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Abstract The horizontal surface motions of the Earth's crust induced by glacial isostatic adjustment (GIA)
are highly sensitive to lateral variations in Earth properties. We construct 3D GIA models by incorporating both
varying elastic lithospheric thickness and lateral viscosity variations in the asthenosphere in a global,
compressible, self‐gravitating, viscoelastic Earth model. This allows us to investigate how geological structures
such as the North American continental craton with thick lithosphere and stiff upper mantle and oceanic plate
regions with thinner lithosphere and weak asthenosphere influence mantle flow during and after the last
deglaciation and how this relaxation is expressed in surface motions. While vertical crustal motions are always
in phase with the ice loading change, horizontal motions can be out of phase with the glaciation history and
vertical motions. The delay in response to deglaciation and the timing of the direction reversal after deglaciation
is complete are controlled by the interplay between elastic lithospheric flexure and the mantle viscous drag on
the base of the lithosphere. The weak asthenosphere channels the mantle return flow more horizontally and the
stiff cratonic root directs the flowmore vertically, forming a “box‐like” circulation beneath the former ice cover.
Such complex interactions may be better constrained with joint geodetic and seismic anisotropy analysis and
provide new perspectives for GIA‐ice sheet interactions as well as the interpretation of GIA associated
seismotectonics.

Plain Language Summary During the last ice age, massive ice sheets accumulated transiently over
North America, inducing mantle flow first away from and then back toward the ice center with delayed surface
deformation. After the ice melting was completed, surface crustal vertical motions show uplift around the
former ice center with diminished amplitude over time, while horizontal velocities show reversals in direction,
including a transition from inward to outward motion. The crustal deformation patterns and the reversal timing
for horizontal motions are controlled by the interplay between the elastic lithosphere and the viscous mantle.
Lateral variations in Earth structure, such as variable lithosphere thickness and mantle viscosity between the
continental root and oceanic plate, lead to distinct mantle flow beneath the former ice center, resulting in
complex surface horizontal motion.

1. Introduction
During the Last Glacial Maximum (LGM, ∼21–26 ka), most of North America was covered by the Laurentide,
Cordilleran, and Innuitian ice sheets, with thickness exceeding 3–4 km over Hudson Bay and central Canada, with
its southern margin extending well beyond the US‐Canadian border (Figure 1). The ice sheet collapsed and
retreated rapidly in response to abrupt climate events, such as Meltwater Pulse1A (MWP1A, ∼14 ka) and 1B
(MWP1B, ∼11 ka) and largely disappeared by the mid‐Holocene warming at ∼6–7 ka. The changes in ice mass
and the associated redistribution of ocean mass impose surface loading variations that drove viscoelastic
deformation of the solid Earth, a process known as glacial isostatic adjustment (GIA; Farrell & Clark, 1976;
Peltier & Andrews, 1976).

GIA is a combination of the instantaneous elastic response at the loading time and a time‐delayed viscous
response that continues to the present day, traditionally inferred from shoreline uplift, but also as currently seen by
Global Navigation Satellite System (GNSS) observations; those show uplift rates exceeding 10 mm/yr near the
former ice centers (e.g., Hudson Bay) and subsidence (∼1–2 mm/yr) around the peripheral bulge (e.g., the
Atlantic coast of North America). The observed horizontal velocities within the former ice cover show a
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combination of southern motion in western and southern Canada and northern motion across eastern Canada,
while velocities beyond the former ice margin and in the far field, including most of the United States, also point
north (Figure 1; Argus et al., 2021). The ongoing GIA signal is important for a range of solid Earth‐cryosphere
interactions, including disentangling contemporary processes such as hydrological variations, deformation
throughout the seismic cycle, and mantle driven signatures in geodetic observations of surface deformation
(e.g., Husson et al., 2018; Kreemer et al., 2018; Lau et al., 2020; Snay et al., 2016; Vardic et al., 2022).

The main parameters controlling the GIA process are the forcing due to the glaciation history and Earth structure,
in particular the viscoelastic behavior of the solid Earth including depth‐dependent elastic and viscous properties.
However, rock deformation experiments, geological and geophysical observations, and geodynamic modeling
also indicate significant lateral variations in rock properties, in particular in the upper ∼400 km of the mantle.
Those include variable lithospheric elastic and thermal thickness (e.g., Audet & Bürgmann, 2011; Bechtel
et al., 1990; Steinberger & Becker, 2018; Watts et al., 2013; Zhong et al., 2003), and lateral viscosity variations in
the mantle (e.g., Becker, 2006; Osei Tutu et al., 2018; Ricard et al., 1991; van Summeren et al., 2012;
Zhong, 2001). Therefore, GIA models with relative sea level (RSL) records and GNSS constraints based on 1D
Earth structure often yield different estimates of best‐fit lithosphere thickness and mantle viscosity (e.g., Barletta
et al., 2018; James et al., 2009; Kang et al., 2025; Lau et al., 2016; Nield et al., 2014; Parang et al., 2024; Yousefi
et al., 2018). Such discrepancies highlight the limitations of representing local Earth structure with 1Dmodels and
a requirement for 3D structure that can capture the spatial variability of rheological features in different regions of
the Earth.

For example, considering RSL data subset. along the Pacific coast of central North America (e.g., Yousefi
et al., 2018) and along the Atlantic coast of North America (e.g., Parang et al., 2024), model misfit can be reduced
if viscosity is allowed to vary regionally. Such studies indicate RSL observations sense lateral variations in Earth
structure, emphasizing the necessity for incorporating 3D structure in GIA models to interpret observations
(e.g., Kaufmann & Wu, 1998; Latychev et al., 2005; Paulson et al., 2005).
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Kaixuan Kang, Thorsten W. Becker

Figure 1. Selected GNSS vertical and horizontal velocities in North America from Argus et al. (2021) focusing on regions
away from active plate boundary deformation. The gray shading denotes the extent of LGM ice cover. The dashed red frame
indicates the region used for regional average calculations. Country borders are also shown.
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A number of studies on 3D GIA models have thus been conducted to quantify the impact of lateral heterogeneity
on GIA predictions (e.g., Crawford et al., 2018; Gasperini et al., 1991; Kaufmann et al., 2000; Latychev
et al., 2005; Steffen et al., 2006, 2008; Wu, 2005; Zhong et al., 2003, 2022), and improve the fit between GIA
models and observations (e.g., Wahr and Zhong, 2013; Li et al., 2018, 2020; Yousefi et al., 2021; Bagge
et al., 2021; Parang et al., 2024, for RSL, and van der Wal et al., 2015, for GNSS data). However, there are
remaining disagreements regarding the extent to which laterally varying Earth structure dominates surface
deformation and how much incorporating such structures improves the interpretations of geodetic and geological
observations.

