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Abstract
Time-lapse seismic surveys are often performed on large time scales and can suffer from
repeatability problems arising from variations in source and receiver geometries. Novel orbital
seismic sources have been developedweck permanently installed alongith a permanent
receiver array at a small carbon sequestration site in Newell County, Alberta. Baseline datasets
encourage the use of these sources in conjunction with both geophone and fibre optic tBceivers
confirming the relationship between sigtalnoise ratio and source effohitial testing of the
sources indicates promising transfer of the theoretical source signature through the sutosurface
surface receiverPue to the absence of a measurement of the true source signatprecpssing
workflows were developed incorporating pilot trace correlation and Gabor deconvolution.
Resultant corridor stacks are comparable to baseline datasets. Testing of surface vibrator sources

reveal severe issgavith the current source deployment.
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Chapter 17 Introduction
1.1 Project motivations
Cli mate change has been described as At he
2019), and understanding the science and methods by which the potentially catastrophicfeffec
climate change can be mitigated is of the utmost importance. In its Fifth Assessment Report, the
Intergovernmental Panel on Climate Change (IPCC) concluded that human activities are the
primary driver of global climate chang’CC, 2013) Therefore, human intervention is required
to slow down the effects of anthropogenic climate change, including cutting emissions of carbon
dioxide (CQ) from 2010 levels by 45% by the year 2030, with azeed CQ emission framework
in place by 205QIPCC, 2018) The International Energy Agency (IEA) has highlighted three
different scenarios for the response to future greenhouse gas (GHG) emissions, including CO
(International Energy Agency028h Figure 11):
1. Current Policies Scenario, where no new action is taken, and no peak in global CO
emissions is realized. Levels of atmospherie @Ould continue to grow unchecked.
2. New Policies Scenario, where new legislation and polane®unced by governments are
enacted. In this scenario, global £&nissions are slowed, however no peak in emissions
is reached.
3. Sustainable Development Scenario, where a global commitment is made to an accelerated
clean energy transition and @@missiors are reduced.
To mitigate, and potentially reverse, the negative consequences of global anthropogenic
climate change, action must be taken to reduce emissions adr@ther GHGs. Governments
around the world have committed to action, with many ratifyhe 2015 Paris Agreement, under

which participants wilendeavouto limit the increase in mean global temperature®®, 2vith



2
further goals to limit the increase to A5(Government of Canada, 2016lhere are several
pathways forward to achieving these goals of reducing GHG emissions, limiting global

temperature increase, and combat the negative consequences of global climate change.

World primary energy demand and energy-related CO2 emissions by scenario
Bubble size represents size of global economy

22 500

20 000
2040}

/
17500 2040 _/

Energy demand (Mtoe)
8

17.5 20 22,5 25 27.5 30 325 35 37.5 40 42.5
Energy-related CO2 emissions (Gt CO2)

@ sustainable Development New Policies @ Current Policies

Figure 1-1: IEA global policy scenarios and their impact on energy demand and CO
emissions (from IEA, 2018).

1.1.1 Carbon capture and sequestration

One proposed technology to aid in the reduction of globaléd@ssions is carbon capture
and sequestration (CCS). It is anticipated that CCS could account for approximately 7% of global
emi ssions reductions by 2040 in the | EAG6s (201
to the New Policies Scenario (Figuré)l However, this represents an increase in the levels of
sequestered carbon of over 75 tintles current level of injectiofinternational Energy Agency,
2018a) thus CCS is only one of many tools that can be used to mitigate the effects of global climate

change.
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In CCS, carbon dioxide is isolated from other compounds through cherocalsses and
is usually captured from industrial activities or large point emitters, such as power plants
(International Energy Agency, 2018aaptured C@is then transported, usually by truck or

pipeline, to astorage site where it is injected into geologic formations in the subsurface.

Additional CO2 emissions reductions in the SDS vs. NPS
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Figure 1-2: Contribution of various emissions reduction methods in IEA Sustainable
Development Scenario versus New Policies Scenario (from IEA, 2018).

1.1.2Time-lapse seismic monitoring

To monitor how injected C&behaves in subsurface reservoirs in sequestration projects,
time-lapse, or 4D, seismic is often used. Several existing carbon sequestration projects have used
4D seismic to great success in ensyiimjected CQremains in the storage reservoir, and to study
how the injected plume migrates through the subsu(tageArts et al, 2008; Huang et al., 2018;
Li, 2003). The success of 4D seismic in discerning llebaviourof injected CQ is due to the
large contrast in acoustic impedance expebetween C@andin-situ reservoir fluids, such as

brine (Furreet al, 2017) The acoustic impedanca, for a given medium is given by:

®» 0 PP
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WhereV, is the compressional wave, or P wave, velocity of the mediuny, enitie density. The

P-wave velocity is dependent on the density of the medium, as shown by:

; pE

WhereK is the bulk modulus of the medium, apds the shear modulus. Therefore, changes in

the density of the medium will also drive changests velocity. As injected C&displaces
reservoir fluids, the bulk modulus of the reservoir will change, resulting in an observable change
in the acoustic impedance. The change in bulk modulus, and thus velocity, due to increased
saturation of C@in thereservoir is most noticeable betweeB8@/ saturation, for most saturation
calculation methodé@Macquet & Lawton, 201 7Figure 13).

One prominent example of the implementation of 4D seismic surveying in monitoring CO
sequestration is the Sleipner project, located offshore Nomvthe North Sea. In the Sleipner
project, CQ is captured from produced gas condensate, and injected into a highly porous saline
aquifer. Injection began in 1996 and has continued to the present. Since inception, nine 3D seismic
monitor surveys, along wita baseline survey in 1994, have been conducted over the Sleipner
project(Furre et al., 2017)The vertical and lateral migration of the injected.®@@s been studied
extensively and with great success using this comprehensive seismic (atesetet al., 2011
Figure 14). The lateral extension of the @Plume has been interpreted to have reached up to
1800 m by 2006, and the vertical thickness of the plume has grown from 0 {@R8snet al.,

2008) Additionally, the change in CGsaturation in the injection reservoir has been estimated
through a full waveform inversiebased approach, whereby @mted Pwave velocity is related to

saturation level§Queil3er & Singh, 2013 igure 15).
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While timelapse seismic has proven to be a valuable tool in monitoring CCS projects,
there are some key problems thaistbe addressed. First, the interval between surveys is typically
on the order of one or more years, resulting in infrequent data points to understand the conformance
and migration of injected CO The value in rapidly acquiring tirdepse data has been
demonstrated by Byerly et.g2018) In their study, it was shown that the 4D effects of individual
hydraulic fracturing stages can only be observed for a few days after stimulation and would thus
not be measured with tigal 4D methodsSecond, survey repeatability could be negatively
impacted through inaccuracies in the redeployment of sources and receivers. Repeatability refers
to how close repeated results agree when the same method is performed on the same a&kst materi
(Schlumberger, 2019)Therefore, if a seismic experimenais conducted with the same source
type, acquisition geometry, field conditions, and data processing workflow, the resultant datasets
would be identical. In the case of tiflepse seismic, changes in the resultant datasets that are
independent of changas the subsurface should be minimized as much as poggitdgh &

Christie, 2002)

Pressure = 6.65GPa, temperature = 20C
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Figure 1-3: Bulk modulus variation with CO2 saturation for different methods of
saturation calculation (Macquet and Lawton, 2017).
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Figure 1-4: Interpreted migration of injected CO2 plume at Sleipner using timelapse 3D
seismic (Eiken et al., 2011).
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Figure 1-5: Changein Vp between 19992006 from full waveform inversion and estimated
changes in CQ saturation for various saturation methods (afterQuei3er and Singh, 203).



