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Lawrence Valley, Eastern Canada

Alizia Tarayoun' (), Stéphane Mazzotti' (*), Michael Craymer?, and Joseph Henton®

'Géosciences Montpellier, Université de Montpellier, CNRS, Montpellier, France, 2Geodetic Survey Division, Natural
Resources Canada, Ottawa, Ontario, Canada, >Geodetic Survey Division, Natural Resources Canada, Sidney, British
Columbia, Canada

Abstract Structural inheritance is one of the key factors commonly proposed to control the localization of
strain and seismicity in continental intraplate regions, primarily on the basis of a first-order spatial correlation
between seismicity and inherited tectonic structures. In this paper, we present new GPS (Global Positioning
System) velocity and strain rate analyses that provide strong constraints on the magnitude and style of
present-day strain localization associated with the inherited tectonic structures of the Saint Lawrence Valley,
eastern Canada. We analyze 143 continuous and campaign GPS stations to calculate velocity and strain rate
patterns, with specific emphases on the combination of continuous and campaign velocity uncertainties, and
on the definition of robustness categories for the strain rate estimations. Within the structural inheritance
area, strain rates are on average 2-11 times higher than surrounding regions and display strong lateral
variations of the style of deformation. These GPS velocity and strain rate fields primarily reflect ongoing
glacial isostatic adjustment (GIA). Their comparison with GIA model predictions allows us to quantify the
impact of the structural inheritance and the associated lithosphere rheology weakening. Outside of the major
tectonic inheritance area, GPS and GIA model strain rates agree to first order, both in style and magnitude. In
contrast, the Saint Lawrence Valley displays strong strain amplification with GPS strain rates 6-28 times
higher than model-predicted GIA strain rates. Our results provide the first quantitative constraints on the
impact of lithospheric-scale structural inheritance on strain localization in intraplate domains.

1. Introduction

Intraplate seismicity can reach magnitudes up to 7-8, yet the dynamics of these earthquakes is a major cur-
rent scientific question (e.g., Stein & Mazzotti, 2007). One of the difficulties in the study of intraplate deforma-
tion is that strain rates are low compared to those in plate-boundary regions. Typical expected strain rates for
intraplate domains are ~107"> to 10 '° year™', whereas plate boundary strain rates are ~1072 year™" or

more (e.g., Calais et al., 2005; Gordon, 1998; Mazzotti & Adams, 2005; Sella et al., 2007).

A common hypothesis suggests that intraplate deformation is related to the reactivation of inherited struc-
tures (Adams & Basham, 1991; Coppersmith et al., 1987; Johnston, 1989). In other words, present-day defor-
mation appears to concentrate primarily within areas of significant inheritance from past major tectonic
events. Under this model, structural inheritance is considered on a lithospheric-scale, that is, domains of sev-
eral tens to hundreds of kilometers affected by strong deformation of the whole crust and lithospheric man-
tle. Typically, those domains correspond to ancient plate boundaries of Paleozoic or older plate tectonic
events. This definition excludes structures of local scales and thus limits the structural inheritance domains
to large, plate-scale features. From seismic observations, Johnston (1989) showed that the largest worldwide
intraplate earthquakes occurred along paleopassive margins or paleorifts located in continental interiors.

More recently, Mazzotti et al. (2005) quantified the surface deformation through Global Positioning System
(GPS) measurements in a small part of the Saint Lawrence Valley (the Charlevoix area), eastern Canada
(Figure 1), a domain with major faults inherited from lapetus Ocean opening (~700 Myr) where GPS shorten-
ing rates are about twice higher than the regional average. The New Madrid seismic zone, eastern United
States, is associated with a similar structural inheritance (lapetus paleorift faults; Thomas, 2006), but the local
deformation is highly debated. Frankel et al. (2012) suggest a significant motion across GPS sites of about
0.4 £ 0.1 mm/year, whereas Craig and Calais (2014) propose that the present-day deformation is below
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Figure 1. Tectonic setting of the Saint Lawrence Valley, eastern Canada. Dashed lines and gray region show the spatial
extent of the lapetan rifted margin (area of major structural inheritance). The Grenville, the Saint Lawrence Platform, and
Appalachians geological provinces are displayed with cross, square, and line symbols, respectively. The main zones of
interest are circled in red. The green area is the Charlevoix meteor impact location.

resolution of GPS data and that deformation may be variable in time. Thus, the presence of preferentially
localized deformation within a structural inheritance area remains debated.

In this paper, we calculate the surface strain rates with new GPS data in the Saint Lawrence Valley and sur-
roundings to investigate strain concentration within the structural inheritance area (Figure 1). The 143 con-
tinuous and campaign GPS stations with time series up to 17 years, a strong structural inheritance, and the
presence of glacial isostatic adjustment (GIA) deformation (Mazzotti et al., 2005; Wu & Johnston, 2000; Wu
& Mazzotti, 2007) should ensure measurable GPS signals. This makes the Saint Lawrence Valley a key area
to provide answers on localization of deformation in structural inheritance domains, and to quantify the
impact of structural inheritance on present-day surface deformation. The latter is quantified by comparing
GPS strain rates, with special emphasis on robustness with modeled GIA strain rates. Differences between
GPS and GIA signals are expected since GIA models are calculated with a uniform mantle rheology,
while GPS signals include lateral rheological variations supposedly induced by structural inheritance.

The Saint Lawrence Valley displays strong lateral variations in earthquake patterns that raise the question of
the role of structural inheritance in the localization of deformation and seismicity. This also raises the ques-
tion of seismicity concentration as static (long-term) or transient (short-term) indicators of strain localization.
Thus, investigating where surface deformation occurs has fundamental implications for understanding the
processes driving intraplate deformation and intraplate earthquakes. These questions are currently debated.
Our results provide the first quantitative estimation of the impact of structural inheritance and will provide
additional input for this discussion.