The sensitivity of GIA observables to lateral Earth structure has been investigated in several studies. Gasperini
et al. (1990) found that horizontal displacements are more sensitive to lateral variations in the viscosity of the
lithosphere and upper mantle than vertical displacements. Milne et al. (2004) mostly observed a decrease in
sensitivity from the shallow upper mantle to deeper parts in Fennoscadia. Wu (2006) constructed sensitivity
kernels for RSL and crustal velocities in the Laurentide region and emphasized that horizontal velocities are
sensitive to viscosity variations in the shallow mantle directly beneath the ice load. However, Steffen et al. (2007)
investigated the sensitivity of crustal velocities in Fennoscandia and showed that lateral structure within the lower
part of the upper mantle, around ∼450–670 km depth, have the strongest influence on horizontal motion. Steffen
and Wu (2014) further quantified that GNSS stations are most sensitive to viscosity changes directly beneath the
station, primarily at depths between 250 and 550 km. With few exceptions, stations within the former ice margin
show the greatest sensitivity to local viscosity within a lateral extent of 250 km, whereas stations outside the
formerly glaciated area lack sufficient sensitivity to viscosity directly beneath them (Steffen & Wu, 2014). Lau
et al. (2018) substantiated the importance of the bottom half of the upper mantle by examining the sensitivity
kernels for the Fennoscandian relaxation spectrum (FRS), postglacial decay times in Canada and Scandinavia,
and the rate of change of the degree‐2 zonal harmonic of the geopotential. These remaining disagreements be-
tween previous studies highlight the complexity of how lateral heterogeneity in Earth structure modulates mantle
flow at different depths and its surface deformation signature.

Regarding improvements in fitting geodetic observations, van der Wal et al. (2015) found that 3D models pro-
vided a better fit to GNSS uplift rates in Antarctica than 1D, and Li et al. (2022) showed that 3Dmodel predictions
of RSL largely resolve the misfits with observed data from the White Sea in the Russian Arctic. By tuning the
strength of 3D viscosity variations, Wang et al. (2008), Steffen et al. (2008), Li et al. (2018), and Bagge
et al. (2021) demonstrated that introducing lateral heterogeneity within a certain range of variations can help
resolve some misfits in RSL and/or geodetic data. In contrast, Steffen et al. (2006) and Kierulf et al. (2014) found
that 3D models perform satisfactorily to fit the GNSS observations in Fennoscandia but not as well as the best
fitting 1D models. Yousefi et al. (2021) suggest that their 3D models do not yield clear improvement in fitting
RSL observations along the Pacific coast of North America, and Parang et al. (2024) found that 3D models failed
to enhance the data‐model fits relative to 1D model in eastern North America. These discrepancies highlight the
limitations and uncertainties in current 3D GIA models and suggest the need for a better understanding of the
physics of how surface loading induced viscous flow within a laterally varying Earth affects surface observables.

Here, we focus on the mix between horizontal and vertical surface deformation as constraints. In GIA modeling,
the lithosphere is often defined as a very high viscosity viscoelastic layer which behaves essentially elastically
over GIA timescales. Elastic flexure of the lithosphere is modulated by underlying mantle flow which affects the
pattern and amplitude of surface motions. While the vertical motions associated with GIA have been extensively
studied and show consistency among models overall, horizontal motions remain less well explored and exhibit
larger discrepancies across studies. Horizontal motions are more difficult to interpret than vertical motion in
GNSS observations because their amplitudes are typically 4–5 times smaller and more variable across GIA
models, reflecting their sensitivity to shallow Earth structure and ice model details. Moreover, it is crucial to use a
compressible viscoelastic solution for accurate estimates of horizontal deformation (Johnston et al., 1997;
Mitrovica et al., 1994; Reusen et al., 2023; Tanaka et al., 2011), and open‐source codes capable of fully capturing
such 3D deformation along with solving the sea level equation have only recently become widely available (Yuan
et al., 2025; Zhong et al., 2022).

James and Morgan (1990) were among the first to consider horizontal motions in 1D GIA models. They predicted
converging horizontal motion around Hudson Bay and attributed this pattern to return flow in the sub‐lithospheric
mantle that drags the overlying lithosphere with it. James and Lambert (1993) reported that the inclusion of
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compressibility in their spherical model predicted divergent motions around Hudson Bay instead. Mitrovica
et al. (1994) and Milne et al. (2001) predicted divergent horizontal motion around previous ice centers
(e.g., Hudson Bay and Fennoscandia) by using a more realistic Earth model and ice history, results that are more
consistent with modern geodetic observations (Kreemer et al., 2018; Sella et al., 2007; Vardić et al., 2022), in
particular for Fennoscandia (e.g., Milne et al., 2001). Argus and Peltier (2010) found that by introducing a 40 km
thick sub‐lithospheric, high viscosity (1022 Pas) layer, the 1D model misfit of horizontal motions in North
America is greatly improved.

With a 3D Earth model, Kaufmann et al. (2005) studied the crustal motions induced by late‐Pleistocene ice‐sheet
distributions in Antarctica and found that horizontal flow patterns are controlled by the flow from the stiff East
Antarctic cratonic root to the weaker West Antarctic mantle and low seismic velocity zones beneath the adjacent
oceanic plate regions. Wu (2005) and Wang and Wu (2006) found that lateral heterogeneity has large effects on
horizontal motions and can completely overprint the divergent pattern of flow predicted by laterally homogeneous
models in Laurentia. Wang and Wu (2006) also concluded that the horizontal motion arises from an area of high
viscosity toward regions of low viscosity if the center of deglaciation is situated over a gradient of lateral viscosity
change.

By considering the 3D structure in the lithosphere and a homogenous mantle, Yuan and Zhong (2025) show that
GIA can cause relative and shear motion between the mantle and lithosphere. During deglaciation, the GIA‐
induced mantle flow converges toward the former ice sheet center with a larger horizontal velocity than the
lithosphere, which tends to have a more coherent direction. During deglaciation, reduced ice loads drive the
underlying mantle to flow inward, causing converging surface deformation. In contrast, during the glaciation, the
opposite occurs. By examining the time evolution of the horizontal motion induced by idealized ice change,
Hermans et al. (2018) found horizontal velocities point inward directly after deglaciation but start to point out-
ward after a time controlled by mantle viscosity. This indicates a diagnostic reversal in the horizontal velocity
directions after deglaciation.

We therefore expect that horizontal crustal motions during GIA depend on shallow Earth structure and that the
patterns of glaciation‐induced mantle flow are controlled by lithospheric flexure and mantle viscosity. Yet,
questions remain as to why the vertical and horizontal motions exhibit different degrees of sensitivity to the
shallow structure, how the viscoelastic Earth relaxes horizontally during and after deglaciation, and what key
factors control the strength and the direction of the surface horizontal motion for more realistic Earth structure. To
answer these questions, and to contribute to future coupled ice evolution‐Earth structure models taking full ac-
count of the constraints provided by GNSS, we focus on the physical processes that govern the dynamics of
glaciation‐induced mantle flow and its impact of the surface deformation.

We investigate how lateral viscosity variations impact mantle flow, how viscous mantle drag interacts with the
elastic response of the lithosphere, and how this viscoelastic system affects the temporal and spatial evolution of
horizontal motion. Such efforts are timely, as growing GNSS constraints can be utilized to refine both ice and
Earth structure models, in particular since the role of lateral viscosity variations on relatively short wavelength
(∼100 km) is crucial for regional relaxation phenomena, including in terms of their effects on ice sheet stability
(e.g., Barletta et al., 2018; Book et al., 2022; Gomez et al., 2010, 2018; van Calcar et al., 2025).

