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Multiwell Fiber Optic Sensing Reveals
Effects of CO, Flow on Triggered
Seismicity

Stanislav Glubokovskikh™*, Pavel Shashkin?“, Serge Shapiro®"“, Boris Gurevich*“, and
Roman Pevzner?

Abstract

Induced seismicity is one of the main risks for gigaton-scale geological storage of carbon
dioxide (CO,). Thus, passive seismic monitoring is often recommended as a necessary
component of the monitoring systems for CO, storage projects, with a particular forcus
on risk mitigation. We present the first field study, CO2CRC Otway Project Stage 3
(Victoria, Australia), where distributed acoustic sensing (DAS) enabled high-precision
tracking of the induced seismicity triggered by a small CO, injection and also informed
the reservoir models. In 610 days of passive seismic monitoring of the Stage 3 injection,
we detected 17 microseismic events (maximum moment magnitude M,, 0.1) using five
deep boreholes equipped with enhanced-sensitivity optical fiber. The DAS array has
sensitivity sufficient for detection and location of induced events with M,, ~-2 in a
monitoring borehole located up to 1500 m away. Thanks to the dense spatial sampling
by the DAS, we were able to estimate the focal mechanisms for events with M,, > -1.5;
although the monitoring boreholes provided very limited angular coverage. The main
cluster of the events has the same location and source mechanism as the one triggered
by the previous CO, injection at the Otway Project site, Stage 2C. Surprizingly, the Stage
2C and Stage 3 events closely followed the actual movement of the CO, saturation
plume front (not the pressure front), as observed using controlled-source reflection seis-
mic images. The nature of the plume-fault interaction remains unclear, but some alter-
ation of the fault gouge by CO, might be responsible for the faults’ reactivation by the
pressure perturbation. Importantly, the seismogenic fault could not be identified in the
seismic images and was only revealed by DAS observations, which also demonstrated
the signature of fluid-rock interaction, that may control the CO, flow.

Cite this article as Glubokovskikh, S.,
P. Shashkin, S. Shapiro, B. Gurevich, and
R. Pevzner (2023). Multiwell Fiber Optic
Sensing Reveals Effects of CO, Flow on
Triggered Seismicity, Seismol. Res. Lett.
XX, 1-16, doi: 10.1785/0220230025.

Introduction Such scarcity of the documented induced seismicity is related

Subsurface stress changes and complex thermal, mechanical,
and chemical effects induced by geological carbon storage
(GCS) may reactivate subsurface faults and lead to felt earth-
quakes (Vilarrasa et al., 2019), CO, leakage pathways (White
et al, 2014), and even surface deformations (Vasco et al.,
2010). Therefore, induced seismicity monitoring is essential
for the fluid injections at GCS projects. Yet only a few CO,
injections dedicated to storage in saline aquifers have docu-
mented some triggered events: In Salah, Algeria (Goertz-
Allmann et al., 2014), two injections at the Decatur carbon cap-
ture and storage (CCS) site (United States) (Williams-Stroud
et al., 2020), Quest CCS Project (Canada) (Harvey et al., 2021),
Gorgon Project (Australia) (Chevron, 2021), and CO2CRC
Otway Project Stage 2C (Australia) (Glubokovskikh et al.,
2022), with the largest seismic moment magnitude M, 2.3
detected at the Gorgon Project.
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to the fact that site operators tend to favor moderate injection
pressure to reduce the risk of seismicity and associated public
concerns. Yet, the need to increase global storage amounts to
tens of gigatons is likely to require GCS projects to implement
more aggressive injections (International Energy Agency [IEA],
2022), and thus monitoring of induced seismicity will become a
critical matter. Distributed acoustic sensing (DAS) systems have
great potential to become such a monitoring tool. Downhole-
deployed DAS provides relatively inexpensive receiver array that
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is sensitive to the microearthquakes in a wide frequency range, as
is evident from applications to enhanced geothermal systems
(Lellouch et al., 2020) or stimulation of unconventional reser-
voirs (Luo et al, 2021; Stanék et al, 2022). A 15,000 tonnes
CO, injection during the Stage 3 CO2CRC Otway Project in
the Australian state of Victoria (Jenkins et al, 2017) (referred
to simply as Stage 3 subsequently) presented a unique opportu-
nity to quantitatively characterize the seismicity triggered by two
successive CO, injections using five deep boreholes instru-
mented with enhanced DAS systems (Pevzner et al. 2021).
Prior to Stage 3, a similar 15,000 tonnes injection into the
same formation during the Stage 2C Otway Project also pro-
duced detectable induced seismicity as recorded by a dense array
of vertical geophones buried 4 m below the surface (Pevzner,
Urosevic, et al., 2020). This array was not ideal for microseismic
detection: At a depth of 4 m there is strong ambient noise, ocean-
generated surface and body waves and active farming activity on
the surface, resulting in relatively low signal-to-noise ratio (SNR).
Furthermore, precluded
polarization analysis and wave modes separation, whereas angu-
lar coverage of the array was insufficient for accurate estimation
of the geometry and slip of the reactivated faults (Glubokovskikh
et al., 2022). Nevertheless, the microseismic monitoring along
with time-lapse seismic images of the CO, plume suggested that
the events were triggered right at the CO, saturation plume
front, potentially due to fluid-rock interaction effects. In addi-
tion, the seismic data highlighted subseismic faults that con-
trolled the plume evolution. The Stage 3 experiment features
an injection into the same geological formation with the same
injection pressure and flow rate as the Stage 2C injection, and
the active seismic data show that the two CO, plumes eventually

