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Abstract
Seismic data, comprisirgpth passivig andactively recorded datahavelong been used for
resource ealuationand geohazardssessmegat Unconventionatesource extractigrsuch as
Al b e Duvarnayplay, requires a multifaceted approach totipize reservoir development
and to mitigate geohazazduch as induced seismicity. Frequently, hydraulic fracture
stimulation programs do not go as planned; fractures occur out of zone, depart from the predicted
models, andin some cases, indudelt sesmic events (induceby hydraulic fracturing
operatims). From theFox Creek, Albertatudy arearewell log data, multicomponent seismic
reflection data, and microseismic data recorded from a permanefduréare passive recording
array. For this stidy, an industry partner providead multicomponenseismicreflection
surveysas well as two céocatedpassivemicroseismicsurveys. The Microseismic Industry
Consortium (MIC) suppliedhicroseismialatafrom theTony Creek dual microseismic
experimen{ToC2ME), an anonymous industry contributmntributd a second passive survey
Technologies developed in thisesisenable more accurapmsitioningof microseismic
hypocenterdy incorporatingseismic reflectiomlata. Signatprocessing techniquesed in
seismicreflectionprocessingareemployed in tis thesigo enhance thdetectionquality and
guality of inducel seismic eventsStructural interpretatioprovides a frameworkof vital
information to map and understand tkeationship betweeneplogial structure andhduced
seismic eventsConstrants obtained fronfull-waveforminversionprovidedetailed information
about the properties of the Duvernay Formation itself, such as brittle and ductile facies.
Accurate microseismibypocentedetermination in the context of seismic analysis identifies
which structual elements and reservoir facies tohthe direction and size of induced fractures

and which faults may be responsible for induced seismitliypocentes are accurately located



and plotted in depth arateassociateavith faultsmapped fom the reflected seismic. This
analysishighlights what geological conditions, faults, lithology, and structure are darhina
factors withrespect tdydraulicfracture propagation and induced seismicity. The restithis
research will aid in the degi of hydraulic fracture completion programs andrgeard

(inducedseismic eventmitigation.



Preface

The research presented hexeonducted under the supervision of Dr.Lwton,Dr.
David Eatonand Dr L. Lines at the University of Calgawyithin the Consortium for Research
in Elastic Wave Exploran SeismologfCREWES research groums well aDr. David W.
Eatonwithin theMIC. ThePhD thesis is composedamanuscripthased format based on two
publishedpaperstwo expanded abstractsnd ongpaper pending publication. | am the primary
authorof thesefive publications.| am thefirst authorof the papersn Chapter® and 3
published irthe journaldnterpretationandTheLeadingEdge respectively The research
compiled inChaper 6 is n preparation for peer review, with the intent of submitting it to
Interpretationfor publication.

Chapter ds published asollows: Weir, R.M.,D.W EatonL.R Lines,D.C Lawton,and
E Ekpo,2018. Inversion and interpretation of seisid@rived rock propgies in the Duvernay
play. Interpretation, 6, SE3E14. Theseismicreflection dataisedarethreecomponentthree
dimensional3D/3C)seismic data provided by industry aan@co-locaed with a passive seismic
array activebefore,during andafter tydraulicfracture stimulation The seismic analysis
consistf structural mapping followed by joint inversion to calculate lithological properties
within the Duvernay Formation

Chapter 3s published asollows: Weir, R.,L R.. Lines, D. Lawton, T EyreD Eaton
AApplication of structural interpretation and simultaneous inversion and reservoir
characterization of the Duvernay Formation, Fox Creek, Alp2@a8 The Leading Edge

Volume 3 38, Issue Z-ebruary 202.0 Theseismic reflectiomataare3D/3C seismic data and

1 SEGInterpretation, TLE, and Expanded @lasts open access policy &uthors may reuse all or part of their
papers published WitSEG in a thesis or dissertation that authors write and are required to submit to satisfy
criteria of degreegranting institution® https://seg.org/Publications/Pdbs-and Permissions/OpeAccessPolicy
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areco-located with asecondpassive seismic arractive during fracture stimulationThe
interpretatiormethodologyused inChapter 3s similar tothat usedor Chapter 2putthereare
significant geological differenced’. Eyre(2019) incorporated this workto aScience
Advancegpublication whereby aseismic cregaused by hydraulic fracture stimulatieas
proposed as an earthquakiggeringmechanism.

Chapter 4s published as aaxpanded abstratdr the 2019 GeoConventioWeir, R, L.
Lines,D. Lawton, D. Eaton, A PoulirCan continuously recorded seismic data be improved with
signal processing7Thisresearcltame about as a resulte{perience | have in seismic signal
processingor seismic reflectiordatg where sigal processing is routinegppliedto reduce
noise and enhance the sign@he seismic detection softwaRepeating Earthquake Detector,
Pythan (REDPY) run by Rebecca Salvaga the signaprocessed datasesthe same
parameters as used on the raw ngersmicdata With the microseismic data used here, all of
theseismic eventletection ajorithmsareinitially applied on the raw datal he results of using
signal processing are shown heslegowing significant improvement in the qualégd quantityof
microseismic eventgefore and after processinGiven thesheerata volumeof detected
seismic eventghe seismic event detection mot expected tbeready forfinal publicationuntil
the summer 02020.

Chapter 5s a new methodor hypocentedepth determinatiomlerived as a result of
collaborationamongmyself D. Eaton.A. Poulin and N Igonin. Thecollaborationis the result
of adiscussiomregardingthedifficulties in determininghypocentedepthfrom passive seisri
data Currentdepthdeterminatiormethodauseonedimensional1D) velocity modelghat do
not account foanisotropy or variations istructure Thesé-D methodsoftenproduceerroneous

depthresults sometimes clusteringgismicevents around velocity boundaries in ffizmodel



After working on amulticomponentata set that was docated with the passive seismic array
(ToC2ME), | suggestedisingthecompressionalP)waveand shea(S)wavevelocity data
derived from thenulticomponenP-wave reflection and convert&wave reflectiorregistration
instead of d.D velocity model. A completely new anthoreaccuratenethodto depthconvert
passive seismic eventemes from collaboration of this ideA. Poulindeveloped the codand
| provided the deptltonverted dataes well as a method faeconciling the reflection and
passive seismic datahiswork is published as an expand8dciety of Exploration
Geophysicist§SEG)abstracin the 2018 convention archivasdwaspresented at th2018
SEGconferencen Houston,Texas Ronald Weir A. Poulin, Nadine Igonin, David W. Eaton, L.
Lines, D. Lawton(2018).fiFocattimeMe t h dtds.alsopublished as a peeeviewedpaper in
Geophysicswith A. Poulin aghe primary authomandmyselfasthe secon@uthor. This methal
for focaktime estimation can be deployéd a more general sense,areas whereeflection data
areavailable such as areas prone to naturally occurring earthquakes

Chapter6 is written with the intent of submission for publicatimnearly 2020 It is the
field developmenapplication of thenew methods developed in earlier chaptérthe thesis
This chapteintegrateghe work fromChapters 23, and 5, showing a method whereby
microseismic data and passive seisddtaare integated inb a canprehensive seismic
interpretation.Subtle fault featureareobserved in the seismic mapping between major strike
slip faults originating within the Precambrian baseméngeological nodelis proposedo
explain these observatiobased a the concepof transcurrent faulting This modelprovidesa
viable explanation for both theature of thebservedydraulic fracture pattesandthe

associatethduced earthquakescurring in the shallowdrorizons Incorporating these results
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into future field &velopment can reduce risk, increase the efficiency of well design, and reduce

capital requirements for future development of the DuveFoagnation.
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from Young&s avod uR aiis®R withid the DR\ermnay mter¢al The
interpreted norttsouth fault is marked. (b) Perspective view showing interpreted
basementooted, steeply dipping faults, as well as Duvernay and Pi@éan horizons
extracted from thedP data volume. Red lines highlight where the nedhth fult
system intersects the Duvernay and Precambrian horizans..............cccccvveeeeeeeeene. 54

Figure 3.1.Dr one photographs of tfdreatioAe Theései x and Pr e:
photographs are at the same location as shown in Figure 2.2 and display the same
outcrops. For illustration, a seismic wavelet is plotted on the outcrop to approximate
scale (courtesy of Pedersen, University of Calgary)..........ccccoeeeiiiiieeeneieeiiiiee e, 66

Figure 3.2.Westeast seismic profile extracted from théRlata volume, showing the
integrated sonic log correlation with the mapped seismic horizons; sphidue) and
density( Jjcyan) logs are shown. A synthetic seismogram irted to the left of the
well logs for comparison. The well is located 4 km southeast of the line stiaagural
strike. Two interpreted basement faults are shown (black)...............cccccovieeeiiinnnnnee. 69
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Figure 3.3.Perspective view (chair plots) shimg time slices through the-lP seismic
volume at (a) 2,154 ms and (b) 2,002 ms. The shallower time s)icgérsects the
Precambrian surface, while time slice (b) intersects the Swan Hills horizon. Both time
slices reveal approximately nortlouth trending linear topographic features that are
interpreted to be associated with tit@th-southbasement faukystems. (b) also shows
a prominent nortimortheadtsouthsouthwesttrending feature The lower color
horizons on (b) are the Gilwood and Precamibtime surfaces............ccccvvvvvvvvvviennen... 71

Figure 3.4.Perspective view ohe Swan Hills Formation timstructure displays, derived
from the PP data volume. There is a prominent northeasthwest feature on the
Swan Hills time structure thahows curvature, starting northeasuthwest and
trending to nortksouth. This featre is highlighted by white arrows. The histogram on
the lower left shows the color scale; time is in ms. Black lines show the interpreted
strike-slip faults, and thestlow star shows the relative position of the induced seismic
LY | PP UPPPPRUPPPR 72

Figure 3.5.Gilwood time structure derived from tiReP data volume. The interpreted
strike-slip faults are shown in black. Yellow arrows show the posibf the Gilwood
channel; note the displacement of the channel at the center of tree fijue yellow
star indicates the relative position of the induced seismicity, projected from the top of
the Ireton Formatioarea (Bao and Eaton, 2016)he histogam on the lower left
ShoWws the COolor SCAle; tIME IS IN MIS....cuuiii it e e e e e e eaaas 74

Figure 3.6. Small region extracted from poststack inversion of-theléa volume: (a)
initial model; (b) inversion output; and (c) input seismic data with faomaime picks.. 76

