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ABSTRACT The development of unconventional oil and gas in North America has 
caused a significant increase of seismicity in areas of intense hydraulic fracturing and 
wastewater injection operations. These induced earthquakes have attracted 
considerable attention due to their potential seismic hazards. In 2012, Natural 
Resources Canada (NRCan) initiated the Induced Seismicity Research (ISR) Activity 
as part of the Shale Gas Research Project (Environmental Geoscience Program) to 
investigate the possible relationship between hydraulic fracturing (HF) of shale gas 
and the changing pattern of local seismicity. In 2015 the activity was expanded to 
include studies of all injection-related seismic events.  
  The primary objective of NRCan’s ISR Project is to identify and fill critical knowledge 
gaps on the seismogenesis of induced earthquakes. Another important goal of ISR is 
to enhance regulatory performance by providing observation-based science and 
advice. 
  NRCan’s ISR Project has three major tasks: 1) improve real-time earthquake-
monitoring capability in major shale gas basins where current seismic coverage is 
sparse; 2) establish the baseline (pre-development) regional seismicity pattern for 
places where unconventional oil and gas is deemed likely to be developed in the near 
future.; and 3) conduct targeted studies on significant induced events to understand 
the relationship between their seismogenesis and man-made operations. 
  Working closely with provincial and territorial governments, new real-time broadband 
seismograph stations have been installed in British Columbia (BC), Alberta (AB), New 
Brunswick (NB), Northwest Territories (NT), Quebec (QC), and Yukon Territory (YT). 
Studies of seismicity before, during, and after HF operations have been completed for 
the Horn River Basin in northeast BC, the Moncton and Sussex areas in southern NB, 
and the Norman Wells area of the central MacKenzie Valley, NT. Similar studies, with 
the addition of an InSAR component, are planned for the Montney play of BC and the 
Fox Creek area of AB.  
  Detailed studies into recent M>4 events in BC and AB are currently underway 
(including the Mw4.6 Montney earthquake of August 17, 2015) examing source 
processes and ground motions to better understand the causes of induced seismicity 
and potential hazards. 
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Key Targeted Areas 
1.  West Canadian Sedimentary Basin, including British Columbia, Alberta, 

Saskatchewan, Yukon, and Northwest Territories. 
2.  Maritimes Basin, including New Brunswick and Nova Scotia. 
3.  St. Lawrence Platform, Quebec. 

ISR for northeast BC 
1.  Densification of Regional Seismograph Network 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

•  Network performance analysis was done and published (Mahani et al., 2016) 
 
1.  Establishing the baseline of background seismicity for the Horn River Basin, BC 

 
 
2.  Earthquake occurrences and hydraulic fracturing (HF)  

 
 
 
 
 
 

 
 
 
 

Screw piling through  
the muskeg layer 

to minimize  
background noise. 

Extra solar panels and battery  
capacity to enable real-time  

satellite communication. 
(Farahbod et al., 2014) 

The Canadian National 
Seismograph Network (CNSN) 
had only two stations in NE BC 

before 2012.  

ISR for Moncton sub-basin, NB 
 

 

Since 2013, ISR has established 
10 new broadband seismic stations.  

More stations were setup in the region  
by provincial agencies and universities. 

•  Apply the single-station location method to the 3-component broadband  
seismograms recorded at Fort Nelson station (FNBB) to locate small events 
missing from the Canadian National Earthquake Database. 

•  Choose a 12-month time window (July 2002 – July 2003) 4 years before any  
hydraulic fracturing started in this area. 

•  24 events with ML between 1.8 and 2.9 were recognized and located. 
•  Most of smaller than the detection threshold of CNSN for this region (ML ~2.5). 
•  There was no event found in the main shale gas production area (Etsho). 

(Farahbod et al., 2015a) 

ISR for Norman Wells in Central McKenzie Valley, NT 

 

 
 

Working Progress  
1.  ISR for the Liard basin located in southeast Yukon Territory and northeast BC 

2.  ISR for the Anticosti Island, QC 

3.  Detailed studies of recent induced earthquakes in BC and AB 

 

 

•  During HF operations, local seismicity tend to occur in the Etsho 
area, while more scattered pattern is observed for non-HF period. 