1.2 Containment and Monitoring Institute Field Research Station

To further investigate the vialty of time-lapse seismic, as well as other monitoring
technologies, in the context of CCBetContainment and Monitoring Institute (CaMstablished
the Field Research Station (FRSYhere all data used in this project were collecidw® FRS is
locatedin Newell County, Alberta, approximately 25 km southwest of Brooks, and approximately
200 km southeast of Calgary, the nearest major wéiaine(Figure 16). The FRS is a smadicale
CCS site; however, the primary goal of the site is not the-fermg $orage of CQ. Rather, the
purpose of the site is to facilitate the research and development of measurement, monitoring, and
verification (MMV) technologies for the study of the containment and conformance of injected
fluids, with a particular emphasis ddO; (Lawton, Osadetz, & Saeedfar, 201 §umerous
geophysical and geoché&al MMV technologies are being evaluated for their efficacy in
monitoring subsurface fluids, including fiboptic acoustic and thermal sensing, downhole fluid
sampling, and novel approaches to seismic monitoring. While the FRS was constructed in
partnerfip with the University of Calgary, numerous research groups and scientists from around
the world are conducting valuable research projects at th€Gotgainment and Monitoring
Institute, 2019)

The FRS is located on th@ains of southern Alberta, where there has historically been
extensive hydrocarbon exploration and drilling. Therefore, a wealth of information about the
regional geology of the site is readily available through existing well logs. More specific gelologica
insights can be gained by studying the well logs ofseillled at the FRS. To date, three vertical
wells have been drilled at the FRS itself for injection of@@d the installation of various

monitoring tools. The injection well, 100/222-017-16W4/00, was drilled to a total depth (TD)
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of approximately 550 m and is located roughly atcietreof the site. The two observation wells,
102/1622-017-16W4/00 and 103/:22-017-1 6 W4 / 0 O, known colloquially
wel |l 0 and 0 g ame ptaied appraximatedy 130 m northeast and 20 m southwest,
respectively, of the injection well.

Injection of CQ at the FRS will take place in two phases, with each phase targeting a
different reservoifLawton et al., 2017)Phase 1 of ingion, currently underway, targets the Basal
Belly River Sandstone (BBRS) at approximately 300 m depth. Phase 2 will target the Medicine
Hat Formation, at approximately 500 m depth. Both of the target reservoirs are Upper Cretaceous
in age. The BBRS is capnised largely of shoreface sandstones and has produced gas in nearby
pools (Isaac and Lawton, 2014a). At the FRS, however, the BBRS is saturated with reservoir water.
The BBRS, approximately 7 m thick near the FRS, is overlain by silts and coals fraxiragr
coastal depositional environmediigaac & Lawton, 2014awhich will serve as exdent sealing
units for injected C@

a)

- ,,T N
Brooks e ,

Figure 1-6: a) Map of Alberta, showing location of Calgary and Brooks; b) Map showing
location of FRS relative to Brooks; ¢) Schematic diagram of FR8500gle,n.d.; Lawton et
al., 2017)



1.3 Thesis objectives

As previously mentioned, typical seismic surveys in tlapse projects are usually
performed a year or more apart. Therefore, conformance and migration of injected fluids, such as
CO, can only benferred on the time scale of tinl@pse acquisition. To allow for more rapid
study of injected fluids, seismic data should be acquired more frequently, allowing operators to
respond quickly to any potential conformance issues that may arise. This thiesigestigate
the use of permanent seismic sources in rapidly acquiringléipse seismic data in the context of
a small carbon sequestration project. As the seismic sources used in this project are still under
development by the manufacturer, this thesgill be focused on the unique acquisition and data
processing considerations of permanent seismic sources, rather than the interpretation of time
lapse seismic data. Additionally, the amount ok@@t has been injected to date would not reveal
significant differences on a tirlapse survey. This thesis will assess the potential viability of
permanent seismic sources; if permanent sources can be demonstrated to be a reliable alternative
to conventional sources, tinl@pse seismic surveys can potentiaigve towards a pseudeal

time image of the changing subsurface.

1.4 Data used
1.4.1 Well data
Wireline well logs from the injector well and each of the observation wells were used at
several stages of the project. While a full suite of well gsrecorded in each well, only the
bulk density, compressional sonic, and shear sonic logs were used. Additionally, picked well tops

were used to identify geologic formations of interest.
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1.4.2 Seismic data
Several different seismic datasets were used thoaigthe duration of this project.
Various different types of sources and receivers were employed, with the ultimate goal of utilizing
permanent seismic sources in conjunction with fibre optic distributed acoustic sensing (DAS) as
the receiverDAS data wee acquired in partnership wittawrence Berkley National Laboratory
A summary of the various seismic experiments is detailed below.

Table 1-1: Summary of seismic data used.

Date Source type Receiver type Survey type
May 2017 CREWES EnviroVibe | 1Cgeophones 2D line
May 2017 CREWES EnviroVibe | DAS fibre loop Fibre loop
July 2017 CREWES EnviroVibe | DAS fibre loop, 3C | Fibre loop, VSP
geophones
September 2018 | GPUSA surface linear | 1C geophones 2D line
vibrator
September 2018 | GPUSA borehole linear| 3C borehole VSP, surface 2D line
vibrator geophones, 1C
surface geophones
November 2018 | GPUSA borehole linear| 3C borehole VSP, surface 2D line
vibrator geophones, 1C
surface geophones

1.5 Software used

Vista (Schlumberger) was used to perform the bulk of the VSP data processing, with
additional processing performed in ProMAX (Halliburton). Matlab (Mathworks) was used to
create synthetic datasets and for preliminary data interpretation. HaiRpseall (GG) was
used to perform fluid substitution and modelling. Microsoft Word, PowerPoint, and Excel were

used to create reports, presentations, figures, and to organize and analyze data.
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Chapter 27 Theory and State of the Art
2.1 Introduction
This sectionwill describe the basic concepts of seismic acquisition and will motivate the
desire to use permanent seismic sources as a monitoring tool, with a particular emphasis on orbital
vibrators. Existing permanent seismic monitoring methods, namely the SeisbihaviEBCROSS
systems, as well as surface orbital vibrators used in the CO2CRC Otway Project, will be discussed
and compared with the GPUSA linear vibrators used in the remainder of this project. This section

will also discuss the use of distributed acous#insing for use in seismic acquisition projects.

2.2 Seismic acquisition

One tool widely used to investigate the subsurface on a large scale is reflection seismology.
In reflection seismology, a source, typically dynamite or a Vibroseis truck, exoéesarth,
causing seismic waves to propagate through the subsurface. These waves pass through various
strata in the subsurface, which act as a filter due to their varied acoustic and elastic properties. The
seismic waves eventually return to the surfacerelthey are recorded.

There are several types of source and receiver configurations used in seismic acquisition;
however, this project will largely focus on vertical seismic profiles (VSP), with additional 2D data
acquired with receivers on the surfal&P surveys incorporate a wellbore and vary based on the
configuration of the sources and receivers relative to the wellbore. VSPs play an important role in
linking small scale well log measurements at the wellbore to larger scale measurements from
typicalseismic surveyf.ines & Newrick, 2004)as the seismic response is recorded with a known
depth axis. A VSP survey with regers in the borehole and a single source at the surface near the

top of the receiver well is referred to as a zeifset VSP, whereas a survey with the same receiver
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configuration and a number of sources with regular spacing placed in a line away from the
wellhead is known as a wallway VSP(Stewart, 2001)Several walkaway, or multioffset, and
multi-azimuth VSP datasets have been acquired at the CaMI(GBSlon & Lawton, 2018;
Gordon, Lawton, & Eaton, 201,6and a comprehensive mutiffset, multtazimuth VSP survey
was acquired in 201@all et al, 2018) This project will discuss examples of zaffset and near

offset VSP data (Figure-2) acquired at the CaMI FRS.