Figure 3.7.Stratal slice showing acoustic impeda variations within the Duvernay
Formation, created using a time horizon 8 ms above the base Duvernay reflector and
extracting the amplitude from the postst inversion volume. Some interpreted trends
are highlighted in blue on the right. (a) is anterpreted slice with arrows highlighting
prominent features and the Swan Hills reef front;(b) shows an interpretation of four of
the stratal DOUNAIIES. ........co o e e e ennn s 77

Figure 3.8.Horizon correlation and registration of (aPPand (b) S data volumes. The
time scale for both sections isfPtwoway time. Pto Swave velocity ratio\r/Vs) is
adjusted for the correlated iNtervals............ooooeiiiiiiiieeei e 80

Figure3.9.St r at al sl i ces s hoW¥|GPRganf @)Poissans nB&dtsi Mo d u |
(PR), from jointPRPSprestack inversionThe data are extracted from the same stratal
slice within the Duvernay interval shown in Figur&@® This slice is conformable to
the Swan Hills structure, the Swan Hills reef outline is shown in Bue.o f tAlise A0
indicated for the plot shown in Figure 3.11. ... e 82

Figure 3.10.(a) Crossp | ot showing E¥puwgobsudMoB®RE@BONOS Rat
prestackPR-PSinversion for data samples within the Duvernay interval. These points
are grouped into four seismic lithology zones, which are displayed in Figure 3.11. (b)
Crossplot of theoretical values @& andPR (Cho and Parez, 2014), showing that the
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Duvernay ponts fall approximately along a line of constant slope of bulk Modulus
versusPR, these cluster near the middle of the range for cuadatzand quartz

limestone mixtures. The highest Brittleness ind&RI) corresponds to high and low
PRand, thus, wold plot toward the top left corner of the graph (the region highlighted

Figure 3.11.Anorths out h p-Aof nl €i Ade 3.9) sHEowing Youn:
versus Pb s s 0 n 6 BR) data from prestacRR-PSinversion colored based on the
seismic lithology zones defined in Figure 3.10. The top and base of the Duvernay
interval are highlighted with green arrows. Note theteebdlue contrast across the
DUVEINAY INEIVAL. ...t eeee e e e e e e e e e e enensna e e e e as 84

Figure 3.12.(a) Perspective view showing interpreted basenneated, steeply dipping
faults, as well as Gilwood and Precambrian horizons extracted fromRhedaR
volume. The interpreted norouth vertical falis are marked; these faults also have a
strike-slip commwnent. The arrow indicates where induced seismicity has occurred
(Wang et al., 2017). (b) Stratal slice showing Brittleness ii8B¥, units percentage)
calcul ated f r ork) addPorsg ®n 6KK st thesDuvgrnay
interval. The Swa Hills reef front is shown as a blue line.........cccccccooeiiiiiiiccc. 85

Figure 4.1.Raypaths for passive seismic sources and seismic reflections. Both raypaths
encounter similar subsurface abation effects. The passive and active seismic waves
pass lhirough the same media and are subject to the same attenuation effects. Both types
of wave are recorded by surface or re@face geophones...............vvvvvvviiiiceeennnnnns 94

96

Figure 4.2.A comparison of passive and active seisguarces. Svaves are often
generated as a primary source for induced events. In reflectiqrbdadaes are the
result of conversion at reflection boundaries..............ceuvvviiieeriiiiiiiiiii e 96

99

Figure 4.3.An illustration of the parsurface effect. The neaurface lowvelocity layer
acts as afand Swave splitter by refracting the incoming wave to reatical
incidence. For the burried array, nach seperation occurs, causing the burried array to
record the nonzero iNCided® COMPONENTS..........cociiiiiiiiiiiiieee e eeeee e 99

Figure 4.4.Schematic diagram amplitude spectra showing the effect of deconvolution and
how seismic events are picke@ihe onsebf a seismic event on raw data (a) is the first
arrival, whereas deconvolution (b) shifts the phase spectrum tgphkase, such that the
event is picked on the maximum amplitude. Note the location of the seismic event
picks, denoted by the rarcles,before and after processing..........ccoooevvvviviiiecciennnn. 100

Figure 4.5.A display of four individual seismic events recorded at the same station from
ToC2ME. The travel times are normalized to the f¥stave arrival. Z, H1, and H2
channels areisiplayed in red, green, and blue respectively (courtesy of A. Poulin).101
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Figure 4.6.Passive seismic workflow used to test processing paramaters. The first pass
cleans up the record and allows events to be identified. Ire¢baed pass, the operators
are designed around an identified seismic event. Am801L% prewhitening operator
is used. The final filter is anB2-65-75 Hz bandpass filter.............cccvvviiiiiiiieecninnee. 104

Figure 4.7.Spectrum (a) for a representativassnicprofile (b). It is worth noting that-P
wave bandwidth foseismic reflectiordata is comparable to that of passive seismic
events generated from induced events at similar depths. The majority of the passive
seismic events occur in and around Eheverray Formation time equivalent at 2,000

Figure 4.8.Example of a continuous seismic record perforation shot (V, H1, and H2
components) (record 61622): (a) raw, (b) filtered and scaled, and (c) deconvolution,
scalirg, and filering. Seismic events are visible between 11,000 and 11,500 ms on the
processed record (c) after deconvolutiQn...............ccooiiiiieeceiiiiiccci e, 106

Figure 4.9.A spectral analysis of the &®&cond record from Figure 4.8 before (a) and after
(b) deconvolution. Te effect of the spiking (Wiener) deconvolution is to balance the
frequency spectra. The recovered frequency spectrum of the continuous data is
extended significantly to about 65 HZhe perforation shots are observable on the
deconvolvediata, wheras thraw data have no observable events.......................... 108

Figure 4.10.An example of a raw and processed record, this time sorted in absolute offest
from the seismic epicenter. TheaRve reflection is improved by the process the S
wave arrial is somewhat degraded..................uuiiiicccriiiiiii e 109

Figure 4.11.An example of microseismic signal and calculated CFs ovesex&nd noisy
interval of the Z component of an event. (a) Seismic trace, bandpass filtered tb05 to 2
Hz. The red plots ramgg from 1 to 3 represent three sampled windows (b, ¢, and d).
Histograms are shown of the three evaluated signals, including the mean, variance, and
kurtosis, as well as a comparison of the best Gaussian fit of each winddkwurt(esjis
of the seismicrace (calculated over 50 samples. (f) Kurtosis differential CF, with its
maximum highlighted by range 2 and used as the seismic wave arrival time (courtesy of
Atila da Silva Paes [2019])u . .uuuiii et 110

Figure 412. An example of a raw seisomrecord vertical component (Z) of theC3
geophones. The red dots are the arrival picks using differential kurtosis algorithms.
There is a significant improvement in the quality and quantity of thedsxsinvolution
even picks. The CF maximum (valussed as arrivaime picking) is shown in red; the
top panel is the vertical componefourtesy Atila da Silva Paes)............cccccovvvvvvnees 111

Figure 4.13.An example of the corresponding horizontal chanftgélsard H2) from Figure
4.12 after processg. This deconvolution based processing flow degrades the data such
that the picks are scattered. The top two pannels are the raw data, the lower two pannels
are the deconvolved data. This test demonstrates thatabessing sequence used here
is notsuitable for S wave data, as recorded on the H1 and H2 channels............... 112
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Figure 4.14.Raw input data from seismic record 24006 from the ToC2ME recording array.
This record shows both-Rnd Swaves arriving on both H1/H2 and V chalmeThese
geophones are 27 m deep, beneath the lowswetace velocity layer. Nonzero
incident R and Swaves are recorded on both V and H1/H2 channels because of the
recording of the vertical and horizontal gooments of the nonzero incident waves...114

Figure 4.15.Record number 24006 processed using deconvolution, filtering, and scaling on
V and filtering and scaling on H1 and H2. Th&Rve arrivals are visible on the V
channelthe Swave arrivals are visible on the H1 add channels............................. 115

Figure 4.16.Record number 24006 processed using deconvolution, filtering, and scaling for
V and filtering and scaling for H1 and H2. In attrition, random ndissaation is
applied using the Shearlet transfoasidescribed by Hauser and Steidl (2014)........ 116

Figure 4.17.A comparison of the processing flows tested prior to production processing.
The center panel is chosen as a prangdtow for the entire data set. The random
noise attauation (bottom panel) leaves some of the efeed in the records.............. 117

Figure 4.18.The number of events per hour detected using REDPy with parameters in Table
4.1, with orphans shown in black and repeaters in red. Upper: datipassed filtered
between 1 and 70 Hz (see Salvage and Eaton [2019] for further details). Lower: data
processed using deconvolution in addition to filtering and scaling. Note thattesx
are on different scales and so cannot be directly compared...............ovveeeeeenn. 121

Figure 4.19.Temporal evolution of repeating events within the TOC2ME data set using
deconvolved data. Each horizontal lbepresents one group of repeaters, ewdnts
identified on a reg/ellow color scale dependent on the number of events occypeing
hour (red sfew). The number of events per family is shown at the end of the line. Only
families with greater thanvie events per family are shown here..................cccvvieeee. 122

Figure 5.1.Left: 3D time-structure map of the Swan Hills Formation, showing the extent of
the3D and the cdocated passive seismic array. Center: location of the treatment wells.
Right: configuration of the downhole geophEm............cceeiiiiiiiiiiiiccceic e, 129

Figure 5.2. Synthetic seismogram correlation. The synthetic seismic trace (blue) is
generated and correlated to #eesmic reflectiorata at the well location. The
synthetic seismogm is bulkshifted and stretcheid match the reflection data at the
L= oTo] =2 [ Yo o o PSPPSR 138

140

Figure 5.3.Registration oP-P andP-Sreflections. (aP-Sdata, (b)P-P data, showing the
horizons used fothe calibration. Té RS data (a) is displayed irfPtime................... 140

Figure 5.4. Comparison of the raw waveforms and quality ahB Swave picks at one
station. Traces are approximately aligned on theai?e (the dashed line), atite S
wave is me&ked with a black circle. Event 4 represents a 18gd event (MWD 1.0),
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and event 1 is a lo8/N event (MWDI1 0.2). The terms Z, H1, and H2 denote the
vertical and unrotated horizontal channels (courtesy, Poulin et al,.2019).............. 141

