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A B S T R A C T

The 1st April and 9th May 2026 ML ≥ 4.0 earthquakes in central Alberta were felt across the city of Edmonton. 
The events were located near to Carbon Capture and Storage (CCS) operations at the Quest site. In this study we 
use an established induced seismicity assessment framework, applied with respect to the Quest CCS site as well as 
other oilfield activities in the area, to assess whether the events were induced. We found that these earthquakes 
were likely caused by CO2 injection at Quest, making this the first known example of felt induced seismicity 
caused by CCS operations. We have inverted regional seismic monitoring data to compute event depths and 
source mechanisms, finding that the events were located in the upper portion of crystalline basement, with 
oblique strike-slip/reverse focal mechanisms. We apply several induced seismicity magnitude forecasting 
schemes to the earthquake sequence in order to evaluate whether the seismic hazard posed by these events could 
have been identified. We found that two models – the seismogenic index model and a model based on extreme 
value theory – would both have forecasted the ML 4.0 events prior to their occurrence. These results demonstrate 
that induced event forecasting methods can be used to support operational decision-making. We conclude by 
considering options for ongoing induced seismicity hazard mitigation, both at the Quest CCS site, and more 
generally at any future CCS operations.

1. Introduction

Induced seismicity is created when subsurface industrial operations 
perturb the stress state on tectonic faults, generating earthquakes. 
Induced seismicity has been associated with many different types of 
subsurface industry, including hydraulic fracturing for shale gas, stim
ulation of geothermal reservoirs, depletion and compaction of mature 
hydrocarbon reservoirs, injection of methane for natural gas storage, 
and subsurface wastewater disposal (WWD). The occurrence of induced 
seismicity can pose a nuisance for the public who experience shaking 
caused by induced earthquakes (e.g., Cremen and Werner, 2020), and in 
extreme cases induced seismic events have reached sufficient magnitude 
to cause damage to nearby buildings and infrastructure (e.g., Lee et al., 
2019; Campbell et al., 2020).

Regulators have typically responded to cases of induced seismicity 
by imposing requirements for operators to manage induced seismicity 
hazard by, for example, reducing wellhead pressures and injection vol
umes (e.g., OCC, 2016), or halting operations altogether (e.g., van de 
Graaff et al., 2018; BEIS, 2019). Operators may be expected to 

conduct induced seismicity risk assessments before commencing sub
surface activities that are known to be prone to induced seismicity (e.g., 
AER, 2026), and to follow Traffic Light Scheme (TLS) protocols to 
respond to ongoing induced seismicity (Verdon and Bommer, 2021).

1.1. Induced seismicity, microseismicity, and CCS

The potential for Carbon Capture and Storage (CCS) projects to 
generate induced seismicity has long been recognised (e.g., Zoback and 
Gorelick, 2012; Verdon, 2014; Zoback and Hennings, 2025). High res
olution “microseismic” monitoring arrays at CCS sites have previously 
identified small-magnitude events that have generally not been of suf
ficient magnitude to be felt (e.g., Verdon et al., 2011; 2013; Stork et al., 
2015; Dando et al., 2021; Goertz-Allmann et al., 2024). However, 
numbers and magnitudes of induced seismic events are widely recog
nised to scale with the volumes of fluid injected into the subsurface 
(Shapiro et al., 2010; Hallo et al., 2014; van der Elst et al., 2016; Verdon 
et al., 2024). As such, as the numbers of operational CCS projects, and 
the scale of individual projects, have grown, effective management of 
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induced seismicity is increasingly becoming an important issue for the 
nascent CCS industry.

Note that in this study, we use the term “induced” to refer to any 
earthquakes caused by industrial activities in the subsurface, and do not 
seek to differentiate between “triggered” earthquakes – where the bulk 
of seismic energy released is stored tectonic energy, with the industrial 
operation serving to nucleate the events – and “driven” earthquakes – 
where the bulk of seismic energy released was imparted directly by the 
industrial operations (Bommer and Verdon, 2024).

Several commercial-scale CO2 injection projects (either for CCS or 
Enhanced Oil Recovery, EOR, or a combination of both) have recorded 
induced seismicity and microseismicity (Hosseini et al., 2022), though 
to date the events been of very small magnitude in the majority of cases. 
At the Weyburn CCS-EOR project in Saskatchewan, the microseismic 
response to injection was very low, with approximately 200 events 
detected over eight years of monitoring, the magnitudes of which did 
not exceed MW -0.5 (Verdon, 2016). At the Ketzin CCS pilot site in near 
to Potsdam, Germany, a small number of microseismic events were 
recorded, with the largest reaching ML 0.5 (Paap et al., 2014). Several 
phases of injection and microseismic monitoring have been conducted at 
the Otway CCS test site in Victoria, southern Australia, and the largest 
events have been below MW 0 (Glubokovskikh et al., 2022).