ZERO-OFFSET VSP OFFSET VSP
B A

Smal
offset
20-50m

A B

WALK-AWAY VSP INVERTED VSP

\
Down-hole
source

Figure 2-1: Examples d vertical seismic profile (VSP) source and receiver configurations
(after EPGeology, 2014)

2.3 SeisMovie
One tool that has demonstrated success in rapidly acquiringapse seismic data in
recent years is the SeisMovie system developed by CGG. The SeisMovie system incorporates a
permanentlyinstalled array of sources and receivers deployed around thé¢ targe imaged
(Figure 22). Acquisition and basic processing using the SeisMovie system is automated, resulting

in a pseudgeatt i me A movi eo of (CGR &008) Saurges and reeeivessrakeo i r
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buried in the shallow near surface in order to attempt to mitigate the attenuative effects of the near
surface, and to improve the repeatability loé tsystem over longer recording perig@®tton,
Forgues, & Hornman, 2012%eisMovie sources are piezoelectric vibrators, which arestwvgy
emitters. The piezoelectric effect refémghe property of certain materials whereby a positive and
negative charge appear on opposite sides of a nonconducting crystal when the crystal is subjected
to an external pressuf&ncyclopaedia Britannica, 2018)he converse effect is also observed,
where an external electric current applied to a crystal causes it to exert a mechanical stress.
Therefore, by controlling the current applied to piezoelectric crystals, the SeisMovie system can

run continuously to create higksolution seismic dai&€ GG, 2008)

Figure 2-2: Schematic diagram of SeisMovie acquisition system (CGG, 2008).

To compensate for the leenergy nature of SeisMovie sources, they are run for long
periods of time to maximize the amount of energy recorded by the receive(Bimmaghiet al,
2004) Shot records with an acceptable sigtoahoise ratio (SNR) can be created by stacking data

acquired over a 2iour periodCotton et al., 2012)
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Two field case studidsave been conducted where the SeisMovie system was tested in the
context of enhanced oil recovery (EOR) using steam. These case studies are the Schoonebeek
heavy oil field in the Netherland€otton et al., 2012)and a stea-assisted gravity drainage
(SAGD) heavy oil project in the Peace River region of Alb@reaFollettet al, 2015) In both
projects, steam is injected into the reservoir in order to liberate oil from reservoir rock, making it
easier to produce. Like CCS projects, tilapse seismic surveys can be used to monitor the
conformance of injected steam due to the density contrast between steam and oil in the reservoir.
Both the Schoonebeek and Peace River projects successfully demonstrated the ability of the
SeisMovie system to qaire highresolution seismic data for the monitoring of injected steam
(Figure 23). However, the requirements of the SeisMovie system inherently carries a relatively
high financial and environmental cost, due in part to the sheer number of source eangr rec
boreholes that must be drillédornmanet al, 2015) As the piezoelectric sources are lewergy
emitters, a high maber of sources must be used, and a source borehole must be drilled for each
individual sourceTherefore, a need exists for a permanemt$falled seismic acquisition system

with lower economic and environmental footprints.
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Figure 2-3: Travel time variation (left) and amplitude variation (right) for 4D seismic data
acquired with the SeisMovie system at Schoonebeek (after Cotton, Laurene and Forgues,
2012).
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2.4 Orbital vibrators

The concept of employing a rotational source for the generation of seiaw&s has
existed for nearly a century. St-astiohl|l awaer awa:
intended to use a serircular flywheel, attached to a power source via a belt, to act as an
impulsive source to calculate the depth to certaiterfaces in the subsurfag@atent No.
US1790080A,1931) I n the early 19906s, there was rene
downhole rotational source for the purpose of acquiring crosswell and reverse VSP {latasets
Crampin, & Queen, 1991)n recent years, there has been further interest in using rotational

vibrator sources for permanent reservoir monitoring.

2.4.1 Theory

Orbital vibrators are an attempt to approximate the source signature emitted by a Vibroseis
source via a permanently installed rotational source. Orbital vibrators operate by rotating an
eccentric, or unbalanced, wedsjgaped mass in a circle about an &xé is coupled to the ground.
The centre of mass of the rotating wedge causes a radial particle displaegraeetjery point
along the circular orbit as it passes through that point. The vertical and horizontal components of
the particle displacemenan be described by the angle between an arbitrary horizontal line, and a
line connecting the centre of mass of the wedge and the rotation axle (Fijuréhzs angled,
is equal to the product of the angular frequencyand time,t. Therefore, the h@ontal and
vertical components can be described in Cartesian coordinates for the clockwise rotation direction

by (Daley & Cox, 2001 Figure 25):
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Figure 2-4: Schematic of orbital vibrator seismic source (Daley and Cox, 2001).

It is assumed that the amplitude of the particle digphent,A, remains constant for all angles.
Therefore, by reversing the rotation direction of the mass between consecutive sweeps and
computing either the sum of, or difference between, the resultant clockwise and-ctackeise
datasets, either the viedl or horizontal component of particle displacement can be cancelled. By

taking the sum of the resultant datasets:
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Thus, thevertical component will be cancelled, and the orbital vibrator will act as a shear wave

source. Similarly, by taking the difference:
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The horizontal component of particle displacement will be cancelled, and the source will behave
as a P wave source. By decomposing the source signature of an orbital vibrator into horizontal and
vertical components, a synthetic sweep signature can genegallgscribed by the equation of a

sine wavgYoung & Freedman, 2008)

waddo o0AI710 o 5 C®
The amplitude A, will be neglected forsimplicity in modelling, andx will be set to zero.
Recognizing that the cosine function is simply a sine function witl? at@se shift applied, the

following equation will be used to create synthetic sweeps:

®» OEIO
O EG* "Qo c&

Wheref is the dsired vibrator frequency.



18

Counter Clockwise Rotation
-
\ ’
Yi u_ccwx ‘\‘ 4
u_ccw \ K
5 F time
M \\ '
’
,9 ‘\\ _,'
L J -
A X o
u_ccwy /' 3
' A
M
! ‘\ :" time
% ‘
- ’I
Clockwise Rotation

\ ’ time
s ’
\\ ,l
| S— -~
X IR |
u_cwy K %

s
’ time

Figure 2-5: Schematic of orbital vibrator source signature for clockwise and counter
clockwise mass rotation (Daley and Cox, 2001).

The desired frequency of the source is controlled by a variable frequency drive (VFD) and is
generally allowed to vary linearly. As a result, a general understanding of the force generated by
an orbital vibrator can be derived. In rotatiodghamics the centripetal acceleratica, of a mass
orbiting in a circular path is given by:
T ® N

Wherer is the radius of rotation, measured as the distance between the rotation axis and the centre
of mass of the rotating object. Equation (2.5)
the centripetal forces., of the rotating massy:

1 af

am C®
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This force acts upon the rotating mass, point
Third Law, a force also exists that acts upon the rotation axle, pointing towards the moment of
inertia. Due to the coupling betweéhe rotation axle and the ground, this force on the axle causes
vibrations to propagate through the subsurface, thus acting as a controlled seismic source.

Consider the analogy common to rotatiogiamicsof a figure skater spinning, with arms
outstré¢ ¢ h e d, at a given angul ar frequency. Whi | e
radius between the rotation axle anét a tcentre@fmas<Considering only the centripetal force,
calculated using Equation (2.6), the skater will continue to &pihe same angular frequency as
long as their arms remain stretched at the same radius. As the skater brings their arms closer to
their body, the skaterds angular frequency mi
conservation of angular momigim.

However, in the case of orbital vibrators, the orbital radius of the eccentric mass is of fixed
length. From Equation (2.6), this implies that the centripetal force is proportional only to the square
of the angular frequency, while the rotationalits and the mass of the eccentric wedge are
constants. The conservation of angular momentum does not apply in this case, as one stipulation
for the conservation of angular momentum is that no external torque is afybadg &
Freedman, 2008)or orbital vibrators, an external torque is applied via the VFD, increasing the
angular frequency of the rotating mass. As the centripetal forite@tcentric mass, and therefore
the rotation axle, varies with the square of the angular frequency, it is assumed that the amplitude
of the seismic signal recorded will also depend on the square of the angular frequency.

