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ABSTRACT: The Geological Survey of Canada has recently completed national seismic hazard models
prepared to underpin the seismic provisions for the 2015 National Building Code of Canada. This
contribution summarises the reassessment and revision of earthquake sources in the western Canadian
Arctic, northern British Columbia and adjacent Alaska. Area sources are defined through a multi-tiered
approach in a GIS framework. The key thematic layers used to guide the area source boundaries are:
historical earthquake epicentres; tectonic elements; gravity and magnetic anomalies; and multi-resolution
topography and bathymetry.

For the first time, hazard from crustal faults in Yukon, and adjacent Alaska is calculated based on GPS-
and paleoseismic-based slip rates. Maximum magnitude for each fault source is determined from
published magnitude-area scaling relations. Hazard along the Queen Charlotte and Fairweather faults is
also now predominantly based on crustal deformation rates, with minor contributions to off-fault hazard
assessed from historical seismicity. In recognition of the My, 7.8 2012 Haida Gwaii thrust earthquake, we
partition the slip between the strike-slip Queen Charlotte fault and the shallow-dipping Haida Gwaii thrust
that is modelled as a subduction source.

A regional tectonic model for northwestern Canada, supported by GPS deformation rates and earthquake
focal mechanisms (Leonard et al., JGR, 2007), suggests that observed northerly motion from southern
Yukon Territory continues to the Beaufort Sea margin. The inferred convergence in the Mackenzie Delta
region could manifest itself through infrequent large earthquakes with very few small events. Based on
this hypothesis, a new Beaufort-Mackenzie Convergence zone allows for the possibility of seismogenic
thrusting (up to My, 7.8) beneath the delta sediments.

1. Introduction

The Geological Survey of Canada (GSC), a branch of Natural Resources Canada, is responsible for
providing seismic hazard information to safeguard Canadian citizens and to minimise the negative
impacts of earthquakes. The proposed hazard models (Adams et al., 2015) are intended to form the basis
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for the seismic provisions in the 2015 edition of the National Building Code of Canada (NBCC). This
contribution outlines the rationale behind the development of hazard-model inputs for the western
Canadian Arctic (approximately north of 60°N latitude), as well as the newly-implemented shallow crustal
faults for the western margin (excluding Cascadia).

The seismicity of northern Canada was first described by Basham et al. (1977). They identified broad
zones of seismicity with highly variable rates of earthquakes. In particular, Basham et al. (1977) identified
high rates of seismicity in the Yukon — Mackenzie Valley region, which are well-correlated with major
crustal deformation (e.g. Hyndman et al., 2005b; Leonard et al., 2007). The northern continental passive
margin was also identified as a region of higher than average seismicity, particularly in the Beaufort Sea
and Queen Elizabeth Shelf region to the east. In conclusion, Basham et al. (1977) suggested that the
seismicity of northern Canada was characterised by frequent swarm activity, diffuse bands of small-to-
moderate earthquakes, and occasional large earthquakes. The physical mechanism for the occurrence of
these earthquakes was thought to vary from plate boundary forces, post-glacial uplift, or through stresses
induced from uncompensated sedimentary loads (Basham et al., 1977).

The discussion on the hazard parameters provided herein (e.g., areal source zones, magnitude-
frequency statistics, and fault models) form the basis for the inputs to the GSC’s 5" Generation Seismic
Hazard Model of Canada (2015SHMC) in the western Arctic region (Halchuk et al., 2014).