2. Methods
We use a numerical, finite‐element method for computing the response of a self‐gravitating, compressible,
rotational Earth with 3D viscoelastic mantle structure to a spatial‐temporal varied surface loading forcing as
implemented in CitcomSVE‐3.0 (Yuan et al., 2025; Zhong et al., 2022). We solve the governing equations for
load‐induced deformation that are derived from the conservation of mass and momentum and Newton's law of
gravitation, applying viscoelastic constitutive equations (Wahr & Zhong, 2013; Wu & Peltier, 1982). The sea
level equation with ocean‐continent margin evolution is included and incorporates the effects of polar wander and
apparent center of mass motion (Mitrovica et al., 2005; Zhong et al., 2003, 2022). For a few test cases, we also use
a semi‐analytic method for a 1D, spherically symmetric Earth (Wahr and Zhong, 2013), against which Cit-
comSVE has been benchmarked (Kang et al., 2022; Yuan et al., 2025). For the ice loading history, we use the
ICE‐6G_C model (Peltier et al., 2015) over the last glacial cycle, beginning at 122 ka, for reference, with the last
glacial maximum (LGM) at 26 ka and substantial deglaciation of the North American and Fennoscandian ice
sheets completed by ∼7 ka (Peltier et al., 2015).
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We assume an Earth structure consisting of a Maxwell viscoelastic mantle overlain by a high viscosity litho-
sphere. In classical flexure studies, elastic thickness, Te, is defined for a purely elastic plate overlying an inviscid
half‐space under long‐term loading on timescales of millions of years (Watts, 2001). Following other GIA studies,
we treat the lithospheric Te as a layer with sufficiently high viscosity with 10

26 Pa s to behave effectively as a
purely elastic plate over GIA timescales. In 1Dmodels the elastic and viscoelastic properties of Earth's interior are
assumed to be spherically symmetric, with density and elastic structure defined solely as a function of depth and
taken from PREM (Dziewonski & Anderson, 1981). For 1D viscosity, the widely used VM5a model is char-
acterized by five layers from the surface to core mantle boundary (CMB) (Table 1; Peltier et al., 2015). The VM5a
model consists of a 60 km thick, high‐viscosity lithospheric layer underlain by a 40 km thick sub‐lithospheric
layer with viscosity of 1022 Pa s. We build our 1D reference model (1D_REF) using the same upper and
lower mantle viscosity structure as VM5a, while adopting a uniform lithospheric thickness of 100 km. This value
is close to the regional average of the laterally varying Te used in our 3D model. We also run models with an
additional sub‐lithosphere layer as comparison.

Our 3D structure models consist of variable Te in the lithosphere and lateral viscosity variations in the mantle. We
use the mean lithosphere thickness model from Steinberger and Becker (2018), which is an average of five es-
timates determined from different seismic tomography models. These shear wave speed based estimates are
meant to define the depth to which the mantle is rheologically strong; those depths are well‐correlated with elastic
thickness, while typically a factor ∼two larger (Steinberger & Becker, 2018). We thus scale the lithospheric
thickness model with a factor of 0.47 resulting in a global average thickness of 46 km, with regional averages of
84 km in North America and 107 km around Hudson Bay. These values are compatible with the mean value
inferred from analysis of global or regional RSL observations (Lambeck et al., 2014; Yousefi et al., 2021) and
enable comparison to output from 1D models.

For lateral viscosity variations, we apply two recent, global, shear wave speed seismic tomography models as
exemplars, TX19 by Lu et al. (2019) and REVEAL by Thrastarson et al. (2024). TX19 is a hybrid model which
accounts for structure in Wadati Benioff zones before global inversion and is based on a large, well‐established
data set of high‐quality body wave measurements. We use it as a more “traditional,” longer wavelength model in
comparison to REVEAL which is based on full waveform inversion and a more “modern” model with a higher
degree of spatial heterogeneity (Figure 2). The RMS and spectral character of these models are quite different in
the upper mantle; for example, at 300 km depth, REVEAL has ∼3 times larger RMS variations (∼1.5%) than
TX19, and the spherical harmonic power per degree and unit area decays with degree, l, approximately as ∝ l− 1.6

between 4 < l < 21 whereas TX19 is ∼twice as smooth in the sense of showing roughly ∝ l− 3 decay in that range.

Table 1
Rheological Parameters Used for All Models Discussed

Lithosphere (Pa s) Upper mantle (Pa s) Lower mantle (Pa s) LVV

VM5a 1026 (0–60 km) 4.8 × 1020 (100–670 km) 1.5 × 1021 (670–1,170 km) No

1022 (60–100 km) 3.0 × 1021 (1,170 km‐CMB)

1D_REF 1026 (0–100 km) VM5a VM5a No

3D_Te 1026 (Te) VM5a VM5a No

3D_Te_LVVs(TX19) 1026 (Te) VM5a VM5a TX19

3D_Te_LVVs(REVEAL) 1026 (Te) VM5a VM5a REVEAL

3D_Te_LVVs(TX19)_stiffer LM 1026 (Te) VM5a 3.0 × 1022 (670 km‐CMB)

3D_noTe_LVVs(TX19) no VM5a VM5a TX19

3D_Te,2layers_LVVs(TX19) 1026 (0–60 km in Te) VM5a VM5a TX19

1022 (60–100 km in Te)

3D_Te,97km_LVVs(TX19) 1026 (Te with global average of 97 km) VM5a VM5a TX19

3D_Te,e30_LVVs(TX19) 1030 (Te) VM5a VM5a TX19

3D_Te_LVVs(TX19) WeakZone 1026 (Te) VM5a VM5a TX19_LVZ

3D_Te_LVVs(TX19) ContRoot 1026 (Te) VM5a VM5a TX19_CR
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Variations in seismic wave velocity reflect differences in the mantle's thermal and/or compositional structure. The
mapping between velocity and density or viscosity anomalies is thus complex and affected by mineral physics and
chemical heterogeneity. However, for simplicity, we assume that temperature is the dominant controlling factor.
In an approach similar to mantle circulation computations (e.g., Becker, 2006), we follow Latychev et al. (2005)
to infer viscosity using:

Figure 2. Lateral viscosity variations at depths of 200 km, 400 and 600 km derived from two global seismic shear wave
tomography models, TX19 and REVEAL. Profiles A‐A′ and B‐B′ indicate the cross sections shown in subsequent figures. A
Lambert Conformal Conic Projection is used here and in all following map view figures.
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δ ln ρ(r,θ,φ) =
∂ln ρ
∂ln vs

(r)δln vs(r,θ,φ) (1)

δT(r,θ,φ) = −
1
α(r)

δln ρ(r,θ,φ) (2)

η(r,θ,φ) = η0e− ϵδT(r,θ,φ) (3)

where r, θ, and φ are the radius, colatitude, and longitude, respectively. The term δ ln vs(r,θ,φ)represents seismic
shear wave velocity anomalies and ∂ln ρ

∂ln vs
(r) is a depth‐dependent scaling factor used to convert the velocity

perturbations to density variations (Equation 1). Following Yousefi et al. (2021), we use the radial profile of Forte
and Woodward (1997) for the scaling factor with a range of ∼0.1–0.35, to convert velocity to density anomalies
(Equation 1). Temperature anomalies are then calculated by scaling the density anomaly field using the radially
variable coefficient of thermal expansion (α(r) in Equation 2) in Chopelas and Boehler (1992). The 3D viscosity
structure η(r,θ,φ) is constructed by perturbing the reference viscosity (η0) in 1D_REF, using an approximate
temperature dependent viscosity with a scaling factor, ϵ, that determines the degree of dependence of the viscosity
structure on temperature. We set this parameter to 0.035°C− 1 for TX19 and 0.017°C− 1 for REVEAL, to account
for the tomography model RMS differences, such that this scaling yields comparable viscosity variations
spanning five to six orders of magnitude for both models. The constructed 3D viscosity model has the same global
average as the reference 1Dmodel by design but differs in terms of the regional averages (e.g., in North America).
This can introduce biases when comparing predictions from the 1D and 3D GIA models; to minimize such 1D
model dependent bias, we further adjust the 3D viscosity so that its regional average over North America matches
that of the reference model in 1D_REF (Figure 3). All input fields in 3D GIA models, including the ice model,
variable Te, and lateral viscosity variations were interpolated on the finite element surface grids with lateral
resolution of ∼25 km by 25 km. The radial finite‐element node‐distance is 5 km for the upper 420 km depth,
10 km between 420 and 670 km and 40–60 km between 670 and the CMB.

