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ABSTRACT

The Canadian coastline is the longest of any country in the world, and is at risk from
tsunamis generated in three oceans. The current state of knowledge precludes a complete
probabilistic tsunami hazard assessment, which would require quantification of a wide range of
possible scenarios for each tsunami source, coupled with modelling that incorporates fine-
resolution bathymetry and onland topography to adequately assess potential runup at the coast.
This preliminary assessment presents a first attempt to quantify the tsunami hazard on the
Canadian Pacific, Atlantic and Arctic coastlines from local and far-field, earthquake and large
landslide sources. For each source considered, we calculate the probability that tsunami runup at
the coast will exceed 1.5 m (threshold for potential damage) and 3 m (significant damage
potential), in a 50-year period. For each coastal region, we then combine the relative hazard from
each source to calculate the overall probability that the coastline in question will experience
tsunami runup exceeding 1.5 m (and 3 m) within a 50-year period, from any geological source.
We also consider the maximum runup levels expected to occur within time periods of 100, 500,
1000, and 2500 years.

Our assessment indicates that the overall tsunami hazard (runup > 1.5 m) of the outer
Pacific coastline (~40-80% probability of exceedance in 50 y) is an order of magnitude greater
than that of the outer Atlantic coastline (~1-15%), which in turn is an order of magnitude greater
than the Arctic coastline (< 1%). These probabilities are equivalent to an expected recurrence of
runup exceeding 1.5 m of ~30-100 years for the outer Pacific coast, ~300-1700 for the Atlantic,
and ~6500-17,000 years for the Arctic. For larger runup (> 3 m), the estimated Pacific hazard
(~10-30% probability of exceedance in 50 y) is significantly larger than both the Atlantic (~1-
5%) and the Arctic (< 1%). Equivalent recurrence intervals are ~150-500 years for the Pacific,
~650-4000 years for the Atlantic, and ~7000-20,000 years for the Arctic. On the outer Pacific
coastline, the 1.5 m runup hazard is dominated by far-field subduction zone sources, whereas the
more severe 3 m runup hazard is almost entirely contributed by local subduction zone sources.
The Cascadia subduction zone presents the highest tsunami hazard to the Pacific coast, with the
most extreme potential runup; potential thrust sources along the Explorer and Queen Charlotte
margins contribute a significant proportion of the estimated tsunami hazard for the northern BC
coastline. For the more sheltered inner Pacific coasts of Juan de Fuca and Georgia Straits, the
hazard at both levels is contributed mostly by Cascadia subduction zone events. Tsunami hazard
on the Atlantic coastline is dominated by far-field subduction zone sources, but this hazard is
poorly constrained. Significant tsunami hazard is also provided by near-field continental slope
failures similar to the 1929 Grand Banks event. Tsunami hazard on the Arctic coastline remains
poorly constrained, but these regions are assumed to be sheltered from far-field tsunamis, so the
hazard is provided by local sources. A hypothetical earthquake source beneath the Mackenzie
delta requires further study.

We discuss briefly but do not quantify the hazard of locally-damaging waves triggered by
subaerial or submarine landslides, but we highlight susceptible areas. A probabilistic analysis of
local landslide tsunamis would require (1) the identification of potential sources; (2) evidence for
past tsunamigenic events to establish frequency-size relationships and/or slope stability analyses
that incorporate expected earthquake shaking levels; (3) probabilistic tsunami modelling of a
wide range of possible failures.



INTRODUCTION

With a longer coastline than any other country in the world, Canada is at risk from
tsunamis generated in three oceans — the Pacific, Atlantic, and Arctic (Figs. 1 and 2). Many
previous studies concern historical tsunamis on the Pacific and Atlantic coasts (Table 1), and the
threat that future tsunamis may present to certain areas (references in Leonard et al., 2010a). This
analysis presents a first attempt to quantify the tsunami hazard on each coast, from both near-
and far-field sources. Earthquakes represent the greatest and most easily quantified source of
tsunami threat, but we also consider hazard contributions from mass movement sources. We do
not assess the threat of tsunamis on inland waterways, although several historical occurrences
involving landslide mechanisms have resulted in damage and loss of life (e.g., Evans, 2001;
Stephenson and Rabinovich, 2009). We do not account for the likely common regional hazard
from meteorological tsunamis (tsunami-like waves, generated in the open ocean by atmospheric
disturbances such as pressure jumps, frontal passages, or squalls, and amplified near the coast by
resonance mechanisms; e.g., Monserrat et al., 2006; Stephenson and Rabinovich, 2009); these do
not result from geological phenomena and are likely ubiquitous rather than having a distinct
source area. We also omit the potentially devastating but very rare hazard presented by asteroid
impact tsunamis (e.g., Ward and Asphaug, 2000; Hills and Goda, 2001; Gisler et al., 2011).

This assessment, based on the currently available constraints, is intended for use as a
starting point to establish priorities for future work. Identification of poorly-constrained sources
with potentially high hazard highlights the need to better quantify both the source potential and
tsunami impact. Probabilities determined in this report will undoubtedly need to be updated as
more data are collected regarding: evidence for the occurrence, frequency, and size of past
tsunamis; better constraints on the tectonic parameters of various potential fault tsunami sources;
stability assessments of potential landslide tsunami sources; tsunami modelling of a wide range
of potential sources from tsunamigenesis through propagation to inundation, incorporating fine-
resolution bathymetry and coastal topography.

Tsunami Wave Height Threshold for Potential Damage

In this report, as in most scientific literature, wave height or amplitude is defined as the
zero-to-peak wave amplitude (equivalent to the height above the state of tide; also see Appendix
A for a glossary of technical terms). Runup height (Hr), which determines the inland extent of
inundation, is defined as approximately double the wave height, or equivalent to the peak-to-
trough wave amplitude (Abe, 1995). Based on historical tsunamis in the Pacific Ocean,
Whitmore et al. (2008; 2009) determined the minimum height of damaging tsunami waves to be
used as response criteria for the West Coast and Alaska Tsunami Warning Center (both Pacific
and Atlantic Oceans). Damage to boats, docks, and swimmers may occur due to strong currents
for tsunami amplitude or runup as low as 0.5 m, whereas more severe damage and inundation is
likely with a minimum amplitude or runup of 1.5-2.0 m. For the purposes of this preliminary
tsunami hazard assessment, we follow Whitmore et al. (2008; 2009) and use a tsunami runup
(Hr) threshold of 1.5 m (assumed equivalent to a peak-to-trough amplitude of 1.5 m or a wave
height/amplitude of ~0.75 m) for potentially damaging coastal waves. We also assess a tsunami
runup threshold of 3 m, which we define here as having significant damage potential, i.e., major
damage expected that may be geographically extensive.



Tsunami Hazard Analysis

Probabilistic tsunami hazard analysis (e.g., Geist and Parsons, 2006; Burbidge et al.,
2008; Thio et al., 2010; Serensen et al., 2012) involves a number of steps with the ultimate aim
of estimating the probabilities of exceeding specific tsunami wave heights (or runup) at given
locations, from any possible source. The first step takes into account all potential sources, their
possible variations and their likelihoods (recurrence rates). This is followed by numerical
simulation of the generation, propagation and inundation of all possible tsunamis from these
sources. The probabilities are then aggregated, and a logic tree approach can be used to integrate
the uncertainties. Thus, ideally the following are needed: (1) the range of possible parameters
(including maximum size) for all potential sources, including near- and far-field faults and mass
movements; (2) the recurrence interval or probability of each event type; (3) models for tsunami
generation, propagation, and inundation, incorporating detailed bathymetry and coastal
topography data. An alternative to the model-driven approach outlined above involves the use of
empirical data (e.g., Geist et al., 2009a). Analysis of past tsunami runup or wave amplitudes can
be used to estimate return periods and probabilities of exceedance, assuming that the historical
record is both complete and sufficiently long to provide meaningful statistics.

If the annual rate, A (inverse of recurrence period), of a particular tsunami runup height
Hry is known, the probability of exceeding that runup at least once in a certain time period 7 is
given by:

P(Hr > Hr,,T)=1-e"" (1)
assuming a Poisson process (Geist and Parsons, 2009). Thus, for multiple independent sources
with individual annual rates (41, A2, 43 ...) of runup height Hry, the combined probability of
exceedance in a time 7 is given by:

P(Hr > Hry,T)=1-¢"" (2)
where /. is the cumulative annual rate. For each tsunami source, we estimate minimum, best, and
maximum annual rates of runup height. These values are not intended to represent specific
probabilities (e.g., mean and standard deviations), but rather represent the combined effect of
uncertainties on the source parameterization (e.g., earthquake magnitude, tsunami wave
propagation, etc.). For multiple sources, we estimate the combined best annual rate (4 pest) by
simply adding the best values of each source:

N
/,lcibest = z/ﬂtiibest (3)
i=1

The combined minimum and maximum annual rates are calculated by treating the individual
source minimum and maximum values as relative uncertainties and adding them geometrically:

N
lcimin = ﬂ’cibest _\/Z(ﬂ“ibest _ﬂ’ifmin)z (4)
i=1

N
ﬂ’c_max = ﬂ’c_best +\/z(j’i_best _/?’i_max)2 (5)
i=l

Assessment of subduction earthquake sources

Modelling of the many tsunami sources with the potential to impact Canadian coasts is
beyond the scope of this report; more extensive analyses are needed. For many of the potential



earthquake sources, modelling has been previously done to assess the impact of various scenario
tsunamis at particular locations, often with constraints from historical data (e.g., Knight, 2006;
Cherniawsky et al., 2007; Roger et al., 2010a). In such cases we can augment the model output
with estimates of recurrence intervals from paleoseismic and/or geodetic data to provide a
preliminary probabilistic analysis. For Pacific far-field sources, a century-long tide gauge dataset
allows us to carry out an empirical probabilistic analysis without the need for complex
modelling; however such modelling is desirable for future studies, as the results are only strictly
valid at the tide gauge locations.

For potential earthquake tsunami sources without published constraints on event size or
recurrence, we estimate these quantities via the following empirical calculations. Steps 1-4
provide an estimate of the potential earthquake magnitude and recurrence, with the
corresponding tsunami runup approximated for each coastal zone in Step 5. Finally, in Step 6,
the probabilities of potentially damaging (= 1.5 m) and significant (= 3 m) tsunami runup
resulting from the source earthquake are estimated for each zone.

Step 1: We estimate the maximum potential earthquake magnitude using an empirical relation
between moment magnitude (M,,) and fault rupture area (4, km?®) as determined by Strasser et al.
(2010):

M, =4.441+0.846(log,, A) (oc=0.286) (6)

Minimum and maximum values are calculated by adding/subtracting the standard deviation, i.e.
M,, £ ~0.3. The Strasser et al. (2010) relation is based on a global dataset of 85 reverse-fault M,,
6.3-9.4 earthquakes that includes fault rupture areas estimated from earthquake source models,
observed data (seismological, geodetic, geological, tsunami), and 1-day aftershock distributions.
The resulting magnitude estimates are approximately consistent with previous empirical 4-M,,
relations arising from smaller databases. For example, the relation of Somerville et al. (2002),
based on 10 subduction thrust earthquakes of M,, 7.1-8.1, provides M,, estimates within 0.1 of the
Strasser et al. (2010) relation for M,, > 8.3; M,, estimates within 0.1 of the Strasser et al. relation
for M,, < 8.3 result from the relation of Wells and Coppersmith (1994) based on 43 thrust fault
(non-subduction) earthquakes of M,, 4.8-7.6.

Step 2: Seismic moment M, (Nm) is calculated from M,, (Hanks and Kanamori, 1979):
log,, M, =1.5(M , +6.03) (7)

Step 3: The average fault slip (s) in an earthquake of magnitude M,, can be calculated from the
seismic moment, coseismic rupture area (4), and the shear modulus or rigidity («) (Hanks and
Kanamori, 1979):

s=M, (ud) (8)

Step 4: The average recurrence interval (R) of events can then be calculated using the average
earthquake slip s and the long-term fault slip rate ¢ (e.g., convergence rate across a subduction
zone), assuming that 100% of the convergence is released in seismic events:

R=s/c 9)

The annual frequency of each event of M,, (4, equivalent to 1/R) of each event type can then be
used to calculate the probability of exceedance in a time period 7*



PM,  T)y=1-e* (10)

For the above calculations, necessary input parameters include fault rupture area, long-
term fault slip rate, and shear modulus. In Appendix B, we use the example of the well-studied
Cascadia subduction zone to illustrate and define these parameters. For example, an “effective”
shear modulus of ~1 x 10'° N/m? is consistent with the estimated rupture area at Cascadia, and
with the coseismic slip in the last great earthquake as indicated by modelling of far-field tsunami
data.

Alternative to Steps 2 and 3: Similar results are obtained for Cascadia by using a different
approach, substituting Steps 2 and 3 with an empirical relation between M,, and average fault
displacement (4D), as derived by Wells and Coppersmith (1994):

log,,(AD)=-4.80+0.69M ,  (6=0.36) (11)

This relation is based on a database of 56 earthquakes of M,, 5.6-8.1, incorporating a mixture of
strike-slip, normal and reverse fault (non-subduction) events. For the Cascadia subduction zone,
an M,, 8.8 earthquake involves an average seismogenic zone displacement of 18.7 m (8.2-42.9
m), with an average recurrence interval of 520 years (227-1190 y). Although consistent with the
paleoseismic data, in further calculations we prefer the use of Steps 2 and 3 as outlined above, to
avoid using an additional empirical relation that is not based on any subduction thrust events.

Step 5: Where no detailed tsunami modelling has been carried out, we use the following
empirical relations between M,, and tsunami runup determined by Abe (1995) to estimate the
potential runup resulting at near-field locations from earthquakes on reverse faults. For near-
source coastlines up to a distance D, from the source, where

log,,D, =05M  —2.25, (12)

limiting local mean runup () and limiting local maximum runup (2H;) can be calculated for an
earthquake of given M,
log,,H, =05M, -3.3 (13)

Further from the source (at distances greater than D;), local mean runup (Hr) and local
maximum runup (2Hr) can be calculated, proportional to the distance D from the source as well
as to M,,:

log,, Hr =M, —log,, D—5.55 (14)
To illustrate these relations of Abe (1995) for values of M,, between 6.3 and 9.2, Table 2 includes
the limiting near-source local mean and maximum runup possible up to a given distance from the
source. Also listed are the distances at which mean runups of 3 m and 1.5 m are predicted for
each M,,, as well as the furthest distance at which local maximum runup may equal 1.5 m.

At far-field distances, tsunami runup varies significantly depending on the relationship
between the source and the runup site (e.g., Abe, 1979), based on the directivity of the tsunami
(maximum amplitudes occur in the direction perpendicular to the fault strike, Ben-Menahem and
Rosenman, 1972), as well as the vulnerability of particular coastal sites due to the influence of
nearshore bathymetry, coastline shape, and local resonance. Therefore estimates of far-field
tsunami runup based solely on source earthquake magnitude and propagation distance are
unreliable. We examined M > 8.0 tsunamigenic earthquakes in the historical global tsunami
runup database of the National Geophysical Data Center (NGDC, accessed 2011 for events since
1900). As expected, larger earthquakes are more likely than smaller events to produce potentially



damaging runup (> 1.5 m) at one or more sites at distances greater than 2000 km from the source.
Few historical events of M,, < 8.5 have produced runup exceeding 1.5 m at such far-field
distances; we use this as a guideline.

Step 6: Finally, for each source we integrate the probability of a tsunamigenic earthquake
(Equation 10) with its estimated runup for each coastal region (Step 5). Where local mean runup
Hr (or H}) is calculated to exceed 1.5 or 3 m for a tsunamigenic event of given M,,, the
probability of exceeding 1.5 or 3 m runup can be approximated directly as the probability of
exceedance of the source earthquake M,,. However, the caveat is that not all earthquakes of a
given size may be equally tsunamigenic, e.g., if an earthquake has a strike-slip component the
probability of exceedance of the runup thresholds will be less than that of the source earthquake
M,,. In a coastal zone where only local runup maxima (2Hr or 2H;) exceeding 1.5 or 3 m are
expected, the actual probabilities of exceedance of these runup thresholds will vary within the
zone depending on various factors (e.g., source location, propagation direction, bathymetry) that
require detailed tsunami modelling. We assume that in these zones the overall probability of
exceeding the threshold runup is lower than in zones with local mean runup exceeding the
threshold; without further constraints we approximate the probability of exceedance as half the
probability of the source earthquake M,,.

Assessment of landslide sources

The tsunami hazard from landslide sources is more difficult to assess (e.g., Watts, 2003).
In contrast to earthquake tsunamis, generally only mass failure sources relatively close to the
coastal location need to be considered, because significant attenuation occurs at far-field
distances (e.g., Geist and Parsons, 2009). However, modelling suggests that very large failures
(e.g., catastrophic volcanic flank collapses) may result in potentially damaging tsunami runup at
transoceanic distances. Mass movements, like many other natural systems, follow an inverse
power-law frequency-size relationship (e.g., Korup and Clague, 2009). Where identification and
dating of past slides is sufficiently complete, the frequency of large events may be approximated
(e.g., Masson et al., 2002; Chaytor et al., 2009; Piper et al., 2011). Coupled with tsunami
modelling, we can then approximate the probability of potentially damaging tsunami runup
related to such failures. However, for smaller failures such empirical data are difficult to collect -
estimation of tsunamigenic slide frequency requires detailed seafloor mapping, sub-seafloor
sampling, and dating. Failures are often triggered by earthquakes, and the earthquake statistics of
an area may be used to aid in landslide tsunami hazard analysis where slope stability data are
available (e.g., Grilli et al., 2009; ten Brink et al., 2009a); such an analysis is beyond the scope of
this report.

Local coastal landslide-generated waves are generally triggered by subaerial failures on
steep fjord walls or submarine failures of delta fronts; these failures in turn may be triggered by
strong ground shaking or other factors such as heavy rainfall or construction. Isolated cases have
occurred in various locations in Canada (Table 1), but there is no long-term history of events at
any one locality and thus it is currently impossible to calculate the probability of future local
landslide-generated waves. Instead, we highlight coastal areas that may be at risk from such
waves, aided by the national landslide susceptibility map (Bobrowsky and Dominguez, 2010),
without providing a specific probabilistic hazard analysis. Bobrowsky and Dominguez (2010)
assessed various factors including topography, geology, vegetation and precipitation to divide
the Canadian landscape into landslide susceptibility classes ranging from 1 (lowest) to 6



(highest). We consider coastal areas with susceptibility levels of 5 to 6 to be at risk from
landslide-generated waves, as well as nearby coastlines that may be affected by waves generated
in these areas. Additionally, in the Arctic (particularly within fjords), local waves may be
triggered by iceberg calving and jokulhlaup events at coastal glacier termini and ice shelves;
these susceptible areas are also highlighted.

PACIFIC COAST

Of events that comprise the global historical tsunami record (since ~2000 BCE), ~56%
were generated in the Pacific Ocean (compared to ~12% in the Atlantic, and none recorded in the
Arctic; Gusiakov, 2009). In the time of written history on the British Columbia coast (about 150
years since the establishment of local newspapers), recorded tsunamis have mostly been far-field
events (e.g., Stephenson et al., 2007; 2012). The two largest and most damaging were triggered
by giant megathrust earthquakes in Alaska (M,, 9.2 1964) and Chile (M,, 9.5 1960) (Table 1; Fig.
2). Tsunamis from the M,, 8.8 2010 Chile and M,, 9.0 2011 Japan earthquakes were the largest
recorded since 1964. The only known tsunami fatality resulted from a local tsunami triggered by
the failure of a sandy spit during the M; 7.3 crustal earthquake on central Vancouver Island in
1946 (Table 1; Fig. 1). However, a very large earthquake and tsunami that occurred in 1700 CE
is documented in the oral history of First Nations peoples on the west coast of North America
(e.g., Ludwin et al., 2005); the far-field tsunami was recorded in Japan, and paleoseismic data
confirm a Cascadia subduction zone source (e.g., Atwater et al., 2005). The next Cascadia
megathrust event presents the largest tsunami threat to the Pacific coast of North America.

Earthquake Tsunamis

Far-field tsunamis from Pacific subduction zones

The tide gauge at Tofino on the west coast of Vancouver Island (Fig. 1) provides the
most complete record of tsunamis in coastal BC since operation began in 1906. Analysis of the
tide gauge data (Wigen, 1983; Stephenson and Rabinovich, 2009; NOAA West Coast/Alaska
Tsunami Warning Center, 2009a, b) has identified 61 tsunamis from 1906 to 2009. Over a
sufficiently long period, a tide gauge should record tsunamis from all types of sources, but no
local subduction or landslide tsunamis have occurred near Tofino since 1906. The tsunami record
is made up mostly of far-field events (teletsunamis), but since the installation of digital high-
precision instruments in 1998 it also includes a few small tsunamis generated by local/regional
earthquakes and two regional meteorological tsunamis (Stephenson and Rabinovich, 2009). Thus,
the Tofino tsunami record is effectively a record of far-field tsunamis, and can be used to assess
their frequency. Other data are necessary to assess the tsunami hazard from landslide sources and
from local submarine earthquakes on the Cascadia subduction zone and other faults.

Figure 3 shows the tsunami wave peak-to-trough amplitude data (i.e., double-amplitude
or approximately equivalent to runup; Abe, 1995) for Tofino plotted as a function of frequency
(i.e., power-law distribution). It is possible to predict the recurrence of rare large events from that
of more frequent smaller ones with well-defined statistics. It is also assumed that the recurrence
relation is a valid representation of the observed activity, and that the statistics of the area are
constant over time.



When analysing frequency-amplitude data, it is necessary to define intervals of
completeness (to ensure that all events of a given size are recorded for given time periods) — the
completeness threshold will change over time due to equipment changes (e.g., instrument
upgrades and higher sensitivity). For most of the Tofino record, tsunami events down to a peak-
to-trough amplitude of 6 cm can be identified; this is reduced to 3 cm after the instrument
upgrade in 1998. However, from 1975 to at least 1980 and possibly extending into the 1980s, the
tide gauge response was compromised due to sediment buildup (Stephenson and Rabinovich,
2009). We assume that no tsunamis could be recorded from 1975-1980; we do not extend this
into the 1980s because it appears to have been a quiescent time for Pacific tsunamis, e.g., the tide
gauge at Crescent City, California, a tsunami-sensitive site, recorded no tsunamis from 1980 to
1985 (Dengler and Magoon, 2006). These completeness levels appear to be correct, with no
observed flattening of the frequency-amplitude curve at low wave heights (Fig. 3).

The shape of the curve at high wave amplitudes is important for the estimation of the
frequency of the larger, more damaging events, and it is largely dependent on the estimated
maximum wave amplitude. The 1964 Alaska tsunami (2.4 m at Tofino) represents a near
maximum possible tsunami from a far-field megathrust event, although paleoseismic data
suggest that previous Alaskan events may have involved longer ruptures (Shennan et al., 2009),
and Dunbar et al. (1989) suggest that a tsunami originating from the Aleutian megathrust could
be larger. Thus, we assign a maximum peak-to-trough wave amplitude of 3.0 = 0.5 m for far-
field tsunamis at the Tofino tide gauge location (Fig. 3).

The resultant recurrence relation provides estimates of the rate of recurrence of tsunamis
of various wave amplitudes, with uncertainties propagated from those of the recurrence
parameters and the maximum wave amplitude. Estimated frequencies of tsunami wave runup of
1.5 m+ and 3 m+ are given in Table 3, along with their probabilities of exceedance in 50 years.

These results are only strictly applicable to the location of the tide gauge at Tofino; other
localities on the BC coast exhibit different responses for the same event, depending mainly on
near-field variations in the tsunami travel paths, e.g., Port Alberni tends to experience
significantly larger wave amplitudes than Tofino (e.g., > 6 m in 1964 compared to 2.4 m at
Tofino), due to resonance amplification effects in the Alberni Inlet (Henry and Murty, 1995; Fine
et al., 2009). However, the available data indicate that the response ratios between specific sites
tend to be similar for far-field events, e.g., the response at Victoria is typically ~0.6 times that of
Tofino (Table 4). Thus the frequency-wave amplitude data from Tofino can be scaled to
approximate the probabilities of exceedance at Victoria (Table 3; Fig. 3). We make the further
assumptions that the probabilities calculated for Tofino can be applied to the rest of the outer BC
coast and Haida Gwaii (Fig. 1), and that the lower probabilities calculated for Victoria can be
applied to the rest of Juan de Fuca Strait as well as Queen Charlotte Strait where recent events
recorded by the Port Hardy tide gauge show similar amplitudes to Victoria (Stephenson and
Rabinovich, 2009). We assume that Georgia Strait and the adjoining Discovery Passage and
Johnstone Strait (zone GS, see Appendix C) are sheltered from far-field tsunamis, with no
reports of damaging waves from the 1964 tsunami.

Cascadia subduction Zone

Great megathrust earthquakes on the Cascadia subduction zone, where the oceanic Juan
de Fuca plate subducts eastward beneath continental North America (Fig. 1), represent the most
significant and widespread tsunami threat to the Pacific coast of Canada as a whole. The
recurrence of such events is fairly well constrained, and there is a significant probability (~10%)



that the next great earthquake will occur within the next 50 years, particularly given that over
300 years have passed since the previous one (Mazzotti and Adams, 2004; Goldfinger, 2009).
The most recent event preceded the written history of the region, but it is documented by Native
American oral records as a shaking and flooding event between 1690 and 1715 (Ludwin et al.,
2005) and Japanese written records that detail a damaging tsunami in January 1700 (Satake et al.,
1996). Correlative paleoseismic evidence comes from submerged trees, buried soils, and sand
layers in coastal marshes along the Pacific coast from northern California to Vancouver Island,
as well as turbidite deposits offshore (e.g., Goldfinger et al., 2003; Atwater et al., 2005).
Modelling to match the tsunami and coastal paleoseismic data indicates a magnitude of ,,~9.0
for the 1700 CE earthquake (Satake et al., 2003; Leonard et al., 2004). Further paleoseismic data
provide evidence that similar /~9 earthquakes and tsunamis have occurred throughout the
Holocene, with a recurrence interval that averages ~500 years (mean 530 £ 260 y) but has been
as short as ~200 years and as long as ~800 years or more (Atwater et al., 2004; Goldfinger et al.,
2012).

The paleoseismic data point to the occurrence of additional megathrust earthquakes (M,,
> 8) that rupture the southern part of the subduction zone; Goldfinger et al. (2012) report
turbidite evidence for an additional 22 Holocene events in the south. Treating southern Cascadia
as an additional tsunami source, independent of the long ruptures, implies an average recurrence
of ~450 years for these smaller events. However, the frequency of southern Cascadia ruptures
remains under debate, with some turbidites of questionable origin (e.g., Atwater and Griggs,
2012); we follow Frankel (2011) in assuming a longer recurrence interval of 1000 years, and
assume an uncertainty of + 250 years. We do not consider an additional northern Cascadia source
suggested by Atwater and Griggs (2012); possible evidence includes a 2500-year paleotsunami
record at Discovery Bay, Washington (E. Juan de Fuca Strait; Fig. 1) where an average
recurrence interval of ~300 years was previously attributed to a mixture of full-rupture Cascadia
events and local crustal earthquake sources (Williams et al., 2005). If 300 years is taken as the
average recurrence of megathrust rupture in the north (full-length and northern events), and full-
rupture events occur every ~500 years, short northern ruptures are implied to have an average
recurrence of ~750 years.