2, The Saint Lawrence Valley

2.1. Tectonic and Geological Setting

The Saint Lawrence Valley has experienced two complete Wilson cycle since ~1.3 Gyr (Thomas, 2006),
leading to strong structural inheritance (Figures 1 and 2). The Grenville orogeny took place from ~1.3 to

1 Gyr during the assembly of the Rodinia supercontinent, by accretion of allochtonous terranes to the SE
margin of the Laurentia craton (North America; Hoffman, 1991; Karlstrom et al.,, 2001). The opening of
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Figure 2. Schematic NW-SE cross section of the crust and upper lithospheric mantle. The green, yellow, and red areas
represent the Grenville, Saint Lawrence Platform and Appalachians geological provinces. Brown domain represents the
upper lithospheric mantle. The structural inheritance zone is defined as a domain with lithospheric-scale faults and shear
zones.

the lapetus Ocean ~700 Myr ago (Rankin, 1975) produced a rifted margin with a primary NE-SW orientation,
as well as the orthogonal Ottawa and Saguenay grabens (Kumarapeli & Saull, 1966). The closing of the
lapetus Ocean occurred ~450 Myr ago during the Appalachian orogeny and resulting in thrusted units
on the paleorift margin. The last major tectonic event in the Saint Lawrence Valley was the opening of
the Atlantic Ocean ~150 Myr ago, leading to the reactivation of lapetus normal faults (Lemieux et al,
2003; Tremblay et al., 2003). A meteorite impact with a crater of approximately 60 km diameter occurred
~350 Myr ago in southern Charlevoix creating a local normal fault system (Lemieux et al., 2003; Rondot,
1968). These faults, with an assumed depth of 10 km, are superimposed on lapetus faults, creating a con-
centric area, which could further localize the deformation through fault intersections or reduced strength
(Baird et al., 2009).

The last glaciation in the Saint Lawrence Valley was the Wisconsin glaciation extending from ~85 to 11 kyr,
where the maximum ice extent spanned from 25 to 21 kyr. The final ice retreat in this region occurred at
~10-15 kyr (Dyke, 2004; Parent & Occhietti, 1988) inducing ongoing GIA in eastern Canada.

2.2. Structural Inheritance and Seismicity Setting

In this study, we define structural inheritance as paleoplate boundaries, that is, lithospheric-scale structures.
In the Saint Lawrence Valley, such structures are related to the paleorift lapetus and are localized between the
Grenville and Appalachians provinces (Figure 2). In the crust, those structures comprise the paleomargin nor-
mal faults, mostly parallel to the Saint Lawrence River, such as the Saint Lawrence Fault that separates the
Grenville province from the Saint Lawrence Platform (Lamontagne & Ranalli, 2014; Lemieux et al., 2003),
the Charlevoix Fault located under the Saint Lawrence River, and the South Shore Fault under the
Appalachians province imaged through gravity and magnetic data (Lamontagne et al,, 2000). The Saint
Lawrence area also displays second-order faults oriented approximately NW-SE and approximately E-W, cor-
responding to grabens and transfer faults, respectively (Tremblay et al., 2003). From seismic profiles, the
major faults are imaged down to a maximum depth of ~30 km (Musacchio et al., 1997). Mechanical models
show that rift structures are typically composed of shear zones in the lowermost crust and the lithospheric
mantle (Gueydan et al., 2008), likely suggesting the presence of such kilometer-scale shear zones under
the Saint Lawrence Valley. We consider this large fault system as the structural inheritance domain with a spa-
tial scale of several tens or hundreds of kilometers (Figures 1 and 2), with a regional primary NE-SW orienta-
tion (Kumarapeli, 1985; Thomas, 2006).

The Saint Lawrence Valley displays strong spatial variations in seismic activity. Earthquakes are principally
concentrated in the Lower Saint Lawrence Seismic Zone, Charlevoix Seismic Zone, and north of the Ottawa
Graben (Figure 3). Between these areas, the seismicity is not clustered and sparse. The Charlevoix Seismic
Zone has experienced the largest historical events in the Saint Lawrence Valley, with five earthquakes of mag-
nitude approximately 6-7 in 1663, 1791, 1860, 1870, and 1925 (Adams & Basham, 1991). There are approxi-
mately 1,000 small earthquakes (M < 4) each year in the region. Earthquakes in the Saint Lawrence Valley
reach a maximum depth of 30 km with, for the Charlevoix area, two thirds of the seismicity located between
7- and 15-km depth (Lamontagne et al., 2000).
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Figure 3. Historical and instrumental seismicity (1627 to 2016). The main zones of interest are circled in red. CSZ is for
Charlevoix Seismic Zone, and LSZ is for Lower Saint Lawrence Seismic Zone. Dashed lines limit the structural inheritance
domain.

3. GPS Data and Velocities

Because horizontal velocity and deformation signals in many intraplate regions are roughly at the level of GPS
resolution, we pay specific attention to uncertainty sources and to the coherency of the GPS velocity field. In
order to calculate strain rates using all available GPS stations, we implement a method to consistently com-
bine continuous and campaign velocity uncertainties.

3.1. GPS Network and Data

We analyzed 143 GPS stations along the Saint Lawrence Valley from three continuous networks and two cam-
paign networks: 11 stations from the national Canadian Active Control System, 22 continuous stations from the
Québec provincial network, 11 continuous United States stations, 47 campaign stations of Canadian Baseline
Network, and 52 campaign stations from a dense regional network dedicated to deformation study of the Saint
Lawrence Valley. Continuous stations encompass the seismic region of the Saint Lawrence Valley and cam-
paign stations are located in the near field (approximately 100 km) of the lapetus inherited normal faults
(Figure 4). The use of continuous and campaign data leads to four colocated stations and five almost colocated
(less than 10 km apart) stations. Those colocated stations consist of a continuous and a campaign survey.