We show the lateral viscosity variations at depths of 200, 400, and 600 km for TX19 and REVEAL in Figure 2,
and depth cross sections from the surface to CMB along two profiles (i.e., an east‐to‐west profile A‐A′ at latitude
57°N and a north‐south profile B‐B′ at longitude 260°), as well as depth profiles of the regional‐averaged vis-
cosity variations in Figure 3, using a geometric average.While both 3D viscosity models capture the main tectonic
features, for example, stiff continental cratons and weak oceanic asthenosphere, the inferred viscosity structure
differs in detail. For example, TX19 shows relatively smooth gradients in viscosity, with fast (i.e., strong) ma-
terial, perhaps craton plus slab (cf. Porritt et al., 2021) extending to ∼500 km depth. In contrast, the REVEAL
based model shows more short‐wavelength variations and a slightly stiffer but shallower continental root beneath
Hudson Bay, reaching∼300–400 km depth (Figures 2 and 3). The weak asthenosphere in the TX19model is more
extensive and continuous (Figures 2a and 2c), while the REVEALmodel produces more localized gradients in the
oceanic asthenosphere, with more clearly delineated, long and narrow high‐viscosity (cold) anomalies (e.g., the
Cascadia slab, cf. Hua et al., 2025; Figures 2b and 2d).

The radial profiles for each 3D model, including the global and regional means over North America and Hudson
Bay are shown in Figure 3e. The 3D variable elastic thickness model we use has an average elastic lithosphere
thickness of ∼100 km beneath Hudson Bay (colored dotted curves). Regionally averaged profiles beneath North
America (colored dashed curves) show a gradual decrease in viscosity from 1026 Pa s near the surface to
5 × 1020 Pa s at the lithosphere‐asthenosphere boundary, reflecting the influence of the weak oceanic astheno-
sphere surrounding the continental plate. The global average Te model (colored solid curves) shows a relatively
sharper decrease in viscosity at shallow depths, consistent with a global weak asthenosphere. The profiles also
confirm that our 3D lateral viscosity variations in the mantle have a regional average over North America that is
consistent with the reference viscosity in 1D_REF. The viscosity parameters for all models discussed are sum-
marized in Table 1.

3. Results
We present our results for surface motion and mantle flow during and after deglaciation, but the calculation starts
at the end of the last interglacial (∼122 ka) to capture the non‐equilibrium state induced by ice accumulation prior
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to the LGM. We also extend our predictions of surface and mantle motion 10 ky into the future to investigate the
relaxation of horizontal motions with and without heterogeneity structures to get a more complete understanding
of the physical processes.

3.1. Surface Motion for 1D Viscosity

We vary the elastic thickness of the lithosphere between 46, 100 and 146 km, the upper‐mantle viscosity as 0.2
and 1 × 1021 Pa s and the lower‐mantle viscosity as 1 and 10 × 1021 Pa s. Figure 4 shows the time evolution of the
surface vertical velocity and the horizontal divergence,

divH (θi,φi) = (
1
r
sin θ)∂(sin θvθ)∂θ + (

1
r
sin θ)∂(vφ)∂φ,

where vθ and vφ are the velocities in colatitude and longitude, and r,θ,φ the radius, co‐latitude and longitude,
averaged around Hudson Bay

divH ave =
∑i, jdivH (θi,φi) sin θiΔθΔφ

∑i, j sin θiΔθΔφ
(4)

(red frame in Figure 1), together with the total ice volume change and rate of change in North America from 30 ka
to the present‐day. The rate of ice change was calculated from the incremental ice mass at each timestep,
consistent with the loading formulation used in GIA modeling.

Figure 3. Cross sections of lateral viscosity variations based on TX19 and REVEAL tomography along profiles A‐A′ and B‐B′ (a–d), extending from the surface to the
core‐mantle boundary (CMB). The gray dashed line marks the 670 km interface between the upper and lower mantle. Panel (e) shows the depth‐dependent viscosity
profiles for VM5a (black solid line), 1D_REF (black dashed line), and depth‐averaged viscosities from TX19 (red) and REVEAL (blue) averaged over Hudson Bay
(dotted), North America (dashed), and globally (solid). The shaded region denotes the range of viscosity variations in the 3D models.

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033462

KANG AND BECKER 8 of 29

 21699356, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

033462, W
iley O

nline L
ibrary on [28/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 4. Time evolution of ice change, vertical velocity and horizontal divergence from 1D models. (a) Total ice volume
over North America for ICE‐6G_C (blue) and its rate of change (red), computed from the incremental ice volume at each
timestep, consistent with the loading formulation used in GIAmodeling. (b) and (c) Regional mean surface vertical velocities
and horizontal divergence over North America from 1Dmodels with varying lithosphere thickness (46 km, 100 km, 146 km),
upper mantle viscosities (0.2 and 1 × 1021 Pa s) and lower mantle viscosities (1 and 10 × 1021 Pa s). The legend denotes
parameter combinations such as Te /upper mantle viscosity/lower mantle viscosity. Colors represent different viscosity pairs,
and line type indicate lithosphere thickness. The shaded regions indicate the time periods for LGM (∼26 ka), MWP‐1A (∼14
ka), MWP‐1B (∼11 ka), and free decay period (<7 ka).
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We find a negative correlation between vertical velocity and horizontal divergence throughout the glaciation
history. Increases in ice mass drive surface subsidence accompanied by outward horizontal motion, whereas
decreases in ice mass produce uplift and horizontal convergence, consistent with Yuan and Zhong (2025), for
example, In addition, our results reveal that the timing of these mode transitions (e.g., from subsidence to uplift
vertically and from divergence to convergence horizontally) differs between vertical and horizontal components.
Vertical motion shows an in‐phase response to ice mass change: as ice mass begins to decrease, vertical velocity
switches from negative to positive. By contrast, the horizontal motion shows hysteresis and out‐of‐phase
response, and the timing of the transition in horizontal motion is sensitive to upper mantle viscosity. For
example, in the weak upper mantle case (0.2 × 1021 Pas), the transition starts earlier (∼24 ka), whereas in the
strong upper mantle case (1021 Pas), convergence is delayed until ∼20 ka.

