
HAL Id: hal-00689004
https://hal.science/hal-00689004v1

Submitted on 30 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Seismic hazard in western Canada from GPS strain
rates versus earthquake catalog

Stephane Mazzotti, L. J. Leonard, J. F. Cassidy, G. C. Rogers, S. Halchuk

To cite this version:
Stephane Mazzotti, L. J. Leonard, J. F. Cassidy, G. C. Rogers, S. Halchuk. Seismic hazard in western
Canada from GPS strain rates versus earthquake catalog. Journal of Geophysical Research, 2011, 116,
pp.B12310. �10.1029/2011JB008213�. �hal-00689004�

https://hal.science/hal-00689004v1
https://hal.archives-ouvertes.fr


Seismic hazard in western Canada from GPS strain rates versus
earthquake catalog

S. Mazzotti,1,2,3 L. J. Leonard,1 J. F. Cassidy,1,2 G. C. Rogers,1,2 and S. Halchuk4

Received 16 January 2011; revised 10 September 2011; accepted 1 October 2011; published 17 December 2011.

[1] Probabilistic seismic hazard analyses (PSHA) are commonly based on frequency -
magnitude statistics from 50–100 yearlong earthquake catalogs, assuming that these
statistics are representative of the longer-term frequency of large earthquakes. We test an
alternative PSHA approach in continental western Canada, including adjacent areas of
northwestern U.S.A., using regional strain rates derived from 179 Global Positioning
System (GPS) horizontal velocities. GPS strain rates are converted to earthquake statistics,
seismic moment rates, and ground shaking probabilities in seismic source zones using a
logic-tree method for uncertainty propagation. Median GPS-based moment rates and
shaking estimates agree well with those derived from earthquake catalogs in only two
zones (Puget Sound and mid-Vancouver Island). In most other zones, median GPS-based
moment rates are 6–150 times larger than those derived from earthquake catalogs (shaking
estimates 2–5 times larger), although the GPS-based and catalog estimates commonly
agree within their 67% uncertainties. This discrepancy may represent an under-sampling of
long-term moment rates and shaking by earthquake catalogs in some zones; however a
systematic under-sampling is unlikely over our entire study area. Although not demonstrated
with a high confidence level, long-term regional aseismic deformation may account for a
significant part of the GPS/catalog discrepancy and, in some areas, represent as much as 90%
of the total deformation budget. In order to integrate GPS strain rates in PSHA models,
seismic versus aseismic partitioning of long-term deformation needs to be quantified
and understood in terms of the underlying mechanical processes.

Citation: Mazzotti, S., L. J. Leonard, J. F. Cassidy, G. C. Rogers, and S. Halchuk (2011), Seismic hazard in western Canada
from GPS strain rates versus earthquake catalog, J. Geophys. Res., 116, B12310, doi:10.1029/2011JB008213.

1. Introduction

[2] Probabilistic seismic hazard analysis (PSHA) is one of
the most common methods used to estimate ground shaking
probabilities for engineering and public safety applications
[e.g., Earthquake Engineering Research Institute Committee
on Earthquake Risk, 1989; U.S. National Research Council,
1988]. This method typically relies on statistics of earth-
quake return period versus magnitude that are derived from a
catalog of instrumental, historical, and paleoseismic data.
Except in a few regions such as California, Japan, or New
Zealand, historical and paleoseismic data availability remain
limited, and 50–100 yearlong instrumental catalogs are the
most common source of data used to derive earthquake sta-
tistics. The underlying assumption of this approach is that

statistics over 50–100 years are adequate to derive return
periods over timescales of 500–5000 years typically used in
PSHA. Obvious limitations are that earthquake occurrences
and statistics may not be steady state over timescales of
hundreds of years, and that a 100-year sample may not
capture enough events to represent a robust statistical
estimate.
[3] Owing to improvements of geodetic techniques in the

last two decades, there have been numerous attempts to
compare geodetic and seismic estimates of crustal strain rates
and to use geodetic strain rates as a constraint on seismic
moment rates and earthquake statistics for PSHA [e.g.,
Working Group on California Earthquake Probabilities
(WGCEP), 1995]. Despite the variety of methods, the out-
comes typically fall into one of two categories: (1) agree-
ment, within the data uncertainties, between geodetic and
seismic rates [e.g., Field et al., 1999; Mazzotti et al., 2005],
or (2) geodetic rates significantly larger than seismic ones
[e.g., Ward, 1998a, 1998b; Masson et al., 2005]. The latter
cases are commonly explained in terms of either aseismic
crustal deformation or under-sampling of the short earth-
quake catalog (compared to steady state/long-term rates).
These potential under-sampling limitations of earthquake
catalogs and biases in earthquake statistics raise the issue of
under-estimation of the long-term seismic hazard.
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[4] In this paper, we present a detailed comparison of strain
rates, seismic moment rates, and ground shaking probabilities
derived from earthquake catalog and from Global Position-
ing System (GPS) data in western Canada and north-
western U.S.A. (Figure 1), focusing on continental crust
seismicity. Our study area covers about 1500 � 1000 km2

and is divided into twelve seismic source zones on the basis
of tectonic, geological and geodetic considerations. The
seismic zone settings vary from low-strain intraplate regions
(Alberta), to the mid-strain Cordillera (central British
Columbia), to high-strain plate boundary regions (western
British Columbia, northern Washington). The variety of
geodynamic settings and strain rates allows us to test if
the agreements or differences between earthquake catalog
and geodetic rates can be related to parameters such as strain
rate amplitude, regional tectonics, or plate-boundary seismic
cycle.
[5] The comparison of ground shaking probabilities

derived from the earthquake catalog and from GPS data
provides a basis for testing the feasibility of using GPS strain
rates as a constraint for PSHA. Using our results, we discuss
some of the limitations and requirements to allow the inte-
gration of GPS strain rates in PSHA.

2. Data and Method

2.1. Tectonic and Geodynamic Background

[6] Our study area ranges from stable intraplate North
America to the active Pacific-North America and Juan de
Fuca-North America plate boundaries (Figure 1). To the
east, the Alberta plains are characterized by a relatively cold
geotherm and strong lithosphere rheology, as shown by
numerous indicators such as surface heat flow, mantle shear
wave velocity, and effective elastic thickness. In contrast,

the same proxies indicate that the Cordillera is associ-
ated with a hot geotherm and weak lithosphere rheology
[e.g., Hyndman et al., 2005]. As a result of this litho-
spheric strength contrast, the Alberta plains have been part
of stable North America since �1.5 Ga, whereas the
Cordillera has acted as a plate-boundary zone accommo-
dating the relative motion between the North America
plate to the east and various oceanic plates to the west for
the last �150 Ma.
[7] Present-day tectonics also reflect this contrast. The

Alberta plains are characterized by low tectonic strain rates
and low-level seismicity (Figure 2). To the west, the 40–
50 mm/yr relative plate motion is primarily accommodated
along two major plate-boundary faults: the Cascadia sub-
duction fault and the Queen Charlotte transform fault
(Figure 1). About 10–20% of this relative motion is trans-
ferred landward and accommodated by internal deforma-
tion of the Cordilleran lithosphere [Mazzotti et al., 2008].
However, this pattern is strongly heterogeneous along the
strike of the plate boundary zone, with variations of a
factor of �10 in the amount of seismicity and crustal strain
between very active regions and very quiescent regions (e.g.,
Puget Sound versus north-central BC, Figure 2).