In our study, campaign data are acquired on three main types of monuments and foundations. The Canadian
Baseline Network, dedicated to national and regional referencing, consists of concrete pillar monuments
anchored either in bedrock or deep concrete foundations. Data are acquired over a minimum of 48-hr ses-
sions every 2-4 years since the late 1990s. The stability and quality of this network are similar to that of geo-
detic continuous networks (Henton et al.,, 2006). In contrast, the specific dense Saint Lawrence network
consists of tripod or steel mast monuments over geodetic markers. Thirty-six sites correspond to steel masts
anchored to bedrock or massive erratic boulders, while the additional 16 sites are tripods or masts installed
over benchmarks in soil cover. The Saint Lawrence campaign data comprise surveys of a minimum of 48 hr,
repeated every 2 years at the same period (summer to early fall) and with similar types of antenna (e.g.,
Ashtech Choke-Ring) to optimize data stability. A summary of the episodic campaign survey and continuous
data is provided in Tables S1 and S2 in the supporting information, respectively. Monuments of the Canadian
Active Control System continuous network typically consist of concrete pillars anchored in bedrock. The long-
est time series range from 1999 to 2016. The average time series length is 13 years. Sites of the Québec
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Figure 4. Global Positioning System stations. Green and red triangles are the Saint Lawrence and Canadian Baseline
Network campaign networks, respectively. Blue, yellow, and orange triangles are Canadian Active Control System,
Québec, and United States continuous networks, respectively. Dashed lines limit the structural inheritance domain.

provincial network are situated on building rooftops. All monuments are steel masts. The average time series
length is 10 years. The United States stations are mostly masts on rooftops with an average time series length

of 9 years.

Previous studies have shown that type of monument is not a dominant source of uncertainty in estimations
of GPS velocities (e.g., Hackl et al., 2011; Langbein, 2008; Malservisi et al., 2013). Thus, we do not consider the
monument type in uncertainty analysis of strain rates, other than through the velocities standard errors that

reflect the site stability.

3.2. GPS Data Processing

GPS data are processed with the Natural Resources Canada Precise Point Positioning (PPP) software (Héroux
& Kouba, 2001). Precise satellite orbits and clocks, and Earth rotation parameters used to calculate daily posi-
tions are from the International Global Navigation Satellite System Service precise products (Dow et al., 2009).
The ocean tide loading is corrected using the FES2004 model (Lyard et al., 2006). Tropospheric delays are
modeled using the meteorological model Vienna Mapping Functions 1 (Boehm et al., 2006). Velocities are
expressed relative to the stable North American plate, defined in the ITRF2008 reference frame (Altamimi
etal, 2012). Nguyen et al. (2016) tested several options of the PPP processing in order to estimate the quality
of daily positions and deduced velocities. They found that impact of the parameterization choices is mainly
dependent to the duration of the time series and could impact velocities up to 0.5 mm/year (mean difference
of GPS velocities between several processing options). In order to ensure an optimal solution, we based our

data processing on their study.

Because position and velocity precision is a critical issue for intraplate deformation studies, we tested the
repeatability of the calculated positions and velocities by comparing our reference PPP solution with a
double-difference solution using GAMIT 10.6 (Herring et al,, 2015). Mean velocity differences between the
PPP and GAMIT solutions for 55 campaign stations of the Saint Lawrence network are 0.04, —0.10 and
0.35 mm/year with a standard error of 0.05, 0.03 and 0.15 mm/year for the north, east, and vertical compo-
nents, respectively (Figure S1). The differences in the network mean velocities are due to differences in the
reference frame realization between the two solutions and do not affect strain rate computations. The disper-
sions in the PPP and GAMIT solutions are similar at about 0.1 mm/year. This illustrates the quality of both
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solutions, owing to the precise International Global Navigation Satellite
System Service products, and provides a first-order estimation of the velo-
. city resolution for our data set.

Daily GPS positions can be influenced by signals that are spatially coherent
at the scale of the regional network and are not related to tectonic pro-

cesses (e.g., satellite ephemerides and regional hydrology; Wdowinski

RMS differences (mm)
1.0

0.0 05

et al,, 1997). In order to better define the long-term velocities, we correct

T T our GPS position time series for an empirical common-mode signal
East Vertical assumed to affect all networks. This common mode is calculated by stack-

]

RMS differences (mm)
0.5
\

1.0

-1.0

ing the residual time series, after removing a linear trend, of the 37 contin-
uous stations that cover the whole study area and have the longest time

i period. The stack starts in 2001.000 and stops in 2016.765, thus restraining

the maximal length of time series for all stations (Figure S2). Figure 5 shows

E a the differences of root-mean-square (RMS) values of daily positions with

— and without the common-mode correction. A reduction of RMS for all con-
tinuous stations is observed, leading to lower position dispersion, which is
! commonly found (Wdowinski et al., 1997; Williams et al., 2004; Zhu et al.,

Figure 5. Influence of common-mode correction on daily positions. Whisker

North

' ' ) 2017). In contrast, we observe a much smaller effect of the common-mode
East Vertical correction on campaign stations. Roughly half of the stations show
reduced RMS up to 2.4 mm, whereas half show increased RMS up to

plots of the position dispersions (root-mean-square, RMS) differences 1.2 mm. Despite its negligible effect, we apply the common-mode correc-
between the original and the common-mode postcorrection for continuous  tion to campaign stations to ensure homogeneous processing for contin-
(a) and campaign (b) data. A positive RMS difference implies a reduction in uous and campaign data. Means RMS after correction are 1.7, 2.5, and

dispersion after the common-mode correction. The whisker diagrams show
the quartiles and extremes. Red points are the mean.

4.4 mm for continuous stations and 2.7, 3.5, and 5.6 mm for campaign sta-
tions for the north, east, and vertical components, respectively.