Over 6,000 microseismic events were recorded during injection of 
CO2 at the Lacq-Rousse field in southern France, with the largest mag
nitudes reaching MW -0.5 (Payre et al., 2014). Significantly larger 
earthquakes, up to ML 4, have been linked to previous gas production 
and WWD activities in the Lacq field (Grasso et al., 2021; Jacquemond 
et al., 2024). At the Aneth CCS project in Utah, over 1,000 micro
seismic events were detected, with the largest having a magnitude of MW 
0.8: these events were, however, associated with a deeper WWD well at 
the site, rather than the CO2 injection itself (Rutledge and Soma, 2010). 
At the Decatur CCS project in Illinois, over 5,000 microseismic events 
have been detected, with the largest reaching MW 1.2 (Dando et al., 
2021). At In Salah, over 9,000 microseismic events have been detec
ted, with the largest events reaching MW 1.7 (Stork et al., 2015). These 
events were associated with significant surface uplift and opening of 
fracture networks within the reservoir (Verdon et al., 2015). At the 
Gorgon CCS Project offshore NW Australia, the largest reported event 
has reached MW 2.3 (Langenbruch and Shapiro, 2025), though little 
public information is available regarding this case.

The Cogdell oilfield in northwest Texas is often cited as the most 
significant case of seismicity caused by CO2 injection to date. The Cog
dell field first experienced induced seismicity in the 1970s with mag
nitudes exceeding ML 4 associated with water injection for EOR (Davis 
and Pennington, 1989). Seismicity then subsided through the 1980s 
and 1990s, but saw a resurgence in the 2000s, with the largest event 
reaching MW 4.4 in 2011. Gan and Frohlich (2013) concluded that the 
resurgence in seismicity was caused by the combined influence of water, 
methane and CO2 injection in the field for tertiary oil recovery.

1.2. Felt Seismicity in the NE edmonton area

The 1st April 2026 ML 4.0 and 9th May 2026 ML 4.2 earthquakes, with 
epicentres to the NE of Edmonton, Alberta, are located within 10s of km 
of the Quest CCS project, where CO2 captured at a nearby heavy oil 
processing facility is injected into a deep aquifer for disposal. These 
events were widely felt by the public across the city of Edmonton (CTV, 
2026). If induced by operations at Quest, this seismicity would represent 
the first reported case of felt induced events caused by CCS. They are 
therefore of great significance, posing a challenge to our ability to 
manage induced seismicity risks during CCS operations.

In this paper we examine the seismicity in the vicinity of the Quest 
site and its relationship with subsurface industrial operations in the area 
(including the Quest CCS project and other oilfield activities). We use an 
established induced seismicity attribution scheme to ascertain whether 
the events are natural or induced, finding that the most likely conclusion 

is that the events have been induced by CCS operations at Quest.
Having established that the seismicity is likely induced by CCS op

erations, we apply various models that have been developed to forecast 
the magnitudes of induced seismicity sequences and evaluate their 
ability to forecast the increase in seismic magnitudes observed in 2026 
at the Quest site. We conclude by making recommendations with regards 
to the management of induced seismicity risks at future CCS sites.

2. Subsurface industrial operations

Fig. 1a shows a map of the major subsurface industrial activities 
taking place in the region of interest, along with earthquakes reported 
by the Alberta Geological Survey (AGS, 2020). The two principle sub
surface activities taking place in the area include CO2 injection at the 
Quest site, and conventional oil production under waterflooding at the 
Redwater oilfield. Fig. 1b shows a timeline of CO2 injection at Quest and 
water reinjection for secondary oil recovery at Redwater with respect to 
the reported seismicity. Given the co-location of CCS and oilfield oper
ations, it is necessary to perform a detailed assessment in order to 
determine whether the observed seismicity is induced, and if so, which 
industrial activities may have contributed to the seismicity.

2.1. CCS at Quest

At the Quest site, CO2 is captured at the Scotford Upgrader plant, to 
the north of Edmonton, and injected via deep wells into the subsurface. 
Injection began in 2015, and over 10 million tonnes of CO2 have been 
stored, at an average rate of approximately 1 million tonnes per year. 
Injection is into the Basal Cambrian Sandstone (BCS) aquifer at a depth 
of around 2 km below surface, via three injection wells spaced 
approximately 6 km from each other. Fig. 1a shows the position of the 
Quest Sequestration License Area (QSLA) and the CO2 injection wells.

The BCS in this region has a thickness of 40 – 50 m, a porosity of 16 
%, and the permeability ranges between 20 – 500 mD (Shell Canada, 
2015). The BCS sits directly on top of the underlying Precambrian 
crystalline basement. The primary caprock seal for CO2 containment 
includes shales within the overlying Deadwood Formation, which in 
turn are overlain by the Lower and Upper Lotsberg salt formations, and 
the Prairie Evaporite (see Fig. 2). Further barriers to upward CO2 
migration are provided by additional aquitards in the overburden. No 
faults penetrating the caprock complex were observed in 2D or 3D 
seismic surveys at the Quest site (Shell Canada, 2015). However, 
structural lineaments at the top of the underlying basement have been 
identified in geophysical surveys (Shell Canada, 2025a). We are not 
aware of any evidence to indicate that the injected CO2 has migrated 
beyond the target storage complex.

