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velocities (Henton et al. 2006). Therefore, it has a direct 
effect on the estimated velocities of stations in areas 
where this phenomenon occurs. The GIA-related crus-
tal deformation in central and eastern North America 
is very well documented and interested readers can 
refer to Andrews (1991), Lambert et al.  (2001), Park 
et al. (2002), Sella et al. (2004), Braun et al. (2008), van 
der Wal et al. (2009), and Lavoie et al. (2012), among 
others.

According to Euler᾿s rotation theorem, the mo-
vement of a rigid body on the surface of a sphere can 
be described as a rotation around an axis that passes 
through the center of the sphere. The theorem states 
that the displacement of a tectonic plate relative to ot-
her plates takes place as a rotation about the Euler pole 
of relative rotation between the plates (Lowrie 2007). 
Using this theorem, it is possible to find a location (i.e., 
pole of rotation) to fix a tectonic plate in space so that 
intraplate motions can be analyzed. The Euler pole can 
be located by different methods such as transform fault 
azimuths, earthquake slip vectors, and spreading rates 
at mid-ocean ridges (Argus, Gordon 1991; Chase 1972; 
DeMets et al. 1990; Minster, jordan 1978). However, 
increasing number of continuous GPS (CGPS) stations 
and their observation period along with improving 
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Introduction

Eastern North America is subject to two major geop-
hysical processes: glacial isostatic adjustment (GIA) 
and intraplate tectonic activities. The GIA is the res-
ponse of the elastic earth to unloading the ice sheets 
since the last glacial maximum (LGM) about 20 kyBP 
and causes deformations in the form of radial uplift or 
subsidence (van der Wal et al. 2009). Before the LGM, 
most of the Canadian landmass and part of northern 
United States were covered by the Laurentide ice sheet 
(LIS) with the thickness of more than 3 km extended 
over several thousands of kilometers (Andrews 1991). 
The consequence was subsidence of earth’s crust at 
the ice domes and creation of forebulges or uplift at 
peripherals. Since the LGM, this process has become 
inverted by the viscous flow of the mantle from pe-
ripherals to the centers of the glaciated areas causing 
radial deformations. This has been measured to the 
current maximum radial uplift of ~14 mm/yr in the 
east of Hudson Bay (Goudarzi et al. 2015a).

Intraplate tectonic is another geophysical phe-
nomenon within the boundaries of the North Ameri-
can plate. The GIA produces horizontal velocities that 
are typically directed radially outward from regions 
of highest uplift, but have smaller rates than vertical 
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accuracies, make them an alternative method for es-
timating the Euler pole parameters (Altamimi et al. 
2012, 2007, 2002; Argus, Heflin 1995; Kreemer et al. 
2006; Sella et al. 2002). Therefore, we estimate the 
Euler pole parameters for eastern Canada using ob-
servations of the CGPS stations located in the stable 
interior part of the North American plate. This area is 
characterized by substantial seismicity and earthquake 
hazards as well as the GIA that makes it to behave as a 
non-rigid body. This research is intended to answer the 
question about the rigidity of this region with respect 
to the North American plate. Results of this research 
would be useful for strain analysis of eastern Canada, 
especially in the western Quebec and the Saint Law-
rence River valley seismic zones.

This work has the following structure. First, the 
mathematical form of the Euler’s theorem, which is 
used for estimation of the rotation parameters, is pre-
sented in Section 1. Then, the seismic background of 
eastern Canada is briefly reviewed in Section 2 with 
emphasis on the GIA. The current GIA in this regi-
on has a strong impact on the CGPS horizontal and 
vertical velocities and makes the station selection a 
very important issue. Therefore, the criteria for selec-
ting proper CGPS stations, especially with respect to 
the GIA and seismicity of the area are introduced and 
discussed in Section 3 along with the CGPS data pro-
cessing. This is followed by estimating and testing the 
Euler pole parameters in Section 4. Finally, the esti-
mated parameters are compared with those officially 
published for the North American plate, and residual 
velocities are discussed in Section 5. The conclusion is 
presented in the last section.

1. The Euler’s theorem

The Euler’s theorem can mathematically be formulated 
as:
  (1)

where P
iv  and P

ix  are the velocity and the position 
vectors of station i and  is the angular velocity or 
the Euler vector of the plate P, all in an earth-centered 
earth-fixed Cartesian coordinate system (ECEF CCS). 
Magnitude of the Euler vector  is the rota-
tion rate of the plate P that is usually expressed in degre-
es per million years (°/Myr). The direction of the Euler 
vector  also called the “Euler pole”, is 
often expressed in spherical latitude and longitude in 
degrees. In this rotation model, the plate P is basically 
constrained to move rigidly on the spherical surface 
of the earth without a radial motion. Using (1), it is 

possible to calculate Euler pole parameters by inverting 
a set of observed velocity and position vectors of some 
measuring stations located on the same rigid block.