3.3. GPS Velocity Uncertainties

In order to calculate formal uncertainties on GPS velocities, we use the formulation of Williams (2003) for con-
tinuous stations, which provides velocity standard errors on the basis of the noise characteristics (amplitude
and spectral index) of the position time series. We find average spectral indices of —0.8, —0.7, and —0.6 for
the north, east, and vertical components, respectively, similar to recent studies (either PPP or double-difference
processing; e.g., Hackl et al,, 2011; Nguyen et al,, 2016; Njoroge et al., 2015; Santamaria-Goémez et al.,, 2011).
These indices are symptomatic of flicker noise (spectral index of —1) with a small component of white noise
(index of 0), suggesting a relatively fast convergence of the velocities for long time series (ca. 10 years).

The calculation of strain rates uses both continuous and campaign data and thus requires that the velocity
standard errors be coherent for the two data sets. Due to their very low sampling, campaign data do not pro-
vide information on the noise characteristics. Thus, we assume that noise processes affecting campaign sta-
tions are similar to those of continuous stations, and we apply a simplified analytical expression for flicker
noise uncertainty or (Mao et al.,, 1999):

_ [(axRMS?x1.78
oF = g02xT? M

where g is the percentage of daily positions per year, Tis the length of the time series (year), and RMS (mm) is
the mean dispersion of daily positions of continuous stations, used as a proxy for the noise amplitude by
applying a scale factor a (mm™"-year) calibrated using the 37 longest continuous time series (cf. Marechal
etal, 2015).

This analytical expression (equation (1)) allows calibrating the velocity standard errors for campaign data
using the noise characteristics of continuous data. The scale factor (14.7, 4.8, and 3.3 mm ™ '-year for the north,
east, and vertical components, respectively) is calculated by equating the velocity standard errors of contin-
uous stations derived using the Williams (2003) formulation to those derived using equation (1). The differ-
ences in standard error estimations between the two formulations are on average 0.03, 0.05, and 0.06 mm/
year for the north, east, and vertical components, respectively, indicating that the simplified expression
(equation (1)) yields reasonable uncertainties at the 0.1 mm/year level.
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Table 1
Mean Velocity Standard Errors

North East Vertical

oW oF oW oF oW oF

Permanent sites 0.01 0.21 0.02 0.15 0.03 0.23
Campaign sites 0.18 0.91 0.24 0.77 0.38 1.12

Note. Based on white (5,) and colored (af) noise models (mm/year).

Mean velocity standard errors for the whole network are given in Table 1.
The mean standard errors on campaign data (approximately 1 mm/year)
are significantly larger than the velocity variability due to data processing
(approximately 0.1 mm/year; cf. section 3.2). This difference suggests that
our formal velocity standard errors may be conservative, which will impact
our strain rate analysis (cf. section 4.1). Hereafter, GPS velocities are quoted
with their formal standard error (v + o) based on the colored noise (flicker
noise) analysis.

A comparison is made with the white noise approach, which is commonly

used in campaign GPS study and underestimates the standard errors by a factor of 3-5 (Mao et al., 1999).
Standard errors for campaign stations are higher than those for continuous stations by a factor of 2-3
depending primarily on the length of time series. With a 10-year-long record, the difference of standard
error is about 0.6 mm/year between continuous and campaign stations in the horizontal component

(Figure S3).
3.4. GPS Velocities

The complete campaign and continuous residual velocity field is shown in Figure 6 and listed in Table S3. At
first order, the continuous and campaign velocities show a good coherence (both magnitudes and orienta-
tions). Among the nine colocated or nearly colocated stations, only one case presents a continuous and a
campaign velocity pointing in opposite directions, although the two are compatible within their standard
errors. We observe a strong NW-SE regional gradient of the horizontal velocities decreasing from 1.9 to
0.1 mm/year with a mean velocity of 0.6 mm/year. This horizontal gradient is locally affected by small-scale
perturbations. Vertical velocities display a similar regional gradient, from 10.4 to —2.9 mm/year, that is mostly
linear except in the Saint Lawrence Valley where there are strong local variations. This velocity field is consis-
tent with Mazzotti et al. (2005) and Lamothe et al. (2010), which focused on the Charlevoix area, and with
Goudarzi et al. (2016) focused on eastern Canada. This NW-SE velocity gradient is compatible with the GIA
process due to a maximal ice thickness centered in the Hudson Bay (Goudarzi et al., 2016; Tushingham &
Peltier, 1991). The local variations in the velocity field relative to the long-wavelength GIA signal may be indi-
cative of local strain concentrations and are addressed in the following section using strain rate analysis.

4, Strain Rates

4.1. Strain Rate Calculations and Robustness Evaluation

Numerous methods exist to derive strain rates from GPS velocities (Goudarzi et al., 2015), commonly using
gridded or interpolation techniques (e.g., EI-Fiky et al., 1997; Hackl et al., 2009). In order to study strain rates
over a variety of regions and scales and over specific zones, we use a simple uniform-domain approach, in
which we calculate strain rate tensors in a given region assuming that the GPS velocities can be decomposed
into a combination of translation, strain, and rigid rotation rates, including the volumetric strain rate due to
vertical motion (Malvern, 1969; Mazzotti et al., 2005). The primary assumption is that the deformation is uni-
form over the analyzed region, with the six deformation parameters (and their uncertainties) indicative of the
average tectonics over region spatial scale. This method, compared to a more common gridded technique,
allows us to better estimate the robustness of the strain rates and their variations over a variety of regions
and spatial scales that would otherwise be smoothed and interpolated.