2.2. Oil production under waterflooding at Redwater

The Redwater oilfield is a mature, conventional oilfield. The field 
was discovered in 1948, and production began in 1953. In total, the field 
has produced approximately 1 billion barrels of oil. The Redwater oil
field is found in the Devonian-age Leduc reef complex at a depth of 
approximately 1 km below surface (Fig. 2). Co‑produced water is re- 
injected into the reservoir unit in order to maintain pressures and sup
port hydrocarbon recovery. The Leduc Formation is separated from the 
underlying BCS (the target for CCS at Quest) by the hydrogeological 
barriers described in Section 2.1 (the Lotsberg salts and the Prairie 
Evaporite). The net volume change at Redwater is negative (i.e., more 
fluid has been extracted than injected, since oil and water are produced, 
with the produced water being re-injected).

3. Seismicity

A dedicated microseismic monitoring array has been installed at the 
Quest site (Goertz-Allmann et al., 2024), however data from this array is 
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proprietary and does not form part of this study. We nonetheless note 
that the first reported microseismic events at Quest occurred in 2016, 
and the first MW ≥ 0.0 events were reported in 2017 (Shell Canada, 
2025b). Regional seismic monitoring is provided by the Alberta 
Geological Survey (AGS, 2020), primarily using data from the RAVEN 
and SCISMN arrays (Schultz and Stern, 2015; Schultz et al., 2020). The 
first events in the AGS catalogue were observed in 2020, with magni
tudes less than ML 2.0. Both the rate and magnitudes of the observed 
earthquakes have increased since then, culminating in the ML ≥ 4.0 
events in April and May 2026. In the following section, we use the 
seismic data recorded by regional monitoring stations (Fig. 3) to further 
constrain the hypocentres and source mechanisms for the largest events. 
These observations provide important information with respect to 
assessing induced seismicity causation in Section 4. For the seismic 
hazard assessments presented in Section 5, we use the regional earth
quake catalog as reported by the AGS. Fig. 3 shows the seismic stations 

from which we sourced waveform data in the following analyses.

3.1. Mainshock depths and source mechanisms

Event focal depths and source mechanisms are important factors in 
determining whether earthquakes are induced or natural (Verdon et al., 
2019). For induced events, event depths and focal mechanisms can 
provide important information in order to understand the geo
mechanical processes that may be at play in triggering the seismicity (e. 
g., Igonin et al., 2021; 2022; Verdon et al., 2026).

We use Grond (Heimann et al., 2018) to determine focal depths and 
deviatoric moment tensor solutions for the 1st April 2026 ML 4.0 and 9th 

May 2026 ML 4.2 earthquakes. Grond is an open-source Python package 
that performs Bayesian bootstrap-based probabilistic joint inversion of 
regional waveform data to estimate earthquake source parameters. The 
inversion minimises the misfit between the modelled and observed 

Fig. 1. Map (a) and timeline (b) of subsurface industrial activities in the region surrounding the Quest CCS project. In (a), the earthquakes are coloured by occurrence 
date and sized by magnitude. Water injection wells are sized by cumulative injected volume. The ML ≥ 4.0 earthquakes are marked. The inset map shows the position 
of the QSLA within Alberta, along with the positions of mapped faults (red lines).
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waveforms recorded on the regional monitoring stations (Fig. 3). 
Following Yu et al. (2022), we accept the final moment tensor solution 
when: (i) the modelled waveforms are well fitted at a sufficient number 
of stations (we use ≥ 50%); (ii) the nodal plane parameter solutions fall 
within the 90% confidence intervals of the probability distribution 
functions (PDFs); and (iii) the double-couple solutions are consistent and 
show a clustered spatial distribution. Further details of the Grond setup, 
waveform processing and full moment tensor solutions for both events 
are provided in the Supplementary Materials (Section S1 and 
Figures S1-S3).

The best-fitting double-couple (DC) solutions indicate reverse fault
ing for the 1st April event and oblique reverse faulting for the 9th May 
event (Table 1), at focal depths (below surface) of 3.6 km and 4.6 km, 
respectively, with the 5 % to 95 % confidence intervals for each event 
ranging from 2.8 – 4.5 km and 4.3 – 5.6 km, respectively. These locations 

(and the associated uncertainties) place both events within the upper 
part of the Precambrian basement. Table 1 lists the orientations of the 
nodal planes for both events. These focal mechanisms are consistent 

Fig. 2. Schematic cross-section representing the key geological features at the Quest CCS site. Adapted from (Shell Canada, 2013).

