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Abstract

The Big Sky Carbon Sequestration Partnership i$S&Q storage project in the Duperow formation
from the Kevin Dome structure located in Montanlae Goal is to characterize the Duperow interval
as a potential long-term storage zone for inje@&d During the years 2013-2015, a North American
company, Vecta Oil & Gas operated a multi-compon@a@) seismic survey on behalf of the
Partnership over the Kevin Dome, usirgandS+wave sources.

After processing of 9C 3D seismic data, pre-stBk PS, SHand SV datasets were generated and
migrated in their corresponding time domains. Wal@ate from the real case study the benefits of
inverting jointly PP, PS, SHand SV pre-stack seismic data. We compute different regish laws
like PP-PS PP-SHandPP-SVusing a warping (time shift computation) procedbased on inverted
shear-wave impedances from sequential inversioh& parameter choice represents a significant
improvement over methods which rely on attemptiogntatch trace waveforms which may have
different phase, frequency content, and polarity.

The presence of Bakken formation just above theeDmys formation allow us to evaluate also the
benefits of inverting jointlyPP, PS, SHand SV pre-stack seismic data in recovering the elast& ro
properties, like the invertediensityparameter. As a matter of fact, the exploitatioumfonventional
hydrocarbons requires innovative skills to allowt&echaracterization of brittle reservoir zoneeTh
Young's modulus is a measure of their brittleness mequires an accurate determination of the rock
density which is well known only at the well loaats.

This real case study of multi-component (9C) peslststratigraphic inversion is an elegant way of
employing all modes of a multi-component acquisitto generate an optimal estimateRefand S-
wave impedances araknsityto determine lithology and fluid contents furthesed by quantitative
reservoir characterization.



I ntroduction

The Big Sky Carbon Sequestration Partnership (BS@SR US CQ storage project in which the
main target is a porous dolomite layer within thepBrow formation located on the Kevin Dome
structure pigskyco?2.orf a large anticline in Toole County, Montana. Thain goals of the project
were to safely sequester ¢idto the Middle Duperow and verify that the capramkerlaying the
Duperow formation is an impermeable geologic foioraable to contain over the long term 1 million
tons of CQ. Part of the project included the acquisition dG knf 9C-3D survey that employed
both P- and Swave sources. After pre-processing and limited ewrsgack imaging of the 9C-3D
seismic data (Murragt al, 2016), a full series of pre-staéle, PS, SHand SV datasets (Near, Mid,
Far angle stacks) were generated and migrateegindbrresponding time domain.

It has long been known from published sensitivitglgses thaPP mono-component inversion gives
accurateP-wave impedance results but often imprec&aave impedance and always irrelevant
density results, as confirmed by numerous thea@estudies (Hilterman, 2001, Swan, 1993, Lebetin
al.,, 2001, Garotteet al, 2002). Previous inversion case studies have wgsd$ets of the full
multicomponent wavefield lik€P-PSfrom OBS/OBC offshore datasets (Sigteal, 2000, Garottaet
al., 2000, Dariwet al, 2003, Barnola and Ibram, 2014)RiP-SHdata from onshore datasets (DeVault
et al, 2007) and more recently witPPjprestack andbSpoststack datasets (Butlet al, 2016). The
goal of our study is to evaluate with a real caseysthe benefits of inverting jointly a much fulle
wavefield comprisind®P, PS, SHandSV prestack seismic data.

In the context of unconventional hydrocarbons, phesence of Bakken and Banff formations just
above the Duperow formation allows us to evaluagebienefits of inverting jointl?P, PS, SFHandSV
pre-stack seismic data to recover the elastic ppokerties like the invertedensityparameter which

is a key parameter required to compute brittleiessder to better characterize “sweet spots” which
are linked to brittle rocks (Chopra and Sharma52&id more recently Butlet al, 2016). Limited to
pre-stack inversion of theP wavefield only, the problem of finding accurat&ibute-combination
properties depending dP- and Swave impedances likdp, 1o or Young's modulus multiplied by
density Ep) (Sharma and Chopra, 2015a) remains extremelyectghg. Also due to the limited
seismic bandwidth, characterization of thin swegmits remains challenging (Sharma and Chopra,
2015hb). For all of these reasons, accurate recovkihe density parameter through the inversion
process could greatly improve the quality of setsity-derived brittleness estimates for resouresy pl
sweet spot identification.

Figure 1: The BIG SKY Cegxstorage project in Montana, US. Kevin Dome is apbal structure
and target at porous Dolomite formation, Duperow.
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Figure 2: Seismic survey recoded during Phase lll of The BKY CQ storage project. One can
note that the PP wavefield coverage is more extensin the north-west, than that of the
multicomponent wavefields.