2. Seismicity of the study region

Although far from tectonic plate’s boundaries, eastern 
Canada located within the stable part of the North 
American plate is characterized by many intraplate 
earthquakes and most of the region is substantially 
seismic. According to NRCan (2013), on average, 450 
earthquakes occur every year in eastern Canada with 
4 events exceeding magnitude 4, and every decade in-
cludes 3 events greater than magnitude 5. Although 
earthquakes can occur everywhere in eastern Canada, 
the earthquake catalogue of seismicity in this region 
(Fig. 1) clearly shows five distinct clusters of seismic 
activity in (a) Baffin Bay to the eastern north continen-
tal margin, (b) a band from northwest of Hudson Bay 
to north of Quebec, (c) along the Saint Lawrence River 
valley (SLRV) and Ottawa valley, (d) the northern Ap-
palachians region including most of New Brunswick 
and extending into New England down to Boston, 
and (e) the Laurentian slope comprising southeastern 
coast of Canada and including the Grand Banks of 
Newfoundland (Adams, Basham 1991, 1989a, 1989b; 
NRCan 2015, 2013; Mazzotti, Adams 2005).

Fig. 1. Instrumental earthquakes with M ≥ 3 recorded from 
1945 until mid-2014 and historical earthquakes estimated 

since 1663 in eastern Canada (data source: Earthquake 
Canada and the Advanced National Seismic System of the 

United States). The clusters of seismic activities are delineated 
as well as the seismic zones along the Saint Lawrence  

River valley
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Seismicity varies significantly within these zones. 
In 1982, a series of earthquakes occurred in the nort-
hern Appalachians seismic zone with M = 5.7 for the 
largest event. The large earthquake (M = 7.2) of 1929 
near the Grand Banks in the Laurentian slope seismic 
zone produced a large tsunami. Along the SLRV and 
the Ottawa valley, earthquakes are mainly concentra-
ted in three distinct clusters of activity: western Qu-
ebec seismic zone (WQSZ) along the Ottawa River 
from Montreal to Temiscaming as well as Laurentians 
and eastern Ontario, Charlevoix seismic zone (CSZ) 
located about 100 km downstream from Quebec City, 
and Lower Saint Lawrence seismic zone (LSZ) loca-
ted in the estuary of the SLRV about 400 km far from 
Quebec City (Adams, Basham 1991; NRCan 2013). 
At least 4 earthquakes with M  ≥  5 have been recor-
ded in the WQSZ in 1732 (M = 5.8), 1935 (M = 6.2), 
1944 (M = 5.6), and 1990 (M = 5). The CSZ is locus 
of the strongest earthquakes among other seismic 
zones. This zone has been subject to at least five large 
(M ≥ 6) events in the past 350 years in 1663 (M = 7), 
1791 (M = 6), 1860 (M = 6), 1870 (M = 6.5), and 1925 
(M  =  6.2). The LSZ has the lowest rate of seismic 
activity and only two earthquakes of M ≥ 5 have been 
occurred in 1944 (M = 5.1) and 1999 (M = 5.1) in this 
area.

Large earthquakes in eastern Canada have been 
deadly. The M = 6.5 earthquake of 1870 had two casu-
alties in the Les Éboulements area (Lamontagne 2008). 
27 people were completely drowned on the south co-
ast of Newfoundland due to the consequent tsunami of 
the M = 7.2 Grand Banks earthquake in 1929 (Adams, 
Basham 1989a). This seismic background shows the 
probability of occurring earthquakes all along the 
SLRV and Ottawa valley. Whether damaging or not, 
recurrence of such earthquakes is an important issue 
for the seismic hazard especially in the urban cen-
ters of Quebec City, Montreal, Ottawa, Gatineau, and 
Cornwall.

