces the seismic mist to heavily inence the inversion updates.
This low model weight is set because higher values constraive updated models from devi-
ating from the initial model su ciently to match the well log s. Additionally, the post-stack
seismic contains higher signal to noise as it is stacked owetarge angle range and should
be less prone to error, therefore, the data is given a higheeight than the model. The
prewhitening is set as 8% to counteract the amount of weightivgn to the seismic data by
constraining how far the initial model may change to match ta seismic with each iteration.
In the post-stack case, the model constraint and prewhitemg perform similar functions.
A larger model constraint works to keep the model parameterpdate close to the starting
model, while a larger prewhitening works to dampen the in ugce of the seismic mist on
each inversion iteration. The iterations were limited to 9 bcause the seismic mis t leveled
at this iteration so with more updates the seismic mist woul be minorly improved but
the model parameters signi cantly su ered. This may imply hat the inversion begins to t
noise or that the model parameters update in a null space butatie no in uence on data
mis t. Finally, the block size was set to 4ms as done in the syhetic example to capture
gradational and sharp changes in geology because importdatatures in the eld like the
chalk and reservoir show both types of impedance change wigpatial variability.

Table 4.1 Post-Stack Inversion Parameters

Parameter Value
Model Constraint 0.1
Prewhitening 8

Iterations 9
Average Block Size 4

Given these parameters, we move forward with the post-staghkversion of the PP seismic
data. To demonstrate the success and changes within eachdrsion, four windows will be
shown; (1) the inversion analysis window, (2) the model pangeter crossplot, (3) the seismic
mis t in 3D, and (4) the model parameters in 3D. The inversioranalysis window allows the

user to measure the accuracy of the inversion at the well |ld@ans by comparing the estimated
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model parameters to true log values and the inversion gented synthetic seismic data to
the real data at that location. The parameters selected foragh inversion were chosen as
the most optimal parameters to obtain the lowest model mis tat all well locations. These
parameters were ne tuned using the inversion analysis wiod for quality control. The
model parameter crossplot as shown in the previous chaptesrepares the inverted model
parameters and the log values in the same window of 300 ms anduhe chalk. This allows
us to see improvements in model parameters on a larger scalthvall logs included. Finally,
the seismic mis t (synthetic minus eld data) and model paraneters in 3D can demonstrate

how the inversion performed spatially in between the contfrgoint wells.

Figure 4.7 The inversion analysis window for post-stack PP wersion, showing inversion
results generated at (a) well A, (b) well E, and (c) well K. Thismethod of inversion only
outputs acoustic impedance and utilizes a full angle stackhe seismic shown is one trace
repeated ve times. The correlation coe cient(CC) and mis t is noted on the bottom of the
generated synthetic and mis t respectively.

Figure 4.7 shows the inversion analysis window for the podask inversion at three
control points, Well A (discussed in the synthetic chapter) Well E, and Well K. Well A
and E were used in the low frequency background model, but W&l is a blind producing
well and is deviated, containing a limited log suite. The dtgbution of wells is shown in
Figure 4.9. The areas of focus are the chalk and the underlyingservoir. The chalk at well
K is captured in the inversion P-impedance estimate, the astate is slightly low for well
E, and very high for well A. The chalk at well A is thinner and witin tuning, causing an

ampli ed response in the seismic data. Inversion does not #uning issues, instead it uses
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the higher seismic amplitude at the thin chalk in Well A, and esiates a larger impedance
chalk. The reservoir and underlying units for all wells is usherestimated in P-impedance.
This post-stack inversion is estimating the P-impedance die reservoir to be higher than
the true value. Seismic mist is minimal at all wells as thiss done on one stack with high
signal to noise. Well K has the most seismic mis t and model rr (compared to log values)
in the reservoir. This well had been producing for 9 months bk&e the baseline (2016) survey,
causing the impedance in the reservoir to increase. The img®mn model estimate shows a
higher impedance estimation using the baseline survey. Tieéore the mist may be due to

production in the reservoir, not accounted for in the log vales.

Figure 4.8 Crossplot showing variation between P-impedanaderived from the post-stack
PP inversion of the eld data and the P-impedance from the logt well A. The red line
shows the linear t line, a one to one relationship for refereee. The correlation between the
inverted and log P-impedance is shown in red.

The model parameters can be further compared in the crossplitomain as seen in Fig-
ure 4.8. This crossplot uses log values from all exploratiavells and three producers (wells
H, Q, and K), and compares them with the inverted estimate at edn well. The post-stack
inversion obtains a P-impedance estimate with a high coration of 0.9487. It is impor-
tant to note that none of the inversions are able to capture WeF. This exploration well

encounters tight alluvial sediment and contains minimal r&gervoir but is located nearest to
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the well that drilled the thickest aeolian reservoir, well E Unfortunately, well F cannot be
included in the low frequency background model as it only ctains 150m of log which is not
su cient for an accurate well tie. Without this well in the background model, the inversion
is unable to recognize a sharp change in lithology with the gximity of 1km from well E to
F. Therefore, in all inversion results, the high impedance e values at Well F are estimated
to be much lower impedance, and can be seen in each P- and Seudgnce crossplot as the
points deviating the farthest from the log values. The clugr of points seen in each cross-
plot with log impedance values between 37000 and 42000 (Jtlg/cc) and with inverted
values between 28000 and 34000 (ft/s)*(g/cc) are the well Fediations. This shows the
importance of representing the heterogeneity in the eld wh the low frequency background
model. However, due to the lack of log at well F, it is not includ®in the model, causing
error at that location.

The logs used for the background model are shown in Figure 4Fbr optimal display and
to compare known well logs model parameters with the estimed parameters, two arbitrary
lines through the wells are chosen as X-X' and Y-Y'. These linesliube used for all baseline
inversion analysis.

The mis t of the post-stack inversion of the PP seismic datadr the two cross-sections
is shown in Figure 4.10. The error of the deterministic wavdlas described in the previous
section can be seen in the high frequency uctuations neardthchalk particularly in line Y-
Y'. The mist is the greatest in areas with higher slope changein the chalk. Additionally,
in areas where the reservoir is the thinnest, the mis t consiently becomes negative which
could be caused by tuning occurring in the real data but not m@icated accurately in the
synthetic dataset. It is important to keep in mind that the parameters for all inversions
were chosen speci cally to obtain the lowest model error, @reby allowing more seismic
mis t in the inversion that could have been decreased with nre iterations. This seismic
analysis also shows that underneath the chalk the data quilisigni cantly decreases and

the re ectors become less reliable. This noise and multipenergy will impact the inversion
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Figure 4.9 Map of wells in the survey, noting blind wells and tbse used in the background
model. Cross sections shown are used for analysis.

Figure 4.10 The input seismic data, predicted data, and mis from the PP poststack inver-
sion for (a) line X-X" and (b) line Y-Y'. Note di erent time scales are used, gures actually
contain the same frequency content.
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model parameter estimates.

Figure 4.11 Cross sections X-X' and Y-Y' of the PP post-stack invexd P-impedance esti-
mate. Well logs overlain Itered to the same frequency conte.

The P-impedance model derived from the inversion in Figure 4l shows a good correla-
tion with the log values other than well F, for reasons descréal previously. The clean sands
are the low impedance events with values between 4500 to 70@6s*g/cc. The oil water
contact for scale is approximately at the base of the sand at&V E shown in both sections.
This contact can vary with location, particularly at well B, where the contact lies 16 me-
ters lower than expected, clear in the green low impedancelwas at well B in Figure 4.11.
The target for our analysis is roughly the 50-70ms below thénalk. The largest oil column
sampled is at well E, about 40 meters, which is approximatelyne thickness of the aeolian
sand at that well. Well K samples the area of the reservoir thas inter ngering aeolian and
alluvial sediments, visible in the seismic, but made very &4r in this inversion result. The
lower impedance values are the aeolian ngers while the highenpedance ngers are the
alluvial sediment. Although these features are captured irhe inversion, they are smoothed

over so the extremes of lows and highs in impedance are nottidiguished, clear in the very
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low impedance events of the reservoir in well K.

Looking mainly at the reservoir interval, there are also feéares not captured in the
acoustic impedance estimates, besides well F. The inversi@tognizes the thinning of the
sand moving from well E and F without a bounding horizon but canot recognize the high
impedances of the conglomerates at the base of the reserybiue color). In the conglomerate
unit in well F, the inversion result actually deviates to a lower impedance value due to a
re ector in the seismic data that is most likely noise. The chlk is highly and erroneously
variable in impedance, as expected from the inversion analysvindows in Figure 4.7. When
the reservoir is the thickest at well E, the chalk unit beconeeless clear. The full stack may
not provide enough information to understand the spatial vaation in the chalk unit as the
chalk is typically within tuning and is a very large impedane contrast. The low impedance
values in wells K, E, and B around 4,500 m/s*g/cc in the resepir are not identi ed by
the inversion, which is the most crucial area of the survey. his is because the PP AVA
is decreasing and the full stack dataset used in post-staagkversion is not the same as the
normal-incidence synthetic. The full stack amplitude willbbe weaker than that of a normal
incidence synthetic, which is why the post-stack inversiois underestimating the impedance.

Acoustic inversion is able to obtain a relatively accurate Bmpedance model but fails in
certain areas of the chalk and reservoir. Including additr@l information from AVA may be

able to extract the correct P-impedance in our area of intes¢
4.4 Prestack PP Inversion

With the inclusion of PP seismic data AVA behavior, the inver®n is able to simultane-
ously estimate S-impedance and density in addition to P-ingglance. According to Figure 2.2
from Chapter 2, AVA information can even improve the estimat for P-impedance when full-
stack data is not representative of normal incidence. In thgrestack PP inversion, | used the
same low frequency background model as in the acoustic insé@n, but used angle dependent
deterministic PP wavelets shown in Figure 4.6. Four equal flangle stacks were used with

angle ranges 0-17 17-25, 25-30, and 30-34, as discussed in Chapter 2. Again various
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parameter combinations were tested to ultimately producehe best model estimates. The

parameters chosen are shown in table Table 4.2.

Table 4.2 Pre-Stack Inversion Parameters

Parameter Value
Prewhitening 3
Iterations 7
Gamma Update Once
Scalar Adjustment 0.85
Angle Range 0-34

The prewhitening is set to 3% to allow the inversion to devia from the initial model
with more in uence from the seismic mis t for 7 iterations. Gamma, Vs=\p, is the parameter
in equation 3.13 that a ects the contribution of S-wave and dnsity terms to the re ectivity
equation. This term is time variant and set to update once oneration 5 from the background
trend. Itis limited to one iteration to allow the inversion to use the seismic AVA information
to improve the Vs=\b but prevent introducing additional error into the results fom poor
estimates of P-impedance and S-impedance. The scalar atijsnt factor was chosen as
0.85 as this produced the best match to the model estimates #ie wells. This factor
is a constant scalar manually chosen to match the observeddapredicted data. The full
range of PP seismic data was utilized to attempt capturing aurate S-impedance and density
estimates, but as our angle range is limited to 34the results show that the S-impedance and
density closely follow the background trend set by the welbfys and are not independently
estimated. This trend is utilized in all prestack inversios, meaning the same covariance
values for prestack inversion and joint PP-PS inversion. Tévariance determined for each
term wasL,=.35, Ls=.12, and Lp=.03. This indicates that the majority of variations
in model parameters are driven byLp, then the Ls, and nally Lp inuence will be
minimal.

The inversion analysis windows in Figure 4.12, Figure 4.13, @rFigure 4.14, show the

di erence of adding AVA information into the inversion. At well A the inverted P-impedance
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at the chalk remains too high but is closer to the log data tham the PP post-stack inversion.
This is because the PP AVA is decreasing, utilizing the fulltack dataset to represent normal
incidence will underestimate the reservoir amplitude as weave seen. Incorporating AVA
information allows better estimation of the normal incidene property. The S-impedance
has more error than the P-impedance and appears to be follogithe P-impedance trend as
is the density estimate, which is inaccurate when the trendasks not hold as in the deeper
sections below the reservoir. There is a 1% increase in sesmist but that is to be
expected as each angle stack contains more noise than thé $tlick because the fold in each

stack is lower.

Figure 4.12 The inversion analysis window for pre-stack PP varsion showing inversion
results generated at well A.

Figure 4.13 The inversion analysis window for pre-stack PP varsion showing inversion
results generated at well E. The reservoir is a low impedand®dy but in the middle of
the reservoir there is a slight increased impedance "notclassociated with a side lobe most
prominent in the near stack seismic data.
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Figure 4.14 The inversion analysis window for pre-stack PP varsion showing inversion
results generated at well K.

At well E, both the high impedance chalk and low impedance ressoir are aligned with
the log data for P-impedance, but the S-impedance is sligitloverestimated. This well
contains the cleanest reservoir but with the addition of angl stacks, a notch in the clean
reservoir response is introduced. This notch is a higher iragance bed within the clean sand
in Figure 4.13. This could be interpreted as a siltier sectioof potentially interdune if this log
comparison step was not taken. The notch is correlated witthé side lobe interference seen
in the near stack of the eld data. The notch becomes strongersing a statistical wavelet.
Parameters were tested to attempt to alleviate this problembut the notch remained in the
inversion result. Future work could be done in data procesg to remove this sidelobe from
the reservoir and mitigate this problem.

Finally in well K, the blind well, the inversion estimates math the well data in the
chalk but are unable to capture the low impedances of the reseir. Nonetheless, the P-
impedance deviates farther from the initial model, closertthe log values in the prestack
inversion than in the post-stack inversion. In all logs in tb eld, the the addition of PP
AVA data improved the normal incident estimate of the P-impeéance, but contained error
in the S-impedance and density where the relationship with-Pnpedance did not hold. The
Ve =\ remained close to the background model potentially becausenor S-impedance and

density information could be extracted from the limited antg range in the prestack data.
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Figure 4.15 Cross plot comparing P-impedance, S-impedancalculatedVps =Vs, and density
estimates from the prestack PP inversion versus the well |latata in 300ms window around
the chalk. The red line shows the linear t line, a one to one tationship for reference. The
correlation between the inverted estimate and log data is etvn in red.

The model parameters in the crossplot domain (Figure 4.15)hew high correlation for
P-impedance and S-impedance. The P-impedance improved 1%ni the acoustic inversion
but is still unable to capture the deviations at well F. TheVp=Vs correlation shows two
distinct packages. The deeper package at the chalk to undgrig reservoir shows minimal
variation in Vp=Vs as discussed in Chapter 2, and has an excellent correlatiorhe second
package is above the chalk shallower than 1800ms. Here theseaimuch lower correlation
due to the variability in Vp=Vs in the Grid sands and shales. The density estimate shows

a high correlation from following the P-impedance trend. Té analysis of control points in
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the PP prestack inversion show that the P-impedance couptinrelationships are generally
su cient for obtaining S-impedance and density in the Edvad Grieg Field but deviations

from the relationships exist particularly in the chalk and @eper alluvial section.

Figure 4.16 The input seismic data, predicted data, and mis from the PP pre-stack inver-
sion for (a) line X-X' and (b) line Y-Y".

Figure 4.17 Mis t variation with angle from the prestack PP inversion in line Y-Y".

Looking at the seismic mis t at a broader scale (Figure 4.16xhows that greatest mis t
occurs at the chalk re ector, which is also by far the highesamplitude re ector in the
survey. This may be from a combination of the tuning at the chi, particularly where it is
the thinnest in the western part of the survey. Additionally,there may be shortcomings in

our result due to the assumptions of small re ectivity in theinversion algorithm. The low
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frequency mis t and thickness correlation seen in the podtack mis t is not as apparent in
the prestack mist. The seismic mis t of the prestack inverson clearly exposes the peg leg
multiples of the chalk particularly in line Y-Y'. These multiples are most prominent in the
near angle stack in Figure 4.17 because it is the most di cultd remove multiples in the
near o sets. There are high slope features around the basemé&orizon most clear in the
mid-stacks. These features correlate to re ectors in the gfe gathers with strong residual
moveout, indicative of multiples. The seismic mis t in thisPP data decreases with o set as
expected from the inversion analysis windows. Generallyelative to the amplitude of the

data, the seismic mist is minimal.

Figure 4.18 Estimated P-impedance and S-impedance from PPepstack inversion in lines
X-X"and Y-Y'.

The prestack PP inversion results are shown in Figure 4.18 arfelgure 4.19. In the
post-stack P-impedance estimate, the chalk was heavily vable and erroneous, at well A
the impedance was over 12,000 m/s*g/cc while towards well Bnd E the chalk became
indistinguishable from the sands. By including AVA informaon, the P-impedance at the
chalk becomes much more consistent with the well locationaédrastic spatial variations in
impedance decrease signi cantly. The low impedance at thegervoir is much better captured

in all locations but the top sand at Well B, which neither invesion was able to estimate.
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The changes at the base and top of the reservoir are sharpetlie prestack estimate without
causing unrealistic uctuations in the model parameters osmoothing through changes as
in the post-stack inversion.

The improvement is clear in the interbedded aeolian and alal ngers around well K.
The prestack P-impedance better separates the individuakalian packages and illuminates
the fact that these packages actually extend farther down idepth. The S-impedance closely
follows the P-impedance spatially, but is less continuous the sand bodies. For example, in
the large sand body at well B, the estimated S-impedance sh®Wwedding and strati cation
that according to the log is nonexistent. Any discontinuitis in the sand body like these in
the P-impedance estimation are ampli ed in the S-impedancelhe internal geometry of the
sand at well B consists of aeolian and uvial sands, and theseterval variations are much

better distinguished in the prestack derived model estimas.

Figure 4.19 Estimated density and calculated Vp/Vs from PP prestack inversion in lines
X-X"and Y-Y".

The nal estimated model parameter, density, is the most di cult parameter to obtain
and di erentiate from the trend of P-impedance, particulaty without far angles as Figure 2.2
demonstrates. Khare & Rape (2007) suggests that to obtain atccurate density inversion

from PP data alone angles to 60are needed, varying with Vp/Vs ratio of the specic
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eld. Unfortunately, with angles limited to 34 , accurate density values are most likely not
attainable. The density estimates derived from prestack uwersion, shown in Figure 4.19,
replicate the pattern of P-impedance. This actually resu#t in a match with most well logs
but fails in areas where the density term deviates from the Papedance trend as in Well A,
H, K, G, and B. The Vp/Vs is computed based on estimated values of-Rand S-impedance.
As discussed in Chapter 2, the Vp/Vs should not show signi cantl@anges in the reservoir.
There is a low correlation of the Vp/Vs values and the log valueim the reservoir interval,
most likely due to the S-impedance estimation simply beingigen by the background trend
created from the well logs.

Prestack PP inversion produced a P-impedance that capturégterogeneities in the reser-
voir and is more accurate than the post-stack inversion estate according to control points.
The AVA information in the eld data is not constant, so the full stack is not equal to normal
incidence as assumed in post-stack inversion. Thus, additigs AVA data signi cantly im-
proved the P-impedance estimate. The shear impedance anchdigy are not independently
estimated in this inversion due to the limited angle range. fie estimated S-impedance has
a strong correlation with the P-impedance trend causing amaccurate Vp/Vs. The derived
density is also correlated with the P-impedance. Inclusioaf direct multicomponent data
may allow for a improved estimation of S-impedance in areasere the rock properties vary

from the established background trend, thereby improvinghte calculated Vp/Vs.

4.5 PS Seismic Data Incorporation

4.5.1 Registration

Thus far, we have discussed PP seismic data in PP time. To inpmrate multicomponent
PS data into the inversion the PS time must be registered to PEme. This registration
process is crucial to the inversion, as any mismatches in &ntan cause considerable error in
the inversion. Because of its importance, many di erent méids of registration have been
tested, such as attribute matching, horizon matching, andysthetic matching. Previous

work in RCP has used horizon matching, but this method applge brute force stretching
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and squeezing in time and is heavily dependent on how accwahe horizons are picked.
Even with utmost interpretation accuracy, horizon matchimg registration generally leaves
residual errors and may distort the PS wavelet from squeegnn time and interpolation
between horizons (Ursenbachkt al., 2013). This is why for the registration of the PS survey
to PP time, we performed two stages of registration (1) usinthe Kircho Pre-stack Depth
Migration Velocity Model and (2) horizon registration.

The most reliable method of registration is inversion in th@ative time domain to create
Vp/Vs models, and register the PP and PS times using the Vp/Vs esnates that theoret-
ically are the equivalent in both inversions (Jenkinsomt al., 2010). However, this step can
be skipped if the data were pre-stack depth migrated, as donethe Edvard Grieg surveys.
Previous studies indicate that this method is preferred bacse using the correct velocity
model from depth migration of PP and PS data, the position oftte re ectors will coincide
on both types of data (Vanzeler*et al., 2014). Using the velocity models, the PS data can
be converted to approximate PP time, with minor uctuations To correct for the minor
uctuations, a second pass of registration was performed.his was horizon registration us-
ing 2 horizons in PP time and PS time. The horizons were the Hoathnd and the Shetland
chalks shown in Figure 4.20. These horizons were the sole canbus re ectors that could
be mapped reliably throughout the PS survey. Because the wveity model converts the PS
data to PP time within an error of approximately 25ms, the horizon picking was done
as a re nement process. The calculate®=V5 used to convert PS to PP time is shown
in Figure 4.20. These values were cross checked for accuragydoking at the log values.
This quality control check con rmed that the calculated Ve =Vs roughly approximated to
smoothed low frequency log values.

A nal step of registration was tested to see if any further rexement could be done.
This test was registration with synthetic matching (Minget al., 2013). In this process, the
data is jointly inverted, creating a synthetic PS seismic daset from the estimated model

parameters. Because a higher weight is manually set onto tR® data than the PS, roughly

119



Figure 4.20 Registration window with (a) PP data and (b) PS da showing the result of
the velocity model application and horizon matching to corert PS data to PP time.

60% weight, the PP seismic data will drive the model estimase When these parameters are
forward modeled, the resulting synthetic in PS seismic timghould be better matched with
the PP seismic time given the application of the same registiion technique (velocity model
and horizons). This inversion generated PS synthetic can lhused to update the PS seismic
data. Each angle stack in the synthetic data was cross coragtd with original PS seismic
data. The time variant time shifts produced were preconditined with cross correlation values
to assure moderate shifts were to be applied. Each stack wdset individually shifted to
better match the synthetic PS with the preconditioned anglestack dependent time shifts.
Then a new wavelet was generated with this third pass registion. The approach appeared
to slightly improve model parameters but signi cantly damaed repeatability, therefore, the
synthetic matching step was omitted.

It is also important to check for lateral shifts in the PP vs PSdata as this can be
a bottleneck for registration. Lateral misalignment of thePP and PS seismic data can

be caused by imaging issues related to inaccurate migratioelocities in the overburden.
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This has been a problem in the Grane eld seismic data which derwent prestack time-
migration (Jenkinsonet al., 2010). The Edvard Grieg dataset was imaged with a prestack
depth algoritm which better preserves amplitudes and hanel lateral velocity variations, so
the dataset is less likely to have lateral misalignment (Jeikson et al., 2010). It is still an
important issue to check because if there are lateral shifis the datasets, the registration
process may be in error and the joint inversion will su er. Tle quality control step applied
to check this was to pick major faults on both PP and PS datasst Then view the faults in
map view and see if there is any lateral o set in the featuresAnother method was to look at
the variance attribute at the same depth and see if the faulter discontinuities illuminated
with the attribute align on PP and PS datasets. With this analysis, we found that there were
no lateral misalignment issues from the velocity models ubéor prestack depth migration,

and we could proceed with the joint inversion.
4.5.2 Prestack Joint PP-PS Inversion

According to the Aki and Richards linearized approximation eggation, the addition of PS
data in seismic inversion should result in a more accuratei®@pedance estimate, particularly
with a large angle range. In the synthetic tests done in Chaet 3, the incorporation of the
PS data did not greatly improve the model estimate but this wa due to the estimated
S-impedance values following the established backgrounerid from the well logs. If the
rock property trend varies from this background trend, therthe S-impedance would not be
accurately estimated from PP inversion alone. This is whelfeP-PS inversion can add value.