1. Quadri-joint inversion: a novel technique for integrating the information in
9C prestack seismic data

Thejoint multicomponent inver sion wor kflow

We have developed a three-step multicomponent simemworkflow able to jointly invert all kinds of
seismic wavefields includin@P, PS, S\and SH This workflow providesa unique optimal earth
model in PP two way time (TWT"). The earth model is parameterized by three ipatrelastic
parameters which arB- and Swave impedancedR and|S) and density (o) distributions. In the
following section we describe the three-step mattiponent inversion workflow:

» Step-1: wavefield-independent pre-stack stratigraphic inversion (Tonellot et al, 2001) of a
given wavefieldPP, PS, SV or SHharacterized by 3 migrated angle stacks. Invessiare
independent from each other and they provide amapmodel recorded in thHEWTdomain of the
corresponding wavefield. Any kind of inversion pidss an optimal earth model parameterized by
three elastic parametei®: andS-wave impedances amtinsity(IP, IS, p). The inversion procedure
employed here uses the following linearization bé& tZoeppritz (1919) isotropic reflection
coefficients: PPeflectivity from Aki and Richards (1980RSreflectivity given by Ramos and
Castagna (2001); anfiH and SVreflectivities derived by Riger (1996). One canentitat the
resulting signal to noise ratio differs among tlséneated quantities depending on which mode or
combination of modes, angle stacks are inverted:ef@ample withPP4nversion (P, IS, p), p
should never be used for reservoir characterizatioversion using additiondS wavefield will
better recovelS and p compare toPP-4nversion although the density estimate for thadenis
generally of very low quality. Same remark usingliidnal SH- or SV-wavefieldwhich produce
also a better contribution witthensityinverted parametdtebrunet al, 2001).
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Figure 3: Description of the pre-stack inversion workflowptied toa given wavefield using 3
angle stacks. It is appliethdependently for all available wavefields using their migrateagle
stacks. In the following case study we U2 [0°-15°], [15°-30°], [30°-45°], PS [15°-25°], [25°-
35°], [35°-45°], SH [0°-10°], [10°-20°], [20°-30°] and SV [0°-7°], [7°-14°], [14°-21°]

Step-2: computation of registration law (warping). The goal of this step is to find a registration
law connecting thé?P and multicomponent seismic time scales based time shift analysis
consideringPP andPS, SH, and SV seismic events. Agullo el. (2004) considered the optima#
wave impedancesS) from each sequential inversion, instead of wagkiiom seismic amplitudes
including seismic noise. This solution has the atkge that it compares like physical quantities
across the various modes while implicitly resolvimgvelet phase and frequency issues through the
inversion process. The problem is parameterizedstayting with an initial registration law
described below. Using th&wave impedance suitably warped with the startingdehowe
determined the optimal time shift with a 3D-sembkralgorithm based on the measurement of
square difference (locdl® norm) of two impedance cubes according to a sefesme shifts
applied to the multicomponent one (see parametseriition from Table 1). A problem appears
when impedances from the two cubes are not simiahat the minimization could fall into a local
minimum. We have found a solution taking into actoa threshold applied to a quality factor of
the semblance, the resulting “holes” in the cubetimie shifts are then filled by an iterative
interpolation starting from its edge toward itseior, so that bad time shifts are iteratively aseld

by the average time shift of the neighboring pdiiteady interpolated or not). The iterative
procedure will end when all “holes” are fully &H.



Table 1: Main parameters of the time shift computationwssn two cubes. From cube 1 we
display the initial pixels in blue color; cube 2 stihave the same dimensions (identical number of
pixels in 3 dimensions). Red squares from cubg&sent the moving windows to find the optimal
time shift from a given pixel of the decimated clifdenoted by a green square). Maximum time
shiftef (positive like TWT) andd (opposite off) are given by their respective number of samples;
this is at least equal to 2 because it requireobis (center and 2 neighbors on each side, points
inside the red circles) to compute the optimal tighift (done by a minimum of the parabola
algorithm). Decimation rate of the original cubevgn byseg parameter (at least 1 and equal to 7
on the example) may be used to reduce memory eggeirts. We can also apply a slight vertical
and horizontal smoothing th andev which are small because they are applied on deeichdata
(points inside the green squares).

We illustrate the warping procedure consideringy ®® andPSinversions (result of step 1), giving
a registration law to convert seismic event fromTAto TWT"®. Using a syntheti®P-PSseismic
dataset (Agulleet al.,2004) Figure 4 shows the warping computation WiEhandPSwavefields:

(1) Global constant vertical stretch of invert8evave impedance in TWT, IS™ gives|S in XPP-
time, | S*F. This process uses the same Vp/Vs ratio all albagime axis.

