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ABSTRACT: Montreal ranks second after Vancouver among Canadian urban areas in terms of seismic risk.
Variability in near surface geology plays an important role in earthquake ground shaking in the region. We
constructed scenario shakemaps for Montreal using forecasts of most-likely earthquake locations, combined
with recent ground motion modelling, validated with local recorded data and soil information specific to the
region. We used microzonation information from Montreal to assess the expected site amplification effects.
The target probability level for the scenarios is near the 2%/50 yr ground motions, as used for design of new
structures in Montreal according to the National Building Code of Canada (NBCC 2010). Scenario
shakemaps are generated to study the expected ground-shaking intensity distribution patterns for input to
damage and risk studies. The impact of event location on expected ground motions and intensities was
tested by considering the occurrence of a scenario (a given magnitude event) at various locations in the
region. The results of this study may be used as input to seismic risk studies for Montreal.

1. Introduction

Shakemaps (Wald et al. 1999) are maps that show the spatial distribution of recorded and estimated peak
ground motions and estimate the corresponding felt-intensity at locations throughout a region, for purposes
of providing rapid public planning and emergency response information in the immediate aftermath of local
and regional earthquakes. Shakemap uses ground motion prediction equations (GMPES) to estimate ground
motion at locations over a spatial grid, and combines these calculated motions with recordings to produce an
interpreted map of the intensity of shaking. intensity of ground shaking. Macroseismic intensity can be
determined by using empirical correlations between instrumental ground motion and felt intensity (e.g.
Atkinson and Kaka 2007; Worden et al. 2012).
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For planning purposes and risk studies, scenario shakemaps, which predict the expected ground shaking
patterns for a specified earthquake magnitude and location, are very useful. Scenario shakemaps have
applications in earthquake engineering, seismological research, emergency response planning, reliability
analysis of utilities, public information, and education (Wald et al. 2007). While no scenario will prove
accurate in every detail, scenario shakemaps are useful for providing a regional pattern of expected damage
and to give a more complete understanding of earthquake hazards; this is a first step toward developing
earthquake response plans.

The purpose of this study is to construct scenario shakemaps for Montreal using forecasts of most-likely
earthquake locations, combined with ground motion models validated with local recorded data and soil
information specific to the region. To calibrate expected levels of ground shaking for the scenarios, we use
three recent events in the study area that have both ground motion data and intensity data (Modified Mercalli
Intensity, MMI; Wood and Newmann 1931): moment magnitude (M)5.0 Val des Bois (VdB) June 2010, M3.9
Montreal (Mtl) October 2012, M4.5 Ladysmith (Ldy) May 2013. Information for these events is provided in
Table 1 and their locations with respect to Montreal are shown in Fig. 1. In addition to the selected
earthquakes, there was the M3.5 Gatineau earthquake that occurred on November 2012 close to the study
area, but due to the smaller magnitude and a lack of felt reports for this event, we opted not to consider it in
our validation exercise. Fig. 2 is a plot of vertical-component response spectra, (PSAv, the 5%-damped
pseudo-acceleration) on rock sites, compared to the GMPEs for Eastern North America (ENA) proposed for
hazard mapping for NBCC 2015 (Atkinson and Adams 2013; hereinafter referred to as AA13). Each of the
three plotted GMPEs (central, upper and lower curves) is an alternative estimate of the median ground-
motion amplitudes. The low and high curves express uncertainty about the central AA13 GMPE. Overall the
GMPEs predict the observed data well, with Mtl following the “low” AA13 curve, Ldy following the central
(“med”) AA13 curve, and VdB following the “high” AA13 curve (approximately).

Table 1 — Recent events recorded at Montreal.