The PP-PS inversion inputs are the same low frequency moded the previous inversions,
4 angle dependent PP wavelets, 4 angle dependent PS wavelatsl 8 equal fold angle stacks.
The four PS angle stacks were stacked with the same angle rangs the PP angle stacks.
Khare & Rape (2007) suggest that it is important to probe di gent angle ranges for PP and
PS for PP-PS inversion because noise and acquisition geonest produce di erent usable
ranges for PP and PS data. PS seismic data at the same incideanigle as the PP data is

associated with a smaller o set. However, in the area of intest both PP and PS contained
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usable data till the critical angle of the caprock, the Shedind Chalk, which is 34 incidence.
Even though the PS data has smaller o sets associated with ighangle, the critical angle is
34 incidence for both PP and PS data.

Table 4.3 Pre-Stack Joint PP-PS Inversion Parameters

Parameter Value
Prewhitening 6
Iterations 13
Gamma Update Twice
Scalar Adjustment 0.95
PS/PP Contribution Ratio 0.7
Angle Range 0-34

Inclusion of the multicomponent data requires additionalriversion parameters as dis-
cussed in Chapter 3. The optimal PP-PS inversion parametei@e shown in Table 4.3.
Higher prewhitening is given to dampen the in uence of the s&nic mis t on each inversion
iteration because the inclusion of PS data adds more noiseivén the shear component in
PS data, the gamma was updated twice in the inversion to allofor improvement. The
scalar adjustment factor of 0.95 was found to produce the lewatch with the logs. Finally,
a PS/PP contribution ratio of 0.7 was chosen to allow the PS da to adjust the inversion
results while maintaining the high resolution of the PP data This means the PP data has

approximately 60% weight and PS has 40% weight.

Figure 4.21 The inversion analysis window for prestack joirRP-PS inversion showing inver-
sion results generated at well A.
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Figure 4.22 The inversion analysis window for prestack joifRP-PS inversion showing inver-
sion results generated at well E.

Figure 4.23 The inversion analysis window for prestack joifRP-PS inversion showing inver-
sion results generated at well K.

The inversion analysis windows in Figure 4.21, Figure 4.22, édfFigure 4.23 show the
impact of adding multicomponent information into the invergson. The expectation is that P-
impedance remains similar to the PP prestack derived estingawhile S-impedance improves.
At well A, the estimated P-impedance at the chalk shows the sammatch as PP prestack
inversion but the S-impedance is now closer to the well log luas particularly in the chalk
and the deeper alluvial section. The density remains the sa@as in the previous inversion.
The seismic mis t of the PP seismic has increased due to the@el in uence of the PS data.
The mis t in the PP data at the chalk is negative in the nears andoositive in the mid, far,
and ultra far. This suggests that at this location the synth&c AVA is smaller than in the

real data, potentially due to chalk tuning at well A. Tuning e ects amplify AVA in the real
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data, which are not re ected in the synthetic. The PP seismienis t has the most error in
the near stack and at the chalk, while the PS mis t is minimal &the chalk for well A.

In well E, we see a similar improvement in the S-impedance até chalk. However, the
high impedance notch in the clean reservoir caused by the mé#P stack is augmented with
the inclusion of PS data. This sidelobe is only in the PP datashowing how heavily the
inversion leans to the in uence of PP mist rather than PS mist. The inversion may be
combining the information from the sidelobe in the PP data wih the low frequency re ector
at the base of the reservoir in the PS data to create an ampliceerror. The PS mist is
higher at the chalk in this location because the high impedae notch is derived from the
PP data and then used to create the PS synthetic.

Finally, at blind well K, there is minor variation from the PP prestack inversion. The
low impedance shale section above the chalk is more accuhateaptured, as is the chalk,
but the parameters deviate from the reservoir response. Thcould be from the di culty
of obtaining a well tie in the PS data with this horizontal shet log, thus, the PS data
comparison window may not be exact. In the case that the seigntraces shown in the PS
are correct, the PS data shows the reservoir, the small tromgunder the chalk, that is not
well captured in the PS synthetic data. At this control pointthe PS addition may not have
provided value.

The model parameters from the joint inversion in the crosspl domain (Figure 4.24)
show high correlation for P-impedance and S-impedance. lhis domain, the P-impedance
and S-impedance are slightly improved while Vp/Vs and densitgorrelations are slightly
reduced. Although this may suggest the PS data added little i@, we know from the
inversion analysis windows that the joint inversion is actally improving the S-impedance
in our target zones. This crossplot domain, although conveanally shown, can mask the
actual result of the inversion in the area of interest, partularly when there is error in the

low frequency model.
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Figure 4.24 Cross plot comparing P-impedance, S-impedanag,=Vs, and density derived
from the prestack PP-PS inversion versus the well log data. hE red line shows the linear
t line, a one to one relationship for reference. The correteon between the inverted and log
P-impedance is shown in red.

The most interesting control point in this domain is Well F. As nentioned previously,
this well is a blind well due to the limited log depth coveragand an inability to tie the
log to seismic time. This well consists of tight conglomeras and is the most proximal
to Well E which penetrates the thickest oil bearing reservai The low frequency model
is unable to capture the sharp change from clean reservoir tight conglomerate without
this sample point. This makes blind well F particularly usail in observing the change in
model parameters by incorporating PS data. The prestack PP -inpedance correlation
at this well is 0.775 and S-impedance is 0.802. The joint PPSPinversion decreases the
P-impedance correlation to 0.759 but increases the S-im@aate correlation to 0.832. This

suggests that the joint PP-PS inversion has slightly redudethe accuracy of the P-impedance
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model estimate with leakage from the PS data but improves th8-impedance estimate.

Figure 4.25 The input seismic data, predicted data, and mis from the synthetic PP data
generated from the PP-PS prestack inversion for (a) line X-X'rad (b) line Y-Y'. Chalk
multiples can be seen most clearly at the left side of Y-Y".

The joint inversion outputs a PP synthetic and a PS synthetic The mis t calculated is
shown in Figure 4.25 and Figure 4.26. The PP mist from the joininversion resembles the
mis t from the prestack PP inversion but contains more uctuations in the chalk. These
uctuations correlate to the multiples of the chalk that are the most clear in Figure 4.25b
towards the left side of the seismic line. In Figure 4.27, weesthat the near stack PP mis t
contains much stronger chalk reverberations than in the PPrpstack mist. Overall, the
seismic mist follows the same decreasing amplitude with gie trend as the prestack PP
inversion result, but contains more error.

In the PS seismic data, mist appears to be less correlated tparticular horizons or
multiples and is more random. Figure 4.26b highlights the ansat of random noise present
in the data. The clean synthetic created from forward modelg the inversion result is unable

to capture the noise level, and the resulting mis t is dominged by this random noise. The
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Figure 4.26 The input PS seismic data, PS predicted data, andisit from the synthetic PS
data generated from the PP-PS prestack inversion for (a) lenX-X' and (b) line Y-Y".

Figure 4.27 Seismic mist variation with angle from the jointPP-PS prestack inversion for
PP and PS synthetic seismic data for line Y-Y'. Chalk multiplesare most clear at the left

side Y-Y' in the near stack PP data.

only unit with laterally continuous mis t is the chalk which is a strong re ector and again
with the assumptions of the inversion algorithm of small reectivity may not be captured

accurately. The PS mist follows the opposite trend of the PPas the mist increases
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with o set (Figure 4.27). This can also be due to relative amplude because in the PP
data, the nears have the largest amplitude, while in the PS dat the fars have the largest
amplitude. Potentially, the inversion seismic scalars armcorrect and underestimating the
high amplitude in the nears for PP and the high amplitudes inhe fars for PS. These scalars
are automatically set by the AVO relationship between syntétics from the wells in the initial
model and the seismic data. If this relationship varies spally in the eld, seismic mis t
may be larger in the areas with most divergent AVO trends. Thiwas analyzed further to see
if the mis t was consistently high in the chalk for all well locations. The ndings showed that
there was variable mis t, some control points contained misat the chalk that increased
with o set, some decreased with o set, and some contained mimal mis t. Because of this
analysis, no change in scalars for nears or fars could be just and the angle dependent

scalars were not changed.

Figure 4.28 Estimated P-impedance and S-impedance from jpiAP-PS pre-stack inversion
for lines X-X" and Y-Y".

The prestack PP-PS inversion results for P-impedance andi@pedance are shown in
Figure 4.28. The P-impedance estimate aligns with that fromhe PP prestack inversion.
The joint inversion increases the impedance at the reservalightly compared to the PP

inversion. No large changes should be expected in the P-impede estimate. The changes
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should be seen in S-impedance. In the prestack PP inversidhge S-impedance followed
the P-impedance according to the background trend set by theell logs, but in PP-PS
inversion, we begin to see deviations from the backgrouncetrd. This S-impedance includes
more heterogeneities that may be real, or may be a result ofd@taddition of the PS dataset
which contains lower signal to noise. At the well locationghe S-impedance match does not
seem to have improved, many of the deviations of the inversioesult are not seen in the
log information. It is important to recognize that these log are ltered to the frequency of
the seismic so heterogeneities and sharper changes in imgrex do occur. Overall, the joint
inversion shear impedance shows deviations from the baakgnd trend and heterogeneities
that may not be reliable. However, the sands are a mixture of akan, uvial, and alluvial

sands so these variations could very well be feasible for theology of the eld.

Figure 4.29 Estimated density and Vp/Vs from PP-PS pre-stack wersion for lines X-X' and
Y-Y'.

The PP-PS inversion estimated density and calculated Vp/Vs & shown in Figure 4.29.
This density estimate equates to the density estimate fromhe PP prestack inversion. The
density term was not expected to improve based on the limiteaingle range of both the PP
and PS seismic datasets according to the analysis in ChapgrKhare & Rape (2007) suggest

PS angles of 55are necessary in PS data to provide added value in the densdgmponent.
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Next, the Vp/Vs results actually show signi cant improvement that the crossplots were
unable to capture. The trend of Vp/Vs in the reservoir from the FP prestack inversion
was highly inaccurate, high Vp/Vs zones were estimated wherew were measured, and
vice versa. The Vp/Vs derived from the joint inversion appearsoisier and contains less
obvious interpretable units, however, the general Vp/Vs tred is improved from the PP
inversion at all well control points. This improvement is met obvious at wells K, E, A,
D, and C. All these wells target the reservoir which is undergmg production. The Vp/Vs
calculation from PP prestack inversion in the reservoir irgrval of these wells often estimated
high Vp/Vs where low Vp/Vs should be shown. This may be due to the id e ect in the
reservoir. Hydrocarbon causes P-impedance to drop. The PRgstack inversion calculates an
accurate P-impedance with this uid e ect and uses a relatioship for brine lled siliciclastics
to estimate S-impedance from P-impedance. This results in&impedance that is too low
due to the erroneous uid in uence, which in turn causes thealculated Vp/Vs to be larger
than the true value.

The joint PP-PS inversion is able to slightly improve the Stpedance in areas where
the background trend is not su cient. This is particularly clear in the calculated Vp/Vs.
The S-impedance estimate shows increased heterogeneitythe reservoir which may not
be reliable according to log data, but is feasible accordirg the geologic understanding of
the variability in the sands. The sands vary from clean aealh sands, interdune, uvial,
and alluvial sands so heterogeneities are likely. This imprement is signi cant given the
quality of the PS data at the reservoir. In Chapter 2 we discis®d the e ect of the Grid
sands attenuating the seismic energy before reaching theseevoir. In the PP data, the
chalk was the only large impedance contrast that caused claiges. In the PS data, the
Grid sands and the chalk are the obstacles. The Grid sands lea& have a far stronger shear
impedance contrast than P-impedance and the chalk has a $lity stronger shear impedance
response. This all contributes to the decline of the reselivaquality in the PS data which

is already lower frequency and lower signal to noise to starGiven this understanding, the
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improvement from adding the PS data is notable. Higher quaiitPS data would likely result

in even larger improvements in the shear impedance.
4.6 Discussion

Thus far, we have shown that in application to the Edvard Grig eld data, AVA infor-
mation improves the P-impedance estimate, and addition of$data improves the calculated
Vp/Vs from a slightly improved shear impedance estimate. Thi§-impedance may contain
error in the variability of the geology, but when used in comjnction with wells and the P-
impedance, will provide another geophysical perspective understanding the heterogeneity
of the eld. The previous analysis utilized 6 wells from the &ckground model and 2 blind
wells. The reasoning behind choosing these wells for the kgwund model was that they
had reliable logs and represented the variable geology oktleld. Unfortunately, this leaves
the shorter logs and deviated logs for QC purposes. Althoughe logs are only used for low
frequency content, they are not completely blind, an accuta starting trend is given. This is
why to utilize all the wells in analysis we can bandpass lItethe logs and the inversion results
to remove the low-frequency input from the initial model (Fancis & Syed, 2001; Lancaster
& Whitcombe, 2000). This can give a better look at how the inveion is performing without
bias from including a well in the initial model.

Figure 4.30 shows the relative P-impedance models with thendrequencies removed in
the model and logs. The values of the impedance are arbitratire purpose of this display is
to measure the accuracy of the inversion by comparing the ®gvith the model parameter.
The PP pre-stack and PP-PS pre-stack values are nearly idécdl, the largest improvement
in the inverted P-impedance comes when AVA information is sluded. The uctuations
previously observed in the post-stack P-impedace can alse been in this ltered version.
As discussed, the chalk is not accurately captured by postesk data alone. Additionally,
the low impedance values of the reservoir at Well E are not caped by the full stack
data. Ultimately, the AVA information allows the inversion to recognize sharper changes in

impedance like the base and top of the sand while the post-skaestimate appears smoothed.
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Figure 4.30 Filtered P-impedance results from PP post-stackversion, PP pre-stack inver-
sion, PP-PS pre-stack inversion.

This is particularly noticeable in the aeolian ngers aroud well K and the base of the
reservoir throughout the survey.

Next we can take this same lItering approach on the S-impedaacand density derived
from the PP pre-stack inversion and the PP-PS pre-stack invgon (Figure 4.31). The
shear impedance for the inversions are similar but in certalocations where the background
trend does not su ce for S-impedance estimation there is ck& improvement in the joint
inversion. The aeolian ngers in the joint inversion S-impaéance are better separated and
more distinguishable. At well A, there is a thin interval of maine sands followed by alluvial
sandy matrix sediment. Both units are in the oil column. In te PP prestack derived
S-impedance estimate, there is no di erentiation in the lthology going into lower reservoir
quality conglomerates. This is most likely due to the P-imp#ance estimate incorporating the
hydrocarbon response and S-impedance simply being caltethfrom a linear relationship
with this P-impedance, erroneously leaving uid responsenithe shear estimate. The S-
impedance response from the joint inversion recognizesghirop in impedance and reservoir
quality with depth. By incorporating PS data, the S-impedae is better able to recognize

the lithological changes below the main sand body, not onlyiwell A, but also in wells H,
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Figure 4.31 Filtered S-impedance and density results from PRogt-stack inversion, PP pre-
stack inversion, PP-PS pre-stack inversion.

K, E, F, and C.

An interesting feature in both relative S-impedance volumeis that the inversion is de-
tecting heterogeneity in the large sand body at well B that tb log does not show. The
seismic contains continuous coherent re ectors indicatinvariations in the sand that are not
shown in the log. These coherent re ectors align with the tapgraphy of the top chalk,
suggesting they may be peg-leg multiples of the chalk. Mylies of the chalk can actually
be seen in all areas of the inversion, particularly the allugl section. The inversion assumes

the multiple re ectors are changes in impedance and introade the beds seen in all inversion
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results. Future work can be done to remove the multiples to decase this e ect.

The joint inversion and PP inversion estimate for density a practically identical. The
addition of PS did not change the result other than adding ariber component of noise. The
angle range for PP and PS are limited to 34 which is not large enough to extract an accurate
density term. This density term in equation 3.13 contains aery small variance value of 0.03
suggesting that this term has minor in uence on the model pameters. Additionally, angle
ranges past 55 for PS and 60 for PP seismic data have been noted to be necessary an
improved density estimation (Khare & Rape, 2007). The denyiresults from the pre-stack
inversions follow the background trend set by the well logsyhich will be the result until
extremely wide angles are included in the inversion. Unfomately, wide angles are not

feasible in this dataset given the critical angle of the chial
4.7 Summary

By looking at the inversion results in a Itered format we canbetter understand the
relative changes that the inversion is producing without atsidering the absolute values that
the initial model introduces. Well F, which was not included n the model and showed
erroneous results in the model estimates, shows a match inghltered domain. This shows
that the inversion has correctly predicted the relative chages from the seismic but because
the initial model does not have the absolute values in the rge of the high impedance
conglomerates in this area, the absolute results will be ioect.

From this analysis we can conrm that the inversion algoritm is accurately predict-
ing relative changes in the model parameters. The PP prestamversion best estimates
P-impedance, the PP-PS prestack inversion best estimatesr§pedance, and neither inver-
sion is able to correctly predict density due to angle rangeThe main improvement from
including AVA in the PP inversion derived P-impedance is thaisharp changes at the top
and base of the reservoir become more clear and beds like tkelan-alluvial strata become
more separable. By adding PS data for joint inversion, the Bapedance and Vp/Vs is better

able to characterize lithological changes in sands and céomgerates. In this study, we have
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assessed the best combination of technologies to identifiyetreservoir quality of the subsur-
face in Edvard Grieg. We have also discovered bottlenecksthge inversion that correlate
with seismic quality, such as the the multiples in the chalkntroducing heterogeneities in
the rock properties. For future work, e orts to reduce multples may improve the inversion,
but for purposes of monitoring 4D changes, the multiples shlal not have an e ect. This
analysis was done on the baseline survey, moving forward wihe same parameters, we can
invert the monitor survey and observe time-lapse changes impedance from both PP and

PS seismic datasets.
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CHAPTER 5
TIME-LAPSE FIELD DATA APPLICATION

The previous chapters have shown the theory and bene ts ofvarsion, the rock physics of
the eld, and the inversion of the 3D eld data. These methodwvill be modi ed and applied
to the 2016 and 2018 vintages of the PP and PS seismic data foné lapse purposes. Enough
time has surpassed between these surveys to see an e ect frpmessure and saturation
change. Here, the value from the 4D dataset will be explored @idg the dimension of
time to the analysis. This chapter will cover time-lapse dat preparation, 4D re ectivity

signatures, time shifts, and inversion results of the 4D dat
5.1 Cross Equalization

When seismic surveys are acquired for time-lapse purposd®re is great care in replicat-
ing acquisition geometry and co-processing the seismic ddb retain repeatability (Calvert,
2005). The goal is that the only di erences between the two miages of seismic, 2016 and
2018, would be as a result of production and injection. Howayehere is often a measure
of noise that may be di erent between surveys that is indepelent of the changes in the
subsurface geology. For instance, while the 2018 seismicvey in Edvard Grieg was being
acquired, multiple other seismic operations were occurgnsimultaneously in neighboring
elds causing seismic interference and external noise thatas not present in the 2016 sur-
vey. Other factors can also cause di erences in the surveygjch as tidal e ects, changes
in the seabed sediment, shot-generated noise (multiples aschattering), and random noise
(Johnston, 2013). Therefore we have to further calibrate theeismic vintages through cross
equalization to reduce di erences caused by noise and illumate the di erences from devel-
opment occurring in the reservoir (Rickett & Lumley, 2001; Rsset al., 1996).

Cross equalization steps were applied to the monitor (2018urveys only, with the base-

line (2016) surveys used as a reference for matching. The Ir@oss equalization work ow is
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Figure 5.1 Chosen cross equalization work ow. Steps are aallated from both surveys and
applied to the monitor.

shown in Figure 5.1. These steps provided an improved 4D matealithout overly condition-
ing the data, as the seismic data had been co-processed andaned for 4D purposes by the
seismic processing contractor. It is important to note thathe degree of cross equalization
required, and its ultimate success, depends on the consrgtg in acquisition and in prior
processing of the baseline and monitor surveys (Johnstehal., 2000). To test if the work-
ow improved the 4D signal, the repeatability was calculatd before and after each cross
equalization step was applied. The most common metric for reptability is the normalized
RMS di erence or NRMS. NRMS is expressed as a percentage of ngmeatability written
as (Johnstonet al., 2000; Kragh & Christie, 2002),

200 RMS(monitor  baseling
RMS (monitor) RMS(baseling"

NRMS = (5.1)

This measurement is extracted from a window in the overburdewhere no production
or injection is occurring, therefore the di erences shouldnly be due to nonrepeatability of
the surveys. The lower the NRMS, the higher the repeatability An NRMS value is also
extracted from the reservoir interval to track the e ects ofeach step of cross equalization.
The NRMS calculation, like all other repeatability measurermants, is not perfect (Johnston,
2013). It can be biased by the amplitude content in the chosesxtraction window. If the
NRMS is calculated in a window of high re ectivity, it will be biased towards smaller values
because the denominator of equation 5.1 will be small (Johost, 2013). If the window
contains low re ectivity, the NRMS will be biased towards lager values. With this idea in
mind, the windows used in the seismic datasets for overburdend reservoir are shown in

Figure 5.2. The overburden window in PP time for PP seismic datis 800ms from 900ms
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to 1700ms. For the PS data the overburden window covered thguevalent depth but in PS
time the window was 1390ms, from 2150ms to 3540ms. It is impemt that both windows
capture the same geology and avoid large acquisition footpis.

The range of NRMS values in Edvard Grieg surveys before crospialization is 10-20%
for PP seismic data and 30-40% for PS data. Previous time lapstudies have established a
range of acceptable NRMS values for PP seismic surveys (Helgeet al., 2013; Kosteret al.,
2000; Lumley, 2010; Pevzneet al., 2011; Urosevicet al., 2011). O shore NRMS typically
ranges from 10-25%. Permanent reservoir monitoring sungegften have even lower NRMS
(below 10%), OBC and OBN surveys have slightly higher NRMS, anstreamer data is
typically on the highest end of o shore NRMS. Onshore NRMS rargs from 20-50% as
onshore seismic data contains more noise (Detomo, 2012). éwling to these studies, even
before cross equalization, the 12% NRMS of Edvard Grieg PP smic data has excellent
repeatability. The PS seismic data has poorer repeatabilitat 25-40%, but still within the
range of an average onshore survey. The low NRMS values showttthe data was well

processed for time-lapse purposes.

Figure 5.2 Windows used for both cross equalization processesl NRMS measurements in
PP and PS seismic data. The overburden window is where all ssequalization parameters
were calculated for application to the entire survey. The servoir window is for keeping track
of the integrity of the reservoir response throughout the css equalization steps. Spatial
extent of these windows was the entire survey.
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In the conventional cross equalization work ow, frequencgcaling, trace by trace phase
shifts, and time variant time shifts are applied (Rosst al., 1996). However, we omitted
these steps. The frequency content of both PP and PS data weatready scaled between
vintages with no room for improvement. The global amplitudephase, and time shifts were
very minor shifts for re nement as the processor had previaly applied global scalars. Trace
by trace phase operations were not used because when appleetoth PP and PS datasets,
the NRMS increased in areas of the reservoir interval where rproduction or injection
is occurring. These incorrect phase shifts are calculatetbin an interval with cemented
sand bodies and heavy faulting that is unreliable as we disssed in Chapter 2. The phase
shift calculation on unreliable re ectors will induce errmeous 4D amplitude. Finally, time
variant time shifts are typically used to correct for shiftscaused by production and injection.
Unfortunately, these shifts were localized to a short windowf time. The time shift operator
is unable to separate a 10ms shift from surrounding re ectsrand would cause false time-
lapse responses as did the trace by trace phase shifts. Moretioese steps will be discussed
in the following sections. Ultimately, the work ow in Figure 51, provided improvement in
the repeatability of the datasets without damaging the timdapse response, and was applied

to the monitor angle stacks for the PP and PS datasets.