single-component  measurements

merged together (Isaenkov et al., 2022). Thus, one of the main
achievements of our objectives of our study is to directly assess
the value of information provided by the multiwell DAS array
compared to a more standard areal monitoring array.

Here, we characterize the seismicity induced by CO, and
brine injections by analyzing two years of passive DAS records.
Microseismic analysis of the DAS data is still in its early days,
and hence we first develop a set of new procedures for quanti-
tative analysis of the DAS amplitudes. At the same time, we uti-
lize prior analysis of the Stage 2C seismicity and repurpose the
previously developed workflows for the new acquisition system.
First, we scan several hundreds of terabytes of passive seismic
records to identify the induced events. Then, we locate the events
using travel-time inversion based on a velocity model from
numerous vertical seismic profiling (VSP) surveys. After a cal-
ibration of the DAS amplitudes using regional catalogued earth-
quakes, we estimate the moment tensor of the sufficiently strong
events. Finally, we analyze the triggering mechanism behind the
main cluster of events by comparing patterns of induced seismic-
ity against time-lapse VSP snapshots through the injection inter-
val. This analysis confirms that the Stage 3 injection augmented
and remobilized the Stage 2C plume.

2 Seismological Research Letters

Monitoring Data Set at Stage 3 of the
Otway Project

The Otway International Test Centre is located at the coast of the
Australian state of Victoria (Fig. 1a). In the past two decades, the
site was established as an in situ research laboratory for GCS-
related research with a focus on monitoring and verification
technologies (Cook, 2014). Stage 3 was designed to test various
approaches to cost-effective and low-invasive geophysical mon-
itoring technologies for early detection of CO, leakage (Jenkins
et al, 2017). To this end, Stage 3 involved an injection of
15,000 tonnes of supercritical CO,/CH, (80/20) mixture at
0.2 MPa pressure into the Lower Paaratte formation—a good
quality sandstone reservoir at 1540 m depth below the ground.

The Stage 3 monitoring program consisted of VSP and pres-
sure tomography surveys (Jackson et al, 2021) using five devi-
ated boreholes (CRC-3-CRC-7; Fig. 1b). The monitoring
boreholes were instrumented by pressure gauges and high-
SNR engineered optical fiber utilizing Silixa iDASv3 intertoga-
tors. The interrogators operated with 10 m gauge length, 4 m
laser pulse length, pulse repetition frequency of 16 kHz, and the
sampling rate of 1 kHz. The VSP program consisted of two ele-
ments: (1) repeat 3D VSP surveys after injection of 5000 and
10,000 tonnes of CO, with a vibroseis source (Yurikov et al,
2022) and the DAS array, and (2) offset VSP surveys obtained
every other day using permanent surface orbital vibrators
(SOVs) and the DAS array (Isaenkov et al, 2021; Pevzner
et al., 2022). Both the VSP techniques had high data repeatability
and proved sensitive to the presence of CO,. The 4D VSP pro-
vided a volumetric snapshot of the plume, whereas the SOV-
DAS images sliced through the plume every 48 hr. These surveys
confidently show that the Stage 3 plume remained inside the
dedicated storage interval and reached the Stage 2C plume,
which had been imaged by a time-lapse surface seismic inversion
(Egorov et al., 2017; Glubokovskikh et al, 2019).

The pressure tomography included six surveys in total:
three baseline injections, plus a survey after every 5000 tonnes
of the CO, injection, for which each injection had between 1
and 2 MPa overpressure and lasted for a few hours (Jackson
et al., 2021). The pressure data show that the maximum pres-
sure from the CRC-3 brine injections reaches CRC-6 and CRC-
7 in less than a day. This implies that the pressure build-up
induced by the CO, injection should occur in a matter of a
few days as well. The VSP snapshots along with the pressure
observations help us interpret the induced seismicity induced
by the fluid injections for the Stage 3, experiment, as discussed
in the next section.