Date Hour Lat. Lon. Depth (km) | MN | M AA13 GMPE Level
Val des Bois | 2010-06-23 | 17:41:41 | 45.91 | -75.49 | 16.4 5.8 | 5.0 | High
Montreal 2012-10-10 | 04:19:28 | 45.69 -73.20 | 21 45 |39 | Low
Ladysmith 2013-05-17 | 13:43:23 | 45.73 | -76.34 | 20 5.2 |45 | Med
Gatineau 2012-11-06 | 09:05:28 | 45.68 | -74.79 | 15 42 |35 | Med

After validating the accuracy of our shakemap technique using the selected events, we generate shakemaps
for scenarios involving stronger shaking and greater damage potential. The target probability level for the
scenarios is near the 2%/50 yr. ground motions, as used for design of new structures in Montreal according
to the National Building Code of Canada (NBCC 2010). The NBCC (2010) indicates that Montreal can expect
horizontal peak ground acceleration (PGA) of 0.43g with a probability of exceedance of 2%/50 yr; motions of
this intensity could cause significant damage (Adams and Atkinson 2002; Adams and Halchuk 2003; Rosset
and Chouinard 2009). Deaggregation from seismic hazard analysis shows that the main contribution to
seismic hazard at the 2%/50 yr probability level, for short-to-intermediate periods, comes from the potential
for earthquakes of M~5 to 6.5 at a distance of < 50 km (Atkinson and Goda 2011). The possible damage
patterns are evaluated, considering several locations of hypothetical epicenters in and around the Montreal
region.

2. Recent Events in Study Area

Fig. 1 shows the geographical location and extent of the study area. Based on the exposed population and
on the probability of earthquake occurrence, Montreal ranks second in Canada after Vancouver for seismic
risk (Adams et al. 2002). The seismic activity in the region is attributed to the reactivation of ancient normal
rift faults along the St. Lawrence and Ottawa Rivers as well as the passage of an ancient hot spot beneath
the region (Adams and Basham 1991; Ma and Eaton 2007). The city is particularly vulnerable to seismic
events since the city is largely built on recent unconsolidated marine and river deposits and much of its
infrastructure is old and may have limited seismic resistance. Soft soil layers on the island of Montreal are
mainly associated with thick Holocene-age Champlain Sea sediments (known as “Leda clay”; Hunter et al.
2002) and more recently sediments deposited from the Saint-Lawrence River. The island is located in a
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moderate seismic zone where several earthquakes of intensity higher than MMI VI have occurred in the
recent past (Lamontagne 2008).
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Fig. 2 - PSAv at 1 and 5 Hz on rock sites for M=3.5 to 5.0 events compared to AA13 GMPEs. The solid

curve is the selected AA13 level for the event M to match the observations. Upper panels show M3.5

to 3.9 events, lower panels show M4.5to 5.0 events. The dashed lines are the epistemic uncertainty
range in the motions. For VdB, the dashed line is the same as the blue line.
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3. Construction of Shakemaps for the validation events

We construct the scenario shakemaps over a regular grid covering the Island of Montreal with a spacing of
~0.5 km. The soll stiffness is characterized by Vsso, the time-averaged shear-wave velocity over the top 30 m
(Rosset et al. 2014). We consider five ground-motion parameters: the 5% damped pseudo-acceleration
(PSA) at 1, 5 and 10 Hz, and PGA and peak ground velocity (PGV). In this study, the AA13 GMPEs for ENA
were used to estimate median ground motions for a specified earthquake magnitude and distance. AA13
developed a “representative” or central GMPE based on alternative GMPEs and the data used to derive
each model. Epistemic uncertainty in the best median curve was expressed by defining low and high GMPE
variants about the central GMPE. For the validation, we have selected the low, med or high alternative for
each of the three events as reported in Table 1. The ground motions for each event are defined for a
reference NEHRP B/C boundary (Vsso = 760 m/s). Once the median ground motions are estimated, we apply
amplification factors to modify the ground motions for the likely effects of local soil conditions. In this study
we use the Boore and Atkinson (2008; hereinafter referred to as BAO8) site-amplification factors, for
consistency with the AA13 GMPE formulation and the proposed approach for 2015 NBCC. The site
amplification factor Fs is given by:

Fs=Fun+Faw (1)
where Fun and Fne are the linear and nonlinear terms, respectively. The linear term is given by:
Fon = by, (Vsso /Vref ) (2

where bin is a period-dependent coefficient, and Vet is the specified reference velocity, here 760 m/s,
corresponding to NEHRP B/C boundary site conditions. The nonlinear term is given by:

Fue = by (pga_ IOW/O-]-) pgadnl <a,
Fy. = b, (pga_low/0.1)+c[In(pga4nl/a, )]’ +d[In(pgadnl/a, )]’ a, < pgadnl <a, @)
Fu. = by (pga4nl/0.1) pga4nl > a,

where a1 (= 0.03 g) and a2 (=0.09 g) are assigned threshold levels for linear and nonlinear amplification,
respectively, pgadnl is the predicted PGA in g for Vret = 760 m/s, and pga_low (=0.06 g) is a variable
assigned to the transition between linear and nonlinear behaviors. The nonlinear slope bn is a function of
both period and Vsso as given by:

b, = b, Vg <V,
b, = (b, —b, ) In(Vy, /V, )/IN(V, NV, )+D, V, <Vgy <V, ()
by = b, INMVgz0 Vi )/INWV, Vot ) V, <Vgg <V,

b,=0 Vi < Vg

where V1=180 m/s, V2=300 m/s, and b1 and bz are period-dependent coefficients.

As an example of how nonlinearity affects site amplification, Fig. 3 shows the amplification for PGV as
function of Vsso, for suite of pga4nl values. It can be inferred from this figure that the amount of amplification
on soft soil profiles can be ~4 times larger for weak motions in comparison to strong motions. Assuming that
the amount of nonlinearity is controlled by the pgadnl from BA08, we would expect a large degree of
nonlinearity for strong motions, thus greatly reducing motions. It is important to note that the motions in
Montreal were relatively weak for the validation events and so the calculated pga4nl does not exceed the
threshold level for linear amplification (i.e. 0.03 g). However, for the scenario events these nonlinear effects
will be important.
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Linear (Flin) and non-linear (Fnl) site terms
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Fig. 3 — Amplification for PGV as function of Vszp, for suite of pga4nl. Dashed black line shows the
linear amplification and coloured lines show the nonlinear factor.

We use Egs. 2, 3, and 4 and Vszo0 values to estimate the expected amplifications at each point, using the
pgadnl from BAO08. The distance-scaling coefficients needed for the calculation of pga4nl and the site-
amplification coefficients are the same as reported in Tables 3 and 6 in BA08.

Shakemaps for MMI, based on the median PGV (Atkinson and Kaka, 2007), are shown in Fig. 4. Note these
are the median motions for each of the events, while in reality it is the motions above the median (i.e. those
sites that experience larger-than-average motions) that dominate hazard and would strongly influence an
actual shakemap. For this reason, in Fig. 4 we also plot the shakemap for median+sigma motions, where
sigma expresses the aleatory uncertainty (i.e. random variability) of ground motions. We assume that the
representative sigma values for a multi-site sigma would be about 0.27 log(10) units at low frequencies (<1
Hz), decreasing to 0.23 units at high frequencies (= 4 Hz) (Atkinson and Adams 2013). Overall, by
considering these figures we estimate intensities of Ill to V across Montreal for the VdB event (depending on
site conditions), intensities of Il to IV for the Mtl event, and intensities of | to Ill for Ldy.

(a) Median

M5.0 Val-des-Bois M3.9 Montreal
2010-06-23 2012-10-10

M4.5 Ladysmith
2013-05-17
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(b) Median+Sigma

M5.0 Val-des-Bois st - I M3.9 Montreal 1 M4.5 Ladysmith

2010-06-23 2012-10-10 2013-05-17

g

Fig. 4 — Predicted MMI from PGV for the (a) median and (b) median+sigma motions due to the
validation events (Val des Bois, Montreal, and Ladysmith earthquakes).
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4. Comparing the predicted MMI to actual MMI for the validation events

Observed MMI were compiled by the Geological Survey of Canada using the individual reports from the DID
YOU FEEL IT web application. Figure 5 shows the distribution of observations for the Mtl event. The average
MMI is calculated in a regular grid of 1 km x1 km across Montreal and represented by a circle with a size
proportional to its value.
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Fig. 5— Observed intensities for the M3.9 Mtl event. The central dot in the circle indicates a number
of observations 2 3. The number of observations is given in parentheses in the legend.