2. Modelling Western Arctic Areal Sources

Areal source zones are used in probabilistic seismic hazard analyses to define regions that are
approximated to produce earthquakes randomly and with equal likelihood anywhere. Area sources are
often used to account for “background” seismicity, or for earthquakes that are not associated with any
specific fault (Baker, 2008). We define area sources for the western Arctic through a multi-tiered
approach in a Geographic Information Systems (GIS) framework (e.g., Brown and Gibson, 2004).
Thematic features (e.g. points, lines, or polygons), together with their attributes, and raster data, are
integrated within an ESRI ArcGIS™ geodatabase. The key thematic layers guiding the classification of
area sources are:

* Historical earthquake epicentres (Halchuk ef al., 2015)

e Tectonic Map of Canada (Stockwell, 1968)

e Gravity Anomaly Map of Canada and Alaska (Miles et al., 2000a; Saltus et al., 2008)

e Magnetic Anomaly Map of Canada and Alaska (Miles et al., 2000b; Bankey et al., 2002)
* Multi-resolution topography and bathymetry (e.g., GEBCO, 2008)

Source zones were digitised as ESRI ArcGIS™ shapefiles, allowing each polygon to have its spatial
attributes joined with additional information, such as zone name, area, earthquake magnitude-frequency
distribution (MFD) and maximum magnitude earthquake, My.x. The zone boundaries were chiefly based
on the historical earthquake catalogue. They were subsequently refined using additional geological and
geophysical information (Fig. 1). The rationale for this refinement is to allow for areas of similar geological
and geophysical characteristics to host similar rates of temporally varying earthquakes that may not be
captured in the historic record. The migration of earthquake activity in space is more commonly observed
in Stable Continental Regions (SCRs) that are characterised by long return periods on a given fault (e.g.,
Clark et al., 2012; Liu and Wang, 2012).

The area sources were subsequently used to calculate Gutenberg-Richter magnitude-frequency statistics
(Gutenberg and Richter, 1944; Weichert, 1980) from the historical earthquake catalogue (Halchuk et al.,
2015) using the maximum likelihood technique (Aki, 1965).

The areal source zones of the western Arctic model are coupled with recurrence estimates from active
faults in Alaska and Yukon Territory using long-term slip rates from GPS and information from
paleoseismic studies. It is assumed that onshore earthquakes in the western Arctic catalogue represent
the hazard from distributed seismicity and are not related to slip on the modelled fault sources. This
assumption potentially represents an overestimation of earthquake rates in zones through which the fault
sources pass since some of the historical seismicity may be associated with the modelled faults.
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However, this effect is minimised by the choice of a relatively high minimum magnitude, M, for the fault
sources (Table 1). In most cases, ruptures along these fault sources have not occurred in the historical
era. Thus, future earthquakes along these faults are considered characteristic in nature (Youngs and
Coppersmith, 1985), that is, their rates are not directly related to the rates of background earthquakes.

Figure 1 — Areal source zones for the western Arctic, based on: a) historical seismicity; b)
topography and bathymetry; c) gravity; d) magnetics; e) tectonic elements, and; f) crustal
structure (faults).

3. Modelling Fault Sources

For the first time in the western Arctic, the 2015SHMC incorporates hazard contributions from crustal fault
sources. The hazard parameters from these crustal fault sources are characterised by long-term slip rates
determined from Global Positioning System (GPS) measurements and paleoseismic observations in
Canada and across the international border in Alaska. Using published slip rates with an upper and lower
bound (Table 1), the average seismic moment rates M, are estimated for offshore and onshore crustal
faults (e.g. Youngs and Coppersmith, 1985) following:

M, = uAS (1)

where M, is measured in N-m/yr, u is the shear modulus (or crustal rigidity) in Pa and A is the total fault
area. Bilek and Lay (1999) have shown that when a constant stress drop (e.g. Brune, 1970) is assumed,
the frictional behaviour of faults in subduction zones indicate increasing rigidity as depth increases.
Rigidity is commonly taken to be y = 30 GPa for crustal earthquakes (e.g. Brune, 1970). However, since
offshore sediments are often less-consolidated, it could be assumed that the shear modulus of these
sediments would be less than assumed for crustal earthquakes. Consequently, for offshore fault sources,
we assume y = 20 GPa.