(2) Local refinement of time shift based on a seml#aalgorithm described above between the
IS and invertedSwave impedance fronPS wavefield (S™). The procedure is similar
consideringPP-SHandPP-SVwavefieldsand finally by the same way we have computedPRe
SHandPP-SVregistration laws.
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Figure 4: Example of a computation PP-PS time shift in ortdebuild a scaling law to match PP
and PS seismic events. Plot on the right is thelres the time shift refinement which has to be
added to the constant vertical stretch suppliednayinitial model.

e Step-3: Joint prestack stratigraphic inversion. The joint inversion simultaneously uses several
kinds of wavefields. The seismic term of the casiction has terms for each input wavefield's
migrated angle stacks. The joint inversion proassys starts with a uniguee priori model built

in PP-time. As part of this case study we defined akigible joint inversionsBi-joint as thePP-
PS, PP-SH or PP-S\nversions using only one corresponding registratawv from step 2iTri-
joint PP-SH-SY PP-PS-SV or PP-PS-Skhversions using two corresponding registratiowsla
from step 2; and the fin&uadri-joint PP-PS-SH-S\Iinversionusing the three registration laws
from step 2. To achieve the final quadri-joint irsien the optimizer has to invert 1 (4
wavefields by 3 angle stacks) input seismic cubethé whole inversion process which takes only
half an hour with 64 processors and 20 iteratidhe. summary of inversion parameters is displayed
in Table 2 and is unique set of parameters used for all kinds of inversion in the following.

Inversion parameters

Sigma I, (op) 10,000.0
Sigma I (o%) 8,000.0
Sigma Density (o)) 0.5
Lambda X (L,) 1,100.0 ft.
Lambda Y (Ly) 1,100.0 ft.

Table 2: Main parameters of the optimizer. They could bénd globally for a given interest area
or for each each geological units of the interestaa The Sigma parameters are defined for the
three elastic parameters and govern how far thénupér has to go from the a priori model. The
Lambda parameters is relative to correlation lenglbne has to keep in mind small Sigma will
produce short lateral correlations on the inverredult, and large Sigma will produce large lateral
correlations including more a priori geological kntedge.

OC of sequential inversion (step 1) from Kevin Dome

After a pre-stack inversion, it is important to quare the inversion residuals with the observedeang|
stacks to judge the reasonableness of the inveamifput and check for any systematic mismatches
that might indicate problems with the wavelet, inpngle stacks, or background model. The next step
of the QC process is to compare the inversion tesul wells inside the seismic dataset with their
respective logs (suitably band limited to the s&sbandwidth), transformed to the Two Way Time
domain.
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Figure 5: For each wavefield PP, PS, SH, SV comparison oBthmut angle stacks (Near,
Mid, Far) with residuals obtained after independémiersion of each wavefield. Vertical
cyan line on the figure is at the location of thallvein 22-1 well drilled by the BSCSP.
Here all residuals are weak except for the middhgla stack of the PS wavefield, the QC
possibly indicating a minor issue with the scalofghe wavelet or seismic amplitude before
construction of input angle stacks used by invexsio

Residuals from four sequential independent invessiare weak and they have a random
distribution of seismic amplitudes (Figure 5). Nelkieless one can observe stronger residuals
of the middle angle stack of tHeS pre-stack inversion. The reason for this is prégen
unknown but may indicate a suboptimal relative algé preservation for this stack alone
during pre-processing. Another possible explanationld be difficulties in the migration
process but any such issues would also have afféelstenear and far angle stacks which is
not the case because those residuals are weak.

Examination of the residuals alone is not enoughetify the quality of the inversion result:
it is even more important to compare the invertagl (red curves on the following Figure 6)
with the observed log (black curves) aadpriori model logs (blue curves)ror this
comparison we have chosen the Wallewein 22-1 wath{ed in the middle of the survey to
avoid eventual edge effects). It is interestingdée how the quality of the inversion result at
the well is affected by the choice of wavefieldestn as inputs to the inversion (Figure 6).



From thePP-inversion the invertetP andIS (Figure 6 upper left) look quite accurate, but the
density log has strong oscillation-like ringingifatts especially in the shallow Cretaceous
section above the Sunburst which is characterizeghlales prone to washout and therefore
unreliable log values, particularly for the pad-zmt density tool during drilling operations.
From the theoretical point of view retrieving thendity parameter is not accurate enough
with only thePP wavefield, as described previously. Our intergretaof these oscillation-
like ringing artifacts is that they are due to toenbination of the insensitivity of even wide-
aperturePP data to density changes with the large degreesefibm allowed by the value of
uncertainty-density parametes,(= 0.5). With the usual inversion input containiogly the

PP wavefield, the user would have reduggo small values close to 0.1 to avoid these
oscillation-like ringing artifacts, but the goal difie study is to demonstrate that using
multicomponent wavefields could improve invertésl and density parameter estimation
without excessivea priori constraint of the inverted parameters through uheertainty
parameter given by values. One has to keep in mind, they control fethe optimizer is
allowed to deviate from the priori model to find the best solution.