5.1.1 Amplitude Scaling

The rst step of the cross equalization is to scale the amplides of the monitor to match
that of the baseline using a single global scalar. This is defy measuring RMS amplitude
variation at each trace between the baseline and monitor stgys. This forms an RMS scalar
at each trace location shown in Figure 5.3. These scalars amerged to obtain the global
amplitude scalar. The spatial extent of the extraction wasitited to the area of high fold
for averaging purposes to keep the low fold areas from hegvih uencing the global scalar
with noisier data. The global amplitude scalars are shown ifable 5.1. The scalars for
PP and PS seismic datasets are very minor but generally inage with o set. The trace by

trace amplitude scaling uses the RMS scalars calculated aah trace, shown in map view
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in Figure 5.3, and applies them to the entire volume. Each tracis multiplied by a di erent
scalar.

Table 5.1 Global Amplitude Scalars

Stack | PP Global Amplitude Scalar PS Global Amplitude Scalar
0-17 1.008 .9934
17-25 1.007 1.007
25-30 1.015 1.010
30-34 1.014 1.011
0-34 1.014 1.011

Figure 5.3 Trace by trace amplitude scalar on full stack PP (f§ and PS (right) datasets.

5.1.2 Phase and Time Shift

Variations in phase and time between monitor and baseline veeaddressed by applying a
global phase and time shift to the monitor, followed by a trae by trace time shift. The global
value is calculated by cross-correlating traces in the ovmrrden window. This produces the
trace by trace time shift calculation and phase shift calcation, shown respectively in map
view in Figure 5.4 and Figure 5.5. In this same step, a cross-tglation map is made,
assigning a value from 0-1 to every location. Before applgrthe global phase and time
shift, we enforce a conditional statement where the phase étime will only be averaged
and applied if the cross-correlation in that area is over 0.9This avoids unreliable traces in

the global scalar from low fold areas at the edges of the suyved he applied global phase and
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time shifts are shown in Table 5.2. The global shifts are min@and cause minimal change in

NRMS.

Table 5.2 Global Phase and Time Shifts

Stack | PP Global Phase | Global Time PS Global Phase | PS Global Time
0-17 0.696 -0.003ms 0.686 -0.020ms
17-25 -0.839 -0.170ms 0.178 -0.021ms
25-30 -0.61 -0.146ms -0.017 -0.024ms
30-34 -0.547 -0.140ms -0.075 -0.028ms

Figure 5.4 Trace by trace time shifts on full stack PP (right) ad PS (left) datasets.

When applied, the trace by time shift showed improvement in @rall data quality as did
the trace by trace amplitude shift from the previous section.The only drawback to these
applications is an erroneous 4D response produced in the Nodf the eld. However, upon
inverting the data before and after this application, theravere vast improvements in the 4D
joint inversion when these corrections were applied. Majaime shifts were apparent in the
chalk, that were corrected for with this trace by trace apptation, yet trace by trace phase
shifts only caused complications. The phase shifts calctdd for both the PP and PS seismic
data are heavily in uenced by the injectites in the overburén. The PP data is in uenced
solely by the shallow cemented injectites and the PS data itsa in uenced by the Grid sand
injectites, discussed in Chapter 2. These phase di erencage caused by ray path obstacles

in the overburden. Applying the trace by trace phase shift ineases the NRMS by up to
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3% and produces an acquisition footprint. Unfortunately, te cross correlation conditional
statement is not possible in trace by trace operations to aunreliable areas. Therefore,
we will not apply the phase shift trace by trace operator. Norbeless, the PS trace by
trace phase correction maps can be a tool to highlight zonesrmmnrepeatability, potentially

caused by distortion in the wave eld from heterogeneous oadmirden. Two features are

highlighted in the PS maps, (1) geometric positive phase gections associated with the
Grid sand injectite pathways in the polygonal fault system(2) an anomalous negative phase

feature South of the platform.

Figure 5.5 Trace by trace phase shifts on full stack PP (rightand PS (left) datasets. Not
applied in cross equalization work ow.

5.1.3 NRMS Analysis

In the cross equalization work ow, the NRMS was taken after eary step to measure the
success or failure of each application. The lower the NRMS, albetter the repeatability
and lower the noise in the survey, meaning the data is able tagture smaller 4D responses.
This is not the only QC step that went into determining the cr@s equalization work ow.
The step that provided by far the most improvement in NRMS of tle overburden was the
time-variant time shifts. However, the reservoir di erencaesponse was completely altered.
Because this dataset was history matched and processed fbrgurposes, the only steps that
were necessary were global scaling factors and two trace bbgde scaling steps. The NRMS

in the overburden did not always decrease from this applidanh as seen in Figure 5.6, and
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phase and time shifts for PP data in particular typically didnot change the NRMS values.

However, the steps overall provided minor improvement in theeservoir response.

Figure 5.6 NRMS measured between baseline and monitor survegs PP and PS data
between each step of cross equalization in the overburdenndow. P=phase, T=time,
TbT=trace by trace.

The NRMS of overburden is 15-20% in the PP data, and 25-45% fdreg PS data. The
near stack for both datasets is consistently the noisiest. Afe dependent 4D analysis is
advised based on this variation. The NRMS of the reservoir weeno changes are occurring
is much smaller and more indicative of both the level of noise our area of interest and
what 4D signal the data is able to resolve. Interpreting ine@ases and decreases in the NRMS
at the target is more complex than in the overburden. Althoughncreasing NRMS in the
reservoir where production or injection is occurring are agally preferred, the NRMS should
not increase in areas where production and injection are notcuring. To QC both zones,
the NRMS window was analyzed in map view over each step as shawrkigure 5.8. At the
reservoir, the PP data has an NRMS range of 9-14%, while the P&shan NRMS of 12-23%,
detailed in Figure 5.7. Again the nears contain the most noisend the full stack has the
least noise.

After the cross equalization process, we can look at the nal NRS slices in the reservoir
to assess the repeatability of the PP and PS datasets. Majoigh NRMS events should
be associated with production or injection. In the PP datagethis is clear as the highest
values of NRMS (disregarding the low fold areas at the edge diet surveys), are due to
injection. Minor NRMS highs around producers in the East and élow the platform could
be changes as a result of production. However, between theeictors to the West, there is

an incoherent high NRMS event that correlates with the strongst shallow cemented sand

143



Figure 5.7 NRMS measured between baseline and monitor survégs PP and PS data be-
tween each step of cross equalization in the reservoir windoP=phase, T=time, ThT=trace
by trace. Note in the reservoir, increased NRMS implies the 4[@sponse is getting stronger,
which is preferred. Care was taken to ensure that the increass associated with the devel-
opment e ects, not random noise.

body identi ed previously in Figure 2.20. The seismic signdlelow all sand injectites su ers,
but this injectite is by far the highest amplitude anomaly. h the PS data, the NRMS is
much larger due to overall decreased data quality. The platfm footprint also extends much
farther spatially in the PS dataset, particularly south of e platform, due to PS acquisition
geometry. Additionally, the Grid sands in the overburden acts a major ray path obstacle
in the PS data. Calvert (2005) suggests that the major sourad nonrepeatability in seismic
data lies in the scattering and distortion of the wave eld ast passes through heterogeneous
overburden. The Grid sands likely contribute to the signi @ntly lower PS NRMS. From
this analysis, the cross equalization steps are analyzedpgooduce the best match between

monitor and baseline and identify zones of low NRMS.

Figure 5.8 Reservoir NRMS slice from PP and PS full stack dataseafter cross equalization.
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5.2 Time-Variant Time Shifts

Time-variant time shifts correct for the temporal e ects of production and injection,
and hopefully expose 4D amplitude only anomalies. These féhiare calculated by cross
correlating an 80ms window in PP time at every sample with a nxamum allowable time
shift of 4ms. Time shifts induced from reservoir developmem the PP data were typically
less than 2ms. Applying time shifts caused the NRMS to drop sigoantly for most of
the angle stacks, while the 4D amplitude response decreasednagnitude. This decrease
in amplitude was expected because when the reservoir re ect are not perfectly aligned
in time where time shift is present, the 4D di erence respomsis magni ed (Calvert, 2005).
Correcting for these time shifts should decrease the ampide di erence, as done in this case.
Theoretically, this application appeared sound. Howeverhere was a larger change in the

di erence amplitude after the time variant shifts were appled than expected (Figure 5.9).

Figure 5.9 Full stack PP amplitude di erence (a) before and (p after time variant trim
statics application, with (c) applied time shifts. Negativetime shift above chalk introduced
by noise.

The 4D response near the water injector post time-shift apightion (Figure 5.9) war-
ranted further analysis as the e ect of time shift was expeet to decrease the amplitude of
the 4D response, but not show variations above the chalk. The®ismic response seen at the
chalk and reservoir in the PP seismic data is a peak-trough paboth in baseline and moni-
tor. If there was only a small time shift in the data, the di erence should look like the time

derivative, which is not what is seen in Figure 5.9b. This wasested by applying the calcu-
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lated time shifts to the baseline data, then subtracting thdime shift applied baseline data
from the original baseline. The result was a zero phase resge as theoretically expected,
suggesting the di erence in our data is either solely amplide change or the time shift is
very complex. Traces were individually examined before theme shift was applied. In Fig-
ure 5.10, the only re ector with a very minor time shift is thetrough below the chalk, which
is the reservoir. The time shift is localized to 10ms which f&ar smaller than the correlation
window of 80ms. This window cannot be reduced to 10ms as arity time shifts through-
out the survey would be created, matching noise, even with ¢hpreconditioning conditions

that depend on cross-correlation.

Figure 5.10 Sparsely sampled traces in PP seismic data at thgeictors before time variant
trim statics application.

Figure 5.11 shows the result of applying the time-variant tira shift. The upwards shift
of the monitor survey calculated from the trough corrects fathe trough at the reservoir, but
causes erroneous 4D response in the near overburden and traglcthat can be seen clearly in
Figure 5.9. This trough is not continuous in the survey and naxistent in most locations of
the PS data, making horizon picking for time shift correctin impossible. Although the time
variant time shifts improved the NRMS for the angle stacks, tavoid errors in time-lapse

interpretation, this step was omitted from the work ow.
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Figure 5.11 Sparsely sampled traces in PP seismic data at thgectors after time variant
trim statics application.

5.2.1 Time Shift Analysis

The time shifts induced by production and injection are in tle data because a common
migration model is used for both datasets, and updating the odel would be very costly
(MacBeth et al., 2019). Even so, depth migration velocity models do not ccain this level
of detail. The preferable and least costly option is post-atk alignment correction for the
small time shifts. Although these shifts are typically remosd from the data for re ectivity
analysis and inversion, with recent advances in the repedity of 4D surveys they have been
proven to show interpretation value (MacBethet al., 2019). Time shifts can be caused by
geomechanical e ects and uid saturation changes. Changessociated with time-shifts are
long wavelength if they correspond to stress/strain geome&nical e ects due to depletion or
injection, but are more localized when in uenced by uid satiration and contact movement
(MacBeth et al., 2019). This can aid in identifying the e ects of stress veus saturation
further than from solely using amplitude changes, as theseeasurements have dierent
resolution and in uencing factors (Johnston, 2013). Using # attributes jointly can aid
interpretation, so although the time shifts were not utilizd in the cross equalization work ow

they can be used for interpretation purposes.
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There are various scenarios in the Edvard Grieg eld that maproduce time shifts includ-
ing water injection, gas injection, production, and gas ertution. Su cient time (two years)
passed between surveys to observe geomechanical changesedisas saturation changes.
Water fronts typically travel between 0.1 and 2 km/year and gs fronts between 5 and 13
km/year (MacBeth et al., 2019). Relative to fast di usion and equilibration of presure,
saturation changes are slow to develop and are more locatize nature (MacBeth et al.,
2019). Time shifts are in uenced by a combination of satur&n and pressure changes, and
the result is a composite response. In the case of water irfjen, a pressure increase creates
reservoir expansion resulting in a velocity slow down and pibive time shift, while injected
water replacing the oil will increase the velocity resultig in a negative time shift. The time
shifts deconstructively interfere and may cancel each otheut. However, for gas injection
the time shift from saturation and pressure reinforce eactiteer. Previous work has suggested
that time shifts produced from geomechanics are far greatttran those created by saturation
changes (MacBethet al., 2019). Only a few MPa of pressure change overpowers the wate
replacing oil mechanism (Omofoma & MacBeth, 2016). Howevehe exact transition point
between pressure and saturation in uence depend on its conegsibility and porosity. The

higher the pore compressibility and porosity values the Iger the time shifts.
5.2.2 PP Time Shifts

The PP time shifts at the chalk level are shown in Figure 5.12 foeach angle stack.
These time shifts were calculated with the baseline as reé@ice, so a positive time shift would
indicate a softening or velocity slow down, while a negatiw@ne shift suggests a hardening or
velocity speed up. The time shifts increase with o set due targer o set raypaths spending
more travel-time within the slower interval. The time shifts at the edges of the survey are due
to the low fold areas, and the noisy time shift between the twoorthern injectors is directly
beneath the highest-amplitude cemented sand body. Althoughese areas cannot be used

for interpretation purposes, the rest of the survey showslrable time shift calculations.
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Figure 5.12 Extraction at chalk of PP time-variant time shifis with angle. Circled numbers
represent di erent 4D scenarios.

Four scenarios are interpreted to cause these time shiftapkeled on Figure 5.12. These
numbers are assigned to speci c 4D scenarios and will remaionsistent in later sections.
Situation (1) is updip of water injectors W-1, W-2, and W-3. Thisarea is where there
is seawater injection, causing a pressure build up and a selysent velocity slow down.
However, the response is spatially extensive and short wasedjth in time indicating a change
due to saturation. The e ect's extent is also limited to updp of the injectors also indicative
of saturation change. This should cause the opposite e ed, hardening and negative time
shifts (velocity increase). The operator of the eld hypotlesizes that this shift is due to the
velocity model, but the relative magnitudes are correct. Ithe velocity model is too slow in
the reservoir interval for the monitor, using the same velaty model will image the reservoir

deeper in time and cause a positive time shift as we see. Thetarally, a method in which
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a slow down can occur in the case of water injection is chie yugé to geomechanical e ects.
The pressure increase could be driving the response, altigbuthe e ect is much smaller
wavelength than expected in a geomechanical e ect, so ths imost likely not the case. The
issue is likely attributed to the processing of the datasetsHowever, relative changes of
magnitude can still be interpreted. Injector W-1 shows the Igest response as this injector
only contained water while the other, W-2, injected a combirteon of water and gas. Gas and
water injection produce opposing time shift responses whicause the combination injection
to cancel out and decrease the overall time shift. Although ehtime shift in W-2 is smaller,
it is more dispersed to the East, potentially in a stratigrapic nger of aeolian sediment.

Situation (2) is a negative time shift or hardening associatl with water replacing oil,
as the water has faster velocity, suggesting this may be theater front. Situation (3) is
a negative time shift around injector W-2, the combination ga and water injector. The
negative time shift indicates a speedup which again opposi® theory that gas injection
into water or oil would cause a slow down. The error in time shidirection could be the same
as the operator hypothesized for scenario (1). The speedugncbe due to water replacing
oil but the same response would be expected updip as well. Ugition (4) is more uncertain.
All other time shifts increase with o set as expected exceptcgnario 4 suggesting that the
response may not be real. The interpretation of situation 4ia slow down resulting from an
increase in pore pressure or decrease in velocity. This aieaurrounded by producers with
one water injector. It is the most updip portion of the surveyand has been interpreted as a
zone of potential gas exsolution. Gas coming out of soluti@nd migrating updip, thereby
displacing oil, would in fact cause this slow down. Scenaribcontains more uncertainty in
interpretation but correlates with the zone of gas exsolutn.

The strongest time shift response in the PP seismic data coeom the pressure response
proximal to injectors W-1 and W-2. The response from W2 is showm icross section in
Figure 5.13. At W-2, there is a long wavelength column of posit time shift with a max

shift of 3ms. This slowdown is due to the pressure e ect fromhe injector mixed with the
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saturation change from gas injection. The time shift from W-1s only a result of pressure
e ect since this injection is water into 3 meters of oil whichis undetectable. The e ect
captured at the reservoir shown in Figure 5.12 is much smallen amplitude and mostly
in uenced by saturation change. At the reservoir interval 20ms below the chalk), situations
1,2, and 3 are shown as e ects from the injector, however sétion 4 does not have a clear
cause and does not increase with amplitude, supporting theg/pothesis that it could be a

time shift driven by noise.

Figure 5.13 Cross section of PP Time shifts calculated fromlIfstack dataset. Section goes
through well W-2 and the producing cluster of wells around thelatform.

Injectors W-2 and W-1 produce strong time shifts from pressuyrsaturation, or a combi-
nation of both. According to the map view of the extracted timeshifts for PP data at the
reservoir, W-2 shows the largest time shifts. However, the st time shifts that occurs
below the chalk at the injector perf locations are not captuad in the previous map. The time
shift in W-2 is larger than W-1 shown in Figure 5.14. This is becae W-2 injects gas and
water. Gas injection causes a softening and adds constrwety to the softening e ect from
pressure, where W-1 is water injection that is hardening andibtracts from the softening

caused by pressure. This causes the largest time shifts tacocproximal to W-2.
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Figure 5.14 Mean amplitude extraction between chalk and basent of full stack PP time
shifts.

5.2.2.1 Time Shift Modeling

The time shift calculated in the interval from water injection is complex and localized to
the reservoir. 1D modeling of this scenario with well E sugges that a minor positive time
shift is expected but not the 1ms magnitude seen in this are&Vell E represents the aeolian
facies more indicative of the sediment at injector W-1. Injgéor W-2 consists of interbedded
sands of uvial content and uvial rework with alluvial sediment. The 4D response in lower
porosity sediment should be smaller in amplitude, howevethere could be a component of
thickness involved and the added time shift from gas satur@in. The sands in W-2 have
more variable thicknesses and may contain a more complicdte ect from tuning. To test
this hypothesis, we created a wedge model for baseline andnitor using the Aki Richards
equations at the central angle of 21 shown in Figure 5.15.

This wedge model uses a wavelet from the PP seismic data ane txact lithology of well
E; encorporating the full log instead of a blocky model, witlthe shale in the overburden,
the two units of chalk, the aeolian reservoir, and the congieerates at the base. The wedge
consists of the aeolian reservoir with oil representativd baseline conditions. For the monitor

conditions, | assume 83% water saturation and pressure iease. By using the exact values

152



Figure 5.15 Wedge modeling done with Well E. Wedge consists aéolian reservoir with
interdune inclusion capped by a tuned unit of Eko sk and Tor balk with tight conglomerate
base. Monitor modeled for injection scenario with 83% chaegn water saturation and
pore pressure increase of 53 bars. Sedimentology replicgtinterpreted geology at area of

injection.

found in the eld we can best replicate the injection scenasi The post-stack synthetics
were calculated, then di erence and time shifts were calatied by cross-correlation with the

same parameters as the eld data. This analysis was done boith Hampson Russell and
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Rokdoc software to con rm results.

Figure 5.16 Time shift from modeling done on well E for the sihg variable 83% water
saturation change scenario vs double variable water satdi@n plus pore pressure increase
scenario.

The chalk aeolian re ectors show a peak-trough pair, the derence response should
be the derivative, a zero phase response, until tuning is hithere the di erence becomes a
trough peak pair. With decreasing reservoir thickness (inttuning), the amplitude di erence
increases as do the time shifts. This increase in amplitude seen at both the top and base
of the reservoir. We see that the time shift is chie y in the bae of the reservoir, the peak at
the base of the wedge. When the 80ms cross-correlation windmeludes the re ection at
the base reservoir, the time shift is at maximum. As the thickess of the reservoir decreases,
the time shift increases to 0.5ms, which is less than the maixte shift we see in the injectors
in the PP seismic data. This is because in one scenario, W-2gthroximal injector response
includes gas, but exact gas saturation information was notrgvided. The other injector
injects into the water leg chie y with only 3meters of oil, inwhich time shift is dominated

by pore pressure increase, the positive shift seen in the dat
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In Figure 5.16, we compare the time shift in a scenario where t@a saturation increases
83%, to the scenario previously shown that combined this saftion change with a pressure
change. When the reservoir is less than 50 meters, there is aipige time shift, but at larger
thicknesses the time shift becomes negative as expected ihaadening scenario where the
velocity is increasing. The thinning of reservoir largely ects both the magnitude and sign
of the time shift.

From this modeling we can conclude that the time shifts in thelata and the 4D di erence
have been ampli ed from the tuning at the reservoir and the the shifts are actually the
largest at the base reservoir. Additionally, because thicless strongly alters time shifts,

interpretations on time shifts are complicated in thin resevoir zones.
5.2.3 PS Time Shifts

Thus far only time shifts for PP seismic data have been discged, but it is also possible to
observe large time shifts in PS data that can be roughly twidke size of PP time shifts. The
challenge here comes in the processing of the PS data as ncolthponent data is more di cult
to process and error is more likely than in PP seismic data. Netheless, previous studies
suggest PS time shifts are most in uenced by reservoir press but can also be correlated
with gas saturation changes (Bishop Jr & Davis, 2014). Traret al. (2011) suggests PP and
PS time shifts can used jointly in interpretation to aid in s@arating pressure and saturation
e ects. Although bene ts of PS time shift analysis have beerolund, they are not commonly
used in industry practice.

Theoretically, the time shifts in the PS data should be causeby geomechanical e ects
and not saturation changes. Figure 5.17 shows the PS time ghifwith angle extracted
exactly at the chalk horizon, no distinction can be made vedally between the chalk and
reservoir given the time shift window. These time shifts wercalculated in 120 ms windows
at each sample with a max time shift of 8 ms. In the PP data, theime shifts increased with
o set but in the PS data, particularly for the anomaly South d the platform, the time shift

is the greatest at the mid angles. This is most likely due to #nPS AVA. The PS time shifts
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Figure 5.17 Extraction at chalk of PS time-variant time shifs with angle.

overall are far noisier than the PP time shift throughout thesurvey but two features can
be noted through the noise. First, at well W-1 there is a minor sponse at the reservoir,
indicating that the larger pressure driven time shift is unér the chalk. Secondly, there is a
speedup South the platform causing an anomalous time shiffhis speedup is potentially
due to pressure drop and compaction at the reservoir.

Looking in cross section at these two features in section E-4& Figure 5.18, we can note
that the long wavelength geomechanical e ect of the injectcat W-1 is twice as large as the
PP time shift. In setion F-F', injector W-2 shows a very small pasive time shift. PS data
are not in uenced by saturation changes as much as PP data, éhefore a smaller time shift
in W-2 is from a lower positive pressure change at the injectoiThe PP time shift is large

at W-2 due to the residual gas saturation.
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Figure 5.18 Cross section of PS time shifts calculated fromlifgtack dataset. Section E-E'
goes through well W-1 and the producing cluster around the gfarm. Section F-F' goes
through well W-1 and W-2 with CS as the unreliable zone under arge shallow cemented
sand body. The zone marking production is the PS anomaly Sdubf the platform.