The results indicate the viscous mantle deformation has a delayed horizontal response to the ice mass variation,
which is strongly dependent on shallow mantle viscosity. During the postglacial period (e.g., decreasing surface
ice loading), while the verticals continue to uplift with mantle stress relaxation beneath the ice center, the hor-
izontals exhibit potential reversal in the directions. The timing of the reversal and the peak horizontal motion rate
is mainly controlled by upper mantle viscosity. For example, Figure 4 shows a reversal around 8 ka with a larger
peak rate in the cases with 0.2 × 1021 Pas upper mantle viscosity, whereas cases with 1021 Pas show no reversal
until the present day and a small peak rate. Lithospheric thickness and lower mantle viscosity will further
modulate the timing of the reversal and the peak rate. For a given lower mantle viscosity, a thicker lithosphere
leads to an earlier reversal with a smaller peak rate (e.g., dotted vs. solid purple curve). For a fixed elastic
lithosphere thickness, the transition starts earlier for a weaker lower mantle with smaller peak rate (e.g., solid
curve in purple compared with the one in gray). Distinct evolutionary paths arising from different viscosity
combinations can converge to similar horizontal divergence values at present‐day, indicating that those param-
eters play a minor role for interpretation of present‐day geodetic observations. Positive present‐day divergence
can follow an early reversal with decaying amplitude toward the present (e.g., softer upper mantle), or a late
reversal with slightly increasing amplitude toward the present (e.g., stiffer upper mantle with a relatively thick
lithosphere). Models with a slower reversal process predict convergent (negative) divergence at present‐day
(e.g., stiffer upper mantle with a relatively thin lithosphere).

3.2. Surface Motion for 3D Viscosity

We calculated the present‐day surface vertical and horizontal motion for two 1D models with VM5a and
1D_REF, together with three 3D models including variable elastic lithosphere thickness (“3D_Te”) and two
lateral viscosity variation (LVV) structures (“3D_Te_LVVs(TX19)” and “3D_Te_LVVs(REVEAL)”). Figure 5
compares the predicted vertical and horizontal velocities and dilatations among these models. We also examine
the correlation between vertical velocities and horizontal dilatation, where such relationships have been suggested
as a means to disentangle edge‐driven tectonic uplift due to far field forcing versus deep source driven vertical
motions associated with mantle convection (e.g., Faccenna et al., 2014), with complications in the GIA context
(e.g., Lau et al., 2020).

The 1D_REF model predicts outward horizontal motion around the rebound center with a larger amplitude,
indicating stronger extensional deformation around Hudson Bay (Figures 5b and 5g), compared to the VM5a case
(Figures 5a and 5f). Incorporating variable elastic lithosphere thickness leads to convergent horizontal motions in
areas of thinner lithosphere (e.g., the Pacific coastline and the southern U.S.; Figure 5c), and results in a pro-
nounced negative dilatation along the West Coast (Figure 5h), a feature not observed in the 1D cases. Including
lateral viscosity variations in the 3D_Te case further changes the motion patterns, with an overall northern
horizontal motion for both 3D_Te_LVVs(TX19) and 3D_Te_LVVs(REVEAL) (Figures 5d and 5e). Compared
with a homogenous mantle, adding LVVs causes smaller wavelength variations in dilatations, with compressional
deformation around Hudson Bay (Figures 5i and 5j). The strong compressional zone along the West Coast in
3D_Te disappears when LVVs are included, as the weak asthenosphere beneath the oceanic lithosphere promotes
a faster mantle relaxation and hence a smaller residual in lithospheric stress and deformation at the present day
(Figures 5i and 5j vs 5h). The impact of LVVs on surface motion is evident in the correlation map
(Figures 5k–5o). While the 1D viscosity models show an overall positive correlation between uplift and diver-
gence, the cases incorporating LVVs show localized negative correlations around Hudson Bay, indicating that
uplift in the crust is accompanied by compressional horizontal deformation (Figures 5n and 5o).
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Figure 5.
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To investigate the time evolution of surfacemotions we also calculate the regionally averaged vertical velocity and
horizontal divergence around Hudson Bay from 30 ka to 10 ky into the future. The vertical velocity shows similar
evolution for 1D and 3D cases, which are highly correlated with the rate of ice change (Figure 6a). The horizontals
show a range of divergence trajectories, with greatest spread during the fast ice melting and the postglacial free
decay periods.While the mode transition during the LGMoccurs at approximately the same time, the timing of the
postglacial reversal varies substantially among the cases. All three homogenous mantle models (e.g., VM5a,
1D_REF, 3D_Te) predict a postglacial reversal during the mid‐Holocene, with the reversal timing differing by 2–3
ky (Figure 6b). Adding lateral variations in mantle viscosity (e.g., 3D_Te_LVVs(TX19) and 3D_Te_LVVs
(REVEAL)) delays the postglacial reversal, showing negative dilatation through the present followed by a slight
positive dilatation from the present to the future, indicating the transition occurs around the present day.

The spatial evolution of horizontal velocities and dilatation for the 1D and 3D cases from 8 ka to 10 ky in the
future is shown in Figure 7. The two homogeneous 1D models exhibit similar spatial evolution of the dilatation
field but differ in both timescale and amplitude. By 8 ka, after most of the ice melting occurred, Hudson Bay
undergoes compressional deformation, surrounded by a peripheral belt of mild extension, along with convergent
flow toward Hudson Bay. As viscous relaxation proceeds, the zone of extension gradually broadens outward from
Hudson Bay, while the central compression weakens over time and eventually transitions to extension. The
horizontal motion also evolves from convergence to divergence. This extension continues over the entire former
ice‐covered region beyond the present day and diminishes by ∼10 kyr in the future. The VM5a case shows a
delayed transition and smaller horizontal velocities compared with 1D_REF, consistent with the time evolution
curves in Figure 6.

With variable lithosphere thickness (3D_Te), the region within the western North American Cordillera shows
strong compression. Variable Te adds complexities in the elastic flexure strength, with thin (∼10–40 km) lith-
osphere along the western North American and thick (∼50–120 km) over the Canadian craton, which can
contribute to the extended, narrow zone of compression deformation across the West Coast. In the variable Te
model, horizontal motion beyond the south of the Laurentide ice sheet margin is directed toward the former ice
center, consistent with the VM5a model but opposite to the 1D_REF case, which predicts motion directed away
from the ice center. Within the Laurentide Ice Sheet, the horizontal velocity and the deformation pattern for
3D_Te are largely consistent with the 1D_REF case. The region‐dependent similarity in horizontal motion be-
tween 3D_Te, 1D_REF, and VM5a indicates that these models share comparable lithospheric thickness structures
in those regions.

With lateral viscosity variations included in 3D_Te_LVVs(TX19) and 3D_Te_LVVs(REVEAL), the deformation
field shows more pronounced short‐wavelength features, characterized by alternating zones of compression and
extension across the former ice‐covered region. In both cases, Hudson Bay remains in compression up to the
present day, and the deformation gradually transitions to extension beyond the present and persists into the future.
This behavior is consistent with the time evolution curves shown in Figure 6. Compressional deformation along
the West Coast which developed during the postglacial period in the 3D_Te case was not observed when LVVs
included, indicating the tradeoff between the thin lithosphere and the low viscosity zone beneath this region. For
3D_Te_LVVs(TX19), a strong southward motion over the LGM ice cover is observed from 14 to 8 ka, followed
by a reversal to northward motion. The REVEAL case shows continuous northward motion from 14 ka to the
present, with only minor localized directional changes. Around the southwest of Hudson Bay, the TX19 case
predicts positive present‐day divergence while the REVEAL case predicts negative divergence (0 ka, Figure 7),
which may be attributed to the low viscosity anomaly at 400–600 km depth in the REVEAL model (Figure 3d).
Furthermore, the REVEAL case shows the largest present‐day horizontal velocities, accompanied by a narrow
zone of negative divergence near the southern Mexican border along the West Coast (0 ka, Figure 7), coinciding
with the region of lowest viscosity at 400 km depth in REVEAL (Figure 3d). These results demonstrate that small‐
scale viscosity anomalies in the middle to deep upper mantle can influence surface horizontal velocity patterns,
even in the far field.