Characterization of the Injection-
Induced Events

Detection and location of the microseismic events
We acquired more than two years of passive records by the DAS
systems in the five Stage 3 boreholes. To detect the induced
microseismic events, we scan through several hundreds of
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Figure 1. Outline of Stage 3 of the CO2CRC Otway Project. (a) We indicate the locations of the
Otway in situ laboratory at the Vicotrian coast of Australia along with some relevant seismological
stations and regional earthquakes. Inset in (a) shows a map of Australia, where the green marker
identifies the location of the studied area. (b) The microseismic monitoring for Stage 3 relies on five
monitoring boreholes (~1600 m depth) that were also the receivers for extensive time-lapse vertical
seismic profiling (VSP) imaging of the Stage 3 plume. This plume has likely augmented the Stage 2
plume that was monitored using 909 buried vertical geophones and a VSP in CRC-1 well. The color
version of this figure is available only in the electronic edition.
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terabytes of the seismic data in
two steps. First, we select several
hundreds of the recorded seg-
ments with the ratio of short-
time average/long-time average
(STA/LTA) seismic energy,
exceeding the background noise
intensity—STA/LTA algorithm
(Withers et al., 1998). A visual
review of these segments sug-
gests that the majority of the
triggers corresponds to the
anthropogenic noise, natural
earthquakes in deeper parts of
the subsurface, and quarry
blasts. However, the STA/LTA
detected five template events
(Fig. 2) for a subsequent sem-
blance-based  search
waveform  cross

using
correlation.
This second iteration of the
scanning picked up several tens
of lower magnitude events. All
of the detected signals were
manually verified. We found
only small number of low-mag-
nitude events. Most likely, our
detection
events that feature small, sin-
gle-channel SNR. In fact,
Figure 2 shows an undetected
event 25 February 2021, which
is clear visually. In addition, the
SOV sweeps may have masked
some events.

At the next step, we analyze
the travel-time curves for the

workflow  misses

first arrivals of P and S waves
to locate the seismicity hypo-
centers. The majority of the
induced events feature a suffi-
cient SNR for the first breaks
picking in each of the five
downhole DAS arrays, although
the analysis in CRC-5 (the fur-
thest from all hypocenters) and
CRC-3 (due to the injection
noise) is often challenging
(Figs. 2, 3). Figure 3 shows that
even a weak event can be seen
on a DAS system located at least
1500 m away, despite relatively
strong noise caused by injection

Seismological Research Letters 3
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Figure 2. Seismograms in CRC-4 of the events detected during initial scanning through the passive
seismic records using a channel-based energy detector. The second event (18 December 2020) is a
local microearthquake unrelated to the injection. The other events were used as templates to the
next iteration of the scanning. The color version of this figure is available only in the electronic

edition.

750 1500 750 1500 750 1500 750 1500 750 1500

seismic velocities have some
degree of azimuthal anisotropy
aligned with the maximum
horizontal stress and predomi-
nant orientation of the faults
(Popik et al., 2020). However,
the VSP illuminates the subsur-
face along ray paths that origi-
nate at the
propagate at reservoir depths
with relatively small angle with
respect to the vertical. Thus,
these travel times do not allow
building an accurate anisotropic
velocity model suitable for
microseismic signals that origi-
nate at reservoir depth and
propagate near horizontally to
the DAS wells. Instead, we use
a 1D model calibrated to

750 1500

surface and

numerous offset SOV-DAS
VSP surveys that only accounts
for the polar anisotropy

(Alkhalifah and  Tsvankin,
1995). Finally, we implemented
a two-step events location work-
flow. First, the location algo-
rithm
hypocenters at the mean apex
depth for the P wave in the five

estimates the

operations. In addition, the first-arrival picks tend to have an
increased uncertainty at the apex of the travel-time curves for
three main reasons. First, the source mechanism for the majority
of the events has a polarity flip in the vicinity of the apex. Second,
P-wave amplitudes are attenuated by the directivity of the fiber
optic sensors, which measure axial deformation of the cable.
Third, the apexes feature an extremely complex structure of
the recorded wavefield due to intense scattering and P- to S-wave
conversion. Furthermore, the seismic properties have relatively
strong anisotropy that manifests itself in splitting of the S-wave
modes with different polarity. The mode with horizontal polarity
can only be seen in the deviated segments of the monitoring
boreholes and disappears in the vertical segments of the fiber
optic cables. This fact becomes even more obvious after a con-
version of the DAS measurements into displacements, as dis-
cussed in the next section.

Having obtained first-break picks, we located the microseis-
mic events using a velocity model obtained from the analysis of
the numerous VSP surveys at the Otway site. The 3D VSP data
acquired at the Otway site show that in addition to polar
anisotropy of the subsurface with a vertical axis symmetry,

4 Seismological Research Letters

boreholes, whereas the lateral
location follows from (tg— tp)
—the delay between the P and fast S waves (Fig. 3). This hypo-
center was used in a grid search to minimize the mean-squared
time residuals. The search always provided a single and clear
minimum. Figure 4 shows the initial and final locations for
the two strongest microseismic events. We see that the elliptic
contours of the same time residuals are elongated in the south-
west-northeast direction, orthogonally to the longer axis of the
plume, which means that the lateral hypocenter location is rel-
atively uncertain in this direction. The depths of the hypocenters
may be relatively confidently attributed to the injection interval.