Fig. 3. Map showing the regional seismic monitoring stations used for our event re-location and focal mechanism analysis. The fuzzy double-couple (DC) moment 
tensor solutions for the 1st April and 9th May ML ≥ 4.0 events are shown as beachball diagrams, plotted at their epicentral locations. The SHmax orientation 
is indicated.

Table 1 
Focal mechanism solutions from the moment tensor inversions for the 1st April 
2026 ML 4.0 and 9th May 2026 ML 4.2 earthquakes. This table also shows the 
moment magnitude and depths derived for each earthquake. Strike, dip and rake 
are given for both nodal planes (NP1/NP2).

Date & Time 
(UTC)

Strike 
(◦)

Dip 
(◦)

Rake 
(◦)

Moment 
magnitude, Mw

Depth 
(km)

1st April 2026, 
23:27:29

291/ 
127

30/ 
61

76/98 3.98 3.6

9th May 2026, 
15:05:05

273/ 
148

72/ 
30

66/ 
141

4.01 4.6
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with the N46◦E (NE-SW) maximum horizontal stress orientation, SHmax 
in the Alberta basin (Reiter et al., 2014) and broadly align with the 
NW-SE trending regional thrust faults from the Rocky Mountains 
(McCafferty et al., 2025) (see Fig. 1a inset).

4. Induced seismicity attribution

We use the induced seismicity attribution framework developed by 
Verdon et al. (2019) to assess whether the earthquakes are natural or 
induced, and if induced, what subsurface activities are causing them. We 
apply the attribution framework to the two subsurface industrial oper
ations taking place in the area, as described in Section 2.

The Verdon et al. (2019) framework poses a series of questions with 
weighted scores that are summed to produce the Induced Assessment 
Ratio (IAR): a positive IAR implies that the event is induced, a negative 
IAR implies that the event is natural, and an IAR close to zero implies 
that the evidence is ambiguous. Crucially, the Verdon et al. (2019)
framework also allows the user to consider the quality of the available 
evidence via the Evidence Strength Ratio (ESR): a low ESR implies that 
the quality of evidence used in the assessment is weak, while a high ESR 
implies that the evidence used in the assessment is strong. Table 2 shows 
our responses to the assessment questions, and Table 3 lists the resulting 
ESR and IAR scores. Further notes for each question are provided in the 
Supplementary Materials (Section S2).

We find that the ESR for both potential causes is high, indicating that 
most of the evidence needed to perform an induced seismicity attribu
tion assessment is available. Potential improvements to the available 
data could include: history-matched full-field reservoir simulations in 
order to better constrain the pressure changes caused by the different 
activities; improved reflection seismic coverage to image faults near to 
the large earthquakes (3D seismic coverage is only available around the 
CCS injection wells); and an improved microseismic catalog to assess in 
more detail the temporal and spatial evolution of seismicity relative to 
subsurface operations.

The IAR for CCS operations at Quest is clearly positive, and we 
conclude that this activity is likely to be the cause of the events in 
question. The swarm-like nature of the seismicity, and the ongoing 
elevated rates over a period of more than six years has only been 
observed for other sequences of induced seismicity in the West Canadian 
Sedimentary Basin (WCSB), but not for natural earthquakes. The seis
micity commences shortly after the onset of CO2 injection and has grown 
in magnitude as CO2 injection has continued. The event locations are 
within the expected footprint pressure plume caused by CO2 injection 
(Shell Canada, 2015), and there is a plausible hydrological or geo
mechanical connection from the BCS into the underlying basement 
where the events occurred, with structural lineaments observed at the 
basement horizon near to the CCS injection wells (Shell Canada, 2025a).

However, while there is a qualitative link between the CO2 injection 
and the growing levels of seismicity, we did not observe a strong sta
tistical correlation between injection rates and the seismicity (in 
contrast to, for example, Oprsal and Eisner, 2014; Schultz and Telesca, 
2018; Verdon et al., 2026). Likewise, the locations of the seismicity 
have not shown a progressive outward growth from the CO2 injection 
wells, as might be expected if the induced seismicity were being trig
gered by an expanding pressure pulse that is progressively intersecting 
critically stressed faults. This implies a more complex geomechanical 
mechanism for triggering the seismicity such that simple temporal and 
spatial correlations between injection and seismicity are not created.

The IAR for the Redwater oilfield is close to zero, implying that ev
idence linking this operation to the seismicity is ambiguous. We note 
that some of the questions in the Verdon et al. (2019) framework pertain 
solely to the nature of the seismicity (for example, Q1), and for some 
questions (Q2, Q5) a positive answer will be obtained for any activity 
that happens to occur in the same place and at the same time as another 
seismogenic activity. This will serve to skew the IAR towards a positive 
value for any operation that happens to occur coincidentally near to 

Table 2 
Induced seismicity attribution results as applied to the Quest CCS and Redwater 
oil production activities.