Tsunami modelling of the seismic release of 500 years of accumulated strain on the full
length of the Cascadia subduction zone (equivalent to an M~9.0 Cascadia megathrust
earthquake) indicates that the west coast and inlets of Vancouver Island are most at risk (e.g., Ng
et al., 1992; Whitmore, 1993; Cherniawsky et al., 2007), as is the case for teletsunamis. The
modelling shows tsunami wave amplitudes of 5-8 m (above the state of tide, or zero-to-peak) on
the southwestern coast of Vancouver Island (> 11 m at several locations, up to a maximum of 16
m at one location) and currents of up to 17 m/s in narrow channels and near headlands
(Cherniawsky et al., 2007, with animations at http://www.pac.dfo-
mpo.gc.ca/science/oceans/tsunamis/modele-tsunami-model-eng.htm; Fig. 4). The first positive
wave crests would reach communities on the west coast of Vancouver Island 20-30 minutes after
the earthquake, and Victoria, BC after ~1.3 hours. Throughout much of the area modelled, the
first positive wave is not the largest; dangerously high waves and strong currents continue for at
least the 12 hours of the model run. Only just over 300 years of strain has accumulated since the
A.D. 1700 megathrust event, so modelling the release of 500 years of strain may overestimate
the present-day tsunami hazard (Cherniawsky et al., 2007), although Cascadia paleoseismic data
do not show a clear relationship between the inferred size of an event and the time since its
predecessor (e.g., Leonard et al., 2010b).
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In the Strait of Juan de Fuca, tsunami amplitudes are reduced by about one half compared
with the outer coast, as indicated by both model results and actual tsunamis observed on tide
gauges (Table 4; Fig. 3). Similarly in the Gulf Islands maximum amplitudes occurring in narrow
channels and some bays are attenuated about 50% from the outer coast, although true maxima in
bays and harbours are likely higher than predicted with the medium-resolution grid, as discussed
later.

Once a tsunami reaches the open Strait of Georgia, wave amplitudes are attenuated even
further. The largest observed tsunami, the 1964 event, had amplitudes at the Point Atkinson and
Vancouver Harbour tide gauges (Burrard Inlet; Fig. 4) of about 10% of the Tofino measurement
(Spaeth and Berkman, 1967). Six other tsunamis observed with amplitudes of 0.1-0.6 m at
Tofino had no discernable record at Point Atkinson (D. Sinnott, Canadian Hydrographic Service,
personal communication). The modelling of Cherniawsky et al. (2007) is consistent with these
observations, with amplitudes in the Vancouver and southern Strait of Georgia regions
respectively ~10% and less than 20% of outer coast values. Some local resonances were
identified, e.g., amplitudes in Boundary Bay are at least double those in the Vancouver region
(Fig. 4). The model does not extend into northernmost Georgia Strait or Johnstone Strait at the
northern entrance and, without further constraints, we assume that runup is similar to that in
southern Georgia Strait and that higher amplitudes are possible in inlets and narrow passes.

Cherniawsky et al. (2007) caution that the resolution used in most of their modelling is
insufficient to accurately define amplitudes in bays and harbours. Tsunami runup is strongly
dependent on bathymetry, and the determination of wave amplitudes depends on the resolution
of the bathymetric grid used. Use of a fine-scale (~10 m) grid (modelled at two locations) shows
wave amplitudes near Victoria (up to 4.2 m above the state of tide in Esquimalt Harbour; Fig. 4)
that are not apparent in either the coarse (~1300 m grid size) or medium (~200 m) scale grids
(Cherniawsky et al., 2007). Even where the fine grid is used, tsunami runup may be higher than
the amplitudes estimated, because land topography data were not included.

Modelling of a southern Cascadia subduction zone source (Cherniawsky et al., 2007; Fig.
5) reveals that most of the tsunami energy propagates east and west of the rupture, but trapped
edge waves travel up the coast to reach Juan de Fuca Strait after ~1.3 hours, with runup likely to
exceed 1.5 m only on southwestern Vancouver Island. Wave amplitudes up to 1.1 m are revealed
with the use of a fine-scale grid in the harbours of Victoria, suggesting that local runup maxima
> 1.5 m are possible. In the absence of fine-scale modelling in Georgia Strait, similar runup
maxima cannot be ruled out.

Estimated probabilities of tsunami runup exceeding 1.5 and 3 m for regions of the BC
coast (Table 5) are based on: (1) the average recurrence of long M,,~9 (530 = 260 y) and
southern Cascadia M,, > 8 (1000 = 250 y) subduction zone ruptures (Frankel, 2011; Goldfinger et
al., 2012); (2) the modelling of Cherniawsky et al. (2007) to estimate runup where applicable,
and (3) the earthquake magnitude-tsunami runup empirical relations of Abe (1995; Equations 12-
14; Table 2) for areas north of the model. Thus, long Cascadia ruptures could produce runup
exceeding 1.5 m for all regions, and runup generally exceeding 3 m for all regions except
Georgia Strait. Southern Cascadia ruptures are expected to produce runup generally exceeding
1.5 m (and with local maxima > 3 m) only along the southern outer coast of Vancouver Island,
with all other areas susceptible only to local maxima > 1.5 m.
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Explorer-North America plate boundary

The plate boundary further north along the Pacific coast may present an additional
tsunami threat, but this potential is poorly understood. North of the Cascadia subduction zone,
the plate boundary transitions from dominantly convergent to dominantly strike-slip (Fig. 6),
with ongoing debate on how convergence is accommodated both at the Explorer-North America
plate boundary (e.g., Mazzotti et al., 2003b; Rohr and Tryon, 2010) and in the region of the
southern Queen Charlotte fault (e.g., Rohr et al., 2000; Bustin et al., 2007). The Explorer plate
(Fig. 6) is an oceanic microplate that became detached from the Juan de Fuca plate at ~4 Ma with
the formation of the left-lateral Nootka transform fault (Riddihough, 1984). The so-called
Winona block may have acted as an independent microplate for a time (e.g., Davis and
Riddihough, 1982), but is now generally assumed to be essentially part of the Explorer plate (e.g.,
Mazzotti et al., 2003b).

Debate is ongoing as to whether the Explorer plate is (1) essentially part of the North
America plate, with relative Pacific-North America motion accommodated by distributed right-
lateral shear (Rohr and Furlong, 1995; Kreemer et al., 1998) or (2) actively subducting beneath
North America (Braunmiller and Néabélek, 2002; Mazzotti et al., 2003b). These end-member
models have contrasting implications for the tsunamigenic potential of the region.

The Pacific-Explorer boundary (Fig. 6) may be evolving into a primarily transform
boundary, with significant strike-slip motion accommodated along a fault zone within the
western Explorer plate in a direction close to the Pacific-North America relative motion (e.g.,
Dziak, 2006). Similarly, earthquakes located to the northeast tend to exhibit a slip direction
aligned with Pacific-North America motion (Ristau, 2004; Rohr and Tryon, 2010). High seismic
deformation rates in the vicinity of the Revere-Dellwood-Wilson fault (Willoughby and
Hyndman, 2005) suggest that a large portion of Pacific-North America motion is accommodated
in this northern region, implying low rates of Explorer-North America convergence there. This is
consistent with the plate models of Braunmiller and Nabélek (2002), and with Pleistocene
sediment deformation in the Winona Basin (Davis and Riddihough, 1982) that suggests a
decrease in convergence rate from southeast to northwest.

The existence of an Explorer microplate independent from North America is supported
by GPS data from northern Vancouver Island (Mazzotti et al., 2003b), offshore earthquake slip
vectors derived from moment tensor solutions (Braunmiller and Nébélek, 2002; Ristau, 2004),
and deformation of offshore sediments (Davis and Hyndman, 1989). The presence of a
subducted slab this far north, but not beneath northernmost Vancouver Island, is demonstrated by
receiver function analysis (Cassidy et al., 1998; Audet et al., 2008), and by the occurrence of
Episodic Tremor and Slip, which infers active subduction (e.g., Kao et al., 2009). Relative
motion of ~20 mm/y between the Juan de Fuca and Explorer plates across the Nootka fault
(Willoughby and Hyndman, 2005) suggests convergence of ~20-25 mm/y at the southern end of
the Explorer-North America margin, consistent with strain accumulation rates inferred from GPS
data (Mazzotti et al., 2003b). Lack of a slab beneath northernmost Vancouver Island implies that
there has not been significant subduction of the Winona block; the top of a gently-dipping (~9°)
subducting slab has been identified from seismic reflection beneath Winona Basin (Yuan et al.,
1992), but the late onset of convergence north of Brooks Peninsula and the low convergence
rates there suggest a maximum overall convergence of only 30 km (Braunmiller and Nabélek,
2002). GPS data from northernmost Vancouver Island cannot discriminate between strongly-
oblique subduction of the Winona block and permanent crustal deformation (Mazzotti et al.,
2003Db).
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For the purposes of this assessment, we assume subduction of the Explorer plate south of
the Winona block at a rate of 20-25 mm/y, and a seismogenic and transition zone consistent with
GPS and thermal data (Mazzotti et al., 2003b; Fig. 6); we also assume that earthquake rupture
will taper to zero to the north by a linear decrease in both slip and locked zone width through the
Winona block region from Brooks Peninsula to the Dellwood Knolls (Fig. 6; Table 6). Here we
treat the Explorer subduction as an independent source, but it is possible that subduction could
occur as an extension of a megathrust earthquake on the rest of the Cascadia system, i.e., along
with subduction of the Juan de Fuca and Gorda plates to the south. Using the thrust earthquake
magnitude-rupture area empirical relation of Strasser et al. (2010; Equation 6), we calculate that
M,, 7.7 (7.4-8.0) earthquakes may occur (Table 6). Using Equations 7-9, we calculate an average
recurrence interval of ~333 years (~112-1005 y; Table 6). We also assess a minimum rupture
scenario that excludes the Winona block section; we calculate that A7, 7.4 + 0.3 events could
occur on the Explorer section alone, with an average recurrence of ~200 years (Table 6).
Earthquakes of this size range have not been noted in the time of written history (~150 y).

Using the empirical relations between earthquake magnitude and near-field tsunami
runup developed by Abe (1995; Equations 12-14; Table 2), we estimate that M,, 7.7 earthquakes
on the Explorer megathrust could produce significant runup (up to ~7 m) on the west coast of
northern Vancouver Island, but the southern part of the west coast as well as the northern
mainland coast and southern Haida Gwaii would likely only experience local maxima of runup >
1.5 m (Table 7). Larger events could produce runup consistently exceeding 1.5 m over these
areas, while those as small as M,, 7.1-7.4 would have a much more localized impact.

Queen Charlotte margin

Pacific-North America relative motion along the Queen Charlotte margin (Fig. 6) is
primarily transform, accommodated by strike-slip events on the near-vertical Queen Charlotte
fault. The 1949 M 8.1 mainly strike-slip event, the largest historical earthquake in Canada,
produced only a small tsunami. Peak-to-trough amplitudes of 7.5 cm and 10 cm were recorded
on the Sitka, Alaska, and Honolulu tide gauges, respectively. Tide gauges on the Pacific coast of
Canada did not record any waves. Newspapers reported a number of tsunami observations with
amplitudes (likely above state of tide) of ~0.5 m at places on Haida Gwaii and on the adjacent
BC and Alaska mainland. The highest reported amplitude of ~3 m was described in the Prince
Rupert Daily News of August 27, 1949; from the description, this was likely a landslide-induced
wave. The earthquake triggered many landslides on Haida Gwaii, and probably also triggered
submarine landslides. Because the area is very sparsely populated, local tsunami waves or seiche
action resulting from the earthquake were reported from only a few places.

Pacific-North America relative motion is increasingly oblique from north to south along
the Queen Charlotte margin, with the component of convergence increasing from ~8 mm/y to
~15 mm/y from northern to southern Haida Gwaii (Mazzotti et al., 2003a). Two end-member
models have been proposed for the accommodation of this convergence: (1) underthrusting of
the Pacific plate beneath Haida Gwaii (e.g., Hyndman and Ellis, 1981); (2) distributed internal
deformation of the Pacific and North America plates (e.g., Rohr et al., 2000). GPS data indicate
that 5 = 2 mm/y convergence is accommodated by internal shortening of the North America plate,
but for the remaining 6-10 mm/y of convergence the data cannot distinguish between
underthrusting and internal deformation of the Pacific plate (Mazzotti et al., 2003a). The
subduction model is supported by the presence of a trench (Queen Charlotte trough) and
accretionary prism (Queen Charlotte terrace) seaward of the Queen Charlotte transform fault,
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and a dipping low-velocity slab beneath Haida Gwaii defined by receiver function analysis
(Smith et al., 2003; Bustin et al., 2007). Gravity and heat flow data are also consistent with
underthrusting (e.g., Hyndman and Hamilton, 1993). The main argument against active
subduction involves the lack of deep Wadati-Benioff zone seismicity, but this may be precluded
by the young age (high temperature) of subducting oceanic crust and the recent (~5 Ma) onset of
transpression (Smith et al., 2003).

We assume orthogonal convergence accumulating at an average of 8§ mm/y (6-10 mm/y;
Mazzotti et al., 2003a) on a 250-km-long subduction fault with a dip of 28° (Bustin et al., 2007)
and a thermally-constrained effective full rupture width of ~32 km (~22 km seismogenic zone
150-350 °C; ~20 km transition zone 350-450 °C where coseismic slip decreases linearly to zero
downdip; Smith et al., 2003). Based on empirical relations between rupture area and thrust
earthquake magnitude (Strasser et al., 2010; Equation 6), megathrust earthquakes of M,, 7.7 (7.5-
8.0) may be expected (Table 8). We calculate an average recurrence for such events of ~713
years (266-1916 y; Table 8), based on the convergence rate above and Equations 7-9.

It must be noted that some of the parameters used in the above calculations are
constrained over a relatively small area and likely do not apply uniformly along strike; thus, the
quoted recurrence times have significant uncertainties. For example, the 28° dip is constrained
only beneath central Haida Gwaii, but likely varies with the age of the Pacific plate along the
margin. Convergence rates decrease to the north, and the northernmost extent of an underthrust
slab is poorly constrained; a rupture length of 250 km corresponds to the most continuous
bathymetric expression of the Queen Charlotte terrace (almost the full length of Haida Gwaii). A
longer rupture of 400 km (the maximum potential extent of subduction north of the Tuzo Wilson
triple junction; Smith et al., 2003) leads to the calculation of an M,, 7.9 (7.6-8.2) thrust event
occurring approximately every 810 years (301-2174 y; Table 8). Also, the average convergence
rate used implies that there is no significant internal deformation of the Pacific plate, i.e., that
thrust earthquakes recorded in the region of the southern Queen Charlotte terrace (e.g., Ristau et
al., 2007) solely reflect compression within accretionary sediments, without involvement of
oceanic basement. Accommodation of even 2 mm/y convergence by shortening of the Pacific
plate would increase these average recurrence intervals by ~30%.

Based on empirical relations between earthquake magnitude and near-field tsunami runup
(Abe, 1995; Equations 12-14; Table 2), we estimate that the west coast of Haida Gwaii would be
affected by tsunami runup exceeding 3 m for local megathrust earthquakes of M,, 7.8-8.2; M,, 7.5
earthquakes may result in local maxima of that size (Table 9). The west coasts of the northern
mainland and northern Vancouver Island would not likely receive potentially damaging runup
from M,, 7.5 earthquakes, but runup may exceed 1.5 m (and locally 3 m) for larger events. The
southern west coast of Vancouver Island would likely only experience local maxima of runup >
1.5 m for the largest events (M,, 8.2). Tsunami modelling is required to estimate potential
tsunami runup on the east coast of Haida Gwaii; this region may be sheltered from such tsunamis,
but at this stage we assume that runup similar to that on the northern mainland coast may occur.

An M,, 6.1 thrust earthquake that occurred near the southern portion of the Queen
Charlotte fault in 2001 caused a tsunami with maximum recorded amplitudes on Vancouver
Island of 23 cm (Rabinovich et al., 2008). The tsunami was not detected at tide gauges on eastern
Haida Gwaii or the northern mainland, likely due to coastal sheltering; the Langara tide gauge
(northern tip of Haida Gwaii) was not operational at the time (Rabinovich et al., 2008). The
larger-than-expected tsunami for the moderate size of the earthquake demonstrates the
significant potential hazard of tsunamis sourced from larger thrust earthquakes in this region.
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Local crustal earthquakes

Tsunamis may be generated as a result of crustal earthquakes in the North America plate
if the seafloor undergoes vertical displacement or if the shaking triggers mass movements that
sufficiently disturb the water column (landslide tsunamis are discussed in the next section).

There is a relatively high level of crustal seismicity in the Cascadia forearc region
extending from southern Puget Sound northwards to the southernmost Strait of Georgia. The area
1s under margin-parallel compression; GPS and paleoseismic data, as well as frequency-
magnitude relations of crustal seismicity, indicate that long-term shortening of ~3 + 1.0 mm/y is
accommodated seismically within this region (e.g., Hyndman et al., 2003; Sherrod et al., 2008).
Large earthquakes (M > 7) are expected in the overall region about every 400 years (Hyndman et
al., 2003); none have occurred in the ~150-year historical period.

Tsunami deposits dating to about 1100 years ago (900-930 CE; Atwater, 1999) have been
documented in central and northern Puget Sound, Washington (Atwater and Moore, 1992;
Bourgeois and Johnson, 2001), coincident with regions of abrupt uplift and subsidence inferred
to result from reverse faulting in an M > 7 earthquake on the Seattle fault (Bucknam et al., 1992;
Fig. 7). The timing of this earthquake also approximately coincides with that of mass failures
into nearby Lake Washington (Jacoby et al., 1992; Karlin et al., 2004) and in the Olympic
Mountains ~75 km from the Seattle fault (Schuster et al., 1992). Evidence for smaller events
since ~7 ka is documented by Sherrod et al. (2000). Modelling of an M,, 7.6 Seattle fault source
results in a tsunami wave > 3 m reaching the nearby Seattle waterfront within 3 minutes
(Koshimura et al., 2002), with waves less than 1 m in amplitude by the time they exit Puget
Sound into the Canadian waters of Juan de Fuca Strait. Thus, future tsunamis from crustal
earthquake sources in central and southern Puget Sound are unlikely to be hazardous to the BC
coastline.

However, several lines of evidence suggest that tsunamigenic earthquakes may also be
generated from sources in the northern Puget Lowland and eastern Juan de Fuca Strait. A number
of active transpressional faults with documented surface offsets and Holocene displacements
underlie the region, including the SE-NW-trending Southern Whidbey Island fault zone, and the
E-W-trending Devil’s Mountain fault zone, Utsalady Point fault and Strawberry Point fault (e.g.,
Johnson et al., 2001; Hayward et al., 2006; Fig. 7). Minimum rates of vertical displacement are
estimated at 0.6 mm/y on the Southern Whidbey Island fault zone, and a composite of 0.5 mm/y
on the latter three faults; the true rates may be higher (Johnson et al., 1996; 2001). Based on the
mapped fault lengths, earthquakes of M > 7.0 on the Southern Whidbey Island fault, A 7.5 on the
Devil’s Mountain fault, and M > 6.7 on the Utsalady Point and Strawberry Point faults, are
possible (Johnson et al., 1996; 2001; 2004).

The Holocene paleoseismic record of earthquakes on these faults is likely far from
complete, and cannot be used to estimate the rates of earthquake recurrence (e.g., Johnson et al.,
2001), but the effort has recently been aided by the use of LIDAR data to identify onshore fault
scarps throughout the Puget Lowland (e.g., Haugerud et al., 2003). So far, significant Holocene
displacements have been documented from one earthquake on the southern Whidbey Island fault
zone (~3000 cal. y BP; Kelsey et al., 2004), and two on the Utsalady Point fault (~100-400 and
~1100-2200 cal. y BP; Johnson et al., 2004).

A number of tsunami deposits have been documented at two sites in the eastern Strait of
Juan de Fuca: northern Whidbey Island (Williams and Hutchinson, 2000) and Discovery Bay
(Williams et al., 2005). Some of these approximately correlate with Cascadia plate-boundary
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tsunamis, but others may have a more local source such as one of the above faults, with several
tsunami layers at Discovery Bay within the age range of the penultimate earthquake on the
Utsalady Point fault (Johnson et al., 2004; Williams et al., 2005). The southern Whidbey Island
fault earthquake predates the tsunami records of the above two sites, but a possible tsunami
deposit was noted at a marsh on Whidbey Island that was uplifted during the event (Kelsey et al.,
2004). Mathewes and Clague (1994) document evidence from southern Vancouver Island and
the Vancouver region that suggests the occurrence of widespread vertical displacements during
two earthquakes on crustal faults of unknown location within the last few thousand years (~2000
and ~3700 cal. y BP). Microfossil data indicating a marine incursion at an uplifted site near
Vancouver suggest that the earlier event may have been accompanied by a tsunami (Mathewes
and Clague, 1994).

In southern Georgia Strait, seismic reflection data show offsets of the seafloor indicating
active faulting (Mosher et al., 2000). However, further north in the strait, surface displacements
are less clear. A concentration of shallow (< 6 km depth) seismicity occurs ~30 km west of
Vancouver, including two moderate felt earthquakes in 1975 (M 4.9) and 1997 (M 4.6) with
mechanisms and aftershock sequences indicating thrust faulting on a north-dipping plane
(Cassidy et al., 2000). No apparent surface offset is visible on a nearby seismic line (Mosher et
al., 2000), but multibeam bathymetry data show evidence of surface disturbance to the southwest
near the surface projection of the fault plane, as noted by Dash et al. (2007). Multibeam and
seismic data provide evidence of active surface faulting in two other areas nearby to the south
(Porlier Pass fault) and to the east (Fraser delta fault) (Barrie and Hill, 2004); however these
faults are not apparently consistent with N-S compressional tectonics.

No confirmed tsunami deposits have yet been found around the Canadian Strait of
Georgia (Clague et al., 2000; J. Clague, personal communication, 2010), suggesting that there
have probably been no significant events within the last several hundred years. However, small
events, or events that occurred more than a few hundred years ago, may not be preserved in the
present-day stratigraphy. A study of tsunami deposits up to four years after the 2004 Indian
Ocean tsunami suggests that initial deposits from tsunamis with a runup of less than 3 m are
unlikely to be preserved, particularly in regions with high rainfall (Szczucinski, 2012). In
southern Georgia Strait, just south of the U.S. border, a probable tsunami deposit is associated
with paleoseismic evidence for an M~6-6.5 earthquake ~1.3-1.0 ka on one of three recently
identified onshore-offshore Holocene faults (Birch Bay fault, Fig. 7; Kelsey et al., 2012).

Here we describe an approach that we use to approximate the tsunami hazard from crustal
submarine faults. Based on a recurrence relation calculated from the seismicity of a ~80 km by
80 km region that covers eastern Juan de Fuca Strait, Haro Strait and the San Juan Islands, we
calculate that M,, 7.5 earthquakes may be expected with an average recurrence of ~2830 years
(878-9806 y). M,, 7.5 was chosen as it represents the estimated maximum magnitude on the
mapped Devil’s Mountain fault, which passes close to Canadian coastlines (Fig. 7). Assuming
that such earthquakes may occur anywhere within the defined region with the same frequency
per unit area, we estimate the potential tsunami impacts along the adjacent coastlines (Table 10).
From the empirical tsunami runup-earthquake magnitude relations of Abe (1995; Equations 12-
14; Table 2), an M,, 7.5 earthquake can produce mean local runup > 1.5 m (and local maxima > 3
m) up to 60 km from the source, with local maxima > 1.5 m up to 120 km. Using 60 km as the
radius of a circle centred on a coastal point of interest, where the circle is assumed to lie half
underwater (potentially tsunamigenic earthquakes) and half on land (no tectonic tsunamis
expected), we calculate the expected frequency of M,, 7.5 events sourced within half the area of
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the circle; this is the approximate frequency of events that could produce mean local runup > 1.5
m at the coastal site. Similarly, the frequency of M,, 7.5 events estimated over half the area of a
circle with a 120-km radius is equivalent to the frequency of events that could produce local
runup maxima > 1.5 m. However, the maximum area in this case is encompassed by a 60-km
radius (larger areas are either under land or outside of the seismicity zone); therefore we exclude
the probability of local runup maxima from distances greater than 60 km. It should be noted that
the resultant probabilities given in Table 10 (~1.6 and ~0.8% probability of runup exceeding 1.5
and 3 m, respectively, in 50 y) represent a range of maximum estimates that assume pure thrust
faulting. Earthquake focal mechanisms imply a mixture of thrust and strike-slip faulting (e.g.,
Balfour et al., 2011); an M,, 7.5 earthquake with a significant strike-slip component would result
in significantly smaller tsunami runup due to a smaller vertical displacement of the seafloor.

Compared with the area discussed above, seismicity rates in the northern and central
Strait of Georgia and in western Juan de Fuca Strait are significantly lower, and no evidence of
active faulting has been documented. Thus, we assume that these areas have a lower probability
of potentially damaging tsunami runup, but we cannot discount it completely. We include the
whole Strait of Georgia in this lower-hazard zone, because significant seismicity occurs only at
the southernmost end. We assign an arbitrary range of low probabilities that are half those
estimated for eastern Juan de Fuca Strait (Table 10).

A concentration of significant crustal seismicity also occurs in Hecate Strait (between
Haida Gwaii and the northern BC mainland (Fig. 6); the few available earthquake focal
mechanisms show a combination of thrust and strike-slip faulting (Ristau et al., 2007). Here, the
rate of long-term deformation indicated by GPS data is significantly larger than the deformation
rate inferred from recorded seismicity; possible reasons for the discrepancy include
aseismic/postseismic deformation and infrequent large earthquakes on one or more faults that are
currently locked (Bustin, 2006). Assuming the latter, a maximum fault area of 1500 km” and a
convergence rate of 5 mm/y (Bustin, 2006), earthquakes up to M,, 7.1 (6.8-7.4) may be expected
on crustal faults in Hecate Strait, with an average recurrence of ~728 years (271-1954 y; Table
11).

Taking a similar approach as described above for eastern Juan de Fuca Strait and
southern Georgia Strait, we use the tsunami runup relations of Abe (1995; Equations 12-14;
Table 2) to estimate the potential impact on the coasts of eastern Haida Gwaii and the adjacent
mainland (Table 11). As noted above, the calculated probabilities represent a maximum, as they
assume pure thrust faulting. The minimum values provided come from the recurrence relation of
the actual earthquake catalogue (Bustin, 2006), thereby allowing for the possibility that the bulk
of the ~5 mm/y convergence apparent from the GPS data is accommodated aseismically.

The approach outlined above provides an estimate of the maximum probability of
potentially damaging tsunami runup from earthquakes on crustal submarine faults. However,
many uncertainties remain, not least regarding the proportion of dip-slip motion that may occur
on these faults. If fault motion has a significant strike-slip component, a far smaller tsunami will
result than for a pure thrust earthquake of the same magnitude, and the M,,-runup relations of
Abe (1995; Equations 12-14) will overpredict the tsunami runup for the magnitudes considered.
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Landslide Tsunamis

Local landslides

Locally destructive tsunami waves are to be expected from subaerial and submarine
landslides on the Pacific coast (e.g., Mosher, 2009). The 1946 M; 7.3 crustal earthquake on
central Vancouver Island (Fig. 1) did not offset the seafloor, but numerous subaerial and
subaqueous failures were triggered, some of which generated locally dangerous waves (Hodgson,
1946; Rogers and Hasegawa, 1978; Mosher et al., 2004). Some damage and flooding occurred as
a result, and one man drowned when his boat was tipped over by waves generated by a
submarine failure of Mapleguard Spit, at Deep Bay on the east coast of Vancouver Island
(Rogers, 1980; Table 1; Fig. 1).

Other historical landslide tsunamis have occurred in fjords along the mainland Pacific
coast of North America. These areas are particularly at risk due to the potential failure of steep
fjord walls or the fronts of submarine deltas with high sedimentation rates; high runup is possible
from relatively small failures due to the confined nature of the long narrow basins. The most
spectacular historical example occurred in Lituya Bay, Alaska (Fig. 1), in 1958. A subaerial
rockfall (~30 million m’) at the head of the inlet was triggered by near-epicentral shaking from
an M,, 8.2 earthquake on the Fairweather fault; water displaced by the failure reached the global
historical record runup elevation of 524 m on the opposite side of the inlet, destroyed forest over
an area of ~10 km?, and resulted in the deaths of two fishermen in the outer bay (Miller, 1960). A
similar (but smaller) type of subaerial failure occurred in Knight Inlet, BC, probably in the 16™
century (Table 1; Fig. 1). A rock avalanche (~3 million m’) on the steep fjord wall entered the
inlet to produce a tsunami that wiped out the village of Kwalate and its inhabitants on the other
side of the inlet; modelling suggests wave amplitudes of 2-6 m prior to runup (Bornhold et al.,
2007). ~15 km further north on the edge of Knight Inlet, tsunami waves resulted from a rockfall
or rock slide in 1999; the Three Finger Peak landslide (~0.2-2 million m®) ran out over gentle
slopes for ~3.5 km before entering the inlet, where waves carried log boom equipment to the
head of the inlet, 25 km to the northeast (van Zeyl, 2009).