The horizontal strain rate tensors are expressed as following:

. OVx Vg
DX TR
Tz
gy = v TR (2)
é 71 %+%
X =o\ey T ox

where (X,Y,Z) are the local north, east, and vertical axes of a Cartesian reference system centered on the bar-
ycenter of the GPS stations and R is the radius of the Earth. Vertical velocities are taken into account in the
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Figure 6. Global Positioning System velocity field with respect to stable North America. (a) Horizontal velocity field. Red
and orange vectors are velocities for continuous and campaign stations, respectively (for better visibility, standard errors
are not represented, cf. Table S3). (b) Vertical velocity field. Velocities are displayed in the color scale, and symbol sizes
indicate the standard error range. Squares and circles are continuous and campaign stations, respectively. Dashed lines
limit the structural inheritance domain.

calculation of the horizontal strain rate tensors since their magnitudes are commonly larger than horizontal
velocities in GIA controlled domains. The magnitude of translation, strain, and rotation rates are calculated
using a standard least squares inversion. This allows calculating standard errors on all parameters that take
into account both the quality of the fit and the velocity standard errors. The calculated strain rates are
expressed in terms of magnitudes and azimuths of the two principal components of the tensors (e1 and e2).
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Table 2
Strain Rates and Standard Errors for Each Zone (Figure 8)
Zones el orel e2 ofe2 az oaz on op el op e2 OVL el OVL e2
1 342E-9 1.04E—9 1.39E—-9 2.24E-9 87.98 31.61 1.59E—-9 5.12E—-10 6.71E—10 0.057 0.32
3 1.54E—9 8.27E—10 —6.09E—9 2.56E—9 30.25 10.55 1.72E—-9 7.64E—10 2.17E-9 0.26 0.11
4 3.90E—-10 4.18E—10 —3.21E-9 7.93E-10 55.73 5.51 5.28E—10 2.06E—-10 1.88E—10 0.28 1.40E—15
5 1.57E—-9 5.94E—10 —2.75E-9 6.83E—10 82.37 8.75 6.50E—10 1.38E—10 421E-10 0.041 0.024
6 —3.70E—-11 4.74E—10 —4.92E-9 8.66E—10 7717 5.38 6.38E—10 2.92E-10 251E-10 0.6 2.60E—7
7 2.79E—9 3.72E-10 —4.61E—10 3.23E-10 96.81 5.39 3.38E—10 6.92E—10 421E-10 0.005 0.46
8 1.18E—9 8.22E—-10 2.76E—10 3.57E—-10 40.28 27.12 5.84E—10 3.10E-10 3.86E—10 0.061 0.38
9 1.92E—-9 1.15E-9 —1.46E—9 1.81E-9 145.94 18.9 1.39E—-9 7.95E—-10 1.33E-10 0.25 0.12
10 413E-9 2.76E—9 —3.59E-9 2.53E-9 82.26 14.94 2.51E—9 6.83E—10 2.38E—9 0.08 0.18
11 —1.54E-9 1.67E—9 —6.81E—9 4.68E—9 4459 25.03 3.08E—9 1.36E—9 1.03E-9 0.34 0.054
14 3.88E—9 4.05E—-9 2.70E-9 2.54E—9 167.2 104.21 3.02E-9 4.50E—-10 6.30E—10 0.11 0.27
15 5.22E—9 1.73E-9 —7.35E—10 1.03E—-9 88.35 9.8 1.29E—9 5.32E—10 1.93E—-9 0.005 0.2
16 3.44E—9 8.47E—10 —4.73E-9 1.10E-9 105.28 38 8.16E—10 2.00E-9 1.22E-9 0.024 1.10E—12
18 9.41E-9 8.87E—9 —3.86E—9 8.29E—-9 163.38 27.34 8.02E—9 8.73E—-9 9.54E—-10 0.11 0.14
21 1.05E—8 8.25E—9 —2.27E—11 8.75E—9 77.75 31.64 7.50E—9 2.47E-9 2.56E—9 0.2 0.38
22 5.48E—9 3.12E-9 —1.71E-8 1.69E—8 31.35 23.38 1.14E—-8 2.22E-9 1.11E-9 0.24 0.062
23 7.56E—9 8.97E—9 —1.83E-8 1.44E—-8 69.94 18.13 1.13E-8 1.21E-9 3.83E—9 0.12 0.1
24 1.24E—8 2.01E-8 —4.57E—9 1.55E—8 437 41.25 1.62E—8 6.46E—9 4.75E—9 0.38 0.37
25 1.12E-9 8.34E—9 —8.06E—9 1.40E—-8 68.37 47.93 1.06E—8 1.99E—-9 2.95E—9 0.33 0.21
26 1.40E—8 8.51E—9 —7.55E-9 8.92E—9 128.6 16.55 8.07E—9 4.15E—-9 1.66E—9 0.14 0.19
28 2.00E—-8 1.98E—8 —1.80E—9 1.35E—8 0.81 304 1.53E—8 7.87E—9 7.13E-9 0.22 0.4
29 1.00E—8 9.92E-9 —2.07E—9 8.36E—9 1734 30.81 8.42E—9 1.87E—9 1.04E—9 0.13 0.19
30 —2.16E-9 1.23E-8 —2.04E-8 1.26E—8 26.06 32.63 1.20E—8 2.16E-9 5.80E—9 0.32 0.21
31 1.99E—8 2.65E—8 —6.28E—9 9.30E—9 149.91 28.53 1.86E—8 1.16E—8 7.55E—10 0.37 0.093

Note. e1 and e2: principal components of the strain rate tensor, and of: their standard errors (yearq); az: azimuth relative to north of e1 and1a az: its standard error
(°); oy standard error of the mean noise level (year '); o e1 and o}, €2: standard errors of strain rate from the bootstrap analysis (year '); OVL e1 and OVL e2:
overlap coefficients of e1 and e2.

Because of the low signal-to-noise ratio of both horizontal velocity and strain rate data, we carry out a
detailed analysis of the strain rate uncertainties that do not only rely on the standard errors from the least
square inversion but also include statistical analysis based on the GPS velocity standard errors and spatial
distribution. Details of the method and results are provided Figures S5-537 in the supporting information.
For each region, the analysis consists in three steps:

1. Estimation of the region average strain rate noise level, using a Monte Carlo simulation based on the GPS
velocity standard errors (with a null velocity field, i.e., zero-strain-rate hypothesis).

2. Estimation of the actual strain rate distribution, using a bootstrap simulation based on the GPS velocities,
in order to account for their number, variability, and geographical distribution.

3. Estimation of the Overlap Coefficient (OVL) between the noise level (1) and actual strain rate (2) distribu-
tions as a measure of the significance (difference from the noise) of the actual strain rate.