Figure 5.5. Graph showirtgi x¥’anal ysi s and regressitan met hod
These are the microseismic time picks, the S arrivals are blue, and the P arrivals are red.
Outliersbeyond 95% are considered to be erroneous picks and discarded............ 142

Figure 5.6. Example of ®btptime grid calculated from the 3D seismic data volumes. The
horizon shown is the top of the Swan Hills Formation, which directly lirdeéhe zone
of interest (the Duvernay Formation). Sphtoordinates represent relative northing and
easting values (courtesy Poulin et al., 2019)..........couuviuuimiiiceeeeeiiiiee e 143

Figure 5.7. (a) Application of a lookup table constructed by spline intéigolaf tsb tp
times measured from 3D multicompaoneeismic data. The yellow region shows the
95% confidence interval fgr w¥%_sb_p, based on the linear regression analysis of the
microseismic time picks (Figure4. This region is used to obtain cesponding
uncertainty estimates for focal time.&graph on (b) illustrates conversion of the P
wave time to depth below the seismic datum. (courtesy Poulin et al,.2019)........... 144

Figure 5.8. WeHllog-derived P and Swave velocitiesff o m we | | ABo0), showing
smoothed model used calculate hypocenter locations using NonLinLoc. The
velocities were derived by running a median smoothing filter over the sonic slowness
curves. The well is located approximately 1.5 km southeast of tlsei8Bic survey. A
1D (horizontally layered) ndel is justified here due to the nearly flat layering in the
study area (Weir et al., 2018)........uuuuuiiiiiiiee e ceeeiire e e e e e e e e e rrne e e e e e e e e e e eeeeeenenee 146

Figure 5.9. Depth distribution of events, with the treatment well and seismic horizons
outlined. (a) Depths obtained using thedbtme method. (b) Depths obtained using the
NonLinLoc package (Lomax, 2018), for comparison with the ftioa results. The
events contained in the current catalog lack operationally induced microseismicity
(Eatan et al., 2018), which would have gengrébwer magnitude and would be
expected to cluster at the same depth as the horizontal wellbore. For thgniecahd
NonLinLoc results, most of the inducedismicity hypocenters plot above the treatment
level, similar to other programs in this area/(& et al., 2019). The NonLinLoc
hypocenters were obtained using a 20 m grid with the smooth 1D velocity model shown
in Figure 5.8. (courtesy Poulin et al., 2019)...........uuuiiiiiiiiieeeiiiiiiiiieeeeeee e 147

Figure 5.10. (a) Map dpicenters of the 13,105 located mtgehighlighted three clusters. (b)
Depth histograms of the highlighted clusters. The dashed black line indicates the mean
depth in each cluster. The horizontal treatment well is at approximately 3450 m in
depth. faulthat crosscuts the Duvernay Format{&aton et al., 2018). Although this
cluster is approximately 30@00 m east of the nearest treatment well, the focal depths
of these events lie close to the depth of the hydrdwalaturing fluid injections. Taken
togdher, these observations demonstthsd the focatime algorithm yields coherent,
clusterspecific depths. (courtesy Poulin et al., 2019)..........cccvvvviiiiieemiiiiiiiiiiieeee 149
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Figure 5.7.Microseismic events superimposed onto the 3D seismic depth volume. Well
pahs are shown for referencehd@ shaded upper horizon is the Swan Hills Formation
depth surface, and the lower surface is the basement (lower)..............oovvvvieeeeeennn. 151

157

Figure 6.1.Expected fluid regions within the Duvernay Formation, giventtiermal
maturity profiles (modified from Preston et al. (2016). In a regional context, this study
area is situated within the condensate fluid region, highlighted by the arrow......... 157

Figure 6.2.Schematic crossection showig the Duvernay Formation with its geological
setting (modified from Preston et al. [2016]). The Duvernay Formation (highlighted in
red) is the stratigraphic equivalent of the Leduc Formation athe icus of this study.
The color bar at the base okthross section schematically correlates depth with
NYdrocarbON MALUIILY.........oooiiiiii e e e e e e e eee e 159

Figure 6.3.Local map showing the wells that have been completed in the Duvernay
Formation (gree lines). The pie chart represents the type ofyetdn; red is
condensate, yellow is gas, and blue is water. According to the reported data, there is no
oil production in this map area (green). Most of the Duvernay wells have been drilled in
a northvestsoutheast orientation perpendiculaStenax Condensate production
reporting is not a requirement; therefore, condensate volumes tend to be underreported
(AER directive 017 13.2.2). Pie chart sizes are proportional to the quantity of
production to dte (OCtODEr 2019) . .........uuuiiiiiiiiiiiii et 161

163

Figure 6.4.P-P synthetic well tie. Sonic and density well logs are shown, as well as the
synthetic seismogram (blue) and actual reflection data (red, black). The synthetic
sesmogram tie shows the correlation of tley lseismic horizons, as well as the
corresponding depths. The treatment zone is the Upper Devonian Duvernay Formation,
shown on the well tie. The match between the blue and red traces shows the final
(o0] 4 =111 (o] o TR PP R PPPRUTRPRPR 163

Figure 65. 3D chair plot views of seismic data from the ToOC2ME program. (a) Wabamun
and (b) Swan Hills timetructure maps. The treatment zone, the Duvernay, sits
conformably above the Swan Hills Formation. The color bar teo-way travel time
(ms). The Swan Hills Formation timestructure map (b) shows a marksatth-south
lineation. These features are interpreted as faults. These maps arevaytweglection
1110 TP 165

Figure 6.6.(a) Schemad diagram of a transtensionaluit system in the Duvernay. The
movement of the strikslip fault is transferred to a number of crassting faults. (b)
lllustration of a Precambrian fault and the associated flower structure (Eyre et al., 2019).
According to this model, the flowetrsicture extends from the basement into the
sedimentary section. This diagram represents the structural interpretation of the
Duvernay Formation using the seismic data in this report................coovvveeniiinnn. 166
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Figure 6.7.Epicenter locations of duced events with two examples of focal mechanisms in
ToC2ME (modified from Eaton et al. [2018]). Group 4 isM@#-3.2 induced seismic
event followed by aftershocks occurring in the Upper Ireton Formation, situated 70 to
90 m alove the treatment zone. slhows a nortfsouth lineation, with a strikslip
mechanism derived from moment tensor inversion. The principle stress axis is plotted,;
SHhaxis 43°. Cluster 5 shows a predominantly stskp motion on the beach ball plot,
with a northnortheagtsouthsouthwest orientation and a small vertical component.168

Figure 6.8.Hypocenter depths. Depth histograms of the calculated hypocenters for three of
the microseismic clusters and map of those clusteeslified from Poulin gal. [2019]).
The blue cluster (4) is centered at 3300 m, the green and gray (2) at 3370 m, and the red
(5) at 3425 m. The blue events in cluster 4 are associated with the largest induced
SeISMIC eVENL IMOCZ2ME ... ..o aae 169

Figure6.9. Combined chair plot showing a Gilwood time slice (viewed from the north), a
co-rendered fault detect volume with amplitude (red to blue). The Gilwood chieel
feature appears to be displaced approximately 3000 m across thectetieftlateral
(sinistral) fault. The microseismic events from cluster 4 are observed to occur
approximately 300 m directly above this fault in the Gilwood Formation............... 172

Figure 6.10.Combined chair plot showing Swan HillsrRwation dept-converted structure
viewed from the north. Cluster 2 occurs at the Duvernay Formation treatment depth.
There is a pronounced noitiortheastsouthsouthwest structural trend on the
underlying Swan Hills Formation, which matches the ori@matf cluser 2 events
from the microseismic data (a). Because the Duvernay conformably overlies the Swan
Hills, this map also approximates the Duvernay depth structure. Cluster 5, occurring at
the treatment depth, terminates abruptly in the northgastst an iterpreted vertical
fault that does not appear to activate (b). Cluster 4 appears to align with the main fault
activated by this treatment, which is oriented naahth (b). The structural lineaments
that are aligned 30°N are consistent with interpréation of transtensional tectonics,
where strikeslip motion is transferred from one fault to another by a series of
INterMediate fAUILS..... ..o e e e e e e e e e e e e e s s e e e e e e as 174

Figure 6.11.Eastwest crosssection showing the key features in the Bigstoeth region.
The Swan Hills reef edge, a Gilwood channel, and the vertical displacement associated
with the basement strikdip faults are highlighted. The Swan Hills group, Gilwood
member, and Precambrian markers are displayed in depth. The progdtie Mw-4.1
seismic event is shown as the yellow star. Associated maps and the interpretation of
these features are displayed in Figures 6.12, 6.13, and.6.14.............c..vvvuceveennnn. 180

Figure 6.12.Depth-converted seismic surfaces on the SwarsHitirmation (a) and the
Precambrian basement (b). This chair plot viewed from the north highlights both the
north-south faulting and the reef edge. The Swan Hills reef is a prominent northeast
southwest feature displayed in FIgure 6.13(a)..........cccuurriiiiirieemeeeeeiiiiee e 181

Figure 6.13.Map views of deptitonverted structures for the Swan Hills Formation (a) and
Precambrian basement (b). The microseismic catalog locations are displayed on top of
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the structural map, showing a distinct nestiuth alignmentardlel to the observed
north-south fault lineaments. The Swan Hills reef front, seenmastheastsouthwest
curved line on the Swan Hills surface (a), appears to have acted as a barrier inhibiting
microseismic growth to the south and east of the trewitwell. Notable nortksouth
displacements can be observed along this reef front. A series ofpatthfaults are

also seen on both the Swan Hills and Precambrian maps; several of these are interpreted
and shown in (b). Although these faults aredpranantly strikeslip, in some

instances, there is noticeable vertical displacement. The faulting is almost entirely
north-south, in contrast with theoC2ME area, where there is a significanarth
northeagdtsouthsouthwestomponent to the faultingSHma is displayed as a blue

201V L G R | PP 182

Figure 6.14.North-view plot of the Muskeg Formation, Gilwood member. (a) Time
structure and (b) three of the interpreted stgkge faults, with the Gilwood channel
highlightedin blue The microseismic events are shown as points, colored by their
(ofo ] g 1=t o o] g o [T aTo 0 (=T 11 13RS 183
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List of Symbols, Abbreviations and Nomenclature