An evaluation by van Zeyl (2009) concludes that the tsunami hazard from subaerial
landslides is significantly less in Howe Sound (a more populated fjord north of Vancouver, Fig.
1) than in Knight Inlet, where submarine debris cones have been documented at six sites.
However, submarine failures in Howe Sound must be considered a potential tsunami source. A
large delta-front slide in 1955 caused the collapse of waterfront pulp mill facilities, although no
damaging waves were documented (Terzaghi, 1956); side-scan sonar data reveal widespread
evidence of mass movements in the delta region (Prior et al., 1981).

In 1975, a submarine slide in Kitimat Arm triggered a tsunami with coastal runup of up to
8.2 m, resulting in substantial damage at the head and on both sides of the ~4-km-wide inlet
(Table 1; Fig. 1); oscillations across the inlet were observed for an hour after the event initiation
(e.g., Skvortsov and Bornhold, 2007). The failure involved a total volume of ~55 million m?,
consisting of delta front and fjord wall sediments as well as fjord bottom sediments that became
entrained in the ~1-km-wide debris flow as it travelled ~5 km down the fjord axis (Prior et al.,
1982; Skvortsov and Bornhold, 2007). The slide was likely triggered by minor construction at
low tide on marginally-stable delta sediments (Murty, 1979). Several previous landslides in
Kitimat Arm had been documented since 1952, some of which resulted in low amplitude waves,
with a more significant amplitude of 2.8 m observed for a landslide tsunami in 1974 (Murty,
1979). Construction (causing overloading of delta slope sediments) combined with an extreme
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low tide was also the probable trigger for a submarine landslide in delta sediments and
subsequent tsunami in Skagway, Alaska, in 1994, that caused one fatality and ~$20 million in
damage to harbour and dock facilities (e.g., Kulikov et al., 1996; Table 1; Fig. 1).

The Strait of Georgia, including low-lying parts of greater Vancouver, is also potentially
at risk from submarine landslide tsunamis, particularly from the foreslope of the Fraser River
delta (Fig. 1). Shallow sediments (upper 10-20 m) over much of the subaerial and submarine
delta have been identified as susceptible to seismic liquefaction (e.g., Mosher et al., 1997). There
is evidence for mass failure at a multitude of scales, including extensive young (~150-1000 y)
failure deposits at the base of the southern delta slope off Roberts Bank that may have resulted
from one catastrophic failure or from a sequence of smaller flows (e.g., Christian et al., 1997).
The Fraser delta, offshore of the main channel mouth, is the focus of ongoing extensive
geophysical, geotechnical and other observations, largely with the aim of better understanding
mechanisms of submarine sediment dispersal, including the potential for tsunamigenic failures
(e.g., Lintern and Hill, 2010). Modelling of tsunamis from theoretical 0.23 and 0.75 km’ failures
of delta foreslope sediments can produce peak-to-trough wave amplitudes of up to 8 and 18 m,
respectively, across the strait on the east coasts of Mayne and Galiano Islands; smaller waves (1-
4 m) result for the mainland coast due to bathymetric reflection of the initial wave (Rabinovich et
al., 2003). Dunbar and Harper (1993) modelled larger foreslope failures (2.5-7.5 km’) as a
number of independent, slow-moving slabs, resulting in maximum near-source coastal wave
amplitudes of ~4 m.

With no frequency-size data available for potentially tsunamigenic local landslides on the
Pacific coast, we cannot include these sources in the probabilistic tsunami analysis. However, all
Pacific coastlines are considered at risk from locally-generated waves due to the high
susceptibility of these areas to landslides, or proximity to high-susceptibility areas (Bobrowsky
and Dominguez, 2010).

Continental slope landslides

There is evidence for numerous slope failures up to at least 5 km wide along the
deformation front (frontal ridges) of the Cascadia subduction zone offshore Vancouver Island
(e.g., Pohlman et al., 2008; Scholz et al., 2010; Fig. 1). Study of these failures is ongoing and as
yet is far from providing a size-frequency relationship. A more detailed investigation of a 2-km-
wide slide (likely a few thousand years old) reveals: a 300-m high headscarp; probable fault
control with the failure bound by two margin-perpendicular normal faults; coincidence of the gas
hydrate bottom-simulating reflector (BSR) with the glide plane of the slide suggesting that
failure is concentrated at the strength contrast between underlying weak gas-charged sediments
and overlying hydrate-cemented sediment (Lopez et al., 2010). Slope failure is most likely
during strong ground shaking; if coincident with megathrust seafloor displacement, such failures
could contribute to locally amplified tsunamis as suggested for the 2004 Sumatra event (e.g.,
Tappin et al., 2007). Slope stability analysis is required to determine whether tsunamigenic
failures may be triggered by smaller earthquakes offshore. The rare occurrence of much larger
(“super-scale”) slumps (dated at ~110, ~450, and ~1210 ka) has been documented further south
along the margin, offshore southern Oregon, and may have resulted in very large tsunamis
(Goldfinger et al., 2000; McAdoo and Watts, 2004).

If tsunamigenic continental slope failures were assumed to occur at a similar rate as we
estimate for the Atlantic margin (see later section), the hazard is negligible compared to other
Pacific tsunami sources. The frequency of large slumps appears to be significantly lower than
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that of large earthquakes. Thus, we do not include them as a separate tsunami source, but we
point out that future probabilistic tsunami hazard analyses of the Cascadia megathrust source
should include such failures among the tsunami source variations.

Hawaiian Islands

Seafloor surveys have revealed the deposits of numerous large debris avalanches and
slumps on the flanks of the Hawaiian ridge; 68 of these are longer than 20 km (e.g., Moore et al.,
1994a). Possible tsunami deposits and evidence for soil stripping on the southeastern Hawaiian
islands of Lanai and Hawaii suggest tsunami runup of up to 400 m or more, up to 6 km inland,
the ages of these deposits are consistent with the ~125 ka Alika phase 2 debris avalanche off the
western flank of Mauna Loa volcano on the island of Hawaii, and the runups are consistent with
tsunami modelling of this deposit (Moore and Moore, 1984; McMurtry et al., 2004a, b).
Similarly, the ages of possible tsunami deposits reported from Lanai and nearby Molokai
correlate with the Alika phase 1 deposit offshore, dated at ~200-250 ka (Moore et al., 1994b;
Rubin et al., 2000; Webster et al., 2007).

Based on tsunami modelling of a large deposit (~5000 km®) off the northeastern flank of
one of the islands, Ward (2001) suggests that a large volcanic flank collapse in Hawaii could
generate tsunami runup on the Pacific coast of North America of up to ~20 m. However,
dispersion effects were neglected in the modelling, and it is likely that significant attenuation
would occur over the ~4000 km propagation distance (Pararas-Carayannis, 2002). This is
demonstrated by more realistic models of flank collapses off the Canary Islands that result in
wave amplitudes of ~1-3 m for similar propagation distances in the Atlantic (Mader, 2001;
Gisler et al., 2006), or ~10% of the Ward (2001) model values. Without further constraints, but
broadly consistent with the above models, we make the assumption that large flank collapses, as
evidenced by giant failure deposits offshore the Hawaiian Islands, could result in local mean
tsunami runup > 1.5 m on the outer Pacific coast of Canada, but that local mean runup >3 m
could only result from failures on the northeastern flanks, where the main tsunami energy would
be directed towards Pacific Canada.

McMurtry et al. (2004b) present a compilation of age estimates for giant Hawaiian
submarine landslides. The last nine giant failures have occurred on the flanks of the island of
Hawaii, the largest, youngest, and most volcanically active in the island chain. The occurrence of
eleven events in the last million years provides an average recurrence interval of ~91 ky. We take
this as a minimum recurrence for local maximum runup > 1.5 m on the Pacific coast of Canada
(Table 12). Making the assumptions that future failures are equally likely on all three flanks of
the island, and that failures on the western flanks are least likely to prove hazardous to Canada
due to wave scattering to the northeast through the Hawaiian Islands, provides a best estimate of
~136 ky recurrence for local mean runup > 1.5 m. We calculate a maximum recurrence of ~272
ky with the possibility that only failures on the northeastern flanks may present a tsunami hazard
for Canada; we also choose this value as a minimum recurrence for local mean runup > 3 m.
Thus, the Pacific coast tsunami hazard from Hawaiian landslides is negligible. Without detailed
tsunami modelling, we assume that Georgia Strait would be protected from potentially damaging
waves, but we apply equal hazard to all other Pacific coastal zones (Table 12).

Aleutian Islands

Large submarine failures off the Aleutian margin (Fig. 2) are a potential source of
damaging tsunami runup on the west coast of North America. Waythomas et al. (2009) modelled
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eight hypothetical mass failures ranging in volume from 160 km® to 1440 km’; their results
suggest a threshold volume of ~400 km® for submarine landslides south of the Aleutian arc that
may result in potentially damaging (> 1.5 m) tsunami runup on the Canadian Pacific coast; runup
greater than ~3 m appears possible for mass failures greater than ~500 km® in the central
Aleutian arc and ~800 km’ in the west.

The region has not been surveyed at a resolution high enough to constrain either the size
or possible frequency of large failures in the past; Waythomas et al. (2009) use a probabilistic
approach developed by Watts (2004) to calculate an average recurrence interval of ~2000 years
for failures with volume > 100 km? that could be triggered by earthquakes of M,, 5.1-8.9. Return
periods greater than 2000 years make a negligible contribution to the overall tsunami hazard of
the outer coasts of British Columbia. Without further constraints (P. Watts, personal
communication, 2011), we assume approximate best estimates of 3000 years (2500-5000 y) and
4000 years (3500-8000 y) for the recurrence of local mean tsunami runup exceeding 1.5 m and 3
m, respectively. In the absence of more detailed tsunami modelling, we assume that Georgia
Strait would be protected from potentially damaging waves, but we apply equal hazard to all
other Pacific coastal zones (Table 13).

ATLANTIC COAST

Unlike the Pacific coast, the Atlantic coast of Canada is a passive margin, located far
from plate boundaries, and there are far fewer compressive plate boundaries around the Atlantic
than around the Pacific Rim (Fig. 2). Consequently, far fewer tsunamis have been recorded in
historical time. However, significant transoceanic tsunamis from convergent plate boundaries are
possible, as illustrated by the 1755 Lisbon tsunami generated by a large thrust earthquake
offshore southwestern Portugal and observed in Newfoundland (e.g., Roger et al., 2010a).
Megathrust earthquakes in the northeastern Caribbean may present another threat, although
further study is required to assess both their potential and their far-field hazard. The 1929 Grand
Banks event demonstrated the potential for significant locally-generated landslide tsunamis on
the east coast. We also consider far-field sources of landslide tsunamis in the eastern Atlantic
Ocean.

Far-field tsunamis may be focussed towards the Canadian Atlantic coast by topographic
steering to have a greater impact than otherwise anticipated. For example, during the 2004 Indian
Ocean tsunami, the largest tsunami waves in the North Atlantic (~0.8 m) were recorded at
Halifax, Nova Scotia, ~20,000 km from the source, due to the Mid-Atlantic Ridge acting as a
waveguide (Rabinovich et al., 2006; Thomson et al., 2007).

Earthquake Tsunamis

Gibraltar-Cadiz

The catastrophic 1755 Lisbon earthquake, estimated at M,, 8.5 = 0.3 (Solares and Arroyo,
2004) to M,,~9.0 (Muir-Wood and Mignan, 2009), triggered a damaging tsunami with many
fatalities in western Europe and Morocco (e.g., Baptista et al., 1998). The tsunami was also
observed on western Atlantic coasts in Brazil, the Caribbean, and Newfoundland, Canada. At
Bonavista, Newfoundland, the harbour was drained for a period of ten minutes and then flooded,
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along with the adjacent meadows (Tocque, 1846; Ruffman, 2006). An additional smaller
transatlantic tsunami occurred in 1761 and may have been sourced from an aftershock of the
1755 Lisbon earthquake (e.g., Lander et al., 2002).

The source of the Lisbon earthquake is still under debate, but there is consensus that it
must lie in the general region offshore southwestern Iberia (e.g., Baptista et al., 2003; Fig. 8).
The plate boundary between Africa (Nubia) and Eurasia is diffuse (~200 km north to south) and
little understood in this area between the Gloria transform fault to the west (Fig. 9) and the
transpressive Rif-Tell fault zone to the east (e.g., Zitellini et al., 2009). Several faults (Fig. 8)
have been proposed as the source of the Lisbon earthquake, including the Marques de Pombal
thrust (Zitellini et al., 2001), Horseshoe fault (Stich et al., 2007), Gorringe fault (Johnston, 1996),
Guadalquivir Bank (Baptista et al., 2003), and Gulf of Cadiz-Gibraltar Arc seismogenic zone
(Gutscher et al., 2002). With the exception of the Gibraltar subduction fault, none of these faults
are large enough to produce an M,, 8.5 earthquake, and various composite sources have been
proposed (e.g., Baptista et al., 2003; Gracia et al., 2003). Although large enough to produce an
M, 8.5-8.7 earthquake, the Gibraltar seismogenic zone alone cannot match all the tsunami
observations; an additional source to the northwest may be necessary (Gutscher et al., 2006;
2009a).

We assess a range of possibilities where “Lisbon-type” large earthquakes occur on one or
more dip-slip faults due to the Africa-Eurasia convergence or Gibraltar Arc motions of 3-5 mm/y
(Argus et al., 1989; Fernandes et al., 2003; 2007; Serpelloni et al., 2007).

(1) For the Marques de Pombal-Guadalquivir composite source (connected by a
décollement at depth), Baptista et al. (2003) estimate a rupture area of ~11,000 km?, fault dips of
24-45°, and slip of 20 m (to match tsunami observations and earthquake size M,, 8.55). These
estimates result in ~14-18 m northwest-southeast horizontal compression and an average
recurrence of ~2800-3600 years at 5 mm/y convergence (~3500-4500 y at 4 mm/y; Table 14).

(2) Stich et al. (2007) propose that the 1755 earthquake could have been a compound
event occurring mostly within the upper mantle on faults in high-rigidity old oceanic lithosphere
beneath the Horseshoe plain, including the Horseshoe fault. Assuming a 50-km thick
seismogenic zone, an average rigidity of 6 x 10'° N/m?, fault dips of 55°, and slip of 5-10 m, a
cumulative fault length of 175-350 km would be required to produce an earthquake of M,, 8.5
(Table 14). 10 m of fault slip would result from 5.75 m of accumulated horizontal strain, with an
average recurrence of 1150-1450 years at 4-5 mm/y.

(3) The shallowly east-dipping Gibraltar seismogenic zone has dimensions estimated at
180 km x 210 km (Thiebot and Gutscher, 2006); 5 m slip results in an M,, 8.5 earthquake (Table
14; M,, 8.7 from 10 m slip). Evidence for active subduction (summarized in Gutscher et al.,
2002; 2009a; Thiebot and Gutscher, 2006) includes: the presence of an eastward-thickening,
actively-deforming accretionary prism in the Gulf of Cadiz; heat flow anomalies consistent with
an active east-dipping thrust; seismic tomography showing an east-dipping slab beneath
Gibraltar; earthquake hypocentres that deepen to intermediate depths below Gibraltar and the
western Alboran Sea and to > 600 km depth beneath southern Spain; active extension in the
Alboran Sea, interpreted as back-arc extension due to slab rollback, although others have
attributed it to mantle delamination or slab break-off (e.g., Calvert et al., 2000). GPS data
indicate motion to the west-southwest of a Gibraltar block relative to Eurasia at ~2.5-4.5 mm/y
(Stich et al., 2006; Fernandes et al., 2007; Vernant et al., 2010). This motion is likely the result
of extrusion due to transpression; slab rollback may also play a part, and was likely important in
the past (Negredo et al., 2002). Subduction velocity is likely approximately equivalent to the
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westward block motion, representing the motion of the upper plate toward the trench; however,
this may be an underestimate if there is significant interseismic strain accumulation on the locked
subduction fault. For 5 mm/y, average recurrence of an M,, 8.5 event (5 m slip) is 1000 years; for
3.5 and 2.5 mm/y, recurrence is ~1400 and 2000 years, respectively (Table 14).

Paleoseismic data provide important clues to the past recurrence of large earthquakes and
tsunamis in the vicinity of the Iberian Peninsula. Tsunami deposits on the coasts of southwestern
Spain (e.g., Luque et al., 2002; Morales et al., 2008) and Portugal (Scheffers and Kelletat, 2005)
document several events in the last ~2000 years, all of which may correlate with events in the
Portuguese historical tsunami catalogue (Baptista and Miranda, 2009). The most recent deposit
correlates with the 1755 Lisbon tsunami; another widespread deposit that likely represents a
similar tsunami impact has been dated at ~2000-2300 cal. yr BP, likely correlative with a
tsunami documented in 218 BCE (e.g., Luque et al., 2002).

Offshore southwestern Iberia, turbidite deposits in separate deep sea basins (correlated
over distances of up to ~175 km) are likely the product of shaking in large earthquakes (e.g.,
Gracia et al., 2010). A few of the deposits are found only in localized basins, and probably result
from smaller earthquakes, e.g., a thin turbidite found only in the Infante Don Henrique Basin
(closest to the continental margin; Fig. 8) and dated at 1908 + 8 CE correlates with the onshore
1909 Bonavente M~6.0 earthquake (no tsunami observed; Garcia-Orellana et al., 2006). Gracia
et al. (2010) found seven widespread events dating back to ~8850 cal. yr BP; within the last 7000
years, all widespread turbidite events may be correlated with tsunami deposits onshore, with the
exception of the most recent widespread turbidite that has been precisely dated at 1971 + 3 CE,
likely representing the M 8.0 1969 Horseshoe earthquake, which triggered only a small tsunami.
Assuming that the remaining four widespread earthquake-tsunami events since 6000-7000 cal. yr
BP are equivalent to the M~8.5 Lisbon event, and that no events of this size are missing from the
paleoseismic record, estimated interevent times range from ~1670 to ~3070 years. Incorporating
the previous two widespread turbidite events (one of which may have had a climatic rather than
seismic trigger) implies 5 or 6 events in the last ~9000 years and a mean recurrence of ~2170 or
~1730 years, respectively (uncertainty range ~870-2790 y; Table 14). Several of the proposed
fault sources for the 1755 Lisbon earthquake, as described above, are compatible with these
paleoseismic recurrence intervals.

Geist and Parsons (2009) apply an alternate approach to assess the possible frequency of
Lisbon-type tsunamigenic events, based on convergence rates of 1-5 mm/y and global seismic
moment distribution statistics from other oceanic convergent boundaries. They calculate a very
long average recurrence interval of ~10,000 years (min. 8000 y) for M,, 8.5 earthquakes;
however, the mean recurrence interval of ~3000 years (min. ~1700 y) for M,, 8.2 events is more
in line with the paleoseismic and tectonic data above.

Roger et al. (2010a, b; 2011) modelled the Marques de Pombal-Guadalquivir composite
source, as proposed by Baptista et al. (2003), to simulate far-field tsunami wave amplitudes and
runup in the eastern Caribbean and in Newfoundland, for comparison with historical reports. One
of the two main energy pathways of the teletsunami is directed towards Newfoundland, the other
towards South America (Fig. 9). The use of high resolution bathymetric (and topographic) grids
for the coast of southeastern Newfoundland allows for accurate modelling of propagation and
inundation; the simulation produces runup exceeding 1.5 m along much of the coast, and up to
2.5 m or more on the Bonavista peninsula, in agreement with historical accounts of inundation
(Roger et al., 2010a).



23

Barkan et al. (2009) carried out tsunami modelling for a number of theoretical thrust fault
sources unconstrained by the locations of mapped faults. They conclude that to match far-field
observations in 1755, including a lack of observations in the eastern U.S., the source must be
located south of the Gorringe Bank in the Horseshoe Plain (Fig. 8); this allows Gorringe Bank,
the Madeira-Tore Rise and the Azores (Fig. 9) to act as topographic scatterers to shield the U.S.
east coast. Barkan et al. (2009) discount sources in the localities of the Marques de Pombal and
Gulf of Cadiz faults as they produce relative far-field wave amplitudes that are too low in the
Caribbean and/or too high in the southern U.S. compared with the observations. However, both
sources can produce potentially damaging far-field wave amplitudes along the east coasts of both
Newfoundland and Labrador. Conversely, Muir-Wood and Mignan (2009) propose that a source
orientation of ~\NNW-SSE (such as the Gulf of Cadiz fault) may have been necessary to produce
the relatively high and low tsunami amplitudes in the Caribbean and eastern U.S., respectively.

We consider both the Marques de Pombal-Guadalquivir (Baptista et al., 2003) and Gulf
of Cadiz (e.g., Thiebot and Gutscher, 2006) viable sources of past and future “Lisbon-type”
events, capable of producing widespread runup in excess of 1.5 m, and possibly greater than 3 m
along parts of Atlantic Canada, and for which we use the estimated paleoseismic recurrence
intervals in our analysis (Tables 14-15). We assume that the inner Atlantic coastlines would be
relatively sheltered, with only local runup maxima > 1.5 m (Table 15).

NE Caribbean: the Puerto Rico trench and the Lesser Antilles

Subduction zone sources in the northeastern Caribbean are closer than the Lisbon
earthquake source area to the Canadian Atlantic coast (minimum ~2600 km rather than 3700 km;
Fig. 2) and may present a significant tsunami threat, but the potential hazard is poorly understood,
requiring much further study. Several locally devastating tsunamis have occurred in the last 500
years of Caribbean history (e.g., O’Loughlin and Lander, 2003), but none have had significant
far-field impacts recorded on the Atlantic coast of North America. However, the recurrence
interval of events potentially damaging to Canada may be much longer than the historical record.

Relative to the Caribbean plate, Atlantic oceanic crust (North America and South
America plates in the Greater and Lesser Antilles, respectively) is moving to the WSW at ~20
mm/y (Dixon et al., 1998; DeMets et al., 2000). Orthogonal convergence occurs at the Lesser
Antilles subduction zone (Fig. 10), where the South America plate subducts westwards beneath
the Caribbean plate with associated island arc volcanism, whereas along the Greater Antilles
plate boundary, convergence is very oblique and arc volcanism has been absent since ~35 Ma
(e.g., Jolly et al., 2008). No great megathrust earthquakes (M > 8) have occurred on the Antillean
arc in the last 150 years, but several authors have recently drawn attention to their potential (e.g.,
Geist et al., 2006; Gutscher et al., 2008; Heuret et al., 2011).

At Hispaniola, plate motion is strongly partitioned between margin-normal and margin-
parallel components. GPS data indicate that the Northern Hispaniola thrust fault accommodates
5.2 £2.0 mm/y of N-S convergence between the Caribbean plate and the Bahama carbonate
platform (on the North America plate), and the onland Septentrional and Enriquillo faults
accommodate 12.8 + 2.5 and 9.0 + 9.0 mm/y, respectively, of ~E-W left-lateral strike-slip
motion (Calais et al., 2002). A series of large thrust earthquakes occurred on the Northern
Hispaniola fault in 1946-1953; up to 5-m tsunami waves triggered by an M, 8.1 earthquake in
1946 killed 1790 people in the Dominican Republic, and a further 75 died in a tsunami generated
by an M; 7.9 aftershock a few days later (Lander et al., 2002); both tsunamis were also recorded
at Daytona Beach, Florida, and Atlantic City, New Jersey (Bodle and Murphy, 1948).
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Further east, there is oblique subduction of old oceanic crust of the North America plate
beneath the Puerto Rico-Virgin Islands block, which moves in the same direction as the
Caribbean plate, but slightly slower at ~17 mm/y (Jansma et al., 2000). Strain partitioning is less
apparent here (e.g., ten Brink and Lin, 2004; Manaker et al., 2008), although some left-lateral
slip is likely accommodated on the offshore east Septentrional, Bowin, and Bunce faults (e.g.,
LaForge and McCann, 2005). Slip vectors of thrust events on the interface tend to be more
oblique (closer to the ENE plate motion vector) than on the Northern Hispaniola fault to the west,
but some events, including an M,, 7.8 earthquake in 1943, exhibit more orthogonal slip to the
north-northeast (Doser et al., 2005). The 1943 event involved oblique thrusting on the plate
interface, but it did not produce an observable tsunami, and neither did an estimated M~8 event
in 1787 that likely occurred on the Puerto Rico trench, although it is possible that the source was
the Bowin strike-slip fault (McCann, 1985; Dolan and Wald, 1998).

The 1943 earthquake rupture coincides with the occurrence of a subducted high-standing
carbonate bank (Mona Bank), similar to the 1946-53 sequence on the Northern Hispaniola fault
further west, where rupture coincided with the Navidad and Silver banks (Dolan and Wald, 1998;
Mann et al., 2002; Fig. 10). This suggests that seismic rupture tends to be isolated to these
strongly locked collisional asperities, with only partial locking of the remainder of the interface;
thus, the occurrence of an M~9.0 megathrust event may be unlikely because a smooth interface
may be necessary to promote large ruptures (e.g., Hyndman, 2007). In addition, modelling of
GPS data from Puerto Rico and the Virgin Islands suggests little or no trench-perpendicular
compressional strain accumulation (ten Brink and Lopez-Venegas, 2012). However, large
subduction earthquakes cannot yet be discounted, especially in light of the occurrence of the last
two global M > 9.0 earthquakes (Sumatra 2004 and northeastern Japan 2011) on subduction
faults where such large events were not previously considered possible due to factors relating to
the obliquity of convergence (northern Sumatra) and low apparent coupling with frequent
moderate events (Japan trench; e.g., Gutscher and Westbrook, 2009).

LaForge and McCann (2005) suggest that the Puerto Rico trench can be divided into
western and eastern zones with respectively high and low degrees of seismic coupling (80% or
~12 mm/y vs. 20% or ~3.5 mm/y seismic slip). Using Gutenberg-Richter seismicity relations and
an estimated maximum magnitude of 8.2 for each zone, they estimate recurrence intervals for an
M 8.0 earthquake of 1400 and 3000 years for the western and eastern zones, respectively.
Combining the recurrence of M 8.0 events in both zones gives 950 years if both zones follow a
Gutenberg-Richter relation or 510 years if characteristic events occur in the eastern zone.
Earthquakes of this size would be unlikely to produce tsunami waves damaging to Atlantic
Canada, particularly if slip is very oblique.

Geist and Parsons (2009) take a different approach based on tectonic slip rates, full
locking, the frequency-magnitude statistics of global subduction zone earthquakes, and a
seismogenic zone between 5 and 30 km depth, dipping at 20°. On the combined 1100 km length
of the Puerto Rico trench and northern Hispaniola fault, they calculate that earthquakes of
magnitude 8, 8.5, and 9 may occur with average recurrence intervals of ~300, 1000, and ~3000-
7000 years, respectively.

Detailed tsunami modelling is required to determine the magnitude threshold of
earthquakes on the Puerto Rico trench that could result in potentially damaging tsunami runup in
Canada. An examination of the historical global tsunami runup database of the NGDC suggests
that, at distances greater than 2000 km from the source, runups exceeding 1.5 m are very
unlikely, at any sites, for events of M < 8.5. Therefore, we assume that only earthquakes of M >
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8.5 could produce runup > 1.5 m on most of the Atlantic coast of Canada; we make the further
assumption that large events could result in tsunami runup that exceeds 3 m in places (Table 16).
We assume that the northeastern Atlantic coast would be relatively sheltered, but that local runup
maxima exceeding 1.5 m may occur. Based on the recurrence of M 8.5-9 earthquakes estimated
by Geist and Parsons (2009), we choose 1000 years as the minimum recurrence of runup > 1.5 m,
and 7000 years as the maximum; as a best estimate, we choose the median value of 4000 years.