Figure 5. Present‐day surface motions, dilatation, and correlation maps. Panels (a)–(e) show vertical and horizontal velocity fields for VM5a, 1D reference model
(1D_REF), 3D model with variable lithosphere thickness (3D_Te), and lateral viscosity variations from TX19 (3D_Te_LVVs(TX19)) and REVEAL (3D_Te_LVVs
(REVEAL)). Panels (f)–( j) show horizontal dilatations for each model overlain by horizontal velocity vectors. Panels (k)–(o) show correlation maps between vertical
velocity and horizontal dilatation, computed by sampling fields within a moving spherical cap with 500 km radius. Gray, masked out regions denote areas where either
vertical or horizontal velocity magnitude is <0.4 mm/yr.

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033462

KANG AND BECKER 12 of 29

 21699356, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

033462, W
iley O

nline L
ibrary on [28/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.3. Mantle Return Flow After the Last Deglaciation

Surface loading generally drives mantle flow away from the load region during loading and back toward it during
unloading (e.g., mantle return flow). While our 1D and 3D models are broadly consistent with this picture, our
calculations also indicate additional complexities arising from horizontal variations in the lithosphere and mantle
strength. Figures 8 and 9 show present‐day velocities along cross‐sections beneath North America, with the
profile locations indicated in Figure 2. In the 1D_REF case, the deep upper mantle flows upward and inward
toward the previously ice loading regions while the shallow upper mantle and lithosphere flow upward and
outward (e.g., reversal mantle return flow in the shallow depths), indicating a cell‐like flow pattern in addition to
vertical motion (Figures 8a and 9a). The lithosphere with variable thickness induces slightly faster circulation
flow beneath the thinner lithosphere, while the similar flow patterns remain beneath the craton (Figures 8b and

Figure 6. Time evolution of the regional average surface vertical velocity (a) and horizontal divergence (b) over North America for VM5a, 1D_REF, and 3Dmodels with
variable lithosphere thickness (3D_Te), and lateral viscosity variations from TX19 (3D_Te_LVVs(TX19)) and REVEAL (3D_Te_LVVs(REVEAL)). The shaded
regions are the same as in Figure 3. The region used for the averaging is shown as the red box in Figure 1.

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033462

KANG AND BECKER 13 of 29

 21699356, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

033462, W
iley O

nline L
ibrary on [28/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



9b). Note the thinner oceanic lithosphere along the western margin of the craton promotes inward downwelling at
shallower depths (∼0–100 km depth in Figure 8b), where it converges with the outward upwelling, resulting in the
strong compressional zone across the West Coast illustrated in Figures 5 and 7.

The horizontal viscosity contrast between the stiffer root and the weaker oceanic asthenosphere guide upper
mantle flow horizontally in the low viscosity zones and vertically in the high viscosity zones, producing a “box‐
like” flow pattern (Figures 8c and 8d). The strength of the flow is controlled by LVVs, where the broader and
weaker viscosity zone together with a deeper continental root in TX19 produces a slightly faster horizontal flow
beneath the peripheral bulge along the West Coast and a faster vertical flow beneath the rebound center
(Figure 8c), compared with those from REVEAL (Figure 8d). The low viscosity (∼1017–1018 Pa s) zone within
the southwestern North American Cordillera in TX19 generates strong horizontal flow that redirects the circular

Figure 7. Time evolution of the surface horizontal velocities and dilatations for VM5a, 1D_REF, and 3D models with variable lithosphere thickness (3D_Te), and lateral
viscosity variations from TX19 (3D_Te_LVVs(TX19)) and REVEAL (3D_Te_LVVs(REVEAL)). Each row from the top to bottom are maps at 8 ka, 4 ka, present‐day
and 4 ky and 10 ky in the future.
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pattern seen for 1D_REF and 3D_Te into a mainly northward flow beneath North America (Figure 9c), resulting
in the persistent northward surface motion in Figure 5d. The REVEAL case predicts a weaker northward flow
(Figure 9d), likely due to the zone underneath the Cordillera which is roughly one order of magnitude higher
viscosity than that in TX19, and the compensation between short‐wavelength high and low viscosity structures
(Figures 9c and 9d, also Figures 2 and 3).

The evolution of mantle return flow during deglaciation among 1D and 3D models are shown in Figures 10 and
11. In the homogenous mantle cases (e.g., 1D_REF and 3D_Te), the mantle flows upward and inward toward the
loading center across the western and southern margin of the Laurentide ice sheet during the period of rapid ice
retreat and thinning (∼14 ka; Figures 10a, 10d, and 11a, 11d). As the ice retreats to Hudson Bay around 8 ka, the
peak surface uplift also migrates to that area, with downward flow beneath the LGM ice margin indicating the
peripheral bulge collapse. See, for example, the vertical velocity shifting its peak from 240°W in Figure 10a to
280°W in Figure 10b, and both edges of the curve transition from positive values in Figure 10a to negative in
Figure 10b, indicating a change from uplift at 14 ka to subsidence at 8 ka.

Compared with the 1D_REF model, the thinner oceanic lithosphere in 3D_Te enhances the strength of the
regional inward mantle flow at shallower depths, indicating the localized interplay between lithospheric flexure

Figure 8. Cross sections for present‐day GIA‐induced mantle flow velocities along profile A‐A′ in Figure 2 for the 1D_REF model, and 3D models with variable
lithosphere thickness (3D_Te), and lateral viscosity variations from TX19 (3D_Te_LVVs(TX19)) and REVEAL (3D_Te_LVVs(REVEAL)), extending from the surface
to 670 km depth. The colored background indicates viscosity variations, with dark blue denoting the elastic lithosphere. Surface motions along the profile are also
shown, with vertical velocities in blue (positive upward) and horizontal velocities in red (positive eastward). The blue (red) number on y‐axis denotes the amplitude of
the vertical (horizontal) velocity scale in mm/yr and differs across panels.
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and mantle viscous relaxation (Figures 10e and 11e). During the free decay period after the ice entirely dis-
appeared, the upward and inward flow turns into a circular pattern in which the upward and outward shallow
upper mantle flow drags the lithosphere (Figures 10c, 10f and 11c, 11f). For example, the horizontal velocity
transitions from positive values in Figure 10b to negative in Figure 10c on its left half, indicating a shift from
eastward (toward the ice center) at 8 ka to westward motion (away from the ice center) at the present day. The
strength of reversal mantle return flow diminishes with increasing distance from the ice margin, transforming to
the negligible inward motion in the far field beyond the former ice‐covered region in the 1D_REF case. For
3D_Te, the deglaciation induced inward mantle flow beneath oceanic lithosphere (e.g., 14 ka ‐ 8 ka) decays more
slowly during the postglacial period (∼8 ka to present), leading to a stronger far field inward flow at shallower
depths relative to the 1D_REF model. This enhanced inward flow confines the postglacial reversal in 3D_Te
mainly within and beneath the transition margin between the craton root and the oceanic plate.