The positive anomaly in E-E', observed in the map view is clean the cross-section to
be long wavelength and starts above the chalk. The anomaly msost likely related to a
geomechanical change due to its temporal extent and could bem a local compaction at
the chalk or reservoir due to production. The event is not lated directly where the most
production is occurring as expected, but farther south wherthe largest phase shift was
calculated, potentially indicating a pressure di erentid in the reservoir. This area is also
roughly associated with where the half graben wedge entersing, however, tuning e ects
are much stronger farther South, lowering the likelyhood it the event is due to thickness.
Additionally, tuning can amplify the time shift but is not known to cause them (Falahat

et al., 2011).
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In the Eko sk eld in the Norwegian North Sea, the reservoir is he Eko sk chalk, which
is part of the Shetland chalk seal in Edvard Grieg. A challerggfaced in the Eko sk eld
is that the chalk reservoir has compacted with the pressureap from production, enough
to cause sea oor subsidence (Keszthelgt al., 2016). In the Edvard Grieg eld, there may
be similar compaction of the chalk seal or the reservoir dmg production that causes the
anomaly South of the platform. Although this is more unlikelyas the Eko sk chalk is the
seal, not the reservoir. Additionally, there is a layer of th&or chalk which is a much tighter
and harder limestone between the Eko sk chalk and the resew. It is unlikely that there
could be leakage into the seal if the Tor chalk is present thughout the eld.

These time shifts can then be used in conjunction with amplide di erence analysis
and inversion results to better understand the e ects of delopment onto the reservoir.
However, there may be mistie between time shifts and amplited (Falahatet al., 2011).
Time-lapse changes in amplitude are the result of impedanckange, the product of density
and velocity. Time shifts are only dependent on velocity, sib density and velocity are not
correlated, the 4D attributes will have di erent information (Johnston, 2013). Time shifts
are not caused by tuning while amplitudes are strongly e eed by tuning and interference
from nearby re ections as we see in the reservoir and chalk Edvard Grieg. Time shifts are
only dependent on wave eld kinematics and have smaller impafrom non-repeatability and
noise of acquisition geometry. Conversely, amplitudes as&ongly in uenced by the velocity
model and migration algorithm (Kvalheimet al., 2007), wave attenuation, and nonrepeatable
noise. Even though the time shifts and amplitudes may not beasistent, the interpretations
should follow the well and production data of the eld. This moe concrete data can be used
as a calibration to decrease the nonunigueness of the timefstand amplitude di erence
interpretation while maintaining consideration of the fators di erentially in uencing each

4D attribute.
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5.3 4D Amplitude Di erence

The amplitude di erence of the PP and PS seismic data can showow PS data can add
to conventional PP 4D interpretation. The quality of the amgitude di erence in uences how
the well the inversion algorithm can perform. Additionally,in joint PP-PS inversion, there
can be leakage of P-impedance into S-impedance as shown ira@br 4. Analyzing these
inversion results without context may muddle interpretatons, if not used in conjunction with
the original re ectivity. For analysis, the amplitude di e rence is taken at each angle stack.
However, for the purposes of our discussion, full stack reten data su ces. The reservoir
is class 4 meaning it contains little to no AVO, so the AVO willfollow the background AVO
trend for PP and PS seismic data. Therefore, an AVO inversioto convert to intercept-
gradient (Al-Gl) domain would not provide any additional information as found in previous
work done by AlMustafa & Giroldi (2013). Discussed in Chapte2, the Al-Vp/Vs and Al-SI
domain may provide more useful insight on rock properties dnuids. For these reasons,
model based inversion was performed and re ectivity analigswas limited to amplitude and

0 set.
5.3.1 4D PP Amplitude Di erence

Figure 5.19 shows the mean amplitude extraction of the reseivinterval including 10ms
above the trough of the reservoir and 40ms below. A positivarglitude di erence shows
a hardening while a negative amplitude di erence shows a sefing. The values of the
scenarios correlate to those of the PP time shifts. Situatio(1) shows the water front caused
by the seawater from injectors W-1 and W-2. W-2 looks to be stroegin amplitude, but in
time shifts W-2 showed a larger uid response. The time shiftalso appeared more dispersed
in the injection at W-2, as the response continued into one oi¢ aeolian sand ngers. In the
amplitude di erence, this dispersion is seen in the respomgrom injector W-1 to a di erent

aeolian nger in the South.
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Figure 5.19 Mean amplitude extraction of the PP di erence fulstack. Window was taken
10ms above the top reservoir and 40ms below the top reservo@ircled numbers represent
di erent 4D scenarios.

Situation (2) shows the e ects of reservoir depletion, notaptured by the time shifts.
The amplitude di erence shows a hardening along the produwg wells. This hardening can
come from a drop in pressure associated with production aslixes a reduced gas saturation.
The saturation change is most likely reduced gas saturationThis is caused by pressure
dropping below bubble point from production, inducing gasxsolution at the 2016 baseline,
before water injection began, then subsequent gas migratizapdip or gas production. A
hardening can also come from water replacing oil. This may libe case for the stronger
4D response around Well R, as Well R has been producing seasvafthe water that was
injected) since the summer of 2018. This could suggest thdte water front is complex and

may be propagating farther from injector W-2 due to the permdality of the underlying
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sediment.

Injector W-2 contains a thick column of sand but moving updip,eastward, the sand
thins quickly. Water fronts follow simple gravitational lavs before reaching a contrast in
permeability. A low permeability layer on top of the reservim may push the water down,
and a low permeability layer on the bottom of the reservoir masqueeze the water through
the top. Because the water front from the northern injector tavels from a thick to thin
reservoir relatively quickly, low permeability layers of Buvial sediment may force the water
into a smaller area of sands. According to theories of basicwoand conservation of energy
such as Bernoulli's equation, decreasing area of ow caugesreasing velocity (Shames &
Shames, 1982). Although these theories have assumptiondatied in this case, like constant
lack of friction and streamline ow, this may be an explanawn for why the seawater from
injector W-2 has extended to Well R. Additionally, the harderng response continues farther
North than expected, but this could be from the thinning of the eservoir from a 40m aeolian
column to the 5m marine Asgard sand moving North of the fault, dside of the half graben.

Situation (3) is a softening event due to the gas injection atvV-2. The slowdown is a
combined e ect from gas saturation and pressure increaseogimal to the well. Situation (4)
shows a softening at the updip portion of the reservoir. Potgially caused by gas exolution
and migration updip, leaving the heavier oils to cause the sponse in scenario (2). Finally
a smaller anomaly in scenario (5) is consistent in all extréons. Although not as clear as
other 4D responses, scenario (5) may show a secondary gasamgh gas compartmentalized
from heavy faulting and changes in stratigraphy.

The di erence amplitudes in cross-sections shown in FigureZ® align with the inter-
pretations described in map view. Both injectors cause a hdagning from water saturation
(Situation 1). In cross section, we can see the di erence anad the injector as a response
due to pressure and saturation change. The response arouine tinjector is much stronger
in W-2 because gas injection and pore pressure increase carsglitude response that adds

constructively and leads to softening around the reservoir
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Figure 5.20 Cross-section of PP di erence amplitude calcu&d from full stack dataset shifted
to quadrature phase for interpretation purposes. Sectiom® through injectors and producers.
Producing wells are hidden due to a lack of log data to accuedy tie the wells in depth.

Residual gas close to the well could amplify this responsedacause the stacked signature
of layers seen in the 4D. Figure 5.21 shows that the troughs ihd di erence amplitudes
typically align with higher reservoir quality zones with lav velocity and high porosity. These
pockets of high porosity could con ne the residual gas. In jactor W-1, there is a smaller
response as the water is injected into the water column (withn undetectable 3m oil column),
any reponse is from pressure increase. There is an anomaleowll 4D e ect below the
perforated interval due to a positive time shift from pressie e ect. This is important to
note. Because the time variant time shifts aren't correctefbr, there may be erroneous 4D
e ects or ampli ed 4D e ects caused by mismatched re ectors

Situations (2) and (4) are also highlighted in the cross-siens shown in Figure 5.20.
The peak in the middle of the survey is a result of depletion anis strongest around Well R

in line B-B'. Finally a clear softening from gas concentratio at the most updip portion of
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the half graben is seen in both sections as situation (4).

Figure 5.21 Cross-section at injector W-2 showing residuahg accumulations in higher reser-
voir quality intervals.

5.3.2 4D PS Re ectivity

In PS re ectivity, we expect to see only e ects caused by geauhanics, with minimal
e ect from saturation change. Figure 5.22 shows the mean anitplde extraction of the full
stack dierence of the PS data. This extraction shows highelevels of noise than in the
PP data. The uid response from the injectors is no longer saenor is the gas exolution
in the updip reservoir, or the reduced gas saturation near ¢hinjectors. This con rms that
situations (1), (2), and (4) are driven by saturation change

There are two major geomechanical e ects seen in the PS retaadty that correlate to
those in the PS time shifts. Situation (1) being the injectas W-1 and W-2, the PS data only
recognizes the softening negative amplitude di erence csed by pressure increase proximal
to the injector. The response from W-1 is stronger than W-2, indating that although
W-2 is alternating gas and water injection, the injection at W1 induces more pressure
change. Situation (6) is the same anomaly described in thente shift section. This is a
long wavelength response with a peak at the chalk indicating hardening. This event is

most likely due to a compaction of the reservoir or chalk coned with pressure drop from
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depletion. Although a hardening response is feasible, the nmiigide is much larger than

expected and could be heavily ampli ed by residual time shit

Figure 5.22 Mean amplitude extraction of the PS di erence flistack. Window was taken
10ms above the top reservoir and 100ms below the top reserv@ircled numbers represent
di erent 4D scenarios.

Crosslines C-C' and D-D' in Figure 5.23 highlight the two strogest anomalies seen in
the PS amplitude di erence. W-1 again shows stronger 4D respge and a cyclical long
wavelength time response, while W-2 shows a smaller 4D respen The anomaly south of
the platform in D-D' is very long wavelength in time and begis above the chalk which
may support the hypothesis that the chalk is compacting. TIsi amplitude however should
decrease signi cantly if time shifts are corrected. Overklin these cross sections it is clear
that PS di erence is much noisier than PP due to the heightergeacquisition and processing

challenges of PS data.
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Figure 5.23 Cross section of PS di erence amplitude calcutat from full stack dataset shifted
to quadrature phase for interpretation purposes. Sectiorgoes through injectors and pro-
ducers. Producing wells are hidden due to a lack of log data &xcurately tie the wells in
depth.

5.4 4D Pre-Stack PP Inversion

In previous chapters, we discussed and tested various ins#@n techniques on the 2016
baseline surveys. To perform a 4D inversion, the same paraers and wavelets are used on
the 2018 cross-equalized dataset, then the inversion rdsuhre subtracted (monitor minus
baseline). Inversion parameters are consistent to insurieet changes between inversion results
are only due to 4D response. Even if parameters could be chadgthe logs used for inversion
analysis QC were acquired before production and would not la& accurate representation
of the reservoir post production and injection. We begin wit PP prestack inversion.

The model estimates of the PP prestack inversion are shown kgure 5.24. The P-
impedance change correlates strongly with the PP amplitudéi erence. However, the P-

impedance extraction is much sharper and 4D events are moreparable and clear. The
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chief concern in the PP prestack result is in the S-impedanc&his parameter simply mim-
ics the changes in P-impedance, illustrating points discesd in the previous chapter that
the S-impedance in PP prestack inversion follows the linedrackground relationship with
P-impedance. This background trend does not hold for saturan and pressure changes.
Ideally, these changes produce an AVA that is anomalous to éhbackground, and should
be included in the delta terms. For multiple reasons, in thiseld the delta terms are not
captured. One potential cause could be that in the geology &fdvard Grieg, the uid does
not strongly impact Vp=Vs as shown in Chapter 2, therefore, the uid does not show the
anomolous AVA trend expected in this theory. Additionally, he variations or delta terms can
be dampened out by the model covariance or prewhitening. Thresults in a S-impedance
that is derived from the estimated P-impedance instead ofdm the actual inversion as far
enough angles for shear extraction are not included in our P&ataset due to the chalk

re ector.

Figure 5.24 Mean amplitude extraction of the PP prestack inwvsion model estimates (a)
P-impedance and (b) S-impedance. Window was taken 10ms abdiie top reservoir and
40ms below the top reservoir. Circled numbers represent érent 4D scenarios.

The same cross sections shown for re ectivity analysis wile used for 4D inversion
analysis, shown in Figure 5.25 and Figure 5.26. The P-impeda&nestimate captures the
situations expected from full stack re ectivity. The resut resembles a cleaner quadrature

phase amplitude dierence. The amplitude response deepear W-1 is shown here as a
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softening event and deeper into the basement, a similar anain is replicated. These are
most likely due to time shifts remaining in the PP data. The ma bene t of this inversion
result is a cleaner and more separable representation of th® di erences, reduction of

sidelobe, and quanti cation of 4D response the rock physigarameter of P-impedance.

Figure 5.25 Cross section of Zp di erence estimated from PP gstack inversion. Sections
go through injectors and producers. Producing wells are lddn due to a lack of log data to
accurately tie the wells in depth.

The S-impedance estimation in Figure 5.26 looks very similto the P-impedance. The-
oretically, S-impedance should show chie y geomechanicalkects, with minor in uence of
saturation change simply due to the density term in S-impecdee. Using only PP data
with limited angles results in a S-impedance derived from écoupled relationship with P-
impedance and results in a S-impedance that replicates thelative changes in P-impedance.
This is why the S-impedance still clearly shows the uid e ecfrom water injection and
gas injection with the resulting water fronts. Even the minoresponse from gas exsolution
can be identi ed in line A-A'. Overall, the S-impedance deriveé from the one mode inversion
would not provide any additional information for rock physcs calculations. The estimation is

practically a noisier and scaled down version of P-impedascThe 4D prestack PP inversion
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is able to capture changes in P-impedance and improve the 4Bparation from re ectivity

but is unable to accurately estimate the changes in S-impeuice.

Figure 5.26 Cross section of Zs di erence estimated from PP gstack inversion. Sections
goes through injectors and producers. Producing wells aredten due to a lack of log data
to accurately tie the wells in depth.

5.5 4D Pre-Stack PP-PS Inversion

The addition of PS data allows the inversion algorithm to extict S-impedance directly
from the data instead of solely relying on the coupling relanship between P-impedance and
S-impedance. This results in a S-impedance that is more acate when the background trend
derived from the logs does not su ce as in saturation and presire changes. The ndings from
the 4D pre-stack PP-PS inversion showed that the P-impedaeaeD response was signi cantly
damaged throughout the survey. The noise from the PS data ap®wered the large uid
response of the injectors and the injector response becangydim in comparison to the
PS e ects. For 4D analysis the P-impedance from the PP-PS iavsion will not be used.

However, the PS data signi cantly improved the S-impedancei@rence.
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The 4D PP-PS inversion was performed on the cross equalizedmtor and the original
baseline survey, then subtracted for di erence model paragters. Using only global cross
equalization and trace by trace shifts produced the best PPS inversion results. Time vari-
ant time shifts were left in the data for reasons mentioned ithe previous section. However,
the PS data contains larger magnitude time shifts, such as¢h5 ms anomaly South of the
platform and leaving this in the data may cause an erroneoudD4response. In order to

understand this e ect further, the time shifts were correctd for and tested.

Figure 5.27 Cross section of PS di erence amplitude calcutt from full stack dataset after
time shift application. Sections goes through injectors ahproducers. Producing wells are
hidden due to a lack of log data to accurately tie the wells inapth.

The PS di erence amplitude after time-variant time shift application, in sections with
the largest PS anomalies, situations (1) and (6), is shown iRhigure 5.27. Both time-lapse
responses are decreased in amplitude when time shifts arerected. This is expected as a
time shift ampli es the 4D di erence. Situation (6) is particularly decreased in amplitude,
and in Figure 5.28, we can see that the 4D signature seems to glithroughout the survey.
However, the 4D response is more discontinuous in both 3D anD.2After time variant time

shift application, the 4D amplitude extraction appears naier, and when jointly inverted
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this noise is ampli ed. The chalk re ector becomes the domamt 4D e ect in the majority
of the survey, and situation (6), which was previously thoug to be a result of time shifts,
actually becomes a stronger feature in the inversion resulthen the time shifts are corrected.
This may be caused by erroneous and brute force time shift dpgation that can decrease
the amplitude of the anomaly but increases the noise in the sounding units, causing an
overall more spatially extensive feature in the 4D inversioresult. Thus the time-variant

time shift was not applied even for the PS dataset.

Figure 5.28 100ms mean amplitude extraction below chalk forSPdi erence amplitude (a)
before and (b) after time shifts are applied.

In pre-stack PP inversion, the S-impedance di erence simplreplicates the trend of P-
impedance as shown in Figure 5.24. With the addition of PS datan ithe joint PP-PS
inversion, the S-impedance was able to deviate from the barkund trend established from
the well logs. The mean amplitude extractions in Figure 5.2%ustrate that without the PS
data, the S-impedance estimate captures not only pressuteanges around the injectors W-1
and W-2 as expected, but also the interpreted water front, retted gas saturation, and gas
exsolution. The S-impedance should not be capturing the saaition changes as strongly as
those from pressure. The only e ect saturation change shalhave is on the density term
in S-impedance. The S-impedance derived from joint inveosi is more reasonable in that it

only shows a response in areas with an interpreted pressul@ege. The changes occurring
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in the PS data should be most similar to the S-impedance chaggwvhile the changes occuring
in the PP data should re ect the P-impedance change. Pressaudata suggests W-1 shows
the largest pressure response, yet the PP prestack inversiderived S-impedance indicates
W-2 causes the largest pressure reponse, erroneously migaguration and pressure e ects.

With the addition of PS data, the derived S-impedance correlgt indicates W-1 causes the

largest pressure change.

Figure 5.29 Mean amplitude extraction in the same 80ms windowi S-impedance di erence,
monitor minus baseline, from model estimates using (a) PP @stack inversion versus (b)
PP-PS prestack inversion. Note di erent colorbars are used.

The anomalies noted that are the strongest in the PS re ectity are the pressure response
proximal to the injectors and the less intuitive geomechandt e ect South of the chalk. The
shear impedance di erence sections in Figure 5.30 actuallprtains less noise than the
amplitude di erence, which cannot be said for the P-impedase di erence derived from the
PP prestack inversion. The large wavelength 4D e ect from pe pressure increase is clear
in well W-1, which in the PP prestack inversion was minor, maiy consisting of a single
softening re ector below the perforated zone as the PP datehewed. The anomaly south
of the platform is lower in amplitude from applying the time #ifts but still remains a very
strong time-lapse response. Most likely, this anomaly is ampaction at the chalk, future
vintages can con rm or disprove this theory. At this locatio there is a mix of low frequency

from the PS data and high frequency in the PP data, showing thieakage between the two.
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Figure 5.30 Cross section of S-impedance estimate from JoirR#PS inversion in areas with
largest PS anomalies.

Looking at lines A-A' and B-B' again in Figure 5.31, for the shearmpedance derived
from the joint inversion, we can observe that uid responsetifl remains in the S-impedance
estimate. The reason for this was discussed in Chapter 3. IiPRnversion, the P-impedance
drives the model parameters. Meaning if a variation is shown the seismic, the P-impedance
estimate will be adjusted to match this variation and the Smpedance and density are
estimated accordingly from the relationship with P-impedace. The PP data alone with
limited o set is not su cient to estimate accurate perturbations from the background model
or the deltaterms ( Ls and Lp) in the modi ed Fatti's equations (Simmons Jr & Backus,
1996). In PP-PS inversion, for variations from the backgrowd trend, the P- and S-impedance
will hit a middle ground of accuracy where the e ect will be agraged between the two
parameters. This causes the P-impedance from PP-PS inversito be less accurate than
that of the PP prestack inversion as we observed in the eld da, but also causes the S-
impedance to be more accurate than that of the PP prestack iavsion. The averaging e ect

adjusts the S-impedance in the correct direction. Ultimatg| this produces a S-impedance
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with both pressure e ect given by PP and PS data, and a reduceshturation e ect from PP

data leakage.

Figure 5.31 Cross section of S-impedance estimate from JoinP#PS inversion in areas of
pressure change and saturation change.

5.6 Summary

By looking at time shifts and amplitude di erence from the PPand PS seismic data
we can better understand the inputs driving the inversion. Te result of the 4D inversion
strongly depends on the quality of the data, the processingnd the cross equalization steps.
The chances of obtaining a reliable inversion result from aathset with low data quality is
minimal. At the reservoir, the PS data contains low signal tcmoise and a peak frequency
is approximately 9Hz in PP time. The Grid sands and the chalk inhe PS data attenuate
the seismic energy at the reservoir and the underlying units Given these data quality
issues, the PS dataset was not expected to provide bene cianstraints to the inversion.
However, in our analysis utilizing the PS data allowed for b&#r separation of the pressure

e ect and saturation e ect with an improved estimation of Simpedance. Although the S-
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impedance is noisier than that which was derived from the PPrestack inversion due to the
PS data quality, it is more accurate. The PP prestack derive®@-impedance simply followed
the background trend with P-impedance. The S-impedance dams residual error from
leakage of the PP data, but PP data also provides a high freqouey stabilization to the PS
dataset. PS prestack inversion on its own has been shown taKaresolution due to the
narrow bandwidth of the PS data which is highly probable forhe 9Hz peak frequency of
the PS seismic dataset post registration (Barnola & Ilbram,@.4). The focus of this chapter
was to assess the best combination of technologies to idgnthanges in the rock properties,
and we found that the S-impedance 4D response improved usifB-PS inversion, while the

P-impedance 4D response was best captured by the PP pre-&tamversion.
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CHAPTER 6
POST INVERSION ANALYSIS AND INTERPRETATION

After converging to the optimal results for P-impedance, Syipedance, and density for
each inversion method, | concluded that PP prestack invemi produced the best estimate
of P-impedance while the PP-PS pre-stack inversion produtéhe best S-impedance. Thus
far we have evaluated various inversion techniques. The riesteps are to use these volumes
to better understand the heterogeneity in the Edvard Grieg eld, particularly the aeolian

and alluvial reservoirs and the chalk seal.
6.1 Baseline Interpretations

The geology of the Edvard Grieg eld is highly complex as disssed in Chapter 1. The
reservoir consists of Triassic age aeolian sands, uvialrsis, alluvial sands and conglomer-
ates, and a thin unit of lower Cretaceous bioclastic shelfasands. These are capped by the
Cretaceous age Shetland group chalk formed during a majomatrsgression, being followed
depositionally by large packages of marine shales and sanés previously mentioned, this
is an oil bearing eld and the oil water contact exists in mosbf the eld at 1946m depth,
roughly marked by the downdip edge of the eld outline. The catact becomes deeper in
the southwest of the eld. Spatial understanding of the reseoir and chalk can directly
impact the decisions/interpretation on how to best extracthydrocarbons and further eld
development. Given the work done in previous chapters, weeanow able to characterize the
reservoir using the seismic re ectivity, the inverted modeparameters, and the 4D response.
All these datasets can be integrated to update the geologic a of the reservoir.