3. CGPS network and observations

The CGPS stations that provide the basis of this re-
search are those presented and discussed in Goudarzi 
et  al. (2015a, 2015b). They have processed observa-
tions of 112 CGPS stations in eastern Canada with 
the scientific Bernese GNSS Software v5.0 (Dach et 
al. 2007) and estimated loosely constrained daily po-
sitions of the stations in ITRF  2008 using an ionos-
pheric-free, double-difference, ambiguity-fixed pha-
se resolution with precise satellite orbits and earth’s 

rotation parameters from the International GNSS Ser-
vice (IGS) (Dow et al. 2009). The advantage of the loo-
sely constrained solution is that none of the station 
coordinates or velocities have a priori constraints that 
distort the internal consistency of the solution (Kierulf 
et al. 2014). The output of the CGPS data processing 
is the position time series of stations in a local geo-
detic reference frame (north, east, and up directions). 
They estimated linear velocities of stations as well as 
all possible jumps and annual/semi-annual signals in 
the position time series with the weighted least-squ-
ares regression method after removing outliers using 
the GITSA software (Goudarzi et al. 2013b). Using 
position time series of stations as input data has the 
advantage of isolating and controlling the non-linear 
movement and all other types of discontinuities (e.g., 
coseismic shift or antenna height change) and leads to 
a consistent secular robust solution. The result of the 
data processing is a velocity field that shows the well-
known counterclockwise rotation of the North Ame-
rican plate in a no-net-rotation frame with respect to 
ITRF 2008 (Goudarzi et al. 2015a).

Selecting proper CGPS stations is a very impor-
tant issue in this context. As this region is affected by 
land uplift and subsidence related to the GIA, many 
stations have a strong correlation to this process and 
are biased if analyzed for the Euler pole estimation. 
Therefore, some geodetic and geophysical aspects 
should be taken into account, such as: distance to plate 
boundaries and intraplate deformation zones, spatial 
geometry of stations, and reliability of their estima-
ted velocities. Following the recommendations given 
by Altamimi et al. (2012), we selected a subset of the 
processed CGPS stations from Goudarzi et al. (2015a) 
based on the following conditions: (a) having reaso-
nably long observation period, (b)  being located on 
the stable interior part of the North American plate, 
(c) having stable monument, and (d) passing appro-
priate statistical tests explained in Section 4.

The first condition prevents biasing velocities 
by seasonal variations in short position time series 
(Blewitt, Lavallée 2002). Therefore, we conservative-
ly considered stations with more than three years of 
observations, although they recommend that 2.5 ye-
ars can be adopted as a standard minimum data span 
for velocity solutions intended for tectonic interpre-
tation or reference frame realization. This choice has 
also been made by other researchers, e.g., Kierulf et al. 
(2014, 2013). In fact, 108 stations out of 112 satisfy this 
condition. The second condition is necessary to satisfy 
the theory of the rigid plate motion. In their global 



Geodesy and Cartography, 2015, 41(4): 162–173 165

solution, Altamimi et al. (2012) select stations which 
are located more than 100  km far from Bird’s plate 
boundaries (Bird 2003), outside of the deformation zo-
nes according to criteria of Argus and Gordon (1996) 
and the strain model of Kreemer et al. (2014), and also 
far from GIA-affected regions. Criteria of Argus and 
Gordon state that for assigning a station to a tecto-
nic plate, it should be far from the active faults, large 
earthquakes, and tectonic topography that mark plate 
boundaries. While our regional velocity field in eastern 
Canada is already far enough from plate boundaries 
and high strain rate fields, we verified the occurren-
ce of large earthquakes near the CGPS stations using 
earthquake catalogue of Canada (NRCan 2015). Spa-
tial analysis with the buffer distance of 100 km (Sel-
la et al. 2007) around epicenters of earthquakes with 
M ≥ 4 occurred within the time span of the data (from 
january 2000 to june 2014) showed that 25 stations are 
located within the buffer zone and might be affected by 
earthquakes. Therefore, 87 of the CGPS stations satisfy 
this condition. Moreover, the region is highly affected 
by the GIA (Introduction), which is a non-stationary 
and non-rotational geophysical signal. The effect of 
the GIA on the horizontal velocities can be corrected 
using a GIA model before estimating the Euler pole 
parameters. However, Altamimi et  al. (2012) show 
that the GIA correction using the model of Schotman 
and Vermeersen  (2005) or ICE-5G  VM2/VM4 from 
Peltier (2004) significantly degrades the velocity fit in 
both horizontal directions over the North American 
plate. This is primarily because the GIA models are 