•  No clear change in background seismicity was observed for 
months with total injection volume less than ~20K m3 (light green 
zone). 

•  When monthly injected volume increased to above ~20K but less 
than ~150K m3 (light yellow zone), some months began to have 
more seismic moment (>1013.5 N m), but the increase in maximum 
magnitude was not clear. 

•  Higher seismic moment and relatively larger earthquakes occurred 
only during months with total injected volume exceeding ~150K m3 
(light red zone). 
(Farahbod et al., 2015b) 

•  A local array was established in 2013 to better monitor the 
background seismicity (baseline study). 

•  Many small events were identified and located (yellow dots) 
that were not reported in the national earthquake database. 
(Cairns et al., 2014) 

•  Two small scale HF were completed in this area during Feb 
and March 2014. 

•  Earthquake occurrence rate and the seismic moment 
release show no clear variation for pre-, during, and post-
HF periods. 

succession either in faulted contact or unconformably overlap-
ping these basement layers (St. Peter and Johnson, 2009). The
depth of the basement–cover succession contact is variable in
the Moncton sub-basin, from 0 to >3000 m over a relatively
short distance (St. Peter and Johnson, 2009; their fig. 10). This
level of complexity has implications for the velocity model for
the region (see the Crustal Velocity Model section).

The New Brunswick stress regime is different from adja-
cent Quebec where compressive strike-slip type exists between
depths of 250 and 4000 m (Konstantinovskaya et al., 2012). In
New Brunswick, shallow stress measurements are not available.
The few (mostly upper-crustal) earthquake focal mechanisms
show a strong reverse-faulting component but suggest a
nonuniform maximum stress orientation (Bent et al., 2003).

HISTORICAL HYDROCARBON EXPLORATION AND
SHALE GAS

The Maritimes basin has numerous potential and proven hy-
drocarbon systems (Lavoie et al., 2009; Dietrich et al., 2011).
In 1859, one of North America’s first oil wells was drilled just
outside Moncton, near the village of Dover (St. Peter and
Johnson, 2009). Historic oil production from the Stoney
Creek Field (about 20 km south of Moncton) was from the
Lower Carboniferous lacustrine sandstones of the Albert for-
mation of the Horton group (Fig. 3). Most oil and gas develop-
ment in New Brunswick has focused on that formation.

Corridor Resources currently produce natural gas at the
McCully field near Sussex (Fig. 2). Production is from tight
reservoirs that need HF to generate economic production; res-
ervoirs primarily consist of tight sandstones of the Hiram
Brook member (Albert formation), and one well is producing
from the Frederick Brook shale member (Albert formation).
Production is from vertical wells that were subjected to few
stages and low-water-volume HF operations. Recently, propane
gel was used for proppant carrying fluid.

HISTORY OF SEISMOGRAPH MONITORING AND
EARTHQUAKES IN NEW BRUNSWICK

New Brunswick’s seismicity can be divided into three periods: a
historical period, a transitional period, and a seismograph net-
work period. Before the twentieth century, earthquake listings
were based mostly on historical references in newspapers, dia-
ries, and letters. Seismographs were progressively used to detect
earthquakes, albeit only teleseisms at first (Stevens, 1980). The
first short-period seismographs were installed in Canada in
1927, but none were installed in New Brunswick until 1971.
Only 67 earthquakes were reported from 1764 to 1960 (Fig. 4,
Table 1). Events of magnitude ≤3 were mostly undetected. Five
events had magnitudes estimated from felt area relationships in
the mbLg 5.4–6.0 range; two in the Central Highlands, two in
the Passamaquoddy Bay region, and one near Moncton (in
1855, mbLg 5.4; Burke, 2004). The latter, the only large event
in the Moncton sedimentary sub-basin, damaged some
chimneys and roads.