Question Score Quest Redwater

Q1. Has there been previous (either historical or 
instrumental) seismicity at the same site, or 
within the same regional setting?

​ Evidence Weighting 
(EW): 80 %

Earthquakes have previously occurred in vicinity to 
the site, with similar rates and magnitudes

-5 No No

Earthquakes have previously occurred within the 
same regional setting, with similar rates and 
magnitudes

-2 No No

Earthquakes have not occurred at similar rates or 
magnitudes within the regional setting

+5 Yes Yes

Past earthquakes occurred at similar depths within 
the regional setting

-3 No 
data

No data

Earthquakes are significantly shallower than any 
past events that have been observed within the 
regional setting

+3 No 
data

No data

Q2. Is there temporal coincidence between the 
onset of events and the industrial activities?

​ EW: 100 %

The earthquake sequence began prior to the 
commencement of industrial activity

-15 No No

The earthquake sequence did not begin until a 
significant period of time after the cessation of 
industrial activity

-5 No No

The earthquake sequence began while the 
industrial activity was ongoing

+5 Yes Yes

Q3. Are the observed seismic events temporally 
correlated with the injection or extraction 
activities?

​ EW: 80 %

The earthquakes are coincident with the industrial 
activity, but there is minimal correlation

-4 No Yes

There is some temporal correlation between the 
seismicity and the industrial activity

+4 Yes No

There is strong temporal correlation between the 
seismicity and the industrial activity (e.g., 
between rates of injection and rates of seismicity)

+15 No No

Q4. Do the events occur at similar depths to the 
activities?

​ EW: 80 %

Earthquakes do not occur at the same depth, and 
there is no plausible mechanism by which stress 
or pressure changes could be transferred to these 
depths

-4 No Yes

Earthquakes do not occur at the same depth, but 
plausible mechanisms exist by which stress or 
pressure changes could be transferred to these 
depths

+2 Yes No

Earthquakes occur at similar depths to the 
industrial activity

+3 No No

Q5. Is there spatial collocation between events 
and the activities?

​ 100 %

Earthquakes are distant to the activities, given the 
putative causative mechanism

-10 No No

Earthquakes are sufficiently close to the activities, 
given the putative causative mechanism

+5 Yes Yes

If earthquake loci change with time, this change is 
consistent with the industrial activity, for 
example, growing radially from a well or shifting 
in response to the start of a new well

+10 No No

Q6. Is there a plausible mechanism to have 
caused the events?

​ EW: 80 %

No significant pore-pressure increase or decrease 
occurred that can be linked in a plausible manner 
to the event hypocentral position

-5 No Yes

Some pore-pressure or poroelastic stress change 
occurred that can be linked in a plausible manner 
to the event hypocentral position

+2 Yes No

A large pore-pressure or poroelastic stress change 
occurred that can be linked in a plausible manner 
to the event hypocentral position

+5 No No

Q7. Do the source mechanisms indicate an 
induced event mechanism?

​ EW 100 %

The source mechanisms are consistent with the 
regional stress conditions

0 Yes Yes

Source mechanisms are not consistent with the 
regional stress conditions, but are consistent with 
a putative causative mechanism (e.g., thrust 
faults above a subsiding reservoir)

+4 No No
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another activity that is causing induced seismicity.
Oil production at Redwater has been ongoing for more than 65 years 

before the onset of any observed seismicity (of course, small events 
during the early life of the field could have been missed, but events with 
magnitudes ML ≥ 2.5 have been reported in the WCSB since the 1960s 
(Fereidoni and Cui, 2015), such that it is unlikely that moderate 
magnitude earthquakes at Redwater would have gone unnoticed). The 
nature of the operation is such that pressures have experienced a slight 
decrease relative to the initial reservoir conditions. Induced seismicity 
can occur in mature depleted hydrocarbon fields but is generally asso
ciated with very large pressure decreases and substantial compaction of 
the reservoir unit, which is not the case at Redwater. Very few cases of 
induced seismicity have been caused by water injection for secondary oil 
recovery and pressure maintenance (National Research Council, 2013). 
The Redwater reservoir, in the Leduc Formation, is hydraulically iso
lated from the basement by the Lotsberg Salts and Prairie Evaporites, 
and analysis of reflection seismic datasets in the area did not identify any 
faults penetrating these units (Shell Canada, 2015). As such, we 
conclude that waterflooding at the Redwater oilfield has not contributed 
to the observed seismicity. We note that induced seismicity has been 
generated by wastewater disposal into the Leduc Formation elsewhere in 
the WCSB (e.g., Schultz and Wang, 2020; Schultz et al., 2023), however 
these cases represent WWD rather than enhanced oil recovery, and also 
in these cases the Leduc Formation sits much closer to the Precambrian 
basement such that a direct hydraulic connection is more plausible.