Conceptually, orbital vibratosources behave very similar to conventional Vibroseis
sources in the sensgatboth source types emit a sweep of seismic waves at various frequencies

into the subsurface, and that the recorded data must be correlated with a known source sweep
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signature bire further analysis. This concept, and other data processing considerations, will be

expanded upon in Chapter 5.

2.4.2 ACROSS system

One of the first orbital vibrator systems proposed for subsurface investigations is the
Accurately Controlled and Rougly Operated Signal System (ACROSS), described by
Kumazawa and Takei in 199Kasahara & Hasada, 2017he seisnt ACROSS system very
nearly follows the theoretical description of orbital vibrators detailed above, with a single eccentric
mass rotating about an axle over a chosen frequency range. The frequency range of the seismic
ACROSS source is limited to lowerefjuencies, approximately3® Hz, and the source seeks to
maintain phase consisten@fakatsukasa et al., 2018; Takanashi, Kato, & Kasahara, .2044)
improve repeatability fothe source by mitigating temporal variations, and to improve coupling
between the source and the ground, the ACROSS system is typically installed on a thick concrete

block (Kasahara & Hasada, 201Figure 26).

Figure 2-6: ACROSS seismic acquisition system installed on concrete foundation
(Takanashi, Kato, & Kasahara 2014).
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As described in the previous section, the force output by an orbital vibrator, and therefore
the seismic amplitude recorded, is proportional to the square of the angular frequency. To
accommodate for the increased foigeneration at higher frequencies, the ACROSS system
utilizes a norsymmetric timefrequency relationshigKkasahara &Hasada, 2017)whereby the
sweep duration at lower frequencies is greater than the duration at higher frequencies {Figure 2
7). Additionally, processing seismic data acquired with the ACROSS system differs from
conventional data processing in that cortianal processing flows utilize different deconvolution
algorithms based on suitability to individual datasets, while processing ACROSS data relies on
frequency domain source signature deconvolufitesahara & Hasada, 201 8pecific seismic

data processing concerns for orbital vibrator data acquired in this project will be discussed further

in Chapter 5.
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Figure 2-7: Example of timefrequency relationship (left) and amplitude spectrum (right)
of ACROSS seismic acquisition system (Nakatsukasa et al., 2018).

While the ACROSS system has demonstrated great success in acquiring reliable datasets
using a rotary sourg®akatsukasa et al., 2018; Takanashi et al., 2@d)significant drawbacks
exist. As the source is fixed in place on a large cement foundation, the number of source locations
is severely restricted, andathsets are therefore sparsely sampled in the spatial domain

(Nakatsukasa et al., 2018)he limited number of sources deployed is also due to the significant
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cost associated with each sourdenore comprehensive and complete dataset could be generated

using several source latons.

2.4.3 Surface Orbital Vibrator: The Otway Project

Similar to the CaMI FRS, the CO2CRC Otway Project, located approximately 200 km
southwest of Melbourne in Victoria, Australia (Figur8R is a CCS demonstration project, where
the viability of GCS and various monitoring technologies is under investigég@l@2CRC, 2019)
Among the technologies being tested are a combination of distributed acoustic sensing (DAS) with
permanent surface orbital vibrator (SOV) sources. The SOVs deployed at the Otway Project are
similar to the seismic ACROSS system, but are abkchieve higher maximum frequencies, up
to approximately 100 Hz, largely due to the less complex and more inexpensive electronic control
system(Dou et al., 2Q6). The sources operate in a similar fashion: an eccentric mass is rotated

about an axle, with the rotation direction varied between clockwise and colotkwise.

MELBOURNE
L d

WARRNAMBOOL
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- RESEARCH FACILITY
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Figure 2-8: Location of the CO2CRC Otway Project in Victoria, Australia (CO2CRC,
2019).
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At the Otway Project site, an SOV is installed with its rotation axle oriented perpendicular

to a distributed acoustic sensing (DAS) cable buried in a shallow trench (F@urByorienting
the axle perpendicular to the fibre and reversing theiootairection, the data recorded by the
fibre is naturally separated into compressionalv@¥e) and verticalipolarized shear (SWwave)

componentgDou et al, 2016) The SOV is cemented on a concrete block on the ground to improve

source coupling with the subsurface (FigwE®. Calculated repeatability metrics indicate higher

sweepto-sweep repeatability for-&aves than for Rvaves, though this may baore strongly

linked with the use of DAS as the receiver than with flaws with the s¢Dmeet al., 2016)
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Figure 2-9: Schematic of SOV installed with rdation axle perpendicular to trenched DAS

fibre at the Otway site (Dou et al., 2016).

Figure 2-10: SOV cemented to the ground at the Otway site (Freifeld et al., 2016).
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A basic initial data processing flow is detailed by Freifeld et al. (2016). Opibisé in
DAS datais suppressed by a spatial median filter in the receiver domain, followed by frequency
domain sourcesignature deconvolution using a known sweep signature. Phase differences in
deconvolved datasets are resolved by a corretaig@ed afjnment process. Shot records are then
combined through a mean stack to eliminate residual ribisgfeld et al., 2016)This initial
processing flow is similar todivs used to analyse ACROSS data and will be used as the basis for
seismic data processing workflows during this project.

Applying the initial data processing flow to DAS VSP data from the Otway Project yields
promising results (Figure-21). The downgoingompressional wavefield is clearly visible, and
tube waves along with borehole reverberations have also been identified. Weak upgavesP

may be identified, but more work is needed to emphasize the upgoing wavefield.
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Figure 2-11: DAS VSP data acquied using SOV. Borehole reverberation (4), downgoing-P
wave (5), and tube wave (6) identified. Possible upgoingWave shown by arrows (after
Freifeld et al., 2016).
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2.4.4 GPUSA linear vibrators

While both the SeisMovie and ACROSS systems hawessfully demonstrated the
capability to acquire higlquality 4D seismic datasets, both are not without drawbacks. The
SeisMovie system has been shown to have a significant economic and environmental footprint,
while the ACROSS system is limited bothtite number of source locations and the maximum
frequency of the source. SOVs deployed at the Otway site have shown some improvement but are
still limited in terms of the number of source locations possible, and limited maximum frequency
of the source. Stace and borehole linear vibrators, developed by GPUSA, are orbital vibrators
that seek to improve upon the drawbacks of these other syStkase sources are referred to as
linear vibrators as the frequency of the source is varied linearly with time.

Three different GPUSA linear vibrators (TablelPwill be tested in this project: a larger,
more powerful source installed at the surface (Figet@)2a smaller source that is cemented in a

shallow borehole (Figure-23); and a source similar to the baskhsource but installed at the

surface.
Table 2-1: GPUSA linear vibrator parameters
Source name Frequency range (Hz) Peak force (lbs)
Borehole linear vibrator 0-200 4,500
Small surface linear vibrator 0-200 4,500
Large surface linear vibrator 0-100 11,000
(Aorange Vvi be

Both surface and borehole linear vibrators use two eccentric masses rotating about separate

axles. The masses are kept in phase with each other using a timing belt. Using two eccentric masses
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allows the sources to courniertate, thus resulting in a net vertical force, per equatio2e)2and

(2-2d).

Figure 2-13: GPUSA borehole linear vibrator prior to installation.