2.2. Catalog Earthquake Statistics and Seismic
Moment Rates

[8] We divide the study area in twelve seismic source
zones (Figure 1) within which we estimate earthquake cat-
alog statistics and moment rates. The zone geometries are
chosen to maximize the following criteria: homogeneous
spatial and temporal seismicity distribution; consistent tec-
tonic and stress patterns; consistent GPS strain rate style
(and amplitude). We use the Geological Survey of Canada
earthquake catalog (Figure 2), which extends to northern

Figure 1. Western Canada–northwestern U.S.A. source zones. Thick solid lines show seismic source
zones, with acronyms (cf. Table 1). Queen Charlotte F: Queen Charlotte Fault. Cascadia SZ: Cascadia
Subduction Zone.
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Washington and Montana and provides a consistent set of
earthquake locations, times and magnitudes that is the basis
for the Canadian National Seismic Hazard Model. Our
analysis focuses on crustal (upper plate) deformation and
seismic hazard. Thus, we remove induced earthquakes
related to oil and gas production in the Rocky Mountain
Foothills, as well as offshore earthquakes along the main
plate boundary faults and in the oceanic plates in the coastal
zones of the Queen Charlotte and Cascadia margins. We do
not decluster the catalog as it does not show any clear
case of aftershock sequences following the very few MW ≥
6 earthquakes.
[9] Within each seismic zone, we use a maximum likeli-

hood inversion [Weichert, 1980] to calculate the a and b

parameters that best fit a cumulative exponential-truncated
Gutenberg-Richter (GR) distribution:

N mð Þ ¼ 10ae�b ln 10ð Þm 1� e�b ln 10ð Þ MX�mð Þ� �
→m < MX

N mð Þ ¼ 0→m ≥ MX
ð1Þ

where N(m) is the cumulative number of earthquakes of
magnitude m and larger, MX is the maximum magnitude, a
is the seismicity level, and b is the slope of the GR distri-
bution (Table 1). The maximum likelihood method of
Weichert [1980] uses different completeness periods for
different magnitude ranges, thus allowing the integration of
large earthquakes back to about 1900–1920 in most of
our study area. For each seismic zone, the magnitude -

Figure 2. Earthquakes and seismic source zones. Continental crustal earthquakes from GSC catalog,
magnitude M ≥ 2.0, 1899–2009 (light gray circles). Dark gray circles show earthquakes M ≥ 3.0 that pass
completeness test. Earthquakes occurring in the oceanic plates, along the Queen Charlotte and Cascadia
plate-boundary faults (Figure 1), and induced earthquakes are omitted.

Table 1. Earthquake Catalog Statistics and Moment Ratesa

Zone Location N MX

b a _M0
S

_M0
C/ _M0

S, MedMed s Med s
Med

(1017 Nm yr�1)
Min

(1017 Nm yr�1)
Max

(1017 Nm yr�1)

QCI Queen Charlotte Islands 68 7.5 0.83 0.09 2.75 0.26 1.02 0.25 4.12 0.05
NVI North Vancouver Island–

South Queen Charlotte
36 7.5 0.68 0.10 1.99 0.28 1.72 0.37 8.05 0.10

FORN Foreland Belt–North 15 7.0 0.70 0.16 1.63 0.48 0.23 0.02 2.58 0.11
FORS Foreland Belt–South 40 7.0 0.85 0.12 2.52 0.36 0.23 0.04 1.42 0.56
ALB Alberta Plains 35 7.0 1.18 0.18 3.47 0.54 0.03 >0.01 0.36 0.85
BCN Central BC–North 11 7.0 1.76 0.49 4.73 1.44 >0.01 >0.01 1.62 5.93
BCS Central BC–South 42 7.0 0.96 0.13 2.80 0.39 0.10 0.01 0.68 0.04
MVI Mid Vancouver Island 16 7.5 0.41 0.10 0.69 0.29 3.95 0.86 18.10 2.28
WASH Northeast Washington 51 7.0 0.88 0.11 2.64 0.32 0.20 0.04 0.99 0.16
SVI South Vancouver Island 37 7.5 0.82 0.11 2.33 0.33 0.50 0.08 3.02 0.31
PUG Puget Lowland 112 7.5 0.77 0.06 2.66 0.18 2.15 0.81 5.70 0.33
OLY Olympic Mountains 18 7.5 0.82 0.16 2.04 0.48 0.23 0.02 3.12 0.12

aZone: source zone abbreviation (Figure 1). N: number of earthquakes used in catalog magnitude-frequency fit. MX: median value of the maximum
magnitude of the GR distribution (equation (1) and Table 2). b and a: best fit slope and intercept of cumulative truncated magnitude-frequency
distribution (equation (1)). _M 0

S: statistical seismic moment rate (equation (2)). _M 0
C/ _M 0

S: ratio of summation to statistical moment rate; Parameters are
presented as a median (med) and 67% confidence interval, either as a standard error (s) or a lower and upper bound (min, max).
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completeness tables are adapted from the Canadian National
Seismic Hazard Model [Adams and Halchuk, 2003] and are
based on the history of the seismograph network, type of
instruments, and detection levels (see auxiliary material).1

[10] The a and b values are primarily constrained by the
small and mid-size earthquakes (M ≤ �4.5), and are not
too sensitive to the choice of MX, providing there are
enough small earthquakes. In several zones, the number of
earthquakes is relatively small (<20) and can be regarded
as a poor constraint, especially on the b value (Table 1).
Thus, we consider an alternative analysis where the b value
is fixed to the average for the whole catalog (b = 0.8) and
only the a value is solved for (equation (1)). The results of
this test, as well as other systematic uncertainty tests, are
presented in Appendix C and discussed in sections 3 and 4.
[11] The seismic moment rate within each seismic zone

can be calculated assuming that the GR distribution defines
the long-term frequency statistics for each magnitude range.
The statistical seismic moment rate _M 0

S is derived by inte-
grating the cumulative truncated GR distribution up to the
maximum magnitude MX [Hyndman and Weichert, 1983]:

_MS
0 ¼ 8

b

c� b
10 c�bð ÞMXþaþd½ � ð2Þ

where 8 is a correction for the asymmetry of the stochastic
magnitude - moment relation (8 = 1.27 assuming a standard
error of 0.2 on magnitudes [Hyndman and Weichert, 1983]),
and c and d are the parameters of the magnitude (m) -
moment (M0) relation:

log10 M0ð Þ ¼ cmþ d ð3Þ

For onshore western Canada, the catalog ML magnitudes are
similar to MW magnitudes, with c = 1.5 and d = 9.05 [Ristau
et al., 2005].
[12] We estimate the median value and 67% confidence

interval of _M 0
S (Table 1) using a logic-tree method where

each parameter (or parameter set) is represented by a lower,
median, and upper value with associated probabilities. This
method is commonly used in PSHA and was adapted for
regional strain rate and seismicity analyses by Mazzotti and
Adams [2005] and Mazzotti et al. [2005]. The choice of
parameter ranges and probabilities is explained in Appendix A

and presented in Table 2. The maximum magnitude has a
significant effect on the statistical moment rate; e.g., an
increase of 1 magnitude unit results in an increase of the
moment rate by a factor of �5.4 (equation (2)). We use
MX values adapted from the most recent Canadian and U.S.
National Seismic Hazard Maps [Adams and Halchuk, 2003;
Petersen et al., 2008], with medianMX = 7.0 andMX = 7.5 for
the interior and plate-boundary source zones, respectively.
As described in the U.S. and Canadian hazard models, these
values are primarily based on the dimensions of known U.S.
active faults and considerations of the maximum dimension
of other mapped faults and structures (<�150 km).
[13] Alternatively, the total moment rate in each seismic

zone can be calculated by summing the moment of each
earthquake in the catalog normalized by the appropriate
return period [e.g.,Ward, 1998a, 1998b]. Typically, moment
rates derived from catalog summations are significantly
smaller than those derived from statistical integration, due to
the lack of large earthquakes in the instrumental catalog.
This is the case for all but two of our seismic zones, where
the ratio of summation to statistical moment rate is signifi-
cantly less than one (Table 1). The other two zones (MVI and
BCN) are characterized by a low number of earthquakes and
relatively poor GR statistics.