The reservoir lies in a half graben on the Haugaland high, thesthern area of the Utsira
basement high in the North Sea. The structure of the half gram (Figure 6.1) is formed from
the fault striking east-west with a max throw of about 1 kiloneter. Towards the northwest

of the survey, the ank of the Utsira high going into the Viking Graben is visible. This
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Figure 6.1 Structure map of basement, interpreted from PP senic data. Major interpreted
faults overlain.

is where hydrocarbons migrated from the Jurassic Draupne dbahrough basement faults
and fractures to the inverted high trap (Ziegler, 1992). Theeld is heavily in uenced by
tectonics as discussed in Chapter 1. Extensional regimessin subsidence, and sediment
in Il transpired from the Devonian to late Jurassic and creagd the accommodation space
for reservoir deposition. The major Edvard Grieg fault thatormed the half graben becomes
inactive by the Cretaceous, where a transgression eventde® major sea level rise and the
deposition of the shelfal sand reservoir and Shetland chadlprock. The tectonic regime of
the North Sea drove both the deposition and hydrocarbon migtian for the Edvard Grieg

eld, and is important background for generating a comprehesive geologic model.
6.1.1 Seal Analysis

First we can look into the seal, the Shetland Chalk. The chalksia relatively at bed
dipping 1-2 north-west shown in the structure map in Figure 6.2. This ché&l unit has
minor uctuations, but according to the operator of the eld, Lundin Energy Norway, each

uctuation interpreted from the seismic is found erroneousvhen the unit is actually drilled.
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This began the \ at chalk" theory that the chalk is marked by sheet-like smooth architecture
despite what the seismic may indicate. This suggests thatehe may be inaccuracies in the
smooth interval velocities used for Kirchho prestack degt migration. Typically, the S-wave
velocity in migration velocity models is more erroneous timP-wave. The uctuations in
depth are much larger in the PS seismic data, shown in Figure36. The major changes in
the chalk in the PS data can be correlated to the overlying gtisands. The combination
of polygonal faulting and high velocity injectites produce highly complex overburden with
large lateral velocity variations not included in the veloity model. Additionally, transmission
path e ects in the faulted overburden strongly decrease thee ection signal at the chalk and
reservoir intervals particularly in the PS data. The ray pah variations due to the faults
and high velocity sands in the overburden were observed ingtazimuthal analysis done in
Chapter 2. The model parameters derived from PP data show iredance variations in the
chalk that may have in uence from these shallow injectiteshut also may provide important

information on the spatial heterogeneity in the chalk compsition.

Figure 6.2 Structure map of Shetland Group chalk, interpretefrom PP seismic data. Con-
tour interval (Cl) is 20 meters.
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Figure 6.3 PP and PS cross section taken diagonally throughdhsurvey. PS is not fully
registered to PP time as this registration is simply using t@ velocity model.

Although the structural a priori assumption of the chalk is a ontinuous sheet-like bed,
the variations in the seismic and inversion result should banalyzed to assess if there are
correlations to lithology. The Shetland group is composed two chalks, the upper Eko sk
chalk and the deeper high velocity Tor chalk. In other areasfdhe North Sea, reworked
units within the Eko sk and Tor units are hydrocarbon bearing reservoir, but in the Edvard
Grieg eld the chalk is tight enough to act as a seal for the resvoir interval (Swarbrick
et al., 2010). However, the variations in lithology could have an ipact on seal integrity and
geomechanical responses to production and injection.

An example of this lithological importance is in the nearby E&sk eld, targeting the
Eko sk chalk reservoir. With production, the chalk has undegone signi cant compaction,
enough to subside the sea oor (Keszthelyet al., 2016). According to log data at Edvard
Grieg, the Eko sk chalk has a porosity of 18-25%, while Tor posity is in the range of
7-14%. Although the Shetland Group contains high porosity ek, the permeability is in
the microDarcy range. This indicates the pore geometry is cn communication and most
likely extensively cemented. Swarbriclet al. (2010) suggests that the presence of the base

Chalk or Tor chalk is highly correlated to whether the Shetlad chalk is a successful seal.
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The Tor chalk is ultimately the most robust seal in the EdvardGrieg eld and uctuations
in the chalk observed in the inversion result may help iderfi both the thickness variations

of the chalk and where the Tor chalk is most prevalent as it hatie highest impedance.

Figure 6.4 Root mean square attribute maps taken from (a) the FP baseline survey 10ms
above the chalk horizon and 10ms below, (b) the PS baselinengey 30ms above the chalk
horizon and 30ms below, (c) the P-impedance estimate fromptachalk to top reservoir,

and (d) the Vo=V estimate from top chalk to top reservoir. Polygons indicateegions of
energy loss from shallow cemented sand injectites. Integtation outside of the half graben
is unreliable due to tuning e ects.

The RMS amplitude maps in Figure 6.4 show the uctuations at te chalk from the
seismic and the inversion results. Noting the amplitude loss areas under cemented sands

and the platform, the resulting impedance and input seismitook similar as anticipated.
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However, the PS seismic extraction is more discontinuous dteethe Grid sands as seen in
cross section Figure 6.3. The calculated Vp/Vs shows this disgouity, but S-impedance
in the chalk looks similar to P-impedance. This suggests théhe minor uctuations in the
chalk interval that cause the discontinuities in the PS datacan be attributed to the shallow
ray path obstacles, but the larger scale trends of the chalkeadue to the lithology and
thickness. The chalk signature is highest impedance in the Mo of the eld where there
is little reservoir, this could be due to tuning. Inside the hlf graben, the chalk shows an
increasing amplitude trend moving to the southwest. The tned is a sequence of kilometer

scale features of varying amplitude.

Figure 6.5 Cross section through velocity logs highlightinthe Shetland Chalk variation.

Based on the log signature of the chalk, in Figure 6.5, the Sted chalk thickens to-
wards the East to wells D and C. The areas that contain the thiest chalk show the lowest
inverted impedance and amplitude. This correlation indidas that the uctuation in the
chalk re ector amplitude is highly controlled by tuning thickness. However, this does not
hold true for injector W-1, which only has a total 9 meters of calk but still marked by low
impedance. This is the only well in which the Tor chalk is lowevelocity. The Tor chalk is

typically signi cantly higher velocity than the Eko sk, an d an absence of this unit or varia-
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tion to a higher porosity Tor chalk, causes a lower impedane@alue. From this correlation we
can identify zones in the reservoir that may contain thinneor more porous Tor chalk, par-
ticularly in the western portion of the eld that is amplied from tuning. Lower impedances
in the North-West corner of the half graben and along the fatiimay also correlate to thin
Tor chalk, as the Tor chalk unit thins from Well E to Well F. This relationship may be
particularly important in the Edvard Grieg eld as the Tor chalk is the most e ective seal in
the Shetland Group and an absence may lower seal capacity,pmtentially cause compaction
(in the case that the injected water enters the Eko sk chalk pre space).

The ability of any rock to act as a capillary seal for hydrocdron accumulation depends
on the diameter of the largest interconnected pore throat (ton et al., 2004). Clays can ||
this pore space and expand in the presence of uids, often ciing cementation in the pores.
Therefore, sealing capacity is strongly linked to clay coant; increasing clay content forms
a tighter seal (Dawson & Almon, 1999; Fisher & Knipe, 1998). Theelationship between
Vp=Vs and P-impedance can highlight porosity and clay content. Higer Ve =V with low
P-impedance can indicate porosity, while highs =\ in general can be correlated to higher
clay content (Odegaard & Avseth, 2003). Within the North-East 6 the half graben, the
chalk is marked by higherVs=Vs with variable P-impedance. This information combined
with the log signature from Eastern wells in Figure 6.5 suggsshigher Vs =Vs may indicate
high clay content more so than porosity. Conversely, the rem below the plaform and
towards the west with lowerVp =Vs may indicate low clay content in the Shetland chalk. In
these regions, the seal has the highest risk of compactionlweach of seal capacity.

From this seal analysis, the apparent depth and amplitude ctuations in the chalk are
explained. The major cause for discontinuity in the PS datahalk amplitude are transmission
path obstacles from the Grid sand injectites in the overbumh. The remaining changes in
the chalk can be attributed to thickness and composition. Té chalk is thinnest towards the
West of the eld, identi able from high amplitude response die to tuning. Lower impedance

chalk in the East corresponds to the thickest chalk units thacontain both Eko sk and Tor
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chalk units. Local small scale lows in impedance, such as ffisoaround injector W-1, may
indicate areas where the Tor chalk is not as thick or permeahl Chalk with lower clay
content, thereby higher seal risk, has been identi ed in lowr =Vs regions to the south and
west of the platform. This evaluation has direct implicatims for understanding seal integrity

and extent in the eld.
6.1.2 Geologic Reservoir Analysis

The reservoir of Edvard Grieg is spatially and temporally aoplex. There are three
major depositional systems. The aeolian- uvial system, #nalluvial system, and the shallow
marine system. The Cretaceous marine sands are the most onih unit of the reservoir
and exist as a sheet sand capping the entire reservoir. Thesieclastic shelfal sandstones
contain excellent porosity and permeability but are only & meters thick, and therefore, are
not seismically detectable. The northern production well Tgeosteers into this thin unit as
the chief target, extracting oil from both the shelfal sandsnd the alluvial conglomerates
and fractured basement below. The two other primary deposinal systems, aeolian and
alluvial, are both Triassic in age and have considerable ertaction. The generalized spatial
distribution of these systems within the reservoir windowsi shown in map view in Figure 6.6
and as a cross section in Figure 6.7.

The sands in the eld are chie y aeolian sediment with an averge porosity of 27% and
multiDarcy permeability. However, this depositional envionment is not only composed of
clean aeolian sands. The system is characterized by othernpimological bodies of aeolian-
derived and related sediment deposits, such as interdungnsl sheets, lacustrine systems,
and perennial, intermittent and ephemeral uvial systems Al-Masrahy & Mountney, 2015).

Lithology classi cation of the producers and injectors suggest that uvial reworking of
aeolian sediment is a common facies in this eld. This sugdeghat the water table levels
at the paleo-dunes were high enough to allow externally saa&d uvial systems to penetrate
into the interior of the dune system (Al-Masrahy & Mountney,2015). Therefore, it is clear

that the aeolian system of Edvard Grieg is a wet system, commed from the signi cant
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Figure 6.6 Map view schematic of facies distribution in the servoir interval of Edvard
Grieg. Interpolated facies consist of sands, alluvial sapdmnatrix, alluvial silty matrix,
alluvial clay tight matrix, and lacustrine sediment. Interpolation represents the average
sediment in the reservoir window. Silty-Clay dominant matix extends to the North below
the sands. Lithology logs from producers and injectors areverlain. Note injectors are
vertical; lithology logs shown in map view are not represeative of true thickness. Lithology
logs were interpreted by Lundin Energy Norway.

presence of interdune deposits visible in core. These irdanes are rst order boundaries
in aeolian systems and can act as baes to ow. Fluvial systemsnost commonly occur
in these interdune areas, but there may be bulk shifting of hmdaries between aeolian
dominated areas and uvial dominated areas which produce stinctive sedimentological
and geomorphological assemblages (Bullard & McTainsh, Z)0

According to the well logs, uvial reworking of aeolian sedimant in the Edvard Grieg eld
is most frequent on the outskirts of the aeolian dunes and akd cap or base of the aeolian
unit. Al-Masrahy & Mountney (2015) suggest that uvial features are commonly formed

between dune structures or on the border of the dune eld, lirting its extent, as seen in
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Edvard Grieg. The wells toward the South (L) and far North (W-2)contain the most uvial
input. Well L penetrates 1 km of lacustrine sediment interbéded with uvial sands that are
composed of reworked aeolian sediment. This section is attegporosity uvial deposit as it
is composed of transported aeolian sediment. Farther Soutihwell L contains 500 meters of
uvial sediment reworked from the alluvial unit, interbedded with thick lacustrine deposits.
The uvial stream systems feed into the lacustrine lake systns, which contain low porosity
clay rich sediment. The challenge with the lacustrine depibtss that like shales, it is low

impedance and di cult to separate from the low impedance sahbodies.

Figure 6.7 Seismic interpretation of the Edvard Grieg Field @rlain on PP seismic data.
Reservoir in the half graben includes alluvial sediment (ierbedded with lacustrine and
uvial deposits), aeolian sands (interbedded uvial rewok), and thin seismically unresolvable
marine sands capped by the Shetland Chalk unit. Velocity pulip below injectites produces
the false-depth structure on chalk.

The alluvial system is the next major component of the reseou and is composed of allu-
vial sands and conglomerates. Deposition is from higher giofans sourced by ooding events
or colluvial slides with gravity drive, short duration massdeposits. Alluvial geomorphology

consists of aggradational fan features that vary widely inadial length, but generally range

184



from several hundered meters to a few kilometers in length @dcariello, 2018). This system
is the most complicated in deposition and interpretation de to rapid waning ow stages

that do not allow for e ective sorting and reworking as in mos other clastic depositional

systems (Moscariello, 2018).

Reservoir quality of the alluvial deposits mainly depend othree components, (1) the ma-
trix mineralogy, (2) matrix dissolution, and (3) the clast sze. The matrix mineralogy varies
from sands, silts, and clays, which strongly changes the peeability of the conglomerate.
This facies distribution can be correlated with distance &m the fan apex. Proximal-fan as-
sociation forms massive pebbly conglomerates interstratil with course to medium grained
structureless or at-laminated sandstones typically gemated from ood and slump gravity
ows (Nemec et al., 1980). These are often higher net to gross and have higher aga-
mation of course-grain channel lls (Moscariello, 2018). Btal-fan deposits consists of ne
pebble conglomerates interbedded with sandstone and mudaofebski, 1984). These are often
deposited as lobate extensions of the proximal gravels, astl isolated channel systems con-
sisting of mud-rich matrix supported conglomerates. Prorial-fans contain 80-150m thick
sequences and distal fans contain 20-120m sequences so betjuences can be seismically
resolvable (Porebski, 1984). Typically thicker sequencesntain larger clast sizes (Porebski,
1984). Smaller sequences are fan-fringes which containrghbased ne to medium grained
sandstones with silty mudstone and little composition of g#bly conglomerate (Porebski,
1984). Finally the basin and interlobe association is formeddom slow settling of suspended
load, resulting in thick packages of mudstone with variabléhin packages of siltstone and
sandstone. Understanding the fan distance and drive proviglensights on spatial variation
in matrix composition and permeability.

Next, matrix dissolution can be a concern. The Edvard Grieg tdt system uplifted the
basement around the half graben and because of this vertiadisplacement, alluvial fan
sequences were deposited in the lowlands in the half grabeoni eroded basement. This

sediment contained high feldspar content which can undergthemical weathering in the
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Figure 6.8 Debris- ow fan deposition versus waterlain allual fan deposition (Moscariello,
2018).

process of hydrolysis and turn into clays. This eodiagenssis driven by subhumid and
warm surface climate conditions and occurs soon after defims) (Maraschin et al., 2004).
In the far Eastern portion of the eld, outside of the survey,wells have been drilled with
high hematite content in the pore space destroying permedibi. The overlying aeolian unit
contains high potassium feldspar content but is preserved dhe climate was too dry for
feldspar dissolution to occur.

Finally, clast size is an important property in the alluvial wit that can greatly alter per-
meability. This can be correlated with the proximal-distalassociation discussed previously.
Large clast sizes may produce a clast supported conglomeraClast supported conglomer-
ates may have matrix that was deposited simultaneously witkthe clasts or ltered in at a
later time, while matrix supported conglomerates are usugl debris ows with simultane-
ous transport of ne and course material (Harmset al., 1975). This is important because

the clast mineralogy may vary signi cantly from matrix mineralogy and cause challenges in
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separating good from bad quality matrix zones with impedamcand density, as these mea-
surements would average the composition of matrix and clastAdditionally, large clast sizes

in contact have been seen to block pore throats and lower pezability.

6.1.2.1 Edvard Grieg Flow Systems

All these components are crucial in identifying reservoir @ity conglomerates. From
current wells in Edvard Grieg, two fan systems can be identd. The northern fan most
likely being a debris ow alluvial fan while the the easterndn is most likely a waterlain
alluvial fan, schematically shown in Figure 6.8. The norther alluvial system is composed
of a clay to silt matrix of low porosity with minor sands. Thiscould be representative of a
more distal-fan dominantly aggraded by cohesive debris @wvhich produce high volumes of
clay-rich colluvial material (Moscariello, 2018). Thesera triggered by short duration ood
events and hyper-concentrated ows that cause poor sortingnd connectivity (Moscariello,
2018).

The second system is sourced from the East and composed ofdyamatrix conglomerate.
This was most likely formed by a waterlain fan. This sedimentould potentially be deposited
by non-cohesive debris ows, as more turbulent water ows t&l to wash out volumes of silt
and clay, however, the system has high permeability thus isare likely a waterlain fan
(Moscariello, 2018). Waterlain fans are driven by uid-graity ows consisting of well sorted
sandy to gravelly lenses, overall, they are better sortedd@s with less clays (Moscariello,
2018). Relative lack of debris ows enhance vertical permieidity and internal connectivity,
therefore, the spatial distribution of sand is relatively lsmogeneous (Moscariello, 2018).
Barriers to ow in this system can be the ne grained fan frings and interlobe deposits
between aggrading fans. This sandy alluvial system intertgcwith the aeolian system. The
center of the survey contains interbedded aeolian and alliav deposits shown in Figure 6.7.
This suggests that the alluvial system was driven by major od events that buried and
preserved the aeolian dunes. After relative alluvial inactity the aeolian dunes migrated

back over and covered the alluvial fan as a continuous sandahket, comparable to the
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occurences in north Panamint Valley, California (Anderson &&nderson, 1990). This process
repeated to create the 20 meter aeolian-alluvial interbedd strata seen in cross section and

in extractions.

Figure 6.9 RMS amplitude extracted from the P-impedance estiate below the top reservoir
horizon as reference in 10ms-20ms intervals, with (a) O torh® below, (b) 10ms to 20ms
below, (c) 20ms to 30ms below, (d) 30ms to 50ms below, (e) 50tas7Oms below, and (d)
70ms to 80ms below. Southernmost linear east-west orientathplitude is an e ect from
tuning at the half graben hinge.

6.1.3 Seismic Derived Reservoir Analysis

With an understanding of the chief components of reservoir ithis eld and their spatial
distribution, we can begin to use the seismic data and inveos results to spatially re ne
the geologic model. In the RMS extractions of the P-impedaacmodel estimate over the
reservoir interval, particularly in zones that could be oibearing, we can better understand
the spatial distribution of the reservoir. In Figure 6.9a, tle focus is the very top of the
reservoir unit. The lowest impedance area, indicative of ghbest oil bearing sand is in the
center of the survey and has an angular pinchout towards thest. This edge correlates to

the major normal fault in Edvard Grieg, showing that the aeaan sands were deposited while
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the major fault was active, synrift. Other fault systems ex¢tnding from the Edvard Grieg
fault were most likely active at this time, causing the pincbut in the Eastern portion of the
angular sand feature. South of the lowest impedance eventtie are parallel elongate features
oriented east to west, extending 4km in length and approxink@y 800m in width. These
features become stronger in Figure 6.9b and Figure 6.9c. Thedar features correspond
to the aeolian ngers interbedded with the sandy alluvial séiment seen in Figure 6.7, the
high impedance being alluvial section and low impedance hgiaeolian. Moving farther
down in depth from Figure 6.9c to d, we begin the transition to élow the oil water contact
throughout the graben, indicated by the sudden drop in impexhces. Here the sands in the
East of the graben begin to diminish and the alluvial sedimémlominates. The sands in the
west are much thicker but within the water leg, downdip of theoil-water contact.

Looking outside the graben towards the north in the shalloveg¢ extractions, the maps
show an oblate low impedance feature with a 1.5 km radius. Thieature is not an artifact
from seismic tuning, but may be ampli ed by the tuning e ect. Because the northern Edvard
Grieg fault limits the aeolian sand deposition, this potenal sand is most likely sourced from
the northern alluvial system. Similar lobe like architectue features in alluvial systems have
been characterized as crevasse splay complexes (Shietdd., 2017). Studies show the radius
of a crevasse splay signature ranges from 500m-2km, similarthe feature highlighted in
the RMS amplitude maps (Pendleton & Hardage, 1999; Shiel@$ al., 2017). A clear input
channel is not visible within this survey to support this inerpretation. The feature may also
be a localized, better sorted, waterlain fan in the North prodced by an isolated ood event,
but does not show fan like structure. Given the uncertaintyn either interpretation, this is
noted as a high risk sand body, but potentially high reward.

From these P-impedance extractions, the dierentiation bsveen the alluvial system
sourced from the North versus that sourced from the East is merapparent. The east-
ern sourced fan system is lower impedance indicating highesservoir quality, best shown

in Figure 6.9c. This system oscillates with the aeolian sands the center of the survey
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causing the elongate low impedance features. In cross sectihese elongate features are
steeply dipping to the North, seen in Figure 6.7, not from depd®n, but from active fault
movement tilting the beds from relatively at at deposition to high slope. These features
continue far deeper than the oil water contact. The aeolianngers contain higher compo-
sition of uvial reworked aeolian sediment than the thick aelian unit towards the North,
drilled by well E, which is re ected in their relative impedaces from the inversion results.
As water ows become lower energy and the alluvial system is manger active, the environ-
ment may shift to uvial dominated ow to aeolian resulting in the aeolian strata to be of a
wetter system (Moscariello, 2018). However, the easternm@siges of the large sand bodies
and sand lineations have the lowest impedance values asatemi with the highest reservoir
quality. According to core measurements, these sands comtdow interdune content, further
supporting the idea that the the north-eastern sands origate from a drier aeolian system.

Overall reservoir quality of the sand body improves moving arth-east as the system
becomes dryer, with exceptions being the internal structerat the center of the aeolian
ngers. The east sourced alluvial fan is limited in extent bysyndepositional faulting in
the north-east, as seen in the drop of amplitude moving NorthThis fan is clearly more
porous as it has a larger response to uids, seen in the cordtan overall amplitude between
Figure 6.9c and Figure 6.9d.

The sand isopach map, Figure 6.10, was formed based on deterstic mapping of the
P-impedance andvs =V5 volumes to illustrate thickness distribution of the aeolia and uvial
sands. The sand is relatively separable from the surroundjrithologies in the impedance
domain, other than the underlying lacustrine sediment. Toards the west of the eld, la-
custrine shales lie at the base of the sand bodies. This shhks the same impedance as the
sand, however, thevp =\ volume showed clear separation and was used to di erentiatee
lacustrine sediment from the clean sands. The isopach maposis that aeolian sand distri-
bution is wedge like and has a maximum apparent thickness reat the fault, suggesting

synrift deposition. Multiple elongate features run para#l to the fault suggesting activity
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Figure 6.10 Thickness of low impedance sands. Potentiallyogiping aeolian, uvial, and
alluvial sands. Mapped based on inversion results.

from a network of faults at the time of deposition, as hypoth&zed from the RMS amplitude
maps. The thickness of the linear aeolian features is appmmately 20-30 meters.

The max thickness of the sand is around 90 meters and close teetmajor injectors
W-1 and W-2. There is a thinning between these two sand bodiesrpHel to the fault.
Towards the north-east, a small low impedance body is mapped two northern extending
sand splays that cut through the main fault around producer SNith this sand map, we can
analyze the inversion results for spatial distribution ofock properties like P-impedance and
S-impedance.

Low P- and S-impedance correlates strongly with the thickemtervals, as shown overlain
in Figure 6.11. This is not an exact correlation, and the lowe®MS values are actually more
indicative of reservoir quality. The lowest P-impedance cresponds to where there is the
cleanest oil bearing reservoir. S-impedance has less imge from saturation and shows
the best reservoir quality sands, which generally correspds to the highs in P-impedance.
The only discrepancy is that the lowest zone of P-impedancis, not as relatively low in S-

impedance, due to hydrocarbon lowering the P-impedance WhiS-impedance is una ected.
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Figure 6.11 RMS impedance extraction taken from top reservaieference horizon to 50ms
below in (a) P-impedance and (b) S-impedance, with 10m and r20sand thickness contours
overlain.