From theSH andS\tinverted logs (Figure 6 right columnp is not inverted for (see label
“Cannot invert” displayed), due to the reflectivifprmula not containing thd>-wave
impedance; théS inverted log follow more or less the trend of theasured (black curves)
and a priori (blue curves) logs. Again, the denkitys are ringing like thBP-inversion, from
top to bottom of the images.

From thePSinverted log (Figure 6, bottom left), it is cleidwat the density log is even more
oscillation-like ringing tharsH andSVinverted log, from the top to bottom of the image.



R L el E
L =

> LY
N -J Cannot invert |‘% Sunburst q

00 00

T Wash-out ——
L =
} —
bl | =
| -
I = ——
8 Sunburst

S | —

N R
\% 4

——
)
»)
y —
s=Ei==
ken | 1=

-
=i
—=

! Bai
IS <7 |RHO 1—=

_ PS seq inv SV seqinv
- E———
H= : : . ‘ - l_Wash-i:tul: ' — .
- ; % § § b =0
| ™ P d < i -
[ é Sunburst % éLwﬂ Sunburst g}——.
— ] L "%j N
|| Cannot inv@ ?
[ == Bakken (::2‘ —=_ - Bakken .
L=< : >
Al ’ . ! g - o — e

1P 157 RHO—=

brs
*’é' Bakken
53

2

00 008

0001

00 000°T

000021
000021

A Wa

00 00FT

-
=)
&
Q
-]

IO PES'T

Figure 6. at Wallewein 22-1 well, inverted IP, 1S, Denditg from independent and single
inversion of each wavefield (red curves). Log measents (black curves) and a priori log,
extracted from a priori model used by the invergmoocess (blue curves) are shown. Here the
oscillation-like ringing artefacts, especially ohet density, are due to our final choice of
parameter for the quadri-joint inversion. There a@ many degrees of freedom for the
optimizer with only one wavefield to invert. In fledowing, we can see how these artefacts
will decrease drastically through horizon maps (g 13 and 14) showing limited range of
values.

In conclusion, sequential and independent pre-staaksion of all the individual wavefields
(PP, PS, SH, Swives very good residuals because they haveaatlam distribution with
weak amplitudes compared to the observed seisn@eeftheless the extracted inverted logs
show significant differences at the well and ona oaserve strong oscillation-like ringing
artefacts, particularly for the density estimatews from each inversion.

It is important to note that the choice of inversjgarameters for the sequential independent
inversions are the same as those for the jointrénwe described in more detail below.
Looking at windowed extractions made on the thragrtargets (the Sunburst, Bakken/Banff
and Duperow, Figure 7), we can observe in the riglhimns that the density parameter has
values clearly outside of the range we will obtaith joint inversion. This is especially true
with the Bakken/Banff formation where the map shalask blue colors everywhere. More



precisely the distribution of values is betweenahd 2.7 (see Figure 7, the right map with a
different scale to see better the density distrdm)twhich greatly exceeds the range of
densities observed in the available well contrahwi the surveylt is expected that shales
and near-shore sand/siltstone units depositederrdlatively quiet setting of Bakken/Banff
time should exhibit variations less than about 10¥%ese results from the Step 1 workflow
seem to be in agreement with the theoretical olasierv thatPP pre-stack inversion is not
able to recover properly the measured range ofityevedues. (Lebruret al, 2001,Garottaet

al., 2002. From this observation we deduce the same caoddsr the two other targets at
the Duperow (map showing saturated colors with dduke and dark red) and Sunburst (map
showing saturated dark red color).

Acquisition footprint (left and middle columns) agys only forP- and Swave impedances
in the upper maps (Sunburst and Bakken). Deepedduperow level they have completely
disappeared with the same set of inversion paramated they appear linked to the level of
signal to noise ratio of recorded seismic. In pcattterms, if only thePP wavefield is
available, we should adapt the inversion paramesats like reducing drastically the
uncertainty parameter on the densiy£ 0.1), but this was not the purpose of our study
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Figure 7: Display of PP-inversion results, considering tBemain targets, the Sunburst,
Bakken and Duperow. We notice strong oversaturadios to wide range of inverted density
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values (right column) especially with Bakken mapemhthe geological context does not
allow strong lateral variations like a density vation from 2.4 to 2.7g/cc. Notice some strong
acquisition footprints appearing with P- and S-wavwerizon maps at the Sunburst and
Bakken (2 first rows). These are due to seismisenaihich has been inverted and there is less
noise in the deeper horizon maps (third row)

M ulticomponent war ping results (step 2) from Kevin Dome

After performing independent pre-stack inversiorfs each kind of wavefield (Step 1 of the
multicomponent inversion workflow), 3D time shitse computed from inverteshwave impedance
(I1S) as described in more detail in the descriptiostep 2 above. In the following three figures, we
have displayed time-shift results and QCs of wayiR-PS(Figure 8),PP-SH(Figure 9) andPP-SV
(Figure 10). More specifically, these three figudepict theextended S-wave impedance from PP-
inversion (top left of the 3 figures), time shift (top righf the 3 figures). QC of time-shift (bottom
left of the 3 figures).