overestimated in North America compared to geode-
tic data (Argus, Peltier 2010). Therefore, we decided to 
estimate the Euler pole parameters directly using sta-
tions not affected by the GIA. This choice is indepen-
dent of any GIA model and does not consider the GIA 
horizontal velocity predictions. The criterion to iden-
tify GIA-affected stations is to have modelled vertical 
velocity of larger than 0.75  mm/yr (Altamimi et  al. 
2012). Applying this criterion on the vertical velocity 
model presented in Goudarzi et al. (2015a) identified 
26 stations satisfying this condition. The third condi-
tion guaranties that the GPS velocities present the real 
tectonic movement of earth’s crust rather than local 
instability of the stations’ monuments. For the stabi-
lity of the stations, we rely on the results of Goudar-
zi et al. (2015b). They have identified 7 stations with 
high random-walk noise amplitude attributed to sta-
tion instability (Langbein, johnson 1997). Therefore, 
105 stations satisfy the third condition. In addition to 
the station analysis, direction of the horizontal velocity 
at station MCHN is not in agreement with the overall 
rotation of the North American plate and vertical velo-
cities at stations GODR and LOZ1 have very different 
vertical velocities with larger sigma values compared 
to the nearby stations (Goudarzi et al. 2015a). Thus, 
these three last stations are also excluded.

Figure 2 displays the spatial distribution of all the 
CGPS stations in six different classes with different co-
lors and symbols. Our final selection that satisfies all 
the conditions includes 20 stations shown with green 
triangles in this figure. They are spatially distributed 

Fig. 2. Spatial distribution of the CGPS stations used in this study. Green solid triangles show the final selection.  
Other stations are excluded from the estimation process because they are affected by different phenomena  

explained in the text and therefore do not present the real tectonic rotation of the study region
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in the east-west direction and have a good geome-
trical coverage over the survey network. The figure 
shows that some stations have been excluded due to 
more than one reason. Southern stations with high 
effect of the GIA (marked with blue rhombs on the 
map) are related to subsidence of peripheral forebul-
ges after the LGM. Estimated velocities of the selected 
stations and their one-sigma uncertainties are listed 
in Table 1. In this list, 6 stations belong to the IGS 
network with 2 stations designated as reference frame 
stations. This ensures consistency and stability of the 
selected stations.

Although the table includes the vertical veloci-
ties, they will not be used for estimating parameters. 
As Goudarzi et al. (2013a) discuss, vertical velocities 
do not contribute to the estimation of the Euler pole 
parameters, but affect the a-posteriori sigma value and 
artificially enlarge the elements of the covariance ma-
trix of the estimated parameters. Therefore, the vertical 

components of velocity vectors should be set to zero 
before they are transformed from a local geodetic (LG) 
to an ECEF CCS.

4. Estimating Euler pole parameters

Applying different constraints in Section 3, the large 
number of CGPS stations in eastern Canada was re-
duced to 20, which are found along the so-called hin-
ge line or axis-of-tilting of the land uplift/subsiden-
ce process and are considered to show the true plate 
motion allowing the estimation of Euler pole for the 
study region. We iteratively estimated the Euler pole 
parameters using Equation (1) with our EPC software 
(Goudarzi et al. 2013a). All velocities were weighted 
with their full covariance matrices obtained from the 
CGPS data processing. This preserves the correlation 
between velocity components of each station. We per-
formed three statistical tests, namely, χ2-test of goo-
dness of fit, Pearson’s correlation coefficient, and the 

Table 1. The selected CGPS stations in eastern Canada for estimating the Euler’s pole of rotation  
(*: IGS station, rf: IGS reference frame station, d: decommissioned station  

Monuments: DB: Deep-drilled braced, CP: Concrete Pillar/Pier, AP: Aluminum Pillar, SP: Steel Pillar,  
FB: Fixed to building, B: Bedrock)

No. Station Long. (°W) Lat. (°N) Monu. Len. (yr)

Estimated velocities and uncertainties 
(mm/yr)