2.3. GPS Data and Strain Rates

[14] The GPS data set used in this study is presented in
Figure 3. It comprises 179 horizontal velocity vectors
derived from 89 continuous and 90 campaign GPS stations
throughout Alberta, British Columbia, and northern Washing-
ton [Henton et al., 2006; Leonard et al., 2007;Mazzotti et al.,
2003a, 2003b] (see auxiliary material). Data time spans vary
from 1992 to 2008, with an average time series length of 5–
6 years. Details of the regional network processing are given
in Mazzotti et al. [2003b] and Leonard et al. [2007]. The
various networks are combined, aligned to the International
Terrestrial Reference Frame ITRF2000, and referenced to
stable North America using the North America/ITRF2000
rigid rotation [cf. Mazzotti et al., 2008].
[15] On the west coast, the GPS velocity field is strongly

influenced by interseismic strain accumulation along the
currently locked Cascadia subduction fault and Queen
Charlotte transform fault. This interseismic strain is mainly
elastic and will be almost entirely reversed during future
large earthquakes along those faults. Thus, this component
of the GPS velocity field has to be removed in order to

Table 2. Seismic Moment Logic-Tree Parametersa

Param. Low. Med. Upp. Prob. Zones

m (N m2) 2.3 � 1010 3.0 � 1010 3.7 � 1010 0.275/0.45/0.275 All
h (km) 10 20 30 0.3/0.4/0.3 QCI, NVI, FORN, FORLS
h (km) 20 25 30 0.3/0.4/0.3 ALB, MVI, SVI, PUG, OLY
h (km) 10 12 15 0.3/0.4/0.3 BCN, BCS, WASH
_ɛG (yr�1) cf. Table 3 cf. Table 3 cf. Table 3 0.275/0.45/0.275 All
j 1.06 1.27 1.71 0.275/0.45/0.275 All
b cf. Table 1 cf. Table 1 cf. Table 1 0.275/0.45/0.275 All
c/d 1.5/9.0 1.5/9.05 1.5/9.1 0.275/0.45/0.275 All
MX 7.2 7.5 7.8 0.275/0.45/0.275 QCI, NVI, MVI, SVI, PUG, OLY
MX 6.5 7.0 7.5 0.3/0.4/0.3 FORN, FORLS, ALB, BCN, BCS, WASH

aParam.: Parameters used in the seismic moment rate calculations (equations (4) and (7)): m: shear modulus; h: seismic thickness; _ɛG: average scalar strain
rate; j: moment – magnitude asymmetry correction factor; b: slope of GR distribution (equation (1)); c/d: moment – magnitude parameters; MX: maximum
magnitude. Low., Med., Upp.: Lower, median, and upper values for individual parameters. Prob.: Probabilities associated with the lower, median, and upper
values. Zones: Source zones in which the parameter range applies. Cf. Appendix A for details.

1Auxiliary materials are available in the HTML. doi:10.1029/
2011JB008213.
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estimate the long-term tectonic strain of the Cordillera. We
use the interseismic loading models developed for the
Cascadia subduction zone [Wang et al., 2003] and the Queen
Charlotte transform and under-thrusting faults [Mazzotti
et al., 2003b] to correct the GPS velocities. Detailed
descriptions of the applied corrections are given by Mazzotti
et al. [2008].
[16] More recently, alternative interseismic models have

been proposed for the northern Cascadia subduction zone

[McCaffrey et al., 2007; Yoshioka et al., 2005] and the
Queen Charlotte margin [Elliott et al., 2010; Hippchen and
Mazzotti, 2010]. To first order, these studies confirm the
strong interseismic locking of the Cascadia and Queen
Charlotte Fault; however, they vary in the details of inter-
seismic locking distribution and deformation. Our preferred
interseismic model is based on uniform 100% locking,
but we test two additional cases with a reduced inter-
seismic locking of 75% and a steeper locking depth profile

Figure 3. Horizontal GPS velocities. Black arrows show horizontal GPS velocities, relative to stable
North America (in ITRF2000). Gray ellipses show 67% confidence intervals.

Figure 4. Smoothed residual GPS velocity field. Red arrows are residual GPS velocities (after correction
for interseismic strain accumulation along plate-boundary faults: dip slip on Cascadia subduction fault;
strike- and dip-slip on Queen Charlotte fault system; cf. text). Green arrows show interpolated smoothed
velocity field on 0.5 � 0.5 degree grid. Ellipses show 67% confidence intervals. Interpolated values are
masked in areas farther than 150 km from nearest GPS station.
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(cf. Appendix C). Although these tests are not represen-
tative of the whole range of possibilities, they provide a
rough estimation of variability in the interseismic correc-
tion within the bounds of strong locking.
[17] The residual GPS velocities are used to derive

smoothed velocity and strain rate fields (Figures 4 and 5)
that provide GPS strain and seismic moment rates for com-
parison with seismicity. These velocity and strain rate fields
(and their standard errors) are calculated using a 2-D adap-
tive Gaussian function applied on a regular 0.5 � 0.5 degree
grid. The smoothing parameters are chosen to take into
account the GPS station density and spatial distribution,
resulting in a smoothing wavelength that varies from�50 km
to �300 km. Details of the method and parameters are given
in Appendix B.
[18] Various methods can be used to derive GPS strain

rates, ranging from simple Delaunay triangulations to more
complex parametric inversions [e.g., Haines and Holt, 1993;
Tape et al., 2009], with significant variations in their results.
In order to assess the first-order variability in our strain rate
analysis and the derived moment rates, we compute three
additional strain rate fields for varying smoothing parameters
(cf. Appendices B and C).

2.4. From GPS Strain Rates to Seismic Moment Rates
and Gutenberg-Richter Statistics

[19] Conversions between a strain rate tensor _ɛij and a
moment rate tensor _Mij are commonly based on Kostrov
[1974]:

_M ij ¼ 2mAh _ɛij ð4Þ
where m and h are the assumed bulk shear modulus and
seismic thickness of the crust, and A is the area of the source

zone. This equation has been used to map 2-D strain rates
measured at the Earth’s surface into scalar moment rates
over a seismic zone volume [e.g., Ward, 1998a; WGCEP,
1995]. However, Savage and Simpson [1997] showed that
this approach leads to a non-unique determination (and
mostly under-estimation) of the scalar moment rate, due to
the fact that a 2-D strain rate tensor does not typically cor-
respond to a double-couple mechanism. They proposed a
variation of equation (4) that provides a scalar moment rate
_M0 that best matches the crustal strain rate:

_M0 ¼ 2mAhMax _ɛ1j j; _ɛ2j j; _ɛ1 þ _ɛ2j jð Þ ð5Þ

where _ɛ1 and _ɛ2 are the principal components of the strain
rate tensor, and Max is a function returning the largest of
its arguments. We follow Savage and Simpson’s [1997]
approach to calculate a scalar strain rate (and its standard
error) at each grid point within our seismic zones. We then
calculate a weighted average scalar strain rate and the asso-
ciated seismic moment rate for the whole zone, with their
respective standard errors.
[20] Assuming that earthquake frequency-magnitude sta-

tistics follow a Gutenberg-Richter distribution (equation (1))
of given slope b and maximum magnitude MX, the scalar
seismic moment rate _M0 can be used to estimate the seis-
micity level a [Mazzotti et al., 2005]:

a ¼ log10 _M0
c� b

b

� �
� c� bð ÞMX � d ð6Þ

Using the smoothed GPS strain rate maps, we derive an
average seismic moment rate (equation (5)) and seismicity

Figure 5. Smoothed residual GPS strain rate field. Black arrows show the interpolated smoothed strain
rate tensors on 0.5 � 0.5 degree grid. Color background map shows scalar maximum strain rate (cf. text).
Interpolated values are masked in areas farther than 150 km from nearest GPS station.
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level (equation (6)) for each seismic zone (Table 3), with
prescribed local shear modulus, seismic thickness, moment-
magnitude relation, and maximum magnitude, and with b
values based on the earthquake catalog analysis (Table 2). In
order to account for uncertainties in these input parameters
and in the GPS strain rates, we use the same logic-tree
method as for the earthquake catalog analysis (section 2.2).
The choice of parameter ranges and probabilities is
explained in Appendix A and presented in Table 2, and the
resulting seismic moment rates and GR parameters are given
in Table 3.