5. Induced seismicity hazard

Having established that the observed seismicity is likely to have been 
caused by CO2 injection at the Quest site, we now examine the impli
cations with respect to induced seismicity hazard management. We 
begin by examining whether induced seismicity models would have 
been capable of forecasting the growing magnitudes of events in this 
sequence. We then make some recommendations with respect to 
ongoing management and mitigation of induced seismicity.

5.1. Induced seismicity forecasting

Fig. 4 shows the magnitude-frequency distribution for the observed 
earthquakes (using the AGS catalogue magnitudes). We find that the 
observed events are well-fitted by the Gutenberg and Richter (1944)
relationship, with a b value of 0.53 (with the b value estimate being 
made using the Aki, 1965, maximum likelihood method). We see no 
evidence for an upper limit maximum magnitude truncation (Bommer 
and Verdon, 2024), implying that no geomechanical limit on the 
maximum possible magnitude has been reached (for contrary examples, 
see Schultz et al., 2025 and Verdon and Schultz, 2026).

Although no upper-limit maximum magnitude appears to have been 
reached, it is of interest to test the performance of magnitude forecasting 
models with respect to this sequence. We apply three different induced 
seismicity magnitude forecasting models which are widely used to 
characterise the hazard posed by ongoing induced seismicity sequences, 
including for other CCS operations in the WCSB (Verdon, 2016). Spe
cifically, we seek to examine whether the seismicity has followed ex
pected behaviours in terms of the growth of the largest observed 
magnitudes with time and could therefore have been forecastable. The 
models described below all aim to model the expected largest event that 
will occur during the sequence, which we refer to as MLRG hereafter, 
noting that this is a different parameter to the largest possible event, 

MMAX (see Bommer and Verdon, 2024).
Two of the models we use are based on establishing a link between 

injection rates and the seismicity and then extrapolating the relationship 
forward to future injection volumes. The seismogenic index, SI, model of 
Shapiro et al. (2010) links the injected volume, ΔV, to the number of 
induced events NE (above a given threshold magnitude, M): 

SI = log10

(
NE

ΔV

)

+ bM, (1) 

where b is the Gutenberg-Richter b-value. The seismic efficiency model 
of Hallo et al. (2014) links the injected volume to the cumulative seismic 
moment, ΣM0, released by the induced events: 

SE = log10

(
ΣM0

μΔV

)

, (2) 

where μ is the shear modulus, arbitrarily assumed here to be 20 GPa.
To apply these models, we follow the methodology described in 

Verdon et al. (2024). Our forecast proceeds on a prospective basis, 
where for each future time window (we use a 3-month time window 
here) our forecast largest expected event magnitude is based on the 
seismicity observed prior to this time window. For an upcoming time 
window, the additional expected seismicity is computed based on the 
planned injection volume and the current SI or SE value. Following 
Verdon et al. (2024), we use either cumulative or time-windowed SI and 
SE values. This additional seismicity is added to the past observed seis
micity to produce an overall distribution, from which the largest ex
pected magnitude is estimated based on the Gutenberg-Richter 
distribution (McGarr, 2014; van der Elst et al., 2016). To facilitate 
comparisons with SI and SE values observed at other sites, we convert the 
reported CO2 injection rates, which are given in standard volumes, to the 
equivalent volume at reservoir temperatures and pressures using a 
density of 700 kg/m3.

The third model we use is based on extreme value (EV) statistics, as 
described in Verdon and Eisner (2024). This method is based on the 
theory of extreme value estimators (Cooke, 1979). These methods rely 
solely on the statistical properties of the observed sequence, and do not 
involve any reference to injection rates or any other subsurface infor
mation. Verdon and Eisner (2024) adapted these methods to produce an 
empirically constrained approach using a large number of observed 
induced seismicity sequences. For this model, for each upcoming time 
window the expected largest magnitude event is estimated from the 
population of events occurring prior to the start of this window.

Table 3 
Induced seismicity assessment outcomes.

Quest Redwater

ESR 84 % 84 %
IAR +49 % +8 %

Fig. 4. Magnitude-frequency distribution for the observed seismicity (dots). 
The black line shows the fitted Gutenberg-Richter relationship.
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The AGS catalogue only provides events above ML ≥ 1.0. In the 
magnitude-frequency plot (Fig. 4) we do not see any lower magnitude 
truncation from a minimum magnitude of completeness, MC, within the 
available data range, implying that MC ≤ 1.0. However, examination of 
the time evolution of the seismicity (Fig. 5) shows that no events with ML 
< 1.5 were recorded prior to 2024. This implies that the detection ca
pabilities may have improved through time, such that a value of MC ≤

1.0 is not appropriate prior to 2024. There are insufficient events to 

produce a robust statistical estimate for MC prior to 2024. Hence, in this 
analysis we adopt a value of MC = 1.5, noting that the SI, SE, and EV 
methods are primarily sensitive to the largest events within a sequence, 
and so are relatively insensitive to the choice of MC value.