In the 1960s and 1970s, the Department of Energy, Mines
and Resources, Canada, expanded the Canadian Seismograph
Network with new and improved instrumentation. In 1971,
a vertical-component, short-period analog seismograph was
installed in Fredericton, greatly improving the monitoring
of local small magnitude events. Digital (vertical) seismographs
were installed in New Brunswick in 1980s, as part of the
Eastern Canadian Telemetered Network. The introduction of
this network permitted the province-wide location of small lo-
cal earthquakes (mbLg ≥2:0). With this new recording capabil-
ity, almost as many magnitude 2–3 earthquakes were recorded
in 22 years, as in the previous 196 (Fig. 4; Table 1). Three
mN 5–6 earthquakes were recorded in the Miramichi region
of the Central Highlands in early 1982; this region remains
the most persistently seismically active in the province (Fig. 5).
In the Moncton region, the earthquake reporting completeness
was mbLg 3.3 since 1826 and mbLg 2.5 since 1972 (Halchuk
et al., 2004).

A seismograph station, Caledonia Mountain (LMN), was
installed just southeast of the Moncton sub-basin in 1981
(Fig. 6). Events smaller thanmbLg ≈ 2:0 were detectable by that
station, but they could not always be located due to the large
interstation spacing in New Brunswick. The short-period ver-
tical station became a broadband three-component installation
in 1993. Since 1980, the strongest earthquakes recorded in the
sedimentary basin have been two felt events with mN ≈ 3:6;
one occurred on 23 September 1984 and the other on 24 April
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▴ Figure 1. The regional isopach map of the Devonian–Permian
successions of the western part of the Maritimes basin, based on
marine seismic and selected offshore wells. The Moncton sub-ba-
sin is at the western reach of the Maritimes basin. The region dis-
cussed in this article is indicated by the rectangle (gray dashed
lines). Modified from Lavoie et al. (2009).
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1988, both southwest of Moncton (Ⓔ Table S1, available in
the electronic supplement to this article). Several earthquakes
were located near the Stoney Creek Oil and Gas Field but none
within 12 km of the production wells (Ⓔ Table S2).

To improve the detection and location capacity in the area
with HF potential, a broadband station was installed at Elgin
(ELNB) (Fig. 6). In October 2013, additional stations were
installed (WCNB, SRNB, HKNB, and SVNB). Data from
the six-component array are telemetered and archived at the
Geological Survey of Canada (GSC); data from each station
are analyzed in real time by an automatic event detection algo-
rithm. The triggers are plotted as 30-s-long traces and examined
by the analyst. A seismograph station equipped with a Güralp
CMG-3TP broadband seismometer (SUSY) was installed by
Imperial College, London, in September 2013. Finally, a micro-
seismic network is in operation at the PotashCorp potash mine
near Sussex.

Quarry and construction blasts are detected almost daily.
By comparing the detection with local earthquakes, we estimate
our detection and location threshold of the network to be about
mN 1.0. Some computed locations of blasts slightly outside the

network are within 5 km of the real positions. We believe
epicenters within the network are better located and that a more
representative velocity model could improve our locations.

CHARACTERISTICS OF THE NATURAL SEISMICITY
OF NEW BRUNSWICK

To identify an induced earthquake, we must define the
characteristics of the natural (tectonic) earthquakes, including
focal depth. For this, it was decided to use regional depth
phases (sPg, sPmP) that are often detectable at regional distan-
ces of <300 km in eastern Canada (Ma and Atkinson, 2006;
Ma, 2010). A total of 22 mN ≥2:8 earthquakes were chosen in
the period January 1980 to August 2014 in southeast New
Brunswick (Ⓔ Table S1). Depth determinations for shallow
earthquakes were checked against five surface quarry blasts.
In addition, 37 events of all magnitudes within 100 km of
station LMN were selected to model sPg, sPmP, and Rg
phases (Ⓔ Table S3). Finally, we considered four small events
that occurred within our local network in 2013 and 2014
(Ⓔ Table S4).
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▴ Figure 2. The simplified geological map of the Moncton sub-basin in southern New Brunswick. The map illustrates the complex re-
lationships between the Devonian–Permian succession and the pre-Devonian crystalline basement uplifts. The Stoney Creek (oil) and
McCully (gas) fields are shown. The positions of the seven seismograph stations are shown. Modified from St. Peter and Johnson (2009).
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depth determination method applied for the Miramichi region
earthquakes also yielded results consistent with those deter-
mined from previous aftershock field surveys (Ma and Mota-
zedian, 2015).