North East Up

1 BFNy 78.890 42.878 FB 11.93 2.46±0.24 −16.07±0.03 −0.35±0.82

2 ESCU* 64.799 47.073 CP-B 9.55 7.79±0.32 −15.75±0.05 −0.22±1.02

3 FRDN* 66.660 45.934 DB-B 11.00 7.01±0.43 −16.02±0.12 0.05±1.15

4 GDMA 90.341 47.748 FB 12.12 −2.52±0.33 −17.59±0.05 0.29±1.02

5 HAMP 72.639 42.318 FB 11.86 3.91±0.26 −13.87±0.04 0.74±0.92

6 MIAL 83.428 45.063 FB 8.00 0.38±0.50 −16.62±0.17 −0.52±1.72

7 MINB 84.210 46.284 FB 6.65 −0.09±0.45 −17.31±0.19 0.99±2.08

8 MNAS 92.970 48.294 CP 3.84 −3.66±1.02 −17.92±0.28 −1.46±3.58

9 NjMT 74.483 40.796 FB 9.16 4.22±0.51 −14.92±0.16 −0.68±1.45

10 NyFV 74.353 42.939 FB 8.18 3.97±0.37 −15.64±0.05 0.44±1.16

11 NyRM 75.487 43.178 FB 8.19 3.41±0.29 −15.80±0.05 0.16±1.16

12 NyWG 76.876 42.351 FB 5.71 2.95±0.46 −15.72±0.09 −0.62±1.77

13 PWEL 79.220 43.237 AP 8.99 2.43±0.30 −15.76±0.08 −0.42±1.19

14 SHE2* 64.552 46.221 SP-B 7.38 7.78±0.54 −15.89±0.15 0.63±1.44

15 STjO*rf 52.678 47.595 CP-B 14.49 13.13±0.48 −15.25±0.14 −0.88±1.46

16 UNB1d 66.642 45.950 FB 5.07 7.20±0.69 −16.23±0.12 −0.34±1.94

17 UNBj* 66.642 45.950 FB 7.86 7.34±0.40 −15.59±0.15 0.04±1.50

18 WES2*rf 71.493 42.613 SP 14.49 5.30±0.31 −15.51±0.11 0.23±1.05

19 WINN 97.260 49.901 FB 14.48 −5.23±0.52 −17.04±0.09 0.94±1.19

20 yQX1 54.598 48.966 ? 6.18 9.92±0.61 −15.33±0.12 0.93±1.99
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Pope’s τ-test (Pope 1976) at each iteration to ensure the 
statistical significance of the results. All these tests are 
already implemented in the EPC software. We espe-
cially tested residual velocities using the τ-test at 95% 
confidence level. This test is well suited to find blun-
ders in the input data set, and can be used to exclude 
stations with gross errors in their velocities. At each 
iteration, we only excluded one station with the ma-
ximum square root of standardized residuals for two 
reasons: (a)  the existence of any blunder in the data 
set will affect the remaining observations, and (b) the 
rejection level of the test depends on the a-posteriori 
sigma value (Ghilani 2010). This test only rejects the 
STjO station (the most eastern station in Fig. 2). All 
the remaining stations pass the τ-test and the other 
two tests as well. The estimated Euler pole parameters 
for eastern Canada with respect to ITRF 2008 (EC08) 
obtained from inversion of station velocities are listed 
in Table 2. The estimated sigma values are decreased 
by excluding the STjO station. The sigma is a product 
of the a-posteriori sigma and the cofactor matrix that 
contains information about geometry of the network. 
When this product is minimum, the geometry of the 
remained stations is optimum. Therefore, our final es-
timation is obtained after excluding the station that 
cannot pass the τ-test.

The residual velocities are within a ±1.5 mm/yr 
interval, as illustrated in Fig. 3. This strongly supports 
the idea that the retained stations in the final inversion 
can be good representatives for determination of the 
Euler pole of eastern Canada.

5. Discussion

The station selection is crucially important in estima-
ting Euler pole parameters where the GIA signal is 
present. It makes the interpretation of residual velo-
cities difficult as they will include parts of the North 
American plate motion, which is not well estimated by 
the regional array, parts of the GIA signal but not all of 
that since some of it may be included in the rigid rota-
tion estimation, and maybe parts of the seismic strain. 

Table 2. Estimated absolute Euler poles of rotation  
(EC08: eastern Canada ITRF 2008, NOAM08: North American plate ITRF 2008 from Altamimi et al. (2012),  

NS: number of stations)

Model NS Lat. (°) Long. (°) Omega (°/Myr)

EC08
before τ-test 20 −9.879 ± 1.912 −86.038 ± 0.577 0.179 ± 0.006

after τ-test 19 −12.531 ± 1.666 −86.444 ± 0.544 0.173 ± 0.005

NOAM08 44 −8.578 ± 0.686 −86.974 ± 0.692 0.186 ± 0.002

Fig. 3. (A) North and (B) east residual velocities for the final 
19 stations used for the estimation of the absolute Euler pole 
of rotation for eastern Canada. In general, east residuals are 

smaller than north residuals despite their larger uncertainties. 
This explains the better accuracy in longitude of the estimated 

rotation pole shown in Table 2

In fact, the correct procedure would be to estimate the 
Euler pole parameters from stations far away from the 
area affected by the GIA.