The ~N-S-trending Lesser Antilles subduction zone (Fig. 10), where convergence is near-
orthogonal to the trench, may present an additional tsunami threat to the Atlantic coast of Canada.
Preliminary thermal modelling indicates that the seismogenic zone of the megathrust increases in
width from north to south (from a minimum of 80 km north of 16°N to 230 km at 13°N) due to
the increasing width of the accretionary wedge (Gutscher et al., 2009b; 2010). Moderate to large
(up to M~7.5) thrust earthquakes on the subduction interface have been recorded in the northern
Lesser Antilles, but there is a complete absence of instrumentally recorded thrust earthquakes
south of 14.5°N, suggesting that the fault may be fully locked there (Gutscher et al., 2010), or
that convergence is aseismic. Gutscher et al. (2010) suggest that earthquakes up to A/~8.0 are
possible in the north, but with such a wide seismogenic zone in the south a rupture length of
~500 km may be capable of producing great earthquakes up to ~9.0 in the Lesser Antilles. The
potential for M > 8.5 events is also noted by Heuret et al. (2011). During these events, slow slip
beneath the wide zone of shallow accretionary sediments may contribute significantly to
tsunamigenesis as was observed in the similar setting of the Andaman trench during the 2004
Sumatra earthquake (Gutscher and Westbrook, 2009).

There are no published estimates on the possible recurrence of great earthquakes in the
Lesser Antilles, and no far-field tsunami modelling has yet been carried out. In the absence of
further constraints, we assume a range of recurrence intervals based on a comparison with the
Cascadia subduction zone, where paleoseismic data infer that M~9 earthquakes occur with an
average recurrence of ~530 + 260 years (Goldfinger et al., 2012). The 20 mm/y convergence rate
at the Lesser Antilles (e.g., DeMets et al., 2000) is approximately half that at Cascadia, and thus
we assume a range of recurrence intervals for M~9 events that are twice as long (1060 £ 520 y).
We further assume that such events will produce runup > 1.5 m (but only locally > 3 m) along
the outer coasts of Nova Scotia, southern Newfoundland, and New Brunswick (Table 17). For
southeastern Newfoundland and the inner southern Atlantic coasts, we assume that runup > 1.5
m is possible but less likely, and that the northeastern Atlantic coast is sheltered from potentially
damaging waves. We emphasise that modelling is required to determine whether or not the
Lesser Antilles subduction zone represents a significant source of tsunami hazard for the Atlantic
coast.

Additional historical tsunami sources in the northeastern Caribbean have included
extensional earthquakes as well as volcanic eruptions and related mass movements (in the Lesser
Antilles, e.g., Mount Pelée and Soufriere volcanoes). Damaging local tsunamis have been
triggered from an M~7.5 probable transtensional earthquake in the Anegada Passage, Virgin
Islands, in 1867 (e.g., Zahibo et al., 2003), and an M,, 7.3 extensional earthquake in 1918 in the
N-S-trending Mona Passage (e.g., Mercado and McCann, 1998; Jansma et al., 2000; Fig. 10); the
1918 tsunami was recorded at Atlantic City, New Jersey, as 3-6 cm waves (Reid and Taber,
1919). None of these tsunami sources are expected to result in potentially damaging far-field
effects on the Atlantic coast of North America (AGMTHAG, 2008).

Paleoseismic studies in the region have so far provided little insight into the history of
large tsunamis in the northern and eastern Caribbean through the Holocene. Turbidite deposits
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that may indicate the past occurrence of large plate-boundary earthquakes are present in the floor
of the Puerto Rico trench; the largest of these, known as the “giant turbidite”, extends for at least
300 km along the margin and has five separate entry points indicative of widespread
simultaneous shaking (Pilkey, 1988). Unfortunately, these deposits have not been dated (O.H.
Pilkey, personal communication, 2011). The 1918 Mona Passage tsunami is the only historical
event in the region with a proven tsunami deposit (e.g., Scheffers et al., 2005). A possible
prehistoric tsunami deposit on an island in Mona Passage is dated at maximum 4200 years old
(Taggart et al., 1993). A south-directed overwash deposit recently described on Anegada Island
(Fig. 10) occurred between about 1650 and 1800 CE (Atwater et al., 2010). The deposit is of
likely tsunamigenic origin (Watt et al., 2011); it may have resulted from the 1755 Lisbon
tsunami, but modelling suggests that a local origin is more probable (Buckley et al., 2011),
possibly the 1690 Antilles earthquake and tsunami (exact source unknown) or a previously
unknown event (Atwater et al., 2010). In the Lesser Antilles, the only clearly identified Holocene
tsunami deposits are found on the east coast of Guadeloupe in the north-central part of the arc;
radiocarbon dating implies an event age of ~2400-2700 years BP, and a submarine slide may be
the most likely source (Scheffers et al., 2005). The apparent lack of tsunami deposits in the
Caribbean is likely a consequence of poor preservation in the tropical climate and difficulty in
distinguishing the source as tsunamis rather than the more frequent hurricanes (e.g., Day et al.,
2008). Studies of recent tsunamis elsewhere suggest that tsunamis with runup less than 3 m are
unlikely to be preserved, and for larger tsunamis, only 50-60% of the inundation distance is
represented by sand deposits 1-4 years after the event (Goto et al., 2011; Szczucinski, 2012).

The ~E-W orientation of the Puerto Rico trench makes it the Caribbean source most
potentially hazardous to the Canadian Atlantic coast; tsunami energy from a great subduction
earthquake would be directed largely to the north, orthogonal to the Canadian continental margin
(e.g., Geist and Parsons, 2009). An all-source tsunami gain map for Halifax, Nova Scotia (Fig.
11; Xu, 2007) shows that a tsunami sourced in the region of the Puerto Rico trench would
propagate more efficiently to Halifax than from any other potential far-field location in the
Atlantic. Tsunami simulations show that an A~9.0 thrust earthquake on the Puerto Rico trench
(including the northern Hispaniola fault) could produce damaging waves along the U.S. Atlantic
coast, with amplitudes of ~0.5-3.0 m at the shelf edge and significantly higher runup expected
(Knight, 2006; AGMTHAG, 2008; Geist and Parsons, 2009). Similar or higher values are likely
in Atlantic Canada, although tsunami amplitudes have yet to be modelled.

Although most far-field energy from a megathrust-triggered tsunami in the Lesser
Antilles would likely be directed eastwards rather than northwards, the possibility of damaging
far-field tsunami waves from this source warrants further investigation. In the Pacific Ocean,
edge waves from the 1960 Chilean tsunami caused damage in Vancouver Island coastal inlets,
although the main energy was directed elsewhere. The Mid-Atlantic Ridge may also act to steer
tsunami waves towards Atlantic Canada, as it did during the 2004 Sumatra tsunami when Halifax,
Nova Scotia recorded the largest tsunami waves (~80 cm) in the North Atlantic, ~20,000 km
from the source (Rabinovich et al., 2006; Thomson et al., 2007). This topographic steering effect
is apparent in the tsunami gain map for Halifax (Fig. 11).

St. Lawrence Estuary crustal earthquakes

The banks of the St. Lawrence Estuary, Quebec (Fig. 1), along with their population of at
least a million, are considered to be at risk from local waves generated by seismic displacements
or failures of the widespread Quaternary sediments (e.g., Poncet et al., 2010). Seismicity along
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the St. Lawrence valley likely occurs as a result of compressional reactivation of Paleozoic
normal faults (Iapetan rift zone) under the present-day stress field, which is dominated by
postglacial rebound (Mazzotti and Adams, 2005; Mazzotti et al., 2005). Numerous mass
movements have been noted along the banks and submarine slopes of the estuary; many of these
have been linked to the M~7-7.5 Charlevoix earthquake of 1663 CE (e.g., Locat et al., 2003;
Ebel, 2011). In the Betsiamites delta region of the lower St. Lawrence, at least three large
failures have occurred in the last ~10,000 years, one of which correlates with the 1663 event
(Cauchon-Voyer et al., 2008; 2011), suggesting an average recurrence equivalent to that of
M~7.2-7.8 events in the Charlevoix seismic zone (Mazzotti et al., 2005). Liquefaction features of
similar age have been found along three rivers in the Charlevoix seismic zone, but not further
southwest in the Quebec City-Trois-Rivieres area (Tuttle and Atkinson, 2010).

Focal mechanisms of earthquakes sourced in the St Lawrence valley mostly reflect thrust
faulting with a minor oblique component (Mazzotti et al., 2005); a tectonic tsunami could result
from displacement of the river/estuary floor. However, we cannot take an approach similar to
that used for crustal earthquake sources on the Pacific coast. Only a small part of the seismicity
area underlies water; also, the earthquake-tsunami relations of Abe (1995) cannot be applied to
such a confined water body, where even a small displacement may have a relatively large effect.
Landslide tsunamis may also result. However, the relationship between seismicity and mass
movements can be complex, other factors may be responsible for large failures (Lamontagne,
2009), and even small failures may produce locally damaging waves; thus we do not quantify the
probability of landslide tsunamis in the St. Lawrence estuary, but highlight it as an area
susceptible to landslide-triggered waves.

Tsunami modelling of seismic displacement and landslide sources in the St Lawrence
estuary suggests that local wave amplitudes up to 5 m or more are possible, with larger sources
(e.g., blocky landslide with volume of 50 million m®) leading to waves of 1-2 m propagating at
least 30 km up and downstream (El-Sabh et al., 1988; Chassé et al., 1993; Poncet et al., 2010).

With few constraints, we assume that the tectonic tsunami hazard in the St. Lawrence
estuary (inner Atlantic zone) is negligible, but we take a conservative approach. For the
maximum level of hazard we assume that runup >1.5 m (locally exceeding 3 m) may occur with
a return period of ~3300 years (equivalent to the return period of large failures, and presumably
large earthquake regional ground motions, in the lower St. Lawrence).

Landslide Tsunamis

Continental slope landslides

The only historical landslide-triggered tsunami documented on the east coast of North
America occurred in November 1929 and resulted in 28 deaths in Newfoundland, Canada (Table
1). An M; 7.2 earthquake at the edge of the Grand Banks south of Newfoundland (Fig. 12)
triggered a large submarine landslide-turbidity current on the continental slope that broke 12
seafloor telegraph cables (e.g., Heezen and Ewing, 1952). The landslide triggered a tsunami that
traversed the continental shelf to strike southern Newfoundland; most damage and all fatalities
occurred on the Burin Peninsula, where wave amplitudes of 3-8 m and runup up to 13 m were
documented (e.g., Ruffman, 2001; Fine et al., 2005). Future submarine landslides along the
Atlantic continental slope may also trigger destructive tsunamis; mapping has revealed that mass
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failures much larger than the 1929 slide have occurred in the past (e.g., Piper and Ingram, 2003;
Piper and McCall, 2003; Mosher et al., 2010).

Not all submarine mass failures are tsunamigenic. For the purposes of tsunami hazard
analysis, it is then necessary to address the question of what threshold characteristics of a
submarine failure are necessary to trigger a tsunami with the potential to cause damage at coastal
sites. Landslide volume is a primary control on tsunamigenesis, but several other important
factors include failure initial acceleration, velocity and duration, density, viscosity, slope angle,
displacement relative to area, retrogressive behaviour, and water depth (e.g., Fine et al., 2003;
Trifunac and Todorovska, 2003; Harbitz et al., 2006). During tsunami propagation from the
source, the bearing of coastal sites relative to the direction of slide motion will determine the
most affected areas, e.g., the Burin Peninsula, located across the continental shelf directly updip
from the Grand Banks landslide (Fig. 12), experienced much greater tsunami wave amplitudes
and runup than all other locations at an angle from the slide direction (e.g., Murty, 1977). Other
factors to consider that influence the trade-off between attenuation (radial spreading and/or
dispersion) and amplification over the tsunami’s travel path include distance, bottom friction,
nearshore bathymetry, and resonance effects in inlets, as well as the position of the failure on the
continental slope — a lower position allows for greater amplification by shoaling as the back-
going (shoreward) wave propagates up the slope (e.g., Harbitz et al., 2006; Geist et al., 2009b;
Imamura, 2009; Liu, 2009). Thus, complex modelling is required to assess the potential
tsunamigenic impact of submarine failures at coastal sites. The historical Grand Banks event also
provides important ground-truthing data.

Landslide tsunamigenesis

Tsunami modelling that has been carried out for the Atlantic margin of North America
provides some insight into the threshold size for damaging tsunamigenic failures. For the
Currituck slide offshore North Carolina, Geist et al. (2009b) assessed slide volumes of 57, 108,
and 165 km’; modelled coastal runup is ~3 + 1, ~4 + 2, and ~6 + 3 m, respectively. The largest
slide is similar in volume to the Grand Banks slide, where maximum wave amplitudes were 3-8
m, and runup up to 13 m (e.g., Fine et al., 2005), the higher runup due to resonance amplification
(e.g., Murty, 1977). At Cape Fear (also offshore North Carolina), for slide volumes of ~8 and 60
km?, Hornbach et al. (2007) modelled respective maximum wave amplitudes at 100 m depth of
0.7 and > 2 m (for 50 km along strike).

The Canadian continental margin is far from uniform along strike (Fig. 12), and complex
modelling is needed to approximate the effects at different coastal locations of a wide range of
landslide parameters from different sources along the continental slope. An example is given by
Grilli et al. (2009) who used a probabilistic Monte Carlo simulation approach to model a wide
range of landslide and tsunami parameters (dependent on seismic hazard) on the continental shelf
offshore the New Jersey/New York coast; a 100-year tsunami would produce waves < 1 m,
whereas a 500-y tsunami could result in 1-4 m waves. However, this approach appears to
significantly overestimate the frequency of landslides mapped offshore (e.g., Chaytor et al.,
2009); uniform shaking will generally not result in uniform failure, even on slopes of apparent
uniform susceptibility (e.g., Jibson et al., 2000).

Mosher et al. (2010) simulated a tsunami resulting from a deep-seated landslide on the
western Scotian Slope comparable in scale to the Pliocene Shelburne mass-transport deposit
identified in seismic data (location in Fig. 12), i.e., a minimum volume of 862 km® or about five
times larger than the Grand Banks landslide, with thicknesses of ~130-450 m. As the deposit
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consists of slump and debris flow portions, Mosher et al. (2010) tested two scenarios for their
impact on Halifax, Nova Scotia, located ~200 km north of the source across the continental shelf.
In the first scenario, only the 117 km’® slump portion is modelled, resulting in a maximum wave
amplitude of 13 m (above the state of tide) at Halifax; modelling of a simultaneous 862 km’
failure incorporating both the slump and debris flow produces a 25 m wave at Halifax. However,
the use of instantaneous vertical displacements may have overestimated the amplitudes.

The 1929 landslide, triggered by an M 7.2 earthquake beneath the continental slope of the
Grand Banks, Newfoundland (Fig. 12), involved a 150-200 km® volume of sediment. The most
damaging waves of the resulting tsunami were those that travelled directly north across the
continental shelf, orthogonal from the headwall of the slide, to devastate the Burin Peninsula,
~250 km from the tsunami source. It seems likely that the location of Halibut Channel played a
significant role in directing tsunami energy directly from the site of greatest sediment failure
(most efficient tsunamigenesis) to the Burin Peninsula (Fig. 12). Severe damage occurred in over
40 communities along a ~75-km (straight line distance) stretch of coastline (white line in Fig. 12),
and loss of life (28 people) occurred in six communities (e.g., Berninghausen, 1968; Ruffman
and Hann, 2006). Minor tsunami damage occurred on the outer coasts of Nova Scotia and
Newfoundland extending from the most severely affected area up to ~425 km to the southwest,
as far as Canso, Nova Scotia, where runup of ~60 cm damaged wharves and boats, and up to
~160 km to the east, as far as the southern tip of the Avalon Peninsula, Newfoundland (e.g.,
Berninghausen, 1968). Northeastern Newfoundland was also slightly affected in the Bonavista
area (e.g., Ruffman, 2006). Wave amplitudes on the Burin Peninsula are estimated at 3-8 m, with
runup of up to 13 m, highest at the heads of long bays (e.g., Ruffman, 2001; Fine et al., 2005).
Few wave amplitude estimates are available outside of the Burin Peninsula, but a runup of 1.5 m
was reported at Sydney, Nova Scotia, located ~330 km southwest of the Burin Peninsula. The
tide gauge at Halifax, Nova Scotia, ~640 km southwest of Burin, recorded a maximum peak-to-
trough wave amplitude of ~1.25 m (Fine et al., 2005). Small tsunami waves were measured by
tide gauges as far away as South Carolina (Charleston), the Azores, the Antilles, and the west
coast of Portugal (Berninghausen, 1968, and references therein; Ruffman, 1994).

The observations of the 1929 Grand Banks tsunami suggest that a tsunami generated by a
1929-type submarine landslide with 150-200 km® volume could result in runup that exceeds 1.5
m along a stretch of coastline up to ~700 km or more in straight-line length (~100 km for severe
damage, with minor damage possible for ~300 km on either side). Tsunamis resulting from
smaller landslides closer to the threshold volume are expected to affect a considerably shorter
length of coastline.

We estimate threshold volumes for damaging tsunamigenic failures on the Atlantic
continental slope based on the modelling studies and the effects of the Grand Banks event
discussed above. We estimate that damaging tsunami runup that exceeds 1.5 and 3 m may result
from failures that exceed volumes of 40 and 55 km’, respectively. We stress that these values are
an approximation — the threshold may well vary along the coast, due to factors such as
differences in width of the continental shelf or the presence of inlets where resonance
amplification may occur. Also, as outlined above, tsunamigenesis is influenced by many factors,
but landslide volume is the only one that can be approximated from the available data on slide
deposits. Future studies should entail more detailed modelling of a wide range of failures to
ascertain coastal locations that may be particularly susceptible to damaging waves from
relatively small failures.
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Event recurrence

Three main styles of sediment failure have been recognized on the Atlantic continental
slope (e.g., Piper, 2005): (1) glaciogenic debris flow deposits, generally located seaward of shelf-
crossing glacially-excavated troughs, forming trough-mouth fans; (2) deep-seated mass
movements involving failure on a décollement surface and resulting in deposits made up of
blocks up to hundreds of metres thick; (3) shallow retrogressive failures, typically 10-20 m in
thickness, e.g., the 1929 Grand Banks failure.

Each of these failure styles is likely the result of different trigger mechanisms and/or
preconditioning to failure, and therefore they are not expected to plot on the same frequency-size
relation. (1) Glaciogenic sediments in trough-mouth fans are thought to result from very high-
viscosity debris flows made up of glacial till that move too slowly to be tsunamigenic (e.g.,
Tripsanas and Piper, 2008). Also, such flows occurred at times of meltwater discharge from their
parent ice streams, and are not expected to occur at the present day. However, the other two
styles certainly have tsunamigenic potential. (2) Evidence for only a few large deep-seated
failures has been identified on the margin (e.g., the Hopedale-Makkovik failure complex
offshore Labrador, Deptuck et al., 2007; the Shelburne mass-transport deposit on the western
Scotian Slope, Mosher et al., 2010; locations in Fig. 12). These deposits represent catastrophic
slides that would undoubtedly have produced large tsunamis; however, with very long recurrence
intervals their probabilistic contribution to the tsunami hazard of the east coast is low.

(3) Most failures are of the shallow, retrogressive type similar to the 1929 Grand Banks
event. On the Atlantic continental slope, small failures (up to ~10 km®) are common on steep
slopes, e.g., canyon walls, but large, potentially tsunamigenic slides occur on lower angle slopes
where the regional gradient is typically 2-6° (Piper et al., 2003; Twichell et al., 2009). Piper et al.
(2011) make the assumption that slopes with a mean gradient exceeding 2° have local slopes
where the gradient exceeds 6° and where failure is relatively easily initiated under strong ground
shaking (e.g., ten Brink et al., 2009a) and could retrogress to lower-angle slopes. The slope
stability analysis of Mosher et al. (1994) shows that under static conditions, the Scotian Slope
seabed is stable (with the exception of canyon walls, etc.). Failure would require elevated pore
pressure and/or earthquake shaking, as occurred on the Grand Banks in 1929. Other factors such
as shallow salt deformation, seaward-dipping faults, and the presence of gas-charged sediments
(e.g., due to gas hydrate dissociation) may play a role, but it is likely that ground shaking is
necessary to precipitate failure (e.g., Giles et al., 2010).

The recurrence of large (potentially tsunamigenic) submarine landslides on the Atlantic
continental slope is poorly known and difficult to estimate (e.g., Lee, 2009; ten Brink et al.,
2009a). Individual failures must be identified and dated using detailed mapping and sampling of
the seafloor and sub-seafloor. The recurrence of large submarine failures has likely varied
through the Quaternary depending on glacial cycles; mass failures are more frequent during and
after glaciation/deglaciation due to increased sedimentation on the upper continental slope during
sea level low stands and increased seismicity caused by isostatic adjustments to glacial
loading/unloading (e.g., Piper et al., 2003; Lee, 2009).

Published estimates of the return periods of large (regional) failures on parts of the
continental slope off Nova Scotia and Newfoundland range from ~10,000 years (Piper and Gould,
2004) to a few hundred thousand years, based mainly on the number of stacked mass-transport
deposits above marker horizons in seismic data on the continental rise (Piper et al., 2003). Piper
(2005) estimates a crude size-frequency relationship for the eastern Canadian margin, with a
recurrence interval of ~5 ky for small failures and > 200 ky for large failures, without a clear
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definition of “small” and “large”. However, the record in any one area is dependent on the
resolution and quality of available data; e.g., based on morphology alone the large (150-200 km?)
1929 Grand Banks tsunamigenic slide may not have been identified as it did not produce an
easily identifiable bathymetric signature (Mosher and Piper, 2007). The record of smaller failures,
closer to the estimated threshold size, is certainly incomplete in most areas, so that individual
size-frequency relations cannot be estimated for most of the margin. In many cases it is also
difficult to estimate the failure volume, when the original scar has long since been eroded or
obscured by subsequent sedimentation and any corresponding mass-transport deposits are likely
incompletely mapped and/or much of the failed sediment may have bypassed the slope to be
deposited on the abyssal plain.

A chronology of regional failures identified along the southeastern Canadian margin was
presented by Piper et al. (2003) and updated by Piper (2005). Subsequent studies have increased
the number of failures recognised in several areas including Flemish Pass (Huppertz and Piper,
2009) and Orphan Basin (Piper et al., 2011), illustrating the incompleteness of the record along
the rest of the margin. The record is especially incomplete for the Labrador margin; preliminary
studies indicate that the distribution of failures is generally similar to the Scotian Slope and
Orphan Basin, and the frequency of dated failures is comparable to these areas at a time when the
level of knowledge was similar (Piper, 2007). Seismic reflection data from eastern Hudson Strait
reveal a number of debris-flow scars (up to 10 km wide) and associated deposits that appear to
postdate glaciomarine sedimentation in the region, i.e., such failures are likely younger than ~8
ka (MacLean et al., 2001). Preliminary data from a recent seismic cruise off northeastern
Newfoundland suggests a relatively high frequency of failures in the region of the Notre Dame
trough-mouth fan, coinciding with steep fault scarps along the extension of the Charlie Gibbs
fracture zone (Campbell and Saint-Ange, 2012; Fig. 12).

Piper et al. (2011) provide the most complete record of shallow failures anywhere on the
margin over the last ~90 ky for Orphan Basin, off northeastern Newfoundland (Fig. 12). Mass-
transport deposits identified with ultra-high resolution seismic reflection data are correlated with
slump-generated turbidites cored on the basin floor. Fifteen failures are recognized that affected
along-slope extents of at least 10 km; seven of these affected the slope for at least 100 km. The
record from Orphan Basin can be used to approximate a size-frequency relationship, using along-
slope extent as a proxy for failure size (Fig. 13; Piper et al., 2011).

A size-frequency relation can be calculated in a similar way for failures in the relatively
small source area of Flemish Pass (Figs. 12 and 13). This relation is based on amalgamating data
for large failures (extent > 90 km) over the last ~400 ky identified from seismic profiles (Piper
and Campbell, 2005) with higher-resolution data for smaller failures (extent > 40 km) over the
last ~165 ky (Huppertz and Piper, 2009).

To calculate the expected frequency of failures of a threshold size for potentially
damaging tsunami waves, it is necessary to estimate the corresponding failure extent for a 40
km?® volume. We assume that failures in Orphan Basin and Flemish Pass are similar in style to
the Grand Banks failure, for which the dimensions are approximately known. Shallow
retrogressive failures typically involve the upper 10-20 m of sediment, and downdip extent likely
scales with along-slope extent. For an extensive catalogue of slides on the U.S. Atlantic margin,
Chaytor et al. (2009) estimate the following relation between failure volume /" and area 4:

V =0.01634"" (15)
The volume of the Grand Banks slide is estimated at 150-200 km® and its area at ~10,000 km?
(Fine et al., 2005; Mosher and Piper, 2007), suggesting the relation:
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V' =0.024 (16)
similar to the relation of Chaytor et al. (2009). Relating the volume to the ~250 km length (L) of
the Grand Banks failure provides the relation:

V =0.8L; (17)
thus a shallow failure with a volume of 40 km? is expected to have an along-slope extent of ~50
km, and a 55 km?® failure an extent of ~70 km.

In Orphan Basin, the expected frequency of landslides with an extent > 50 km is ~0.1/ky
(0.06-0.15/ky), equating to an average recurrence interval of ~10 ky (6.5-17 ky). In Flemish Pass,
such threshold landslides are expected to occur with an average recurrence interval of ~21 ky
(15-32.5 ky). Continental slope failures with extents > 70 km are expected approximately every
~11.5 ky (7-20.5 ky) in Orphan Basin and ~45 ky (27-78 ky) in Flemish Pass. The average
recurrence interval for 1929-size failures in Orphan Basin is ~31 ky (16-76 ky).

In the absence of robust size-frequency data elsewhere along the margin, we assume that
the frequency of threshold events estimated for Orphan Basin is approximately representative of
the entire Canadian Atlantic margin. In most cases, for events close to threshold size, a coastal
location is assumed to be at risk from only one source section of the continental slope. However,
due to the bend in the shape of the continental margin off southeastern Newfoundland and the
likely main tsunami travel paths, this coastal area must be assumed to be at risk from landslide-
generated tsunamis from three source areas: Orphan Basin, Flemish Pass, and the Salar Basin on
the southeastern Grand Banks (Fig. 12). Tsunami modelling is required to test this assumption,
but at this stage the probability of a damaging landslide-triggered tsunami is considered to be
significantly higher here than elsewhere along the margin.

For the outer Atlantic coast then, we assume that mean local runup > 1.5 m could result
from failures with an along-slope extent > 50 km, and mean local runup > 3 m may be produced
from failures > 70 km (Table 18). The inner Atlantic coastlines (zones given in Table 18) are
assumed to be susceptible to only local runup maxima > 1.5 m and > 3 m for slides exceeding 50
and 70 km in length, respectively.

Canary Islands

Large landslide deposits offshore the western Canary Islands (off northern Africa; Fig. 2)
suggest that major volcanic flank collapses of these young oceanic hot spot islands have occurred
periodically over the last ~1 million years (e.g., Carracedo et al., 1999). Modelling by Ward and
Day (2001) of a western flank failure of Cumbre Vieja volcano on the island of La Palma implies
that potentially catastrophic tsunami waves could impact the North American Atlantic coast (10-
25 m wave amplitudes for a 500 km® failure). However, the presence of stacked sub-units within
turbidite deposits led Wynn and Masson (2003) to suggest that each major failure deposit may
represent several stages of collapse spread over days, each involving a smaller volume (as low as
10-25 km®) with a consequently lower tsunami hazard. Moreover, subsequent studies (e.g.,
Pararas-Carayannis, 2002) point out that Ward and Day (2001) failed to account for the effects of
dispersion, which would be very significant for the short-period, short-wavelength waves
expected, drastically reducing the far-field wave amplitudes. Subsequent, more realistic models
by Mader (2001) and Gisler et al. (2006) can produce far-field waves on the east coast of North
America of no more than 3 m and 1 m, respectively, with damaging runup possible in both cases.

Thus, we do consider Canary Islands volcanic collapses to be a potential source of
infrequent damaging tsunamis for the east coast of Canada. Masson et al. (2002) present data on
large submarine landslide deposits offshore the western Canary Islands, dating back to ~1 Ma. A
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total of twelve flank failures are documented over that time period from the islands of El Hierro,
La Palma, and Tenerife, most recently at ~15 ka, ranging in estimated volume from < 50 to ~650
km’; the data are plotted as cumulative volume versus frequency in Figure 14. A 500 km® failure,
as modelled in the three studies above, is expected approximately every 590 ky. We take 150
km” as the lowest possible slide volume to produce tsunami waves damaging to the Canadian
Atlantic coast; Ward and Day (2001) estimate 3-8 m amplitudes for such a failure, but we
assume that a more realistic model would produce waves an order of magnitude smaller, that
with runup may reach 1.5 m. Based on the frequency-volume relationship in Figure 14, such
failures are expected approximately every 160 ky (97-313 ky assuming a range of maximum
volumes).