With estimates of the seismic moment rate based on the inferred slip rate and fault area, we can invert for
the number of earthquakes per year with magnitude greater than or equal to zero, N, following (e.g.,
Hyndman and Weichert, 1983; GEM Foundation, 2012):

Ny = 104 (2)
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and:

Mo(c—b)

Ay = log{[1O(C—b)Mmax—lo(c_b)Mmin]} —d—logh (3)

where Mp,, is the lowest magnitude for the magnitude-frequency distribution and the coefficients ¢ and d
relate magnitude m to seismic moment (e.g. Hanks and Kanamori, 1979):

log My =cm +d (4)

In the present study, we assume m is equivalent to moment magnitude My. Finally, a bounded
Gutenberg-Richter MFD is estimated following:

N(m) = Noe_ﬁm[l — e—ﬁ(Mmax—m)] (5)

where N is the cumulative number of earthquakes greater than magnitude m and (8 is a constant that
describes the relative number of small-to-large earthquakes, where 8 = b In(10) and b is the G-R b-value.
The available seismic moment rate is distributed across earthquakes from M, through to M., using two
b-values with a weight of 0.5 each in the hazard calculation: the first having a b-value of 0.8, and the
second being near-zero (b = 0.0001) to approximate a characteristic earthquake distribution (Youngs and
Coppersmith, 1985). Herein, the latter form of distributions are referred to as pseudo-characteristic MFDs.
Due to limitations in GSC’s hazard computation software, the functional form of the characteristic
magnitude-frequency distribution could not be incorporated directly into the model.

Table 1 — Slip rates (in mm/yr) used for fault magnitude-frequency distributions.

Slip | Slip | Slip
Fault Name Rate | Rate | Rate | Mnin Mmax* | Reference
Best | Min Max
Fletcher and Freymueller (2003);
Eastern Denali 2 1 4 6.5 7.9 Cassidy/Mazzotti, pers comm
(2013)
Central Denali -
Totschunda 6 5 7 6.5 7.8 Matmon et al. (2006)
Western-Central Denali | 8 6 10 6.5 7.9 Matmon et al. (2006)
Duke River 3.5 1 7 6.5 7.7 Leonard et al. (2008)
Chatham Strait 2 1 2 6.5 7.8 Wesson et al. (2007)
t + + + Fletcher and Freymueller (2003);
Queen Charlotte 44 42 46 6.5 8.2 Mazzotti et al. (2003)
Fairweather* 46 44 48 6.5 8.3 Fletcher and Freymueller (2003)
Haida Gwaii Thrust 13 11 15 7.0 8.0 Mazzotti et al. (2003)
Winona Thrust 13 11 15 7.0 7.4 Leonard et al. (2012)
Beaufort Mackenzie 2 1 3 7.0 7.8 Leonard et al. (2007)
Convergence

* Mmax estimated for strike-slip faults based on the average of several magnitude-area scaling relationships (e.g., Wells and
Coppersmith, 1994; Hanks and Bakun, 2002; Shaw, 2009; Leonard, 2010). Crustal thrust faults are based on the average of Wells
and Coppersmith (1994) and Leonard (2010) magnitude-area scaling relationships. Offshore thrust faults use Strasser et al. (2010).

T Modified from Fletcher and Freymueller (2003) to account for slip partitioning onto the Haida Gwaii Thrust based on Mazzotti et al.
(2003) slip rates.

* Values in table further reduced by a factor of 0.95 to account for off-fault seismicity within broad deformation zones about the
faults.
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4. Offshore Fault Sources in Western Canada

4.1. Queen Charlotte and Fairweather Strike-Slip System

Regionally, the Pacific plate (PA) is moving in a north-northwestwardly direction relative to stable North
America (NA). The relative plate velocity increases from 46.5 mm/a south of Moresby Island to
approximately 50 mm/a off the Alaska Panhandle (DeMets and Dixon, 1999; Mazzotti et al., 2003). The
Queen Charlotte strike-slip fault (QCSS) accommodates most of the relative PA/NA plate motion. This
fault extends from just south of Moresby Island, southern Haida Gwaii, transitioning to the Fairweather
fault (FWF) where it enters continental Alaska. The central segment of the QCSS ruptured in a Mg 8.1
strike-slip earthquake in 1949 — Canada's largest instrumentally recorded earthquake (Lamontagne et al.,
2008). While the rupture length of the 1949 event is still uncertain (estimates are in the range 265-
490 km), the best evidence suggests a bilateral rupture from the epicenter off Graham Island, with the
largest displacements occurring north of the epicenter (e.g., Nishenko and Jacob, 1990).