Symbolabbreviation

N — ™ 0 0 T C
So#BEET "9

3D

3D/3C

5D

AER

AVA

AVO

CF

CPU
CREWES

BRI
E
FEF
Focaktime
GB
GHz
Gp
Gs
H1
H2
Hz
LAS
LTA
LMR
Le

Ls
MFA
MIC
Mw
MHz

Definition

P-wave velocity (m/s)

S-wave velocity (m/s)

Vr/Vs, P-wave to Swave velocity ratio
angle of incidence

Lamé parametefambda(Pa)

Lamé parametemu (sheaModulus Pa)
density kg/m?)

change in

change in timeseismic evendathquake arrival
difference inP-wave arrival time

difference inS-wave arrival time
one-dimensional

two-dimensional

threedimensional
threedimensionalthreecomponent
five-dimensional

Alberta EnergyRegulator

amplitude versus angle

amplitude versus offset
characteristidunction

central processing unit

Consortium for Research in Elastic Wave Exploration
Seismology

Brittleness index

Y o u nModuus(GP9g
faultenhancemeinfiltered

TheFocal Time method for hypocenter determination
gigabyte

gigahertz

Gr e e n 6 s Piwave tcavel patim

Gr e e n 0 s, Sfwave tcavel patim
geophone trizontal channel

geophone trizontal channel orthogonad H1
cycles per second

Log ASCII Standardile format

longterm average

Lame parametersambda &), mu (g), andrho ()
length of the Rvave ray travel path (m)
length of theS-wave ray travel patfm)
matched filter angisis

Microseismic Industry Consortium

seismic moment agnitude, Nm

mega (million) cycles per second
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NGL natural gas liquid

NSERC Natural Scienceand Engineering Research Council
N(t) noise as a function of time

PC personal computer

PRPS P-wavereflection and converte8-wavereflection
PR Poisdsnds Ratio

P-P P-waveto P-wavereflection

P-S P-waveto S-wave reflection

P-wave compressional wave

RAM random access memory

REDPy RepeatingzarthquakeDetector Python

RNA randomnoiseattenuation

S-wave shear wave

SEG Society of Exploration Gedyysicists

SEGY SEG file format

STA short-term average

SHnax maximumhorizontalstress

to origin time

tp P-wave arrival time (ms)

ts S-wave arrival time (ms)

tep two-way reflection timeP-wave reflected (ms)
tps two-way reflection timeS-wave rdlected (ms)
TOC total organic carbon (%)

ToC2ME Tony Creekdual microseismicexperiment

V geophone vertical channel

Vp P-wave velocity (m/s)

Vs S-wavevelocity (m/s)

Vr/Vs P- to Swavevelocity ratio

Wph source waveletP-wave

Ws source waveletS-wave

XR receiver location

Xs event location

z 0 event focal depth

Zp P-wave impedancékg/m3)(m/s)

Zs S-wave impedancek@/m?)(m/s)

Z verticalcomponent, used interchangeabith V
Geological formations

2WS Second White Speckled Shale

Colo Coloradogroup

Wab Wabamun Formation

Ireton Ireton Formation

SWH Swan HillsFormation

Gill Gilwood member, Watt Mountain Formation
~Prec Precambriatbasement (approximation)
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Chapler

l hroducti on

1.0 Objectives

The useof reflectionseismic datdhas a significant impact on the economics of oil and
gasextractionas a means of risk reductioin an exploration role, it can higjrade structures,
define faults and traps, and is use@abrect hydrocarbon detection tool. In a development role,
it is used tadefine areas suitable for development in a given bR&fiection seismiés used as
astructural guideo directthe orientation of horizontal well boresThe use ofhree dimegional
multicomponent data,-B/3-C, enables thextraction ofpetrophysicahttributes relevant to field
development. 3-D/3-C seismic data is powerfultool in the identification of faults, contributing
a structural analysis to field development.

Passve seismiadata(microseismigis used tanonitor seismic agvity during the course
of ahydraulic fracture stimulatioaperation It determineghe pog&ion and depth of the induced
seismic evenfs as well as monitorsndesirableseismic events sucls large magnitudgelt)
earthquakesor fractues occurringabove and below the treatment zone. Microseismic
monitoring serves to provide information with respect to hydrocarbon development in adjoining

areas.

2n thisthesis inducedseismicevents arelefined to benthropomorphidn origin, the result of human acttyi



In thecompilationof this thesismethod were developed to combine these two aspects
of seismic analyis. These include a method to combine the passive and active data to derive an
accurate depth for induced seismic events, and a method to interpret the results using both types
of seismicdata In addition, data processing methods commonly appieeflectionare applied
to passive seismic, significantly increasing the quantity and quality of identified passive seismic
events.

The data presented in thikesisis centered in an active hymrarbon exploitation
project, near Fox Creek, AlbertBhis thesispresents results acquired in an active hydrocarbon
exploitation area,combiring reflection seismicmicroseismi¢ signal processingnd 3D
visualization. An explanation for the mecksan fracture propagation and induced (felt)
seismicity interms of deegeated basement faults and Riédbakar faultingdDavis, et al.,
2000) The analysis presents a significant departure from previous reservoir fracture models,
where the reservoisiassumed to be homogeneous @Hthaxdominates the fracture
propagatio direction; that the reservoir acts ahomogeneoublock of materih andSHmaxs
the dominant feature in fracture propagatidtere, | show that the large induced seismic (felt)
events are reactivated basement faults, and that the fracture prap&ydbminated by re

activating preexisting faulting such as Riedghear zones near strikép faults. .

3 Riedel and transcurrent faulting refer to the oblique shearmiationthat occur as eesult ofstrike-slip
movement, Davigt al. 2000.



1.1 Overview

Hydraulic fracturings used extensively in the developmehtinconventional reservoirs.
The hydraulic fracturing methdgpically starts with drilling a wellzertically to the target
formationandthen turningthe wellbore horizontallyhrough the tighthydrocarborbearing
(King, 2011) The horizontal sectioaf thewellboreis perforated over discrete intervasd is
injectedwith water, chemicalsand proppant in what is calléydraulic fracturestimulationor
A f r a.c &hegombination ohigh-pressuravater, chemicals, angroppantusuallysand)
opers up microfractures within theeservoir(CAPP, Hydraulic Fracturing, 209). The function
of the proppant is to hold the newly formiedcturesopen otherwise the stimulated reservoir
rock wouldcollapse once the pressure is redutedngflowback Along with creating new
fracturesfracture stimulatiortonnects existinfracture networks within the reservoir, enabling
oil and gas tdlow from tight reservoirs.

The Duvernay Formation is the subject of study in this thegih the results of two
horizantal hydraulic fracturdreatment programs evaluatedlhe Duvernay Fanation is a
hydrocarbon play in active development in wes#dbrerta, utilizing horizontal drilling, hydraulic
fracture stimulation, and microseismic monitorifignis unconventional lpy is comprised ofa
bituminous / argillaceous carbonakeposited adjcent to several large Leduc reef complexes The
Duvernay has an effective porosity of 8 % and an average total organic carbon (TOC) content
of up to 4.5% (Chopra, 2017)The Duvenay was deposited as basin siddiments betweehe
stratigraphicallyequivalent Leduc Formation platform and re€féie sedimentxonsistenof fine

graned organic rich sedimentsarying in lithology as describday Knapp (2017), an@®unn



(2012).. It is correlative with the lower Leduc Formation and is believed thiésource rock for

the conventional Leduc, Ni&u, and Wabamun oil pools in AlberteDunn 2012). During the
Devonian, the gwth of Leduc reefs was terminated by sea level risengusihich the reef
building organisms were ultimately unable to keepith the rising sea level and drowned. The
Leducand Duvernay Formations are both overlain by the quitzlreton Formation, which
forms a capock and seafor the oil reservoirs Figure 1.1showsthe location of the study area
within Alberta, thetreatment well locations with the passive recording array, the downhole
recording configuration, and generalized Devonian stratigraphiccolumn.  Within the
stratragraphic column, the Duvay is colored red, the Leduc Formation and Gilwood member
are hidnlighted in yellow. The Gilwood member is a significant seismic marker, a channel incised
into the Muskeg formation. The mapping of the Gilwood channel aids greatly in recognizing the
structural evolution of the environment affecting the Duvernay Foomatleposition and
diagenesis.

The depositional environment of the Duvernay Formation varied enormously depending
on where it was situated with respect to the Leduc reef. Factors wlectedfthe deposition
were tides, climate, storms and sea level gbarinterreef areas were protected from waves and
tides, so that sediments were deposited in a low energy environment. In the subsurface, five
lithofacies have been identified from esr(Dunn and Schmidt, 2012): argillaceous mudstones,
bioturbated linesbnes, organic rich siliceous mudstones, siliceous orgaicmudstone and

mixed siliceous mudstones.
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Figure 1.1. A location map highlighting the study area within the provin&éerta. (a.) The
area imearFox Cred&, Alberta (b) displays hehorizontal well treatment program with the
microseismic recording array. (s)the downhole recording configuration, g is the
generalized stratigraphic column for the Devorage in Alberta Theformations of interest
highlightedin red (Duvernayand yellow (Leduc).(adapted from Core Labs Stratigraphic
Correlation Chart



Seismicinformation plays an integral part in the developmenirafonventional
reservois such as the Dwernay Formatiorn Alberta, CanadaTwo types of seismic data are
anal/zedin this thesisseismic reflection data, acquired using active seislyimamitenear the
surface, and passive seisrdeta r ec or ded c o mfoisasmioeventsgdtaso Al i st
induced earthquakes occurring at reservoir déptbroseismic evets). For welbore
placement, seismic reflections are converted to deptla@uded to determine well placement
andtrajectory. Emergingtechnologies such & multaneous inversiostructural mappingand
microseismic analysis areutinelyused as kgecomponents in deriving a complete reservoir
picture (Chopra et al., 201Weir et al., 2018).These inversion methodliver lithologic
properties suchsP-wave velocity, Svave véocity, and densityfrom whichpetrophysical
properties sMadallsP@ s s ¥ @ uéngBiitlReaess indexare calculated