It is hard to establish an unambigous causal link between
the occurrence of a microseismic event and the injection.
Perhaps, the strongest evidence is that the fluid-induced events
occur at reservoir depth relatively close to the CO, plumes
either during an injection or immediately after one. Overall,
our detection and location workflow attributed 17 events to
the Stage 3 fluid injections of brine and CO,.

Microseismic source mechanisms
The distribution of the first motions of the P and S waves
throughout the DAS array reflects the configuration of the
Volume XX « Number XX -«
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Figure 3. Strain-rate seismogram for event 16—one of the weakest microseismic events with
M,, ~—=2. The distributed acoustic sensing (DAS) array has sufficient sensitivity to pick the first P-
and S-wave arrivals in all five boreholes. The color version of this figure is available only in the
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d operations
S

which become a unit matrix in
a Cartesian coordiante system,
® denotes tensor product of
vectors,
product. In equation (1), the
exponential factor accounts
for the attenuation for
straight-ray wave propagation,
in which the quality factor
Q = 90 was estimated from
numerous VSP surveys at the
site (Pirogova et al, 2019)
and a central frequency f, for
a particular microseismic event
(usually, ~100 Hz).

We analyse P-wave first
motions to estimate the strike
and dip of the reactivated faults
and the relative movement of
the fault wall—direction of the
slip relative to the fault strike,
which is referred to as rake. We
assume a pure double-couple
nature of the microseismic
source mechanisms to stabilize
the focal mechanism estimation,
given the angular
coverage of the DAS array.
Previously, this assumtion was
found to be a reasonable
approximation for the Stage
2C seismicity (Glubokovskikh
et al, 2022). We start by con-
verting the DAS records, axial
strain rate, to the axial displace-
ments, which is also required for
the magnitude estimation in the

750

and denotes dot

limited

CRC-6 CRC-7

reactivated faults and the slip along the fault, which is tradi-
tionally expressed through seismic moment tensor M. For a
homogeneous but lossy medium, the relationship between
the M and displacement vector u is (Shearer, 2019)

o 3/otM(t - r/c) -k
N 4mpcr

exp[—nfor/Qc]) P,

~ { (l_£®l_£) — for Pwave,

P = N > (1)
(I -k®Kk) — for Swave

in which k is a unit vector in the direction of the wave propa-
gation, p is the bulk density, c is a propagation velocity of P or S
waves, r is a distance to the receiver, and ¢ is the time counting
from the event’s triggering, I is a metric tensor, coordinates of
Volume XX« Number XX
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next section. The conversion
workflow for iDASv3 is pre-
sented in detail in Glubokovskikh et al. (2021). Effectively, the
conversion implements a time and spatial integration of the data,
so the axial displacement seismograms have lower frequency sig-
nals and lower SNR compared to the strain-rate seismograms.

Our final inversion workflow searches for a match between
the amplitudes of the first maximum P-wave displacements
extracted along the picked travel-time curves (Fig. 5a). As at
this stage we are not trying to estimate event magnitudes,
we normalize the displacements to the maximum value among
all boreholes. Initially, we implemented a simple grid search
through the 3D space, strike/dip/rake, to minimize the mean-
squared error rms(up — u}’) between the observed u$ and
modeled amplitudes u}. However, the error surface contains
several local minima due to the presence of noise in the data

Seismological Research Letters 5
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Figure 4. Location of the epicenters of the strongest microseismic
(a) event 21 and second strongest microseismic (b) event 5. The
initial location (green asterisk) was obtained from ts — tp delay,
which is shifted laterally relative to the final location (yellow
star) obtained through a travel-time inversion. The direction of the
lateral shift is consistent with the structure of the inversion
uncertainty: red ellipses correspond to the isolines of the mean-
squared discrepancy between the theoretical and observed travel-
time curves, with black numbers indicating the error values in
millisecond. The color version of this figure is available only in the
electronic edition.

and imperfect amplitude picks. To regularize the inversion, we
assigned higher weights wj to data from the CRC-4, CRC-6,
and CRC-7 wells, which are closer to all of the hypocenters,
and thus have higher SNR and more robust travel-time picks.
In addition, the objctive function included a regularization
term that penalized the opposite signs between u$ and uf}'
to force the inversion algorithm to honor the polarity flips:

in which the weights w; and «; for CRC-3 and CRC-5 were
from two to three times smaller than for the high-SNR wells
CRC-4, CRC-5, and CRC-7. Glubokovskikh et al. (2022)
implemented a somewhat similar approach to focal mecha-
nism estimation, honoring the polarity flips for the microseis-
mic events recorded by surface vertical geophones.