For the 4™ Generation model, a narrow areal source that encompassed the historical seismicity along the
combined QCSS-FWF system was used to model the MFD for the fault source up to the assumed M, of
8.5 (Adams and Halchuk, 2003). The calculated hazard for the 5" Generation model uses simple line
sources to approximate the QCSS and FWF, but separates the two fault segments. The M,,,, of each
fault segment is based on their respective fault areas (see Table 1). These line sources represent vertical
transform faults extending from the ocean bottom to 20 km depth. The slip rates used to determine the
MFDs were adjusted from values in Table 1 to allow 5% of the measured deformation to be caused
through off-fault activity. The Gutenberg-Richter and pseudo-characteristic MFDs for the fault sources
were determined using these adjusted slip rates and the parameters in Table 1.

The QCSS and FWF sources are enclosed by narrow areal sources in a similar manner to the 4"
Generation hazard model; the Queen Charlotte Fault Area (QCFA) and Fairweather Fault Area (FWFA)
sources, respectively (Fig. 2). These areal sources are designed to capture off-fault seismicity within the
deformation zone. Gutenberg-Richter MFDs for the areal sources were calculated based on the historical
catalogue and a M, of 6.7. To ensure minimal double-counting of seismicity between the fault and area
sources, the resulting MFD for QCFA was used to estimate an approximate slip rate due to off-fault
seismicity by inverting Equations 1 through 5. Based on the historical seismicity within the QCFA source,
the contribution to the total slip-rate from the off-fault activity was estimated to be 5.9% of the total long-
term slip rate; approximately equivalent to the 5% reduction applied in estimating the QCSS MFD.

4.2. Haida Gwaii Thrust

The 28 October 2012 My, 7.8 earthquake occurred on a shallow-dipping thrust fault that partitions
compressional strain from the steeply-dipping strike-slip QCSS (James et al., 2013). The existence of the
Haida Gwaii thrust had previously been proposed and arguments for its existence are summarized in
Hyndman and Hamilton (1993) and Hyndman (2015). The hypothesis of convergence along this thrust is
supported by GPS crustal velocity vectors (Mazzotti et al., 2003). Due to the generation of the
accretionary sedimentary prism (the Queen Charlotte Terrace), the fault system is considered to be
subduction in nature, with the Pacific plate underthrusting the terrace and Haida Gwaii islands beneath
the QCSS (Hyndman and Hamilton, 1993).

The modelled margin-normal component of the PA/NA motion is observed to vary from 15 to 8 mm/yr
from the southern to northern extents of Haida Gwaii. At the latitude of the GPS sites in northern Moresby
Island, the convergence is approximately 13 mm/yr (Mazzotti ef al., 2003).

The updip edge of the modelled Haida Gwaii thrust fault (HGT) was based upon the geometry of the
accretionary prism, west of the QCSS. The HGT was modelled with a length of almost 360 km, from just
south of Moresby Island to north of Graham Island near the southern extent of the Alaska Panhandle
(Fig. 2). The HGT is modelled with an estimated dip of 25° from the sea floor (modelled at 2 km depth) to
a depth of 22 km. Modelling by Wang et al. (2015) suggests that the down-dip extent of the HGT, near the
Haida Gwaii coastline, is limited by thermal constraints landward of the QCSS fault. The area of the
modelled fault is approximately a factor of two larger (mostly longer) than the modelled area from the
2012 My 7.8 Haida Gwaii fault source (e.g., Lay et al., 2013).
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The M. of the HGT was based on the modelled rupture area and used the subduction interface
magnitude-area equations of Strasser et al. (2010). The preferred M., is estimated at 8.0, which is
consistent with the 2012 earthquake rupturing half of the available fault area. Gutenberg-Richter and
pseudo-characteristic earthquake MFDs were subsequently generated using Equations 1 through 5,
assuming a minimum magnitude of M,,;, 7.0.