For each region, the robustness of strain rate principal components can be assessed using: their formal
standard errors (of) derived from the least squares inversion (equation (2)), the standard error of the aver-
age noise level (oy), the standard error of the bootstrap distribution (og), and the Overlap Coefficient
(OVL). These values are given in Table 2, and three examples are shown in Figure 7. In all cases, the for-
mal and noise standard errors are similar and systematically larger than the bootstrap standard errors (on
average 2.2 times):

OFRON > 2.2 o (3)

Thus, formal strain rate standard errors are primarily due to the GPS velocity standard errors, whereas
the variability and spatial distribution of the velocities have a smaller contribution (on average 50%
smaller). This observation suggests that the GPS velocity standard errors are slightly overestimated com-
pared to the regional coherence of the velocity field, in particular for campaign velocities that
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Figure 7. Examples of strain rate uncertainty and robustness analysis. Categories A-C correspond to zone numbers 6, 21, and 15, respectively (Figure 8). OVL is the
overlap coefficient (range between 0 and 1, cf. text). (a)-(c) show strain rate of mean noise from Monte Carlo method (gray) and strain rate from bootstrap
method (orange) histograms for the largest principal strain rate tensor components. (d)-(f) show a 2-D view of the principal component distribution based on the
bootstrap simulation (red and green points represent el and e2, respectively). Dark red/green points and the associated ellipses represents the mean and
standard error of the principal component from the least squares inversion. Gray points and the associated ellipses are the mean and standard error of the noise

based on the Monte Carlo simulation.

constitute the bulk of our data set. Thus, in order to discuss the significance of the strain rate
estimations, we choose to rely on a statistical analysis that combines the noise level and the
bootstrap distributions, rather than simply relying on the formal standard errors.

The OVL coefficient is a measure of the similarity between two sets, in our case of the area of intersection
between the bootstrap and noise distributions. Thus, it provides a measure of the significance of the mea-
sured strain rate (in terms of difference from the noise), with values ranging from 0 (no overlap, very high sig-
nificance) to 1 (full overlap, no significance); compare Figure 7. In practice, OVL values of 0.04 and 0.29 can be
used to represent 95% and 68% confidence levels, that is, cases in which the bootstrap and noise distribu-
tions differ at two and one standard errors, respectively (cf. additional information of the strain rate robust-
ness assessment in the supporting information). Based on these OVL thresholds, we define three
robustness categories for our strain rate estimations:

1. Strain rates with OVL < 0.04, that is, a 95% confidence level (Figure 7a). Strain rates in this category are all
significant at 95% relative to their formal standard errors (o), except that of zone 11.

2. Strain rates with 0.04 < OVL <0.29, that is, a 68% confidence level (Figure 7b). They often present a con-
fidence level of 68% relative to their formal standard errors (o).

3. Strain rates for which we can define the style but not the magnitude. This category comprises cases with
OVL <0.29 but that display very large bootstrap dispersions, as well as cases with OVL>0.29 but that dis-
play systematically negative or positive bootstrap distributions indicating a consistent style of deforma-
tion (Figure 7c¢).

Hereafter, we only present and discuss the results in those three categories, leaving aside results with low
confidence levels (results for all strain rates are provided Table S4 in the supporting information). All strain
rate values are given with their formal standard error (e, + of;,) and the associated OVL coefficient or
robustness category (cat.).
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Figure 8. Global Positioning System horizontal strain rates. Dark brown, light brown, and gray arrows show the strain rate principal components for each analyzed
regions for robustness categories A-C. Empty regions are those with results that are not significant (Table S4). Gray points represent the Global Positioning System
stations. (a)—(c) show strain rates on large (350 km), medium (200 km), and small (50-100 km) spatial scales, the latter focused on the Saint Lawrence Valley. The
dashed rectangle in (a) shows delimitation of the map in ().

4.2. Strain Rate Results

Figure 8a presents the strain rate results for large spatial scales (350-km diameter). The circular regions are
chosen to represent the three geological provinces (Grenville, Saint Lawrence Platform, and Appalachians, cf.
Figure 1), with the maximum number of GPS sites within the area. The strain rate patterns can be divided into
three main domains:

1.

In the Grenville province, we observe a significant extension of (3.4 = 1.0) x 10° year™ ' oriented roughly
E-W (cat. B). The mean vertical velocity for this region is 6.8 + 0.8 mm/year, contributing about
14 x 1077 year™' of isotropic extension, about half of the surface strain rate.

Among the four zones along the Saint Lawrence Valley, three display a NW-SE to NNW-SSE shortening
with magnitude up to (6.1 + 2.6) x 107° year’1 (in Zone 3, cat. B). In contrast, Zone 5 displays a well-
defined E-W extension ([1.6 + 0.6] x 10™° year™", cat. A). The deformation style in Zones 3, 4, and 6
corresponds to that inferred from earthquake focal mechanisms that are mainly associated with NW-SE
shortening, although significant variations are observed in the Charlevoix region (Mazzotti et al., 2005;
Mazzotti & Townend, 2010).

In the Appalachians province, strain rates are lower than those of Grenville and the Saint Lawrence
Platform provinces and display opposite deformation style in the Maritime Provinces (Zones 8 and 9).
Earthquake focal mechanisms and stress data in the Maritime Appalachians indicate mainly an ENE-
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WSW shortening (Mazzotti & Townend, 2010), compatible with the strain rate observed in Zone 9 but
opposite to that of Zone 8. Zone 7, which is included in the Saint Lawrence Platform and Appalachians
provinces display an E-W extension.

Reducing the size of the analyzed regions indicates a more complex pattern of deformation along the Saint
Lawrence River, that is, in the region of major structural inheritance. Figure 8b presents strain rates calculated
in circular regions of 200 km of diameter. Half of the regions are not in categories A, B, or C and cannot be
exploited. The remaining regions are compatible with the large-scale observations (e.g., Zones 11 vs. 4 and
18 vs. 9), except for the southern Saint Lawrence area where the intermediate-scale strain rates are in sharp
contrast with the large-scale ones (Zones 14 vs. 6). These variations may indicate short-wavelength perturba-
tions in the strain rate patterns, but because of the rather low robustness of these results, we focus on a smal-
ler scale to investigate these potential variations.