3. Results

3.1. GPS Versus Earthquake Catalog Comparison

[21] Table 4 and Figure 6 present an overview of the
comparison between GPS-based and earthquake catalog-
based moment rates in terms of the ratio of GPS to catalog
moment rates. In order to estimate the median and 67%
confidence interval (67CI) of this ratio, we use a Monte-
Carlo simulation based on 104 random samples of the
moment rate distributions. The confidence intervals of the
moment rate ratios are strongly asymmetric, with large upper
bounds, due to the asymmetry of the moment rate lognormal

distributions. Comparisons of the catalog and GPS-based
earthquake statistics are shown for each zone in Figure 7.
[22] As discussed in section 2, catalog b values, inter-

seismic corrections, and strain rate mapping are subject to
systematic uncertainties that are not taken into account in
our logic-tree analysis. These could be incorporated into
more complex logic tree or uncertainty analyses, e.g., as
suggested by Wallace et al. [2009] and Stirling et al. [2009]
for a case study of northern Japan. In order to assess the
effects of these systematic uncertainties, we have run a series
of alternative models with different b value, interseismic
locking, and strain rate smoothing that are described in
Appendix C. The tests are meant to provide a first-order
indication of how our results may vary due to these factors.
The following discussion is primarily based on the reference
model, with references to the alternatives where they are
significant.
[23] We find good agreement between the GPS and cata-

log moment rates in two zones, Puget Lowland (PUG) and
Mid-Vancouver Island (MVI), with median GPS/catalog
ratios of about 1 (67CI about 0.5–5). The PUG result is
robust (Figure 7k) and confirms a previous study that iden-
tified a good fit between earthquake statistics and north–
south GPS shortening rate in the Puget Lowland – southern

Table 4. GPS Versus Earthquake Catalog Moment Ratesa

Zone

_M0
G/ _M0

S _M0
G � _M0

S TG – TS (MW = 7) TS (MW = 7)

Med Min Max
Med

(1017 Nm yr�1)
Min

(1017 Nm yr�1)
Max

(1017 Nm yr�1)
Med
(yr)

Min
(yr)

Max
(yr)

Med
(yr)

Min
(yr)

Max
(yr)

QCI 6.0 1.4 25.6 5.06 1.08 23.71 70 15 329 348 86 1414
NVI 7.9 1.7 37.3 11.88 2.3 61.06 30 6 154 206 44 969
FORN 4.7 0.3 70.0 0.86 >10�3 14.85 412 24 7092 1556 138 1.7 � 104

FORS 2.9 0.1 71.0 0.46 0.01 13.26 770 27 2.2 � 104 1523 250 9337
ALB 157.1 4.2 5902.4 4.40 0.10 201.40 81 2 3687 1.3 � 104 991 1.6 � 105

BCN 3 � 104 2.2 5 � 108 2.48 >10�3 6 � 105 143 0 3.5 � 106 4.9 � 106 219 >108

BCS 19.2 2.6 135.4 1.72 0.22 13.65 206 26 1628 3727 525 2.6 � 104

MVI 1.2 0.3 5.1 0.59 0.12 2.81 601 126 2869 90 20 412
WASH 9.6 1.9 47.9 1.67 0.30 9.17 213 39 1174 1820 360 9145
SVI 8.3 1.4 47.2 3.59 0.57 22.53 99 16 619 715 118 4359
PUG 1.3 0.5 3.4 0.67 0.24 1.86 530 191 1472 165 62 437
OLY 17.8 1.4 217.0 3.84 0.28 53.08 92 7 1277 1543 114 2.1 � 104

a _M0
G/ _M0

S: Ratio of GPS-based to earthquake statistical seismic moment rate. _M0
G/ _M0

S: Difference between GPS-based and earthquake statistical seismic
moment rate. TG – TS (MW = 7): Difference between GPS-based and earthquake statistical moment rate expressed as equivalent return period of MW = 7.0
earthquakes. TS (MW = 7): Catalog statistical moment rate expressed as equivalent return period of MW = 7.0 earthquakes. Each parameter is presented as a
median (med) and lower and upper bounds of the 67% confidence interval (min, max).

Table 3. GPS Strain Rates, Moment Rates, and Seismicity Levelsa

Zone
_ɛG

(10�9 yr�1)
_ɛmin
G

(10�9 yr�1)
_ɛmax
G

(10�9 yr�1)
_M0
G

(1017 Nm yr�1)
_M0min
G

(1017 Nm yr�1)
_M0max
G

(1017 Nm yr�1) aG aGmin aGmax

QCI 9.09 5.05 13.13 6.08 3.32 12.3 3.65 3.13 4.17
NVI 8.60 5.86 11.34 13.6 8.12 23.9 3.00 2.44 3.55
FORN 2.63 0.32 4.93 1.09 0.207 4.05 2.37 1.41 3.30
FORS 2.03 0.03 4.02 0.694 0.00896 2.57 2.62 1.07 3.86
ALB 1.21 0.01 2.91 4.43 0.0441 12.8 4.92 3.66 6.43
BCN 2.43 0.33 4.53 2.48 0.408 5.79 6.08 5.28 6.44
BCS 3.17 1.36 4.98 1.82 0.976 3.65 4.19 3.52 4.85
MVI 8.75 6.65 10.84 4.54 2.97 5.98 0.85 0.33 1.38
WASH 4.25 2.16 6.34 1.86 1.16 3.44 3.77 3.18 4.33
SVI 8.83 6.99 10.68 4.09 2.73 5.21 3.34 2.70 3.98
PUG 9.60 7.73 11.48 2.82 1.90 3.52 2.87 2.52 3.23
OLY 15.72 13.32 18.12 4.07 2.99 5.44 3.40 2.45 4.37

aZone: source zone abbreviation (Figure 1). _ɛG: median GPS scalar strain rate (cf. section 2.4 and (equation (5)). _M0
G: median GPS-based scalar seismic

moment rate. aG: median GPS-based seismicity level (a value of Gutenberg-Richter statistics) assuming fixed b and MX values (cf. Table 2). For each
_ɛG, _M0

G, and aG, the “min” and “max” values are the lower and upper bounds of the 67% confidence interval, respectively.
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Strait of Georgia area [Hyndman et al., 2003]. In contrast,
results for MVI are less reliable because of the small number
of earthquakes (Table 1) and the strong sensitivity to the b
value and strain rate smoothing uncertainties (Appendix C).
The sensitivity tests for MVI indicate that the medians of
GPS minus catalog moment rate differences can vary by a
factor of 4–10 (Figure C2).
[24] The next agreement level is found in the Foreland

Belt - South zone (FORS), with a median GPS/catalog ratio
of �3, but large upper and lower bounds (67CI 0.1–71.0).
Compared to PUG, the larger uncertainty is a due to larger
standard errors in the catalog a and b values as well as the
GPS strain rate. As shown in Appendix C, the median strain
rate estimate is also fairly sensitive to the smoothing
parameters.
[25] In every other zone, the median GPS/catalog ratio is

larger than 3. Due to poor catalog statistics and GPS data
coverage, the GPS/catalog comparisons in Foreland Belt -
North (FORN) and Central BC - North (BCN) are unreliable
and will not be discussed further. In the remaining seven
zones, the quality of the GPS/catalog comparison can be
viewed as adequate (ALB, FORS, BCS, WASH, OLY) or
good (QCI, NVI, SVI) on the basis of earthquake statistics,
GPS data coverage, and sensitivity to the model assump-
tions. In these zones, the median GPS/catalog ratios range
between about 6 and 20, with a lower bound larger than
1.4 (67CI about 1.4–200), except for ALB associated with
a ratio of 157 (67CI about 4–6000).
[26] The GPS/catalog comparison can also be expressed in

terms of moment rate difference (GPS minus catalog) or, for
a more intuitive representation, as the return period of MW =
7.0 earthquakes equivalent to the moment rate difference

(Table 4). The latter provides a measure of the number of
“missing” large earthquakes necessary to match GPS
moment rates to the catalog. In the two zones with good GPS/
catalog agreement (PUG and MVI), the return periods of
missing MW = 7.0 earthquakes are long (500–600 yr)
compared to the return period predicted by the catalog
(100–150 yr). In the FORS zone, the return period of
missing MW = 7.0 is also long (�770 yr), but much shorter
than the catalog one (�1500 yr). Elsewhere, the missing
MW = 7.0 return periods are short (30–200 yr) and, on
average, 5–20 times shorter than the catalog ones, illus-
trating the lack of seismic moment in the catalog relative to
the GPS.