Horizontal well treatment programfhydraulic fracture stimulatiorgre monitored by a
pas$ve seismic recording ay situated on theearsurface(Eaton 2018). This array records
seignic events such as perforation sheskground seismicitynduced fractures, and induced
earthquakes Data recording occutsefore,during, and aftethe welltreatment programThe
passiveseismic recordings processed toatalogseismic eventand b determine thepicenter
(surface projection) anldypocentefseismic event depth)Analyzing thedepth and pattern of
themicroseismidracture propagatioserves as a method to chacterize the reservoy
interpreting the fault patterng he lateal extent of the fracture stimulatios tracked, and
insightsare obtaineas to the mechanism by which fractures propagatehallenge exits in

determinng the optimalmethodto devdop a reservoiby well placementvhile avoiding



geohazards such asduced seismicity Technologiesleveloped and discussed in this thesis are
used toadvance reservoir characterizatmmdinclude simultaneous inversigWeir et al.,
2018) a new methotb determinénypocener depth(Poulin et al, 2019)improvements inignal
processindWeir et al., 2019)ard a method to integrate passseismic @ta with reflection data
to provide a comprehensive geological interpretation.
1.11Poststack nversion

The concept of seismic inversion dates back to R. Lindsedthe Seslod® inversion
(Lindseth 1979). Seismiceflection datareinherentlybandlimited (Lines and Newrick2004)
sothe ability to recovesubsurface impedance valuesiaalimited. As part of normal seismic
processing, seismic data are stacked toaqamiate a zeraffset reflection and to reduce noise
(Margrave, 2005). Stacked seismic datacessingnakes the assumption that all the seismic
traces that focus on a common midpa@an be summed to increase the signal to noise ratio, and
form a refletion seismic section that assumes all raypaths are vertical, and hence zero incidence.
The seismic data used for poststack inversion is the common midpoint stack, where the
individualt r aces that focus on a commondn8édcpoi nt ar
well log dataareused to ada low-frequency (Go 12 Hz) component to seismitata, resulting
in a more accurate subsurface impedance profike resulting inversion isr@presentation of
the acoustic impedance profile in the subsurf&gadding the lowfrequency component, a
moreaccuratesubsurface acoustic impedance is definBg.using thesoniclog, as shown in
Figure 12, the lowfrequency component of tlseisnic data is recoveredThe sonic log (or

sonic/densityogs)is resampéd, tied to the reflection data by means of a synthetic seismogram.



The blocked log is perturbed at each and every trattee surveyuntil there is a match. The
resulting output isheacoustic impedandaversion. A limitation of this type of inversin is that
it is a combined sonic and densigsponse andannot isolate density @elocity effects. An
anomaly caused by a coal bady be indistinguishable from a gas sand. Paxtshversioris
also subject to the same resolution issues with regpdee thickness of the target interaal

onefourthto one-eighthof a wavelength (Lines and Newrick, 200idess 1973.

Blocked Inversion
Sonic  Sonic Acoustic  Synthetic Seismic trace output sonic
Log Log impedance trace from survey log
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Figure 1.2. A simplified modelbased inversion workflow(a) The original sonic or acoustic
impedance log. (bhhe sonic loglock model derived from the sonic log. Td)e reflection
coefficient generated from the block model. \(é)ere the synthetic dataetied to the seismic
survey. (d)An arbitrarytrace from the survey(e) The block model from (b) perturbed to match
the data.In this example(e) is the final inversion output. (The layer thats modified to match
the seismic tracéblue arrow)
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1.12 Amplitude versus offset

Amplitude versugffset(AVO) is a technique where nonzero incideseesmic
reflectiondatais usedo ddgermine the physical propertiestbe subsurfaceWith AVO
analysis, the amplitude behavior is investigated as a functioruafesceceiver offset or
incidence ang, the traces that were stacked for the -zdfget seismic section are investigate
individually for their angle dependencAVO came about as a recognition of the offset
dependent reflectivity within seismic reftean data. Initially, AVO analysis veaused as a
method for direct gas detection in the subsurface (Ostrander, 19&4% gds sands were
observed to have a demonstrable increase in amplitude with offset. It became a routine practice
to distinguish strng anomalies generated by lompedane events such as coal beds from gas
zones(Lines and Newrick, 2004). Hydrocarboratarity windows for early use of AVO
analysis were described by Chiburis et al. (1993), where prestack seismic data were used as a
direct hydrocarbon indicator. Equationd And 1.2 were used based on petrophysic
parameters to generate forward modeld predict the offset reflection dependence of reservoirs
as a function of fluid content. Using AVO, the interpreter was able to distinguish lithology
changesfromfluiddonges; some of t he iomstehre edt didok | dyahtt a
confirmed to be gnerated by the presence of hydrocarbons and to be distinguishable from
lithology-generated anomalies such as coal bedEhis amplitudeversusangle(AVA) strategy
is used as an interpretation tool to determilgd content or rock propertied=igure1.3is a

diagram ofhow an incidenP-wavereflects aP-wave anctonverts tdS-waves.
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Aki and Richards (2002)iscussedhe following relationshipfor energy partitioningat
an interface P-wave to Pwavereflection P-P) andP-wave to Swavereflection (P-S)can be

expressed as a functioniatiderceangle or more convenientlyas a function of5-where—is

theinciderceangle

1) t \

[ \ vy
' = 1
)

1

P

Figure 1.3. A display of an incident ®vave reflectingrefracting, and partially converting to a
Swave. The reflectivity is a function of the incideangle and is determined by contrasts from
Vp, Vs, and} (P-wave velocity, Svave velocity anddensity, respectfully. dis the incidene
reflection and refracted>-wave angleandy i sS-wavé reflected and refracted angle.

— (1.1)
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r —8Values forw andw (S- and Pwave velocity, respectfullygre generally taken dlse

average value over the region of interest.

Fattiés version of the AkRichards equatiois (Fattiet al., 1994)

Y — @Y QY oY (1.2)
where
O o OA & w OEH & EOAJ— ¢ OEL
Yy Yo . Yy Yo . Y
Y BT—h Y BT—h N
C W C W

These equations form the basis to estima®aRd RS derived from sonic, sheand density

logs.
The choice for using a linearized inversion metfl@&G Geoview)is based on the

following considerations:
-At present, the Zoeppritz (Zoeppritz, 1919) equationy@mnecomplex and are

difficult to implemert for practical application§&Zhang et al., 2016)inear

approximations are sufficient given that the analysis is for incident angles well
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below critical, and the general band limited nature of our reflection seismisdata

well suitedtoamode b absleodc kiied 0. i nver si on.

-GeoviewCommercial softwares configured to processes langestackdata

volumes .uses dvaned graphics,ad has tk 1/0 capabilityto pass data tand

from other platbrms.

-Computational efficiencynponlinear methodsan be computationally

expensive, and are not readily dable far 3-D/3-C datasets.

-All of the offsets for inversion weriatentionallylimited to amaximum incident

angle of 38; linear approximations are quite effective in our application, the

objedive to image relative differences in the Duvernay Foromain the

calculated impedance volumes.

1.13 Simultaneous andjoint inversion
Combining impedance inversion wig&VO resulsin a process callesimultaneous

inversion whereprestackseismic datarecombined with subsurface log data, with the P and S
wave, and densityarecalculatedHampson and Russell, 280 The converted wave response
depends only on the in shdae V)ontrasts and densifge ), which is much simpler than the P
P response, where the response is dependerf\g@e V andae }(Gray, 2@3). Synthetic data
as well axonverted waveéata from Long Lake, Alberta as exampl&githout the shear wave
data,theit is difficult to resolveaccuratedensity valuesInversion ests werealsoperformed
using synthetic and VSP dqtdahmoudian and Margrave, 2007)he shear wave data

contributel a greater portioto the density valuthan the compressionatlocity. The Blackfoot
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field study (synthetic data) andfield study in theRedDeer arean a walkout VSRvere

processe@ds comparison examples between different inversion algorit#We© inversion, by

its very naure, requires the use of a dampedggilar value decomposition to stabilize the AVO

inversion. The density solution is very sensitive to noise in the AVO invarsioence the need

for a stability factothereby reducing resolution)in the simplest of terms, the converted wave

data preides a direct shear wave response from the subsurfBleis data is independent of the

P wave reflectednd adds additional information to the inversid@Biven that the objective of

the inversions presented here is to derive petrophysical propedigs suta s Youngdés Modu
P o i s &Ratio @aculated usg Vp,Vsand} ,)an accurate density estimate is crucial.

Ideally in a3-D seismic acquisition prograthe source points (dynamite shots) and
receivers (geophones) are distributed evenlth an even distribution ofiear andffsetsfor
eachcommon milpoint The surface projection of tikemmon midpoint is referred to as a
A b,0the objective of seismic processing is to ensure all of the bins are equivalent, with an even
distribution of offets. In the real world, there are surface obstructionads, railways, wells,
and so orwhich make it all but impossible &ven out the bin distribution by field acquisition
alone. The process of interpolation (Trad, 20683 in the missingacquistion dataand
normalizes théVO trace distribution foeach surfacein, and subsurface commamdpoint
This process is essenttal prepare data for simultaneous and joint inversion.

This simultaneous inversioils modetbased, using conjugate grad®eto calculate an
optimal solution. This inversion is constrairt®dwell log data and defined seismic horizons.

Thisinversion procesbkas beempplied to singleeomponent data using offset dependency to
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extractS-wave daa, with calculations based capproximationgo the Zoeppritzequations (Lines
and Newrick,2004)

Joint inversioruses multomponent datayith the S-wavedata(converted fronP-wave
to S'waveuponreflection)recorded in conjunction with tHewavedata This inversion is
modeltbased andequires well logsP-P andP-S data,andseismic interpretatiof\Weir et al,
2018). Five-componenseismic data interpolatiamormalizeghe prestack data malculating an
even distribution of tracea bins the prestackP-P andP-S recorded dta(Trad, 2009).
Interpolation addressdise problem obffset and bin distribution in the prestack domain
improving by regulading theoffset distribution and normalizing thens to the bin center
Rock parameterarecalculated from this inversiohu ¢ h  a s ModwWugsRgibssonos
andbrittleness.Theseareused fordetailed petroleum reservaiharacterization Combining
these data with structural interpretation can lead tidéwtificationof geohazards) s we e t
spot so i n resarwirgneawaytd ptan well trajectorjesichaswith areas subject
to induced seismicity.