Figure 5b shows that the inverted P-wave displacements
capture relatively well the amplitude distribution along the
boreholes as well as the location of the polarity flips in all
of the boreholes. For a qualitative validation of the inverted
dip/azimuth/rake values, we compare the predicted S-wave dis-
placements against the observations (Fig. 5c). The agreement is
generally good, except for the vicinity of the S-wave apexes, for
which, as discussed earlier, the first-break picks are challeng-
ing. Thus, we conclude that the double-couple approximation
is consistent with the data.

Estimation of the moment magnitude

Magnitude is a standard metric of strength of a seismic event,
whether an earthquake or microearthquake, and characterizes
both the size of a reactivated fault and slip along its surface.
Observational seismology defines the magnitude using various
empirical relationships (Shearer, 2019), which rely on a hand-
ful of the seismic waveform parameters, such as maximum
amplitude and visible period. For example, local magnitude
M;, is defined as

My, = log,o(maxu,) + 2.56log,,(R) — 1.67, (3)

in which maxu, denotes the maximum vertical displacement
in micrometers for a given seismic event, R is a distance to the
hypocenter in kilometers. This relationship was derived from
seismological catalogs of regional earthquakes with M; > 2
and 10 km < R < 500 km. Hence, this and similar equations
might be inapplicable to reservoir-scale microseismic monitor-
ing, which features much smaller distances and magnitudes;
although there are several examples of such applications
(e.g., Lellouch et al, 2020). Instead, following the strategy
employed for the Stage 2C seismicity (Glubokovskikh et al,
2022), we use the seismic moment magnitude M, that is
directly related to the norm M, of the seismic moment tensor

M, = 2/3(log;y(Mo) - 9.1). (4)

To this end, we fit the events spectra A(f) compensated for
the propagation loss and radiation pattern according to

CRC-7
Lup = Z wirms(up — up) + apReLU(-uf - upp),
k=CRC-3
(u% - uf), forlarge observed up and incorrect inverted polarity,
ReLU (=13 - ull) = { P s , o @)
0, when observed and inverted up are of the same sign,
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equation (1) to the model of Brune (1970),

M,
A= dmpe+ fifo
in which spectral level at the low-frequency limit depends on
the size of the fault and slip, and f, is the corner frequency
controlled by the fault size.

Equation (5) assumes that the DAS system is perfectly
coupled to the surrounding formation. This hypothesis, however,
contradicts the published studies of the instrument response for
DAS systems (Lindsey et al, 2020; Paitz et al, 2020).
Glubokovskikh et al. (2021) that the DAS in CRC-3 has
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Figure 5. An illustration of the workflow for focal mechanism
estimation—event 5. (@) We rely on the spatial variation of the
maximum amplitude of the first P-wave arrivals, which are
flattened in the DAS seismograms converted to vertical dis-
placement. (b) The monitoring boreholes contain several polarity
changes for the P waves. (c) These changes allowed us to
constrain the inversion of the configuration of the reactivated
fault and slip direction. Note that S-wave amplitudes did not
participate in the inversion; we show them as a qualitative
confirmation of the inverted parameters. We may see that
picking the S waves near the apexes is challenging (a). The color
version of this figure is available only in the electronic edition.
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20 dB lower intensity of the ocean-generated microseisms (below
2 Hz) compared with a calibrated broadband seismometer
located relatively close to the site. The majority of existing studies
suggest that the reduced sensitivity is caused by the interaction
between the fiber and other components of the cable. The cou-
pling may only be estimated empirically. We use the records at
four calibrated seismological stations for the three regional earth-
quakes with My > 3 originating at a shallow depth (~10 km)
offshore Apollo Bay, Victoria (Fig. 1a). Essentially, we compare
the local magnitude determined from the converted downhole
DAS measurements against that obtained from seismological
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Figure 6. Appearance of a regional earthquake M, 3.6 that
occurred in the Apollo Bay (Victoria, Australia) on 22 June 2021
(see Fig. 1a). (a) The waveforms recorded by vertical components
of selected seismological stations are converted to the dis-
placements. (b) In the Stage 3 wells, the earthquake looks almost
identical at 700 m depth channel as well as in the (c) entire
interval 600-800 m that is being used for the magnitude esti-
mation. Note that the maximum amplitudes on the DAS sensors
are considerably smaller than on the seismological stations
located further away from the hypocenter. The color version of
this figure is available only in the electronic edition.
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TABLE 1

Catalog of the Local Magnitudes M, for the Three Regional Earthquakes from Apollo Bay (Victoria, Australia)