Although the study of Ward and Day (2001; 2005) significantly overestimates tsunami
wave amplitudes, their far-field modelling results are useful in illustrating variations due to
bathymetry in the relative impact of far-field tsunamis along the Canadian Atlantic coast. For
example, as a result of focussing by the Laurentian Channel, the eastern coasts of Prince Edward
Island and New Brunswick may experience wave amplitudes as large as those on the outer coasts
of Nova Scotia, Newfoundland and Labrador (Fig. 15). Thus, we apply equal hazard to all
susceptible Atlantic coastal zones, assuming that events with a 160 ky recurrence interval could
result in local mean runup > 1.5 m, 313 ky events could produce local mean runup > 3 m, and 97
ky events could produce only local maxima > 1.5 m (Table 19). The Canary Islands source
provides a negligible contribution to the tsunami hazard of Atlantic Canada.

Storegga

Massive submarine landslides have occurred off the coast of Norway in the past, the
largest being the Storegga slide complex (Fig. 2), which has failed approximately every 100 ky,
most recently at ~8100 cal. yr BP (Solheim et al., 2005). In the absence of far-field modelling
studies, we assume that northern Newfoundland and southern Labrador could potentially be
affected by tsunami waves from a slide similar to those in the Storegga complex. For the latest
and largest slide (estimated volume 2500-3500 km’; Haflidason et al., 2004; Solheim et al.,
2005), runup of 3 to > 20 m is reported from tsunami deposits in coastal areas within ~900 km of
the slide (western Norway, eastern Scotland, the Faroe and Shetland Islands; e.g., Bondevik et al.,
2005). However, coastal wave runup in the western Atlantic would not likely exceed 1.5 m due
to attenuation over the > 3000 km distance and wave scattering by Iceland and the Faroe Islands.
Also, it is thought that the Storegga area is currently stable, and that another glacial cycle would
be required to lead to the next failure (Bryn et al., 2005). Thus, we do not include this source in
the tsunami hazard assessment for eastern Canada.

ARCTIC COAST

The tsunami hazard of the sparsely-populated Arctic region of Canada is poorly known.
Tide gauge stations have only recently been installed in the Arctic, the region has only a very
short written history and poorly-recorded oral history (e.g., Ruffman and Murty, 2006), and there
have been no targeted geoscience studies to document coastal evidence for past tsunamis. It is
likely that tsunami hazard is significantly lower for the margins of the Arctic Ocean than for both
the Pacific and Atlantic, given the lack of subduction plate boundaries and the expected
attenuating effect of extensive sea ice cover, especially in winter (e.g., Murty, 1983; Hill et al.,
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2001). However, as on the other coasts, there is a real possibility of locally-damaging tsunamis
generated by submarine or subaerial landslides; an additional hazard in some areas relates to
iceberg calving and/or jokulhlaups, and we also consider a possible tectonic source beneath the
Mackenzie delta.

Ruffman and Murty (2006) report local oral history from the coast of southern Baffin
Island regarding a large Inuit hunting party that disappeared at the time of a major felt
earthquake in the early 1860s, suggesting the occurrence of a damaging local tsunami. No
tsunami waves have been reported along the coast of the Beaufort Sea (Fig. 1). However, several
studies have identified storm surge deposits in the coastal sedimentary environment, many of
them suggesting surges of up to ~3 m or more in observed storm events in 1944 and 1970 (e.g.,
Henry and Heaps, 1976; Reimnitz and Maurer, 1978; Harper et al., 1988; Jenner and Hill, 1998;
Pisaric et al., 2011). In the absence of other evidence, it is often impossible to distinguish
between tsunami and storm surge deposits (e.g., Peters et al., 2003; Bourgeois, 2009); thus, it is
possible that some of these could be tsunami deposits, but there is currently no supporting
evidence for such a hypothesis.

Earthquake Tsunamis

The Canadian Arctic margins are located far from subduction plate boundaries;
potentially damaging far-field subduction tsunamis are extremely unlikely. Tectonically-
generated tsunamis related to known Arctic concentrations of seismicity are also unlikely, as
there is no evidence that this seismicity defines any tectonic structures that are tsunamigenic.
Earthquakes beneath the continental slope of the Beaufort Sea (Fig. 16) have been interpreted as
deep extensional faulting due to sediment loading (Hasegawa et al., 1979); seismicity appears to
be confined to an area underlain by oceanic crust on this rifted margin (Lane, 2002). Other
earthquake concentrations relate to postglacial extensional faulting on eastern Baffin Island, and
mainly strike-slip faulting in Baffin Bay (Basham et al., 1977; Bent, 2002).

Mackenzie thrust

The potential for large thrust earthquakes beneath the Mackenzie delta in the Beaufort
Sea region was suggested by Hyndman et al. (2005). GPS data from Yukon Territory reveal a
north-northeastward motion of the northern Canadian cordillera relative to the stable North
America craton to the east; resultant compressive strain occurs in northeastern Yukon as thrust
faulting in the Mackenzie Mountains and ~N-S right-lateral strike-slip faulting in the Richardson
Mountains (e.g., Leonard et al., 2007; Mazzotti et al., 2008; Fig. 16). In the Mackenzie delta
region there is likely a residual ~2 mm/y northward motion; the lack of recorded seismicity
indicates that the north-south compression is accommodated either by aseismic deformation or
by infrequent large thrust earthquakes on one or more currently locked faults. A thin-skinned
fold-and-thrust belt was formed in the area in response to late Paleocene-middle Eocene north-
south compression; more distal east-west-striking folds formed in the Miocene, and Holocene
deformation is also apparent locally (e.g., Lane, 2002; Houseknecht and Bird, 2011). Hyndman
et al. (2005) suggest that one outcome of the current north-south compression could be ongoing
thrusting of the Mackenzie delta sediments and underlying continental crust over the oceanic
crust to the north along a décollement.
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We assume that large tsunamigenic earthquakes may occur on such a locked thrust fault
(shown schematically in Fig. 16), and estimate the range of potential earthquake magnitudes and
resultant tsunami impacts. With very few constraints available, we assume a fault length of 200-
300 km and an arbitrary range of rupture widths (30-80 km); empirical relations between fault
area and moment magnitude (Strasser et al., 2010; Equation 6) suggest that M,, 7.9 (7.4-8.4)
events may occur, the large range reflecting the very large uncertainties (Table 20). Using a
convergence rate of 2 mm/y and Equations 7-9, we estimate average recurrence intervals for
these events of ~3300 years (~980-10,300 y).

Sediment cores from the southern Canada Abyssal Plain contain four distal turbidites (1-5
m in thickness) interbedded with pelagic deposits dating back to ~8 ka (Grantz et al., 1996).
Turbidite composition is consistent with a provenance of Pleistocene and Holocene sediments on
the outer continental shelf and upper slope of the Mackenzie delta; Grantz et al. (1996) suggest
an origin of shallow submarine slides triggered by earthquake shaking. An average turbidity
current recurrence of ~2000 years is consistent with our recurrence estimates for hypothetical
Mackenzie thrust earthquakes, but is also consistent with the recurrence of M~7 earthquakes
predicted by the recurrence relation of historical Beaufort Sea seismicity (northeast of the
Mackenzie thrust in Fig. 16).

Using empirical relations between M,, and tsunami runup (Abe, 1995; Equations 12-14;
Table 2), an M,, 8.4 thrust earthquake beneath the Mackenzie delta could result in tsunami runup
> 3 m along the northern coasts of Yukon and western Northwest Territories, with localized
runup > 1.5 m possible along parts of Banks Island, Victoria Island, and as far east as
northwestern Nunavut (Table 21; Fig. 1). Smaller earthquakes would likely result in only
localized potentially damaging runup. It is important to note that these calculations do not take
ice cover into account. It is possible that breakup and transport of ice could increase the potential
for damage close to the source, but would likely also significantly reduce tsunami runup further
afield, based on the contrasting phenomena observed during storm surge events in periods of low
versus high ice cover (e.g., Henry and Heaps, 1976; Reimnitz and Maurer, 1978).

Given the extremely poor constraints on a potential Mackenzie thrust event, and the
possibility that convergence is aseismic and therefore non-tsunamigenic, it should be stressed
that further investigation is required before this can be considered as a known hazard. Therefore
we exclude this source from the cumulative tsunami hazard calculation for the Arctic coastline.

Landslide Tsunamis

Local landslides

Much of the Arctic coastline is at risk from locally destructive waves triggered by
subaerial and submarine failures. As on the Pacific coast, fjords are particularly susceptible due
to the combination of steep slopes, active delta fronts, and the potential for high runup on the
banks and at the heads of confined inlets, where human settlements are common. Fjords are
common along eastern Baffin Island, and along the coasts of other islands in the High Arctic.
Although landslide tsunamis have not been reported, several failures have been noted (Syvitski et
al., 1987, and references therein), and landslide tsunamis have been documented from similar
environments in the Disko Island region off western Greenland (Ruffman and Murty, 2006; Fig.
1). Iceberg calving from coastal glacier termini and ice shelves present a similar local tsunami
hazard in Arctic fjords; damaging waves have been reported from such events in Greenland (e.g.,
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Amundson et al., 2008; Macayeal et al., 2011). Jokulhlaup events (catastrophic release of water
from a glacier; “glacier burst” in Icelandic) could also produce locally damaging waves, where
glacier termini are near sea level (e.g., Lewis et al., 2007).

Continental slope landslides

Similar to the Atlantic margin, the Beaufort continental slope is underlain by stacked
mass-transport deposits and there is evidence for widespread retrogressive failures and slumps
(e.g., Hill et al., 1982; Kayen and Lee, 1991). Canada Basin is filled with turbidites that were
likely derived from stacked mass-transport deposits along the Beaufort and Arctic Archipelago
margins (Mosher et al., 2012). The stratigraphy of the Mackenzie delta fan is dominated by
mass-transport deposits (Mosher et al., 2012); with ongoing high sedimentation rates on the delta,
this could be a source of tsunamigenic failures. A large submarine landslide scar has been
imaged at the shelf-slope interface in the southern Beaufort Sea (Hill et al., 1982; Bennett et al.,
2008; Paull et al., 2011; location in Fig. 16). Based mainly on a reticulate morphology of the
headwall area, Hill et al. (1982) speculated a creep failure mode for this landslide, which would
have no significant implications for tsunami generation. However, other mass failure modes are
possible; e.g., other authors (e.g., Kayen and Lee, 1991; Nixon and Grozic, 2007) have raised the
possibility of failure at the Beaufort shelf edge along a weak gassified layer caused by gas
hydrate dissociation. Mosher (2009) suggested that the slide could have been tsunamigenic.
Unfortunately, since none of the failures have been dated, a size-frequency relationship cannot
be approximated. As mentioned above, cores from the southern Canada Abyssal Plain indicate
an average Holocene turbidity current recurrence of ~2000 years (Grantz et al., 1996); it is likely
that these turbidites resulted from slope failures on the outer continental shelf/upper slope of the
Mackenzie delta, but the size and tsunamigenic potential of such failures remain unknown.

The Baftin slope area also requires much further study, particularly to determine whether
the widespread debris flow deposits on the lower slope (e.g., Aksu and Piper, 1987; Aksu and
Hiscott, 1989) are the result of glaciogenic processes or more catastrophic potentially
tsunamigenic failures. A number of turbidite layers have been cored on the abyssal plain of
Baffin Bay; the record from one site offshore southern Baftin Island suggests a minimum of
eight turbidity currents in the last ~50,000 years (Benetti, 2006). However, turbidity currents
may be initiated by a number of different processes (Piper and Normark, 2009), and further
studies are required to constrain the history of failures on the Baffin slope. A recent survey found
no evidence for slope failures in the epicentral region of the 1933 M,, 7.4 Baffin Bay earthquake
(Li et al., 2010).

It is generally thought that earthquake shaking is necessary to trigger large failures on the
continental slope (e.g., Mosher et al., 1994); the Canadian national seismic hazard maps
(Halchuk and Adams, 2008) show generally similar levels of seismic hazard for the Arctic and
Atlantic continental margins. The presence of numerous gas escape structures on the outer shelf
and slope in the Beaufort Sea raises the possibility that gas escape is another mechanism that
may contribute to slope instability in this region. However, given the weak level of
understanding of slope failure mechanisms and timing, further investigations are required before
the recurrence intervals can be stated with confidence. In the absence of better constraints, we
assume that potentially damaging coastal tsunami runup due to continental slope landslides may
be expected along the margins of Canada Basin and Baffin Bay with a similar frequency to that
calculated for the Atlantic margin, i.e., with an average recurrence interval of ~10 ky (6.5-17 ky).
Further, without any constraints on how much of the Arctic coast may be affected by such



37

tsunamis, we apply a uniform hazard to the entire zone. However, we note that some Arctic
coastlines are undoubtedly sheltered from slope failure tsunamis, particularly throughout most of
the year when ice cover is high, and that hazard will be highest during times of lowest ice extent.

CUMULATIVE TSUNAMI HAZARD OF THE CANADIAN COASTLINE

The previous sections of this report assess the hazard presented by individual tsunami
sources to the coasts of Canada. Here, we combine the relative hazard from each source to
calculate the overall hazard for each section of the coastline. For each region, the annual
frequencies of occurrence of potentially damaging runup Hr > 1.5 m from different sources are
added together to provide an estimate of the cumulative annual frequency of Hr > 1.5 m resulting
from any source (Equations 3-5). The cumulative frequencies are then used to calculate
cumulative probabilities (Equation 2), i.e., the probability that the coastline in question will
experience potentially damaging tsunami runup of 1.5 m or more within a 50-year period, from
any source (Tables 22-24). In each case, a “best estimate” is presented, as well as a minimum
and maximum possible value of the probability, taking into account the uncertainties of the
various sources. The probabilities are also presented in the form of equivalent recurrence
intervals. Tables 22-24 also include the probability of each region experiencing a more severe
(“significant”) tsunami runup of 3 m or more in a 50-year period. Tables 25-27 provide the
maximum runup expected to occur various time periods (50-2500 years).

Figures 17 and 18 present the best estimate of the overall tsunami hazard for the
coastlines of Canada, for runup exceeding 1.5 and 3 m, respectively, in 50 years (maximum
runup levels expected within longer time periods are shown in Appendix D). Coastline sections
are coloured according to their probabilities. We stress that regions with an apparent negligible
probability (< 2% in 50 years) of tsunami runup from the sources assessed may be vulnerable to
locally-damaging waves triggered by mass movements. Such hazards could not be quantified for
this assessment, but susceptible coastlines are highlighted in Figure 19.

The cumulative estimates in Tables 22-24 (also shown for representative regions in Fig.
20) indicate that the tsunami hazard (runup exceeding 1.5 m) of the outer Pacific coastline (~40-
80% probability of exceedance in 50 y) is an order of magnitude greater than that of the outer
Atlantic coastline (~1-15%), which in turn is an order of magnitude greater than the Arctic
coastline (< 1%). These numbers are equivalent to an expected recurrence of 1.5 m+ runup of
~30-100 years for the outer Pacific coast, and ~300-1700 and ~6500-17,000 years for the outer
Atlantic and Arctic coasts, respectively. For runup exceeding 3 m, the Pacific hazard (~10-30%
probability of exceedance in 50 y; equivalent recurrence of ~150-500 y) is significantly higher
than both the Atlantic (~1-5%; ~650-4000 y) and the Arctic (< 1%; ~7000-20,000 y).

Figure 21 illustrates the source contributions to the overall tsunami hazard (also see
Tables 22-24, and Appendix E). On the outer Pacific coastline, the 1.5 m+ tsunami runup hazard
is dominated by far-field subduction zone sources, whereas the more severe 3 m+ tsunami hazard
is almost entirely contributed by local plate boundary subduction zone sources. For the more
sheltered inner Pacific coasts of Juan de Fuca and Georgia Straits, the hazard at both levels is
contributed mostly by the Cascadia subduction zone. Tsunami hazard on the Atlantic coastline is
dominated by quite poorly-constrained far-field subduction zone sources at both the 1.5 m+ and
3 m+ runup levels. Tsunami hazard on the Arctic coastline remains uncertain, but these regions
are assumed to be sheltered from far-field tsunamis, so the hazard is provided by local landslide
sources.
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Regional Recommendations

This report presents a preliminary assessment of the tsunami hazard of the Canadian
coastline, by identifying potential tsunami sources and quantifying their hazard in a probabilistic
way, wherever the available data allow. For each region, we calculate probabilities of damaging
tsunami runup at two levels (exceeding 1.5 and 3 m), but we do not present the maximum runup
likely to occur within given time periods. The current state of knowledge precludes a complete
probabilistic tsunami hazard assessment. This would require quantification of a wide range of
possible scenarios for each tsunami source, coupled with tsunami modelling that incorporates
fine-resolution bathymetry and onland topography to adequately assess potential tsunami runup
at the coast.

Pacific Coast

The Cascadia subduction zone clearly presents the highest overall tsunami hazard to the
Pacific coast, and the most extreme potential runup; more tsunami modelling is needed, with
improvements in both the range of source models and in the use of detailed bathymetric and
topographic data to provide accurate assessments of coastal runup, especially for populated areas.
At near-field locations, variations in rupture on the fault have a large impact on tsunami runup at
the coast, e.g., for Cascadia, a narrower rupture would produce a larger tsunami than a wider
rupture for the same earthquake size, due to the concentration of fault slip at shallower depth
(closer to the trench) and beneath relatively deep water (Geist, 2002; 2005). Splay fault rupture
and local landslides also influence local tsunami runup (e.g., as documented/suggested for the
1964 Alaska and 2004 Sumatra earthquakes, e.g., Platker, 1967; DeDontney and Rice, 2011;
Suleimani et al., 2011). Thus, improved constraints on the geology and geometry of the
subduction zone to assess the range of possible rupture scenarios are critical. Hazard analysis
will also benefit from comparisons with other subduction zones where historical events can be
better studied. A useful case study is presented by Priest et al. (2009), who carried out a
probabilistic analysis to assess potential tsunami runup at Cannon Beach, Oregon (location in Fig.
4), from Cascadia subduction zone sources. Their deterministic approach involves a wide range
of rupture scenarios that are consistent with available data and weighted according to their
estimated likelihood. Variations include local/regional high-slip patches and the inclusion of
splay fault rupture; earthquakes of M,, 8.3-9.4 involving fault slip of ~8-38 m result in maximum
tsunami runup (at Cannon Beach) of 9-30 m, with the preferred scenario producing runup of ~10
m. Additional scenarios could incorporate the potential for large submarine mass failures at the
deformation front, coincident with megathrust rupture, and rupture that extends northward to
include subduction of the Explorer plate.

This preliminary analysis indicates that, although no historical events have occurred,
potential thrust sources along the Explorer and Queen Charlotte margins may contribute a
significant proportion of the tsunami hazard for the northern BC coastline (Table 22; Fig. 21).
Future work needs to provide better constraints on the extent and nature of subduction along both
the Queen Charlotte and Explorer margins, and to seek paleoseismic evidence for tsunamigenic
earthquakes in the past (e.g., tsunami deposits, offshore turbidites, landslide deposits, and
indicators of vertical coseismic displacements). Modelling should also be undertaken to assess
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the tsunamigenic potential of megathrust earthquakes generated in these regions, and to better
constrain the potential impacts at the coastline.

The inner Pacific coasts, particularly Georgia Strait, are sheltered from most tsunami
sources included in this assessment. However, these areas are at risk from locally-damaging
waves triggered by crustal earthquakes or landslides. For many areas, especially fjords, landslide
tsunamis likely present the greatest hazard, but are difficult to quantify (susceptible areas are
shown in Fig. 19). A probabilistic analysis will require (1) the identification of potential sources;
(2) evidence for past tsunamigenic events to establish frequency-size relationships and/or slope
stability analyses that incorporate expected earthquake shaking levels; (3) probabilistic tsunami
modelling of a wide range of possible failures.

Atlantic Coast

Analysis of the Atlantic coast tsunami hazard (Table 23; Fig. 21) indicates that far-field
subduction zone sources may be very significant, but the hazard is poorly constrained. Tsunami
modelling is critically needed to identify which sections of coastline are at risk from each
potential source, e.g., the tsunami gain map of Xu (2007; Fig. 11) indicates that Halifax, Nova
Scotia, is relatively sheltered from Gibraltar-Cadiz sources, with a higher hazard presented by
the northeastern Caribbean. The frequency of events similar to the 1755 Lisbon tsunami, which
was observed in Bonavista, Newfoundland, is relatively well constrained, but much further
research is required to constrain potential events on the Puerto Rico trench and the Lesser
Antilles subduction zone.

Continental slope failures similar to the 1929 Grand Banks event also present a
significant hazard to the Atlantic coast. Our assessment involves a number of simplistic
assumptions that need to be tested with modelling and with the collection of more data. These
assumptions include: (1) the size-frequency relationship of failures in Orphan Basin can be
applied to other parts of the margin; (2) the threshold volume of tsunamigenic failures is 40 km®,
and this value applies along the whole Atlantic margin; (3) with the exception of southeastern
Newfoundland, a coastal location is at risk from only one slope failure source area directly
offshore.

As with the Pacific coast, inner coastal areas that may be relatively sheltered from most
tsunami sources, e.g., the St. Lawrence Estuary, have a potentially higher hazard from local
landslide tsunami sources (Fig. 19). Similar recommendations apply as for the Pacific. The
possibility of tectonic tsunamis in the St. Lawrence Estuary also merits further study.

Arctic Coast

The tsunami hazard of the Arctic coast (Table 24; Fig. 21) is the most poorly constrained.
For the coasts of Yukon and Northwest Territories, the hypothetical Mackenzie thrust may
present the highest potential tsunami hazard, although at present we consider the uncertainties
too great to include this source in the national hazard map. Much further work is required to
constrain the potential rupture dimensions and tsunamigenic potential of this fault, and to search
for paleotsunami deposits. Data collection is also required to test the simplistic assumption that
continental slope failures have a size-frequency relationship similar to Orphan Basin on the
Atlantic margin. Similar to the Pacific and Atlantic coasts, the Arctic is also at risk from local
landslide tsunamis; additionally, locally-damaging waves are likely from glacial sources, a
hazard that may increase with climatic warming (Fig. 19). Tsunami modelling of sources in the
Arctic should also account for the presence of sea ice, which may increase the potential for



40

damage locally, but would likely decrease the hazard further afield. Tsunami hazard is likely to
vary seasonally with changes in ice extent.

NOTE ADDED IN PROOF: OCTOBER 27 2012 HAIDA GWAII EVENT

On October 27, 2012 at 8:04 p.m. local time an earthquake of M,, 7.7 occurred off
southern Moresby Island in Haida Gwaii; the mechanism was predominantly thrust on a
northwest-striking, eastward-dipping fault plane. Such an event is expected to generate a tsunami
with the greatest energy (highest amplitudes) directed perpendicular to the fault, i.e., to the
northeast towards the unpopulated (and un-instrumented) west coast of Moresby Island, and out
to sea to the southwest. Smaller amplitudes would be expected to the northwest and southeast of
the rupture.

A maximum peak-to-trough tsunami amplitude of ~52 cm (~26 cm amplitude above the
state of tide) was recorded at the nearest tide gauge station (Langara Island; ~160 km northwest
of the rupture). Maximum peak-to-trough amplitudes recorded on Vancouver Island (>300 km
southeast of the rupture) were ~46 cm (~21 cm peak amplitude above state of tide) at Winter
Harbour, ~26 cm (16 cm) at Port Alberni, and ~20 cm (9 cm) at Tofino. It is hoped that post-
event studies will help to constrain the fault source and contribute to a better understanding of
the tsunami hazard of the Pacific coastline of Canada.
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Table 1. Damaging coastal tsunamis (from geological sources) documented in Canada
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Date Source Location Impact Location Tsunami Source Earthquake Wave Runup Damage References
(Canada) Magnitude Amplitude (m)
(m)
WIDESPREAD IMPACT )
Jan 26 1700 Cascadia W. coast, esp. W. Local megathrust M~9.0 ~5-8; min. 3" Widespread fatalities; e.g., Satake et al. 1996;
subduction zone, Vancouver Is. and earthquake up to 16* destruction of villages Hutchinson & McMillan 1997,
N.CA-S.BC inlets Cherniawsky et al. 2007
May 22 1960 Southern Chile W. Vancouver Is. Far-field megathrust M, 9.5 1.3" (Tofino) 0.1-2.1 Flooding Wigen 1960; Stephenson et al.
and Queen earthquake 2007 (& references therein)
Charlotte Is. (QCI)
Mar 27 1964 Prince William W. Vancouver Is., Far-field megathrust M, 9.2 2.4" (Tofino); 0.1-8.0 ~$10m damage (1964) Wigen & White 1964;
Sound, Alaska esp. Port Alberni, earthquake >5.2" (Pt. Stephenson et al. 2007 (&
and QCI Alberni) references therein)
Nov 18 1929 Grand Banks, off Burin Peninsula, Earthquake-triggered M;7.2 3-8 13 28 fatalities; $400k e.g., Ruffman 2001; Fine et al.
Newfoundland Newfoundland landslide damage (1929) 2005
LOCAL IMPACT )
~16th century Knight Inlet, BC Same as source Rock avalanche n/a ~2-6° ? Many fatalities; Bornhold et al. 2007
destruction of village
Jun 23 1946 Deep Bay, Strait Same as source Earthquake-triggered M;7.3 1-2 ? 1 fatality; local flooding Hodgson 1946; Murty 1977
of Georgia, BC submarine landslide and damage
Apr27 1975 Kitimat Arm, BC Same as source Construction-induced n/a 6-11° 8.2 Substantial local damage Murty 1979; Skvortsov &
submarine landslide Bornhold 2007
Nov 03 Skagway, AK Same as source Construction-induced n/a 5-6 9-11 1 fatality; $16-21 million Lander 1995; Kulikov et al.
1994** submarine landslide damage to harbour/docks 1996

* Modelled values for release of 500 years of accumulated strain.

T Runup from tsunami deposits likely lower than actual runup.

* Wave amplitude measured peak-to-trough; other values are wave height above state of tide (zero-to-peak amplitude).

$ Modelled values, not observed.

** Not in Canada; included because fjord environment is similar to much of BC coast, and facilities were Canadian-owned.
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Table 2. Tsunami runup relative to M,, predicted from the empirical relations of Abe (1995)

M D.* Limiting mean Limiting max Distance where Distance where Distance where
» runup H;' runup 2H;* Hr=3m® Hr=1.5m® 2Hr=1.5m**
(km) (m) (m) (km) (km) (km)
9.2 224 20.0 39.9 1490 2980 5950
9.1 200 17.8 35.6 1180 2360 4720
9.0 178 15.8 31.7 938 1875 3750
8.9 158 14.1 28.3 745 1490 2980
8.8 141 12.6 252 590 1180 2360
8.7 126 11.2 22.4 470 940 1880
8.6 112 10.0 20.0 375 750 1500
8.5 100 8.9 17.8 300 600 1200
8.4 89 7.9 159 235 470 940
8.3 79 7.1 14.2 187 375 750
8.2 71 6.3 12.6 150 300 600
8.1 63 5.6 11.2 118 236 472
8.0 56 5.0 10.0 94 190 375
7.9 50 4.5 8.9 75 150 300
7.8 45 4.0 8.0 59 118 236
7.7 40 35 7.1 47 94 188
7.6 35 32 6.3 37 75 150
7.5 32 2.8 5.6 - 60 120
7.4 28 25 5.0 - 47 94
7.3 25 22 4.5 - 37 75
7.2 22 2.0 4.0 - 30 60
7.1 20 1.8 3.6 - 24 47
7.0 18 1.6 3.2 - 19 38
6.9 16 14 2.8 - - 30
6.8 14 1.3 2.5 - - 24
6.7 13 1.1 22 - - 19
6.6 11 1.0 2.0 - - 15
6.5 10 0.9 1.8 - - 12
6.4 9 0.8 1.6 - - 10
6.3 8 0.7 1.4 - - -

* Maximum distance D, from the source at which limiting near-source mean runup (H;) and maximum local runup (2H;) may occur,

where log D, = 0.5M,,— 2.25.
¥ Limiting near-source mean local runup H;, where log H; = 0.5M,, - 3.3. Possible as far as distance D, from the source.
#Limiting near-source maximum local runup 2H;, possible as far as distance D, from the source.
$ Local mean runup Hr at distance D from source, where log Hr = M,, - log D - 5.55.