3.2. PSHA Comparisons

[27] In order to estimate the impact of GPS strain rates on
seismic hazard models, we derive and compare shaking
probability maps using GPS-based and catalog-based earth-
quake statistical parameters (a and b GR values), as well as
our assumed source zones and maximum magnitudes. The
maps are calculated in a similar manner to those in the 2005
Canadian National Seismic Hazard Model [Adams and
Halchuk, 2003], with the exception that we do not include
source zones for the Cascadia subduction fault, Queen
Charlotte fault zone, or intraslab earthquakes (i.e., we only
consider crustal earthquakes). We calculate the median 5%
damped peak ground acceleration (PGA) and spectral
acceleration (Sa) at various probabilities of exceedance for
both GPS-based and catalog-based statistics.
[28] As an example, Figures 8a and 8b show the median

PGA at 2% in 50 years (�1/2500 yr) exceedance, and
Figure 8c shows the ratio of the GPS-based to the catalog-

Figure 6. Ratio of GPS to catalog moment rate. Ratio of GPS-based to catalog-based seismic moment
rate shown as median value (large central circle) and upper and lower bounds of 67% confidence interval
(smaller upper and lower circles). Nonlinear color scale highlights variability of ratios, with green values
centered on 0.5–2.0 range.
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based median PGA. As expected from the moment rate
comparison, the only three zones where the catalog and
GPS ground-shaking probabilities agree well are PUG,
MVI, and FORS (median ratio of 1.1–1.2). In these zones,
the GPS and catalog data predict median PGA between
�0.3 and �0.1 g. In all other zones, the median PGA ratio
is about 2–3, except in ALB where it reaches �5. In this
zone, the large ratio is due to the very low (near-zero) seis-
micity level, which in the catalog-based results is mapped
into a “ground-floor” shaking of �0.03 g median PGA
(Figure 8a). In contrast, the GPS strain rates, although low,
result in non-negligible ground shaking of 0.1 g. Similar
results are observed for other exceedance probabilities and
spectral acceleration periods.
[29] The PSHA analysis results in an overall damping of

the discrepancy between GPS and catalog seismic rates. In
most zones, the GPS-based moment rate (and frequency of

large earthquakes) is 6–20 times larger than the catalog-
based one, whereas the resulting ground shaking is only
2–3 times larger (cf. Figure 6 versus Figure 8c). Although
damped, these increases in ground shaking are significant
and would represent a drastic change in hazard assessment in
most of western Canada and northern Washington.

4. Discussion

[30] In all but three cases examined here, the median GPS-
based moment rates are significantly larger than the median
earthquake catalog-based ones (Figure 6), with GPS/catalog
moment rate ratios ranging between�6 and�150. Although
commonly not significant with the estimated 67% confidence
limits, this nearly systematic over-estimation of earthquake
catalog statistics by GPS strain rates suggests a fundamental
issue in the relationship between seismic strain and bulk

Figure 7. Earthquake catalog versus GPS frequency-magnitude statistics. Solid triangles show cumula-
tive frequency-magnitude (Gutenberg-Richter - GR) distributions of earthquakes from GSC catalog, with
associated 67% confidence intervals. Black solid and dashed lines show best fit and 67% confidence trun-
cated GR function for earthquake catalog. Gray solid and dashed lines show predicted median and 67%
confidence truncated GR function derived from GPS strain rates.
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crustal strain. After a brief review of other studies that have
attempted a comparison of earthquake catalog and GPS strain
rates, we discuss the possible causes of this GPS/catalog
discrepancy and potential issues for integrating GPS strain
rates into PSHA.

4.1. GPS/Seismicity Comparisons in Other Studies

[31] Several early studies have compared moment or strain
rates estimated from geological data with those from earth-
quake catalogs. For example, Anderson [1979] found an
overall agreement between observed catalog statistics and
those derived from fault slip rates in southern California.
Similarly, Hyndman and Weichert [1983] found that fault
slip rates derived from earthquake catalogs and from plate
tectonic models agreed well for offshore western Canada.
However, both studies noted cases of significant disagree-
ment between catalog statistics and geological estimates,
which they attributed to aseismic deformation, elastic strain,
or under-sampling of the earthquake catalog.

[32] The recent advent of high-precision geodetic data has
led to numerous attempts to integrate geodetic strain data in
seismicity and PSHA studies. WGCEP [1995] provided one
of the first detailed combinations of geodetic and seismicity
data in a seismic hazard analysis of southern California.
They found that geodetic moment rates were in good
agreement with rates derived from paleoseismicity, but sys-
tematically larger than those derived from catalogs by a
factor of about two. As in most other studies, they explained
this discrepancy by possible aseismic deformation, under-
estimation of local maximum magnitudes, or under-sampling
of the earthquake catalog. In a revised analysis, Field et al.
[1999] found that geodetic and catalog moment rates could
be matched by adjusting catalog b values, magnitude-
moment relations, or magnitude estimates. More recent
studies provide estimates of GPS to earthquake catalog
moment rate ratios that range from factors of ten and more
[e.g., Jenny et al., 2004; Barani et al., 2010] to about one
[e.g., Mazzotti et al., 2005; Grunewald and Stein, 2006].

Figure 7. (continued)
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[33] In the previous examples, the estimation of a total
catalog seismic moment (or strain) rate is based on the
integration of GR statistics (similar to equation (5)). In
contrast, numerous studies have relied on moment summa-
tion to derive an estimate of instrumental earthquake
moment rates [e.g., Ward, 1998a, 1998b; Masson et al.,
2005] or paleoseismic moment rates [e.g., Shen-Tu et al.,
1995; Hammond and Thatcher, 2004]. In nearly all cases,
the comparison of these estimates with geodetic data showed
that geodetic rates are systematically larger than seismicity
or paleoseismicity rates by factors of 2–20 and larger.
Masson et al. [2005] argued that the high GPS/seismic strain
rate ratio in southern Iran (�20) is relatively steady over
time periods of 100–1000 years and is not biased by catalog
completeness. In contrast, Ward [1998a] suggested that the

primary cause of the GPS/seismic discrepancy in the U.S.A.
may be that “seismic catalogues fail to reflect long-term
earthquake rates.” The latter is supported by our comparison
of observed versus statistical moment rates, which suggests
that our �100-year earthquake catalog only captures 10–
80% of the long-term seismicity as estimated by GR
statistics.