GPUSA linear vibrators offer a significant improvemewer other orbital vibrator sources
as the frequency band the sources are capable of sweeping is much broader. Higher frequency
content in seismic data leads to shorter seismic wavelengths, which, in general, results in improved
vertical resolutior{Lines & Newrick, 2004) To mitigate seasonal and temporal variations in the

near surface, as well as reduce the attenuative effette near surface, surface linear vibrators
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are installed on a steel helical pile which is anchored to the bedrock. The source signature will
theoretically travel through the pile from the linear vibrator at the surface, then radiate away from
the pileat the anchor poirWilkinson, 2017 Figure 214). The helical piles are segmented steel
beams with a scredike tip, allowing for simple and rapid installation. Additionally, several piles
can be inst#d at a site, creating an opportunity for multiple source locatosgnificant
advantage over the ACROSS and Otway SOV soufcesre apt description of GPUSA sources
would be sempermanently installed, as compared to these other permanently thstliees.
The piles can also be installed relatively quickly and with minimal site disturl§evittenson,
2017) This allows for reduced environmental impact while improving the spatial sampling of

recorded datasets.

Screw Pile
Ground Anchor

~10= 80 feet

Figure 2-14: Schematic of GPUSA surace linear vibrator mounted on steel helical pile
(Wilkinson, 2017).
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In June 2018, a helical pile was installed at the CaMI FRS, approximately 80 m southwest
of the injector well. The pile was drilled to a depth of approximately 15 m where @ncasred
to a hargpacked argillaceous layer below more poorly consolidated glacial till in the shallow near
surface. While the pile has not been anchored to the bedrock, which lies at a depth of approximately
30 m, the consolidated argillaceous layer $thdae sufficient to transfer the source signature
through the near surface layer.

In June 2018, a shallow borehole was also drilled, and the borehole linear vibrator was
installed in the borehole. The borehole was drilled to a depth of approximatelyviftene, the
borehole vibrator was cemented in place. By cementing the source in the borehole, coupling
between the source and the subsurface is improved, allowing for more efficient transfer of energy
away from the source. Additionally, since the sourceinstsalled in a borehole, the impact of the

near surface is drastically reduced.

2.5 Distributed acoustic sensing

In typical land seismic acquisition projects, seismic waves are recorded using geophones,
measuring ground displacement in one or more dinest However, deploying a geophone array
for use in timelapse studies may face significant challenges in terms of the repeatability, cost, and
receiver spacing. Recent advances in distributed acoustic sensing (DAS) may help address all three
of these isges.

Eaid, Li and Innane(®017)describe the physics which allow DAS to be used in seismic
acquisition. Put simply, acquiring seismic data with DAS involves deploying fibre optic cable as
the receive and using a light source, known as an interrogator unit, to emit a pulse of light through

the fibre. As the light pulse travels through the fibre, it encounters microscopic impurities in the
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fibre, which may cause the light to scatter through a prdaessn as Rayleigh backscattering.
Backscattered light is then recorded by the interrogator. As a seismic strain impinges upon the
fibre, the fibre stretches and squeezes in the longitudinal direction of the fibre, causing small
changes in the distances ween impurities, and thus an alteration in the nature of the
backscattered light recorded by the interrogator. These alterations are interpreted to be
representative of the seismic signature.

DAS has shown to have several applications in various seismigtaring projects
(Mateeva et al., 2013; Molenaat al, 2012) and has several advantages and disadvantages
compared to more conventional receivers, such as geophones. Several of the disadvantages of DAS
can be accommodated for with special consideration during either acquisition or processing. For
example, the siga-to-noise ratio (SNR) of DAS is lower than geophones, which may pose issues
in resolving lowamplitude reflectors. This can potentially be overcome by increasing source effort
(i.e. using more sweeps for vibrator sourg@dateeva et al., 2013Additionally, DAS suffers
from a phenomenon known as broadside insensitivity. This refers to the fact that DAS fibre
deforms only in the longitudinal, or tangential, direction when interacting with striging from
an incident Pvave This implies that DAS is a singmmponent (1C) sensor. The seismic
amplitude recorded with DAS depends on the anfjlleetween the incident raf the Pwaveand
the fibre:

60 AT O X
Therefore, an incident ray normal to the Idndinal direction of the fibre will be recorded with
zero amplitude (Figure-25). The problem of broadside insensitivity can potentially be mitigated

by wrapping the DAS fibre in a helix around a central @Xisvshinov, 2016)Additionally, the
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promise of a novel multicomponent DAS sensor is presently under investifjatamen et al.,
2018)

At the CaMI FRS, DAS fibre was installed in a loop passing through the site. The loop
starts and ends at an interrogator unit, has an upgoing and downgoing sedm#nsohight and
helical DAS fibre in the geophysics well, an upgoing and downgoing segment of straight fibre in
the geochemistry well, and a segment of straight fibre and a segment of helical fibre in the 1.1 km
trench crossing the site (FigurelB). Sésmic data acquired at the CaMI FRS using DAS will be

analysed and compared with similar data acquired using geophones in Chapter 4.

Trace number (counted from surface)
50 100 150 200 250 300 350 400

Time (ms)

1500

Figure 2-15: Example of DAS broadside insensitivity. Incident seismic waves are recorded
with zero amplitude when normalto fibre (Mateeva et al., 2012).
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Figure 2-16: Sthematic diagram of DAS fibre loop at the CaMI FRS(Lawton, Osadetz, &

Saeedfar, 2016)
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Chapter 31 Source Installation
3.1 Introduction
This chapter will discuss several of the considerations meade to the installation of
GPUSA linear vibrator sources at the CaMI FRS. To find the ideal location for permanent seismic
sources, a simple raytracing experiment was conducted using the baseline FRS velocity model.
The impacts of C&injection on the @ismic signature were also investigated. Based on the results

of the raytracing experiment, synthetic VSP data were generated for custom linear vibrator sweeps.

3.1 Raytracing Experiment

As discussed in Chapter 2, the capability exists for multiple source locations when
acquiring seismic data with GPUSA linear vibrators. However, the process is relatively labour
intensive, as either a new helical pile must be screwed in place for a ssotace, or a new
borehole must be drilled for a borehole vibrator. As the objectives of this project are focussed
primarily oninvestigatingthe efficacy of deploying linear vibrators as a monitoring tool, rather
than collecting the most complete datasetsy a single source location will be used. Therefore,
special consideration must be given to where the sources will be installed at the CaMI FRS.

The target injection interval for Phase 1 of injection is the BBRS, at a depth of 300 m. For
the purposesf this project, the BBRS will be targeted for a VSP survey, using straight DAS fibre
in the geochemistry well, 30 m northeast of the injector, as the receiver. The geochemistry well,
rather than the geophysics well, which contains 3C geophones andrhahtsind helical DAS
fibre, was chosen to be the primary receiver well due to logistics at the CaMI FRS. Instrumentation
for the permanent sources will be installed in the classroom at the site (Fgyran@l installing

the sources closer to the clamsm will be simpler, as there will be no obstacles between the
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classroom and the source location, and safer, as electrical cables will be away fraraffigh
areas at the site. To image the zone of highest @@centration immediately surrounding the
injection well, the permanent sources will be placed along an azimuth passing through both the
injector and the geochemistry well. Conveniently, this azimuth also passes through the geophysics
well, located approximately 20 m southwest of the injectors Wi allow for future comparisons

of data acquired with DAS in each of the observation wells.
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Figure 3-1: Map of the CaMI FRS showing locations of observation and injection wells and
surface infrastructure. Classroom in blue,instrumentation shack in purple.

To determine the offset between the geochemistry well and the permanent source location,

a simple raytracing experiment was performed using the FRS velocity model (Fguena
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codes from the CREWES Matlab toolhaxhich rely on the shooting method of raytracing. The
shooting method refers tteratively adjusting the raypath from the specified source location until
the receiver location is reach@dang, 2003) The raytracing experiment was conducted for each
of the observation wells, placing receivers at 1 m intervals to simulate DAS fibre in eachheell
experiment was also repeated with receivers at 5 m intervals to simulate geophones in the
geophysics well. The first simulated DAS receiver was placed at 50 m depth in the velocity model,
which represents the fact that DAS data cannot be reliadgctad in the uppermost portion of

each well. This could be due to slight coiling or winding of fibres in the shallow part of the well.
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Figure 3-2: CaMI FRS P-wave velocity model derived from 122 well logs. Gamma ray
and P- and Swave velocity logs fran 10-22 shown.

