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® Magnitude (ML)
Introduction 2s
2-3
3-4
4-5
* Multiple cases of water-disposal induced seismicity have rwoss I 5-6

emerged in northwestern Alberta: Musreau Lake (Central,
East and North), Gold Creek, and Kakwa.

» Disposal fluids come from nearby Montney Fm. production.
» Two of these cases are primarily related to disposal into the

Leduc Fm. (Gold Creek and Kakwa), and another case is i 08
related to disposal into the Winterburn Gp. (Musreau Lake).

« The largest event detected to date (M=5.08) was located in T e ¥o e e
the Kakwa cluster. pEaneeaEsnl R0
WOos1 | i 5 ’{; Kakwa
* No damage has been registered. However, widespread o Ry 12 OP¥ 0 5.3
public nuisance has been caused by the largest events. ety i AT e O T O |
'RG 07 ' RG06 RG 05 £ :nsoﬁ e s RGO2  We

Induced seismic clusters south of the
Grande Prairie region
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Geological background

CRETACEOUS

Induced seismicity has been associated with disposal in
the Late Devonian Woodbend & Winterburn groups. .
g

The Woodbend target is the Leduc Formation: 5

» Thick, shallow-water carbonate buildup (reef) encased 3
in shales.

* We know very little about the Leduc Reefs in the study
area due to a lack of well and core control (no
hydrocarbon pools).

-54°N

-52°N

The Winterburn target is the Nisku and Graminia §| FT—
formations: £ Lsorn
» Broad, shallow-water carbonate platform with A West Shale Basin___East Shale Basin

evaporites (anhydrite).

» Recrystallized dolomite with white sparry hydrothermal
dolomite in vugs and fractures.

» Por/perm highly variable, controlled by the distribution
of hydrothermal dolomite.
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Geological background

Steep Creek cluster Musreau Lake cluster Kakwa cluster

Wabamun

Graminia (Blue Ridge)

Nisku

Leduc
(Simonette)
Leduc
(Steep Ck.)

Duvern ay

Swan Hills

Swan Hills :
Waterways shale s buildup

buildup

Map view (A) of the Leduc Formation reef edge and Swan Hills build-ups in the region south of Grande Prairie. Figure (B)
shows a geological schematic from a northwest-southeast cross-section C-C'. Notice the seismogenic disposal activities in the
Leduc reefs and the Winterburn Gp. (red bars on vertical black lines representing the wells) and the hypothetical faults

extending to the basement.

AGS.AER.CA
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Musreau Lake earthquake
sequence

e 3160 events have been detected in the

Musreau Lake region from December
2019 to March 2025

54.67°

e Event magnitudes ranged between M -
0.78 to M 3.94

54.58°

 Three main clusters are observed:
Central, East and North. s
e Only events above M 1 are published
to the AER public dashboard 4.2

_118.75° -118.67° -11858° -11850° -118.42° -118.33° —118.25°
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HypoDD

e Travel time differences are used
to calculate relative differences
In earthquake locations

e Cross-correlation
measurements may be used to
InCrease precision

Security Classification: Protected A
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Relocated Results

Musreau Lake Seismicity Musreau Lake Relocated Seismicity

54.75° 54.75°

54.67° 54.67°

54.58° 54.58°

54.50°
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X ) "-_._: : s ’ I.: . » ! :
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-118.75° -118.67° -118.58° -118.50° -118.42° -118.33° -118.25° -118.75° -118.67° -118.58° -118.50° -118.42° -118.33° -118.25°
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Depth View of
Seismicity

* The relocated
earthquake catalog for
Musreau Lake, AB

» Hydraulic fracturing
wells are represented by
red lines

» Water disposal wells are
represented by orange
lines

AGS.AER.CA

ALBERTA ENERGY REGULATOR | ALBERTA GEOLOGICAL SURVEY

Depth [km]

Depth [km]