One can see clearly (note the red crosses on figairgs) that a global constant vertical stretap (t
left, A) is too rough to correctly align ttf&wave impedances (bottom right). After applying a time-
shift correction we can see much better alignméthered crosses (bottom I&tand rightD images

of the 3 figures)

0 25000 26,750 32500 36250 40,000 500 21,250 25.000 28,750 32,500 36,250 ‘

Figure 8: Inverted IS from PP-inversion after applying anstant global stretch (A, top left). This
factof"°is obtained by identification of the interest aieal WT""and TWT > and is equal t¢770-
550)/(1100-800 ¥ 0.73. Computation of PP-PS time shift (B, top riglktsulting from the warping
procedure. QC after applying time shift correcti@@ left bottom). Red crosses at bottom are better
aligned (C and D).
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factof">"is obtained by identification of the interest aied@ WT""and TWT" and is equal to (770-
550)/(1500-1100) 9.55 Computation of PP-SH time shift (B, top rightyukting from the warping
procedure. QC after applying time shift correcti(@ left bottom). Red crosses at bottom are better

aligned (C and D).
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Figure 10: Inverted IS from PP-inversion after applying anstant global stretch (A, top left). This
factof"Vis obtained by identification of the interest aiedWT" " and TWT" and is equal to (770-
550)/(1500-1100) = 0.58Computation of PP-SV time shift (B, top right3uking from the warping
procedure. QC after applying time shift correcti@@ left bottom). Red crosses at bottom are better

aligned (C and D).

OC of multicomponent joint-inversion results (step 3) from Kevin Dome
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We usually perform two kinds of Quadri-joint inviens to QC the inversion process:

(1) the first one is done without taking into acebthe geological term of the cost function, in
which the optimizer is not integrating any geol@dienformation according to mode of
deposition and it is free to find the optimal s@uaotwithout taking into account geological
priori information. This is a useful first step becauseeveals whether the optimizer is
working well in a simple case (no constraints vg#wological information). For that reason we
observed weaker residuals (Figure 11: right colufnos the PP, PS, SH, SWavefields
respectively, labeled as case NOGEOL). One carcan@n exception for the middle angle
class ofPS wavefield where residuals remain strong. This kafidQC could give clues to
improve pre-processing of seismic amplitude befmrgding of input angle stacks used by
inversion.

The final inversion integrates two terms in thetdosiction: geologic and seismic and it is
obviously more complex to optimize; we therefor@ent stronger residuals compared to the
first inversion. This behavior is indeed observedFagure 11 with all the middle columns
from 4 wavefields®PP, PS, SH, SV
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Figure 11: Comparison of residuals from two kinds of qugdiit inversions, taking into
account the geological term (middle columns for PB, SH, SV wavefields) and without
(right columns for PP, PS, SH, SV wavefields).

(2) The second QC consists of comparing the indeltgy with real measured logs, as
previously described in the text accompanying Fegéirfor the monocomponent inversion.
Figure 12 illustrates the inverted log with finaiqquding the geological and seismic terms)
guadri-joint inversion (blue curves) and tieasured log (red curves).
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Figure 12: The oscillation-like ringing artefacts of the #mted density from PP inversion almost
disappear from quadri-joint inversion (bleu curveexcepted from Midland 10 well which is very
close to the edge of the multicomponent survey fandvhich shear acoustic log was simulated
instead of being measured directly in the well.

2. Application of quadri-joint inversion to subsurface characterization at Kevin
Dome

Comparison of different kinds of joint-inversion results at the Duperow (CO, storage tar get)

From the different kinds of jointly-inverted elastparameters, we have extracted maps at the
Duperow level to analyze the contribution of eacvefield (Figure 13). One can also notice the good

similarities between the three tri-joint inversipnsvertheless the final quadri-joint inversionrmesdo

be the best compromise between all previous joiersions. Other QCs at wells (not shown here)

also confirm the fidelity of quadri-joint invertachces at wells compared to initial well logs fiétd to

the seismic bandwidth.