The absolute Euler pole parameters for the enti-
re North American plate have been already estimated 
by other researchers using different methods and data 
sets, and in different reference frames, e.g., Kreemer 
and Holt (2001), Sella et al. (2007), Argus et al. (2010), 
DeMets et al. (2010), and Altamimi et al. (2007, 2002). 
Here, we compare our estimation with the results ob-
tained from the geodetic data sets constrained to the 
same reference frame for making the comparison mea-
ningful. Table 2 includes also results of Altamimi et al. 
(2012) for North America (NOAM08). They have cal-
culated an absolute tectonic plate motion model for 14 
major tectonic plates using the ITRF 2008 velocity field 
of 206 selected stations and their full covariance ma-
trix with 44 stations across the North American plate. 
They used a single inversion method, thus preserving 
the correlations among velocity parameters. The table 
shows while our primary results (before τ-test) are not 
significantly different from the NOAM08, the final 
results are statistically different, indicating a different 
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Euler pole in latitude with a different rate of rotation 
for this area. The difference in latitude is larger com-
pared to longitude, while the magnitudes of rotation 
are closer. This indicates that the area is not rotating 
rigidly with the North American plate and has its own 
movement within the plate, potentially reflecting lo-
cal stresses in the seismically active region of eastern 
Canada. Other reasons for this difference could be 
the different number and the spatial distribution of 
stations: while the NOAM08 model includes 44 sta-
tions, the EC08 model is estimated using 19 stations. 
Furthermore, the NOAM08 stations are located on the 
center and eastern America and are far from the active 
areas to the west, while our stations only located on the 
eastern North America. Therefore, it can fit better to 
the velocity field in this area.

We calculated horizontal residual velocities of all 
stations using the EC08 model, illustrated in Fig. 4 by 
blue arrows. The figure also shows horizontal residual 
velocities calculated from estimation of Altamimi et al.
(2012) by red arrows. The overall horizontal velocity 
of the North American plate is modelled and remo-
ved very well by applying either of models. Modelling 
the plate rigid body rotation might also remove some 
of the GIA components and makes a small bias to the 
horizontal residual velocities (Sella et al. 2007). The 
horizontal residual velocities, which are due to a non-
rotational signal, indicate intraplate deformations. In 
general, both residual velocities are in agreement and 
clearly show a pattern of horizontal movement con-
sistent with geophysical GIA models, e.g., ICE-5G 

(Peltier 2004). Although scattered, they are radially 
outward at large distances from the center of the maxi-
mum uplift (east of Hudson Bay) to the peripheral bul-
ges (north of the United States) and radially inward to 
the bottom of subsidence. This area is corresponding 
to the Labrador ice sheet. The area where the residual 
velocities have zero magnitude is very near or on the 
hinge line between uplift to the north and subsidence 
to the south. Most of our selected stations are located 
along this hinge line. Magnitude of the horizontal re-
sidual velocities is minimum under the ice dome cen-
ters, due primarily to unbending of the lithosphere 
and relaxation and flow of the asthenosphere (Sella 
et  al. 2007). This residual velocity field is in agree-
ment with other analysis of CGPS stations, e.g., Calais 
et al. (2006) and Sella et al. (2007), and the Canadian 
base network (CBN) by Henton et al. (2006). In addi-
tion, the horizontal residual velocities show motions 
directed outward from two other ice maxima to the 
northwest and the northeast of Hudson Bay, namely, 
Keewatin ice sheet and Foxe ice cap that appear to cor-
respond with the possible late Wisconsinan configura-
tion of late Quaternary ice masses over North America 
(Andrews 1991). However, our data are very sparse in 
the latter area (only two CGPS stations) that strongly 
limits the interpretation of the results. So, our hori-
zontal residual velocity field confirms the multidomed 
model of the LIS with two main centers over Labrador 
and Keewatin ice sheets and one other smaller dome 
shown as the Foxe ice cap, among others postulated 
(e.g., Törnqvist, Hijma 2012).