Shown in Figure 1

Date and Time (yyyy/mm/dd hh:mm:ss) (UTC) Catalog M,
2020/08/17 12:35:49 3.2
2021/06/22 19:09:41 3.64
2021/06/22 19:23:53 3.3

Station Distance (km) P-Wave M, S-Wave M,
AU.GEXS 96 3.3 3.52
S1T.AUMAG 322 3.1 3.64
ST.AUMTC 145 3.16 3.86
S1.AUHPC 142 3.22 3.4
CRC-3 79 2.17 2.1
CRC-6 79 2.5 2.7
AU.GEXS 97 4.22 4.28
ST.AUMAG 330 4.35 4.6
ST.AUMTC 140 3.85 4.6
S1.AUHPC 135 3.63 4.2
CRC-3 80 2.9 3.1
CRC-6 80 3.1 3.2
AU.GEXS 97 3.37 4.64
S1T.AUMAG 328 3.6 3.95
ST.AUMTC 140 3.17 3.8
S1.AUHPC 135 3.2 3.45
CRC-3 79 2.2 2.2
CRC-6 79 2.45 2.4

stations (Fig. 6), summarized in Table 1. In the analysis, we give
more weight to the M estimates obtained at SI.AUHPC station,
because it belongs to the same wave propagation path as the CRC
wells, and thus should have a similar overprint of the source
function and propagation losses.

We estimate the earthquakes magnitudes in CRC-3 and
CRC-7 using a stacked P-wave wavelet in the interval 600-
800 m true vertical depths. We chose this interval, because
it features (1) relatively uniform formation stiffness and its
effect on the amplitudes (Pevzner, Gurevich, et al., 2020;
Shashkin et al., 2022); (2) most reliable travel-time picks with
neither polarity flips nor interference of various wave modes;
(3) nearly vertical borehole trajectories, which simplifies the
correction for the radiation pattern. Table 1 suggests that
the DAS response should be multiplied by a factor of 8 to bring
the P-wave magnitudes in agreement with the S1.AUHPC esti-
mates. Strictly speaking, this DAS sensitivity should be fre-
quency dependent; but accounting for this would require a
broadband calibrated seismic signal, which is not available.
Our approach implies that the same factor would be relevant
throughout a relatively wide frequency range (10-250 Hz) typ-
ical for the detected events. The data show that the P-wave
magnitudes are relatively consistent for the five boreholes
Volume XX« Number XX

—2023 « www.srl-online.org

(Fig. 7). The estimates of the corner frequency for some of
the events are problematic, because the passive records were
resampled to 2 ms for the sake of frugal data storage, which
is insufficient for some of the higher frequency wavelets. In
addition, 10 m gauge length may preclude adequate sampling
of higher frequencies. Thus, the estimates of the corner fre-
quency have relatively high uncertainty, and the rolloff of
the spectrum in Figure 7 is much steeper that =2 assumed
in the theoretical model in equation (5).

Analysis of the Results

Table 2 and Figure 8 summarize the quantitative characteris-
tics of the fluid-induced seismicity during the Stage 3 experi-
ment. The strongest event has M,, 0.1. Figure 3 shows event 16
—one of the weakest events M, ~ —2, which can be seen in the
CRC-5 well located at least 1500 km away. This event was
detected despite strong injection noise, because for detection
of smaller events we used a higher frequency range, for which
these smaller events have higher SNR. The lowest quantifiable
events have M,, > —1.5. A somewhat unexpected observation
is a disproportionally small number of low-magnitude events.
This might be due to insufficiently sensitive events detection
workflow and limitations of the aquisition system: the large
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gauge length and insufficent temporal samplig complicated
detection of smaller events, which usually have higher corner
frequencies.

According to their hypocenters and source mechanisms, the
induced events may clearly be split into four groups. The main
cluster of nine events occurs at a small patch at Splay Fault 2
inside the gap in the Stage 2C plume. Another two events
occurred close to the CRC-2 well, at the edge of the seismically
visible Stage 2C plume. Then, some of the events occurred out-
side of the Stage 3 and Stage 2C saturation plumes: two strong
events occurred to the north from the Well Pad B two months
after the end of the CO, injection; a group of several events
were detected close to the Well Pad B without any clustering
in space-time, although we were unable to trace any faults
aligned with the hypocenters. The majority of such events
seems to be related to the brine injections for the purpose
of time-lapse pressure tomography through the plume and
may have been triggered by pressure front alone.