Looking at this result, one could conclude thattjgiinverting thePP and PSlata will be enough to
provide the best result because density maps biejoint PP-PS inversion are very similar to the
quadri-joint inversion. In this regard, it is insttive to look at the density maps from the
Bakken/Banff interval (Figure 16) and Sunburst (Feg17). Looking at the Sunburst horizon, bire
joint PP-SV inversion seems to provide a more similar resulthe quadri-joint PP-PS-SH-SV)
inversion. Looking at the Bakken formation, howewenly thetri-joint PP-SV-PS inversion looks
similar to the quadri-joinPP-PS-SH-SVhversion.
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RHO PPSH Bi-Joint INV

RHO PPSHPSSV Quadri-Joint INV

S | Density (g/cm®) V
g ¥ y &S‘J ‘ k Duperow Horizon
Figure 13: Comparison at midduperow horizon of the inverted density parameter obtaiméth
different kinds of wavefields. Bi-joint inversioB i{mages at the top), Tri-joint (3 images at the
bottom) and quadri-joint inversion (rightBlack dots mark well locations used for the jomtdrsion
study.bi-joint PP-PS inversion is very similar to the final quadri-j@aiRP-PS-SH-SV inversion (right).

Comparison of different kinds of joint-inversion results at the Bakken/Banff interval
(unconventional target)

RHO PPSH Bi-Joint INV [ RHO PPPS Bi-Joint INV | _RHO PPSV Bi-loint INV I
i R 4 N

RHO PPSHPSSV Quadri-Joint INV

“"10,000 ft

Density (g/cm?)
| Bakken Horizon
Figure 14: Comparison aBakken horizon of inverted parameteeasity obtained with different kinds
of wavefields. Bi-joint inversion (3 images at tbp), Tri-joint (3 images at the bottom) and quadri
joint inversion (righ}. Black dots mark well locations used for the jomtédrsion studyTri-joint PP-
SV-PS inversion looks similar to the final quadri-joifP-PS-SH-SV inversion (right), this density
map has to be compared with the one displayed errigit map of the Figure 7 (density from PP
inversion)

Comparison of different kinds of joint-inversion resultsat Sunburst (conventional tar get)
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Figure 15: Comparison atSunburst horizon of inverted ehsity parameter obtained with different
kinds of wavefields. Bi-joint inversion (3 imagdstlee top), Tri-joint (3 images at the bottom) and
guadri-joint inversion (right Black dots mark well locations used for the joimgarsion studyBi-
joint PP-SV inversion seems to provide the more similar retsuthe final quadri-joint PP-PS-SH-SV
inversion (right).

Comparison with well data: mid-Duper ow porosity zone

Of the three wells that penetrate the mid-Duperanogity zone in the 9C 3D survey area only the
two recently drilled by the BSCSP acquired moderineime shear data to permit quantitative
comparison of all of the inversion results with thells. The other well contained density and sonic
logs which permit comparison of the estimatedvave impedancelR) and porosity with the
inversion results. Despite the relative paucitywafll control, average properties within the mid-
Duperow porosity zone were computed and comparéd tvé inversion results for each of the main
outputs from the quadri-joint inversion.
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Figure 16: Crossplot between density porosity and computechfedance (IP) from the Wallewein
22-1 well over the Middle Duperow porosity intervdlote the very good correlation observed
between the two quantities. The correlation coefficbetween the two quantities@87. Colored
values are measured IS values.

Mid-Duperow porosity estimation from rock physicstransforms: comparison with direct density
estimation

CrossplottinglP derived from the sonic log in the Wallewein 22-1llvgxilled by the Project with
measured porosity (computed on a dolomite matixnfithe density log), as shown in Figure 16
reveals an excellent correlation betwd@rand the porosity in the Middle Duperow porositypedhat

is the primary target for sequestration in thisdgtuA similar result with slightly better correlati is
observed in Figure 17 fé% measured in the Project’s wells.
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Figure 17: Crossplot of measured density porosity and shegedance (1S) in Wallewein 22-1 well
in mid-Duperow porosity zone. Note excellent agesgnbetween measured two quantities with
correlation coefficient 00.89. Colored values are measured IP values.
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Figure 18: Transforms derived from porosity-impedance regi@ss using IS (left) and IP (right)
maps for the Middle Duperow porosity zone with Waathtions annotated and well-derived values for
porosity annotated with values derived from eaclp miawell locations.

These results provide encouragement for generatimgforms using the regression equations in both
Figures to yield seismically-derived estimates @fosity in the Middle Duperow zone. The results of
these transforms applied to the average mid-Dupdfownd IS extractions from the quadri-joint
inversion are shown in Figures 18 and 19.

Generally, the porosity estimate derived from thenpedance transform (Figure 18) had both the best
absolute agreement with the average porosity it efiche three wells and the most geologically-
reasonable appearance given the .

y = 0.623x - 00151

=03771

Figure 19: Mid-Duperow porosity derived from average densi#jues from quadri-joint inversion
converted to porosity using a dolomite matrix jlefbd cross plot of this map with values derived
from IP-based regression shown in Figure 18. Nb& poorer agreement with well values for the
density-derived estimate but generally smaller amaf absolute variation than for that derived from
the IP regression.

The Swave impedancer) derived porosity transform generally had reastaalgreement with the
values observed in the wells except at the Midla@dwell located on the far western edge of the
survey. A possible explanation for the discrepaiscgn erroneous background model in this area
caused by the use of estimated shear slownesseatiwell because no measured shear was recorded
in the Midland 10 well, necessitating an estimaid shear slownesses using the other two wells as
training data.