The sands contain impedance lineations that are parallel tihe east-west striking elongate
aeolian ngers. These features are also approximately pdled to the major fault system,
which indicates that they may be due to the synrift depositio of the aeolian unit. Because
this hanging wall block was continuously downthrown duringleposition, the aeolian facies
is wedge-like as seen in the isopach and contains steeplypilyg strata as seen in the seismic
line in Figure 6.7.

The cap of the aeolian wedge was eroded by a major Cretaceotensgression, leaving
the map view of the aeolian facies to be an equivalent to an adple cross section view. The
sands towards the South within the 50 ms reservoir intervaldbow the chalk are chronostrati-
graphically older than those in the North-East, potentiallywhy the northern sands contain
di erent properties than the southern. The system began as a@ery wet system with more
uvial in uence as seen in the South and with time became drie resulting in the cleaner
sands found in the north-east of the half graben. This is obhsed more clearly by the varia-
tions in the aeolian ngers. The impedance drop and reservajuality improves between each
strata moving North. There is also a barrier in the large sanddxlies to the West between

injectors. This barrier is relatively high impedance, andeparates the more isolated northern
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low impedance body from the larger sand body in the south-weseen in Figure 6.11. This
feature, is again parallel with the fault and is about 500 mets in width as are the aeolian
ngers. This unit may contain more uvial sediment and can atas a ow ba e or barrier
between sand bodies.

The alluvial sediment in these extractions show low resenvauality in the North outside
of the half graben, but a relatively high value for S-impedase. This could correlate with a
higher porosity body in the North with lower clay content, reslting in increased S-impedance
(Mavko, 2000). The eastern sourced water-lain fan is of highreservoir quality indicated
by the lows in P- and S-impedance. This fan begins outside dfe half graben and shows
highest reservoir quality most proximal to the fault, sugggting either a cleaner proximal fan
unit or an artifact from the fault in the seismic data. The lower sand nger interbedded
with the sandy alluvial sediment is shown to extend all the wato the con ning Eastern
fault in the S-impedance estimate. This nding brings uncedinty to the interpretation of
the thinner sands that intersect the fault in the North, becase if the fault was active during

deposition, as the isopach suggests, the sands should be med to the half graben.

Figure 6.12Vp =V RMS amplitude extraction taken from reference horizon to 30s below,
with 10m and 20m sand thickness contours overlain.
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From the estimated impedances, | calculatedr=Vs, the ratio between seismic com-
pressional and shear-wave velocities, shown in map view ingkie 6.12. By using PP-PS
inversion, we were able to obtain a better baseline S-impeda as shown in Chapter 5.
Previous work has suggested that an association exists beamVp=Vs and uids, lithology,
porosity, and pore aspect ratio (Eastwooet al., 1983; Tatham, 1982).

Firstly, Vp/Vs is sensitive to uids. In the case of hydrocarbonsaturation, Ve decreases,
while Vs increases due to a decrease in density, overall decreasing\¥>=Vs. The northern
portion of the half graben with the highest reservoir qualit and lowest impedance values
correlates to the very lowVp=\s area indicating hydrocarbon. The lowestVp=V5 ratio
appears to taper to the northwest into the upper fault. The sath of this taper where
there are higherVp=\s correspond to the parallel feature that was hypothesizeddm the
impedance maps to be less clean sediment that could act as aebi@ ow.

Porosity and pore aspect ratio also drive/s=Vs. Higher porosity values moderately
increase theVp =\, while pore cementation and high pressure grain to grain c@ct sign -
cantly reduceVp =5 (Avseth & Veggeland, 2015). Pore aspect ratio is the ratio beten the
smallest and largest radius of each pore space. In the casa@pherical pore (as in a clean
sand), the aspect ratio will be large, in a fracture, the asperatio will be very small. For
high aspect ratios expected in well sorted sandg, =\k is mainly dependent on porosity, but
if the aspect ratio is small it becomes an in uence okp =Vs (Eastwoodet al., 1983). In the
sands, high porosity increase¥ =V, while hydrocarbon decreas®¥p=\s. Hydrocarbon typ-
ically overpowers theVp =\ e ect of the porosity. The southern aeolian nger shows higér
Vp=Vs, but also lies underneath the platform which can cause issue the seismic quality,
not recoverable from inversion. The lows of th&s=Vs in the oil bearing zone corresponds
to hydrocarbon, even in the area below the platform that is coposed of alluvial silty-sandy
matrix. In this region, there could be a combination respomsfrom uids and low aspect
ratio in conglomerate with more angular pores, as it is moref @ breccia deposit according

to core data.
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Tuning e ects from the hinge of the graben in the south causeslarge linear ampli cation
of all impedance estimates, which may be interfering with #h sandy to silty conglomerate
section directly North of the hinge. The northern areas outde the graben also contain low
Ve =V values that may actually be indicative of heavily fracturedbasement rock as seen in
core (Eastwoodet al., 1983). TheVp=Vs volume contains noise from the platform, cemented
sands, and in uence of the PS data quality, but shows accurattrends that correlate with

the well data and highlight the porous oil bearing zones.

6.1.4 Lithology Prediction

Figure 6.13 Rock physics template for modeling brine and gaatgrated sandstones and for
shales (Avseth & Veggeland, 2015)

In order to tie geology and the seismic data more quantitatatly, a rock physics template
can be derived from logs and used to understand the relatidnp between lithologies in the
inverted estimates. The rock physics template for Edvard Gg is described and shown in
Chapter 2 in Figure 2.6 (Odegaard & Avseth, 2004). Crossplottg Ve =Vs versus acoustic
impedance is a common rock physics template used to di ereate lithologies and uids,

schematically shown in Figure 6.13. Using this template, chliated at the wells for the
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lithologies of Edvard Grieg, | analyzed the inversion restsl for Vp=\s calculated from the
two prestack inversions impedance estimates. From this dgais | was able to con ne facies
to particular combinations of P-impedance and/s =\s from the inversion results, as shown
in Figure 6.14. These zones have a degree of uncertainty irhbtogy, as alluvial sediment
quality is di cult to distinguish even in well logs. Addition ally, the uid eectin Vp=Vs
is clear for clean sands but does not show a strong e ect in tladluvial section. The chief
contribution of the Vp=\s is its ability to separate clay rich sediment such as the chal
lacustrine, and shale sediment from the sand and alluvial diement. The clean oil bearing
aeolian sands and the uvial rework have the same P-impedan@s the clay rich sediment,
but much lower Vp =\s. Higher acoustic impedance an¥p=\s is associated with the uvial
reworked aeolian sediment, re ecting the relatively loweporosity, higher clay content, and
smaller uid e ect of the uvial sediment compared to the aedian deposits. The alluvial
sediment is mainly distinguishable in the impedance domaiivVe=Vs did not vary greatly
unless the alluvial conglomerate contained more clays. Titeeis however, a minor decrease
in Vp=V5 associated with lowering porosities as shown in Chapter 2.vérall, this crossplot
is able to separate facies but unable to capture the uid e dcn sediments other than the
aeolian sands as log analysis predicted.

With this facies association, the zonage was applied to thetere seismic volume to create
a lithology cube. In Figure 6.15, the same cross-sections ded in Figure 4.9 are displayed
for this facies analysis. The aeolian sands are cleanest wHecated nearest to the fault
around well E. The steeply dipping interbedded sands and allial sediment in line X-X'
suggest that the fault activity increased after depositiorsigni cantly, and shows that the
interbedded alluvial section is good quality. This suppost the argument that the eastern
sourced alluvial fan was a water-lain fan and deposits werewen from large ooding events
that overtook the aeolian dunes. Towards the North of the X-X'ihe, cleaner facies are
shown. This could be a result of seismic tuning at the basentdmigh causing error in the

inversion as previously noted.
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Figure 6.14 Vp/Vs vs Acoustic Impedance from inverted model panaeters extracted from
50ms above the chalk and 100ms below the chalk in crossline X-Racies zones were guided
using rock physics templates created with known log data.

The shallowest portion of basement, outside of the tuning wilow is marked as a silty
matrix alluvial or fractured basement. The basement high meained subareal for a large
portion of time and underwent sign cant erosion, causing t basement rock to be heavily
fractured in the North. In both cross-sections in the southwat, the sediment that appeared
from the impedance inversion results to be a thick sand seaque, now is correctly identi ed
as a thick lacustrine section, supported by log data.

The purpose of section Z-Z' (Figure 6.16), is to understand this facies separation is
su cient to di erentiate sandy, silty, and clay rich matrix alluvium. Reservoir quality is
generally low in the north, and improves southward. The syt matrix alluvial sediment ex-
tends below the aeolian sands in the central producers (WelR, W, and H). This underlying
sediment is important as it strongly correlates to pressurdrive. Higher permeability sand
matrix conglomerate allows for easier uid ow and pressursupport in the reservoir. In the

lithology cube, the southern portion of the graben shows agint 30 meter alluvial section
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Figure 6.15 Lithology cube created from facies zones idergd through cross plotting inver-
sion estimates.

capping a clean sandy matrix alluvial section. However, thehalk is the most updip in the
southwest, allowing a thicker oil column that is able to Il the pore space in the sandy ma-
trix alluvial unit. In the northern portion of the eld, rese rvoir tuning appears to interfere
with the facies separation. Tuning in the chalk drops thé/ =\ks into the reservoir range.
Below this feature that could be mistaken for reservoir, theediment ranges from sandy/silty
matrix to tight alluvial. Most likely the tuning issues are interfering with this response and
causing the reservoir to appear marginally better than logata shows. Because of this ef-
fect, the facies marking in this region can be downgraded irservoir quality, making the
interpretation for the alluvial section in the north to be slty matrix to tight clay matrix

conglomerate.
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Figure 6.16 Lithology cube created from facies zones idergd through cross plotting inver-
sion estimates.

6.1.5 Interpretive Value of 2016 PS dataset

Given the data quality of the PS data at the reservoir, the adition of PS data for in-
version was not expected to improve model estimates for impeetation purposes. However,
in the previous chapters it was found that the PS data improwk the shear-impedance re-
sponse. From this improved estimate, we revisited the geglo interpretations of the Edvard
Grieg eld. First, the seal signature was determined to be hedy in uenced by oveburden
complexity but still showed a relationship with thickness ad lithology. The chalk generally
thickens to the East, and the southwest region of the eld cdains the thinnest chalk but
large composition of Tor chalk which is ultimately the most rcial component of the Shet-
land Chalk. The area around well W-1 and in the upper north-easorner of the half graben
have been identi ed as regions with potentially low compason of Tor chalk that may cause
seal integrity challenges. Finally, low clay content regiaof chalk have been identi ed as
higher risk seals.

The analysis of the inversion derived model estimates havdoaved facies identi cation
of the reservoir. The aeolian sand quality is shown to increa towards the north-east sand
edges. This is not driven by tuning, but rather by the chrondsatigraphic age of the sands,

with north-eastern sands being the youngest. The aeoliangggm began as a very wet system
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but became slightly drier with time and produced cleaner sas. The aeolian and alluvial
environments occured synchronously, resulting in areas lofver porosity within the large
sand body that can act as baes to uid ow. The alluvial sands sourced from the east
show highest reservoir quality particularly when interbeded in the aeolian facies and most
proximal to the North-East section of the fault. Sandy alluval sections continue throughout
the south but are interbedded with tighter conglomerates && in the facies cube cross-section
Z-Z', potentially acting as permeability boundaries. The orthern alluvial section contains
lower reservoir quality alluvial section, but signifcant factured basement capable of holding
hydrocarbon. With the improved model parameters from inversn, | was able to update the
geologic understanding of the reservoir and identify potéal high porosity permeable zones

as well as ba es and barriers to ow.
6.2 Time Lapse Interpretations: Overview

Time-lapse seismic reservoir monitoring is the process aairing and analyzing multiple
seismic surveys repeated in the same area over calendar tithamley, 2001). 4D seismic
technology can be an essential element for reservoir managat (Johnston, 2013). Reservoir
management, de ned by Wigginset al. (1990), is "the set of operations and decisions by
which a reservoir is identi ed, measured, produced, devgled, monitored, and evaluated
from its discovery through depletion and nal abandonment. In order to make the best
decisions on reservoir management, the reservoir heternggy needs to be characterized at
multiple scales, through ne log and core scale to the broadweerage of seismic data. Previous
work suggests that the scales of heterogeneity that controégervoir quality variations are
covered by well data, but the scales of heterogeneity that iwol producibility are covered
by seismic data (Johnston, 2013). Therefore, the time-lapseismic provides information on
reservoir heterogeities that ultimately control hydrocabon recovery (Johnston, 2013).

4D surveys provide valuable information on uid ow and presure changes in the reser-
voir as a result of production and injection, rather than saly relying on simulation models

which can often be incorrect. This added information can hgloptimize injector and pro-
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ducer well placement for future development plans. For thedvard Grieg eld, surveys were
acquired in 2016 and 2018. Production began in November 20T avater injection began
August 2016, meaning the 2018 vintage is acquired after 2 ysasf water injection and 2.5
years of production. These datasets were history matched jimocessing and cross equalized
as discussed in Chapter 5 for highest repeatability with an NRS of around 11% for PP and
24% for PS data.

After the data is conditioned to observe clearest 4D anomadigthe data is calibrated using
modeling steps from the well log to build con dence that the B seismic is not from artifacts
of acquisition or processing (Lumley, 2001). This was donaing well E and for the various
scenarios expected in the eld. The results showed a matchtivthe seismic data, con rming
the seismic changes are real. Finally these 4D amplitude drence anomalies can be inter-
preted qualitatively. However, interpretations can be comated by nonuniqueness in the
4D amplitude di erence, as this anomaly is a combination ofuid change, pressure change,
compaction, or temperature (Jenkinset al., 1997; Lumley, 1995). To quantify the changes
in terms of geologic properties we performed various AVO iaksions to obtain P-impedance
and S-impedance change from before and after development. thVihe background of the
production history, these changes can be qualitatively anguantitatively correlated to pro-
duction and injection. In this project, the exact production and injection data were not
made available ruling out potential quantitative interprdation ability. Additionally, the 4D
seismic di erence is subject to the e ects of tuning as showim Figure 5.15. The seal and
reservoir is often within tuning in the Edvard Grieg eld, and as a result, the interpretation

of this data is qualitative unless the e ects of tuning have ben removed (Johnston, 2013).
6.2.1 Production and Injection History

Before diving into the nal 4D anomaly interpretation, it is important to have a com-
prehensive understanding of the production and injectionistory of the eld. The Edvard
Grieg eld contains 10 producers and 4 injectors (and poteially more, not available to

RCP). Injectors W-1 and W-2 being the larger injector sites. lj@ction began with W-2 and
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production started in wells R, Q, and J before the baseline waacquired in August 2016.
Production in these three wells was occurring without prease support for nine months and
caused the pressure around wells Q and J to drop below the biblpoint.

The initial bottom hole pressure of the reservoir is 195 bar8ubble point is 165 bars but
due to the quick dispersion away from the wells, gas out of stibn is expected if the bottom
hole pressure is less than 155 bars. Well Q at the time of thedwine survey, had a bottom
hole pressure of 127 bars, while K had a bottom hole pressufd 81 bars, suggesting gas came
out of solution. Well R maintained pressure above bubble paithroughout production. This
well was most likely able to retain pressure because the adlemn is in a thicker aeolian sand,
therefore, the underlying aquifer support is able to ow mag easily through the combination
of more permeable lower aeolian sediment and upper alluveddiment in Well R compared

to the lower permeability alluvial unit underling the thin aeolian units at wells Q and J.

Figure 6.17 Change in bottom hole pressure (BHP) from Septemtiz016 to September 2018
based on history matched simulated BHP. Sizing corresponds telative pressure change.
Large uncertainty in injectors.
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Injection from W-1 began in November 2016. This pressure suppwas not su cient to
increase the pressure at well J to above bubble point by the mitor (2018) survey acquisition.
The change in pressures are shown in Figure 6.17. The sand atlwes thinner than well
Q, therefore the water drive has to move through a low permedity alluvial section. When
eastern wells P and N began production, near wellbore presssidropped below bubble point
causing gas exsolution. Production from the North of the eldoegan mid 2017 after the
eastern production had begun. These wells maintained highpressures, most likely from
proximity to the western injectors but still fell below bubHde point at certain times. When the
monitor survey was shot, most central wells had returned taable pressures above bubble
point, other than well Q. Spatially between baseline and mator, the pressure variation
in the North experienced minor di erences, pressure decremsin the East, and pressure
very slightly increased in the central producers. These ssure variations are important
to recognize to understand potential geomechanical e ectt the reservoir and seal, and
saturation e ects from gas exsolution.

As for cumulative production and injection between baselinand monitor (Figure 6.18),
W-2 and W-1 injected the most uids, with W-1 surpassing W-2 by 6%.and W-3 only
injectiong 3% of the cumulative injected water of the eld. VIl W-3 began injecting seawater
late in February 2018. W-2 is unique in that it injected a combiation of seawater and gas,
due to gas capacity issues. Gas injection recovers crude il generating a zone where in
situ oil and injected gas are miscible. The crude oil swellsi@ decreases viscosity ultimately
lowering the tension between in situ and injected uids (Ighl & Satter, 2010). In W-
2, water is injected alternately with gas, which can improvehe mobility ratio between
displacing phase and the oil (Johnston, 2013). W-3 had comgitons from borehole damage
and di culty injecting water, thus strong 4D responses are ot expected. W-4 began as a
producer but was unsuccessful as it only produced water, ttedore, the well was converted
to an injector as shown by the two di erent bubbles on Figure 8. Cumulative production

is by far the highest in the central producers, the largest 4Desponse from extraction should
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be expected near the platform.
6.2.1.1 Producing Wells

By analyzing each producer and injector using exact boreloimeasurements varying
with time, we can calibrate our 4D seismic interpretationsFrom the feasibility study done
in Chapter 2 on the aeolian sands, assuming the NRMS of the olearden in Figure 2.10,
pressure changes of 60 bar may be detectable as well as 2% gharin S-impedance and
P-impedance (approximately 400 ft/s*g/cc P-impedance an@00 ft/s*g/cc S-impedance).
The NRMS of the reservoir is much lower than that of the overbwlen. The method of
modeling NRMS is typically conservative, so it may be likely Htat smaller pressure and
impedance changes can be seen in the data (Johnston, 2013). tacontrary, 4D e ects in
the alluvial section are smaller in magnitude mainly due tofte lower porosity. Each well pro-
vides a control point to regulate the time-lapse interpret@on and discern the pressures and
impedance changes the seismic can resolve. The producticgllwesponses are summarized
in Figure 6.19

Beginning with well Q, pressure increased from baseline toomitor (127 bars versus 170
bars), with an overall 43 bar increase. Prior to the baselingurvey, this well extracted 6% of
the elds cumulative oil. By the time of the monitor survey, 2% of the cumulative oil had
been extracted. Additionally, within the year before monito acquisition, this well produced
60% of the elds cumulative water production. This is most kely due to the horizontal
leg of the well dipping into the waterleg in the perforated zwes. Overall, the reservoir had
undergone gas exsolution at the baseline but the gas mos#lik went back into solution, was
produced, or migrated away. Both reduced gas saturation argbre pressure increase cause
a hardening response in seismic or increase in S- and P-imaeck.

At well J, pressure at baseline and monitor remained under bbke point (131 bars to
151 bars), an overall 20 bar increase. Prior to the baselinergey, this well extracted 5% of
the elds cumulative oil, and by the time of the monitor had exracted 24%, with 0% water

production. This response should be very similar to the haething at Well Q. Well R, the
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Figure 6.18 Cumulative oil and water production, and water ijection per well at the baseline.
Note at the baseline time, only injector W-2 was active along #i producers, R, Q, and J.
Sizing corresponds to relative amount. Well Q contains theame oil production as well H
but much larger water production, accounting for the largebubble size.

nal producer that was active at the baseline, targets the tickest oil bearing zone. The
pressure increases 9 bars, from 159 to 168 bars, from bagetm monitor, and continuously
remains above bubble point. Well R produced 9% of the elds coulative oil at baseline,
and 32% at the monitor, along with 12% of the cumulative prodted water. This well is the
largest producer in the eld, here the e ect from reduced gasaturation should be minimal,
the chief 4D e ect should be hardening from the pressure inease. This hardening should
be smaller in magnitude than Well Q and J.

All other producers began activity after the baseline was shaso the baseline pressure is
the reservoir pressure of 195 bars. These wells all have deat pressures than the central
producers suggesting there could be separate pressure cartipents due to lithology. Well

S targets sandy alluvial sediment, undergoes a pressure plraf 95 bars, signi cantly below
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bubble point to 100 bars. This well has produced 6% of the cunative oil in the eld
and no water. The expected seismic response should be saftgrfrom gas exsolution in
P-impedance and potential hardening from pressure in S-iragance.

Well P also targets the sandy alluvial section and undergoespressure drop of 60 bar
to below bubble point, produces 11% of the cumulative prodad water, and 5% of the
cumulative produced oil. This pressure drop should cause ardening in P- and S-impedance,
smaller in magnitude than 4D e ects in the aeolian due to theigni cantly lower porosity
of the alluvial section. However, there should be a signi carsoftening particularly in P-
impedance from gas exsolution.

Well N undergoes a pressure drop of 53 bars from productionaching below bubble
point, and produces 2% of the cumulative produced oil with nevater production. This
should also show a softening response in P-impedance frons gxsolution particularly as
the well is located in the updip region of the trap, leaving nadoom for migration. The
pressure induced hardening is most likely not re ected in #hshear data as the resolution is
lower and the sediment is less porous.

Producers L and M in the North have each extracted 1% of the curative produced oil
of the eld. Well L perforations target uvial reworked aeolian sediment, uvial sediment,
and sandy matrix conglomerate. Well M targets silty alluvid sediment, the thin marine
sands, and the sandy matrix conglomerate. Well L undergoes98 bar pressure drop and
Well M undergoes a 63 bar pressure drop. Both producers dropet reservoir pressure to
below bubble point. This should appear as a softening in theD4response driven by gas
exsolution mixed with a hardening from pressure.

Finally, Well T targets the 5 meter thick marine sand, and conibutes minimal cumula-
tive eld production as it is a recently drilled well. There is a production induced pressure
drop of 48 bars to pressures below bubble point. Although thigsponse is large, it is not

seismically resolvable due the thickness of the sands.
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Figure 6.19 Table of statistics for producers at baseline andamitor. Red Pressure notes
that at monitor the pressure is below bubble point.

6.2.1.2 Injectors

Water injection began before the baseline at well W-2. The amaot of injection at
W-2 increased from 2% to 45% of the cumulative injected wateroim baseline to monitor.
Statistics on the gas injection were not made available. Th@essure change in the injectors is
more di cult to quantify as pressure change is practically nstantaneous with each injection.
During the 3 month monitor survey acquisition, the pressurat the injectors varied widely.

It is dicult to pinpoint when exactly this pressure change was captured by the seismic,
thus a range of potential pressure changes will be given faoh injector. The range for W-2
is from -42 bars to 9 bars. There is water and gas injection amdpressure change. Proximal
to the well the gas injection will cause a softening. In P-imgrdance, this saturation driven
softening will dominate the response. The S-impedance atettwell can either be a minor
hardening or softening from pressure. Updip of the injectog hardening response should be
expected in the P-impedance from the water front.