We found both similarities and differences between the
microseismic responses for the Stage 2C and Stage 3 injections.
Figure 9 shows close similarity between the seismicity induced
by the Stage 2C and Stage 3 injections. These clusters are located
at Splay Fault 2 and are aligned perpendicular to that fault, and
the offset between the events might be a result of inaccuracies of
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Figure 7. lllustration of the magnitude estimation for event 5,
M,, — 0.5, located within Stage 2C plume. We only show (a,c,
d) CRC-6 and (b,e,f) CRC-5, which has the highest and the
lowest signal-to-noise ratio (SNR), respectively. To increase the
SNR, we stack the wavelets along 600-800 m true vertical depth
(40 channels). (a,b) Then, the magnitude estimates resulted from
fitting the spectra corrected for wave energy losses and radiation
pattern to equation (5). We also show (c,e) the raw waveform for
axial displacement u, and (d,f) corresponding frequency spectra
U,. The color version of this figure is available only in the elec-
tronic edition.

the velocity model. The source mechanism of the Stage 3 events
coincides with that of the Stage 2C events that were observed
close to the end of that injection. Both the injections produced
events on a fault with southwest-northeast orientation, orthogo-
nal to the seismically visible faults that contact with the CO,
plumes. At the same time, Stage 3 featured some events triggered
by the pressure outside the plumes, which were not detected in
the Stage 2C data. This difference may be due to the lower sen-
sitivity of the Stage 2C array and related differences between the
two workflows. Indeed, to compensate for the lack of sensitivity
of the buried array of vertical geophones, the Stage 2C workflow
(Glubokovskikh et al, 2022) incorporated spatial filters
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suppressing events that originated away from the immediate
proximity of the Stage 2C plume. In contrast, DAS arrays
employed in Stage 3 have much lower detection threshold
and thus did not require such spatial filters.

Seismicity at Stage 2C and Stage 3 was triggered by a rel-
atively small pressure perturbation expected at several hundred
meters away from a well with ~200 kPa injection overpressure.
To estimate the lower bound for the critical pressure that reac-
tivated the fault, we use the fact that brine and supercritical
CO, are nearly immiscible, and brine is a wetting phase for
the Lower Paaratte sandstones whereas CO, is not (see subsec-
tion 6.5 in Cook, 2014). Thus, the plume front must overocome
some capillary pressure p to replace brine in a pore channel of
radius 7,

20 cos 0,
pe="—"""75, (6)
rc

in which o¢ and 0. are interfacial tension and wetting angle,
respectively, for the system CO,-brine-rock. These values depend
on lithology, composition of the brine, and reservoir conditions.
However, variability of these parameters for the Stage 3 injection
may change the value of capillary pressure by a factor of 2, not by
an order of magnitude (Saraji et al, 2013; Sarmadivaleh et al.,
2015). By assuming the values, oc ~ 30 mN/m and 0. ~ 30°
(see subsection 6.5 in Cook, 2014) and r¢ ~ 10 pum, the mini-
mum pressure inside the plume should be ~5 kPa. This pressure
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Figure 8. lllustration of the full catalog of detectable microseismic
events that may be confidently attributed to the fluid injections
for Otway Stage 3 experiment. The inset figure in the bottom left
corner shows the mean pressure gauge readings at the well pad
B, for which the spikes correspond to brine injections for the
pressure tomography, and a continuous anomaly corresponds to
the pressure plume produced by the CO, injection. The color
version of this figure is available only in the electronic edition.

may be sufficient to trigger the microseismic events on a critical
fault adjacent to the Splay Fault 2, because it exceeds the strength
of earth tides as well as the strongest ambient seismic noise sig-
nals at the site (Glubokovskikh et al., 2021; Shashkin et al., 2022)
that have reactivated the seismogenic faults with lower critical
pressure. In addition, Rothert and Shapiro (2007) showed that
fluid-induced seismicity may be triggered by fluid pressure just
above 1 kPa.

Glubokovskikh et al. (2022) suggested that the Stage 2C
events might indicate the importance of chemical reactivation
of the seismogenic fault by the acidified brine. The main argu-
ment was that all of the events occurred at the fault within one
week after the plume arrival to an intact portion of the fault
gouge material. Figure 10 shows that the timing of the Stage 3
events also follows the evolution of the CO, plume, because it
was imaged by the time-lapse anomalies in the DAS-VSP

Seismological Research Letters 11

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/doi/10.1785/0220230025/5898205/srl-2023025.1.pdf
bv GeoForechunasZentrumes Potedam user



TABLE 2

Catalog of the Microseismic Events Induced by the Brine and CO, Injections during the Stage 3 Experiment

Date and Time

Number (yyyy/mm/dd hhimm) (UTC) UTM East (m) UTM North (m) Depth(m) M, fc (Hz)  Strike/Dip/Rake (°)

2 2020/10/29 02:29 658631.5 5733858 1490 -1 90 70/30/270

4 2021/01/30 16:55 657999.1 5733742 1470 -1.1 180 40/70/270

5 2021/01/30 18:46 657992.4 5733723 1470 -0.5 180 40/70/270

6 2021/02/06 10:41 657979.2 5733722 1450 -0.7 180 40/70/270

7 2021/02/07 13:19 657991.7 5733721 1450 -1.3 130 40/70/270

8 2021/02/07 14:20 658016.3 5733785 1430 -1.5 110 40/70/270
2021/02/07 14:21 658010.5 5733768 1450 -1 150 40/70/270