Figure 2 — Surface projection of offshore fault
sources north of the Explorer plate coloured by slip
rate. Published slip rates are used to estimate the
seismic moment rate and develop magnitude-
frequency distributions. FWF = Fairweather fault;
QCSS = Queen Charlotte Strike-Slip fault; HGT =
Haida Gwaii thrust fault, and; WIN = Winona thrust
block. Fault sources are coloured by slip rate.
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4.3. Winona Block Thrust

The Winona Block is a deep sedimentary basin along the base of the continental margin northwest of
Vancouver Island (Davis and Riddihough, 1982). The basin abuts the Explorer Plate to the southeast and
is bounded to the west by the Revere-Dellwood-Wilson transform fault (Braunmiller and Nabélek, 2002).
The basin is comprised of deformed sediments that indicate convergence between the Winona Block and
North America (Davis and Riddihough, 1982). This convergence appears to vary from near zero in the
northwest to values likely consistent with the adjacent Explorer Plate in the southeast. High heat flow and
the lack of any observable slab north of Vancouver Island (Yuan et al., 1992; Cassidy et al., 1998)
suggests that convergence along the margin is young; possibly limited to 30 km in 2 Ma (Braunmiller and
Nabélek, 2002).

Whilst the historic earthquake record does not indicate active subduction of the oceanic lithosphere
beneath North America, the presence of an apparent accretionary prism (Davis and Hyndman, 1989),
coupled with deformed sediments within the Winona Block, suggest ongoing convergence (Davis and
Riddihough, 1982; Braunmiller and Nabeélek, 2002). Paleoseismic evidence for the region has not yet
been investigated. Given our limited understanding of the Winona system and its potential to generate
large thrust earthquakes, we allow for the possibility of both large rare earthquakes along the deformation
front and aseismic slip (i.e., no large earthquakes) with an equal weight of 0.5.

The top edge of the southeasterly-dipping plane was defined along the accretionary prism with a length of
155 km (Fig. 2). Near the prism, gently dipping basement at approximately 9° is inferred to be the top of
the subducting oceanic crust (Yuan et al., 1992). However, it is expected that the slab dip will increase
landward of the trench axis. Based on expert opinion (pers. comm. E. Davis and R. Hyndman), we
assume a dip of 15° and a narrow down-dip fault width of 10 km. Using the magnitude-area scaling
relations of Strasser et al. (2010) for subduction interface environments, our preferred characteristic
magnitude M¢ is 7.14 £ 0.29. The maximum possible magnitude M, is thus taken as M¢ + 0.25 (Youngs
and Coppersmith, 1985).
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Slip rates for the Explorer fault (Sexe) and the combined Explorer-Winona source (Sror) are provided by
Leonard et al. (2012). We assume the slip rate of the combined sources is proportional to the length of
the individual sources. Assuming Sexe = 16.2 mm/yr and Stor = 22.5 mm/yr for the best model, the slip
between the Explorer fault and Winona block is partitioned according to:

Swin = floor[(SrorLror — SexpLexp)/Lwin] (6)

where Sy is the slip rate in mm/yr and Ly is the fault length for the Winona Block. Using data provided
by Leonard et al. (2012) and Equation 6, we calculate an approximate convergence of 13 + 2 mm/yr for
the Winona thrust block. Despite the apparent south-easterly increase in slip rate towards the Explorer
Plate (Davis and Riddihough, 1982), we approximate a uniform slip rate across the modelled fault source.