Fig. 4. Intraplate horizontal velocities calculated from Euler poles for the North American plate ITRF 2008 (NOAM08) and 
from eastern Canada ITRF 2008 (EC08) models illustrated by red and blue arrows, respectively. Although consistent to the first 
degree, the EC08 intraplate horizontal velocities are generally smaller over the Saint Lawrence River valley (see the inset). This 

shows the EC08 model can model the horizontal velocity field of this region better than the NOAM08 model.
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The direction of horizontal residual velocities at 
GAS2, GODR, HULL, MCHN, and MINW are not in 
agreement with the GIA-induced horizontal velocities, 
but they are presumably attributed to the combination 
of local station effects and intraplate tectonic signals. 
Very large residual velocities at GAS2, GODR and 
MCHN are attributed to their short time series (2.77 yr 
for GAS2 and 1.82 yr for GODR) and instability of the 
stations (high random-walk amplitude) reported by 
Goudarzi et al. (2015b). The HULL station might be 
subject to non-tectonic local variations especially be-
cause its nearby stations, i.e., CAGS, GATI, and NRC1 
show the expected outward motion. The reason for 
misbehavior of the MINW station is not clear.

Both residual velocities to the west and north 
of the SLRV have a larger magnitude than those of 
the opposite side implying a continuous shortening 
along the valley. Mazzotti et al. (2005) have measured 
the horizontal strain rate of this shortening equals to 
1.7  ± 1.0 × 10−9/yr mostly in ESE-WNW direction. 
This shortening is also consistence with motion of the 
margins of the former LIS away from its center.

The calculated horizontal residual velocities for 
all the CGPS stations in both models are illustrated in 
Fig. 5. The figure shows most of them are still within 
±1.5 mm/yr interval. In the north direction, the diffe-
rence between residual velocities is lowest for western 

stations, and is increased systematically for eastern sta-
tions. This systematic increase, however, is not seen in 
the east direction. Instead, residual velocities estimated 
by the EC08 model are generally shifted towards west 
compared with the NOAM08 estimated velocities in 
this direction. The same result was obtained by sorting 
stations according to their latitudes: lowest difference 
between residual velocities for most southern stations 
compared with northern stations in the north di-
rection, and shifting the residual velocities to the west 
in the EC08 model. The minimum difference betwe-
en western and southern stations is mainly due to the 
aggregation of stations to the center of North Ameri-
ca in the NOAM08 model, while the shift in the east 
direction of the residual velocities is related to larger 
effect of the change in latitude on the east component 
of the estimated velocity (the magnitudes of the chan-
ge in the estimated velocities due to change in the lati-
tude of the Euler pole at the geometrical center of our 
GPS network are 0.03 mm/yr and 0.52 mm/yr in north 
and east components, respectively).

The velocities range between 0.05–2.81 mm/yr in the 
EC08 and between 0.05–3.34 mm/yr in the NOAM08 
model. Overall, 64% of stations in the EC08 model 
and 71% of stations in the NOAM08 model have their 
velocities between 0.5  mm/yr and 2.5  mm/yr. This 
is in agreement with several previous publications 

Fig. 5. (A) North and (B) east postfit residual velocities for all stations except MINW, HULL, GAS2, GODR, and MCHN. 
Stations are sorted according to their longitudes. In general, the postfit residual velocities calculated from eastern Canada 

ITRF 2008 (EC08) model are smaller especially for stations located at the Saint Lawrence River valley
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that show the GIA produces horizontal velocities of 
1–2 mm/yr in this region (Calais et al. 2006; George 
et al. 2011; Henton et al. 2006; Mazzotti, Adams 2005; 
Sella et al. 2007) and that it is difficult to discriminate 
this signal from smaller seismic strain.

We compared our results with the ICE-5G VM2 
(Peltier 2004) and ICE-6G VM5a (Argus et al. 2014; 
Peltier et al. 2015). Both models provide vertical velo-
cities and are publicly available at the Peltier’s website 
(Peltier 2015). These models are composed of a history 
of ice thickness and extent that loads a specified rheo-
logical model of the earth (Sella et al. 2007). While the 
first model was mostly developed based on ice loading 
history and mantle viscosity structure, the latter model 
was refined mainly by vertical velocities obtained from 
GPS observations that constrain the thickness of the lo-
cal ice cover as well as its removal time.