10 2021/02/07 15:48 657999.4 5733740 1470 -1.5 150 40/70/270

M 2021/02/25 20:23 658804.5 5733873 1510 Nan Nan Nan

12 2021/02/25 22:10 657879.3 5733980 1470 Nan Nan Nan

13 2021/02/25 23:10 657899 5733950 1470 Nan Nan Nan

14 2021/02/26 09:39 657997 5733742 1470 -0.6 180 215/20/270

16 2021/03/16 01:54 658013.6 5733770 1450 Nan Nan Nan

18 2021/04/14 08:58 658454.8 5733845 1470 Nan Nan Nan

20 2021/06/13 05:11 658633.5 5734494 1490 -03 140 35/10/265

21 2021/06/25 05:48 658562.1 5734460 1450 0.1 140 35/10/265

24 2021/11/06 23:35 658347.3 5733978 1450 -1 120 Nan

Nan, the signal-to-noise ratio is insufficient for accurate estimation of the parameters.

snapshots (Isaenkov et al., 2022) as well as 4D VSP (Yurikov
et al., 2022). In particular, all of the events from the main seis-
micity cluster occurred only after the Stage 3 plume reached
and augmented the Stage 2C plume: Figure 10a-c shows
time-lapse seismic features A-C that indicate the movement
of Stage 2C plume. This remobilization of the plume coincided
in time and space with new triggered events. In addition, fea-
ture D in Figure 10d indicates that the Stage 2C plume even-
tually moved and reached the CRC-7 well. The 3D VSP plume
contours support this interpretation. We believed that the two
CO, injections at the Otway site clearly confirmed the fact that
the movement of CO, through Splay Fault 2 produced a weak-
ening effect on the fault. However, the effect of carbonic acid
on the mechanical properties of reservoir rocks is assumed to
be very small (Rohmer et al., 2016); thus the weakening
mechanisms requires a thorough corroboration by laboratory
studies.

The two discussed mechanisms, capillary entry pressure
and geochemical reactions, are complementary and may both
contribute to the observed onset of the microseismic effects at
the front of the CO, saturation plume. The scale of these effects
may be relatively small, as we do see that the small pressure
increase outside of the plumes was still sufficient to trigger
seismicity in the storage formation.

12 Seismological Research Letters

Conclusions
We presented the results of microseismic monitoring of a small-
scale injection of supercritical CO,-rich mixture for the Stage 3
Otway Project using a unique multiwell DAS array. We devel-
oped a workflow for quantitative characterization of microseis-
mic events using DAS data from a set of deviated boreholes.
Thanks to the dense spatial sampling by the DAS, we were able
to estimate the focal mechanisms for events with M, > —1.5,
although the monitoring boreholes provided very limited angu-
lar coverage. To calibrate the amplitudes on DAS, we estimated
the coupling factors using regional earthquakes and available
seismological stations. The DAS array has sensitivity sufficient
for detection and location of induced events with M, ~ -2,
which occurred up to 1500 m away from a monitoring borehole.

The observed induced seismicity may be split into two cat-
egories: (1) associated with the CO, saturation plume evolu-
tion and (2) occurring outside of the plume. The strongest
events from the first category are collocated with the events
triggered by a previous injection (of the Stage 2C Otway
Project). The focal mechanisms of the two injections coincide
with each other. The events triggered by the Stage 3 injection
within the Stage 2C plume were directly related to the CO,
flow. The distribution of the microseismic events in space and
time follows closely the time-lapse anomalies evident in the
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Figure 9. Comparison of the main seismicity clusters induced by Stage 2C and Stage 3 injecitons.

Stage 2C included two bursts of seismicity (north and south side of splay fault 2) that lasted for one
day that featured different focal mechanisms. All quantifiable Stage 3 events have the same focal
mechanism as the latest Stage 2C seismicity cluster. The color version of this figure is available only

in the electronic edition.
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Figure 10. Relationship between the induced seismicity and
movement of the injected supercritical CO, imaged by the
continuous time-lapse VSP. (a) After 50 days, the injected CO,
plume did not reach the Stage 2C plume, and only one event
occurred close to the well pad B. (b) After 10 days, offset VSP
anomalies indicated that the Stage 3 augmented the Stage 2C
plume, which led to detectable seismicity within the Stage 2C
plume. (c) After 90 days, the plumes merged according to both
3D and offset VSP, which led to more events triggered within the
Stage 2C plume. (d) Finally, a few more events were triggered
outside of the plumes. The color version of this figure is available
only in the electronic edition.
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