4.2. Reconciling GPS and Catalog Moment Rates

[34] In order to reconcile the median GPS and catalog
moment rates in most of the zones, the GPS rates would
have to be divided by about 6–20, or the catalog rates mul-
tiplied by the same amount. Ten parameters contribute to the
calculation of GPS and catalog moment rates (equations (2)
and (5)). Neglecting the nonlinearity of the equations and
the cross-correlations in the parameter dependencies, we can
estimate the approximate change required in any one param-
eter in order to account for a factor of 6–20 difference in
GPS and catalog moment rates. Of those ten possible changes,
seven are unrealistic:
[35] 1. A factor 6–20 reduction of the GPS moment rate

(equation (5)) requires a division by 6–20 of the crustal shear
modulus, seismic zone area, or seismic thickness, well
beyond the range of reasonable values. Crustal shear mod-
ulus variations are typically limited to 10–30% [Turcotte
and Schubert, 2002]. Source zone areas are defined by
their vertex coordinates. Seismic thicknesses are constrained
by earthquake depth range (roughly 15–30 km) and do not
vary by more than �50%.
[36] 2. A factor 6–20 increase of the catalog moment rate

(equation (2)) requires: a magnitude-moment parameter
increase (d by about 0.8–1.3 or c by about 0.1–0.2) much
larger than those permitted by earthquake data [Ristau et al.,
2005]; a multiplication of the asymmetry factor 8 by 6–20,
well beyond the range of magnitude uncertainties [e.g.,
Hyndman and Weichert, 1983]; or a maximum magnitude
increase of about 1.1–1.8, leading to unrealisticMX = 8.1–9.3.
[37] The last point regarding maximum magnitudes is

justified by the maximum dimension of known active faults
and other geological structures, which remain below 100–
150 km in our study area, thus defining MX values of about
7.0–7.5 [Adams and Halchuk, 2003; Petersen et al., 2008].
Typical scaling relationships for MW ≥ 8.0 require either a
very long and thin rupture (e.g., 400 � 15 km) or a shorter
rupture through the entire crust (e.g., 200 � 30 km). Con-
trary to other plate-boundary zones such as California or
New Zealand, western Canada – northwestern U.S. has no
indication of onshore surface ruptures on long, mature active
fault systems, which leads us to conclude that MX ≥ 8.0 is
unrealistic in the region as a whole (although not impossible
in a few limited locations). However, we recognize that the
definition of MX remains a debated topic and that higher MX

values could be considered in more in-depth analyses.
[38] Some combinations of more reasonable variations in

these parameters could lead to agreement between GPS and
catalog moment rates. However, reasonable uncertainties are
already taken into account in both estimates through formal
uncertainty propagation or logic-tree analysis (section 2).
These do not result in the systematic discrepancies observed
between GPS and catalog rates.
[39] The remaining three parameters (GPS strain rate and

catalog a and b values) are discussed independently as they

Figure 8. Ground shaking probability derived from earth-
quake catalog versus GPS strain rates. Peak ground acceler-
ation (PGA) at 2% in 50 years exceedance probability from
(a) the earthquake catalog and (b) GPS strain rates. (c) Ratio
of GPS to catalog PGA. Note these maps are for the purpose
of comparison, not for exact seismic hazard assessment.
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relate to more conceptual issues with the GPS/catalog
comparison.

4.3. GPS Strain Rate and Aseismic Deformation

[40] Visco-elastic response of the lithosphere to postgla-
cial rebound (PGR) since the last Ice Age is a common
source of aseismic strain. Numerical models and direct GPS
measurements indicate that PGR elastic strain rates can
reach 1–10 � 10�9 yr�1 in central and eastern Canada,
mainly due to the slow response of the cold lithosphere and
asthenosphere [e.g., James and Bent, 1994; Calais et al.,
2006]. The GPS strain rate measured for the zone Alberta
Plains (ALB) may partly or fully represent aseismic PGR
deformation, thus accounting for the large difference
between GPS and catalog moment rates in this zone. In
contrast, present-day PGR is insignificant in the Canadian
Cordillera, due to the fast response time of the low-viscosity
asthenosphere [e.g., James et al., 2009]. Thus, in all zones
except ALB, PGR strain rates are likely negligible and
do not contribute significant aseismic strain to the GPS
measurements.
[41] Another source of aseismic deformation is the visco-

elastic loading and relaxation of the crust and mantle during
earthquake cycles on large faults, which affect GPS stations
located within a few fault-lengths of these faults. For the
most recent large earthquakes capable of generating signifi-
cant postseismic deformation (MW � 9.0, 1700 Cascadia,
MW = 8.1, 1949 Queen Charlotte, and MW = 7.3, 1946
Vancouver Island), present-day GPS and numerical models
indicate that postseismic strain rates are currently negligible
[Hippchen and Mazzotti, 2010; Mazzotti et al., 2003a,
2003b; Wang et al., 2003]. As described in section 2.2, we
correct the GPS velocity data for predicted interseismic
loading from the Queen Charlotte and Cascadia plate-
boundary faults. These corrections tend to reduce the GPS
strain rates and are unlikely to be the source of a factor of
6–20 over-estimation. Our test results for two alternative
interseismic models show that the impacts on GPS moment
rates and the GPS/catalog ratios are limited to �10% on
average and �50% maximum, well below the factor of
6–20 required to match GPS and catalog seismic moment
rates (Appendix C).
[42] Alternatively, more complex models of interseismic

locking coupled with rotations of crustal blocks have been
proposed to explain the GPS velocity variance in terms of
variable interseismic deformation and rigid block rotations,
with or without intrablock strain. Arguably, the GPS veloc-
ities of the Vancouver Island and Queen Charlotte margins
can be modeled as rigid block rotation with little internal
strain [McCaffrey et al., 2007; Elliott et al., 2010]. Detailed
analyses of these model predictions versus earthquake
moment rates would be required to quantify the potential
improvement compared to our distributed strain approach.
However, these models produce strain concentrations (high
fault slip rates) along the block edges, pushing the issue of
GPS versus seismic moment rates from inside the blocks to
narrow bands along the block margins, which do not show
high earthquake concentrations.
[43] Finally, long-term bulk aseismic deformation or creep

may result in an over-estimation of seismic moment rates
from GPS measurements. Only a few well-documented
cases exist of long-term aseismic creep along large mature

faults (e.g., San Andreas Fault [Moore and Rymer, 2007]).
Although this type of long-term creep has been proposed
as an explanation for the difference between GPS and seismic
rates in some areas [e.g.,WGCEP, 1995;Masson et al., 2005;
Barani et al., 2010], most studies remain susceptible to lim-
itations due to catalog completeness or geodetic strain rate
resolution, thus providing limited evidence that this process
may be a common mode of deformation.

4.4. Earthquake Catalog Versus Long-Term Seismicity

[44] The integration of a 50–100 yearlong earthquake
catalog to derive statistical seismic moment rates (or ground-
shaking probabilities) relies on the assumption that the
catalog represents a temporally stable and adequate sample
of long-term seismicity. This is commonly addressed by
assuming that earthquake distribution is ergodic over large,
rapidly deforming regions [e.g., Smith, 1976; Ward, 1998a].
Using the Basin and Range example, Pancha et al. [2006]
propose an empirical measure of the minimum catalog
duration T (yr) required for a valid ergodicity assumption in a
region of area A (km2) and average strain rate _ɛ (yr�1):

T ≥
1:5

A _ɛ
ð7Þ

Using this expression and our GPS strain rates, the required
catalog durations for our twelve seismic zones range between
�900 and �6000 years, in all cases much longer than the
actual catalog time span. This would suggest that an ergodic
substitution requires catalogs about 10–100 times longer than
currently exist, even in the largest zones. However, we find
the best GPS/catalog agreement in Puget Lowland, one of the
smallest zones of our study area. Using this zone as a proxy
for the adequate catalog duration, equation (7) becomes:

T ≥
0:025

A _ɛ
ð8Þ

and the required catalog durations for our eleven other zones
range between �20 and �100 years. This simple analysis
illustrates the difficulty of a robust quantification of the
ergodicity argument.
[45] More qualitative arguments can be made to suggest

that earthquake catalog representativity is likely not the
overall cause of the 6–20 GPS/catalog ratios. Accounting for
this difference requires either a systematic increase in the
catalog seismicity level (a value) of about 0.8–1.3 or a sys-
tematic decrease of the b value by about 0.1–0.2. The latter
is within the standard error estimated for most zones
(Table 3), but it corresponds to a large increase in the pre-
dicted recurrence rate of M ≥ 6.0 earthquakes by a factor of
about 5–15. The fixed b value test (Appendix C) also shows
that using a uniform regional b value has a very small effect
on our results (less than 30%, Figure C2), except for the mid
Vancouver Island zone where the fixed GR grossly misfits
the earthquake catalog. Similarly, the required a value
increase represents about 6–20 times more earthquakes over
the whole magnitude range, and it is much larger than the
estimated standard errors (Table 1). In both cases, it is
unlikely that the catalog snapshot happens to systematically
sample a period of ten-fold lower seismicity level in nearly
all of our study area.
[46] The argument of the under-sampling of the earth-

quake catalog can also be considered from the perspective of
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missing large characteristic earthquakes, i.e., events that do
not follow the regional GR distribution. Table 4 lists the
return periods of missing characteristic MW = 7.0 earth-
quakes required to account for the GPS/catalog discrepancy.
These return periods range between �30 and �770 years.
Taken individually in each zone, the �100 yearlong catalog
could conceivably lack MW = 7.0 earthquakes with a return
period of the same order as, or longer than the catalog
length. However, when taken over the whole study area, the
systematic GPS/catalog mismatch requires the unrealistic sce-
nario wherein about 11MW= 7.0 earthquakes would bemissing
from the whole catalog (i.e., one MW = 7.0 every 10 years).

