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GRACE Gravity Data Constrain
Ancient Ice Geometries and
Continental Dynamics over Laurentia
M. E. Tamisiea,1*† J. X. Mitrovica,2 J. L. Davis1
The free-air gravity trend over Canada, derived from the Gravity Recovery and Climate Experiment
(GRACE) satellite mission, robustly isolates the gravity signal associated with glacial isostatic
adjustment (GIA) from the longer–time scale mantle convection process. This trend proves that the
ancient Laurentian ice complex was composed of two large domes to the west and east of Hudson
Bay, in accord with one of two classes of earlier reconstructions. Moreover, GIA models that
reconcile the peak rates contribute ~25 to ~45% to the observed static gravity field, which
represents an important boundary condition on the buoyancy of the continental tectosphere.
he similarity between the geometry of the
free-air gravity anomaly (FAGA) over
Laurentia (1) and the perimeter of the ancient ice complex that covered the region led to a
long-held view that the perturbation largely
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reflected incomplete GIA in response to the ice
age (1–4). In this case, the seismic high-velocity
anomaly underlying the continent (5) would be
interpreted as a neutrally buoyant, chemically
distinct continental root, in accord with the tectosphere hypothesis (6). In contrast, forward analyses of GIA and/or mantle convection aimed at
fitting the peak anomaly (7–9) have concluded
that GIA is responsible for only ~10 to ~30% of the
total signal. In this scenario, the seismic anomaly
would be associated with active downwelling flow
that drives a dynamic depression, and gravity low,
on the overriding craton. Simons and Hager (10)
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decomposition reaction (no time for grain growth
during seismic-fault motion). The process may
be similar to the cases of intermediate- to deepfocus earthquakes, for which the formation of
ultrafine reaction products may play a decisive
role in earthquake generation (28). Other gouge
materials have to undergo grain comminution to
form ultrafine grains, which requires extra work
in fault zones, resulting in higher friction. For slip
on faults in Carrara marble, understanding friction between nanometer-scale particles seems to
be a key for delineating the exact mechanisms of
the dynamic weakening of faults.
Our results have important implications for
earthquake geology and fault mechanics. Marked
decomposition weakening may be a widespread
phenomenon, because fault gouges commonly
contain sheet silicate minerals that decompose
even at lower temperatures than that for calcite
decomposition, although thermal decomposition
of sheet silicates may be followed by frictional
melting (29). Also, thermally induced decomposition may leave geological evidence (other
than pseudotachylytes) of seismic-fault slip, contrary to geologists’ opinion that faults do not preserve a record of seismic slip, except for the small
percentage of faults containing pseudotachylyte
(30). Indeed, we have shown that coseismic decomposition of siderite produces a stable mineral,
magnetite (31). Thus, the clear demonstration of
thermal decomposition during seismic slip opens
up a new series of investigations in integrated
fault and earthquake studies.
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have, on the basis of GIA modeling combined
with an analysis of the spatio-spectral content of
the Laurentian gravity field, proposed an intermediate scenario in which GIA and convection
contribute roughly equally to the observed signal.
The characteristic time scale of GIA (a few
thousand years) is orders of magnitude shorter
than that of convective flow. Accordingly,
Mitrovica and Peltier (4) suggested that consideration of the time rate of change of the
gravity field would, when it became available,
provide a robust method for isolating the GIA
signal. The trend field would also provide finer
spatial resolution of ice-sheet history than the
static field. Observational constraints on gravity
trends from land-based surveys in Hudson Bay
exist (11, 12), but these are too sparse to accurately constrain the regional (and peak) GIA
signal. Recently, measurements obtained by the
GRACE satellite mission (13) have reached sufficient time span to yield useful constraints on
regional gravity trends. Our goal is to make use of
the GRACE data to constrain the GIA signal and
thus test the suite of published models for the
dynamics of the Laurentian craton. We also use
the GRACE-derived maps of gravity rates to address a century-long debate concerning the geometry of late Pleistocene ice cover over the region.
We use monthly Center for Space Research
(CSR) RL01 GRACE solutions for the geoid,
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spanning April 2002 to April 2006. Our analysis
procedure (14) adopts a truncation at spherical
harmonic degree and order (l and m, respectively)
of 70, applies standard approaches to smoothing
(Gaussian with a 500-km radius) and destriping
the solutions to reduce satellite errors, and
yields estimates for parameters governing the
in- and out-of-phase annual, trend, and constant
terms and their errors. We calculate the geoid
height anomaly rates from each solution on a 1°
by 1° grid. The result, over Laurentia, is shown
in Fig. 1.
Previous applications of GRACE data have
focused on rates associated with hydrological
processes (13), and the standard approach in
such cases is to convert the geoid height rates to
changes in equivalent water thickness. With
respect to the spherical harmonic expansion,
each term is multiplied by 2l + 1 (15), thus accentuating higher degree and order terms (and
their associated error). The signal associated
with GIA is largely due to the motion of mass
within the Earth’s crust and mantle, as opposed
to variations of surface and groundwater mass.
In this application, or indeed in studies of surface observations related to mantle convection,
geoid rates are commonly converted to trends in
the FAGA. In this case, a multiplicative factor of
l − 1 is applied (16) to each term in the spherical
harmonic expansion, which acts to shift power
to shorter wavelengths. Smaller-scale features in
the FAGA are therefore emphasized relative to
those in the geoid.
Our GRACE-derived map of the FAGA
trend over Laurentia (Fig. 2A and the associated
error estimate in fig. S1A) unambiguously
indicates that the ancient ice complex that once
covered the region had a multidomal structure.
Specifically, deglaciation centers are apparent in
regions to the west (Keewatin) and east (northern Quebec) of Hudson Bay. The broad-scale
geometry of the Laurentide Ice Sheet at the Last
Glacial Maximum has been the source of longstanding debate [see (17) for a review of early
work]. Before the mid-20th century, reconstructions of Laurentide ice cover generally in-