Given a known velocity model, raytracing, in the context of seismic investigations, refers
to describing the pathways of seismic rays through the subs@@heaader, 1976)in this simple
raytracing experi ment , -caakleadt evrealldcyi thyo moogdeenle oiL

vel ocity model i's derived from velocity and d:i
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Law governs the behaviour of rays incident upon an interface during raytracing expefinmests

& Newrick, 2004)

o

Whered, is the angle between the ray and a line normal to the interface in one layeyjsatict
seismic velocity of that layer.
For this raytracing experiment, two objectives were considered in the determination of the
offset of the permanent sources:
1. Maximizing the spatial extent illuminated around the injection point; and,
2. Maximizing the ange of incidence angles recorded to capture potential amplitugies
offset (AVO) effects.
It was found that the maximum soun@Eeiver offset possible was approximately 450 m. Offsets
greater than this distance were found to produce critically reftaetys, which occurs when the
guantities in Equation (3.1) resultdh greater than or equal to ©0'he incidence angle whede
is equal to 99is called the critical angleL:
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Raytracing egeriments showed that an offset of approximately 110 m between the geochemistry
well and the permanent source will optimize both of the above objectives, allowing the zone of
highest CQsaturationMacque et al, 2016)to be imaged. This location results in a sowfiteet

of approximately 60 m from the geophysics well (Figu® 3
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Figure 3-3: Raytracing experiment using FRS velocity model. Well A is the geochemistry

well and Well B is the geophysics well. Offset between permanent source and geochemistry
well is 110 m.

3.2.1 Impact on DAS

As discussed in Chapter 2, the amplitude recorded by DAS fibre has been determined to
vary with the square of the cosine of the angle between the incident ray and tiiléitereva et
al., 2013) Simulating DAS receivers in the geochemistry well, it is expected that incidence angles
between approximately 135° will be recorded. This results in the amplitude of the BBRS
reflector being reduced by approximateht@% over the depth range of the well when the offset
is 110 m. For DAS fibre in the geophysics well, a variation in amplitude of e@¥ & expected.

This is likely due to the shorter offset causing subvertical raypaths for the BBRS reflector, resulting

in incidence angles of less thar? {Figure 34).
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Figure 3-4: Raytracing experiment using FRS velocity model. DAS fibre as the receiver
simulated byreceivers at 1 m intervals in geophysics well.

3.3 Fluid Substitution

To connect between 1D well log data with 2D or 3D seismic data, synthetic seismograms
are used. Synthetic seismograms are generated by using sonic and/or density welldbgseat a
well to create a reflectivity series and convolving the reflectivity series with a chosen wavelet. The
sonic and density well logs from the injector well were used to create baseline synthetic
seismograms for the FRS. To account for changes imjghetion reservoir due to replacement of
reservoir fluids with injected Cfa fluid substitution was performed to alter the well logs. The
Fluid Replacement Modelling (FRM) process in the HamgRuossell software package was used
to generate density, comgssional velocity, and shear velocity logs for varying levels of CO
saturation based on the density and velocity logs from the injector well. As inputs for the FRM
process, the density and velocity well logs were used as the baseline response, lalpoigpsity
and mineral volumetric logs to determine the bulk modulus of the rock matrix. The baseline

reservoir fluid was assumed to be water with 100% saturation.
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The bulk modulus of the reservoir fluid after €i@jection was calculated using the Reuss

average formula, following simulations performed by Macquet and La{@0h7) The Brie

formula was also tested, resulting in smaller variations in both densityaagid?velocity, which

agrees with previous simulation results. For the fluid substitution, a uniform 9% reservoir porosity

was assumed, along witliater and C®@ bulk moduli of 2.232 and 0.102 GPa, respectively

(Macquet & Lawton, 2017)

By specifying the desired saturation of injected.@®model, density and velocity logs

were generated to represent 10%, 30%, and 100% sa@ration cases (Figure53. CO

saturations above 30% displayed smaller changes in-tnev® velocity log. Th density and P

wave velocity logs show a clear decrease as the sa@iration increases, while thew@ve

velocity shows only a slight increase due to the decrease in density.
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3.3.1 Amplitude versus offset (AVO)

The process of computing synthetic seismograms results in a 1D seismic section
representing the theoretical normal aence seismic response at the well location. To incorporate
incidence angles greater that) thhe CREWES Syngram software package was used. Incidence
angles over the range expected from the raytracing experiment were used in the creation of the
offset synhetic seismograms. Offset synthetics were generated using the baseline suite of well
logs, as well as the resultant well logs from the fluid substitution (Figii)e Bhese synthetic
seismograms were generated to understand the amplitusiesoffset (AVO) response of certain
reflectors. AVO refers to how the amplitude of a reflector changes with varying segeieer
offsets and may be indicative of changes in the fluid content or lithology (Schlumberger, 2019).
The stack of traces from several offsetss also computed, and the tila@pse anomaly can be
observed by taking the difference between the stacks for the baseline arsdt@@ted cases
(Figure 37). A strong trougtpeak character is observed at the base of the zone used for the FRM,
which isindicative of the decrease invilave velocity and density observed in Figuig. 3

The amplitude of the BBRS reflector was extracted for the baseline anthjectibn
cases, and the AVO curve was plotted for both cases (FigByel® each case, the antpte is
positive and decreases with increasing incident angle, known as a Class | AVO réghange
& Brown, 2001) However, subtle differences in the curves between the two cases may allow the
AVO response to be used to determine the presence or absence of injectadi@Qeservoir.

The intercept, or normal incidence amplitude, for the-pgsttion case has laghervalue than

the intercept of the baseline case, and the gradient, or approximate slope of the curve, is greater
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than that of the baseline case. The presence pt@@d potentially be revealed using these AVO

properties.
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Figure 3-6: Offset synthdic seismograms for the baseline case (top) and 30% GO

saturation case (bottom). BBRS reflector identified by yellow arrow. The stack of all offsets
is shown by the traces in the right panel of the displays.
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Figure 3-7: Offset synthetic seismogram stackfor the a) baseline and b) C@saturated
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identified by red lines.
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Figure 3-8: AVO curves for baseline case (left) and poshjection case (right).

3.4 Synthetic Daa
To compare seismic data acquired wirtuh hl,ione

the forward problem must be addressed. In seismic studies, the forward problem, also known as
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forward modelling, involves taking a set of known variables reptiegpsubsurface properties
and generating synthetic datasets. In this case, the FRS baseline velocity model is used, along with
a known wavelet. A finitalifference simulation is then performed by propagating a delta function
through the velocity model, é&m filtering the result with a wavelet. Forward modelling in this
project was first performed with a Ricker wavelet to ensure stability of the algorithm, then repeated
with a synthetic permanent source sweep.

Conceptually, seismic acquisition and prooegswith orbital vibrator sources is very
similar to conventional Vibroseis acquisition and processing. One important step in generating
usable seismic data when using these sources is thecomsktion of raw data with the sweep
signature. Raw seismidata will have a strong imprint of the sweep signature present at each
reflector, and crossorrelating this raw data with the sweep will collapse this imprint to a Klauder
wavelet at each reflector.

Consider the convolutional model for generating a seisrace s(t).

i 0 0Vozio od
Wherew(t) andr(t) are the wavelet and reflectivity, respectively, as functions of time.*The
operator in Equation (3.3) represents convolution. Cecoslating § the trace with the source
signature wavelet yields:

i 0O i0os0oO
i 0O VLOZzZiosS VO od

As crosscorrelation is a convolutional process, the commutative natuoerofolution allows
Equation (3.4) to be reritten as:

i 0O VLOzZL O07zi 0 o
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Wherew(-t) is the timereversed wavelet. Put simply, the correlated trace can be generated as a
result of convolving the autocorrelation of the wavelet with the aefiéy series. For simplicity,
forward modelling in this project was performed using the autocorrelation of a synthetic permanent
source sweep, rather than crassrelating raw synthetic data with the sweep signature.