In orderto interpret the inversion results, stratal slices are created from the inversion
volumes. The Swan Hills Formation seismic reflector servedefgei@ence andlices from 2 to
16 ms are created above ®wan Hills Formation. The 8 ms stratal slieselected for displgy
the slices arevery similar to the 6, 10 and 12 ms time diderivedfrom the same data set
function of the band limitedature of the seismic method. A seismivelet is displayed in one
of the outcrop photographs ittustrate the relationship between seismic resolution and bed

thickness.The velocity and density contrast betweenlteeon Formation shale and the

Rat i
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Duvernay Formation is relatively smalespecially compared with the strong peak associated
with the Swan Hill&=ormation reflectionit does not have a strong peak or trough uniquely
associated with it, rather tipgck sits on the side of a trough when catedl in thesynthetic
seismogram The Duvernay Formation does not have anobsdivedu ni ngo ef fect, a
in a shallow gas sandather, there is substantial side laffect form the Shan Hills reflector
The inversion operatprusing waveleextraction nitigates this problerby compressing the
wave form to a spike within the resampled (blocked mdigssell and Hampson, 1991)

1.14 Microseismicrecording

Microseismic recordindpr the petroleum industry was first performed by the El Paso
Natural Gas Gmpany in 1973 (Powetal., 1976) Microseismic recording hasncebeen
deployed over a number vériedsettings suclasthe hot dry rockexperimenby Whetten et al.
(1987)and in geothermal applications suchtzes monitoring ofyeysers Microseismic
recording caméto commonuse around 1% (Zinng 2011)using both downhole and surface
arrays Microseismicmonitoring usage has been documented for many unconventional plays
such aghe MontneyFormation(Eatonet al.,2013) the Duverngy Formation(Eaton et al.,
2018) the BarnettShale Formatioi(Wu et al., 2016)andthe FayettevilleFormation(Hobro et
al., 2016) as well asfor the Marcellus, Bakken, and HaynesviBaales(Duncan et al., 2013)
the tight sand fields and the uncontrenal oil fields of the Agtin ChalkFormation(Phillips et
al., 1998) andthe EagleFord Shale(Inamdaret al., 2010)

Seismic eventbave beemletected as-FRand Swavearrivals in a timeseries geophone

recording; placing these events in depthurexs the us of avelocity model(Lomax et al., 2000;
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Lomax et al., 2009) During hydraulidracture stimulation (fracking), microseismic events are
recorded on continuously recorded multichannel/multicomponent acquisition arrays. For the
microseismic ecording use in these studies, the data were acquired before, during, and after
hydraulic fracturing using a neaurface array. In this thesis, dar@used intheir original (raw)
form with minimal signal processing applied. Seismic events are ee@tesing a ariety of
methods, which are then convertedypoceners using a 1D timedepth model. In order to
improve event detection, processes commonly ussdigmic reflectiordata are deployed here.
The result is an improvement in the sigt@hoise ratioand a sgnificant increase in the number
of events detected.

1.15 Microseismic event detection methods

Matchedfilter analysis MFA) is amethod used fatletectingmicroseismic events
(Caffagni et al., 2016)MFA correlates a template wavefoagainst a entinuais data stream to
detect similar occurrence§everal seismic events amanuallypickedas template events,
calledfiparend events These events are correlated agdinstcontinuous data to detect
occurrenceshat match the parent ents The quality of thefichildo events are dependent on the
guality of the identified parent event for eathster andare affected by the signtd-noise ratio
of the inputdata. Beamforming(Verdonet al, 2017 generates fand Swave traveitime
lookup tablesrom identified events. From these events, a search is performed across the array
usingshortterm average (STA) and losigrm averagel(TA), a time shift is calculate@ndthe

alignedtracsare stacked.
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STA/LTA (Eaton, 208) calculates thaverage vales of the absolute amplitude of the
seismic signal in two moving time windows. When 8T&A/LTA ratio exceeds a threshold
greater than a preset value, a seismic event is cataldggd methods for event deteatiare
currentlybeingevaluaté, such aglifferential kurtosigPaesand Eaton2017). Kurtosis is used
with STA/LTA ratioto detectseismic events. The method is to sum the energy in a collection of
geophones in a localized area. The signal delay eetgeophonelsetweemearby stions is
usedto confirm thespecificevent

1.16 Microseismic depth determination

Improvenent infocal depth determination has been realize@d aswly developed
technology developeand describetiereast h callimeme t h ddthethan using D
model to detanine thehypocentetocations, 88D P-P andP-S velocity volume is derived from
a calocated multicomponer8D survey calibrated to well control. The velocity volume used in
this methodakes into account \ecity anisotropyandvariationsin subsurfacetsucture and is
constrained byearby well control to convert arrival times to subsurfaceldeptertical
transverse isotropy (VTI) is generally the result of bedding plane deposition, where the P and S
velocity differ in horizontal and vé&cal diredions (Ogiesoba et al. 2003). Azimuthal anisotropy
is a condition where the seismic velocities vary as a function of the direction parallel to the
bedding planesor azimuthal directiofi.e. degreesrom North). These variations nyabe
cau®d by fracturing in the rock, reducitige velocity in the direction orthogonal to the fracture
network. A 1D velocity model cannot account for VTI, or variations in structwteereaghe

focattime method doesThis results iraccurately positionekdypocenterswhich arecombined
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with the P-P/R-S seismic volume andredisplayed in the san&D-rendered interpretation
environmentWith thesedata, geological insights are obtained as to the naturprapdgation
of fracture andnduced seismic eventdn case studiesisks associated witreservoir
developmenincludeinducedseismic events (fekarthquakesand fracture propagation
occurring in @& unexpected mannand without easy explanatidny a simple homogeneous
reservoir model.

1.17 Microseismic data preparation

Seismic reflectiomprocessing suchsadeconvolutioriiltering and scalings routinely
applied toseismicdata to reducaoise andcenhance the signéilargrave, 2005).This
processingmproves the information availabléor interpraation of seismic eventslhis same
processg is applied to the aatinuously recorded data for microseismic event recording
resultingin a marked improvemeim the signatto-noise raticover the raw dataThe tess are
performed using event detectisnch asSTA/LTA ratio and kurtosisa marked improvemein
shown inthe number of eventsThe intent of this work is to provide a method wherebgnt
picking algorithms(i.e., STA/LTA ratio and MFA)are provided vth aset of data with improved
signatto-noise ratio. The signal processingsed here is specificaltpilored to the bandwidth of
the P- and S-wavearrivals,removingsignalsand noise with frequenciesitside this bandwidth.

1.18 Integrated interpretation

The final step in interpretation is ascribe geologicaheaning to the seismic data. Risk
reductionis aprimary component of why seismic data, both continuous and refleat®on,

acquired.Risks for reservoir quality are assessed tghomversion(brittle, ductile) risks for
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inducedearthquakes are assesbgdcharacterizing basement faylisd rsks associated with
fracture propagation are assessed through detailed fault and facies mayfithiop this thesis |
consider a fractur be on opening in the host rock, in a hydrafthcture operation this often
is a tensile crack opening (Eaton, 8D1 Converselya fault is considered to have movemeint o
one plane with respect to another; stiéhi@, compressional, tensional, @mpensated linear
vector dipole(knopoff et al., 870)

Although somewhat speculatiieasemenheat flow carbe corrdatedwith deepseated
basement faultsThe hypothesis is that the increased heat flow rtaythermal maturity in
localized areaandcreate overmature (dry gagservoirs This mayexplain wly dry gas is
produced in areas mapped to béhia regional condensate window.

1.2 Thesis organization

This thesiscomprisegwo published case studiéShegpters 2 and 3 andtwo expanded
abstract§Chapterg} and5) thatuse the technology deeged during the course of this research.
Chapter &combines research from the previous chaedsoutlines methods using technologies
developed in this thesis agmied to risk reductionencompassing both economic and geolthzar
risks Chapter 7 sumarizes theesearchdeveloped he anddiscussefiow these ew concepts
contribute tageoscience.

1.21 Interpretation and inversiond Tony Creek dual microseismic expement

Chapter 2 is paperpublishedn the SEGournalinterpretationthatdescribes these of

simultaneous inversion for multicomponent seismic datacase studyThe intent of this widx

is to investigate the role of reservoir parameters suctoasgds ModulusandP oi s sonod s

Rat i
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and determin¢heinfluencethese havehad on fractur@ropagation The role of geological
structure is also investigated, considering its role with respect to hydraulic fracture performance
and induced seismicityln this seismiemappingproject,seismic reflection datarecorrehted to
the local geologysingwell logi generatedynthetic seismogramd.his isfollowed byPRPS
registration in which the converte8-wavereflectionsectionis tied to theP-waveseismic
reflectionsection Syntheticseismogramsstablisha timedepth relationshigdentifying several
key formations Fault correlationareperformed by observing matching vertical displacements
in the seismic datandtime slices andby observingthelateral displacemenin the deepmarkers.
Significantlateral variationgareobserved in th®uvernayFormationwith respectoPoi s son d s
Ratio Young®s Modulus andBrittleness indexindicaing the reservoirto behighly variable in
geomechanicgiroperties.

1.22 Interpretation and inversiond Bigstone North

Chapter 3 is paperpublishedn SEGS $he Leading EdgeThe methodology is similar
to thatdeployed inChapter2, highlightingthe DuvernayFormationin a differentstructural
setting. The behavior othe hydraulic fracture propagation differs significantly from the
adjoining Toc2ME areahe mapping of both structure and inversion attributes are investigated
to explain these differencebhe research uses muttbomponent O seismic data to produce a
structu a | interpretation, and i ntegrateuuseismic i
Poisson’s Ratio, and Brittleness into the seismic interpretatigdraulic fracturingoperatiors
causé an induceckvent (a felt earthquakejollowed by seveal aftershocks The 3D/3C

Bigstone Northseismic reflectiormlatasetelatesdirectly tothe seismic suey tiesof ToOC2ME
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to thesouth with several squarkilometersof overlapping coverageAlthough thefracture
stimulation programs are within 10 krheach other, there are significant geoladdifferences
between the two areas.

1.34 Application of deconvolution to continuously recorded passive seismic data

The intent for the research in Chapter 4 is tmaoestrate how the raw signal recorded
duringa microseismic survey can be improved by using establisiwthl processing
techniqguesommonly applied to reflection seismic processiFigs realizationcame about from
earlier work in reflection datteld testingwhere field processing were used@al time foraw
field data evaluatian Often, a field shot record during the test ssupe would be devoid of
observable reflection events, a single pass of deconvolution would bring out these etrets so
could be easily observed. Applying thesecesses to continuously recorded (microseismic
data)is observedo producesimilar resuls; continuously recorded seismic records seemingly
devoid of events in their raw state are observed to have vésldmic events.The effect of
pre-processing igvaluated on three different automatic ey@oking algorithms, and the
improvements ta@eismic auto picking methods are evaluated.