In Table 2 we show the predicted MMI for the Montreal earthquake considering median (first row), and
median+sigma (second row) GMPESs, in comparison to the observed MMI distribution (the two lines in red).
We compare predicted MMI values only for the sites where we have observed intensity values and Vsazo is
known or has been reliably estimated. Predicted MMI values based on the median ground-motions are
mostly centered on the second class (Il < MMI < Ill). However, the more realistic scenarios produced by
adding random variability to the median ground motions, using the median+sigma motions, produces larger
MMI values. Overall, the observed intensities are shifted to higher values than those predicted for median
GMPE motions, illustrating the importance of larger-than-predicted observations in controlling reported
intensity. Tables 3 and 4 show the same general results for the Val des Bois and Ladysmith events.

Table 2 — Predicted MMI of the Mtl M4.0, compared to observed (the rows in red).

Event Number of points MMIs<I-II li<MMIsIII llIkMMIsIV | IV<MMIsV

observed (= 1 report) 411 4.4% 19.2% 66.9% 9.2%

predicted (med) - 41.4% 58.6% -

predicted (med+sigma) - 1.5% 94.9% 3.7%

observed (= 3 reports) 286 - 21.3% 73.8% 4.9%

predicted (med) - 32.2% 67.8% -

predicted (med+sigma) - 0.4% 95.8% 3.8%
Table 3 — Predicted MMI of the VdB M5.0, compared to observed (the two rows in red).

Event Number of points MMIsI-II li<MMIsIII HI<MMISIV | IV<MMIsV

observed (= 1 report) 109 18.3% 29.4% 35.8% 14.7%

predicted (med) - - 99.1% 0.9%

predicted (med+sigma) - - 49.5% 50.5%

observed (= 3 reports) 16 6.3% 68.8% 25.0% -

predicted (med) 16 - - 100% -

predicted (med+sigma) 16 - - 43.8% 56.2%
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Table 4 — Predicted MMI of the Ldy M4.5, compared to observed (the row in red).

Event Number of points MMIsI-I| lI<MMIsII lNI<MMISIV | IV<MMIsV
observed (= 1 report) 46 78.3% 6.5% 15.2% -
predicted (med) 46 - 100% - -
predicted (med+sigma) 46 - 30.4% 69.6% -

We also compare the observed and predicted spectra for the seismograph stations or strong motion stations
available within the grid. There is only one weak-motion seismograph station (MNTQ) in Montreal. Figure 6
compares observed and predicted motions for this site for the Mtl and Ldy events. Overall, the observed and
predicted spectra are in reasonable agreement, considering a typical site-to-site random variability of about a
factor of two. Figure 7 compares observed PSA with predicted (median) PSA for VdB at each strong-motion
site. Overall, from the validation events we conclude that the ground motions appear to be reasonably well

predicted by our GMPE and site amplification model.
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5. Shakemaps for scenario events

5.1. Potential rupture scenarios

The method used for locating potential earthquake rupture scenarios in this study is one originally adapted
for California (Tiampo et al. 2002; Tiampo et al. 2006). The idea is that changes in the background seismicity
rate correspond to locations of ongoing stress change. The method identifies locations of both quiescence
and activation. The activation signal is always larger in amplitude, but it has been suggested that areas that
display both activation and quiescence together are more likely to produce an event (Mignan and Tiampo
2010). Here a region within about 125 km of Montreal was analyzed and an initial series of potential
locations were selected based on this analysis technique for the period 2001-2011, as shown in Fig. 8. In
this figure, locations of areas that are more active than the average background rate (seismic activation) are
shown in red, those that are less active than the average background rate (seismic quiescence) are shown in
blue.