As described in Chapter 2, the feroutput, and therefore, the seismic amplitude, of an
orbital vibrator source varies with the square of the angular frequency. In the forward modelling
of permanent source data in this project, a synthetic sweep was first generated assuming constant
amplitude at all frequencies, then scaled by a factar?fFigure 39). An example sweep was
generated using a tirfeequency relationship of-050 Hz over 25 s for the upsweep segment,
with a symmetrical downsweep segment. The autocorrelation of this swaapydi similar
characteristics when compared to a conventional Ricker wavelet (Figh@etit displays high
frequency oscillations along with a low frequency imprint. This low frequency imprint may have
a negative impact on resultant synthetic seismia.da

Acquisition geometry for the finite difference simulation, performed using Matlab codes
in the CREWES Toolbox, was set to be a VSP survey, with receivers at 1 m intervals in both the
geochemistry and geophysics wells to simulate DAS in these wellanatiter set of receivers at
5 m intervals in the geophysics well to simulate the 3C geophones in that well. As a result of the
raytracing experiment, the source was placed 109 m away from the simulated geochemistry well

and 59 m from the simulated geoptagswell (Figure 311).
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Figure 3-9: Time-frequency relationship (3150-0 Hz over 50 s) for example synthetic
permanent source sweep (a); synthetic sweep scaled by factonsf(b); positive lags of
synthetic sweep autocorrelation (c); synthetic sweep amplitude spectrum (d).
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Figure 3-10: Comparison of synthetic permanent source sweep autocorrelation (blue) and
150 Hz Ricker wavelet (red).
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Synthetic VSP data were generated using both the synthetic permanent source sweep and
a Ricker wavelet with 150 Hz dominant frequency, and dach of the geophysics and
geochemistry wells (Figure B2). Prominent reflectors, including the BBRS injection interval, are
visible on the VSP sections created with both wavelets. Resolution appears to have improved on
sections created using the higlfierquency permanent source sweep compared to the Ricker
wavelet. However, the permanent source sections show a strong low frequency imprint with a
Aringyo character. This character is not obse
that this low frequency ringiness will be observed in field data acquired using linear vibrators and
will need to be accounted for during the processing of permanent source data. The synthetic VSP
data was then subsequently processed, resulting in a corridorfetagich synthetic dataset
(Figures 313 and 314). The corridor stacks (Figurel®) for each source type are similar in
character, and the BBRS interval can be identified. However, the ringy character observed on the
raw VSP data appears to have remaitteough the data processing workflow and is evident on

the permanent source corridor stack.
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Figure 3-11: CaMIl FRS P-wave velocity model with finitedifference simulation acquisition
geometry overlain. Source location (yellow star) located 59 m from gpbysics well (centre
of figure) and 109 m from geochemistry well. Geophones in geophysics well identified by
red inverted triangles. DAS receivers identified by black circles.
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Figure 3-12: Results from finite-difference simulation using FRS Pwave veloity model.

Source signature used were a synthetic permanent source sweep (left) and 150 Hz Ricker
wavelet (right).
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Figure 3-15: Corridor stacks from synthetic VSP datafrom finite -difference simulation for
synthetic permanent source sweep (left) and 150 Hz Ricker wavelet (right). Approximate
BBRS interval identified by arrows.
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Chapter 47 Baseline Data
4.1 Introduction
In addition to computing synthetic seismic dataotigh finite difference simulations,
baseline datasets acquired with more wellerstood tools will be compared against seismic data
acquired with GPUSA linear vibrators in this chapter. These tools include Vibroseis sources and
conventional 1C or 3C gpbones. Utilizing a welunderstood Vibroseis source also allows for
the testing of seismic acquisition with DAS fibre as the receiver. Several seismic field acquisition
programs have been conducted at the CaMIl FRS. This chapter will describe thrediaifl the
experiments and will discuss the data processing workflows applied to the acquired data. A VSP
processing workflow is designed and streamlined to be readily applied to future VSP datasets

acquired with a linear vibrator source.

4.2 May 2017 2D Line

In May 2017, a 2D seismic line was acquired at the FRS, and was subsequently processed
in October 2017 to serve as a laggale baseline dataset to compare against data acquired with
linear vibrator sources. The survey was acquired along the 1.1 koh passing across the FRS
from southwest to northeast. The source for this survey was the CREWES Envirovibe (Figure 4
1) using a 16150 Hz sweep over 16 s with a 2 s listen time. The source interval was 10 m at the
southwestern and northeastern ends ostimeey line, with 20 m spacing in the central portion of
the line. Multicomponent (3C) geophones were used as receivers, placed at 10 m intervals along
the line (Figure €). Source and receiver station elevations are shown in Fig8ir@nd show a

variaion of only 2 m. Only the vertical component recorded by the 3C geophones was processed.
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Figure 4-1: The CREWES Envirovibe, used as the source for baseline seismic datasets
(CREWES, 2011)
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Figure 4-2: Source and receiver acquisition geometry for May 2017 2D seismic line
acquisition. Observation and injection welllocations indicated on the map.

An example shot record (Figure4d from the southwestern end of the line (station 101)
shows the datare of good quality, with deeper reflectors readily visible. However, from the
computation of synthetic seismograms dondwvard modelling of synthetic data, the BBRS

reflector is known to occur at reflection times of only 80 ms. The BBRS data are significantly
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obscured by sources of noise on the shot record. Therefore, processing of this dataset will attempt

to emphaize the shallow reflectors.
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Figure 4-3: Source and receiver elevations for May 2017 2D line acquisition program.
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Figure 4-4: Example shot record from station 101 (southwest end of line). Deeper
reflections are noticeable at approximately 900 ms. BBRi&terval between 256300 ms.

The data processing flow used similar methods and parameters from previous seismic
processing projects at the FRS (Isaac and Lawton, 2014b). The workflow (Fgufellbws a

conventional approach for processing data acdquimethe Alberta Plains, where reflectors are
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predicted to have minimal dip. To enhance shallow reflectors, a spatial median filter was applied
to stacked data (Figure®) prior to migration. The final migrated 2D section shows reasonable
reflection qualiy from the BBRS interval (Figure-4). Significant curving of reflectors, or
migration artifacts, are observed near the edges of the section due to the short length of the profile.

Similar behaviour is also observed in the results of prior proce@semyr & Lawton, 2014b)
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Figure 4-5: Data processing workflow for May 2017 2D line.
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Figure 4-6: Stacked 2D line from May 2017 after application of foint spatial median
filter to enhance shallow reflectors. BBRS between 25800 ms. Shown with synthetic
seismogram tie.
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Figure 4-7: Final migrated 2D line from May 2017 survey.

4.3 Baselne VSP

In May and July 2017, several VSP datasets were acquired at the CaMI FRS using the
CREWES Envirovibe as the source with alBD Hz sweep. The DAS fibre loop at the site was
used to record data, in addition to buried 3C geophones in the geopiwgdic3he 24 3C
geophones are permanently installed in the geophysics well at 5 m intervals from approximately
191-306 m depth. While the entire fibre loop at the site was used, only the straight fibore segments
in both the geophysics and geochemistry wekse considered for this project. The DAS and
geophone data from both surveys were used to develop a VSP seismic data processing workflow
for future datasets acquired using GPUSA linear vibrators, as well as to act as a baseline dataset
to compare againsépeated VSP surveys at the site.

Data were acquired during the survey using several source locations. However, only
selected shot points (FigureB} were used in the development of a VSP data processing workflow.
These shot points were selected to agjmnate the location where the GPUSA linear vibrators

were later installed based on the raytracing and forward modelling performed (Chapter 3).
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21135

Figure 4-8: Source locations for baseline VSP datasets. Source locations for May 2017
survey (red) and July 2.7 survey (blue) shown. Selected source locations for processing
identified with stars.