1.35 Focaktime method

Chapter 5 describes a new metliodfocattime/depth estimation (hypocenter depth
determination)that | codeveloped Thismethodwasoriginally published as an SEG expanded
abstractandgiven asan oral presentatioat the2018SEG meeting in AnaheinGalifornia The
focus of thischaptelis todenonstrate how this new technique, thecattime method, is used

andapplied to an existing microseismic catalsigowinghow it can imprwe the depth solution
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over previous moddbased methodsThe new method uses the interprefe@dnd Swave
seismic eents to derive a velocity field over tB® volumein boththe R and Swave domais.
This newmethodimplicitly accounts for vertical ahhorizontalanisotropy as well as variations
in geologicalstructure These datare used téocatethe microseismic events into equivalent
times and depths withimé seismic volume. This is a departure from previous metsdga
1D velocity modebasedeitheron well logs oon a layer cake modelThis methods usedo
determinenypocentedeptts in the same manndéhatthe seismicreflection datare convertel to
depth. These microseismigypocenteeventsareusedas a keycomponenbf the sesmic
interpretation andhapping.

1.35 Integrated interpretationd Using microseismic to derisk theDuvernay

In Chapters, microseismic event@reincorporated into theegssmic volumggenerated
from the work inChapter 5) andaninterpretations derived sing faultmapping, reservoir
characterizatiorand microseismitiypocenters This chapteproposes method whereby
accurately positioned hypocenters (frémsattime), seismic inversion, (E,PR, BRI, from
inversion), and structural interpretation (stridg andRiedel sheafaulting) are incorporated
into a comprehensive reseir description. The interpretationvorkflow incorporatesll of the
reflection and micragsmicdata into @D visualization workstation, allowing the use of
microseismichypoceatersas a independntcomponent of the seismic interpretation
explanation omicroseismic fracturpropagation iproposedas well as a mechanism where
inducedseismidty is triggered The emphasis is ondisking the Duvernayormation, taking

into account induced seiggity, variations instructure, andithology.
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1.3 Main thesis contributions

New technologiesfindings,and methods developed in this thesisas follows

1 A new methods developedo determine the depth of microseismic egefthe
focaktime methodreplaceslD velocity modeing with a velocity volumederived
from areflectionsurvey therebyaccouning for anisotropyand subsurface structu

1 A new way of applyingstablished signgdrocessingnethods to continuous dé&ta
signalenhancemerdand event detectionThis results in a significant increaisethe
number of detected eventnda potentiareductionin theuncertaintyof pasive
seismic event picks

1 A geological interpretatioto explainwhy hydraulicpropagatio occursn the
manner observeand how faulandgeologi@l facies are thenportantfactors.

1 An explanation as to how and why langggnitudeseismic events (induced
earthquakéscanoccurbased on deepeated fautat depthssignificantly stallower
than the treatment interval

1 A workflow designed to mitigatask and potentially improve the economics of

Duvernay Formation unconventional field development.

4 Thework in Chapter 3 of this thesis an integral part of the publicatidyre et al. The role of aseismic slip in
hydraulicfracturing induced seismicitygcience Advances 28 Aug 2019: Vol. 5, no. 8
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Chap2er
Inveranodonint er pree tsdamtiridovne dofrock propert

Duver ngV¥opy aCruemadk mi crosei smic exper

2.1 Summary

This chapter summarizes the developmentanf interpretive seismic workflow that
incorporates multicomponent seismic inversion, guided by structural mapping, for characterizing
low-permeabity unconvational reservoirs. The workflow includes the detaination of a
calibrated timedepth relationship, generation of seisrdarived structural maps, poststack
inversion,AVO analysis and PRPS joint inversion. The subsequent interpretatioropedure
combines structural and inversion results with seisdeidved lithologic parameters such as
Y o u n idadslus Poi s s o n, @sl BriRleness mdex | applied this workflow to &D
multicomponent seismic daset from the Duvernay play in the Kagb area irAlberta, Canada.
Subtle faults are discernible ugirsochron maps, horizontal time slicasd seismic stratal slices.
Faultdetection software is also used to aid in the delineation of structural discontinughesy;
that seismialerivad attributes, coupled with structural mapping, can be used tp reaervoir
facies andthus to highlight zones that are most favorable for hydraudicture stimulation.By
imaging structural discontinuities and feisting zones of weakness, seistm@pping ale

contributes to an improved framework for undersiagéducedseismicity risk.

5 Published in the SEG journahterpretation 2018, 6, SEASE14.
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2.2 Introduction

Unconventional plays represent resource fairways, including those characterized by low
permeability organicrich rock formations, that are nat@omicallyproducible by conventional
drilling and completion methodd.ow-permeability unconventional plays, suchtlas Duvernay
Formationin the Western Canaah Sedimentary Bagj are now routinely develaa with multiple
horizontal wells drilled fron a singlesurface location anarecompleted using hydraulic fracturing
technology to enhance permeability and enable economic rates of hydrocarbon production (e.g.
Dusseault and McLennan, 2011Figure 2.1showsthe placement of the project area withie
Westen CanadiarSedimentary Bsin,the thermal maturity regionand the general stratigraphic
column. In planning an unconventional drilling program, well logs, coaesl seismic data can
provide valuake information for horizontal well placemeand the ddgn of hydraulic fracture
stages. Parez and Marfurt (2015) describéhe importance ofpplying seismic to provide
estimates of Il i t hol o g iModulpsaProa nsestoenrassl bdRemeds oa s
Prior to the widespread developnhenf unconentional resource plays, Pennington (2001)
introduced seismic imaging as a primary tool to deliver statistical constraints for reservoir
development within an emerging framework of reservoir geopsysit contrast to traditional
approaches foseismic eploration, Pennington (2001) emphasized how the calibration of 3D
seismic models using well data, combined with rphlsics relationships, could be used to

differentiate between competing
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Figure 2.1. Hydrocarbon maturity windows for the Demnay petrieum system (modified from
Creaney and Allail99Q), showing location of the study are@he stratgraphic column on the
right (adapted from Core Labs Stratigraphic Correlation Ggadt7)shows Middle and Upper

Devonian regional stratigraghnomenclaire, highlighting several units that are discussed in
thisthesis

reservoir models on the basis of lithologic character, fluid coraentinsitu conditions such as
pore (over) pressar Dommisse (2013) applied similar conceptsib@onvetional regrvoirs and
demonstrated how stratal slicing cdme a powerful technique for seismic reservoir
characterization.By focusing on lateral spatial variability in the seismic expression obwsri
reservoir facies, Dommisse (2013) argued thatatidicing can overcome bandwiditelated

limitations in vertical seismic resolution.
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Goodway et al. (2010) described methods built on the ua¥ Ofanalysis to differentiate
ductile shale reservoifsom brittle reservoirs in the Barnett Shale of Texasmbdamu, andrho
(LMR) parameters were derived from well logsd werecrossplotted and compared with data
derived from seismic inversion.Trends that emerged from this approach demonstrated tha
variations in rock properties, often attributedthe brittle behavior of reservoir rocks, exhibit
coherent patterns that reflect reservoir qualiyhen seismialerivedLMR attributes are baek
projected onto a seismic section, trendsrittleness are observed and can be mapped spatially
within a seismiovolume. Perez and Marfurt (2015) showed that this technique can be useful to
extract mineralogical content of rocks. The importance of f@alpping was highlighted by
Refayee et al.2016) in a Utica Shale examplParameters such as dip, similaréyd curvatee
were extracted from the seismic data and incorporated into an interpretive modeli f a u | t
enhancmenif i | t EEFesismic volume was derived from the seismic cube ilginto
semblance) andiasused to map major faults and image fragtnetworks.Refayee et al. (2016)
proposed that sweet spots within in the reservoir are defined by areas of enhanced natural fractures
and are mappable within the seismic volume.

Meek etal. (2013) highlighted the advantages of a multidisciplinary resegeophysts
approach by combining results from microseismic monitoring, structural attribute anahsis
seismic petrophysicsComparison of recorded microseismic events with cureatnomalies and
otherseismid er i ved att r i b Mbdelesregeaed & strang coiYetation \gith the
density of recorded microseismic eventBrospective areas for future development were then

identified based on seismic attribut&dmilarly, Rafiq et al. (2016) showed how sets of attributes
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extracted from naroseismiaata can be correlated with curvature anomalies from 3D seismic data
to partition a reservoir into depositional facies units.

Chopra et al. (2017) conducted a seisamalysis within part of the Duvernay play to show
that induced seismicity appes to folow preexisting basement faultsSchultz et al. (2017)
investigated areas within the Duvernay play that are prone to induced seismicity from hydraulic
fracturing andidentified eventhypocentes extending from the Duvernay into the underlying
PrecambriarbasementThis study confirmed correlation between the presence of basement fault
systems and the location of induced seismic events. Igonin(204aF) usea passivly recorded
data set (cdocated withint h i s SDV3C deisrdis surey) to anajze induced seismic and
microseismic events.

This study makes use of2D/3C multicomponent seismic daset in the Kaybob portion
of the Duvernay play, within a region where nearby indsegsimic events (felt on the surface as
earthquakéshave occurredBao and Eaton, 2016)Analysis of this dataet includes structural
interpretation and mapping, fauketection, and reservoir characterization based on poststack and
simultaneoud-P andP-S inversion. Various presentations of the data ased to ilustrate how
structual and inversion attributes can be employed to identify areas that are most presfoectiv
development, as well as areas where the existing fault architecture may pose a risk for induced
seismicity.