** Local maximum runup 2Hr possible at distance D from source.
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Table 3. Probabilities of exceedance of potentially damaging tsunami runup from far-field tsunamis at locations in coastal British

Columbia
Affected Regions* Frequency (Hr>1.5 m, /y) Frequency (Hr>3 m, /y) P(Hr=1.5m,50y) P(Hr=3 m, 50 y)
min best max min best max min best max min best max

WHG-N, WHG}S’ NMC&EHG-N, CMC&EHG-S, 0.0050  0.0114  0.0224  0.0000  0.0000  0.0030  0.2212  0.4345  0.6737  0.0000  0.0000  0.1393

WVI-N, WVI-S

JDF-W, JDF-E&GI, QCS* 0.0000  0.0016  0.0055  0.0000  0.0000 0.0000 0.0000 0.0769 0.2404  0.0000  0.0000  0.0000

* Zones defined in Appendix C.

T Frequency based on recurrence relation of tide gauge peak-to-trough tsunami wave amplitude data at Tofino (Fig. 3). Peak-to-trough measurements are approximately equivalent to
local mean runup Hr (Abe, 1995). Probability is only strictly applicable for location of Tofino tide gauge; extrapolation to other areas is an approximation.

# Frequency based on empirical scaling factor of 0.6 for peak-to-trough wave amplitudes at Victoria tide gauge relative to Tofino (Fig. 3). Probability is only strictly applicable for
location of Victoria tide gauge.

Table 4. Tide gauge amplitude measurements and ratios of some larger tsunamis at Tofino and Victoria, British Columbia

Tsunami Event (source location and year)

Aleutians 1946 Kamchatka 1952 Chile 1960 Alaska 1964 Samoa 2009 Chile 2010 Japan 2011
Tofino max peak-to-trough amplitude (m) 0.57 0.60 1.26 2.40 0.13 0.37 1.25
Victoria max peak-to-trough amplitude (m) 0.21 0.36 0.73 1.44 0.08 0.23 0.52

Amplitude ratio: Victoria relative to Tofino 0.37 0.60 0.58 0.60 0.58 0.63 0.42




Table 5. Probabilities of exceedance of potentially damaging runup from tsunamis generated by megathrust earthquakes on the
Cascadia subduction zone (M~9.0 long ruptures and M > 8 southern ruptures)
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M, Estimated frequency (/ P(Hr>1.5 m, 50 y)* P(Hr>3 m, 50 y)*
Affected WY pism? 2HeLSmY HE3mY 2HE3m? ( Y ( Y
Regions min best max min best max min best max
WHG-N, WHG-S, NMC&EHG-N, CMC&EHG-S, QCS, WVI-N, JDF-W, JDF-E&GI

~9 0.0013 0.0019 0.0037 Yes Yes Yes Yes 0.0613 0.0900 0.1690 0.0613 0.0900 0.1690

=8 0.0008 0.0010 0.0013 No Yes No No 0.0196 0.0244 0.0322 0.0000 0.0000 0.0000
WVI-S

~9 0.0013 0.0019 0.0037 Yes Yes Yes Yes 0.0613 0.0900 0.1690 0.0613 0.0900 0.1690

>8 0.0008 0.0010 0.0013 Yes Yes No Yes 0.0392 0.0488 0.0645 0.0196 0.0244 0.0322
GS*

~9 0.0013 0.0019 0.0037 Yes Yes No Yes 0.0613 0.0900 0.1690 0.0000 0.0000 0.0423

>8 0.0008 0.0010 0.0013 No Yes No No 0.0000 0.0122 0.0161 0.0000 0.0000 0.0000

* Zones defined in Appendix C.

 Local mean runup Hr and local max runup 2Hr estimated at various distances using a combination of tsunami modelling by Cherniawsky et al. (2007) and the empirical relations of Abe
(1995), as in Equations 12-14 and Table 2.

* Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local runup
maxima 2Hr > 1.5 or 3 m are expected.

$ Tsunami impact poorly constrained in Georgia Strait. For southern events, we assume that local runup maxima 2Hr > 1.5 m are improbable but cannot be ruled out (probability reduced to
25% of earthquake probability, with a minimum of 0). For long ruptures, localized maxima >3 m are modelled in only a few isolated locations. Thus for the vast majority of this zone, runup
is not expected to exceed 3 m. We assign a min and best probability of 0 for runup >3 m, and for a max estimate reduce the probability to 25% of the max earthquake probability.

Table 6. Estimation of earthquake magnitude and recurrence on the Explorer megathrust
Rupture Length Width* Area M, Seismic moment M, (Nm)** Slip (m)"* Slip rate (mm/y)* Recurrence (y)%
(km) (km) (km?) min best max min best max min best max min best max min best max

EXP,WIN* 85,175 37.5,18.75 6469 738 7.66 795 13E+20 3.5E+20 94E+20 2.01 539 1447 144 162 18.0 112 333 1005

EXP! 85 37.5 3188  7.12 740 7.69 S3E+19 14E+20 3.8E+20 1.66 446 1197 200 225 250 66 198 598

* Assumed full rupture on Explorer section, locking and rupture decreasing to zero northward through the Winona block section as far as the Dellwood Knolls.

T Rupture only on Explorer section; Winona block excluded.

#Width of effective full-rupture zone for Explorer section equivalent to the width of the locked zone (25 km) and half the coseismic transition zone (12.5 km) from Mazzotti et al.
(2003b). Winona section width is an average, assuming linear northward decrease to zero from Explorer section values.

$ Moment magnitude estimated from rupture area (Equation 6).

** Seismic moment corresponding to earthquakes of listed M,, (Equation 7).

' Mean fault slip calculated from Equation 8 using listed M, and rupture area values, and an effective shear modulus of 1x10'° N/m?.

" Convergence rate averaged over the assumed rupture area (equal to the EXP/NA rate on the Explorer section, tapering to zero through the Winona section).

$% Earthquake recurrence corresponding to listed M,, calculated from earthquake slip and convergence rate values (Equation 9). Values in bold are those used in the tsunami analysis
for corresponding min (7.1), best (7.7) and max (8.0) M,,.




Table 7. Probabilities of exceedance of potentially damaging runup from tsunamis generated by earthquakes on the Explorer

megathrust
Affected M, Estimated P(50y) Hr>15m?"  2HR15m?"  Hr>3 m?t 2Hr>3 m?’ P(Hr>1.5 m, 50 y)* P(Hr>3 m, 50 y)*
Regions* frequency (/y) min best max min best max
WHG-N 0.0000  0.0000  0.0243  0.0000  0.0000  0.0000
7.1 0.0152 0.5312 No No No No
7.4 0.0089 0.3601 No No No No
7.7 0.0030 0.1394 No No No No
8 0.0010 0.0485 No Yes No No
WHG-S, NMC&EHG-N, CMC&EHG-S, QCS, WVI-S 0.0000  0.0697  0.0697  0.0000  0.0000  0.0243
7.1 0.0152 0.5312 No No No No
7.4 0.0089 0.3601 No No No No
7.7 0.0030 0.1394 No Yes No No
8 0.0010 0.0485 Yes Yes No Yes
WVI-N 0.0485 0.1394  0.5312  0.0485 0.1394  0.2656
7.1 0.0152 0.5312 Yes Yes No Yes
7.4 0.0089 0.3601 Yes Yes No Yes
7.7 0.0030 0.1394 Yes Yes Yes Yes
8 0.0010 0.0485 Yes Yes Yes Yes

* Zones defined in Appendix C.

¥ Local mean runup Hr and local max runup 2Hr estimated at various distances using the empirical relations of Abe (1995), as in Equations 12-14 and Table 2.

# Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local runup
maxima 2Hr > 1.5 or 3 m are expected.

Table 8. Estimation of earthquake magnitude and recurrence on the Queen Charlotte megathrust

Rupture length Rupture width Area M,* Seismic moment M, (Nm)" Slip (m)"* Slip rate® Recurrence (y)**
(km) (km) (km?) min best max min best max min best max (mm/y) min best max
250 32 8000 746 774 8.03 1.7E+20 4.6E+20 1.2E+21 2.13 571 1533 8.0 266 713 1916
400 32 12800  7.63 7.92 820 3.1E+20 83E+20 22E+21 241 648 17.39 8.0 301 810 2174

* Moment magnitude estimated from rupture area (Equation 6).
T Seismic moment corresponding to earthquakes of listed M,, (Equation 7).
# Mean fault slip calculated from Equation 8 using listed M, and rupture area values, and an effective shear modulus of 1x10' N/m?’.
¥ Mean convergence rate applied to the assumed rupture area.
" Earthquake recurrence corresponding to listed M,, calculated from earthquake slip and convergence rate values (Equation 9). Values in bold are those used in the tsunami

analysis for corresponding min and max M,,. We use the mean of the two "best" values in the tsunami analysis.
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Table 9. Probabilities of exceedance of potentially damaging runup from tsunamis generated by earthquakes on the Queen Charlotte

megathrust
Affected M, Estimated P(50y) Hr>15m?"  2HR15m?"  Hr>3 m?t 2Hr>3 m?’ P(Hr>1.5 m, 50 y)* P(Hr>3 m, 50 y)*
Regions* frequency (/y) min best max min best max
WHG-N, WHG-S 0.0227  0.0636  0.1714  0.0227  0.0636  0.0857
7.5 0.0038 0.1714 Yes Yes No Yes
7.8 0.0013 0.0636 Yes Yes Yes Yes
8.2 0.0005 0.0227 Yes Yes Yes Yes
NMC&EHG-N, CMC&EHG-S, QCS, WVI-N 0.0000  0.0318  0.0318  0.0000  0.0000 0.0114
7.5 0.0038 0.1714 No No No No
7.8 0.0013 0.0636 No Yes No No
8.2 0.0005 0.0227 Yes Yes No Yes
WVI-S 0.0000  0.0000 0.0114  0.0000  0.0000  0.0000
7.5 0.0038 0.1714 No No No No
7.8 0.0013 0.0636 No No No No
8.2 0.0005 0.0227 No Yes No No

* Zones defined in Appendix C.

¥ Local mean runup Hr and local max runup 2Hr estimated at various distances using the empirical relations of Abe (1995), as in Equations 12-14 and Table 2.

# Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local runup
maxima 2Hr > 1.5 or 3 m are expected.
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Table 10. Probabilities of exceedance of potentially damaging runup at coastal sites in Juan de Fuca Strait and Georgia Strait from
tsunamis generated by earthquakes on local crustal faults

Affected Regions* M, Frequency' P(50 y) A(Hr>1.5 m)* AQHr>1.5 m)* AQHr>3 m)* P(Hr>1.5 m, 50 y)} P(Hr>3 m, 50 y)*
(ly over 6300 km?) (km?) (km?) (km?) min best max min best max

JDF-E&GI

7.5 0.0001 0.0051 5655 22619 5655 0.0046 0.0023

75 0.0004 0.0175 5655 22619 5655 0.0157 0.0079

75 0.0011 0.0554 5655 22619 5655 0.0497 0.0249
JDF-W, GS**

7.5 0.0023 0.0011

75 0.0079 0.0039

7.5 0.0249 0.0124

* Zones defined in Appendix C.

 Frequency from seismicity recurrence relation estimated over a 6300 km? region in E. Juan de Fuca Strait, 48.1-48.8°N, 236.4-237.5°E.

# Area from which sources could produce, at a coastal point of interest, local mean runup Hr > 1.5 m, local max runup 2Hr > 1.5 m or 3 m. Estimated from relations of Abe (1995; Equations
12-14; Table 2). Area of half a circle, 0.57%, where r is max distance to source, and point of interest is at centre, with circle assumed to lie half on land, half underwater. Note: areas outside of
60-km radius lie either under land or outside seismicity area; thus probability of 2Hr from distances > 60 km is excluded.

§ Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 m is expected, averaged over relevant area. Probability reduced by 50%
where only local runup maxima 2Hr > 3 m are expected.

** These areas are poorly constrained but assumed to have a relatively low tsunami hazard from crustal faults. Arbitrary probabilities are assigned that are half those of JDF-E&GI.

Table 11. Probabilities of exceedance of potentially damaging runup at coastal sites in Hecate Strait from tsunamis generated by
earthquakes on local crustal faults

Affected M, Frequency P(50y) A(Hr>1.5m)"  AQHr>15m)" AQHr>3 m)"” P(Hr>1.5 m, 50 y)'* P(Hr>3 m, 50 y)'*
Regions* (/y over 19300 kmz) (kmz) (kmz) (kmz) min best max min best max
NMC&EHG-N, CMC&EHG-S

6.8 0.0037" 0.1685 - 905 - 0.0040 0.0000

7.1 0.0014" 0.0664 905 3470 905 0.0075 0.0016

7.4 0.0005" 0.0253 3470 13880 3470 0.0114 0.0023

7.4 0.0001* 0.0050 3470 13880 3470 0.0027 0.0004

" Zones defined in Appendix C.

T M,, based on Equation 6 with 1500 km?® maximum fault area (Bustin, 2006).

* Frequency in Hecate Strait estimated using Equations 7-9, with a rupture area of 1500 km?, effective shear modulus of 1x10'° N/m?, and 5 mm/y convergence from GPS data (Mazzotti et
al., 2003a).

¥ Estimated frequency in Hecate Strait based on seismicity recurrence relation (Bustin, 2006).

™ Area from which sources could produce, at a coastal point of interest, local mean runup Hr > 1.5 m, local max runup 2Hr > 1.5 m or 3 m. Estimated from relations of Abe (1995;
Equations 12-14; Table 2). Area of half a circle, 0.57r?, where r is max distance to source, and point of interest is at centre, with circle assumed to lie half on land, half under water.

*f Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr 2 1.5 m is expected, averaged over relevant area. Probability reduced by 50%
where only local runup maxima 2Hr > 1.5 or 3 m are expected. Preferred values for min, best, and max are in bold.



Table 12. Probabilities of exceedance of potentially damaging runup at Pacific coastal sites from tsunamis generated by large
landslides offshore the Hawaiian Islands

Affected Regions* Estimated P(50y) Hr>15m?* 2Hr>1.5m?* Hr>3 m?* 2Hr>3 m?* P(Hr>1.5 m, 50 y)} P(Hr>3 m, 50 y)*
frequency (/y)" min best max min best max
WHG-N, WHG-S, NMC&EHG-N, CMC&EHG-S, QCS, WVI-N, WVI-S, IDF-W, JDF-E&GI
0.000004 0.0002 Yes Yes Yes Yes 0.0002 0.0002
0.000007 0.0004 Yes Yes No Yes 0.0004  0.0004 0.0002  0.0002
0.000011 0.0005 No Yes No No 0.0003 0.0000

* Zones defined in Appendix C.

¥ Frequency calculated from the average recurrence of giant Hawaiian submarine landslides (see text).

* Runup based on the assumptions that large volcanic flank collapses could result in local mean runup Hr > 1.5 m and that NE flank collapses could produce Hr >3 m.

¥ Probability of tsunami runup is based on probability of tsunamigenic slide occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local
runup maxima 2Hr > 1.5 or 3 m are expected. Preferred values for min, best, and max are in bold.

Table 13. Probabilities of exceedance of potentially damaging runup at Pacific coastal sites from tsunamis generated by large
landslides offshore the Aleutian Islands
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Affected Regions* Estimated frequency (/y)’ Hr>15m?* 2Hr>1.5m?* Hr>3 m?* 2Hr>3 m?* P(Hr>1.5 m, 50 y)* P(Hr>3 m, 50 y)®
min best max min best max min best max
WHG-N, WHG-S, NMC&EHG-N, CMC&EHG-S, QCS, WVI-N, WVI-S, JDF-W, JDF-E&GI
0.00020  0.00033  0.00040 Yes Yes No Yes 0.0100  0.0165 0.0198  0.0050  0.0083  0.0099
0.00013  0.00025  0.00029 Yes Yes Yes Yes 0.0062  0.0124 0.0142  0.0062 0.0124  0.0142

* Zones defined in Appendix C.

 Approximate frequency of tsunamigenic slides based on the modelling of Waythomas et al. (2009 see text). Upper: slides > 400 km’; lower: slides > 500-800 km’.

* Runup based on the assumptions that slides > 400 km® could result in local mean runup Hr > 1.5 m and that slides > 500-800 km® could produce Hr >3 m.

¥ Probability of tsunami runup is based on probability of tsunamigenic slide occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local
runup maxima 2Hr > 1.5 or 3 m are expected. Preferred values for min, best, and max are in bold.
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Table 14. Estimation of Gibraltar-Cadiz M,~8.5 earthquake recurrence from potential fault sources and paleoseismic data

Fault Source* Length  Width  Thickness Area Dip " Slip"  Convergence’*  Conv. rate Recurrence** Reference

(km) (km) (km) (km?) ©) 10" N/m*)  (m) (m) (mm/y) )
Marques de Pombal-Guadalquivir 11000 24-45 3 20 14-18 4-5 2800-4500 Baptista et al. (2003)
Horseshoe plain 175-350 50 55 6 10 5.75 4-5 1150-1450 Stich et al. (2007)
Gibraltar-Cadiz 180 210 3 5 5 2.5-5 1000-2000 Thiebot & Gutscher (2006)
Paleoseismic source(s) 1951 (868-2790) Gracia et al. (2010)

* Potential fault sources of "Lisbon-type" M,, 8.5 earthquakes. Paleoseismic source refers to paleoseismic evidence for such events over the past ~9000 years (turbidite and tsunami deposits).

¥ Slip required to produce an M,, 8.5 earthquake on a fault source with properties listed in previous columns, estimated using Equations 7 and 8.

# Horizontal convergence equivalent to slip on the dipping fault source.

§ Tectonic convergence rate applied to the assumed rupture area to estimate recurrence.

** Earthquake recurrence corresponding to M,, 8.5 and convergence rate values (Equation 9). Values in bold are those used in the tsunami analysis (calculated from the combined turbidite-tsunami
deposit paleoseismic record of past Lisbon-type events).

Table 15. Probabilities of exceedance of potentially damaging runup from tsunamis generated by Gibraltar-Cadiz M,,~8.5

earthquakes
Estimated frequency (/y) P(Hr>1.5 m, 50 y)* P(Hr>3 m, 50 y)®
Affected Regions* aueney @y Hr>15m?*  2HP1.5m?* Hi>3 m?* 2Hr>3 m?* y y
min best max min best max min best max
ATL-OUT-N, ATL-OUT-S, SE-NFLD  0.0004 0.0005 0.0012 Yes Yes No Yes 0.0178 0.0253  0.0560 0.0089 0.0127  0.0280
ATL-INN, HS 0.0004  0.0005 0.0012 No Yes No No 0.0089  0.0127 0.0280 0.0000 0.0000  0.0000

* Zones defined in Appendix C.
T Frequency of M,~8.5 earthquakes from paleoseismic data (Table 14).
# Local mean runup Hr and local max runup 2Hr approximated based on the modelling of Roger et al. (2010a) and Barkan et al. (2009).

§ Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local runup maxima
2Hr > 1.5 or 3 m are expected.
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Table 16. Probabilities of exceedance of potentially damaging runup from tsunamis generated by earthquakes on the Puerto Rico

trench
Estimated frequency (/y)" P(Hr>1.5 m, 50 y)® P(Hr>3 m, 50 y)}
Affected Regions* quency (3) Hr>15m?*  2Hr>1.5m?* Hri>3 m?* 2Hr>3 m?* ¢ y ¢ y
min best max min best max min best max
ATL-OUT-S, SE-NFLD, ATL-INN 0.0001  0.0003 0.0010 Yes Yes No Yes 0.0071 0.0124 0.0488 0.0036 0.0062 0.0244
ATL-OUT-N, HS 0.0001  0.0003 0.0010 No Yes No No 0.0036  0.0062 0.0244 0.0000 0.0000 0.0000

* Zones defined in Appendix C.
T Estimated frequency of M,,~8.5-9 earthquakes from Geist and Parsons (2009).
# Local mean runup Hr and local max runup 2Hr approximated based on far-field tsunami runup from global events (see text).

§ Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local runup maxima
2Hr>1.5 or 3 m are expected.

Table 17. Probabilities of exceedance of potentially damaging runup from tsunamis generated by earthquakes on the Lesser Antilles
subduction zone

Estimated frequency (/y)" P(Hr>1.5 m, 50 y)® P(Hr>3 m, 50 y)}
Affected Regions* quency (5) Hr>15m?  2Hre>1.5m?* Hi>3 m?* 2Hr>3 m?* ¢ y ¢ »
min best max min best max min best max
ATL-OUT-S 0.0006 0.0009 0.0019 Yes Yes No Yes 0.0312 0.0461 0.0884 0.0156 0.0230  0.0442
SE-NFLD, ATL-INN  0.0006 0.0009 0.0019 No Yes No No 0.0156  0.0230 0.0442  0.0000 0.0000 0.0000

* Zones defined in Appendix C.

T Frequency of M,~9 earthquakes is estimated as half the frequency of M~9 earthquakes on the Cascadia subduction zone, based on a convergence rate that is approximately half.

# Local mean runup Hr and local max runup 2Hr approximated based on far-field tsunami runup from global events and the potential for topographic steering from the Mid-
Atlantic Ridge (see text).

¥ Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local
runup maxima 2Hr > 1.5 or 3 m are expected.
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Table 18. Probabilities of exceedance of potentially damaging runup at coastal sites from tsunamis generated by Atlantic continental

slope landslides

Affected Slide' Estimated frequency (/y)" Hr>15m?% 2Hr>1.5m?% Hr>3 m?* 2Hr>3 m?* P(Hr>1.5 m, 50 y)** P(Hr>3 m, 50 y)**
Regions* . . .
(km) min best max min best max min best max

ATL-OUT-N, 50  0.00006 0.00010 0.00015 Yes Yes No Yes 0.0029  0.0051  0.0077 0.0015  0.0025  0.0039
ATL-OUT-S 70 0.00005 0.00009 0.00014 Yes Yes Yes Yes 0.0024  0.0044  0.0068  0.0024  0.0044  0.0068
SENFLD 50  0.00015 0.00025 0.00038 Yes Yes No Yes 0.0074  0.0125 0.0186 0.0037  0.0062  0.0093

70 0.00011  0.00020  0.00031 Yes Yes Yes Yes 0.0055  0.0099  0.0155  0.0055 0.0099  0.0155
ATL-INN, 50  0.00006 0.00010 0.00015 No Yes No No 0.0015  0.0025  0.0039  0.0000  0.0000  0.0000
HS 70 0.00005 0.00009 0.00014 Yes Yes No Yes 0.0024  0.0044  0.0068 0.0012  0.0022  0.0034

* Zones defined in Appendix C.
 Along-slope extent of landslide for which the estimated frequencies are given.

* Approximate frequency of tsunamigenic slides based on the cumulative size-frequency relations (Fig. 13) of past failures in Orphan Basin (extrapolated to the whole Atlantic margin) and

Flemish Pass (only applicable to SE-NFLD, which we consider susceptible to 3 source areas, see text).

¥ Runup based on the assumptions that slides > 50 km in along-slope extent could result in local mean runup Hr > 1.5 m along the outer coast and slides > 70 km could produce Hr >3 m.
** Probability of tsunami runup is based on probability of tsunamigenic slide occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local

runup maxima 2Hr > 1.5 or 3 m are expected. Preferred values for min, best, and max are in bold.

Table 19. Probabilities of exceedance of potentially damaging runup at Atlantic coastal sites from tsunamis generated by large

landslides offshore the Canary Islands

Affected Estimated P50y) Hr>15m?* 2Hr>1.5m?* Hr>3 m?* 2Hr>3 m?* P(Hr>1.5 m, 50 y)® P(Hr>3 m, 50 y)*
Regions* frequency (/y) min best max min best max
ATL-OUT-S, ATL-INN, ATL-OUT-N, SE-NFLD,HS

0.000003 0.0002 Yes Yes Yes 0.0002 0.0002

0.000006 0.0003 Yes Yes No 0.0003 0.0002  0.0002

0.000010 0.0005 No Yes No 0.0003  0.0000

* Zones defined in Appendix C.

T Frequency of potentially tsunamigenic slides (estimated as > 150 km®) calculated from the cumulative volume-frequency relationship of slide deposits (Masson et al., 2002; Fig. 14).

#* Runup based on the simplified assumptions that local mean runup Hr > 1.5 m could result from 150 km? slides, that events with a shorter recurrence interval could produce only
local maxima > 1.5 m and those with a longer recurrence interval could produce Hr > 3 m.

¥ Probability of tsunami runup is based on probability of tsunamigenic slide occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only
local runup maxima 2Hr > 1.5 or 3 m are expected. Preferred values for min, best, and max are in bold.



Table 20. Estimation of earthquake magnitude and recurrence on the Mackenzie thrust*

Rupture length Rupture width Area M, Seismic moment M, (Nm)" Slip (m)* Slip rate** Recurrence (y)'
(km) (km) (km?) min  best max min best max min best max (mm/y) min  best max
200 30 6000 735 7.64 792 12E+20 3.2E+20 85E+20 197 528 14.18 2.0 984 2641 7092
250 55 13750  7.66 7.94 823 3.4E+20 9.1E+20 2.4E+21 246 6.60 17.73 2.0 1229 3301 8865
300 80 24000 7.86 8.15 843 6.9E+20 1.8E+21 49E+21 2.86 7.67 20.60 2.0 1428 3835 10298

* This potential tsunami source is not included in the final cumulative tsunami hazard, due to poor constraints.

f Moment magnitude estimated from rupture area (Equation 6).

# Seismic moment corresponding to earthquakes of listed M,, (Equation 7).

$ Mean fault slip calculated from Equation 8 using listed M, and rupture area values, and an effective shear modulus of 1x10'® N/m?.

** Mean convergence rate applied to the assumed rupture area.

T Earthquake recurrence corresponding to listed M,, calculated from earthquake slip and convergence rate values (Equation 9). Values in bold are those used in the tsunami
analysis for corresponding min, best and max M,,.

Table 21. Probabilities of exceedance of potentially damaging runup from tsunamis generated by potential earthquakes on the
Mackenzie thrust*

Affected M, Estimated P(50y) Hr>15m?*  2H2>15m?* Hr>3 m?* 2Hr>3 m?* P(Hr>1.5 m, 50 y)* P(Hr>3 m, 50 y)*
Regions' frequency (/y) min best max min best max
N. Yukon and NW NWT 0.0000**  0.0150 0.0248  0.0000  0.0075  0.0075
7.4 0.0010 0.0495 No Yes No No
7.9 0.0003 0.0150 Yes Yes No Yes
8.4 0.0001 0.0048 Yes Yes Yes Yes
S. Banks Is. 0.0000 0.0000 0.0048  0.0000  0.0000 0.0024
7.4 0.0010 0.0495 No No No No
79 0.0003 0.0150 No No No No
8.4 0.0001 0.0048 Yes Yes No Yes
W. and S. Banks Is., W. Victoria Is., NE NWT, and NW Nunavut 0.0000 0.0000 0.0024 0.0000  0.0000  0.0000
7.4 0.0010 0.0495 No No No No
79 0.0003 0.0150 No No No No
8.4 0.0001 0.0048 No Yes No No

* This potential tsunami source is not included in the final cumulative tsunami hazard, due to poor constraints.

T Zones not defined in Appendix C (because this source is not included in the final hazard calculation). See Figure 1 for locations.

* Local mean runup Hr and local max runup 2Hr estimated at various distances using the empirical relations of Abe (1995), as in Equations 12-14 and Table 2.

¥ Probability of tsunami runup is based on probability of earthquake occurrence where local mean runup Hr > 1.5 or 3 m is expected. Probability reduced by 50% where only local runup
maxima 2Hr > 1.5 or 3 m are expected.