Vertical velocities of all stations estimated by 
Goudarzi et al. (2015a) are represented in Fig. 6A in 
order to compare them with the aforementioned GIA 
models. In general, GIA models are consistent with 
the horizontal and vertical CGPS-derived velocities 

to the first order. Figure 6B shows the horizontal ve-
locity field of the ICE-5G model over the study regi-
on. They are radially outward from the center of the 
thickest ice dome located to the west of Hudson Bay, 
gradually increasing at large distances, and then de-
creasing to zero. Beyond that, the velocity magnitu-
de is increasing again but with an inversed direction 
radially inward to peripheral bulges. Comparing 
this figure with Fig. 4 reveals significant differences 
between the CGPS horizontal velocity field and the 
GIA model in direction and magnitude. Although not 
very homogeneous, the CGPS-derived velocity field 
clearly shows three ice load centers (as discussed be-
fore) over Canada, despite the only one ice dome in 
the GIA model. This discrepancy has also been obser-
ved by Sella et al. (2007) and Altamimi et al. (2012). 
Both GIA models predict uplift over the areas where 
heavy ice sheets had forced out portions of the mantle 
and subsidence around them as the mantle flows 
back, very similar to the CGPS vertical velocity field. 
The comparison, however, discovered a systematic 
difference between CGPS vertical velocities and GIA 

Fig. 6. (A) Overview of the vertical velocity field obtained from CGPS observations. Stations GODR and LOZ1 have very 
different vertical velocities with larger sigma values compared to the nearby stations and therefore are excluded. (B) Horizontal 

velocity field predicted by the ICE-5G model. Bold arrows show predicted velocities by this model at the CGPS stations. 
(C–D) Misfits between CGPS-derived vertical velocities and predicted velocities from ICE-5G and ICE-6G models, respectively. 

Misfits in (C) are larger than in (D) and are spatially systematic.
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models, shown in Figure 6C and D, respectively. The 
misfit vertical velocities show an upward motion to 
the east and a downward motion to the west, indi-
cating a major discrepancy between the assumed ice 
loading history and mantle viscosity structure, and 
the present-day GPS observations. The misfit vertical 
velocities are smaller in the ICE-6G model due mos-
tly to the fact that this model has been refined by the 
vertical velocities of GPS observations (Argus et al. 
2014; Peltier et al. 2015).

Conclusions

The interior part of the North American plate is su-
bject to the GIA and intraplate tectonic activities. After 
its plate rotation, the ongoing GIA is by far the largest 
source of geophysical signal in eastern Canada. As this 
area is affected by the crustal deformation related to 
the GIA, many CGPS stations have a strong correlation 
to this process and the Euler pole is biased if they are 
included in the estimation. Therefore, selecting pro-
per CGPS stations is crucial. Applying different cons-
traints, a large number of CGPS stations in eastern 
Canada were reduced to 19 stations. Selected stations 
have an observation period of longer than three years 
with stable monuments and are far from GIA-affected 
regions, large earthquakes, and deformation zones. 
Moreover, they are spatially distributed in the east-
west direction along the hinge line and have a good 
geometrical coverage over the survey network.

We iteratively estimated the Euler pole using the 
selected CGPS stations. The small magnitudes of the 
residual velocities show that the retained stations in 
the final inversion are good representatives for esti-
mating the Euler pole in the area. Furthermore, the 
intraplate horizontal velocities estimated by the EC08 
model are generally smaller over the SLRV area that 
indicates our estimation is superior and can model the 
horizontal velocity field of this region better than the 
NOAM08 model.

The estimated parameters are different from tho-
se officially published for the whole North American 
plate. This indicates that the area is not rotating rigidly 
with the North American plate and has its own mo-
vement within the plate. The difference implies the 
accumulation of stress in the whole area in general and 
along the SLRV in particular. However, other reasons 
such as the different number, location, and the spatial 
distribution of CGPS stations for the NOAM08 esti-
mation have less contribution to the difference.

The horizontal residual velocities, which present 
the intraplate velocity field after removing the who-
le rotation of the North American plate, show three 
centers of maximum uplift in eastern Canada that 
confirms the multidomed model of the LIS with two 
main centers over Labrador and Keewatin ice sheets 
and one other smaller dome shown as the Foxe ice 
cap. Furthermore, larger residual velocities on the 
west and north side of the SLRV compared to those on 
the opposite flank of the river indicate a continuous 
shortening along the valley. Comparing the vertical 
velocities of all stations with the ICE-5G and ICE-6G 
GIA models showed that they are generally consistent 
in either of horizontal or vertical directions to the first 
order. However, a systematic difference between our 
present-day CGPS vertical velocities and GIA models 
was observed. Similar discrepancy has also been repor-
ted by Kierulf et al. (2014) in northeastern Fennoscan-
dia using the ICE-5G model. While they are attributed 
to the principal inconsistency between the assumed ice 
loading history and the mantle viscosity structure, and 
the present-day GPS observations, they point out the 
need for further detailed investigations in future.
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