4.5. Issues and Requirements for GPS-PSHA
Integration

[47] The zone ALB is the only one for which we can pro-
pose a single reasonable explanation for the GPS/catalog
mismatch. There, as in several other continental intraplate
regions (e.g., northern Europe), viscoelastic postglacial
rebound strain rates exceed seismic strain rates by a factor of
10 or more [e.g., James and Bent, 1994] and represent the
primary deformation measured by GPS. Thus, for those
intraplate regions, GPS strain rate data provide a maximum,
unrealistically high estimate of the potential seismic moment
rate, and are of limited value for PSHA analysis. In conti-
nental intraplate regions not affected by PGR (e.g., Aus-
tralia), or where the seismic strain signal could be untangled
from the PGR one on the basis of spatial wavelength, GPS
data may provide useful constraints in zones of concentrated
seismicity [Mazzotti, 2007].
[48] In contrast, the zone PUG provides an example where

GPS and catalog rates corroborate each other, thus providing
a higher level of confidence in PSHA results derived from
the combination of both data sets. This zone is characterized
by the highest seismic activity of our entire study area
(Figure 2), and by a series of large crustal faults that account
for the seismic and geodetic strain rates [Sherrod et al.,
2008]. Similarly, other regions with reasonable GPS/earth-
quake catalog agreements tend to be associated with high
seismicity levels and large crustal faults (e.g., California
[Anderson, 1979; Field et al., 1999]). In contrast, most of
our study area is characterized by lower seismicity levels and
the absence of large mature active faults. Under these con-
ditions, the high GPS/catalog moment rate ratios may be
reconciled through a combination of biased earthquake cat-
alog statistics, over-estimated GPS strain rates (due to mis-
modeling of the plate-boundary interseismic strain or rigid-
block tectonics), and, arguably, long-term aseismic defor-
mation of the crust on a regional scale.
[49] Although it cannot be demonstrated with a significant

level of confidence on the basis of our results, long-term
aseismic deformation may be an important mechanism
accommodating a large portion of the crustal deformation in
low-seismicity, active tectonic regions. Our analysis of cat-
alog seismicity versus GPS suggests that aseismic defor-
mation may account for up to 80–90% of the total crustal
deformation in a significant portion of the western Canadian
Cordillera (Figure 5). In order to use GPS strain rates in
PSHA analysis, the seismic versus aseismic portions of the
crustal deformation budget need to be quantified. This
requires a better understanding of the physical and
mechanical conditions leading to mainly seismic (e.g., PUG)

versus mainly aseismic (e.g., QCI) strain budgets. These
requirements can only be addressed through more detailed
and higher resolution comparative and modeling studies of
GPS and seismic rates.

5. Conclusion

[50] We tested an alternative approach to assess seismic
hazard in western Canada and northwestern U.S.A. using
GPS strain rate data to derive seismic moment rates and
ground shaking probabilities in seismic source zones. In two
zones (Puget Lowland and Mid-Vancouver Island), the
median GPS-based moment rate and PSHA estimates are in
good agreement with those derived from the earthquake
catalogs. In seven other zones, the median GPS-based
moment rates are 6–150 times larger than those from the
earthquake catalogs, and the PSHA estimates are 2–5 times
larger, although in most cases the GPS and catalog results
agree within the estimated 67% confidence intervals. In
individual source zones, this discrepancy may be explained
by the �100 yearlong earthquake catalog significantly
under-predicting long-term earthquake statistics, and thus
hazard. However, this explanation is unreasonable on the
scale of the entire study area, as it would require the equiv-
alent of about one additional MW = 7.0 earthquake every 10
years (i.e., 11 missing events in the entire catalog). Long-
term aseismic crustal deformation could account for the
observed GPS/catalog discrepancies, providing it represents
up to 80–90% of the total deformation budget in some of the
seismic zones.
[51] Aseismic deformation is a reasonable explanation for

formerly glaciated continental intraplate regions (e.g.,
Alberta Plains), where most of the GPS strain rate signal
likely comes from aseismic postglacial rebound. In these
regions, GPS strain rates provide a maximum estimate of
potential seismic hazard, although likely too high to be use-
ful. On a longer geological time-scale, aseismic deformation
may also be prevalent in active plate-boundary regions
characterized by low-magnitude background seismicity or a
lack of large, mature active faults, such as the Queen Char-
lotte margin or the Zagros belt in southern Iran [Masson et al.,
2005]. In contrast, regions with high seismicity level and
numerous large faults may be associatedwith deformation that
is mainly seismic (e.g., Puget Lowland, southern California).
[52] GPS strain rates can provide an important and

useful complement to earthquake catalog statistics for
seismic hazard analysis, for example through formal inte-
gration of several GPS strain rate and tectonic models
using a logic-tree approach [e.g., Stirling et al., 2009].
However, significant research is required to better under-
stand the limitations and applicability of GPS strain rates,
especially regarding the possibility of large aseismic
deformation on long-term regional scales. Similar studies
in other regions are required to define and validate this
approach, with the goal of developing guidelines that can
be used in projects such as the Global Earthquake Model
(http://www.globalquakemodel.org/).

Appendix A: Seismic Moment Rate Parameters

[53] In order to estimate the median and uncertainty range
of seismic moment rates derived from GPS strain rates
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(equation (5)) and earthquake catalog data (equation (2)), we
use a logic tree approach using a lower, a median, and an
upper value (with their associated probabilities) for each set
of parameters [Mazzotti and Adams, 2005; Mazzotti et al.,
2005]. The choices of parameters and probabilities are lis-
ted in Table 2. In each case, we choose a three-point discrete
probability distribution for the lower, median, and upper
parameters reflecting either a Gaussian distribution (0.75,
0.45, 0.275) or a slightly broader distribution (0.3, 0.4, 0.3)
for more uncertain cases.
[54] 1. Crustal shear modulus (m): We use a median value

of 3.0 � 1010 N/m2, typical of average crustal rocks
[Turcotte and Schubert, 2002], and allow for a 23% varia-
tion for the lower and upper ranges, in association with a
Gaussian probability distribution.
[55] 2. Seismic thickness (h): We use three seismic thick-

ness ranges depending on the regional thermal regime of the
crust [cf. Hyndman et al., 2005; Mazzotti et al., 2008].
Regions in the subduction zone forearc (OLY, PUG, SVI,
MVI) and in the Craton (ALB) are associated with a cold
geotherm and a median seismic depth of 25 km (20/30 km –
lower/upper bounds). Regions in the Cordillera (BCN, BCS,
WASH) are associated with a hot geotherm and a median
seismic depth of 12 km (10/15 km). In other regions, the
seismic depth is less well defined, and is associated with a
median of 20 km and a wide range (10/30 km). In all cases,
we use the broad probability distribution.
[56] 3. Source zone area (A): The source zone area is the

area of the spherical cap defined by the coordinates of the
zone vertices.
[57] 4. Strain rates ( _ɛG ): The estimation of the median

scalar strain rate and its standard error in each zone is
described in section 2.4. Lower, median, and upper values
are given in Table 3. The associated probability distribution
is Gaussian.
[58] 5. Magnitude - moment asymmetry correction (8):

We use the estimation of 1.27 (�0.2 magnitude unit vari-
ance) of Hyndman and Weichert [1983] for western Canada
earthquakes as our median value, allowing for a range of
� 0.1 and �0.3 magnitude units that define lower and upper
bounds of 1.06 and 1.71, with a Gaussian probability
distribution.
[59] 6. Magnitude - moment conversion (c and d): We use

the magnitude - moment relation calibrated by Ristau et al.
[2005] for western Canada earthquakes (c = 1.5, d = 9.05),
allowing for a 0.10 variation in d, equivalent to �0.07
magnitude units. The associated probability distribution is
Gaussian.
[60] 7. Maximum magnitude (MX): We use two ranges of

maximum magnitude depending on the seismic activity,
seismic thickness, and magnitude distribution in the source
zones. These magnitudes are updated from the 2005 Cana-
dian and 2008 U.S. National Seismic Hazard Maps [Adams
and Halchuk, 2003; Petersen et al., 2008]. For source

zones along the main plate boundary zones (Queen Charlotte
and Cascadia margins), the median maximum magnitude is
7.5, with a range of �0.3. For source zones farther in the
interior, the median maximum magnitude is smaller (7.0)
and the range slightly broader (�0.5). In all cases, we use the
broad probability distribution.