** Minimum reduced to 0 to allow for the possibility that tectonic motion is aseismic and non-tsunamigenic.
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Table 22. Cumulative probabilities of exceedance (in 50 y) of potentially damaging runup on the Pacific coast from multiple tsunami

sources
Coastline At Risk*  Tsunami Source P (Hr>15m)" Equiv. recurrence(Hr>1.5 m) P (Hr>3 m)"’ Equiv. recurrence(Hr>3 m)
(% in50y) o) (% in50) o)
min best max min best max min best max min best max
WHG-N Cascadia subduction zone (full) 6.13 9.00 16.90 790 530 270 6.13 9.00 16.90 790 530 270
S. Cascadia subduction zone 1.96 2.44 3.22 2525 2025 1525 0.00 0.00 0.00 - - -
Queen Charlotte subduction 2.27 6.36 17.14 2178 761 266 2.27 6.36 8.57 2178 761 558
Explorer subduction 0.00 0.00 2.43 - - 2033 0.00 0.00 0.00 - - -
Far-field subduction zones 22.12 4345 6737 200 88 45 0.00 0.00 13.93 - - 333
Hawaiian Islands landslides 0.02 0.04 0.04 272000 136000 136000 0.00 0.02 0.02 - 272000 272000
Aleutian Islands landslides 1.00 1.65 1.98 5000 3000 2500 0.62 1.24 1.42 8000 4000 3500
TOTAL: 36.07 53.78 73.88 112 65 37 11.27 1586 23.41 418 289 187
WHG-S Cascadia subduction zone (full) 6.13 9.00 16.90 790 530 270 6.13 9.00 16.90 790 530 270
S. Cascadia subduction zone 1.96 2.44 3.22 2525 2025 1525 0.00 0.00 0.00 - - -
Queen Charlotte subduction 2.27 6.36 17.14 2178 761 266 2.27 6.36 8.57 2178 761 558
Explorer subduction 0.00 6.97 6.97 - 692 692 0.00 0.00 2.43 - - 2033
Far-field subduction zones 22.12 4345  67.37 200 38 45 0.00 0.00 13.93 - - 333
Hawaiian Islands landslides 0.02 0.04 0.04 272000 136000 136000 0.00 0.02 0.02 - 272000 272000
Aleutian Islands landslides 1.00 1.65 1.98 5000 3000 2500 0.62 1.24 1.42 8000 4000 3500
TOTAL: 40.52 57.00 75.70 96 59 35 11.27 15.86 23.41 418 289 187
NMC&EHG-N, Cascadia subduction zone (full) 6.13 9.00 16.90 790 530 270 6.13 9.00 16.90 790 530 270
CMC&EHG-S S. Cascadia subduction zone 196 244 322 2525 2025 1525 000 000  0.00 - - -
Queen Charlotte subduction 0.00 3.18 3.18 - 1547 1547 0.00 0.00 1.14 - - 4361
Explorer subduction 0.00 6.97 6.97 - 692 692 0.00 0.00 2.43 - - 2033
Local crustal faults 0.27 0.75 1.14 18494 6642 4361 0.00 0.16 0.23 - 31225 21714
Far-field subduction zones 22,12 4345 67.37 200 88 45 0.00 0.00 13.93 - - 333
Hawaiian Islands landslides 0.02 0.04 0.04 272000 136000 136000 0.00 0.02 0.02 - 272000 272000
Aleutian Islands landslides 1.00 1.65 1.98 5000 3000 2500 0.62 1.24 1.42 8000 4000 3500
TOTAL: 39.13 5588 74.73 101 61 36 741 10.29  18.09 650 460 251
QCS Cascadia subduction zone (full) 6.13  9.00  16.90 790 530 270 6.13  9.00  16.90 790 530 270
S. Cascadia subduction zone 1.96 2.44 322 2525 2025 1525 0.00 0.00 0.00 - - -
Queen Charlotte subduction 0.00 3.18 3.18 - 1547 1547 0.00 0.00 1.14 - - 4361
Explorer subduction 0.00 6.97 6.97 - 692 692 0.00 0.00 2.43 - - 2033
Far-field subduction zones 0.00 7.69 24.04 - 625 182 0.00 0.00 0.00 - - -
Hawaiian Islands landslides 0.02 0.04 0.04 272000 136000 136000 0.00 0.02 0.02 - 272000 272000
Aleutian Islands landslides 1.00 1.65 1.98 5000 3000 2500 0.62 1.24 1.42 8000 4000 3500
TOTAL: 25.06 2743 4149 173 156 93 726 1015 17.95 664 467 253




Table 22. (Continued)
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WVI-N

WVI-S

JDF-W

JDF-E&GI

GS

Cascadia subduction zone (full)
S. Cascadia subduction zone
Queen Charlotte subduction
Explorer subduction

Far-field subduction zones
Hawaiian Islands landslides
Aleutian Islands landslides
TOTAL:

Cascadia subduction zone (full)
S. Cascadia subduction zone
Queen Charlotte subduction
Explorer subduction

Far-field subduction zones
Hawaiian Islands landslides
Aleutian Islands landslides
TOTAL:

Cascadia subduction zone (full)
S. Cascadia subduction zone
Local crustal faults

Far-field subduction zones
Hawaiian Islands landslides
Aleutian Islands landslides
TOTAL:

Cascadia subduction zone (full)
S. Cascadia subduction zone
Local crustal faults

Far-field subduction zones
Hawaiian Islands landslides
Aleutian Islands landslides
TOTAL:

Cascadia subduction zone (full)
S. Cascadia subduction zone
Local crustal faults

TOTAL:

6.13
1.96
0.00
4.85
22.12
0.02
1.00
42.40

6.13
3.92
0.00
0.00
22.12
0.02
1.00
38.24

6.13
1.96
0.23
0.00
0.02
1.00
17.42

6.13
1.96
0.46
0.00
0.02
1.00
17.95

6.13
0.00
0.23
7.96

9.00
2.44
3.18
13.94
43.45
0.04
1.65
58.87

9.00
4.88
0.00
6.97

43.45
0.04
1.65

55.23

9.00
244
0.79
7.69
0.04
1.65

20.07

9.00
2.44
1.57
7.69
0.04
1.65

20.70

9.00

1.22

0.79

10.82

16.90
322
3.18
53.12
67.37
0.04
1.98
81.97

16.90
6.45
1.14
6.97
67.37
0.04
1.98
74.37

16.90
322
2.49
24.04
0.04
1.98
35.60

16.90
3.22
4.97
24.04
0.04
1.98
36.24

16.90
1.61
2.49
18.71

790
2525
1006

200

272000
5000
91

790
1250

200
272000
5000
104

790
2525
21714
272000
5000
261

790
2525
10845
272000
5000
253

790

21714
603

530
2025
1547

333

88
136000
3000
56

530
1000
692
88
136000
3000
62

530
2025
6304

625

136000
3000
223

530
2025
3160

625

136000
3000
216

530
4076
6304

437

270
1525
1547
66

45
136000
2500
29

270
750
4361
692

45
136000
2500
37

270
1525
1983
182
136000
2500
114

270
1525
981
182
136000
2500
111

270
3076
1983
241

6.13
0.00
0.00
4.85
0.00
0.00
0.62
14.09

6.13
1.96
0.00
0.00
0.00
0.00
0.62
9.49

6.13
0.00
0.11
0.00
0.00
0.62
7.61

6.13
0.00
0.23
0.00
0.00
0.62
7.95

0.00
0.00
0.11
0.11

9.00
0.00
0.00
13.94
0.00
0.02
1.24
22.67

9.00
2.44
0.00
0.00
0.00
0.02
1.24
12.34

9.00
0.00
0.39
0.00
0.02

1.24
10.50

9.00
0.00
0.79
0.00
0.02
1.24
10.86

0.00
0.00
0.39
0.39

16.90
0.00
1.14
26.56
13.93
0.02
1.42
35.59

16.90
322
0.00
243
13.93
0.02
1.42
19.98

16.90
0.00
1.24
0.00
0.02
1.42
18.31

16.90
0.00
2.49
0.00
0.02
1.42
18.73

423
0.00
1.24
4.32

790
1006

8000
329

790
2525

45430
45430

530

333
272000
4000
194

530
2025

272000
4000
380

530

12795
272000
4000
451

530

6304

272000
4000
435

12795
12795

270
4361
162
333
272000
3500
114

270
1525
2033
333
272000
3500
224

270

4007
272000
3500
247

270

1983

272000
3500
241

1157

4007
1133

* Zones defined in Appendix C.

T Probability of exceeding given tsunami runup from individual sources. Total probability is the cumulative value calculated using Equations 2-5 for min, best, and max.



Table 23. Cumulative probabilities of exceedance (in 50 y) of potentially damaging runup on the Atlantic coast from multiple
tsunami sources

Coastline At Risk*  Tsunami Source P (Hr>15m)" Equiv. recurrence(Hr>1.5 m) P (Hr>3 m)"’ Equiv. recurrence(Hr>3 m)
(% in 50 y) o (% in 50 y) o)
min best max min best max min best max min best max
ATL-OUT-S Continental slope landslides 029 051 077 17040 9810 6460 024 044 068 20530 11390 7280
Gibraltar-Cadiz 1.78  2.53 5.60 2785 1951 868 0.89 1.27 2.80 5593 3912 1761
Puerto Rico trench 0.71 124 488 7000 4000 1000 0.36 0.62 2.44 13864 8039 2024
Lesser Antilles subduction 3.12 461 8.84 1580 1060 540 1.56 2.30 4.42 3185 2145 1106
Canary Islands landslides 0.02 0.03 0.03 313000 159000 159000 0.00 0.02 0.02 - 313000 313000
TOTAL: 6.99  8.67 14.60 690 551 317 3.70 4.58 7.65 1325 1067 628
SE-NFLD Continental slope landslides 0.74 1.25 1.86 6748 3976 2659 0.55 0.99 1.55 9066 5051 3203
Gibraltar-Cadiz 1.78  2.53 5.60 2785 1951 868 0.89 1.27 2.80 5593 3912 1761
Puerto Rico trench 0.71 124 488 7000 4000 1000 0.36 0.62 2.44 13864 8039 2024
Lesser Antilles subduction 1.56 230 4.42 3185 2145 1106 0.00 0.00 0.00 - - -
Canary Islands landslides 0.02 0.03 0.03 313000 159000 159000 0.00 0.02 0.02 - 313000 313000
TOTAL: 5.94 7.16 12.07 817 673 389 2.24 2.86 5.25 2205 1721 927
ATL-OUT-N Continental slope landslides 029  0.51 0.77 17040 9810 6460 0.24 0.44 0.68 20530 11390 7280
Gibraltar-Cadiz 1.78  2.53 5.60 2785 1951 868 0.89 1.27 2.80 5593 3912 1761
Puerto Rico trench 0.36 0.62 2.44 13864 8039 2024 0.00 0.00 0.00 - - -
Canary Islands landslides 0.02 0.03 0.03 313000 159000 159000 0.00 0.02 0.02 - 313000 313000
TOTAL: 285 3.66 7.16 1732 1342 673 1.29 1.72 3.26 3840 2885 1509
ATL-INN Continental slope landslides 024 044 0.68 20530 11390 7280 0.12 0.22 0.34 41085 22804 14584
Gibraltar-Cadiz 0.89 1.27  2.80 5595 3927 1761 0.00 0.00 0.00 - - -
Puerto Rico trench 0.71 1.24 488 7000 4000 1000 0.36 0.62 2.44 13864 8039 2024
Lesser Antilles subduction 1.56 230 4.42 3185 2145 1106 0.00 0.00 0.00 - - -
Local crustal faults 0.00  0.00 1.50 - - 3300 0.00 0.00 0.75 - - 6600
Canary Islands landslides 0.02 0.03 0.03 313000 159000 159000 0.00 0.02 0.02 - 313000 313000
TOTAL: 4.21 519 947 1163 939 503 0.58 0.85 2.67 8647 5833 1845
HS Continental slope landslides 024 044  0.68 20530 11390 7280 0.12 0.22 0.34 41085 22804 14584
Gibraltar-Cadiz 0.89 1.27  2.80 5595 3927 1761 0.00 0.00 0.00 - - -
Puerto Rico trench 036 0.62 244 13864 8039 2024 0.00 0.00 0.00 - - -
Canary Islands landslides 0.02 0.03 0.03 313000 159000 159000 0.00 0.02 0.02 - 313000 313000
TOTAL: 1.85 234 4.69 2681 2114 1042 0.14 0.23 0.36 36318 21255 13935

* Zones defined in Appendix C.

T Probability of exceeding given tsunami runup from individual sources. Total probability is the cumulative value calculated using Equations 2-5 for min, best, and max.
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Table 24. Cumulative probabilities of exceedance (in 50 y) of potentially damaging runup on the Arctic coast*

Coastline At Risk Tsunami Source P (Hr>1.5m) Equiv. recurrence(Hr>1.5 m) P (Hr>=3 m) Equiv. recurrence(Hr>3 m)
(% in50'y) ) (% in50y) )
min best max min best max min best max min best max
N. YT, N. NT, S.
Banks Is., W.
Banks Is., W. Continental slope landslides 029 051 077 17036 9814 6464 024 044  0.68 20534 11390 7278
Victoria Is., NW
coasts of Arctic
archipelago,
Baffin Bay coast TOTAL: 0.29 0.51 0.77 17036 9814 6464 0.24 0.44 0.68 20534 11390 7278

* Potential Mackenzie thrust source (Tables 20-21) excluded from cumulative tsunami hazard due to extremely poor constraints.
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Table 25. Probabilistic runup hazard on the Pacific coast for different time periods
Coastline At Risk* Return period 7 Runup’
) (m)
<1.5 1.5-2.9 >3.0
WHG-N 50 min,best max
100 min best,max
500 min,best,max
1000 min,best,max
2500 min,best,max
WHG-S 50 min,best max
100 min,best,max
500 min,best,max
1000 min,best,max
2500 min,best,max
NMC&EHG-N, 50 min,best max
CMC&EHG-S 100 min best,max
500 min best,max
1000 min,best,max
2500 min,best,max
QCS 50 min,best,max
100 min,best max
500 min best,max
1000 min,best,max
2500 min,best,max
WVI-N 50 min,best max
100 min,best,max
500 min,best,max
1000 min,best,max
2500 min,best,max
WVI-S 50 min,best max
100 min best,max
500 min best,max
1000 min,best,max
2500 min,best,max
JDF-W 50 min,best,max
100 min,best,max
500 min best,max
1000 min,best,max
2500 min,best,max
JDF-E&GI 50 min,best,max
100 min,best,max
500 min best,max
1000 min,best,max
2500 min,best,max
GS 50 min,best,max
100 min,best,max
500 min best,max
1000 min,best,max
2500 min,best max
* Zones defined in Appendix C.
T Level of runup (min, best, and max) estimated for given return period. Also shown in Appendix D.
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Table 26. Probabilistic runup hazard on the Atlantic coast for different time periods

Coastline At Risk* Return period 7 Runup’
(\)) (m)
<1.5 1.5-2.9 >3.0
ATL-OUT-S 50 min,best,max
100 min,best,max
500 min,best max
1000 min,best max
2500 min,best,max
SE-NFLD 50 min,best,max
100 min,best,max
500 min,best max
1000 min,best max
2500 min,best,max
ATL-OUT-N 50 min,best,max
100 min,best,max
500 min,best,max
1000 min,best max
2500 min,best max
ATL-INN 50 min,best,max
100 min,best,max
500 min,best,max
1000 min best,max
2500 min,best max
HS 50 min,best,max
100 min,best,max
500 min,best,max
1000 min,best,max
2500 min best,max

* Zones defined in Appendix C.

T Level of runup (min, best, and max) estimated for given return period. Also shown in Appendix D.



Table 27. Probabilistic runup hazard on the Arctic coast for different time periods*

Coastline At Risk Return period T Runup’
) (m)
<1.5 1.5-2.9 >3.0

N. YT, N.NT, S. 50 min,best,max

Banks Is., W. .

Banks Is., W. 100 min,best,max

Victoria Is., NW 500 min,best,max

coasts of Arctic 1000 min,best,max

archipelago,

Baffin Bay coast 2500 min,best,max

* Potential Mackenzie thrust source (Tables 20-21) excluded from cumulative tsunami hazard due to
extremely poor constraints.
¥ Level of runup (min, best, and max) estimated for given return period. Also shown in Appendix D.
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Figure 1. Location map with potential sources of local tsunamis on the Pacific, Arctic, and
Atlantic coasts of Canada. Megathrust plate boundaries are shown in red (other boundaries in
black). Yellow stars show the epicentres of the 1929 and 1946 earthquakes that triggered
landslide tsunamis. BI: Banks Island; FDF: Fraser delta front; GI: Galiano Island; HS: Haro
Strait; MD: Mackenzie delta; MI: Mayne Island; VI: Victoria Island.
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Figure 2. Potential sources of far-field tsunamis for the Pacific (left) and Atlantic (right) coasts
of Canada. Plate boundaries as in Fig. 1. Yellow stars show the epicentres of earthquakes that
spawned major historical far-field tsunamis.
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Figure 3. Cumulative frequency distribution of far-field tsunami peak-to-trough wave
amplitudes at Tofino (white symbols; solid line; dark grey shading) and Victoria, BC (dashed
line; light grey shading). The Tofino recurrence curve is based on tide gauge data (white
symbols; error bars assume Poissonian statistics), and is tapered to the assigned maximum
amplitude; the Victoria curve is based on a scaling relationship whereby amplitudes are assumed
to be 0.6 of those measured at the Tofino tide gauge (Table 4). Empirical data suggest that peak-
to-trough wave amplitudes are approximately equivalent to local mean runup Hr (Abe, 1995).
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Figure 4. Maximum tsunami wave amplitudes (above state of tide) resulting from an M,, 9.0
Cascadia subduction zone earthquake modelled with a coarse-, medium-, and fine-resolution
bathymetric grid (modified from Cherniawsky et al., 2007). BB: Boundary Bay; BS: Baynes
Sound; JI: Jervis Inlet; HS: Howe Sound; BI: Burrard Inlet; CB: Cannon Beach, Oregon; ESQ:
Esquimalt Harbour; VIC: Victoria Harbour.
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Figure 5. Maximum tsunami wave amplitudes (above state of tide) resulting from a southern
Cascadia subduction zone earthquake modelled with a coarse- and fine-resolution bathymetric
grid (modified from Cherniawsky et al., 2007). ESQ: Esquimalt Harbour; VIC: Victoria Harbour.
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Figure 6. Tectonics of the Explorer and Queen Charlotte region. BP: Brooks Peninsula; DK:
Dellwood Knolls; EXP: Explorer; JDF: Juan de Fuca; NFZ: Nootka fault zone; PA/NA: Pacific
plate motion relative to North America; RDW F: Revere-Dellwood-Wilson fault; SFZ: Sovanco
fault zone; TW: Tuzo Wilson seamounts. Dark and light grey shaded areas show the coseismic
locked (seismogenic) and transition zones assumed for subduction of the Explorer plate
(Mazzotti et al., 2003b; also see Table 6).
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Figure 7. Crustal faults mapped in the region of Puget Sound-Juan de Fuca Strait (modified

from Johnson et al., 2001, with additional faults from Kelsey et al., 2012). Box with dotted line
outlines area of high seismicity used in the analysis. Data sources: BBF: Birch Bay fault, DHF:
Drayton Harbor fault, SaPF: Sandy Point fault - Kelsey et al. (2012); DB: Discovery Bay -

Williams et al. (2005); DMF: Devil’s Mountain fault, SPF: Strawberry Point fault, UPF:

Utsalady Point fault - Johnson et al. (2001;2004); SFZ: Seattle fault zone - Atwater and Moore
(1992); Pratt et al. (1997); SM: Swantown Marsh - Williams and Hutchinson (2000); SWFZ: S.

Whidbey Island fault zone - Johnson et al. (1996); Kelsey et al. (2004). S. Vancouver Is.

subsidence data implies crustal earthquakes of unknown source; both also caused vertical motion
at sites in Vancouver region, with possible tsunami evidence for ~3.7 ka event - Mathewes and
Clague (1994). DAF: Darrington fault; GS: Georgia Strait; LRF: Leech River fault; LW: Lake

Washington; PS: Puget Sound; SJF: San Juan fault; SJI: San Juan Islands.
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Figure 8. Tectonics of the Lisbon-Gulf of Cadiz region (faults and tectonics from Gutscher et al.,
2009a; 2012). Dashed line represents likely position of Africa-Eurasia plate boundary. G:
Gorringe Bank; GB: Guadalquivir Bank; GCT: Gibraltar Arc-Gulf of Cadiz Thrust subduction
zone proposed by Gutscher et al. (2002). HAP: Horseshoe abyssal plain; IDHB: Infante Don
Henrique Basin; MdP: Marques de Pombal; SAP: Seine abyssal plain; TAP: Tagus abyssal plain.
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Figure 9. Far-field simulation of the 1755 Lisbon tsunami (after Roger et al., 2010a). Maximum
modelled wave amplitudes (above state of tide) after 9 hours of tsunami propagation using the
Marques de Pombal-Guadalquivir composite earthquake source of Baptista et al. (2003). GTF:
Gloria Transform fault; MTR: Madeira-Tore Rise.
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Figure 10. Tectonics of the NE Caribbean (modified from Calais et al., 1992 (upper) and ten

Brink et al., 2009b (lower)). EFZ: Enriquillo fault zone; MB: Mona bank; MRS: Mona rift

system; NB: Navidad bank; PR: Puerto Rico; SB: Silver bank; SFZ: Septentrional fault zone.
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Figure 11. Tsunami gain map for Halifax, Nova Scotia (figure modified from Xu, 2007). Model
produced using the All-Source Green’s Function developed by Xu (2007). The colours show the
wave amplitude expected at Halifax relative to one unit of vertical displacement at Atlantic
Ocean sources with dimensions of 100 km x 100 km. For example, a 1000 km? source at the
Puerto Rico trench with an initial sea surface displacement of 10 m would theoretically result in
~1.5 m wave amplitudes at Halifax. The model involves ocean propagation only; relative wave
amplitudes would differ if source and runup effects were also considered.
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Figure 12. Map of the southeastern Canadian continental margin. White star shows the 1929 M
7.2 earthquake epicentre; associated white line shows the along-slope failure extent of the Grand
Banks landslide (thicker line for the section with the greatest failure volume, e.g., Mosher and
Piper, 2007). White line along the coast of the Burin Peninsula (BP) shows the extent of the most
severe tsunami damage in 1929. Other abbreviations: AP, Avalon Peninsula; CGFZ, Charlie
Gibbs Fracture Zone; MTD, mass-transport deposit.
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Figure 13. Cumulative frequency distribution of continental slope failures in two regions
offshore eastern Newfoundland over the last 400 ky (Flemish Pass) and 85 ky (Orphan Basin).
Data for Flemish Pass are from Piper and Campbell (2005) and Huppertz and Piper (2009); the
recurrence relation and uncertainties assume maximum failure extent within Flemish Pass of
160-200 km. Data for Orphan Basin are from Piper et al. (2011); maximum failure extent within
Orphan Basin is assumed to be 400-600 km.
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Figure 14. Cumulative frequency distribution of large volcanic flank failures in the western
Canary Islands of La Palma, El Hierro, and Tenerife over the last million years (data from
Masson et al., 2002); the recurrence relation and uncertainties assume maximum failure size
from 650 km® (maximum observed) to 1000 km”.
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Figure 15. Modelled tsunami wave envelope arriving in eastern Canada at given time intervals
after a 500 km® tsunamigenic collapse of La Palma volcano, Canary Islands (after Ward and Day,
2005: Quicktime movie links given in their Table 1). Note: numbers have been modified from

the original publication to show the coastal/near-coastal wave amplitudes as percentages relative
to the wave amplitude offshore. NB: New Brunswick; NS: Nova Scotia; Nfld: Newfoundland;
PEI: Prince Edward Island; Laur. Channel: Laurentian Channel.
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Figure 16. Tectonics of the northern Canada-Alaska Cordillera, and the setting of the potential
Mackenzie thrust (dashed yellow line). Mapped faults are shown by black lines, seismicity by
orange circles and earthquake mechanisms. Paired yellow arrows indicate styles of current
deformation; single thicker arrow indicates northward residual motion. White star shows the
location of a large submarine landslide scar (Hill et al., 1982). AK: Alaska; ELFZ: Eskimo Lakes
fault zone; NT: Northwest Territories; YT: Yukon Territory.
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Figure 17. Probabilistic tsunami hazard map for Canada (runup exceeding 1.5 m in 50 y); colours correspond to the probability of
exceedance of a potentially damaging (= 1.5 m) tsunami runup in a 50-year period (best estimate values from Tables 22-24).
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Figure 18. Probabilistic tsunami hazard map for Canada (runup exceeding 3 m in 50 y); colours correspond to the probability of
exceedance of a significant (= 3 m) tsunami runup in a 50-year period (best estimate values from Tables 22-24).
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Figure 19. Canadian coastlines (blue) susceptible to local waves triggered by subaerial or submarine landslides or glacial calving.
Hazard is based on the landslide susceptibility map of Bobrowsky and Dominguez (2010) and on the presence of glacial fjords.
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Figure 20. Tsunami hazard comparison between representative regions on the Pacific, Atlantic

and Arctic coasts of Canada. Zones defined in Appendix C. Minimum, best, and maximum

cumulative probability of exceedance (in 50 y) of tsunami runup of 1.5 m (left) and 3 m (right) is
given for each region (from all relevant sources), as in Tables 22-24. Colour scheme represents

the relative hazard as in Figures 17 and 18.
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decreasing 1.5 m hazard. Note: different scale for upper versus lower panels. Data details in Tables 22-24;
a more complete version of this figure, with individual sources, in Appendix E. Continental slope
landslide sources are not included for Pacific zones; compared to most other sources they are
expected to contribute a negligible hazard, and triggering is most likely from large near-field
megathrust tsunamigenic earthquakes (i.e., not an independent source).
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APPENDIX A: GLOSSARY OF RELEVANT TECHNICAL TERMS

This glossary provides definitions of technical terms used in or relevant to the text of this open
file report. ltalicized words in definitions are also defined in the glossary.

Accretionary wedge (= accretionary prism)

A pile of deformed sediments accumulated on the oceanward side of a subduction zone by
offscraping of sediment from the top of the downgoing plate by the leading edge of the upper
plate.

Amplification
Increase in wave amplitude during propagation. The opposite of attenuation.

Aseismic slip
Slip (or creep) on a fault that occurs too slowly to generate an earthquake.

Asperity

An area on a fault plane that is stuck or locked during the interseismic period, relative to other
areas where the friction is lower and some aseismic slip may occur. During an earthquake, fault
slip on asperities accounts for most of the energy release.

Asteroid impact tsunami

A tsunami generated by the impact of an asteroid into the ocean. There are no global historical
examples, but an asteroid impact at around 65 Ma that left a major crater on the Yucatan
peninsula (Mexico) has also been linked to tsunami deposits in the region.

Attenuation
Reduction in wave amplitude during propagation. The opposite of amplification.

Bathymetry
Measurement of the depth of the ocean floor below sea level. Underwater equivalent of

topography.

Characteristic earthquakes
Large earthquakes that occur periodically on a fault that experiences few or no smaller
earthquakes. E.g., Cascadia megathrust earthquakes.

Coseismic
Occurring at the time of an earthquake, e.g., coseismic subsidence.

Décollement (= basal detachment fault)
A near-horizontal gliding plane between two rock masses in a thrust fault relationship.
Detachment of the upper cover from its substratum.
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Deformation front

A line defined by the most frontal (oceanward in an ocean-continent subduction zone)
compressional (thrust and fold) structure in an accretionary wedge. Approximately represents the
intersection of the megathrust with the seafloor in a subduction zone.

Dip-slip fault
A fault across which relative motion is dominantly vertical.

Dispersion
The separation (during propagation) of an initial zsunami wave into a wave train of smaller-
amplitude waves. Important in long-distance propagation.

Earthquake tsunami (= seismic sea wave)

A tsunami generated by vertical displacement of the ocean floor due to faulting during an
earthquake. The largest earthquake tsunamis are generated at subduction zones, e.g., 1960 Chile,
1964 Alaska, 2004 Sumatra, 2011 Japan.

Edge waves (= trapped waves)
Tsunami waves that travel along the coastline, “trapped” on the continental shelf due to the
superposition of coastally-reflected and incoming waves.