Rates of Earthquake Occurrences
For the purpose of seismic-hazard zoning, the Moncton sub-
basin is part of the northern Appalachian zone (Adams and
Halchuk, 2003). The rate of earthquake occurrences for the
Moncton subzone of Burke (2004) was defined by Halchuk
et al. (2004). The Moncton subzone is slightly larger than the
region covered by our local seismograph network. For simplicity,
we assume that seismicity in the Moncton sub-basin and Monc-
ton subzones are similar. The rate of activity for the Moncton
subzone is only half that of the northern Appalachian seismic
zone. From the mean curve for the subzone, the cumulative an-

nual rates of earthquakes are 0.3 events for mN 2.0 (3.3 events
per year); 0.5 events for mN 3.0 (1 event per 20 years); 0.007
events for mN 4.0 (one per 142 years); 0.0008 events for
mN 5.0 (one per 1275 years); and 0.0001 events for mN 6.0
(one per 10,000 years). In the future, the seismic rates could
be compared to the historical activity rate, keeping in mind the
high uncertainty in the recurrence curve, especially for larger
magnitudes.

MONITORING THE LOCAL EARTHQUAKE
ACTIVITY

Crustal Velocity Model
Locating local earthquakes requires an adequate crustal velocity
model. Unfortunately, there is only limited seismic velocity in-
formation for southeast New Brunswick, and most are owned

▴ Figure 5. Earthquakes in New Brunswick and adjacent areas for the period 1980–2014. The positions of seismograph stations in oper-
ation in 2013 are also shown.
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•  Western part of the 
Maritimes basin. 

•  Complex relationships 
between the Devonian-
Permian succession and 
the crystalline basement. 

•  In addition to LMN, 6 new 
real-time broadband 
seismic stations were 
installed since 2013. 

•  HF in McCally gas field in 2009, 2010 and 2014. 
•  Between September 2009 and September 2013, 

only one earthquake was detected (20 Oct 2011). 
•  Between September 2013 and January 2015, four 

small events (mN between 0.4 and 1.9) have been 
located. 

•  None of these events appear to be related to the 
local HF operations. 
(Lamontagne et al., 2015) 
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2010-10-05, HRB, BC, ML 3.6 
2011-05-19, HRB, BC, Mw 3.6 
2013-05-28, northern Montney, BC, ML 4.2 
2014-08-04, northern Montney, BC, Mw 4.4 
2015-01-23, Fox Creek, AB, Mw 4.4 
2015-06-13, Fox Creek, AB, Mw 4.4 
2015-08-17, northern Montney, BC, Mw 4.6* 

Maximum size of HF-related 
induced earthquakes keep 
increasing since 2010. 
  
* The largest hydraulic 
fracturing-induced event 
occurred on August 17, 2015, 
in northern Montney, BC. 

•  Funded by both the Yukon government and NRCan to install 5 
additional real-time broadband seismograph stations. 

•  Reconnaissance and preliminary site visit completed in early 2015. 
•  Purchase of equipment completed in late 2015, installation completed 

in mid 2016. 
•  Project goal: establish a reliable baseline of regional seismicity in 

preparation for possible future development of shale gas.  

•  Exploration for unconventional oil and gas is 
currently underway. 

•  HF operations for extracting tight oil and 
shale gas are planned in the near future. 

•  Installation of 3-4 broadband seismic stations 
completed in late 2015. 

Technical Meetings on Regulatory Performances for 
Induced Seismicity 
•  Oct. 6, 2015, at the Downtown Campus of the University of Calgary;  

“Traffic Light Protocol (TLP) for Induced Seismicity”; 
64 participants; 
Meeting conclusion and recommendations are 
published as a GSC Open-File Report  
(Kao et al., 2016). 

 
•  Jan. 29, 2016, at the GSC-Pacific Sidney office; 

“New Regulation Proposal for Induced Seismicity and  
Data Sharing Framework”; 
73 participants; 
Will have a follow-up meeting in Spring 2017. 