10 4

12 4

10 ~

12 ~

— HF
® Seismicity
——- Basement

]
—— WD
® Seismicity
-—- Basement
& ® % o g e P A %
S A AR 4
/‘\' /‘\' /‘\ /1\' /‘\' /‘\' /‘\' /‘\'
Longitude

Depth [km]

Depth [km]

12 1

1 — wrF

® Seismicity

—-—- Basement ™
") Q bo] O o] Q "]
B ) o] Q © A A
Ca Ca Ca el s Ca Ca

— WD
®  Seismicity
™ === Basement
vl ] o} 9o el ] s
> o ] o © A A
o o s a a a s

Longitude

Security Classification: Protected A



ALBERTA ENERGY REGULATOR | ALBERTA GEOLOGICAL SURVEY

Central Musreau
Lake

e Zoomed in view of the Central
Musreau Lake cluster

Central Musreau Lake

54.53°

* Blue dots represent seismicity

« Orange squares represent
water disposal wells

* Red lines represent hydraulic
fracturing wells

 Seismicity mainly correlated
with water disposal wells

54.47° -

~118.57° -118.53° -118.50° -118.47° -118.43°
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Central Musreau
Lake

Monthly number of earthquakes above M 1.5 (green bars),
monthly injection rates (orange curve), and active hydraulic
fracturing dates (red horizontal bars) related to the
Musreau Lake earthquake sequence.

* Injection rates dropped after 2020

» Aslight increase in injection rates towards the end of
2024

Magnitude of events (above M 1.5) over time (blue circles),
monthly injection rates (orange curve), and active
hydraulic fracturing dates (red horizontal bars) related to
the Musreau Lake earthquake sequence.

M 3.94 event at the end of 2019
Decrease in seismicity from 2021 — 2024
Increase in seismicity at the end of 2024
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East Musreau Lake

e Zoomed in view of the East
Musreau Lake cluster

* Blue dots represent seismicity

« Orange squares represent
water disposal wells

e Red lines represent hydraulic
fracturing wells

* Both hydraulic fracturing and
water disposal are correlated
with seismicity

AGS.AER.CA

54.50° 4
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East Musreau Lake
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East Musreau Lake

Monthly number of earthquakes above M 1.5 (green bars),
monthly injection rates (orange curve), and active hydraulic
fracturing dates (red horizontal bars) related to the
Musreau Lake earthquake sequence.

» Hydraulic fracturing activities occurred in 2023

» Disposal activities increased in early 2024

* A clear example of how hydraulic fracturing in the
Montney may be causing seismicity

Magnitude of events (above M 1.5) over time (blue circles),
monthly injection rates (orange curve), and active
hydraulic fracturing dates (red horizontal bars) related to
the east Musreau Lake earthquake sequence.

« Start of the seismicity in 2020
« Seismicity rate increased drastically in late 2023
* Increase in seismicity rate in late 2024
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North Musreau Lake North Musreau
| | Lake

e Zoomed in view of the North
Musreau Lake cluster

e Blue dots represent seismicity

_ e QOrange squares represent water
54.67° ' disposal wells

* Red lines represent hydraulic
fracturing wells

s e | « Both hydraulic fracturing and water
s I 4 k2 disposal appear to be correlated with
{ S seismicity
- 1867 -118.58° -118.50°

AGS.AER.CA Security Classification: Protected A 13



North Musreau
e Lake

120

- 100

Earthquake Magnitude (ML)

| i -l || | H || . Monthly number of earthquakes above M 1.5 (green bars),
o . . :
monthly injection rates (orange curve), and active hydraulic
I 60 fracturing dates (red horizontal bars) related to the
Lo Musreau Lake earthquake sequence.
M L 20
.  There has been a tendency to increase injection rates
- e over time ’ J
SV N NG N S . . . . ..
v v v v « Corresponding increase in seismicity
* 160
.' r 140
¥ 120 Magnitude of events (above M 1.5) over time (blue circles),
A , o [100 monthly injection rates (orange curve), and active
‘ iI .‘ ‘ ' [ o 80 hydraulic fracturing dates (red horizontal bars) related to
i'- o the Musreau Lake earthquake sequence.
o} o ...;
. ¢ . " « Start of the seismicity in late 2020
° ‘s . .;:{ 20 * No events greater than M 3
T . . T =0
0,1} Q,L"lf Q,f) '1?‘ Q,f‘;
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The red line represents the upper probability bound, while the green line represents the lower