Magnitude frequency distributions were subsequently calculated from the seismic moment rate based on
the fault area, M., Swin (see Equations 1 through 5) and additional parameters in Table 1. Both
Gutenberg-Richter and pseudo-characteristic MFDs were calculated according to the methods outlined in
Section 3 above. Traditional areal source zones are used to model the background seismicity about the
Winona Block using MFDs from the historical catalogue (Halchuk et al., 2014; 2015). The logic tree used
in the 2015 SHMC for slip-derived hazard from the Winona Thrust Block is shown in Figure 3.

MFD Type Mmax GMPE Figure 3 — Logic tree for slip-derived
hazard from the Winona Thrust
No MFD (Aseismic Creep) My =71 Westemn Interface (upper) Block (Wl N)

0.50 0.3 0.3
Guttenberg-Richter MFD My =74 Western Interface (median)
0.25 0.6 05
Characteristic MFD* My =7.7 Western Interface (lower)

025 0.1 0.2

5. Crustal Fault Sources in Western Canada

5.1. Denali-Totschunda Fault System

The Denali-Totschunda fault system is a major strike-slip fault (Fig. 4) that accommodates deformation of
interior Alaska associated with the Yakutat plate convergence (Matmon et al., 2006). The 3 November
2002 My, 7.9 Denali, Alaska earthquake resulted in a 341 km surface rupture from west to east along the
Denali and Totschunda faults, with average right-lateral displacements of 4.5-5.1 m (Haeussler et al.,
2004). Long-term slip rates along Denali-Totschunda fault system in the western and central segments of
the Denali fault (as defined herein) are generally estimated at 8-12 mm/yr, with the largest rates inferred
near the intersection with the Totschunda fault (Matmon et al., 2006). Further east into the Yukon
Territory, slip along the Denali fault decreases to about 1 mm/yr (Kalbas et al., 2008).

A simplified fault model is developed that conserves slip along Denali-Totschunda fault system. The
Western-Central Denali (WCD) is a 470 km fault segment that spans from the western Denali (Matmon et
al., 2006) through to near the Alaska-Yukon Territory border modelled with a uniform slip rate of 8 mm/yr
(Fig. 4). The 420 km-long Central Denali-Totschunda (CDT) fault segment extends the 2002 Denali
rupture along the Totschunda fault and partitions slip from the central Denali fault. The CDT segment is
modelled using a uniform slip rate of 6 mm/yr. Much of the CDT segment superimposes the WCD
segment and results in a cumulative slip rate of 14 mm/yr in overlapping regions, consistent with Matmon
et al. (2006). The Denali fault is modelled into Yukon using the Eastern Denali Fault (EDF) transferring to
the Chatham Strait Fault (CSF) with modelled slip rates of 2 mm/yr (Fletcher and Freymueller, 2003) and
1 mm/yr (Wesson et al., 2007), respectively.

Modelling the magnitude-frequency distribution along these faults assumes My, of 6.5. To ensure we
capture an overlapping magnitude range, M.« = 6.7 is used for the surrounding areal source zones which
express a uniform hazard for the region based on diffuse historical seismicity. To prevent aftershocks
from the 2002 sequence influencing the hazard estimates for the areal sources, MFDs are calculated
from a temporally truncated catalogue that only includes events up to and including the 2002 My, 7.9
Denali earthquake.
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Figure 4 - Surface projection of
crustal fault sources in Yukon and
Alaska coloured by slip rate.
Published slip rates are used to
estimate the seismic moment rate and
develop magnitude-frequency
distributions. WCD = Western-Central
Denali fault; CDT = Central Denali-
Totshunda faults; EDF = Eastern
Denali fault, and; DRF = Duke River
fault.
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5.2. Duke River Fault

The Duke River fault is a terrane-bounding structure in southwestern Yukon that deforms Miocene-to-
Pliocene-aged Wrangell volcanics (Cobbett et al., 2010). Originally interpreted as a post-Triassic dextral
strike-slip fault that accommodated major displacements (Clague, 1979), the Duke River fault is now
thought to have been reactivated with oblique reverse movement based on earthquake focal mechanisms
(Power, 1988) and geological interpretations (Cobbett et al., 2010). The region demonstrates moderate-
to-high rates of diffuse seismicity in the vicinity of the fault (Power, 1988; Meighan et al., 2013).
Additionally, geological evidence based on seismic resuspension of lake sediments suggests that large
paleoseismic events on the Duke River-Denali fault system may have occurred as recently as 300-500
years before present (Doig, 1998).