Eocene
The geological time between 55.8 and 33.9 million years ago.

Epicentre
The point on the Earth’s surface directly above the hypocentre of an earthquake.

Far-field tsunami (= teletsunami)
A tsunami generated by a distant source that is located generally more than 1000 km or more
than 3 hours tsunami travel time from the area of interest.

Fault slip
Relative motion across a fault.

Hypocentre
The location below the Earth’s surface at which an earthquake occurs.

Geodetic data
Positional data (e.g., GPS data) used in earthquake studies to measure relative motions of plates
and across faults.

GPS
Satellite-based Global Positioning System. High-precision GPS data are used in earthquake
studies to measure relative motions between plates and across faults.
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Great earthquake
An earthquake with a magnitude (e.g., moment magnitude) greater than or equal to 8.

Historical earthquake
An earthquake documented in the written historical record that was observed by one or more
eyewitness(es) or instrument(s).

Historical tsunami
A tsunami documented in the written historical record that was observed by one or more
eyewitness(es) or instrument(s).

Holocene
The geological time that started at the end of the last major glaciation about 10,000 years ago and
continues to the present day.

Interseismic
Occurring during the time between earthquakes.

Inundation
The inland penetration of a tsunami.

Inundation distance
The horizontal distance travelled inland by a tsunami, measured perpendicular to the shoreline.

ka
Kiloannum. Abbreviation for thousand years ago, e.g., 10 ka is 10 thousand years ago.

ky
Kiloyears. Abbreviation for thousand years, e.g., 10 ky is 10 thousand years.

Landslide tsunami

A tsunami generated by rapid displacement of the water column by either an underwater
landslide or a coastal landslide that enters the water. Landslide tsunamis tend to have a shorter
wavelength than earthquake tsunamis and to impact a more localized area.

Left-lateral (= sinistral) fault
A strike-slip fault where, when viewed from one side of the fault, the motion of the other side is
to the left.

Local tsunami

A tsunami from a nearby source, with significant waves confined to coastlines within ~100 km
or ~1 hour tsunami travel time. May also refer to a tsunami from a nearby source that also has
far-reaching impacts.

Ma
Megaannum. Abbreviation for million years ago, e.g., 10 Ma is 10 million years ago.
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Mass movement
The downslope movement of material (rock/soil/sediment). Types of mass movement include
landslides, slumps, rock falls, debris flows, and creep.

Mass-transport deposits

Sedimentary units that were remobilized after initial deposition, transported downslope and re-
deposited. Include deposits from creep, slides, slumps, mass flows, and other slope failures, but
not turbidites.

Megathrust
The plate-boundary thrust fault in a subduction zone. E.g., the Cascadia megathrust.

Meteorological tsunami (= meteotsunami)

Atmosphere-induced tsunami-like destructive ocean waves. May be triggered by a variety of air
pressure disturbances including atmospheric gravity waves, pressure jumps, frontal passages,
hurricanes and squalls.

Miocene
The geological time between 23 and 5.3 million years ago.

Moment magnitude (M,,)
A measure of the relative size of an earthquake based on the seismic moment. The moment
magnitude scale is the preferred magnitude scale, and the most accurate for large earthquakes.

Near-field tsunami
A tsunami that is generated from a source located close to the area of interest (typically less than
30 minutes tsunami travel time).

Normal fault
An extensional dip-slip fault where the overlying side of the fault (hanging wall) moves
downwards relative to the underlying block (footwall).

Oligocene
The geological time between 33.9 and 23 million years ago.

Paleocene
The geological time between 65.5 and 55.8 million years ago.

Paleoearthquake
An earthquake that occurred prior to the historical time period, or for which there is no written
documentation. Paleoearthquakes are identified using paleoseismic data.
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Paleoseismic data

Geological evidence for prehistoric earthquakes (paleoearthquakes). May include evidence for
sudden displacements across a fault and/or earthquake shaking (liquefaction, landslides,
turbidites).

Paleotsunami
A tsunami that occurred prior to the historical time period, or for which there is no written
documentation. Paleotsunamis are primarily identified on the basis of coastal tsunami deposits.

Peak-to-trough wave amplitude (= double amplitude)

The vertical distance between an adjacent wave crest and trough, corrected for tidal changes over
the time between the two. Often referred to as wave height in the tsunami literature, whereas in
the tsunami hazard literature wave height generally refers to the zero-to-peak wave amplitude.
See Figure Al.

Period (= wave period)
The amount of time between the passage of two successive wave crests in a wave train.
Tsunamis typically have a wave period ranging from 5 minutes to 2 hours. See Figure Al.

Pleistocene
The geological time between 2.6 million years ago to 10,000 years ago.

Pliocene
The geological time between 5.3 and 2.6 million years ago.

Postseismic
Occurring in the time period following an earthquake. Postseismic deformation typically occurs
within a few years to decades after a large earthquake.

Propagation

The travel stage of a tsunami (between tsunami generation and coastal inundation). Tsunami
speed is proportional to the water depth. The main propagation direction depends on the
orientation of the source, e.g., a north-south linear earthquake source will propagate energy
mainly to the west and east. Tsunami waves are also affected by wave reflection and refraction
during propagation due to interactions with ocean floor and coastline features (bathymetry and

topography).

Quaternary
The geological time period from 2.6 million years ago to the present.

Radial spreading

A phenomenon by which wave amplitude is reduced as a tsunami wave propagates away from its
source due to the distribution of energy over an increasingly large area. Tsunamis from long
linear sources such as subduction zones are less affected by radial spreading than are point
sources such as landslides. The sphericity of the Earth also leads to spreading and reductions in
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wave energy up to a distance of 90° from the source; beyond this, wave energy will increase
again.

Recurrence interval
The amount of time between events (e.g., earthquakes, tsunamis) on a specific fault or in a
specific region.

Reflection
A change in direction experienced by a wave as it rebounds from a barrier.

Refraction

A change in direction experienced by a wave as it enters shallower water, due to slowing of those
parts of the wave that enter shallower water first; the propagation direction bends to a direction
more parallel to the seafloor contours.

Regional tsunami
A tsunami that affects a particular geographic region, generally within 1000 km or 1-3 hours
tsunami travel time from its source.

Resonance amplification

Increase in tsunami wave amplitudes due to the extended reflection and interference of tsunami
waves within a harbour, narrow bay or inlet. Occurs when the tsunami period matches the
natural resonant period of the harbour/bay/inlet (which depends on their dimensions). E.g., in a
harbour with a natural resonant period of 30 minutes, resonance amplification will occur for
tsunamis with 15, 30 and 60-minute periods).

Reverse fault
A compressional dip-slip fault where the overlying side of the fault (hanging wall) moves
upwards relative to the underlying block (footwall)

Right-lateral (= dextral) fault
A strike-slip fault where, when viewed from one side of the fault, the motion of the other side is
to the right. E.g., Queen Charlotte fault.

Runup (= runup height)
Elevation reached by a tsunami at maximum inundation, measured relative to a datum such as
mean sea level or the sea level at the time of the tsunami (state of tide).

Rupture zone
Area of a fault that undergoes fault slip during an earthquake.

Seiche
A wave that oscillates on the surface of an enclosed or partially enclosed body of water. It may
be initiated by long-period seismic waves (an earthquake), winds, tides, or a tsunami.
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Seismic data

Subsurface data obtained by analysis of the recording of seismic waves that pass through the
Earth. Seismic waves travel at different speeds depending on the density of the material they
travel through, and reflect or refract when they reach a density contrast, thus revealing the
structure of the subsurface — layers, faults, mass-transport deposits etc. Source of seismic waves
may be passive (earthquakes, background noise) or controlled (explosives/air gun/vibrations).

Seismic moment (M,)

A measure of the size of an earthquake that represents the energy released. It is the product of (1)
the area that ruptured in the earthquake (rupture zone), (2) the average amount of fault slip, and
(3) the rigidity (shear modulus) of the rocks on either side of the fault. (See also Equation 8 in
the text).

Seismicity
The distribution of earthquakes in space, time, and magnitude.

Seismogenic zone
The part of a fault on which earthquakes may be generated. Typically occurs at depths below the
surface where the temperature ranges from ~150 to 350 °C.

Shear modulus (= rigidity) (x)
The ratio of shear stress to shear strain. The greater the shear modulus of a material, the greater
the stress needed to produce the same amount of deformation.

Slab rollback

A process involving subduction of old (cold and dense) oceanic crust, whereby gravity acts to
steepen the subducted slab, causing it to “roll back™ through the mantle. The overlying plate may
also be pulled with the slab, leading to extension.

Source (= tsunami source)
Location of tsunami origin; site of earthquake/landslide/volcanic eruption/asteroid impact that
causes sudden displacement of the water to generate a tsunami.

Splay fault
A minor fault that branches at an acute angle off a major fault, with the same sense of slip.

Strike-slip fault
A fault across which the relative motion is primarily horizontal. E.g., Queen Charlotte fault.

Subduction zone
A convergent plate boundary where one plate moves underneath another along a megathrust
fault. E.g., the Cascadia subduction zone.

Thrust fault
A reverse fault with a low angle of dip (< 45°).
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Tide gauge
An instrument that measures the height (rise and fall) of sea level over time. Tsunami waves
detected by tide gauges may be quantified relative to the predicted state of tide.

Topography
Measurement of the elevation of land above sea level.

Transpression
Deformation that contains components of both compression and strike-slip, e.g., relative motion
on an oblique reverse fault.

Transtension
Deformation that contains components of both extension and strike-slip, e.g., relative motion on
an oblique normal fault.

Travel time
The time taken for the first tsunami wave to propagate from its source to the point of interest.

Trench
Long linear depression of the seafloor, marking where an oceanic plate begins to descend
beneath the overriding plate at a subduction zone.

Triple junction

The point where three plate boundaries meet. E.g., the Queen Charlotte triple junction occurs at
the intersection of the Pacific-North America, Explorer-North America, and Pacific-Explorer
plate boundaries.

Tsunami

A series of long-wavelength, long-period travelling water waves generated by displacement of a
large volume of water. May be generated by earthquakes, landslides, volcanic eruptions, asteroid
impacts or meteorological phenomena. A tsunami extends through the whole water column,
accounting for the great amount of energy propagated. Tsunamis are not related to the tides; the
term tidal wave is a misnomer.

Tsunami deposit (= tsunamiite)

Sediment (usually sandy) deposited by a tsunami in coastal areas. A sand sheet deposited by a
tsunami may consist of several layers representing successive waves, and it will thin and fine
inland. Tsunami deposits in the coastal sedimentary record provide evidence of historical
tsunamis and paleotsunamis.

Tsunami generation (= tsunami generation)

Mechanism by which a tsunami is initiated, by displacement of a large volume of water.
Tsunami sources may include earthquakes, landslides, volcanic eruptions and asteroid impacts.
The potential energy imparted into the water column results in tsunami generation, i.e. energy in
the form of long-period waves radiating away from the source.
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Tsunamigenic
Capable of generating a tsunami, e.g., tsunamigenic fault.

Tsunami hazard
The probability that a tsunami of given size will impact a coastal point of interest within a given
time period.

Tsunami hazard assessment

An analysis to estimate the probability of a damaging tsunami occurring at coastal areas of
interest. Tsunami hazard assessment requires knowledge of probable tsunami sources (including
earthquakes and landslides), their likelihood of occurrence, and their expected tsunami
runup/inundation at the site of interest.

Tsunami risk

Tsunami hazard multiplied by the exposure of a coastal point of interest. The probability that a
tsunami of given size will impact a site within a given time period, multiplied by the expected
tsunami damage and number of potential victims.

Tsunami simulation
Numerical modelling of tsunami generation, propagation and inundation.

Tsunami speed

The velocity of a tsunami is proportional to the depth of the water through which it propagates. It
can be approximated as the square root of the product of water depth and gravity. In the deep
open ocean, tsunamis have low wave amplitudes (< 1 m) and travel at speeds of 500-1000 km/hr.
When the tsunami reaches shallow water near a coastline, velocities drop to tens of km/hr and
wave amplitudes increase (sometimes up to tens of metres).

Turbidite

A sedimentary deposit resulting from a turbidity current in an ocean or lake. Turbidites may be
used to infer the occurrence of earthquake shaking, in concert with other paleoseismic data,
although turbidity currents may be triggered by other phenomena such as storms.

Turbidity current
An underwater avalanche. A turbulent subaqueous density-driven flow of suspended sediment,
triggered by sediment loading or disturbances such as storms or earthquake shaking.

Wadati-Benioff zone
A dipping planar zone of earthquakes in a subduction zone that may extend as deep as 700 km.

Wave amplitude (= zero-to-peak amplitude = wave height above the state of tide)

The vertical distance between a wave crest (or trough) and the undisturbed sea level at the time.
Alternatively, half the vertical distance between an adjacent wave crest and trough, corrected for
tidal changes over the time between the two. Often referred to as wave height in the tsunami
hazard literature (including this open file). See Figure A1l.
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Wave height

May refer to either the wave amplitude (zero-to-peak; as in tsunami hazard literature) or the
peak-to-trough wave amplitude (as in the general tsunami literature). For the purposes of this
open file report, wave height is equivalent to the zero-to-peak amplitude, unless otherwise
specified.

Wavelength

The horizontal distance between two successive wave crests (or troughs), measured in the
direction of wave propagation. Wavelengths of earthquake tsunamis range from 20 to 300 km,
whereas those of landslide tsunamis are typically in the range of a few hundred metres to tens of
kilometres. See Figure Al.
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APPENDIX B: DEFINITION OF FAULT PARAMETERS FOR EARTHQUAKE
MAGNITUDE ESTIMATION

Fault rupture area

The fault rupture area is approximated from the fault length multiplied by the downdip
seismogenic width, which is thought to be controlled by temperature, with full coseismic rupture
occurring between ~150 and 350 °C, rupture decreasing downdip through a transition zone to
zero at ~450 °C (Hyndman and Wang, 1995). For example, a full-rupture area of ~99,000 km?
for the Cascadia subduction fault results from multiplying the fault length (~1100 km) by the
average width (60 km average seismogenic zone width plus half the 60 km average transition
zone width, assuming a linear downdip decrease in coseismic slip through the transition zone,
e.g., Satake et al., 2003; Wang et al., 2003). The coseismic transition zone described here is
approximately half the width of the interseismic time-dependent effective transition zone defined
by Wang et al. (2003).

We note that in some cases the rupture areas in the database of Strasser et al. (2010) used
to calibrate their area-magnitude relation (Equation 6) may be larger than the coseismic rupture
area defined here and used in Equation 8; where defined by aftershock distribution, the rupture
area may include the full area of the coseismic transition zone and/or other areas adjacent to the
coseismic rupture. For the Cascadia subduction zone, the full-rupture area of 99,000 km?
provides an estimated maximum magnitude of M,, 8.7 (8.4-9.0), whereas a larger rupture area of
132,000 km? (including the full area of the transition zone) suggests a maximum M,, of 8.8 (8.5-
9.1) (Equation 6). Thus, it is possible that our use of the full-rupture area in Step 1 may slightly
underestimate maximum magnitude; however, for fault areas smaller than the Cascadia
megathrust, the effect is likely negligible.

Slip rate

The long-term fault slip or convergence rate is generally estimated from geodetic and/or
geologic plate motion data. At Cascadia, convergence across the subduction zone varies along
the margin according to the plate rotation vector and changes in strike; the average convergence
rate is ~36 mm/y (e.g., Wang et al., 2003).

Shear modulus

Estimation of the shear modulus (u; the ratio of shear stress to shear strain; rigidity) is
critical to the calculation of slip magnitude occurring during an earthquake (Equation 8), and
therefore also the estimated recurrence of potentially tsunamigenic events (Equation 9).
Overestimating the shear modulus will lead to an underestimation of the slip and of the event
recurrence interval, and thus an overestimation of the event probability; conversely,
underestimation of u will lead to an underestimation of the probability. However, the shear
modulus of fault zones is generally poorly constrained.

For subduction megathrust studies, the shear modulus is often assumed to be ~3-4 x 10'°
N/m? (e.g., McCaffrey et al., 2000; Satake et al., 2003; Liu and Rice, 2007; Becker and Meier,
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2010), based on an average value for sedimentary rocks (0.4-5 x 10'® N/m?; Turcotte and
Schubert, 2002) or the Preliminary Reference Earth Model (PREM: 4.4 x 10'° N/m” at ~20 km
depth; Dziewonzki and Anderson, 1981).

For the Cascadia subduction zone, using M,,= 8.8, A = 99,000 km?, and u=3x 10"
N/m? in Step 3 (Equation 8) provides a coseismic slip estimate of 6 m (4 m at 4 =4 x 10" N/m?),
leading to an average recurrence interval (Step 4) of 166 years (125 years for the larger shear
modulus). These values are significantly lower than the slip in the 1700 CE Cascadia megathrust
earthquake estimated from paleotsunami data (best-fit 19 m slip approximated from modelling of
far-field tsunami heights; Satake et al., 2003) and the average Holocene recurrence interval
constrained by paleoseismic data (~530 + 260 years; Goldfinger et al., 2012). One way to resolve
this inconsistency is by using a lower value of shear modulus; it follows that a lower value
should also be used in Step 3 of our calculations on potentially tsunamigenic thrust faults in
similar shallow subduction environments.

We calculate an “effective” shear modulus based on the Cascadia example. Constraining
the recurrence interval to 530 years provides a slip estimate of 19 m (at 36 mm/y); with the
rupture area and moment magnitude as defined above, we calculate an effective shear modulus
of ~1 x 10'® N/m”. This lower value of rigidity is consistent with more recent studies of shallow
subduction zones; Bilek and Lay (1999) find a stronger depth dependence of the shear modulus
in subduction zones than the PREM model (which represents the interplate environment). Lower
rigidity at shallower depths may reflect the greater prevalence of water-saturated sedimentary
rocks (e.g., Geist and Bilek, 2001). The upper 20 km is typically characterized by a shear
modulus less than 3 x 10'® N/m?, with 1 x 10'° N/m? an average value at ~10-15 km depth (Bilek
and Lay, 1999); the Cascadia locked zone, where the majority of coseismic slip is expected to
occur, lies within the upper 10-15 km.



110

APPENDIX C: HAZARD ZONES

Tsunami hazard zones considered are shown in Figure C1 and defined in the sections
below. The locations of zone boundaries are also discussed. Zone boundaries do not necessarily
reflect a sharp contrast in hazard. Within each zone, hazard from each source is likely to vary
considerably (depending on factors that include bathymetry, coastline shape, wave directivity,
and resonance amplification), but without detailed modelling such variations cannot be estimated.
In particular, some inlets, bays, and harbours may have amplitude maxima significantly higher
than the zone average, and that may exceed our estimates of the zone maxima, e.g., tsunami
amplitudes at Port Alberni are significantly higher for certain events than at Tofino due to
resonance amplification (both in zone WVI-S, defined below; Fine et al., 2009). The zones are
chosen such that within each zone similar runup is expected from each source, i.e. values
exceeding 1.5 m and 3 m are likely to occur within the zone (at given probabilities), but these
values may not occur over the entire zone.

Pacific

The large number of zones considered for the Pacific coastline (10) reflects the greater
number and diversity of sources than the Atlantic and Arctic coastlines, particularly those that
are local/regional. The final hazard maps appear to show a smaller number of zones, because
many of the zones have similar cumulative levels of hazard. WHG-N: northern west coast of
Haida Gwaii; WHG-S: southern west coast of Haida Gwaii. The boundary between WHG-N and
WHG-S is chosen arbitrarily as the midpoint of the straight-line length of the west coast of the
islands. NMC&EHG-N: northernmost mainland coast and north and northeastern coasts of Haida
Gwaii; CMC&EHG-S: central mainland coast and southeastern coast of Haida Gwaii. The
boundary between NMC&EHG-N and CMC&EHG-S lines up with the boundary between
WHG-N and WHG-S in a margin-perpendicular direction, to reflect approximately equal
tsunami travel distance from regional sources to the south. WVI-N: northern west coast of
Vancouver Island; WVI-S southern west coast of Vancouver Island. The boundary between
WVI-N and WVI-S is chosen arbitrarily as the midpoint of the straight-line distance between
NW Vancouver Island and the western edge of Juan de Fuca Strait. JDF-W: western Juan de
Fuca Strait; JDF-E&GI: eastern Juan de Fuca Strait, Haro Strait and the Gulf Islands. The
boundary between JDF-W and JDF-E&GTI is arbitrarily chosen as the midpoint of the length of
Juan de Fuca Strait from the Pacific open ocean opening to Victoria, BC. GS: Georgia Strait and
Discovery Passage, Johnstone Strait and adjoining inlets. QCS: Queen Charlotte Strait
(boundaries are the geographically-defined borders of the Strait from the western entrance of
Johnstone Strait in the south to Cape Sutil and Cape Caution in the north).

WHG-N and WHG-S are equally affected by all sources except the Explorer subduction
fault, which presents a greater hazard to WHG-S. NMC&EHG-N is assigned the same hazard as
WHG-N and WHG-S for all far-field sources and for Cascadia subduction zone sources; relative
to WHG-N, it has lower hazard from the Queen Charlotte subduction fault, but the same level of
hazard from the Explorer subduction fault. CMC&EHG-S is assigned the same hazard as
NMC&EHG-N, except that hazard from the Explorer fault is higher (the same as WHG-S).
WVI-N and WVI-S are assumed to have equal hazard from far-field sources and from full
ruptures of the Cascadia subduction zone. Relative to the south (WVI-S), the north coast (WVI-
N) has greater hazard from Explorer and Queen Charlotte sources and lower hazard from
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southern ruptures of the CSZ. JDF-W and JDF-E&GI are assumed to have equal hazard from all
sources, except that JDF-E&GI is assumed to have greater hazard from local crustal fault sources.
Compared with WVI-S, both JDF-W and JDF-E&GI have similar hazard (at 1.5 and 3 m level)
from full ruptures of the Cascadia subduction zone and from far-field landslide tsunami sources,
lower hazard from southern Cascadia subduction zone ruptures and from far-field subduction
zone sources; the Juan de Fuca Strait is assumed to be not at risk from Queen Charlotte and
Explorer sources. Haro Strait and the Gulf Islands are included in JDF-E&GI; these areas are
assumed to have hazard that is more similar to eastern Juan de Fuca Strait than to Georgia Strait,
which is more sheltered. GS is assumed to be sheltered from all far-field sources and all other
sources, except for Cascadia subduction zone ruptures, local crustal fault sources and local
landslide-generated waves. QCS is assumed to have the same hazard from most sources as zone
CMC&EHG-S, the central mainland coast. Exceptions are lower hazard from far-field
subduction zone sources, and no known hazard from crustal fault sources. CMC&EHG-S is
assumed to have a similar far-field subduction zone hazard to the west coast of Vancouver Island
(i.e., Tofino tide gauge data), whereas QCS is assumed to be similar to JDF-E&GI (i.e., Victoria
tide gauge), based on similar tsunami heights at Port Hardy (e.g., Stephenson and Rabinovich,
2009).

Atlantic

The Atlantic margin is divided into six zones, defined below. However, in the final
hazard maps, five of them fall into the same hazard categories for runup exceeding 1.5 m (2-10%
probability in 50 years). ATL-OUT-S: the outer coasts of southern Newfoundland, Nova Scotia,
and New Brunswick (including the Bay of Fundy); SE-NFLD: southeastern Newfoundland;
ATL-INN: the southeastern coast of Quebec, the coast of Prince Edward Island, and the inner
coasts of New Brunswick, Nova Scotia and Newfoundland; ATL-OUT-N: the outer coast of
northeastern Newfoundland and Labrador, and the southeastern coast of Baffin Island south of
the Arctic circle; HS: Hudson Strait; HB: Hudson Bay.

SE-NFLD is considered separately from ATL-OUT-S; due to the shape of the continental
shelf edge, southeastern Newfoundland is likely exposed to continental slope landslide tsunamis
from three source areas (Orphan Basin, Flemish Pass, and the Salar Basin; Fig. 12), whereas
other parts of the outer Atlantic coast are exposed only to one landslide source area offshore.
However, in regard to most other tsunami sources, SE-NFLD and ATL-OUT-S are considered to
have equal hazard. ATL-INN and HS are expected to be relatively sheltered from most sources
compared to the outer coasts, and therefore have lower hazard. ATL-OUT-N is a northeast-
facing coastline, and is expected to be relatively sheltered from subduction zone sources located
to the south (Puerto Rico and Lesser Antilles), but to have equal hazard from local and other far-
field sources to ATL-OUT-S. HB is assumed to be sheltered from potentially damaging tsunami
waves from all sources considered, except for local landslide-generated waves.

Arctic

The zone ARCTIC comprises all coastlines north of the Arctic circle (66° 33” N), as well
as those parts of Foxe Basin (Fig. 1) that lie south of this latitude. The potential Mackenzie thrust
fault source considered would only pose a hazard to the westernmost Canadian Arctic coasts, but
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this source is not included in the final hazard maps due to poor constraints. All but the innermost
(more sheltered) coasts are assumed to be vulnerable to potentially damaging tsunami runup
from continental slope landslide sources. Due to the absence of knowledge (complete lack of
modelling) about which particular Arctic coastlines are susceptible and those that may be
considered protected, equal hazard is applied across the entire zone. Additional uncertainty arises
from the fact that tsunami hazard will vary seasonally with changes in ice cover, with greatest
hazard at times of lowest ice cover (i.e., July-September). The final estimated hazard at both 1.5
and 3 m levels falls into the lowest hazard category for the 50 and 100 year time periods (< 2%
probability of tsunami runup exceeding either 3 m or 1.5 m).
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Figure C1. Tsunami hazard zones considered for the tsunami hazard map of Canada. Colour is used to distinguish between labelled

zones and does not indicate relative hazard. See text for definition and justification of zones.
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APPENDIX D: PROBABILISTIC TSUNAMI HAZARD MAPS FOR CANADA FOR
VARIOUS TIME PERIODS

Throughout the main text, we have considered probabilities of exceeding 1.5 and 3 m
tsunami runup within a 50-year time period at Canadian coastlines. Here, we use these
probabilities to assess the highest runup level at each site that may occur within different
timeframes, i.e., the 100-year tsunami runup, (Fig. D1) and the 500-, 1000-, and 2500-year
tsunami runup (Figs. D2-4). For each time period, the runup level is shown as a best estimate
(main map) with minimum and maximum estimates given on inset maps. The information is also
given in Tables 25-27.

The highest runup level shown is that exceeding 3 m; ideally the maximum values would
be provided for each time period. For some events, expected runup may exceed 3 m by a
significant amount, e.g., on western Vancouver Island, runup is expected to exceed 5-10 m or
more during M~9 Cascadia subduction zone tsunamis (representing the 500-year (and greater)
tsunami runup). Many more detailed studies are required in order to discern the maximum runup
expected from the various sources, and to adequately distinguish locations of higher hazard
within the broad zones considered here. This is particularly important for populated areas.
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Figure D1. Probabilistic tsunami hazard map of Canada: runup levels for the 100-y tsunami, i.e., an event with probability > 39.35%
in 50 years. Best estimate values are shown on main map, with min and max values on inset maps.
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Figure D2. Probabilistic tsunami hazard map of Canada: runup levels for the 500-y tsunami, i.e., an event with probability > 9.52% in

50 years. Best estimate values are shown on main map, with min and max values on inset maps.
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Figure D3. Probabilistic tsunami hazard map of Canada: runup levels for the 1000-y tsunami, i.e., an event with probability > 4.88%
in 50 years. Best estimate values are shown on main map, with min and max values on inset maps.
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Figure D4. Probabilistic tsunami hazard map of Canada: runup levels for the 2500-y tsunami, i.e., an event with probability > 1.98%
in 50 years. Best estimate values are shown on main map, with min and max values on inset maps.
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APPENDIX E: SOURCE CONTRIBUTIONS TO THE TSUNAMI HAZARD OF EACH
ZONE
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Figure E1. Relative contribution of all considered sources to the cumulative probabilistic
tsunami hazard of each hazard zone (1.5 and 3 m runup: min, best, and max; zones in Appendix
C), shown in decreasing order of 1.5 m hazard (data in Tables 22-24). Note: scale varies between
zones. Sources as described in the text. FF: far-field; C. slope: continental slope.
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