Figure 8c presents strain rates on a spatial scale of 50-100 km, centered on the Saint Lawrence Valley. The
regions are chosen to follow the four primary seismic zones: Charlevoix, Québec, Trois-Rivieres, and
Montréal (cf. section 2.2 and Figure 3). Because the seismicity mostly concentrates beneath the Saint
Lawrence River, we calculate in every four cases strain rates in domains north, along, and south of the river.
It is important to note that, despite the small spatial scale and relatively small number of stations in each
zone, one third of the calculated principal components fall in the robustness category B (68% confidence
level according to the OVL analysis), while another third are in category C (information on style but
not magnitude).

At this scale, the deformation styles display very strong lateral variations. The most surprising observation is
in the Charlevoix region, where the central zone (21) presents a roughly E-W extension rate of
(105+82)x 1072 year’1 (cat. B), in strong contrast with the NW-SE shortening rate observed on the south
shore (Zone 22) and on a larger scale (Zone 4; Mazzotti et al.,, 2005). Although the extension style in the cen-
tral zone only falls in category B, the result appears significantly different from the background noise level (cf.
Figures S5-S37 in the supporting information). This contrast between the central zone (extension) and the
north and south shores (shortening) is also observed in the Quebec City area (Zones 23-25), albeit with a
lower level of robustness as only the style of deformation can be defined. This pattern of deformation
reverses in the southwestern part of the Saint Lawrence Valley (Montréal area), where the central domain
(Zone 30) is associated with strong NW-SE shortening ([20.4 + 12.6] X 10~° year’1, cat. B), whereas the north
shore shows N-S extension (Zone 29, [10.0 = 9.9] x 10~° year™’, cat. B).

At this scale, GPS strain rates within the structural inheritance area are on average 4-11 times higher than in
the Grenville 3.4 + 1.0 x 10~° year™') and Appalachians (1.2 + 0.8 x 10 °and 1.5+ 1.8 x 107° year™ ") pro-
vinces (outside the structural inheritance area).

4.3. Comparison Between GPS and GIA Model Strain Rates

The main process at the origin of present-day deformation in the Saint Lawrence Valley region is GIA (e.g.,
Mazzotti et al., 2005; Wu & Johnston, 2000). To quantify the influence of structural inheritance on the localiza-
tion of GIA-driven deformation, we compare the observed GPS strain rates with model-predicted GIA strain
rates. The latter are calculated from velocity predictions at the GPS sites based on the ICE6G_C (VM5a) model
(Peltier et al., 2015). ICE6G GIA model is the most up-to-date realization of global models and includes, among
others, vertical geodetic data worldwide. It assumes a laterally uniform viscosity structure of the Earth; thus,
rheology variations associated with structural inheritance in the Saint Lawrence Valley can be expected to
result in significant differences between the observed strain rates and the GIA model predictions.

Figure 9 presents the comparison between GPS and GIA model strain rates for each region defined in
Figures 8a and 8c. To first order, GPS and GIA strain rates are similar at large spatial scale (Figure 9a), including
the spatial variations of strain rate style along the Saint Lawrence River (cf. NW-SE shortening in Zone 4 vs. E-W
in Zone 5). Similarly, a central N-S band of E-W extension that crosses the Grenville, Saint Lawrence Platform,
and Appalachians provinces (Zones 1, 5, and 7) is observed in the GPS data and GIA model, at the transition
between two domains of NW-SE outward motion and shortening (Mazzotti, 2007). At this scale, GPS strain
rates are 1-3 times larger than the GIA strain rates. This result confirms the primary role of GIA as a driver of
long-wavelength (hundreds of kilometers) deformation and illustrates the quality of the GPS-derived strain
rates that are precise enough to extract strain patterns at the (2-3) x 107 year™ ' level.
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Figure 9. Horizontal Global Positioning System (GPS) and glacial isostatic adjustment (GIA) model strain rates. Dark brown,
light brown, and gray arrows show GPS strain rates of categories A-C. Light blue arrows show GIA strain rates based on
ICE6G_C (VM5a) model (Peltier et al., 2015) interpolated at the GPS sites. (a) and (b) show the large and short spatial scales,
respectively (cf. Figures 8a and 8c). Note the difference of scale between GPS and GIA strain rates in (b). The dashed
rectangle in a shows delimitation of the map in (b).

At the smaller spatial scales (Figure 9b), GPS and GIA model strain rates show consistent deformation style
(except zones 26, 29, and 31) confirming GIA as being the primary deformation process measured by GPS,
even at low spatial scale (50-100 km). However, strong differences in magnitude between GPS and GIA
model strain rates are observed. On average, GPS strain rates in the structural inheritance area are 14 times
larger than those from the GIA model, with a GPS/GIA strain rate ratio spanning 6 to 28. Considering the stan-
dard error of GPS strain rate the GPS/GIA strain rate ratios are on average from 2 to 25 (ratios and respective
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Figure 10. (top) Schematic profiles of strain rate variations in eastern Canada and the Saint Lawrence Valley. Light brown and gray vectors show Global Positioning
System (GPS) strain rates with a robustness categories of B and C, respectively; blue vectors show glacial isostatic adjustment (GIA) model strain rates. The
Grenville and Appalachians provinces are represented by a unique strain rate (zones 1 and 8; see map bottom right corner). Zones 21 and 22; 23-25; 26 and 28;
and 29 and 30 are used in the Charlevoix, Québec, Trois-Riviéres, and Montréal profile, respectively (see Figure 9). (bottom) Average variations of the GPS/GIA
strain rate ratio (i.e., strain rate amplification). Red points show calculated strain rate ratios for each zone (supporting information Table S5). The dashed line and
gray shading represent the mean and 67% confidence interval of these ratios.

uncertainty are provided in Table S5 in the supporting information). Thus, in the structural inheritance area,
the GPS strain rates are significantly higher than the GIA strain rates.