Fig. 1. Observed time rate of change of the
geoid over Laurentia from CSR RL01 GRACE solutions from April 2002 to April 2006.
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cluded ice domes over Keewatin and northern
Quebec, but this view was superseded by the
monodomal model advocated by Flint (18) on
the basis of an analysis of gravity data. Subsequent studies, in particular the detailed geomorphological analysis of Dyke and Prest (19),
returned to the multidomal (i.e., ice domes over
Keewatin, northern Quebec, and the Foxe Basin
just south of Baffin Island) model, although the
ICE-3G (17) and ICE-4G (20) global ice-sheet
reconstructions, based on both geological and
geophysical data, were once again characterized
by a largely monodomal Laurentian complex. A
recent revision to these global models, ICE-5G
(21), motivated in part by crustal motion data
in Yellowknife and ground-based gravity measurements along a transect including the west
coast of Hudson Bay (11), involved a major
ice dome over Keewatin and a smaller ice center
in northern Quebec, in qualitative accord with
the Dyke and Prest (19) reconstruction. Our results strongly support the multidomal Laurentide
ice geometry advocated by Dyke and Prest (19)
and allow us to reject the monodomal model.
GIA is not the only process contributing to
the observed rate fields. Interannual variations in
hydrology, mass loss from Greenland Ice Sheet
and Alaskan glacier fields, and errors in the
ocean model of Hudson Bay could all contribute
to the observed signal. In an attempt to account
for hydrology, we have calculated the rate over
the same time period from the Global Land Data
Assimilation System (GLDAS)/Noah hydrology data set (14, 22). This correction is small
in terms of the total signal observed in the
region, but it slightly decreases the local maximum value of the observed FAGA rate west
of Hudson Bay and moves the location of this
peak rate farther north (Fig. 2B). In an attempt
to reduce the contamination from mass loss of
the ice fields, this paper focuses on comparisons of forward predictions of GIA with the
observed FAGA in a region bounded by lon-

gitudes 110°W to 85°W and latitudes 50°N to
70°N (indicated by the area within the black
line in Fig. 2B). Possible errors due to ocean
variability in Hudson Bay are part of an ongoing study.
We adopt the following procedure to estimate the contribution of GIA to the static FAGA
over Laurentia. First, we use standard numerical
simulations of the GIA process to generate a
model (or set of models) that provides a good
fit to the rate map in Fig. 2B. We next use this
model to predict the static FAGA and then compare this prediction to the GRACE-derived static
field within the bounded region. In all cases, we
apply the same smoothing, destriping, and harmonic truncation to the GIA model predictions
that were used to analyze the GRACE observations (14).
Our GIA predictions are based on spherically symmetric, self-gravitating Maxwell viscoelastic Earth models with elastic structure given
by the Preliminary Reference Earth Model (23).
We assume an elastic lithosphere of 120-km
thickness (the predictions are insensitive to
reasonable variations in this choice) and a radial
viscosity profile characterized by isoviscous
upper and lower mantle (UM and LM) regions.
The boundary between these regions is taken at
670-km depth, and the viscosities above and
below this interface are free parameters denoted
by nUM and nLM, respectively. We use the global
ICE-5G ice history (21) and solve for a gravitationally self-consistent ocean load.
Figure 3 shows the reduced c2 misfit between predictions of the geoid and FAGA rate
fields over Laurentia and the associated GRACE
observations [Fig. 1 (with the hydrological signal removed) and Fig. 2B, respectively]. Good
fits (24) to the data are generally obtained for
models with nLM values between 2.5 × 1021 and
4 × 1021 Pa s and nUM values between 3 × 1020
and 1 × 1021 Pa s. A second set of models
characterized by nUM above 6 × 1020 Pa s and