LVVs substantially modify the strength and direction of the mantle return flow, and its postglacial reversal timing.
The rapid ice retreat and thinning along the western‐southern Cordilleran and Laurentide ice sheet margin at 14 ka
drives strong horizontal flow within the weak oceanic asthenosphere (e.g., the dashed contours in Figures 10g and
10j), with a slightly downward component, producing subsidence offshore within the Pacific plate. The lateral
viscosity contrast also enhances upwellings in the transition region from the weak asthenosphere offshore to the
continental root beneath western North America, producing significantly surface uplift inland of Pacific coastline

Figure 9. Same as Figure 8, but for cross sections along profiles B‐B′ in Figure 2.
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(Figures 10g and 10j). The peak velocity is ∼2 times higher in the vertical direction and ∼8 times higher in the
horizontal direction than for 1D and 3D_Te, indicating that the mantle return flow is directed more horizontally in
the presence of a weak zone.

Figure 10. Time evolution of GIA‐induced mantle flow velocities along A‐A′ cross section in Figure 2, from the surface to 300 km depth. The color map shows the
amplitude of the deviatoric strain rate. The contours are viscosity in log(η/1021 Pas); with dashed contours indicating the sub oceanic plate weak zone and the solid
contours denote the lithosphere and continental root. Blue and red curves represent the vertical and horizontal surface velocities, respectively. The blue (red) number on
y‐axis denotes the amplitude of the vertical (horizontal) velocity scale in mm/yr and differs across panels. Columns correspond to times at 14 ka, 8 ka and present‐day,
while rows show different models from the top to the bottom: 1D_REF model, 3D model with variable lithosphere thickness (3D_Te), and 3D models with lateral
viscosity variations from TX19 (3D_Te_LVVs(TX19)) and REVEAL (3D_Te_LVVs(REVEAL)).

Journal of Geophysical Research: Solid Earth 10.1029/2025JB033462

KANG AND BECKER 17 of 29

 21699356, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

033462, W
iley O

nline L
ibrary on [28/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The horizontal return flow in the shallow upper mantle continues with a diminished strength during the degla-
ciation (14 ka to 8 ka) and reverses flow direction beneath the transition margin from the craton to the oceanic
plate to the present (Figures 10i and 10l). In addition, the TX19 model predicts a horizontal flow away from the
load center at 14 ka within the low viscosity zone beneath the North American Cordillera (Figure 11g), which
causes southward surface motion within the former ice cover, in contrast to the inward surface motion centered at
Hudson Bay for 1D_REF and 3D_Te. This motion is redirected northward with the Laurentide ice sheet margin
progressively retreating northward to Hudson Bay around 8 ka (Figure 11h). During the subsequent free decay,
the return flow channels more horizontally toward the ice center within the low viscosity mantle, producing the
present‐day northward surface motion over North America for TX19 (Figures 5d and 11i). The horizontal flow
predicted by the REVEALmodel is slightly weaker at present day, with persistent northern flow direction from 14
ka to present, and small‐scale alternating weak and stiff viscosity structures may compensate for one another
(Figures 9d and 11l). Note the reversal mantle return flow beneath the southern margin of the former ice cover,

Figure 11. Same as Figure 10, but for B‐B′ cross sections in Figure 2.
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observed in the 1D_REF model (∼40°–50°N; Figure 11c), is diminished in the 3D_Te model and has not yet
developed in either of the two LVV models (Figures 11i and 11l).

Figures 10 and 11 also show the temporal evolution of the deviatoric strain rate. In 1D_REF and 3D_Te, shear
deformation is concentrated beneath the former ice load, while the weak asthenosphere in the LVV models
produces significantly larger strain rates beneath the oceanic lithosphere. In contrast, the elastic lithosphere shows
negligible deviatoric strain rates in both 1D and 3D models. To further analyze the balance between shear and
rotations due to flexure, which may be of help when analyzing GIA induced seismicity, for example, we also show
the ratio between the amplitude of vorticity and strain rate in the same cross sections (Figures S2, S3 and S5, S6 in

Supporting Information S1). This ratio is also defined as kinematical vorticity numberWK =
̅̅̅̅̅̅̅̅
ωkωk

√

̅̅̅̅̅̅̅̅̅̅
2ϵ̇ik ϵ̇ik

√ , where ωk is

vorticity and ϵ̇ik is strain rate tensor (e.g., Ivins, 1989; Truesdell, 1953). The results show that the regions of
maximum shear correspond to minimum kinematical vorticity number (e.g., Figure 10j and Figures S1j vs. S2j in
Supporting Information S1). Furthermore, rigid‐body rotation is concentrated at the edges of the continental
lithosphere beneath the former ice margin, with an intensified kinematical vorticity number in the present‐day
deformation field for both 3D cases.

4. Discussion
4.1. Surface Motion Sensitivity on the Vertical Variations in Viscosity Profile

Both the TX19 and REVEAL LVV models, together with the VM5a‐type 1D viscosity structure (1D_REF),
predict northward present‐day surface motion over the formerly glaciated Laurentide region. The horizontal
channeling of mantle return flow through the low‐viscosity zone significantly influences the evolution of surface
motion following the last deglaciation. To investigate how the surface motion patterns depend on lateral and
vertical viscosity variations, we conducted a set of tests.

Although our 3D viscosity models are tuned to match its regional average in North America with the reference
model in 1D_REF, the locally depth‐averaged variations can still deviate from the 1D structure. To test the
sensitivity of surface motion to the vertical deviation of 3D viscosity from the 1D model, we build a set of 1D
models that capture different anomaly structures in 3D. Figure 12 shows 1D viscosity structures with a three‐layer
profile (dotted gray curve) and a refined structure with six‐layer profile (dashed red curve) to approximate the
local depth‐averaged 3D viscosity variations in TX19 in the west Hudson Bay (blue curve). While the 3‐layer
viscosity represents the large‐scale variations between upper and lower mantle in 3D, the 6‐layer model cap-
tures refined structure such as the stiff continental root, the weak asthenosphere and high‐viscosity lower mantle
anomaly beneath the Canadian Shield. The present‐day horizontal motion is distinct between the two 1D viscosity
profiles: the 3‐layer model predicts an outward motion around the rebound center, whereas the six‐layer model
predicts inward horizontal motion (Figures 13a and 13b).

To understand the dominant factor responsible for the opposed horizontal motion, we construct hybrid cases,
where the 3‐layer model is modified by replacing one layer at a time with the corresponding layer from the 6‐layer
profile. For example, Figure 13c shows the surface motion for the hybrid case with layer 1 in the 6‐layer model
(Figure 12) superimposed on to the 3‐layer model. Comparing Figures 13c–13h, we find that the inward hori-
zontal motion can only be predicted when layer 2 is superimposed on the 1D model, indicating the increase in
mantle viscosity with ∼ one order of magnitude within 100–400 km depths controls the surface motion pattern,
and the viscosity changes in other layers modulate the strength. We also constructed viscosity model with more
layers in the shallow depths and found the inward pattern persists across those cases. In the refined models (six or
more layers) with a stiffer shallow upper mantle, the horizontal motions remains inward from ∼14 ka to the
present, while the three‐layer model with a weaker shallow upper mantle predicts a transition from inward to
outward around 8 ka, followed by a reduced outward signal at the present day (cf. Figure 5).