While it is difficult to assign a probability value to the potential events, the technique does provide a means to
evaluate the longer term stability of the locations and the anticipated magnitude based on approximate
rupture dimension (Tiampo et al. 2006). As a result, we selected four scenarios, shown in Fig. 8, based on
their location, magnitude, and likelihood. Scenario 1 was selected because it corresponds to the location of
the Gatineau earthquake (Fig. 1), and it displays both activation and quiescence together. Scenario 2 was
chosen because it has the largest potential magnitude of all the events shown in Fig. 8 and corresponds with
the seismicity trend identified by Ma and Eaton (2007). Scenarios 3 and 4 were chosen because they
represent moderate size events to the northeast and southeast of the city, locations with which we have
limited prior experience. Historical records were used to assume reverse faulting as the most likely
earthquake mechanism. However, note that the AA13 GMPEs do not depend on focal mechanism, and this
does not affect the result.

O Event 2, M6.5
. 46.10°, -74.70° A
46

Event 3, M5.0
46.06°, -73.46%

Event 1, M6.2

Event 4, M4.3
45.29°, -73.08°
ik

45° * g f I

-75° -74° -72°

Fig. 8 — Location of potential rupture scenarios (ranked from most likely to least likely). Shaded areas
are local regions of seismic activation (red) and quiescence (blue). Scenarios (shown with symbols)
have strikes of 315 to 335°, the depths are 14 to 16 km, and focal mechanisms are all considered to

be reverse faulting.

The expected intensity patterns for the four selected rupture scenarios (Fig. 8), are calculated following the
procedure described for the other scenario events. For the sake of brevity, we only present results for
Scenario 1 (Fig. 9). At each scenario location, we consider two hypothetical earthquakes with magnitudes of
M6.5 and M7.0; we used these magnitudes in order to produce stronger motions, close to the 2%/50 yr
values as provided in NBCC. For each magnitude, two alternatives are considered to calculate motions as
given by the AA13 median and high curves. For each shakemap, we also considered aleatory variability, as
discussed for the validation events, by adding one sigma to the median GMPE curves. We recognize that
these scenarios represent a range of events, including some extreme scenarios. This range is provided for
illustration, to show the effects of magnitude and ground-motion level on the resulting predicted intensities.
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Fig. 9 — Intensity (MMI) maps for the Scenario 1 from Fig. 8. All the shakemaps are plotted on the
same colour scale (from blue for MMI 4.5 to red for MMI 9.0).

6. Discussion and conclusions

The procedure used to generate the shakemaps for Montreal includes a GMPE validation phase that is
based on observed intensity and ground motion data. The limited number of observations with MMI>V and
ground motion above 0.03g does not allow a robust validation. This results in significant uncertainty in the
resulting shakemaps, a situation which will not be significantly improved until further recorded data are
available. In this paper we did not introduce spatial correlation of ground-motion due to the added complexity
this would introduce to a study that is largely exploratory, and focused at this time on the relative effects of
ground motions and site amplifications. Nevertheless, we acknowledge the potential importance of spatial
correlation in determining actual losses. The method of Tiampo et al. (2002, 2006), used to define potential
earthquake sources, also needs to be refined with additional data; the potential rupture scenarios are very
uncertain because the background seismicity is low, limiting statistical resolution. For the calculated
scenarios with M7.0 close to Montreal (Scenario 1), the maximum predicted MMI is around IX. Such a
scenario is considered extreme, since the likelihood of such an event is very low, relative to typical building-
code probabilities. The other scenarios with M6.5 are more credible in this regard (e.g. Atkinson and Goda
2011); such scenarios would produce maximum MMI in the range of VII to VIII. An important point to note is
that including random variability in ground-motions in a scenario event with M6.5, we would predict similar
levels of ground-motions as for median ground-motions from a scenario M7.0 event. Thus the overall level of
shaking for the event is as important as its magnitude. Given the MMI distributions predicted by the scenario
shakemaps, we would expect significant damage in some areas of Montreal, especially for vulnerable
structures such as unreinforced masonry. This expectation accords with the seismic vulnerability analysis
performed by Yu (2011).
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