Well W-1 began injection after the baseline was shot and by thmonitor time had injected
51% of the cumulative injected water. This results in a prease increase ranging from 19
to 57 bars. W-1 injects water into the waterleg (with a 4 meter ib column that is not
detectable), and should have a minimal saturation e ect otbr than the updip waterfront as
the water drive replaces the oil. The proximal e ects shouldbe pore pressure increase seen

in both P-impedance and S-impedance, a softening e ect fropressure that is stronger than
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that of W-2.

Injector W-3 only contributed 3% of the cumulative injected vater but experienced a
change in pressure ranging from 0 to 86 bars. This may appea a softening e ect in the
impedance.

Well W-4 is more complex. This well was previously a producetubwas converted to an
injector. As a producer, only water had been produced accoumy for 12% of the cumulative
water production of the eld. As an injector, W-4 has only contibuted 1% of the cumulative
injected water but has caused a large pressure increase riaggfrom 90 to 118 bars. This
pressure response should dominate the proximal region anouW-4 and cause a softening,
with a decreased e ect due to the hardening caused by the minwater injection and the

lower porosity alluvial sediment.

6.2.2 4D Seismic Derived Interpretation

Figure 6.20 Mean amplitude extraction at the reservoir winde of the (a) PP seismic data
full stack di erence (10ms above top reservoir 40ms belowhd (b) PS seismic data full stack
di erence (10ms above top reservoir 60ms below).

With this background we are able to interpret the seismic di eence amplitudes (Fig-
ure 6.20) and impedance estimates qualitatively, as done tine previous chapter, and char-

acterize seven scenarios shown in Table 6.1. The 4D amplieuthterpretation is based on
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di erences in full-stack data because of the higher sign&-noise values compared to par-
tial stacks. However, even when the 4D response is dominateg ¢aturation changes, thus
primarily impacted by changes in P-impedance, full stack da does not represent the true
zero-o set seismic response (Johnston, 2013). Thereforegtdata can be inverted for more
robust estimates of P-impedance change, reduction of sioleés that exists in quadrature-
phase dierence data, and quantitative estimates of impeda&e changes that can be cali-
brated to rock physics models (Johnston, 2013). Additionallyconventional understanding
expects to obtain S-impedance that can assist in interpreiiy pressure changes and provide
better Vp/Vs values to constrain reservoir presence (Johnsto2013). However, the previous
chapter shows that if only prestack PP data is inverted, the -8mpedance and Vp/Vs simply
re ect a relationship to P-impedance in the logarithmic domin. In order to obtain a more
reliable S-impedance, either large angles are necessary8rdata is necessary.

Table 6.1 4D Scenarios

Scenario Cause E ect
1 Water Injection from W-1 and W-2 Water Replacing Oil
2 Production Reduced Gas Saturation
3-1 W-1 Injection Water Saturation + Pore Pressure Increase
3-2 W-2 Injection Water + Gas + Pore Pressure Decrease
4 Gas Exsolution Gas saturation + Pore Pressure Decrease
5 Local Gas Exsolution Gas saturation + Pore Pressure Decrease
6 Production Compaction

The resulting P-impedance from PP prestack inversion and i8ypedance from PP-PS
prestack inversion more clearly depict 4D changes in the sggoir than the PP and PS am-
plitude di erence. In time-lapse studies, an improved S-ipedance used in conjunction with
P-impedance can allow separation between saturation e ectand pressure e ects. The 4D
scenarios are given in Table 6.1. When one variable changes,imscenarios 1,2, and 6, 4D
interpretation is more straightforward. In general, howesr, saturation and pressure both
change which often have opposite e ects. In an injector, wat replacing oil should cause a

hardening while a pore pressure increase causes a softenifigese responses destructively
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interfere and result in a diminished 4D anomaly. Converselyn W-2, gas injection causes
softening that adds constructively with the pressure softeng. This can lead to misinterpre-
tation of time-lapse data.

Table 6.2 4D Scenario Seismic Response

Scenario PP Response | PS Response
1 Hardening None
2 Hardening None
3-1 Small Softening| Large Softening
3-2 Large Softening| Small Softening

4 Softening None
5 Softening None
6 None Hardening

Given the development scenarios of Table 6.1, the respeetiseismic and model estimate
responses are shown in Table 6.2. For saturation only chasg®o changes are seen in the
PS seismic. A saturation change combined with a large pressichange is detectable in both
PP and PS data. Correspondingly, if only pressure changestesponse should be seen in the
PP data and the PS data, yet this is not what is seen in scenar The anomaly in the PS
data is long wavelength in depth, it begins above the chalk drextends below the basement.
At this location the time shifts are approximately 6 ms, and Wwen these shifts are corrected
for, the 4D amplitude decreases signi cantly but the anomaglis still present as shown in
Figure 5.28. The seismic signature is a peak-trough startingt the chalk and repeating
cyclically with depth. This peak trough indicates a hardemg. As discussed previously, the
hypothesis is that the chalk may be compacting from the presee drop, however, this should
be seen in the PP data as well if this was the case.

In the impedance estimates, the PP pre-stack inversion praded 4D P-impedance that
showed scenarios 1-5. The PP-PS pre-stack inversion proddice 4D S-impedance that
showed scenarios 3-1, 3-2, and 6. Scenario 1 is water repigdiil in the water front. Scenario
2 is a hardening caused by reduced gas saturation and prodoct The e ect around wells Q

and J is much stronger, as expected from the log values debed above, as these wells cause
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the reduced gas saturation from the pressure drop below bublpoint and subsequent rise.
Well R still shows a response, mostly due to pressure drop ringoroduction, and potentially
minor reduced gas saturation, as this system may be in commaation with the two southern
producers. Production data suggests that well R is also prading the injected seawater,
potentially this water contribution is replacing the oil and adding to the hardening e ect.
This production associated 4D e ect is localized in the cerdl producers as the central wells
have the most cumulative production in Edvard Grieg, have kB producing for the longest
extent of time, and penetrate the thickest aeolian reservoi

Eastern wells target conglomerate reservoir that is lowerposity resulting in lower 4D ef-
fect from pressure change but all wells in the East contain @ssures below bubble point, caus-
ing gas exsolution. Northern wells target the marine sands wdh are max thickness of 5 me-
ters, below the seismic detection limit, thus would not be s& in the 4D response(Johnston,
2013).

Scenario 3-1 is the water injection from well W-1. This well lgan injection after W-
2, but over the 2 years between baseline and monitor injectedore cumulative water and
caused a larger pressure response seen in the S-impedaricmate from joint inversion and
the PS data.

Scenario 3-2 is water injection from well W-2. This well begawater injection 2 months
before baseline acquisition and uctuated between water dngas injection, therefore pro-
ducing the largest response in P-impedance from residualsgsaturation. There is a minor
softening in S-impedance indicating a very minor pressuredrease. In Figure 5.18, we saw
that W-2 showed much smaller time shifts than W-1 but still pogive, con rming a slowdown
in velocity from pressure increase with injection.

Scenario 4 is gas exsolution in the updip region of the halfagren. All producing wells
in this Eastern region are at pressures below bubble pointphyet pressure supported by
W-4. As no gas cap was hit initially in the wells, this response imost likely the generation

of a gas cap or lighter oil unit.
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Scenario 5 is another case of gas exsolution in a local highhid gas accumulation follows
the same depth contour as scenario 5. The accumulation is rhékely from gas coming out
of solution from pressure drop at well T then migrating throgh fractures to the local high.

Scenario 6 is more di cult to understand as it does not correlte to the sand body or any
particular wells. It does however correspond to the low clagontent Shetland chalk zone,
identi ed in Figure 6.4 as high risk seal. This long wavelengt peak trough reponse can
be tied to a hardening geomechanical e ect, potentially a oapaction in the chalk seal or
unconsolidated sediment. High uncertainty lies in this intgretation as the inverted estimate
also appears as an oscillating peak trough-pair and is nomgent in the P-impedance which
should also respond to pressure change. However, this may beta determining correlation
since well W-1 is water injected into the water leg with only a gessure response and in the
PP data, the only response is due to a time shift. In this datat the PS seismic is better
able to capture pressure change. Therefore, this compadinesponse can be a result of the
signi cant pressure drop at well L and M in the marine sands,lte uvial aeolian rework, the
silty alluvial sediment, or the low clay content zone of theesal. The magnitude of the 4D
response is ampli ed from time shifts. Uncertainty in this senario comes from the proximity
to the platform signal loss zone and the beginning of a tuningect in the PS data from the

wedging of the half graben.
6.2.2.1 4D Geologic Tie

With an understanding of the cause and e ect of the 4D anomabein the impedance
domain, the responses can be tied to our geologic interpritan. Figure 6.21 and Figure 6.24
show the change in P-impedance and S-impedance from the irsien results overlain with
the sand body contour. One of the primary goals in 4D seismictérpretation is to improve
reservoir characterization, identify compartmentalizabn, and map permeability pathways
(Johnston, 2013). This is directly linked to the rock propeiies and heterogeneities of the

reservoir.
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Four primary forces have been proven to control the distridion and movement of uids
in pore space, these being gravity, capillary, viscous andeirtial forces (Johnston, 2013).
Gravity is a function of density contrast and typically domnates in shallow, thick, highly
permeable, and steeply dipping reservoirs as was expectedhie western portion of the eld
with thick sands and injection (Johnston, 2013). Capillarydrce is a function of wettability
and allows a wetting uid to enter a small pore space and pushilcand gas into a larger
pores. Viscous force is a function of pressure, it pushes sidrom high pressure areas to
low pressure areas like the producing wells. Inertial forae a function of pore geometry
and tortuosity, demonstrating how in rock pore space, uidsontain complicated ow paths
depending on grain sorting and permeability (Johnston, 20L3With these factors in mind,

the uid ow of the Edvard Grieg injection and production can be analyzed.

Figure 6.21 Mean amplitude extraction of the PS di erence flilstack. Window was taken
10ms above the top reservoir and 40ms below the top reservhorizon. Circled numbers
represent di erent 4D scenarios. Sand contour and perforian for production wells overlain.

Correlations from the 4D and permeability can chiey be maddrom the changes in
P-impedance as P-waves re ect uids changes. Focusing on Hig 6.21, we can identify

multiple time lapse responses and geometries that tie witthé geomorphology of the sands.
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Firstly, the largest response lies in the water front, scenar 1. The uid response exists
as two major oblate compartments with kilometer scale eloage features extending updip
to the East (Figure 6.21). Compartmentalization of the waterfront suggests that there is
a barrier or bae to ow in this thick body of aeolian to uvial sands. This barrier was
identi ed in the previous section from the relative high imgdance parallel feature visible in
the RMS amplitude map. This feature is shown in cross sectionew in Figure 6.22. There
is a topographic high at the barrier, not associated with anyull up caused by shallow
cemented sands. This high correlates to the basement notch the bottom of the half
graben. Southwest of the high, the architecture of the shallv sediment in the half graben
is relatively at, but towards the northeast the beds are mub steeper and atten towards
the major normal fault. This indicates that multiple normal faults were synchronously
active. Potentially, this feature is a small horst betweenwo grabens caused by a system
of northwest-southeast trending faults. The overall arckecture suggests that prior to the
deposition of the aeolian sands, fault activation formed @ horst structure, while the major

Edvard Grieg fault was still active.

Figure 6.22 Crossline through P-impedance estimate highiing ow ba e. Dashed line
represents shift in sediment slope from variable throw fauéctivity.
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This area was most likely a high at the time of deposition whitcaused the aeolian and
uvial sediment to bypass. Therefore, the high is most likgl made up of the less porous
alluvial material sediment or uvial sands that lay beneaththe aeolian package. From
Figure 6.23, it is clear that this high consists of higher imgkance lower porosity sediment
compared to the surrounding units. The 4D response does nantinue through this feature
because the high is low permeability alluvial sediment. Theectonics of the eld impeded
the deposition of sands, therefore, alluvial sediment oflopermeability remains within the
oil column adjacent to the large package of sands towards tiNorth and South. This ow

ba e extends parallel to the fault northwest-southeast as @scribed in the previous section.

Figure 6.23 Zoomed crossline through P-impedance estimatgliighting ow ba e. With
(a) baseline full stack PP seismic, (b) full stack PP di erense phase rotated to quadrature,
(c) baseline P-impedance estimate, (d) P-impedance di emee from inversion.

The water front also highlights permeability pathways withn the sands. The elongate
features extending East from the major compartments of wateooding correlate to the high

permeability sand lineations as seen in the RMS amplitude pa This response extends to
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the central cluster of producers, particularly well Q and RWell Q has produced the highest
amount of water in the eld, 60% of the total water production aad well R has produced
12% of the total water production. It is known that well R has lkeen producing the injected
seawater for months before the monitor was acquired. Thiswd be due to the waterfront
bypassing low permeability zones and barriers to move updip this clean sand body.

The internal architecture of the large sand package is comged of elongate sand ngers
with high connectivity possibly correlated to varying climate aeolian units that control the
uvial aeolian interplay as described previously. The watefront elongate extension in the
South contains curvature leading the water drive farther sgh rather than going directly
East. This could due to a ba e to ow such as an interdune rst order aeolian barrier or clay
rich uvial section. The water front also experiences moreow constraints in the southern
sand nger penetrated by well J because this sand is much thier and the oil column also
contains signi cant silty alluvial sediment that may be acing as a ba e for the water front.
The di erential water- ow in this waterfront is most likely leaving bypassed and undrained
reservoir downdip of the central producers.

The production e ect in Figure 6.21, scenario 2, also showsreelation with the high
porosity elongate aeolian sand packages and the angulardkipackage targeted by well R.
The largest 4D e ects occur around wells Q and J. These wellsuseed higher amounts of gas
exsolution that was either produced or migrated away from tharea as hypothesized, leaving
reduced gas saturation oil. Well R was under production durg baseline and monitor but
remained above bubble point for most of the production histy, causing a smaller hardening
response.

Gas accumulation is involved in scenarios 4 and 5. Scenaricdrrelates to the updip
region of the chalk where the gas exsolution from surroundjrproducers migrates, shown
nicely in Figure 5.20. The saturation e ect is minimal aroundW-4 as it only contributes 1%
of the cumulative injected water, there is more of a responé®m the large pressure increase

which is a softening. Additionally the e ect of gas exsolutin overpowers any minor hardening
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response from water injection. Looking at the change in sheiampedance (Figure 6.24), this
gas exsolution area appears as more of a positive responskickv could be indicating the
drop in pressure at the wells. However, this response is vergisy thus di cult to derive
rm correlations, the case of gas exsolution may not be resable in the PS data. Scenario
5 is is gas accumulation at a local high that shares the sameptle contour, clear in the
seal structure map in Figure 6.2. This high actually correlageto the sand map from the
impedance estimates as two sand extensions. The gas from tierth-eastern producers,
most likely well T, is able to migrate to this local high and case accumulation in two sand
avulsion features. The approximate depth of the gas cap lies 1855 meters according to

the depth converted time-lapse volume.

Figure 6.24 Mean amplitude extraction of S-impedance di eree, monitor minus baseline,
in the 80m window below top reservoir horizon. S-impedanceoin PP-PS prestack inver-
sion. Circled numbers represent di erent 4D scenarios. Sarcontour and perforation for
production wells overlain.

Scenario 3-1, well W-1 should cause minimal change in P-imaede, pressure should be
the main e ect. This pressure increase can be best seen in thleear impedance estimate

derived from the PP-PS inversion in Figure 6.24. The correspding response in P-impedance
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is a result of a time shift. Injector W-2 began water injectiorbefore the baseline survey was
shot. This well underwent alternating water and gas injectin causing a larger softening
response in the W-2 well in P-impedance from residual gas sedtion remaining in sand
packages proximal to the injector. However, the pressure ekis minimal as the monitor
bottom hole pressure increased only marginally. This is wipe event at injector W-2 has
a smaller S-impedance response, the pressure change is lem#tan W-1. W-3 caused a
smaller pressure increase and is not measurable from S-imgeck even in the sand body.
Injector W-4 caused a larger pressure change but is locatedtire alluvial section with lower
porosity, greatly decreasing the 4D response.

Finally scenario 6 does not correlate to the aeolian sand page, but rather to the uvial
and silty matrix alluvial sediment and the low clay content nne of the chalk seal south of
the platform. The response is a peak-trough pair indicatingg geomechanical hardening
e ect. The hardening can be a result of the large pressure g¢raat injectors L and M
causing compaction at the reservoir or chalk. The Eko sk chiareservoir in the Eko sk eld
shows signi cant compaction causing subsidence at the sear (Keszthelyi et al., 2016).
The reservoir may undergo signi cant compaction particuldy with loose unconsolidated
sands of high gas content (Geertsmat al., 1973). Clay and sand layers actually compact
almost to the same extent, the main variation is that low perreability of clays prevents
instantaneous compaction and leads to an e ect attributald to creep, subsidence e ects in
the surface are delayed (van der Vlist al., 1967). The interbedded uvial and clay rich silty
matrix conglomerate undergoing large pressure drop and &eiof the water level may cause
compaction. Nonetheless, this hypothesis contains uncerity due to the cyclical nature
of the anomaly in the S-impedance, the anomolously high anitplde, and the data quality
issues of the PS data due to tuning thickness in the half grabe

From this time-lapse analysis we have evaluated each welt&dion as control points in
interpretation, identi ed major zones of 4D response, andatrelated the responses to the

geology of the eld. Potential ba es and barriers to ow are identi ed within the sand
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body that cause the compartmentalization of the water front High permeability zones in
the aeolian sand ngers have been distinguished linking theater front to the producers.
Possible water corridors are noted in the central producer§&as caps have been classi ed as
a result of pressure drop in the Eastern wells. Overall we havdenti ed the ood pattern,

possible compartmentalization, permeability pathways, rad potential bypassed reserves.
6.2.3 Saturation Change vs Pressure Change

As previously discussed, time-lapse data allows the abilitp monitor uid ow changes
during eld development. For favorable reservoir conditins, dynamic reservoir properties
such as pressure and uid saturation can be observed in the 4mDpedance. These properties
overlap in their impedance response. Often the resulting pedance change is a combination
of pressure and saturation change, either destructively aonstructively interfering. The
resulting 4D response is entirely nonunique, multiple scanos of pressure and saturation can
produce the same amplitude di erence. Crossplotting S-ingalance change and P-impedance
change has been shown to aid in the separation between pressa ects and saturation
e ects (Tura & Lumley, 1998). Understanding and distinguising these dynamic estimates
can illuminate the magnitude of impedance associated withegmechanical changes versus
uid response, thereby providing a better look at what comimation of e ects are caused by
production and injection in the reservoir.

The e ects of saturation and pressure can be separated in tlseossplot domain as shown
in Figure 6.25. This schematic is a simpli cation of the stepgoing into the crossplot. In re-
ality, changes in pressure and saturation are either repesged by approximations of change
in re ectivity, impedance, or calculated using multiple rak properties (Landr et al., 2003).
Nonetheless, the basic concept of the crossplot is that pasrthat lie on the X-axis are dom-
inated by saturation change ( Pressure=0). The larger the angle, , the more in uence of
pressure change. Points on the Y-axis are pressure only e gtSaturation=0). Typically,
re ectivity or impedance estimates are crossplotted, therthe crossplot is calibrated with

well data and seismic data. Known scenarios of saturation lgnand pressure only e ects
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Figure 6.25 Schematic of ideal pressure change and saturatihange plot. Theta represent-
ing the angle between the saturation only change and the ptet trend of points.

are plotted, their best-t axis is then used as the X and Y axesespectively. This axes
transformation allows for the produced crossplot to be nedo the ideal pressure change and

saturation change plot shown in the schematic in Figure 6.25.

Figure 6.26 Mean amplitude extraction at the reservoir winde of the (a) P-impedance and
(b) S-impedance estimates from inversion. Overlain with pyggons noting scenarios 1-5.

In order to utilize this crossplot method to analyze the sepability of pressure and uid
changes, the interpreted scenarios were investigated. TAB® response for scenarios 1-5 in
Table 6.1 were de ned in map space from the P-impedance changith the polygons shown

in Figure 6.26. These polygons were used for the S-impedansgneate as well. Scenario 6
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was left out due to uncertainty, but the event still interferes with the polygon from production
derived from the PS inputs. Using these polygons, RMS extraohs between the chalk and
basement were taken in the P- and S-impedance volumes dediyeom PP prestack inversion,
and the P-impedance from PP pre-stack inversion combinedtithe S-impedance from the
PP-PS inversion. The RMS amplitudes were then designated pssitive or negative based
on the sign of the mean amplitude response.

A common industry practice is to analyze PP derived di erene estimates to interpret
changes as either pressure e ect or uid e ect (Landr et al., 2003; Tura & Lumey, 1999).
Incorporating PS data will improve the interpretations given agreeable reservoir properties,
as discussed in Chapter 2 (Landret al., 2003). First, we will go over the more conventional

process of PP prestack inversion.

Figure 6.27 Crossplot of change in S-impedance vs change iimipedance derived from PP
prestack inversion using RMS extractions from the top reseauir to the basement. Scenarios
1-4 are plotted.
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PP prestack inversion outputs a volume for P-impedance andi®pedance. However, as
discussed in Chapter 4 and 5, the S-impedance derived fromimited o set PP pre-stack
dataset will not be independent of P-impedance. Looking ahe crossplot in Figure 6.27,
this is clear. There are a lack of points around zero due to theise level in the PP data,
changes below 100 to 150 ft/s*g/cc di erence are not recowale as they lie within the noise
window. Nevertheless, the scenarios map from these estingti not provide information
for distinguishing development e ects. S-impedance datalfows the trend of P-impedance
completely. There is no , or separation in pressure and saturation. S-impedance ded
from this PP inversion does not add any value in highlightingoressure changes as it is
calculated from the simple linear relationship with P-impdance that assumes brine lled
clastic sediment with small re ectivity. Changes in pressie cause deviations from this
background trend relationship, but independent delta term cannot be captured using PP
prestack data with a max angle of 34

With PP-PS inversion, even with the limited angle range, sheampedance estimates are
improved, particularly where the background trend fails sth as in pressure and saturation
change. This improved S-impedance used in conjunction withe P-impedance from PP
prestack inversion is cross-plotted in Figure 6.28. The laad points around zero show the
noise level of the data includes impedance of changes up td@8s)*(g/cc). The uid
e ects from the water front and gas exsolution lie closest tthe Zp axis. Water replacing
oil (blue) produces a positive linear response leaning todhP-impedance axis, while gas
exsolution (red) is a negative response leaning to the P-imgance axis indicating minimal
pressure inuence. Gas exsolution is marked by more scatéel from noise in the Zs
estimate within the large de ned the polygon.

The production e ect, which is a small drop in pressure and daiced gas saturation at the
central producers, causes a hardening in both impedanceg the main trend is in uenced by
P-impedance due to the saturation change. The S-impedanaein uenced by the scenario 6

anomaly. The production area that overlaps with scenario thews a trend parallel to the PS
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Figure 6.28 Crossplot of change in S-impedance (Y-axis) fronPHPS prestack inversion vs
change in P-impedance (X-axis) derived from PP prestack inkgon using RMS extractions
from the top reservoir to the basement. Scenarios 1-4 are feal. Axes of transformation

overlain.

re ectivity. This is expected as the anomaly does not exishithe PP data, high uncertaintly
exists in the interpretability of the anomaly.

Moving to the injectors, there is the case of an injector witthigh saturation e ect from
gas injection and low pressure change, W-2, and the case of ajector with no saturation
change but with large pressure change, W-1. This di erence mée seen in the crossplot
(Figure 6.28). Points from injector W-2 deviate marginally fom the gas exsolution case,
indicating mainly saturation in uence and minor pressure n uence. Points from injector
W-1 shows a much larger indicating a larger contribution of pressure change and mimal
saturation change.