The Duke River fault is modelled as an approximately SSW dipping line source with a dip of 35°, based
on the observations of Cobbett et al. (2010). The fault is assumed to propagate from the surface to a
depth of 15 km, having a down-dip rupture width of approximately 26 km. The preferred slip rate of
3.5 mm/yr was determined as the vector sum of published dextral strike-slip motion and crustal
shortening slip rates (Leonard et al., 2008). The faul's MFD was subsequently calculated using the
methods described in Section 3 using a M,;;, of 6.5 and M, of 7.7. Two equally weighted MFDs are used
in the hazard model: one assuming b = 0.8 and the other using a pseudo-characteristic MFD.

The Duke River fault lies within the Denali South Region (DCR) areal source zone. Despite the presence
of two significant earthquake generators (the Duke River and Eastern Denali faults), the zone’s M, is
retained at My, 7.2 because of an apparent off-fault earthquake in 1901 with a magnitude of My, 7.1
(Halchuk et al., 2015). Given the location uncertainties for earthquakes of this vintage, it is possible that
this earthquake did occur on one of the modelled faults, but this cannot be confirmed.

6. The Beaufort-Mackenzie Convergence

The Mackenzie Delta is the world’s second largest Arctic delta and the Beaufort-Mackenzie Basin
comprises up to 16 km-thick sediments overlying oceanic crust (Stephenson et al., 1994). It is also well-
recognised as a Cretaceous-to-Holocene thrust zone (Lane, 2002). Simple regional tectonic models,
supported by GPS deformation rates (Leonard et al., 2007), suggest that the northerly motion from the
Yukon continues to the Beaufort Sea margin (Hyndman et al., 2005a; Leonard ef al., 2007). These
models assume convergence between right-lateral motion in the Richardson Mountains region to left-
lateral motion in the Canning displacement zone in eastern Alaska as suggested by earthquake focal
mechanisms (Biswas and Tytgat, 1988). However, this inferred crustal deformation appears inconsistent
with contemporary seismicity within the Beaufort-Mackenzie region. Hyndman et al. (2005a) suggest that
there may be thrusting of the delta sediment section and continental crust over the oceanic lithosphere,
with the shallow-dipping detachment at the top of the oceanic crust. Consequently, there is the possibility
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that inferred convergence based on GPS data and seismicity data south of the Mackenzie Delta region
could manifest itself through infrequent large earthquakes with very few small events (Hyndman et al.,
2005a), similar to the Cascadia subduction zone. An alternative hypothesis is that the strain is being
released through aseismic slip and does not induce earthquakes.

For the 2015 NBCC hazard models, the Beaufort-Mackenzie Convergence (BMC) areal source zone is
defined about the inferred region of crustal deformation (see Fig. 1¢). Based on our preferred slip rate of
2 mm/yr, My, of 7.0 and M, of 7.8, a pseudo-characteristic MFD is estimated using Equation 5. Since
we can only speculate on the nature of this source based on GPS slip deficits, seismicity to the south and
favourably oriented geological structure beneath the delta sediments, we allow for the possibility of both
large rare earthquakes as well as aseismic slip (i.e., no earthquakes) with an equal weight.