Seismic hazard trends

North

2023 2024

The greatest probability of an M > 4 event is in the Central Musreau Lake cluster
The east and north clusters have a much lower probability of having an M > 4 event
The probability of a large event varies over time, depending on industry activities
Seismic hazard trends derived from PSHA
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Probabilistic Seismic Hazard Assessment

* A Monte Carlo
simulation is
performed using
synthetic earthquake
catalogs

7 Edmenton

1 Edmonton

e From these
simulations, a map of
predicted ground

2025 shaking is calculated

(Forecast)

Kiormater
LN [E T

Percieved Shaking Mot felt Weak Light Maoderate Strong Very Strong Severe Violent Extreme
Peak Acceleration (%g) <0.17 0.17-14 14-38 39-0.2 92-18 18-34 34-65 B65-124 >124
ey | T w | v T T v [ e

Peak ground acceleration (PGA as % of g) at a probability of 1% in 1 yr, from 2023 to 2025, for the
province of Alberta. The equivalent modified Mercalli intensity scale is included.
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ALBERTA ENERGY REGULATOR | ALBERTA GEOLOGICAL SURVEY

Probabilistic Seismic Hazard
Assessment

« The likelihood of events larger than magnitude M>4 in the Central
Musreau Lake cluster peaked in 2022, with a 59% probability of reaching
an earthquake larger than magnitude M>4 (mean case scenarios)

* For the years 2023 and 2024, the likelihood of events larger than
magnitude M>4 decreased to 20% and 31%, respectively.

» The likelihood of events larger than magnitude M>4 in the East and
North Musreau Lake clusters peaked in 2024, with an 12% and 15%

probability of reaching an earthquake larger than magnitude M>4,
respectively.

AGS.AER.CA
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Environmental
Protection Order

e |In December 2019, a M 3.94 earthquake occurred in
the central Musreau Lake cluster

e This made the AER aware of seismicity in this area

e There were few events after this until May 2021,
when a swarm of seismicity was observed
* An environmental protection order was issued,
with operators mandated to follow a
monitoring, mitigation and response plan

50°

N N
0 30 80 120 180 240

» A red-light magnitude threshold of 4.2 was oo
established, guided by iso-nuisance maps

e The order was renewed after every M 3.5 event %5 30 a5 4o 45 oiw
Magnitude
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Directive 65

e |In May 2024, the environmental protection
order was lifted

» Directive 65 was released in November 2024
* The directive applies to identified
seismogenic disposal wells in the Musreau
Lake area
« Seismogenic disposal wells must follow a
monitoring, mitigation, and response plan.
o A traffic light protocol must be followed.

Magnitude

Security Classification: Protected A
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Combined Effects of HF and
WD o

M CFS

Foozs 1 .
* It has been suggested that some cases of joe o 3
induced seismicity may have been caused by a ERECREEREE T;s;;w,m s
o . (d) ore rBBSUI‘B
combination of HF and WD (Wang et al., 2023) L R = g
- o I IMHHHI gt 1111 | |
* |tis possible that this situation is occurring in o em am o am m g T o
(e) astic
the North Musreau Lake cluster ;‘”I e f‘”
 |tis also possible that seismicity in the East ” " o o) won
Musreau Lake cluster may be cgused by WD in Adapted from Wang et al,
other areas, further modelling is needed to 2023

test this hypothesis
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