The porosity derived from applying a dolomite matralue to the inverted density output (Figure 19)
shows decent although not excellent agreementthiétivalues derived from the IP transform, as seen
in the cross plot of Figure 19. Given the higheisadevel inherent in the density estimate (evemfr

an inversion utilizing pure shear angle stacks) gamed to that of the IP estimate (cf. Swan, 1993),
the observed agreement appears reasonable. Addifioalthough the density-derived porosity’s
absolute tie to the average porosity at each weliferior to that derived from IP, the former ebits

less interwell variation, which is more geologigakasonable than the other two maps which exhibit
variation that is probably too large in the relatw low-porosity environment characteristic of
Devonian stromatoporoid buildups such as the migddow here.

Further comparison of inversion results with Bakken and Banff horizon maps
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In this part we focus our attention on the Bakked 8anff formations because they exhibit less
lateral variation of rock properties and fluid cemt and we can evaluate more easily the differences
from independent inversion of each wavefield (FéguR0, left and middle columns). We have also
extracted Bakken horizon maps from these inversésults considering the three elastic parameters
IP, IS and Density. On Figure 20 (top row) we have digpdthem at a different scale to better see the
distribution compared to the final quadri-joint @rgion result. We can observe similar trends With
(top row) and IS (middle row) and for both a drastduction of inverted noise (no acquisition
footprints are visible from quadri-joint inversioright column), but the ranges of values are quite
different. For the density result there is no trerticall between single inversions and the range of
values is quite different (bottom row).

1,430,000 1,440,000 1,450,000 1,460,000 1,470,000 1,430,000 1,440,000 1,450,000 1,460,000 1,470,000
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Figure 20: At top row, P-wave impedances (IP) from PP-ini@rscompared to quadri-joint
inversion..We can observe a similar trend of cahothe south west and north-east (middle image with
different scale view. At middle row, S-wave impedan(lS) from PP-inversion, PS-inversion, SH-
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inversion compared to quadri-joint inversion. Wenoabserve a general trend from north-west to
south-east with PS-, SH-, and quadri-joint invensidlso distribution of colors are quite different
from all inversion. At bottom row, density from RRersion, PS-inversion, SH inversion compared to
quadri-joint inversion. We observe a quite diffaresend of color between all single inversion résul
One can notice the quadri-joint inversion resulglit column) shows a reasonable range of values
compared to the left and middle columns while tRer@sult has values that are all well below the
correct values.

It is important to note that theP wavefield is usually the only attribute availaltite generate the
combination ofP- andS+wave inverted impedance(andlS) used to deduce the brittleness of rock
(e.g Chopra and Sharma, 2015, Sharma and Chopra, R0l previous comparisons demonstrate
that the quadri-joint inversion result gives thestbestimate olP and IS with which to compute
geomechanical attributes like Young’'s modulus andg$on’s ratio, directly from all three inverted
elastic parametel®, ISand density.

We can compare geomechanical attributes deriveslysbiom the fromPP data (Figure 7, middle
row) and quadri-jointPP-PS-SH-S)Vpre-stack inversion (Figure 20, right column). Ydeus on the
Bakken horizon map for the reasons previously dised, to wit that we do not expect strong
variations of rock properties in this formation.e€Thesults are displayed below in Figure 21. We
observe at the top row of Figure 21 a wider distign of values compared to the bottom row for both
geomechanical attributes. The acquisition footpisrélso more visible (Figure 21, top right) foeth
Young's modulus estimateE]. These geomechanical attributes deduced fronmgeigversions
follow the same trend but from the quantitativenpaif view differences are great between ustial
inversion and quadri-joint inversion. Geomechanwedlies from quadri-joint inversion have a smaller
range of values which is far more reasonable gitilenvery small inter-well variation observed in the
wells that penetrated the Bakken/Banff interval.

While it would be possible to limit the range ofu@s observed on thHeP-only inversion by reducing
the value of the uncertainty-density parameteref@mples, = 0.1. Of course in this case we will not
have access to more detailed density distributnpared to the priori density model. We remind it
is built by extrapolation of well log informationceording to the mode of deposition inside each
geological units. It is important to note that wd dot do that in this case and the results contpare
Figure 20 were all generated using identical vabfasversion parameters.
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Figure 21: Geomechanical parameters computed at the Bakkeff/Bavizon map. They are
computed from inverted P- and S-wave impedaacd®ensity obtained with PP (top) and with final
guadri-joint (PP-PS-SH-SV) pre-stack inversion tbot). One can notice acquisition footprint
appearing with PP-inversion only (top row) and Ygisnmodulus is more affected (E) than Poisson’s
ratio (n). A larger range of geomechanical attributalues is also more important with PP-inversion
results (top row), but are less credible from irsien QCs (Figure 6).

