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[1] Motions of three hundred and sixty Global Positioning
System (GPS) sites in Canada and the United States yield a
detailed image of the vertical and horizontal velocity fields
within the nominally stable interior of the North American
plate. By far the strongest signal is the effect of glacial
isostatic adjustment (GIA) due to ice mass unloading during
deglaciation. Vertical velocities show present-day uplift
(�10 mm/yr) near Hudson Bay, the site of thickest ice at the
last glacial maximum. The uplift rates generally decrease
with distance from Hudson Bay and change to subsidence
(1–2 mm/yr) south of the Great Lakes. The ‘‘hinge line’’
separating uplift from subsidence is consistent with data
from water level gauges along the Great Lakes, showing
uplift along the northern shores and subsidence along the
southern ones. Horizontal motions show outward motion
from Hudson Bay with complex local variations especially in
the far field. Although the vertical motions are generally
consistent with the predictions of GIA models, the horizontal
data illustrate the need and opportunity to improve themodels
via more accurate descriptions of the ice load and laterally
variable mantle viscosity. Citation: Sella, G. F., S. Stein, T. H.

Dixon, M. Craymer, T. S. James, S. Mazzotti, and R. K. Dokka

(2007), Observation of glacial isostatic adjustment in ‘‘stable’’

North America with GPS, Geophys. Res. Lett., 34, L02306,

doi:10.1029/2006GL027081.

1. Introduction

[2] Postglacial rebound or glacial isostatic adjustment
(GIA) is the response of the solid Earth to the changing
surface load brought about by the waxing and waning of
large-scale ice sheets and glaciers. In the past 20,000 years
ice melting and associated GIA have caused up to several
hundred meters of relative sea-level rise in different parts of
North America. Tilting of relic lake shorelines, changes to
modern lake levels, and secular changes to surface gravity
observations are other manifestations of the land uplift and
subsidence brought about by GIA.

[3] GIA provides insight into three major earth processes
or structures. First, the delayed response to deglaciation is
one of the few ways of constraining the viscosity structure
of the mantle, which is crucial for understanding the mantle
convection process that gives rise to plate motions and has a
profound role in the planet’s thermal history [Peltier, 1998a;
Schubert et al., 2001]. Second, GIA signals can provide a
powerful constraint on the distribution and thickness of ice
since the last glacial maximum, about 21,000 years ago.
Although the general pattern is known from glacial geo-
morphology, significant questions remain for which GIA
can provide important information [Dyke et al., 2002;
Tarasov and Peltier, 2004; Peltier, 2004]. Third, GIA is
suspected to be a major cause of deformation within
continental plates, and thus a possible cause or trigger of
seismicity in eastern North America and other formerly
glaciated areas [e.g., Stein et al., 1979, 1989; James and
Bent, 1994; Wu and Johnston, 2000; Grollimund and
Zoback, 2001; Mazzotti and Adams, 2005].

2. Observations

[4] Until recently, present-day observations of GIA were
limited in two important ways. First, horizontal motions
could not be accurately observed. Second, vertical motions
were measured almost exclusively along coasts via sea and
lake level changes, which require climatic, hydrographic
and tectonic corrections. Regional leveling lines do provide
constraints, but their high costs have made them prohibitive
and so in North America these are limited especially in the
area of largest uplift near Hudson Bay [Carrera et al.,
1991]. The advent of space-geodesy, in particular GPS has
change the situation because of its lower costs compared to
first order level lines and measures 3-dimensional crustal
velocities with accuracies of less than a few mm/yr. GIA
motions were successfully observed with space geodesy in
Scandinavia [e.g., Milne et al., 2001] and have been a target
of study across the much larger area affected by GIA in
North America (Scandinavia is roughly the size of Hudson
Bay). Initial studies used Very Long Baseline Interferom-
etry and Satellite Laser Ranging data, which are very
sparse owing to the cost and large installations required.
Although the observations were consistent with motions
expected from GIA [James and Lambert, 1993; Mitrovica
et al., 1993; Argus et al., 1999], their utility was limited
by their sparse coverage. First-order features of GIA
deformation were also confirmed locally by absolute and
relative gravity measurements [Larson and van Dam,
2000; Lambert et al., 2001; Pagiatakis and Salib, 2003]
and regional GPS surveys [Park et al., 2002].
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[5] The density of space geodetic measurements in East-
ern North America has recently increased dramatically.
Using publicly available continuously recording GPS
(CGPS) sites, Sella et al. [2002, 2004] identified uplift in
areas where significant present-day GIA is expected. Here
we use a much larger GPS data set to measure the full three-
dimensional surface velocity field. For this purpose, we
augment CGPS data with a large set of episodic GPS
(EGPS) data collected at sites in Canada that have been
occupied for a few days every three to four years. The
EGPS data dramatically improve spatial coverage, especially
in the critical region of large uplift rates around Hudson Bay
near the centre of the former Laurentide ice sheet.
[6] Our data set consists of 362 sites distributed across