Fig. 5a shows the time-windowed and cumulative SI and SE values, 
while Fig. 5b shows the resulting forecasts using these methods. Fig. 5c 
shows the forecast results using the EV method. We see that the SE model 
significantly underpredicts the ML ≥ 4.0 events in April/May 2026. 

Fig. 5. Induced seismicity magnitude forecasting models applied to the Quest events. In (a) we show the evolution of the time-windowed and cumulative SI and SE 
parameters. In (b) we show the resulting largest expected event magnitude forecasts using these models. In (c) we show the largest expected event magnitude 
forecasts using the EV method: the solid line shows the magnitude with a 50 % chance of exceedance, while the dark and light dashed lines show the 5 % and 95 % 
thresholds, respectively.
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However, ML ≥ 4.0 events are close to the most likely largest event 
magnitude estimated by the SI model, and close to the upper confidence 
interval (5 % chance of exceedance) for the EV model.

The SI model and the Verdon and Eisner (2024) EV model both allow 
the user to characterise a probability distribution for MLRG. To further 
investigate the performance of these two models, in Fig. 6 we show the 
probability distributions produced by these models for MLRG at the 
timestep prior to the occurrence of the ML ≥ 4.0 events in April/May 
2026. We can therefore compare the probability distributions computed 
for the largest expected magnitudes immediately prior to the ML 4.0 
events that subsequently occurred.

We see that the EV method has an exceedance probability of c. 5 % 
for an ML 4.0 event – the observed event is therefore at the upper end of 
the EV forecast, but within reasonable bounds in terms of probability. 
The SI model has an exceedance probability of c. 80 % for an ML 4.0 
event – the observed event is therefore towards the centre of the SI model 
forecast. However, we note that the range of the SI forecast in this case is 
relatively large: the 5 % to 95 % confidence interval spans a range of 
over three magnitude units. It is debatable whether in practice an 
operational forecast spanning this range (i.e., being told “your next 
largest induced event could be between ML 3 to ML 7.0”) would provide 
actionable information to an operator seeking to manage induced seis
micity risks. It is therefore encouraging that, in this case, the EV method 
provided a more tightly constrained forecast, with the 5 % to 95 % 
confidence interval for MLRG spanning from 2.9 ≤ MLRG ≤ 4.0. This 
forecast nevertheless covered the seismicity that was ultimately 
observed and could therefore have provided actionable information to 
the operator.

Of course, the choice of whether to act on any induced seismicity 
forecasting model will depend not only on the output of the model (i.e., 
the likelihood of exceedance of a given magnitude), but on the expected 
impacts from an event of a given magnitude (e.g., the potential for 
nuisance and/or damage, as described in Schultz et al., 2020), and the 
appetite for risk of the operator and the regulator (which is assumed to 
represent the public interest), especially when viewed with respect to 
the economic or social benefits of the operation in question. We note 
that CCS operations are intended to mitigate the severe impacts of 
anticipated future climate change which, from a global perspective, are 
expected to far outweigh the local nuisance posed by moderate magni
tude induced seismic events (we are not aware of any damage reported 
from the events reported in this study).

5.2. Induced seismicity mitigation

Injection-induced seismicity is typically generated by pressure in
creases de-clamping critically stressed faults. The prevalence of induced 
seismicity is therefore determined by (i) the abundance of pre-existing 
faulting, (ii) the in-situ stress conditions, and (iii) the amplitude and 
spatial dimensions of pressure perturbations generated by injection 
(Verdon and Rodríguez-Pradilla, 2023). The first two of these factors are 
controlled by the geological conditions and cannot be affected by 
operational controls. Mitigation of induced seismicity therefore depends 
on successful pressure management, or at least ensuring that elevated 
pressures are not able to reach critically stressed faults. Evidently this 
can be achieved by stopping injection operations, but this is an unat
tractive option given the level of investment in large scale CCS projects, 
and the societal importance of reducing global CO2 emissions.

Elsewhere, induced seismicity at large-scale fluid injection sites has 
been controlled by, for example, reducing the rate of injection (e.g., 
OCC, 2016), or conducting regular pauses in injection to allow pressures 
to dissipate (Ake et al., 2005). It is commonly assumed that rates of 
induced seismicity scale with the rate of pressure increase (e.g., 
Langenbruch et al., 2018; Hill et al., 2024; Verdon et al., 2024). 
Field-scale reservoir simulations can be used to model how reductions in 
injection rate will influence the future rate of subsurface pressure 
change, such that a suitable rate can be identified that maximises the 
total injected volume while ensuring that seismicity remains within 
acceptable levels (Hill et al., 2024).