4.3.1 Baseline geophone VSP

To compare geophone and DAS data from straight fibre in the geophysics well, only the
vertical component from the 3C geophones was coreid&hot point 27110, represented by the
blue star in the lower left of Figure8} was selected to approximate the offset between the
permanent source and the observation wells, with an offset of approximately 58 m between the
source location and the gaoysics well. Raw datareof good quality; however, 4 of the 24 vertical
component traces malfunctioned, producing noisy traces (Fig@ix€ldhese traces were killed and
interpolated, using simple linear interpolation from adjacent traces, before famtigsis (Figure
4-10). Strong downgoing and upgoing wavefields are visible in the data.

The signailto-noise ratio (SNR) for the raw data was estimated to be roughly 32.5,

computed using a method based on the work of Kragh and Cl{#e62) and of Correa et al.
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(2018) This method is based on computing the smeansquare (RMS) amplitude of a trace in a

particularwindow (Kragh & Christie, 2002Equation 4.}
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Wherex; is a chosen time series (i.e. a seismic trag@ndt, define the bounds of the window,
andN is the number of samples in the window.
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Figure 4-9: Vertical component of geophone data from shot point 27110 (approxirtely 58
m offset). Automatic gain correction (AGC) applied. Noisy traces observed on record.
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Figure 4-10: Interpolated vertical component of geophone data from shot point 27110.
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The signal component was estimated by computing RMS amplitude the of a particular trace
in a 50 ms window around the picked first arrival time on the recorded VSP section. Similarly, the
noise component was estimated by computing the RMS amplitutie &f4t 50 ms of the trace.

The signal component was divided by the noise component of each trace, and the SNR of the
section was estimated by taking the median of these individual SNR values.

After picking the first breaks and estimating the SNR, a velocity profile was generated
using the first break times and the depth of the corresponding geophone for each first break pick
(Figure 411). Next, the VSP shot record was flattened by computiaglifference between the
first break time for each trace and a chosen reference time. The traces are then shifted by the
calculated difference such that the first break times are aligned on the reference time, chosen to be
100 ms in this case. To isolateetdowngoing and upgoing wavefields,-adint median filter is
applied to the flattened record. The filtered record gives the downgoing wavefield, which is then

subtracted from the flattened total wavefield to give the upgoing wavefield (Figiite 4

211 Rz?;giver diztlh [m] zoo\gebdtayogg/s} 4000
T
ii!mll!!!!!}ll]ll!!ti
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Figure 4-11: Vertical component of geophone data with first break picks overlain (green).
Velocity profile shown on right. RMS velocity (blue) and interval velocity (red) displayed.
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Figure 4-12: Flattened total wavefield (left), flattened downgoing wavéld (centre), and
upgoing wavefield (right) from vertical component of geophone data.

In VSP datasets, the upgoing wavefield contains primary reflections from subsurface
reflectors, in addition to upgoing multiple reflections. The downgoing wavefieldlsarcontain
multiples, but is typically thought to represent the source signature, as waves will travel
downwards from the source directly to receivers in the well. Therefore, the downgoing wavefield
can be used to design a deconvolution operator, wtaohthen be applied to the-flattened
upgoing wavefield. In this case, the deconvolution operator was chosen to be 240 ms long.
Following deconvolution, an-K filter was applied to remove any residual downgoing energy
(Figure 413). Normal moveout (NMQ)is compensated by using the velocity profile derived
previously from the first break picks. Each trace is then shifted down by the first break time,
resulting in a section with the same time axis as a surface seismic sectionyayttnme (TWT;
Figure4-14). The outside corridor is then isolated and stacked, resulting in the final corridor stack.
The final corridor stack shows good agreement in character with aoffised synthetic
seismogram calculated from injector well logs, albeit with a sligin¢ 8hift of approximately-5
10 ms (Figure 415). This data processing workflow (Figuré.@) will be used as a foundation to

process DAS datasets, as well as datasets acquired with permanent sources.
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Figure 4-13: Upgoing wavefield (left) after VSP decommution with the downgoing
wavefield and FK filter (right) to remove residual downgoing energy. Data within the
shaded region on the KK plot was passed through the filter.
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Figure 4-14: Upgoing wavefield after VSP deconvolution and NMO correction. Didpyed
in TWT.
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Figure 4-15: Comparison of geophone corridor stack (left) and synthetic seismogram
(right), generated with a 10150 Hz synthetic Vibroseis sweep.
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Figure 4-16: VSP data processing workflow.

4.3.2 Baseline DAS VSP
A DAS VSP dataset wasskected with similar offset to the geophone VSP dataset to

develop a better understanding of the differences between the two receiver types, as well as to
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adapt the existing processing flow to DAS surveys. The survey used source locations parallel to
the ibre trench crossing the site, with the maximum vertical fold (i.e. number of sweeps) of 3. The
source location selected, shot point 13153, is located approximately 58 m southwest of the
geophysics well. The DAS survey used a gauge length of 10 m andeasawhannel spacing in
the fibre of 25 cn{Hall et al, 2017) The deepest DAS channel is located at 343.8 m.

The shot record for the entire fibre loop (Figur&? shows aar downgoing primary
wavefields for straight fibre in the geochemistry well, as well as both helical and straight fibre in
t he geophysi eshkapewftheldata inTehch of th&/ wells (FigudBXirepresents the
downgoing and upgoing segmentslué fibre. A slight dimming in the downgoing first breaks on
the helical fibre in the geophysics well compared to straight fibre can be observed. Additionally,
the upgoing primary wavefield appears to be more prominent on the straight fibre than the helical
fibre. These observations agree with previous investigafdasion & Lawton, 2018)The data
from both helical and straight fibre in the trench shows little to no response, as vertical rays incident
on the fibre will be subnormal, thus due to broadside insensitivity, the recorded amplitude will be

low.
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Figure 4-17: Seismic data using full DAS fibre loop from shot point 13153. AGC applied.
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Figure418: DAS sei smic dat a fshapewffosbbseaks vont i on wel
upgoing and downgoing segments of fibre in each well. Noticeable dimming of data on
helical fibre data compared to straight fibre. AGC applied.

To compare against the geophone VSP recorded at similar offset, the downgoing portion
of the straight fibre in the geophysics well was isolated. The data for this portion was then clipped
suchthat the depth of the first channel was 50 m. This was done to accommodate for the shallowest
traces, where first arrival times appear to decrease with increasing depth (FI@r&H#is results
in a dataset with 1176 traces over a 294 m interval, cadparthe geophone data with 24 traces
over a 115 m interval. Therefore, the DAS VSP has nearly 20 times the number of channels over
the same depth interval, representing an extremely densely spatially sampled dataset.

The SNR for the truncated DAS VSP svastimated using the same method as for the
geophone VSP. Calculation of the estimated SNR for the DAS VSP required preliminary
manipulation of the data in order to achieve reliable and consistent first break picks. Initial first
break picks were erratignd only very generally followed the trend of first arrivals observed on

the shot record. To accommodate for this, gpdint median filter was applied to the first break
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picks (Figure 420), resulting in a series of first break times that more closdlywis the first
arrivals on the shot record. The median SNR for traces in this shot record was estimated to be
approximately 2.5, significantly lower than geophone data from the same offset. Visually
comparing the DAS and geophone shot records confirms dki significant background noise,
potentially optical noise in the fibre, is observed on the DAS record. The discrepancy in estimated
SNR between the geophone and DAS datasets could be due to seasonal differencesifanear
conditions during acquison (Hall et al., 2017)but is mordikely due to the inherently lower SNR

of DAS fibre.
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Figure 4-19: Raw DAS data from straight fibre in geophysics well. Depth segment to be
removed identified by arrow. Several noisy channels observed.
















































































































