the interior of North America. Of these, 239 are CGPS sites
with time series longer than 3 years (1993–2006), and 123
are EGPS sites with time series longer than 4 years (1994–
2005). The EGPS sites are part of the Canadian Base
Network, which was created for georeferencing rather than
scientific purposes [Craymer, 2006]. Nonetheless, these
data are of high quality and extraordinarily valuable for
GIA studies, as demonstrated along the St. Lawrence Valley
[Mazzotti et al., 2005].
[7] All GPS data were processed in the same manner

using GIPSY-OASIS software [Zumberge et al., 1997] as
described by Sella et al. [2002], except that all solutions
were aligned with IGb00 [Ray et al., 2004]. Velocities for
each site were calculated using a weighted least squares line
fit to daily position estimates. Uncertainties were calculated
using a velocity error model that accounts for white
(uncorrelated), colored (time-correlated), and random walk
noise [Mao et al., 1999; Dixon et al., 2000] (See Table S1 in
auxiliary material1).
[8] Horizontal motions primarily reflect the rotation of

the essentially rigid North American plate about its Euler

pole. Hence to identify the horizontal intraplate deformation
due to GIA and other possible effects, we estimated and
removed the predicted rigid plate motion. To do this, we
used 233 CGPS sites in the stable interior of North America
as defined by standard geologic and seismological criteria:
>100 km away from any significant seismicity to avoid any
seismic cycle effects, and away from seismogenic faults or
active tectonic geomorphic features [e.g., Crone and
Wheeler, 2000]. We also excluded sites along the Gulf Coast
that may be affected by sediment loading, sediment com-
paction, and slippage along normal faults. A cubic spline
was fit to the IGb00 vertical velocities, and we identified the
regional zero velocity line (hinge line) (Figure 1, left). We
conservatively interpreted that sites north and within
�200 km south of this line may be significantly affected
by GIA (sites shown with red arrows in Figure 1, right). We
inverted the remaining 124 site velocities (IGb00) (sites
shown by black arrows in Figure 1, right) to derive the
best-fit angular velocity for the plate (�5.67�N, �84.75�E,
0.196�/Myr, smajor = 0.8�, sminor = 0.2�, z = �4�, sw =
0.0019�/Myr). The fit to these horizontal site velocities
yields a reduced chi-squared (cn

2) of 1.0, the expected value
if our error model is reasonable and the region is in fact rigid
within our data uncertainty i.e. less than 1 mm/yr in the
horizontal. Including sites that may be significantly affected
by GIA gives a larger misfit (cn

2 = 1.5), suggesting that we
have identified GIA-affected sites on less-rigid parts of the
plate.
[9] The resulting residual velocity field (Figures 1, 2)

shows both horizontal and vertical intraplate motions. The
horizontal residual field may have a small bias because
removing the rigid body rotation – primarily resulting from
plate motion – may have removed some of the GIA com-
ponent. However the clear patterns we see in both compo-
nents are consistent with being caused by GIA. The vertical
velocities show fast rebound (�10 mm/yr) near Hudson Bay,
the site of thickest ice at the last glacial maximum, which
changes to slower subsidence (1–2 mm/yr) south of the

1Auxiliary materials is available at ftp://ftp.agu.org/apend/gl/
2006gl027081.

Figure 1. (left) Vertical GPS site motions with respect to IGb00. Note large uplift rates around Hudson Bay, and
subsidence to the south. Green line shows interpolated 0 mm/yr vertical ‘‘hinge line’’ separating uplift from subsidence.
(right) Horizontal motion site residuals after subtracting best fit rigid plate rotation model defined by sites shown with black
arrows. Red vectors represent sites primarily affected by GIA. Purple vectors represent sites that include effects of tectonics.
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