In extremis, subsurface pressure could be managed by extracting 
water from the target CCS formation. This would create a secondary 
challenge because a disposal pathway for the produced water would 
need to be identified. Produced water could be re-injected into shallower 
formations that are hydraulically disconnected from the basement: a 
significant portion of wastewater disposal from oilfield operations in the 
WCSB takes place into shallower, Cretaceous-age strata without causing 
any reported cases of induced seismicity (Verdon et al., 2016). Deeper 
formations are generally preferred for CCS operations because (i) CO2 
becomes denser with increasing pressure, enabling greater storage per 
unit volume, and (ii) deep formations have more barriers to upward 
migration of buoyant CO2 back to the surface. These factors are less 
relevant for re-injection of produced water, which is much less 
compressible, and which is not buoyant (and so the need for sealing 
caprock layers is reduced).

Moving the injection to shallower depths, away from crystalline 
basement rocks, has been successful in mitigating induced seismicity in 
some cases (e.g., Yeck et al., 2016): this approach was used to mitigate 
induced seismicity at the Decatur CCS project (Hosseini et al., 2022). In 
the WCSB, and for many cases elsewhere, the prevalence of induced 
seismicity is strongly linked to the proximity to crystalline basement 
rocks (e.g., Hincks et al., 2018; Pawley et al., 2018; Wozniakowska and 
Eaton, 2020; Verdon and Rodríguez-Pradilla, 2023). In general, we 
expect crystalline basement rocks to be stiffer, to be more stressed, and 
to contain more and larger faults, and therefore to be more prone to 
induced seismicity. Faults in shallower sedimentary formations may be 
strata-bound, which will limit the maximum size of induced earthquakes 
that can be generated (e.g., Verdon and Schultz, 2026). Identification of 
potential target layers for CO2 injection (or for re-injection of water that 
has been produced for pressure management of deeper CO2 injection) 
that are hydraulically isolated from the basement may therefore be an 
important strategy to mitigate induced seismicity during future CCS 
operations.

We note that the statistical models we used to forecast induced 
seismicity magnitudes (Section 5.1) are based on the assumption that 
the seismicity is produced by a constant underlying geomechanical 
process, such that preceding seismicity can be used to characterise up
coming events. If CO2 injection is re-started under different conditions 
(for example, with reduced rates or pressures, with proactive pressure 
management, or at shallower depths) then the previous seismicity may 

Fig. 6. Probability distributions for the largest expected magnitude produced 
by the SI model (green) and extreme value model (blue) at the timestep prior to 
the occurrence of the ML ≥ 4.0 events in April/May 2026.
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not suitably characterise upcoming events, in which case the forecasting 
models will need to be recalibrated with ongoing microseismic obser
vations. In many cases of induced seismicity, we have seen the levels of 
seismicity stabilise and reduce over time (Rodríguez-Pradilla et al., 
2022), especially in response to various mitigating measures (Verdon 
et al., 2024). However, it is also possible that, if the pressure pulse 
created by CO2 injection continues to grow outwards, it may perturb 
additional critically stressed faults, leading to further felt events.

6. Conclusions

We have applied an induced seismicity attribution scheme to the 
sequence of earthquakes to the NE of Edmonton, Alberta that has been 
reported in the AGS catalogue since 2020 (with the first microseismic 
events being identified in 2016). In doing so, we have computed 
earthquake focal depths and source mechanisms for the largest events in 
the sequence. As potential causes, we considered CO2 injection at the 
Quest CCS site and oil production under waterflooding at the Redwater 
oilfield. We conclude that the earthquakes are likely to have been 
induced by the CCS operations at Quest. We also concluded that nearby 
oilfield operations are Redwater did not contribute to the seismicity. The 
ML ≥ 4.0 earthquakes in April and May 2026 therefore represent the first 
reported case where CCS operations have caused induced seismicity of 
sufficient magnitude to be widely felt.

We applied several induced event magnitude forecasting models to 
the seismic sequence. We found that the SE model significantly under
predicted the ML ≥ 4.0 events. These events were, however, within the 
forecast ranges produced by the SI and EV models. That said, the SI 
model produced an extremely broad forecast window that may be of 
limited utility for operational decision making. The strong performance 
of the EV model is consistent with past comparisons of performance 
between volume-based (i.e., SI or SE) versus EV-based models (Verdon 
and Eisner, 2024).

We conclude by considering options for ongoing induced seismicity 
management. Reductions in injection rates, which in turn reduce the 
rates of pressure increase, have proven successful in mitigating induced 
seismicity in other cases. Our hypocentral depth estimates indicate that 
the events are located within the underlying crystalline basement. In
jection (either of CO2, or of water that is produced in order to manage 
pressures in the BCS) into strata that are hydraulically isolated from the 
basement represents another potential strategy for induced seismicity 
management. If mitigation measures are applied to future CO2 injection, 
then models for induced seismicity hazard should be updated based on 
ongoing seismicity observations that characterise the response of the 
seismicity to the mitigation actions.

Data and resources

The earthquake catalog used in this study was accessed via the 
Alberta Earthquake Dashboard (AGS, 2020). The waveforms used in the 
source mechanism inversion were obtained via IRIS (https://www.iris. 
edu/hq/). The network and station codes are provided in Fig. 3.
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