Fig. 2. (A) Rate of change of the FAGA from CSR RL01 GRACE solutions from April 2002 to April
2006. (B) Same as (A) but with an estimate of the hydrological contribution derived from the
GLDAS/Noah data set (22) removed. The thick black line encloses the region used for the comparison of the forward GIA models with the observed fields. This region was chosen in order to limit
contamination from ongoing ice mass variations in Greenland, Alaska, and British Columbia, as
well as hydrological mass variations across the rest of the North American continent.
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sidual field generated by removing this GIA prediction from the observed static field (Fig. 4A).
Classically, peak estimates of the GIA prediction and the static FAGA observation, which
do not necessarily occur at the same location,
have been compared to determine the relative
contribution of GIA to the observed field. The
application of this procedure indicates a GIA
contribution of ~38% (or –13 mGal) to the observed peak.
As noted, a range of GIA models provides
similar fits to the GRACE-derived rates (Fig. 3).
Therefore, we repeated the above analysis for a
large suite of models within this range and, in
each case, we computed the GIA contribution to
the static FAGA. In addition, we also considered
the impact on this contribution (and on the
preferred set of models) of errors in the hydrology model and variations in the parameters
governing the GRACE data analysis [e.g.,
destriping and Gaussian smoothing (14)]. These
tests mapped out a possible range in the GIA
contribution to the static FAGA field of ~25
to ~45%. Thus, the continental root beneath
Laurentia is contributing, via a convectively supported dynamic depression of the craton, to the
FAGA field. This range is intermediate as compared to estimates by Simons and Hager (10),

Fig. 3. (A) Reduced c2 residual between GIA predictions of the geoid rate and the observed field
(Fig. 1) on a 1° by 1° grid within the region bounded by the thick black line in Fig. 2B. The GIA
models are distinguished on the basis of the adopted nUM and nLM values, and the grid of dots
indicates the set of models used to generate the contour lines. (B) Same as in (A) but for the FAGA
rate field.

who argued for a 50% contribution from GIA,
and other studies that have concluded that GIA is
a minor contributor to the static field (7–9). In
any case, although chemical heterogeneity in the
continental root beneath Laurentia is compensating for thermal buoyancy, the cancellation
implied by the tectosphere hypothesis is not supported by our analysis of the GRACE-derived
gravity field.
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nLM greater than 3 × 1022 Pa s also yields relatively low c2 values. Two sets of solutions of
this type are common in studies of present-day
GIA observations. A weak lower mantle associated with the first class of models initially
adjusts quickly and thus reaches close to equilibrium since the end of the deglaciation, whereas a stronger lower mantle (in the second class of
models) adjusts slowly throughout the loading
cycle. We can rule out the higher mantle viscosity models on the basis of independent analyses of postglacial decay times in the Hudson Bay
region (20, 25). The minimum reduced c2 misfit,
for the FAGA rate (Fig. 3B) observation, is obtained by the model with nUM = 8 × 1020 Pa s and
nLM = 3 × 1021 Pa s.
Next, we turn to the static FAGA field. In this
case, our GRACE-derived (Fig. 4A) estimate is
based on the CSR GGM02S solution (26). Note
that this static field shows a single large anomaly with peak amplitude of −34 mGal (where
1 Gal = 10–2 m s–2) centered over Hudson Bay
and, as discussed above, a geometry that is less
reflective of the morphology of the ancient ice
complex that covered the region. Our next step
is to predict the static FAGA field due to GIA
with the use of the same Earth model that best
fits the FAGA rate (27). Figure 4B shows the re-
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Fig. 4. (A) Static FAGA field over Laurentia derived from the CSR GGM02S GRACE solution (26). A
destriping algorithm (14) was not applied to generate this field. (B) Same as (A) but with a “preferred”
GIA prediction removed. The GIA prediction is based on an Earth model with a 120-km-thick
lithosphere, a nUM value of 8 × 1020 Pa s, and a nLM value of 3 × 1021 Pa s.
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