The main objective othis study isto present a comprehensive workflow for interpretive
processing and inversion 8D/3C multicomponent semic data for unconventional reservoir

geophysics. | start with observation of the Duvernay/Leduc systenouiicrop anduse the
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observatios of the atcrop to guide the interpretation. The faulting in the Duvernay Formation
can be correlated and interfgé considering basement tectonics. The Gilw&odmation,
affected by the same tectonic regime, provides a guide to the tectonic history,insght into
deepseated strikelip and verticabffset basement faulting. The study area has a history of
induced seismicity (Igonin et.aR017), which can be usediependentlyo spatially identify fault
activation. | apply this approach @ datasetfrom the Duvernay play, demonstrating how seismic
data can be used to map structural discontinuitiesfaumts, thus providing insights into the
tectonic history of the reservoirl also show how seismic inversion applied to poststack and
multicomponentdata gathersfP andP-S) can be used as a tool to identify facies changes, fault
boundaries, and potential geohazards such as basement faults.
2.3 Geologicalsetting

The Duvernay Formation, a bituminous/argillaceous carbaiatate Devonia age in tie
Western Canddn Sedimerdry Basin, is emerging as a major resource play in North America
(Hammermaster, 2012; Creaney and Alla890). The Duvernay is rich in organic matter and,
depending on thermal maturity and position within the baisproducegyas, natural gas liquids
(NGLs), or oil (Switzer et a).1994). It is also commonly believed to be the primary source rock
for the Devonian Leduc reef, Nisku, and Wabamun carbonate plays (Dunn et al.,\2@h2he
advent of increasingly wespread hzontal drilling and mulstage hydraulic fracturing, the

Duvernay is being recognized as a wesldss unconventional resource pl®ayis,2013).

The Duvernay Formation was deposited adjacent to several large Leduc reef complexes (Figure

2.2). The Duwernay has an effective paity of 6to 7% and an average total organic carbo@Q)
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content of up to 4.5% (Chopra et al., 201R)is correlative with the lower member of the Leduc
Formation(Figure2.2) and is believed to be the source rémkmost ofthe Leduc, Nisku, and
Wabanun oil pools in Albed (Dunn et al., 2012)Leduc eef gowth was terminated by sea level
rise, during which the redfuilding organisms were ultimately unable to keep up with the rising
sea level and were drownelgdcKay, 20B). The Leduc and Duvernayormations are both
overlain by the quartrich Ireton Formation, which forms a cap and seal to hydrocarbon reservoirs.
The depositional environment of the Duvernay Formatemes depending on whereiis
situatedwith respet to the Leduc reef margin. Factamfuencingthe depositional environment
include tides, storm@&nd sea level changebkterreef areabave beemprotected from waves and
tides, so sediments in these regirhase beerdeposited ima low-erergy envirmment. In the
subsurface, five lithofacies have been identified from cores (Dunn et al.,: Z0@R)aceous
mudstone, bioturbated limestone, orgamit siliceous mudstone, siliceous orgariah

mudstoneand mixed siliceous mudstane
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Figure 2.2. Generalized regional crosection showing stratigraphic relationships of the
Duvernay Formation with Leduc reef buildups and adjacent Devonian umsest shows
location of crosssection. Adapted from Switzer et al. (1994).

Variability in depositionalsetting is evident in Figur2.3, which shows a Leduc reef
(Presquodoile Formation) outcrop characterized
Duvernayequivalent (Perdrix Formation) stratdhis outcrop exhibits both laterahd vetical
lithofacies variation within the section, including relationships relative to the reef marpm.
reef mass visible in this exposure is 100 m thick and 250 m wide in setherreef exhibits five
distinct episodes of growthTo the north, the &drix Fornation transitions into a quartch

shale.The increase in quartz content has an influemcenck properties; quarizch areas have a
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hi gher ModulusagdélswerP o i s s o naddsmaybe mareobrittle than the rocks near
the reef (Cb and Perez2014). This outcrop shows, at a scale similar to features resolved by
seismic images, how the Duvernay Formation lithology varies both laterally and vertically. It
follows that reservoir characteristics suchPasnd Swave velocities, defity, and Brittleness

index exhibit similar lateral and vertical variability in the subsurface.

* .%\g\ﬁ! i 114 /u

Figure 2.3. Outcrop of Perdx Formation (Duverna qui val ent ) an-d Presquo
equivalent) strata in the Rocky Mountains south of the study area (49.482N, and
114.58814773E)source: Google Earjh (a) Image with Ledu¢yellow)- and Duvernay

(orange)equivalent units highlightedThe reef strata are more resistant to eros{oi.

Geological interpretation showing dimensions of the features, venecht a sle compatible

with seismic resolution.
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Brittleness has been identified as a key indicator of sweet spots in unconvepitysa
(i.e., areas that are developed with horizontal drilling and completed with hydraulic fracturing
(Cho and Pere2014). In general, brittleness is a desirable property that defines which rocks will
fracture and yet maintain sufficient strength the fractures to remain open after placement of
proppant. Cui et al. (2017) presented various definitions of brisiéemecludng howit is derived
and howits expressions are relevant to reservoir characterization. In this papetthe definion
of brittleness proposed by Rickman et al. (2008), which is bas@dam Swave velocities and
density.

A rock with ahigh Brittleness indewvill necessarily have aloR o i s s o naddsahighat i o
Y o u n Mladslus Within an established lithofacies framework, a strong correlation exists
between quartz conteOC, and brittleness of the Duvernay Formation (Dunn et @lL22 The
higher silica content of the Duvernay comes from deposition at distatehengy aeas.
Soltanzadeh (2015) provided evidence that clay content also plays a significant role in the
brittleness of the Duvernay and Ireton Formations. Moreowatrooarbongeneration has
changed rock properties such that the RIghC in the DuvernayFormaion tends to be more
brittle.
2.4 Interpretive workflow

2.4.1 Amplitude -versusoffseti compliant processing

The 3D multicomponent seismic data used in this stubguiredand processed in 2015

areprocessed in aAVO-compliant manner (e.g., Lee &t, 1991; Allen and Peddy, 1993) by

using processing steps designed to preserve relative amplitudes for-BahdPPS datasets.
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The AVO-compliant processing fl@ used to gnerate the P data volume is generally similar to
a conventional seismigrocessing flow, with a few key differenceSpectral balancings applied

in a surfaceconsistent manner (Taner and Koehler, 1981) by scalingatoplitude frequency
bands using orrelated stack equalizatioMoise attenuatiorsthen performed in the crospread
domain (Calvert et al., 2008)Traces with residual anomalous amplitudes,(oetliers) are
manually edited from the dataPrestack time migration (e.g-owler, 199) is then applied,
followed by aradon multiple attenuation (Kelamis et al., 1990)Five-dimensional D)
interpolation and normalization (Chopra and Marfurt, 204#&)en applied to the data in order to
fill in missing traces and to normad the dat#o the bin center.

Essentially the saemAVO-compliant workflowis applied forP-S data processing, with
several adaptations that account for the specific raypath geometry of converted waves (Stewart et
al., 2002) in addition toS-wave splitthg. In paticular, the bin centerare determinedusing
common conversion point binning (Eaton and Lawton, 1992jwa& splitting analysisis
performed to determine the time shift and rotation angle between the fast anbaloivals. An
amplitude compensatio is performed using the approach ah &t al. (2000)that applies
corrections that reverse tt®wavd splitting effect along the upgoing raypatifter applying
these processing stepgRinterpolation and normalizatias performed, withhie P-S output bins
normalized (interpolated) to coincide with the location ofRHebins. The version of the stacked
data used in this study for interpretation and prestack inveision mi t ed t o a maxi m

wave incidence angle, based on-tegcing using avelocity model derived from a contralell
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(well A) that is discussed below. The corresponding gathershtivenesidual normal moveut
and trim statics (e.gHoeber et al.2005) applied to both theP and PS prestack data volumes
2.4.2 Structural mapping
Sonic and density logs from a control w@llell A) are used to generate a synthetic
seismogram in order to achieve a precise tie to the seismic data (FigurB@iay this

process, the source wavelgtalso estimatedWell A is logged tolie Middle Devonian Gilwood

statistical_stack_after_Trim : ¢ Tnline 649

Well A sonic Well A densny

3000 ms 2000/ E 452 455 458 961 964 967 470 |10 7000

"""""""""""" VD

a} ‘< 2500
% !llllllllll&!!!lll!! 3500
b

Wabamu

Ireton
1900

Duvernay
Swan Hill=
Gilwood

(

I i

Track 1 Stack_after_angle_trim Track2

Figure2.4. P-P syntheticseismogre well tie for the interpretive workflow, showing the
extracted source wavelethe integrated twavay times fromthe P-wave velocity VP) log at
well A areshifted to match the observedhis. Zero-offset synthetic seismograms are
duplicated for clarity Those plotted in blue are from the zefftset synthetic, while those
plotted in red are the actual seismicés at the wellboreA good fit for the latter synthetic
seismogram is evaht by overlaying it onto the-P data volume at the location o&lvA, as
shown on the rightThis correlatiorprovides confidence for the horizon picks and tuegth
relationdip. The location of well A relative to the seismic survey is indicatdeignre?2.6.
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member ofthe Watt Mountain Formation to a depth of 3607 m. This synthetic seismogram tie
establishes a timdepth relationship, whicts subsequently used to creatgyle gathers, perform
PPRPS registration, and provide a calibration poartthe seismic inversionkigure2.5 shows a
westeast seismic profile extracted from th&Btacked data volum&he density and sonic curves
from well A are overlaid to illusate the correlation of these log curves with the seismic profile.
The Duvenay, Gilwood, and Precambn seismic horizon are correlated based on the tie to well
A. A horizon marking the top of the Precambrian baseneatso picked based on a regional
correlation from a deeprustal seismic profile (Eaton et al., 1999) thatses close to this 3D
seismc survey. Structural discontinuities are evident as breaks or sharp bends in the picked

horizons
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Figure 2.5 Westeastseismic profile extracted frothe RP data volume, showing the synthetic
seismic correlation with the Dawnay and Gilwood horizon® series of interpreted steeply
dipping faultsis indicated. At well Asonic (d) anddensity(} ) logs are shown. The location of
this profile is hghlighted in black on Figure 2.6.
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Figure2.6 shows a perspective view of time slices from tHe data voluméntersectinghe
Duvernay and Precambrian horizorihe location of well Arelative to the 3D seismic surface is
also shown.Both time slices neeal anplitude trends that define a prominent set of nedhth
oriented featureslin the case of the shallower time slice, terminations of these prominent features

occur along a naneastward trend, defining a secondary set of lineaments.

Figure 2.6. Perspective view showing amplitude time slices througlPiReseismic volume at
(a) 2000 ms andb) 2150 ms. The shallower time slice (a) intersects the Duvernay horizon,
while time slice (b) intersects the Precambttiame surface. Both time slies eveal
approximately norttsouth trending linear topographic features that are interpreted to be
associated with fault system$he black line shows the position of the seismicifgafisplayed
in Figure2.4.

Time-structure mapsre created througiut the data volume for all of the horizons listed

above. Representative timstructure maps of thBecond White Speckled Shaad Duvernay









































































































































































































































































































































































































































































