Appendix B: GPS Strain Rate Mapping

[61] The interpolated and smoothed velocity and strain
rate fields are calculated using a 2-D adaptive Gaussian
function applied on a regular 0.5 � 0.5 degree grid. At each
grid point g, the velocity vector Vg is defined as the weighted
average of all N GPS velocity vectors Vn weighted according
to their standard errors sn, their distance to the grid point
Dng, and the azimuthal density of GPS data 1/Kng(w):

Vgi ¼ ∑
N

n¼1

GngWng

sni
Vni

� �
=Wi

with

Gng ¼ e
� log 2ð ÞD

2
ng

r2g

Wng ¼ 1=Kng wð Þ
Wi ¼ ∑

N

n¼1

GngWng

sni

ðB1Þ

where i is the velocity component (north, east, or up), rg is
the smoothing distance (Gaussian half-width) at the grid
point g, and Kng(w) is the number of GPS points inside the
angular quadrant with an apex at the grid point g, of width w,
and centered on the data point n.
[62] For each grid point, the smoothing distance rg (km) is

defined as the minimum of a fixed distance DS or the dis-
tance to the NS

th nearest GPS site. Thus, the smoothing dis-
tance is adapted to the GPS station density. We choose a
preferred smoothing distance (DS = 50 km, NS = 5) that
optimizes spatial resolution without producing short wave-
length artifacts, providing smoothed velocity and strain rate
fields with a wavelength varying from 50–75 km in dense
areas (south Vancouver Island) to 250–300 km in low den-
sity areas (northern British Columbia). Additional smooth-
ing parameters (DS = 30 km, NS = 2 and DS = 100 km, NS =
8) are tested to assess the sensitivity of the results to the
smoothing procedure.
[63] The azimuthal density factor 1/Kng(w) corrects for

large heterogeneities in the GPS site distributions around
each grid point by increasing (decreasing) the weight of
velocity vectors that are within a low (high) density quad-
rant. We choose a preferred quadrant width w = 45°, with an
additional width (w = 90°) also tested.
[64] The horizontal strain rate tensor _ɛij is defined as the

spatial derivative of the Gaussian velocity function evalu-
ated at the grid point g:

_ɛij ¼ log 2ð Þ
r2g

∑
N

n¼1
�Djg

GgWn

sni
Vni

� �
=Wi � ∑

N

n¼1
�Djg

GgWn

sni

� �
Vgj

Wj

� �

þ ∑
N

n¼1
�Dig

GgWn

snj
Vnj

� �
=Wj � ∑

N

n¼1
�Dig

GgWn

snj

� �
Vgi

Wi

� �
2
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3
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where D(i, j)g is the distance in the east or north direction,
and the other parameters are defined in equation (B1).
[65] For each grid point, we calculate the standard errors

on the velocity vector and strain rate tensor components
using a Monte Carlo simulation that takes into account the
velocity standard errors as well as the density and coherence
of the nearby GPS velocities. We create 5,000 samples by
randomly sampling the GPS velocities within their uncer-
tainty ranges (assuming a Gaussian distribution) and apply-
ing a random bootstrap to the original velocities. These
random samples are used to calculate the standard errors on
each parameter (Vgi and _ɛ ij), which are then scaled by the
density of nearby GPS stations relative to the smoothing
wavelength to provide the final standard errors on the grid-
ded velocities and strain rates.

Appendix C: Sensitivity Analysis

[66] As discussed in sections 2.2 and 2.3, we test the
sensitivity of our results to systematic uncertainties on the
earthquake catalog Gutenberg-Richter distribution, inter-
seismic locking models, and strain rate mapping techniques
using several alternative models that fall into three catego-
ries listed below. The model results are shown in Figures C1
and C2. Figure C1 compares the median strain rates of the
alternative and reference models in terms of percentage
deviation from the reference ((test – reference)/reference).
Figure C2 compares the median differences (GPS minus
catalog) in moment rates of the alternative and reference
models in terms of percentage deviation from the reference
((test – reference)/reference).

C1. Interseismic Locking

[67] In addition to the reference case with 100% uniform
interseismic locking, we test two models with a uniform
locking of 75% and a steep downdip decrease of the locking
profile (g = 0.2) [Wang et al., 2003]. Both models result in
smaller interseismic locking and in residual GPS strain rates
larger than the reference model ones by �10% on average.
A few cases show strain rates smaller or larger by up to 30%

(Figure C1). Differences in moment rates (GPS minus cata-
log) show similar trends (Figure C2), with variations from
the reference model between �40% and +50%. Thus, the
effect of the interseismic model variations are limited and do
not impact our main results by more than 10–20% on aver-
age and 50% maximum. However, these two test cases are
not exhaustive; additional models that include spatial varia-
tions in locking, and possibly in fault slip rates, should be
considered for further in-depth analysis.

C2. Strain Rate Smoothing

[68] We test three alternative smoothing models (DS =
30 km, NS = 3, w = 45°; DS = 100 km, NS = 8, w = 45°;
DS = 50 km, NS = 5, w = 90°) that represent low
smoothing, strong smoothing, and strong azimuthal density
weighting, respectively (cf. Appendix A). As shown in
Figures C1 and C2, the azimuthal density parameter has
very little effect (variations less than �10%). The strong
smoothing model results in strain rates smaller than the
reference case by 0–50% and moment rate differences
between GPS and catalog that are reduced by 0–85%. The
low smoothing model yields GPS strain rates larger than
the reference case by 10–180% and moment rate differ-
ences between GPS and catalog increased by 10–400%. In
both cases, the mid Vancouver Island zone (#8) shows the
largest change in GPS - catalog moment difference. In all
other zones, the variations relative to the reference model
are less than 100%.

C3. Fixed b Value

[69] This approach assumes that the number of earth-
quakes is too small to properly define the b value of the GR
distribution in each source zone. Rather than solving for
both a and b values, we solve for the a value assuming a
fixed b = 0.8, which is the average for the whole catalog.
The effect on the GPS - catalog moment differences are less
than 30% in all but two zones (Figure C2). The most

Figure C1. Strain rate variability. Variations in average
scalar strain rate in each source zone expressed as a per-
centage relative to the reference model ((test – reference)/
reference). Source zones from 1 to 12 follow the order in
Tables 1 and 2.

Figure C2. GPS minus catalog moment rate variability.
Variations in the median differences between GPS and cata-
log moment rate in each source zone expressed as a percent-
age relative to the reference model ((test – reference)/
reference). Source zones from 1 to 12 follow the order in
Tables 1 and 2.
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affected zone is mid Vancouver Island (#8), where the
fixed b value grossly misfits the catalog data and results in
an increase in the GPS - catalog difference of �600%.
The other large increase (�200%) is for the Puget Lowland
zone (#11).

[70] Acknowledgments. Comments and suggestions by LauraWallace
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John Adams, Roy Hyndman and Herb Dragert, as well as colleagues at BC
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