It is interesting to compare the geomechanicalibaties deduced from seismic inversion with
laboratory measurements of the middle Bakken faondrom the adjacent Williston Basin. Given
the great disparity in resolution between seisnaitadhnd high-frequency laboratory experiments on
core samples, good agreement between the two fsetsasurements is far from assured. In addition
to the different resolutions, one has to keep imdmnihe complex intermediate steps required to
generate the seismic estimates of the elastic grepewhich include recording and pre-processiihg o
multicomponent seismic and the final stratigrapmeersion, which itself depends on proper
multicomponent seismic imaging to build angle staftk each wavefields.
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Figure 22 is a cross plot of laboratory measurem@®iet al, 2016) of Poisson’s ratio with Young's
modulus. Each blue point comes from laboratory mesmsents. Values cluster between Poisson ratios
in the range of [0.15; 0.25] and Young's moduli[60;70GPa]. Considerin&P- and quadri-joint
inversions (Figure 17), we have delimited extrenuaiues by ellipses. The red ellipse corresponds to
geomechanical parameters deduced from the WRibversion and the green one is the quadri-joint
inversion result.

From Figure 22 it is apparent that the smaller igrekipse seems to focus better on the stronger
density of blue points. This would seem to indictat the quadri-joint inversion follows the same
trend of laboratory measurement from Middle BakKermation. Further investigations will be
necessary to explain blue points for which whichuiYg's modulus is greater than 80 GPa.

Measure elastic properties of middle Bakken.
parallel to beddings
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Figure 22: Laboratory measurements of elastic rock-propertteom middle Bakken (parallel to
beddings) are identified by blue points (Pei et a016). Then extremum values of geomechanical
attribute (Figure 21) deduced from the PP-inversiand quadri-joint inversion respectively are
demarcated by red and green ellipses. Both ellipsesnore or less centered and we clearly see the
green ellipse surrounding a strong density of hjoats.

Conclusions

We have applied a multicomponent pre-stack invarsiorkflow on a real case study recorded at
Kevin Dome in Montana. The workflow has succesgflilandled twelve different seismic cubes
corresponding to three angle stacks (usually calledr, Mid and Far) for theP, PS, SHand SV
wavefields and is the first published example ofclhhwe are aware that has successfully inverted
both pure shear modes with converted-wave datanstgaisingle, common earth model. To perform
the inversion, we have created registration lawsutijh a novel 3D warping procedure working with
inverted Swave impedances. These registration laws are regess run different kinds of joint
inversions like bi-, tri- and quadri-joint inversis.

After doing all necessary QCs including residualmpared to the original input seismic data and
trace extractions from inverted cubes at four \waahtions, we have shown the added value of jointly
inverting all available multicomponent wavefieldsxamination of horizon maps at the three main
targets of interest in the survey, namely the Ststhj@onventional), Bakken/Banff (unconventional)
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and Duperow (C@storage), the added value of the final quadritjoiversion ofPP, PS, SHandSV
wavefields is readily apparent.

The resulting impedance and density estimates filtenquadri-joint inversion combine reflection
coefficient information from all modes employed ahérefore produce a more accurate estimate of
each of the three isotropic parameter combinatiesslvable by wide-angle surface seismic data than
would be possible using any single mode. In padicuhe density attribute is much more robustly
recovered than would be the case ustigor PSdata only.

Special attention was given to comparing resultorgnthe various input datasets over the
Bakken/Banff interval because this interval exfsibituch less lateral variation than the other target
and is also a resource play objective both in theia Basin immediately north of the study ared an
also in the Williston Basin to the east of the gtadea. We observe good agreement between Young's
Modulus and Poisson’s Ratio derived from the qugmdni inversion and published laboratory results
from the Middle Bakken formation in the adjacentllision Basin. To obtain a usable Young's
Modulus, the inverted density is a crucial paramttat cannot be recovered in a usable fashion from
PP4nversion only given its extremely low signal-tois® ratio for that mode. The geomechanical
parameters deduced from quadri-joint inversion cdearly superior to those derived fraaP-only
results when compared to laboratory measurements.

Additionally, by registering a single, common plegdiquantity-IS-derived from each wavefield, our
multicomponent pre-stack inversion workflow reprégsea significant improvement over methods
which rely on attempting to match trace waveformsiclv may have different phase, frequency
content, and polarity.

Finally the multicomponent pre-stack stratigraghigersion is an elegant way of employing all modes
of a multicomponent acquisition to generate annogltiestimate of all three elastic paraméeand
Swave impedancesnd density. Further study will be necessary to use the invededsity to
discriminate lithology and fluid contents and atecuse the geomechanical parameters coming from
inversion as a predictive tool in the context afagrce play sweet spot characterization.
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