One limitation of this comparison is the variability of GIA models that leads to different velocity fields, which
can change the associated strain rates (e.g., Sella et al., 2007). A comparison of the strain rates predicted by
the most recent ICE6G_C and older ICE5G models (with two different mantle viscosity structure VM2 and
VM4) is presented in Figure S4 in the supporting information. The magnitude of the GIA strain rates is main-
tained between the various models, confirming our comparative GPS-GIA analysis. The NE-SW extension is
preserved between the three GIA models. The only significant difference is that the ICE6G_C model predicts
NW-SE shortening whereas no detectable deformation on that component is predicted by the ICE5G_VM4
model and NW-SE extension is predicted by the ICESG_VM2 model.

5. Discussion

Figure 10 summarizes the main results through schematic strain rate profiles across the Saint Lawrence Valley
in four zones: Charlevoix, Québec City, Trois-Riviéres, and Montréal. Profiles are roughly oriented NW-SE or
NNW-SSE, from the Grenville to Appalachians provinces. The Grenville province is associated with a single
region in the strain rate analysis (Figure 8a), which is displayed on the four profiles. The Appalachians pro-
vince is also associated with a single region and is used for the Charlevoix profile. This figure highlights the
role of structural inheritance on the localization of present-day deformation. GPS deformation styles
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generally correspond to the GIA deformation styles (except on the north side of Montréal and Trois-Riviéres),
indicating that the GPS signal is mainly caused by GIA process. Additionally, the GPS signal is amplified within
the area of structural inheritance (the Saint Lawrence Valley). On average the GPS strain rates in the structural
inheritance area are 14 times higher than those from the GIA model, with a GPS/GIA strain rate ratio spanning
6 to 28 (cf. Table S5 in the supporting information).

This is the first quantification of surface strain amplification due to structural inheritance. This strain amplifi-
cation could be due to a weakened rheology of the paleostructures (e.g., Mazzotti & Gueydan, 2017). The
impact of a weakened rheology on surface strain was previously proposed on the basis of numerical model-
ing. Grollimund and Zoback (2001) proposed that a local weak zone in the lithospheric mantle, with a reduc-
tion of effective viscosity of one order of magnitude compared to the surrounding, result in GIA strain rate
increase by 2 to 3 orders of magnitude in the New Madrid area, central United States. The effect of a weak
zone was also investigated in southeastern Canada by Wu and Mazzotti (2007). Their reference GIA model
(without a weak zone) displays surface strain rates of (1.0-1.5) x 10™° year™', similar to those observed in
the Greenville and Appalachians provinces (Figures 8a and 9a). With a lithospheric vertical weak zone asso-
ciated with the lapetan structures of the Saint Lawrence Valley, the predicted GIA strain rates reach
(4-5) x 10~ year™', implying a structural inheritance impact of a factor of 3-4, lower than the range of factor
of 6 to 28 that we found between GPS and GIA model strain rates (Figures 9b and 10).

Under the hypothesis of structural inheritance producing significant strain concentration, the entire Saint
Lawrence Valley should display similar deformation patterns to first order. Yet we observe strong spatial var-
iations of GPS strain rates (Figures 8c and 10) and seismicity (Figure 3) within the structural inheritance area.
The strong lateral variations of deformation style along the Saint Lawrence Valley are explained by the GIA
process in most areas (except in zones 26, 29 and 31; Figures 9b and 10).

GPS strain rates found in the Saint Lawrence and Appalachians provinces are on average 15 x 10~° and
1 x 1077 year™, respectively (Table 2), whereas seismic strain rates for same areas are on average
0.7 x 107° and 0.01 x 10~ year™' (Mazzotti & Adams, 2005), respectively, 20 and 100 times smaller. This
first-order comparison suggests that most of the GPS signal corresponds to aseismic (likely elastic) deforma-
tion driven by GIA, with only a small fraction (1-5%) of this ongoing deformation expressed in the present-
day seismicity. Additional complexities for this comparison between GPS and seismic signals exist since
intraplate active seismic areas might migrate in time (Liu et al., 2011; Stein et al., 2009).

6. Conclusions

The role of structural inheritance, defined as lithospheric-scale paleotectonic structures (Figure 2), is a major
element in the understanding of intraplate deformation and earthquake dynamics. The Saint Lawrence Valley
is a key area to investigate this role, with GPS stations outside and inside the structural inheritance area
(Figure 4). The analysis of these GPS data yield three main observations:

1. Structural inheritance leads to significant concentration of the present-day deformation, with GPS strain
rates higher by a factor of 2-11 in the Saint Lawrence Valley compared to Grenville and Appalachians pro-
vinces (Figures 8a and 10).

2. GPS and GIA strain rates display same deformation style (except zones 26, 29, and 31), suggesting that the
GIA process is at the origin of the GPS signal.

3. Compared to GIA model, GPS strain rates are 14 times higher on average in the Saint Lawrence Valley,
which we interpret as the effect of GIA strain concentration in a region of weakened rheology due to
the structural inheritance (cf. Wu & Mazzotti, 2007). Outside of the structural inheritance area, GPS strain
rates are on average 1-3 times higher than GIA strain rates (Figures 9b and 10).

We observe no systematic correlation between seismicity and GPS strain rate patterns, both witnesses of
present-day deformation. Our first-order results suggest that the GPS deformation is mostly elastic (up to
99%). This hypothesis can be tested with numerical modeling of recent (postdeglaciation) deformation,
including tectonic inheritance weakening and local rheology variations. The integration of continuous and
campaign GPS data is a key element to calculate strain rates at different spatial scale. Continuing the cam-
paign surveys should allow clarifying the spatially heterogeneous strain rates within the structural
inheritance area.
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