7. Hazard Sensitivity

7.1. Areal Sources

The use of a multi-tiered GIS framework for source zone definition has allowed for the improved
representation of geological and geophysical characteristics for the 2015SHMC in the western Arctic. The
ability of overlaying multiple datasets enabled the authors to better define the seismotectonic domains in
which future seismicity is likely to occur. As a consequence, significant adjustments in hazard have
occurred in the Richardson Mountains region, where an improved earthquake catalogue Halchuk et al.
(2015) and use of geological and geophysical information led to the confinement of seismicity within a
smaller area than in the past. Furthermore, hazard in the Eskimo Lakes, Northwest Territories, region has
also increased due to a reassessment of the source zones to align with geological features, again
confining contemporary seismicity within smaller regions. Adjustments along the northern boundary of the
southwestern Canadian model (Halchuk et al., 2014; Rogers et al., 2015) have also led to an increase in
hazard at around 60° N by confining historical seismicity to the northern model.

7.2. Fault Sources

The introduction of new fault sources within the 2015SHMC has generally resulted in an increase in
hazard in the regions immediately adjacent to these features. In particular, the addition of the HGT has
led to an increase to the hazard on Haida Gwaii because it has made the fault source more proximal
nearby settlements; in particular the Village of Queen Charlotte. Significant increases in hazard are also
observed near the crustal faults in Yukon Territory: in particular, the Denali and Duke River faults.

7.3. Ground-Motion Model Selection

A large uncertainty in modelling earthquake hazard is the selection of ground-motion models (GMMs). In
the western Arctic region, all areal sources use active crustal GMMs as proposed for western Canada by
Atkinson and Adams (2013). Crustal and offshore strike-slip faults also use active western crustal GMMs.
Offshore thrust faults use subduction interface GMMs as they are assumed to be an analogue for this
tectonic environment. Subsequent to decisions for the proposed NBCC2015 hazard model, Allen and
Brillon (2015) compared modern GMMs (including those proposed for the NBCC2015) against recorded
ground motions from the 2012 Haida Gwaii earthquake sequence on the HGT. Ground motions from
these events appear to yield lower shaking than either the interface or crustal GMPEs as proposed for the
NBCC2015 by factors of 2 or more across much of the spectral range. Consequently, if future HGT
events are similar to the 2012 mainshock and aftershocks, then the use of modern GMMs may
overestimate the hazard near the offshore regions of western Canada. However, more testing and
evaluation of GMMs for future use is required.

The sensitivity of the calculated hazard to the choice of GMM is shown for individual faults in the Haida
Gwaii region (Fig. 5). Hazard contributions from the HGT using the Atkinson and Adams (2013)
subduction interface GMMs are approximately twice those of the QCSS using crustal GMPEs. If hazard
for HGT is calculated with crustal GMPEs instead of the interface GMPEs, the hazard is similar to the
hazard from QCSS; therefore the different tectonic nature of the fault sources is very important for
modelling ground shaking hazard.

8. Concluding Remarks

This contribution documents the development of the western Arctic seismic hazard model as proposed for
the NBCC2015. The model, for the first time, includes crustal fault sources and adds additional offshore
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faults. A number of the proposed changes increase the hazard at many localities. This is largely due to an
improved understanding of the earthquake fault sources from paleoseismic studies and GPS
observations, particularly following the recent 2012 Haida Gwaii earthquake sequence. The use of a
multi-tiered GIS framework has also allowed for refinement of areal source zone boundaries to isolate
contemporary seismicity to regions of similar geological and geophysical characteristics.

35 — oces Figure 5 — Sensitivity test showing the individual

2o | — HGT (interface GMMSs) || contributions to seismic hazard along a profile

B | — HGT (crustal GMMs) approximately normal to the plate boundary from the
QCSS and the HGT. The hazard for HGT is calculated
using both subduction interface (as proposed for the
2015 NBCC hazard model) and active shallow crustal
GMMs. The seismic hazard shown is the mean hazard
for Sa(0.2 s) p.a. on a site at the Soil Class B/C
boundary. Note the large decrease in hazard if HGT is
modelled using crustal GMMs. The hazard model in
these regions is thus dominated by the HGT using
subduction interface GMMs.
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