It is important to note that the scenarios of mainly saturaton change such as water
replacing oil, are slighty deviated away from the x-axis, naming there is a very small but

present S-impedance response. This is due to the PP-PS datakage. As described in the
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previous chapter, where the S-impedance deviates from thadkground trend (ie. pressure
and uid e ects) there will be an averaging e ect between S- ad P-impedance causing
P-impedance leakage into S-impedance and vice versa. Eventhe S-impedance from PP-
PS inversion versus PP inversion shows notable improvemsnh separating pressure and

saturation changes.
6.2.3.1 Saturation and Pressure Map

Thus far we have analyzed multiple scenarios supported withell log data in map and
crossplot domain. By using these known scenarios for presswnly changes, injector W-
1, and for saturation only changes, water replacing oil or gaexsolution, the pressure and
saturation axes can be determined. These axes form the bdsisa coordinate transform into
the pressure-saturation domain (Lumleyet al., 2003). In general, attributes that are closer
to the raw seismic data such as the amplitude di erence in theears and fars are more robust
for this tranform, but produce more qualitative pressure vsaturation results (Lumleyet al.,
2003). The benet of more processed inversion attributesush as the prestack inversion
derived impedance estimates, is a more quantitative pregsws saturation result, but again
this method is less robust in the presence of seismic noiseittley et al., 2003).

For determining the pressure and saturation axes in the crgglot, three calibration sce-
narios are available. The saturation only axis can be idergd by a best t linear line from
the origin through the water replacing oil scenario and theag exsolution scenario. For the
pressure only axis the sole reliable control point is injeat W-1. These axes of transforma-
tion are overlain in Figure 6.28, approximately 30and 60 . Using these best t lines, PhD
student Payson Todd applied a linear coordinate transformsaing the methodology estab-
lished in Lumleyet al. (2003). This rotation allows the changes in S- and P-impedae from
inverted estimates to be converted to changes in pressuredasaturation.

First, this transformation was applied using the 4D PP pre-stck inversion estimates. The
result is shown in Figure 6.29. With this result, no separatiomn pressure and saturation

can be made. Practically no pressure change is detected,ree¢ injector W-1, which should
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Figure 6.29 Pressure and saturation change RMS maps transfad from PP prestack in-
version estimates of change in P- and S-impedance. Using thees of transformation from
the PP-PS joint inversion analysis plot. RMS window is fromltalk to basement. High noise
level outside of graben is due to a narrow extraction window éhose locations.

show large change in the clean aeolian section. In this cafiee transformation axes were

de ned by the joint PP-PS inversion results.

Figure 6.30 Pressure and saturation change RMS maps transfad from PP prestack inver-
sion estimates of change in P- and S-impedance. Using the agésransformation from the
PP prestack inversion analysis plots. RMS window is from chato basement. High noise
level outside of graben is due to a narrow extraction windowt ghose locations.
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In an attempt to extract more information from the PP prestak inversion estimates,
arbitrary transformation axes were chosen using the errooes PP prestack inversion results
from Figure 6.27. These much narrower axes were used for triorsnation and produced
the map in Figure 6.30. The pressure change map seems to be dated by noise and
incorrectly identi es the injector W-2 as causing the largdspressure response. Based on
this analysis it is clear that the PP prestack inversion resdtufor S-impedance provides no
bene t in separating pressure from saturation change.

Using the accurate transformation axes and the S-impedana®rh joint inversion, the
pressure and saturation maps show large improvement (Figu6e31). The inclusion of PS
data does add a level of noise to the maps, but it also allows f@liable separation between
pressure e ect and saturation e ect. The noise outside thedif graben is particularly strong
due the thinning of the extraction window (chalk to basementvindow is practically zero
outside half graben). There is also a large noise level in teeuth-west of the pressure map.
This noise is common in inversion results as this product is meotampered with than the
original data (Lumley et al., 2003).

With the maps from joint inversion, injector W-2 is correctly dentied as chiey a
saturation e ect and W-1 as chiey a pressure e ect as well dat suggests. The strongest
pressure e ect is South of the platform but continues North ath into the central producers,
particularly well R that targets the thickest oil bearing a®lian sand. The pressure change
in the Eastern producers is not seen in the data most likely @uto the signi cantly lower
porosity of the conglomerate lithology relative to the samslin the East. Lower reservoir
guality in this case causes the 4D amplitude response fromegsure change to drop to below
the noise level of the data.

In the saturation map, the water front from W-1 shows the largst e ect. This could be
from the interference of gas and water in the front from injgor W-2, but it is most likely
due to a higher porosity in the sands updip of W-1. Minor amoustof saturation change can

be seen at injector W-3. W-3 is within the water leg, however, wWp at well B, there is a 9
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Figure 6.31 Pressure and saturation change RMS maps transfad from PP prestack in-
version estimates of change in P-impedance estimate from 4P prestack inversion and
S-impedance from 4D joint PP-PS prestack inversion. Using ¢haxes of transformation
from the PP-PS joint inversion analysis plot. RMS window isrbm chalk to basement. High
noise level outside of graben is due to a narrow extraction madow at those locations.

meter oil column marked by an oil water contact (OWC) deeperitan the common OWC seen
in the other wells. This suggests that there is pressure coampmentalization in the South,
and the saturation response indicative of water replacingladirectly updip of W-3 supports
the hypothesis. Additionally, the saturation change proxiral to the two northern injectors is
clearly di erentiated. The saturation change at well W-2 shws a very strong response from
residual gas and while the injector at W-1 shows no saturatiochange. Towards the updip
south-east portion of the eld there is a combined e ect of dereasing pore pressure and gas
exsolution, however, the major response is only attributetb saturation change. This e ect
continues to the platform, potentially indicating the redwed gas saturation in the central
producers. The RMS extractions used to make these transfoech dynamic property maps
include uncertainty from the large size of the window and igimes the sign of the response,
but ampli es signal to noise.

The attribute of mean amplitude can be used in the same metholbgy to decrease the

window size and include sign. The mean amplitude extractisnfrom modeled scenarios 1-
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Figure 6.32 Crossplot of change in S-impedance from PP-PS gtsck inversion vs change in
P-impedance derived from PP prestack inversion using meamaplitude extraction window
10ms above reservoir horizon and 60ms below. Scenarios ed@otted.

4 are crossplotted in Figure 6.32. This attribute includes nah higher noise content than
the large window RMS extraction. This mean amplitude was tan in a 70ms window
using the top reservoir horizon as a reference; 10ms aboves thorizon and 60ms below
the horizon adequately captured the 4D response around theservoir for both P-and S-
impedance. Another major change when using mean amplitudehst the axes for saturation
and pressure are di erent. These axes (8&nd 15) are much closer to the X and Y axes
than the points from RMS extraction. Gas injection and waterreplacing oil lie very close
to the X axis, and points from injector W-1 are closer to the Y ais. The trend of injector
W-2 is approximately 45, indicating both pressure and saturation response, as logtd
suggests. Additionally, this mean impedance domain clearshows that gas injection, water
replacing oil, and production are not captured by shear-imgdlance. The shear impedance
for these saturation dominated e ects is scattered noise, hite the injectors that contain

pressure In uence are more coherent.
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Figure 6.33 Pressure and saturation change mean amplitude nsapransformed from PP
prestack inversion estimates of change in P-impedance estite from 4D PP prestack inver-
sion and S-impedance from 4D joint PP-PS prestack inversion

Transforming the mean amplitude axes to pressure and satti@n and moving back into
map space results in Figure 6.33. In the mean amplitude domaive are able to observe the
di erences in hardening and softening response for pressuand saturation, but also add a
level of noise. The most interesting feature in this domairsiseparation between well R and
wells Q and J. The southern wells Q and J undergo pressures lrelaubble point and produce
the reduced gas saturation e ect we have described as scena. Because well R hits the
thickest reservoir, the aquifer or pressure-support trale through permeable sediment and
is quicker and more e cient in maintaining pressures. Becae of this, pressure did not drop
to below bubble point and reduced gas saturation did not occwat well R. This notion is
captured in the mean amplitude saturation change map. Thesarious attributes can be

adjusted but show the bene ts that PS data can provide for tire-lapse interpretation.
6.2.4 Interpretation Summary

In order to gather a full picture of the e ects of production and injection, the pressure
vs. saturation maps have been used in conjunction with the iseiic di erence, inversion

estimate di erence, and time shift data. With this time-lapse analysis, we have tied our
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interpretations not only to the geology but also to dynamic @servoir information such as
production, injection, and pressure changes. Qualitativiaterpretation of saturation changes
has allowed identi cation of the water front spatial extentand di erential drive. Potential
ba es and barries to ow have been highlighted that tie with the geologic ndings in the area.
Permeability pathways are identi able in the results that dsprove the prior concept that the
reservoir is a thick homogeneous clean sand. This di ereatiwater front may potentially
leave bypassed oil downdip of the central producers. Pressghange interpretation has aided
in identifying potential comparmentalization of pressurend uid due to lower permeability
interdune, uvial, and alluvial sediment.

Often, saturation change and pressure change occur in thensa location. For these
cases, the identi ed 4D scenarios were mapped in impedanaessplots, transformed with
ties from known production and injection data, into pressw and saturation maps. This
lowered the uncertainties that arise from competing pressel and saturation change and
gave a clearer picture of the interplay between e ects. Thencorporation of the 4D joint
PP-PS inversion derived S-impedance has proved to be crudradi erentiating pressure and
saturation e ects. Without the PS data, the correlation between S-impedance and pressure

was nonexistent.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The work done in this thesis is meant to evaluate the bene tsfasing 4D multicomponent
data in characterizing reservoir heterogeneity in a compleeld and understanding reservoir

response to development. My results and ndings are summaed in this chapter.
7.1 Theoretical Value of Multicomponent Data in Edvard Grieg

Firstly, we established from the Aki and Richards (Aki & Richarg, 2002) approxima-
tions, given the datasets limited angle range, to 34PP data is unlikely to produce reliable
estimates for S-impedance and density. Incorporating PS tdawith the same limited angle,
may improve the S-impedance estimate but no improvement inedsity should be expected.
We found that S-impedance, P-impedance, and =V rock properties can distinguish reser-
voir facies of clean sands, alluvial sandy matrix depositand alluvial silty matrix deposits. A
rock physics template was created from log data to aid in intpretation of inversion results.
Therefore, the improved S-impedance from incorporating P&ata would provide useful in-
formation for characterizing reservoir heterogeneity. Miel-based inversion is expected to
produce better results than intercept-gradient inversiordue to the class 4 nature of the
sands, moving from a low/p =\ chalk to a sand with the sameé/p =\s. The feasibilty study
done for the 4D scenarios in the sands produced a consenatidea of the signal expected
to be visible in the seismic data. This modeling illustratedhe development scenarios at the
Edvard Grieg eld, known from log data, theoretically shoull be seen in the seismic.

Data quality of the PP and PS seismic datasets was analyzedittentify potential sources
of error that could be re ected in the inversion results. In bbth PP and PS datasets shallow
conical cemented injectites and the platform produced sighloss and pullup in the reservoir
unit. The PS data was also preferentially damaged by the deepand more consistent Grid

sand injectites, which showed much larger S-impedance cadt than P-impedance. The
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heterogenous overburden of polygonal faulting and injet#ts were further assessed through
azimuthal binning and QC steps. Not only is the chalk a major atiacle for the PS data
as in the PP data, but so are the Grid sands. This causes sigoant signal decay in the
reservoir for the PS data which ultimately contains a peak &quency of only 9 Hz in the
reservoir when registered to PP time. Finally, the data wereonditioned with trim statics by
azimuth and again within each gather, followed by equal folstacking for optimal re ectivity

sampling.
7.2 Synthetic Data Tests

Prior to the testing on the eld data, the inversion methods vere tested on synthetics
generated from well A to determine the optimal parameters fahe inversion and evaluate
the in uence of each parameter. The ndings from the synthet testing showed that incor-
porating AVA information improves the P-impedance estimat, while PS data marginally
improves the S-impedance estimate, but no improvements aseen in density. The reliance
of each inversion on the background trend derived from the Wdog data is tested. The
coupling relationship is utilized in Hampson Russell for shalization. Tests showed that for
limited o set range, the PP prestack inversion produces a Bapedance and density that
are derived from a linear relationship with P-impedance inogarithmic space. The delta
terms ( Ls and Lp) are not indicative of the true deviations. This produces aerroneous
S-impedance in areas that the background trend does not suec In the synthetic PP-PS
inversion, the PS/PP ratio was found to have minimal impact a the seismic mis t for the
PP data, suggesting that the PP data is heavily relied on evewhen the weight is set orders
of magnitude smaller than the PS data. The major bene t foundrom using the PS data
is an improvement in S-impedance that lies where the backgned trend from the log data
does not su ce such as uid changes, pressure changes, ordaly varying geology. In these
locations, the PP-PS inversion produces an averaging e eictthe P- and S-impedance where
the S-impedance becomes closer to the true value but the Pgedance deviates that same

amount from its true value.
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7.3 Field Data Application

Three inversion methods were applied on the eld data, PP pbstack inversion, PP
prestack inversion, and PP-PS prestack inversion. All metlis used the same low frequency
background model derived from 6 wells in the survey chosenrpeularly as the wells that
adequately sample the range of geology in the Edvard Grieglde This background model
was heavily iterated to avoid bullseyes around wells in th@version results, as this is often
the bottleneck of model-based inversion. Our ndings shovhat the kriging method in Petrel
produced the best interpolation result. Deterministic waglets with minor phase for PP and
PS data were chosen as they produced the least mis t in seisnand model estimates in the
inversion results at both the wells and spatially away fromtte wells.

The post-stack inversion results showed a good estimate fimpedance but smoothed
through many of the important geologic features, such as thep and base of the reservoir
along with the clean aeolian packages interbedded in the wlial sediment. Additionally,
large erroneous chalk variations were seen in the post-dtanversion estimates. This is be-
cause the PP AVA is decreasing, utilizing the full stack datset to represent normal incidence
will underestimate the reservoir amplitude. With the additon of AVA data, the P-impedance
estimate was able to capture sharper impedance changes a top and base reservoir, along
with identifying the lowest impedance zones in the clean dilearing reservoir.

Multiple registration techniques were tested but the optiml work ow consisted of us-
ing the KPSDM velocity model in conjunction with horizon mathing for re nement. With
the addition of the registered PS data in joint PP-PS prestdcinversion, the resulting S-
impedance showed signi cant improvement while P-impedaeanarginally decreased in ac-
curacy and density did not change as expected. This conclosiwas con rmed by analyzing
Itered inversion results with ltered logs to avoid bias from logs used in the background
model and to see the accuracy of the relative impedance chasgalculated from the inver-
sion. The seismic mist was used as a tool to monitor the areas error in the inversion

result, often correlated to multiples of the chalk and noiseOverall, the model estimate for
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P-impedance was most reliable from PP prestack inversion idthe model estimate for S-
impedance was most reliable from PP-PS prestack inversiodsing both estimates produces
a largely improved calculation forVp =Vs.

Following the baseline inversion, the monitor dataset wagass equalized to the baseline
using global scalars and trace by trace methods per angle atato optimize repeatability.
Time shifts from production and injection were calculatedand with synthetic modeling and
careful trace by trace analysis we narrowed the window of thiene shift to the base reservoir
re ector. Because of this localization, the shifts were lefn the data but used for interpre-
tation purposes. The long wavelength time shifts were coteted with geomechanical e ects
and short wavelength associated with uid response. The tienshifts highlight northern
uid pathways not seen in the amplitude data. Because time stis respond more sensitively
to geomechanical changes than saturation changes, they arged in conjunction with the
amplitude di erence to re ne interpretations.

Using the nal cross equalized 2018 vintage datasets, the Plrgstack and PP-PS prestack
inversion was performed. The result from 4D PP prestack invgon showed that the P-
impedance resembled a sharper quantitative version of th&®Ramplitude di erence. This re-
sponse correlated with areas of saturation change and mixpessure and saturation change.
However, the 4D S-impedance response approximated to a sdakersion of P-impedance.
This S-impedance adds no 4D value because it was derived frtima background relationship
with P-impedance that does not take saturation and pressurehange into account. With
the incorporation of PS data in PP-PS 4D inversion an improwkS-impedance estimate was
derived that shows mainly pressure changes but still conteds minor leakage of saturation

change from the PP dataset.
7.4 Baseline Inversion Analysis

Post-inversion work consisted of geologic analysis of theas and reservoir of Edvard
Grieg. Given the data quality of the PS at the reservoir, the @dition was not expected

to improve the model estimates for interpretation purposeshowever, theVp=Vs was sig-
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ni cantly improved using the PP-PS inversion derived S-impdance. The Shetland chalk
impedance variations were determined to be heavily in uerd by overburden heterogeneity,
but also in large scale related to the thickness of the chalkaup, clay content, and the
presence of the most robust seal in the eld, the Tor chalk.

The baseline inversion results allowed for facies identetion in the reservoir. The aeolian
sand reservoir quality is shown to increase towards the nbeast driven by the chronostrati-
graphic age of the sands with north-eastern sand being yowesg. Using the inversion results,
supported with lithologic information from well logs, | found that the aeolian system transi-
tioned from a wet system to a dry system, leaving the southesediment with higher uvial
and alluvial deposits. This spatial change is also due to theynrift deposition of the sands
and subsequent erosion from a major transgressive event. elhlluvial facies is found to
be highest quality in the south of the eld and when interbeddd with the aeolian ngeres,
supported by extractions from the inversion results. Finajl using the P-impedance and
S-impedance estimate, a lithology volume was made that septed good quality from poor

quality reservoir.
7.5 4D Inversion Analysis

The 4D inversion result showed excellent correlation withrpduction and injection data
from well logs. The results were separated into 7 scenariosveater replacing oil, reduced
gas saturation from production, gas exsolution, and proxiat injector e ects. Ties to the
geologic interpretation allowed identi cation of potental reservoir compartmentalization,
barriers and ba es, as well as the permeability pathway of ud ow. With this analysis, we
are better able to understand the dispersion of the injecteskawater front and its in uence
on the producers.

Quantitative seismic-derived maps of change in P-impedamand S-impedance were pro-
duced and transformed to pressure and saturation maps. Thesaps are valuable to the
asset team for separating the e ects of pressure and satui@t from development in the eld.

The maps illuminate the saturation driven change in injectoW-2 and the pressure driven
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change in injector W-1. Saturation changes are strongest ime& water front produced by
W-1, most likely due to more porous sands in the uid pathway. W3 shows minor saturation
change in the water front and supports to the concept that th@il water contact is variable
towards the south-west.

The central producers cause a mix of pressure and saturatichange, from pressure in-
crease and reduced gas saturation. This saturation changenot expected in well R which
remained above bubble point, this notion is shown in the geraed pressure vs saturation
change maps. The updip section of the chalk shows strong sattion change associated
with gas exsolution, little change from pressure drop at th&astern producers. With the
PP prestack inversion, the S-impedance follows the trend &impedance and provides no
added value for 4D interpretation as the estimate did not deate from the backgrund trend
established by logs. Deviations from the background trendhélude pressure and saturation
change, therefore the S-impedance from 4D PP prestack insgem provides no added value
for time-lapse interpretation. Theoretically S-impedane should respond to pressure change
only, while P-impedance responds to saturation and pressuchange. Using this theory for
reservoir monitoring will only reap bene ts if a good estimee of S-impedance is acquired,
which is why the incorporation of PS data proved crucial in mkang our time-lapse interpre-
tations. Using the S-impedance estimate from joint PP-PS wersion, we achieved improved

separation between pressure and saturation e ects on theservoir.

7.6 Recommendations

Based on observations made throughout this work, | have seskerecommendations for
future work and processes that could be done to re ne the retsiand make the analysis
more robust.

Our conclusion shows that the PS dataset contributed to impved S-impedance. This
PS dataset contained large uctuations in amplitude due tolie overburden complexity. Az-
imuthal dependency was studied in this project, but furthemwork should be done to attempt

to correct for this azimuthal variation. Additionally, the Grid sands in the PS data signi -
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cantly decreased the frequency content and amplitude signge of the reservoir. Re nement
of the S-wave velocity model using Q-migration techniquesjli-waveform inversion (FWI),
or analysis on potential S-wave splitting may prove usefuhiimproving PS data quality.
Ultimately, this improved data quality would improve the esimated S-impedance.

Nevertheless the PS did improve the model estimate in many a® Identifying where
the PP-PS inversion failed could provide insight on what irersion method may be more
appropriate for further work. All inversion methods containassumptions, the assumptions
for this model based inversion were small re ectivity and tht the lithology in the background
trend consisted of brine lled clastic sediment. Zoning inhe background trend in Hampson
Russell is not possible and may potentially have changed tireversion results. Additionally,
Hampson Russell actually inverts for the natural log of P-impdance and two delta terms
described in Chapter 2 but does not output the delta terms. Tése delta terms show model
estimate deviation from the background trend which can bedtr identify where exactly the PS
data is showing improvements and be used for anomaly detexti A previous RCP student,
developed a code to output these terms which may be useful img analysis (Tuppen, 2019).
This analysis may also provide insight to support manual clmges of the covariance terms,
the goal being to test if lower weight on P-impedance in the lokground model for PP
prestack inversion may provide more accurate S-impedancgimates.

A PS inversion alone may provide added registration re nenm¢ and prevent leakage from
the PP data to the S-impedance term. However, the PP data waser here due to the added
stability rather then relying on the 9Hz peak frequency fromte PS data which contains
depth uctuations caused by errors in the S-wave migrationelocity model.

Further work could be done to improve the 4D interpretation bthe eld. The time shifts
in this dataset were not applied due to the time shift calcukdon window size limitation.
Estimating time shift using a method that does not require @ss correlation may improve the
calculation and be su cient to correct for production and inection e ects. This application

will improve the accuracy of the estimated model parametersWith regards to the nal
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saturation vs pressure analysis, multiple components coube added to strengthen and
extend analysis. The seismic amplitude di erence can be stied to perform a qualitative
pressure vs saturation transform that may produce more rolstiresults. More attributes
with varying windows can be transformed to add support to theeld observations. This
work needs more re nement to hold weight in interpretation.

The seismic vintages available were shot in 2016 and 2018 sttwo-year time period can
detect pressure and saturation change but with increasingnte the 4D response will grow
and change. A third survey will be acquired in the summer of 20. With this survey, the
4D changes will be larger and provide more insight for assetamagement and development
decisions. Additionally, the interpretations can be armed or disproved with the added
information, particularly important for the more ambiguous 4D amplitudes such as the
geomechanical e ect observed in the PS data below the platfo. Further work on this

dataset can aid in decreasing risk and uncertainty in the 4Dnierpretations.
7.7 Final Thoughts

Overall, | have shown the value and limitations of the PS setdc dataset in Edvard
Grieg for characterizing reservoir heterogeneity and raseir response to production and in-
jection. Rock physics analysis conveyed the expectationghottlenecks of this particular PS
dataset, recognizing the direct in uence of seismic quajitin the ultimate result. Synthetic
data testing illustrated the dependencies inherent in the odel-based inversion algorithm.
Edvard Grieg is not a \stealth" reservoir according to its denition, however, the PS data
still provides added value in an improved shear-impedanceyen with limited angle range
and signi cant data quality loss from heterogeneous overloden. | have shown the major
improvement in S-impedance from joint PP-PS prestack inveion and the bene ts it grants
in Vp=\s for facies analysis and in reservoir monitoring. Finally, myvork is a key step to
achieve the goals for RCP's North Sea project, and paves they@ar signi cant future work

and analyses.
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