Our results indicate that the upper mantle viscosity, particularly in shallow depths beneath the lithosphere, can
significantly change the timescale of the horizontal motion relaxation after deglaciation and induce distinct
patterns of surface horizontal motion at present day. Together with the mantle flow results, this indicates that the
greater sensitivity of the horizontal motion to the shallow structure than the verticals stem from differences in the
relaxation pathways of glaciation induced mantle flow. Our results support the finding of Milne et al. (2004) and
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Wu (2006) that the largest sensitivity lies in the shallow part of the upper
mantle, which significantly impacts the direction of the surface horizontal
motion. Our results also confirm the significant sensitivity in the lower part of
the upper mantle reported by Steffen et al. (2007) and Lau et al. (2018);
viscosity anomalies in this depth range significantly affect the amplitude of
surface motion (Figures 13a vs 13e), but do not alter the horizontal divergence
pattern (i.e., the inward vs. outward flow direction). The 40 km thick sub‐
lithospheric layer with viscosity of 6.3 × 1022 Pas we incorporated beneath
the 60 km elastic lithosphere does not significantly affect the predicted hor-
izontal surface motion (Figures 13a vs 13c), which contrasts with the findings
in Argus and Peltier (2010) for VM5a. This discrepancy reflects the inherent
uncertainties in lithospheric structure in GIA modeling.

4.2. Surface Motion Sensitivity on Lateral Structure

Amodel with homogenous mantle but laterally variable lithosphere thickness
shows divergent motion centered around Hudson Bay (e.g., 3D_Te in
Figure 5a), consistent with the pattern for 1D_REF (Figure 5b) but induces
strong convergent motion beyond the LGM ice margin (e.g., regions with thin
lithosphere thickness around the Pacific coast and the southern part of U.S.).

This substantiates that the sensitivity of GIA‐predicted RSL to lithospheric thickness near and beyond the pe-
ripheral bulge (e.g., Zhong et al., 2003) also applies to horizontal motion.

To isolate the effect of LVVs for surface motion, we conduct an end member of models with lateral viscosity
variations from the surface to the CMB without the high‐viscosity lithosphere layer. This model predicts a
convergent horizontal motion with an amplitude about five times larger (Figure 14b); without the effect of
lithospheric flexure, the mantle continues to flow inward toward the ice center (Figure 15a). This surface motion
remains centered around Hudson Bay even when LVVs are considered. When both variable Te and LVVs are

Figure 12. Viscosity profiles for the depth‐averaged 3D viscosity model for
TX19 (blue) around Hudson Bay, compared with a three‐layer 1D
proximation (dotted gray) and a six‐layer 1D proximation (dashed red).

Figure 13. Present‐day vertical and horizontal velocity fields for different 1D viscosity structures: (a) three‐layer model (dotted gray in Figure 12); (b) six‐layer model
(dotted‐dashed red in Figure 12); (c)–(h) hybrid cases, where the three‐layer model is modified by replacing one layer at a time with the corresponding layer from the six‐
layer profile. For example, (d) shows surface motion for the 1D viscosity structure combining the three‐layer model (dotted gray in Figure 12) with the second layer
(∼100–400 km depth) from the six‐layer profile (dashed red curve in Figure 12).
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included (Figure 14c), the Hudson Bay centered motion observed in the model with only Te variable or LVV
considered are overprinted by a northward motion over former glaciated region.

We also tested the impact of lower mantle viscosity on the surface motion by replacing the reference lower mantle
viscosity in 3D_Te_LVVs(TX19) with a higher viscosity of 10

22 Pa s. With stiffer lower mantle the surface
motion shows a convergent pattern centered around Hudson Bay (Figure 14d). The stiffer lower mantle with a
longer relaxation time slows down the forming of the shallow reversal upper mantle flow, causing the convergent

Figure 14. Present‐day surface vertical and horizontal velocity fields for different 3D viscosity structures, including (a) variable lithosphere thickness Te with viscosity
as 1026 Pa s; (b) lateral viscosity variations (LVVs) but no lithosphere; (c) variable lithosphere thickness Te and LVVs from TX19; (d) same as (c) but for stiffer lower
mantle viscosity with 1022 Pa s in 1D reference; (e) LVVs with variable Te but having a weak sub‐lithosphere structure by assigning a viscosity of 10

22 Pa s below 60 km
within the Te layer; (f) LVVs with variable Te with a global average as ∼97 km thickness; (g) LVVs with variable Te with viscosity as 10

30 Pa s; (h) variable Te and
oceanic weak zone only; (i) variable Te and stiff continental root only. Note the scale in (b) is 10 times larger than these in other panels.
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surface motion at present day. The Hudson Bay centered motion in Figure 14d also suggests the stiff lower mantle
with averaged viscosity of 1022 Pa s can mask the center‐shifted horizontal motion associated with the
lithosphere‐upper mantle interplay in Figure 14c. Wu (2005) and Wang and Wu (2006) reported that lateral
heterogeneity can weaken or completely overprint the divergent mantle flow predicted by laterally homogeneous
models in Laurentia, and indicated this effect arises from contributions of the deep lower mantle. Our results
emphasize that changes in the spatial pattern (e.g., deviation of horizontal motion from the Hudson Bay center)
arise from the interaction between the elastic lithosphere flexure and the heterogeneous viscous drag in the
shallow mantle, while the lower mantle can further modulate the timescale of the coupled relaxation, thereby
altering the snapshot of the surface horizontal pattern at present‐day.

The strength of the lithosphere flexure in GIA model depends, of course, on both the viscosity structure and the
mechanical thickness of the lithosphere. Argus and Peltier (2010) and Peltier et al. (2015) suggest that by
introducing a sub‐lithosphere layer with high viscosity of 1022 Pa s in VM5a, their model greatly improves the fit
of the horizontal observations. Our 1D models in Figures 5a and 5b confirm their conclusion, producing

Figure 15. Cross sections for present‐day GIA‐induced mantle flow velocities along profile A‐A′ in Figure 1 for different 3D viscosity structures, including (a) lateral
viscosity variations (LVVs) but no lithosphere; (b) variable lithosphere thickness Te and LVVs from TX19; (c) variable Te and oceanic weak zone only; and (d) variable
Te and stiff continental root only. Other plot features are the same as in Figure 8.
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diminished outward motion over Canada. This is also evident in the time series shown in Figure 6b, where VM5a
predicts a smaller extensional deformation than both the 1D_REF and 3D_REF models, which share a compa-
rable regional lithospheric thickness of ∼100 km Te over the Hudson Bay. However, timing is important, and the
evolution of the spatial pattern (Figure 7) and the regionally averaged horizontal divergence (Figure 6b) suggest
that the weaker sub‐lithosphere in the VM5a model leads to a slower formation of the reversal mantle return flow,
resulting in a 2–3 ky delay in the horizontal motion reversal relative to the one‐layer lithosphere model in
1D_REF. The delayed phase is further reflected in the similarity between the present‐day horizontal motion in the
VM5a case (Figure 7, first column, 0 ka) and the motion at 4 ka in the one‐layer lithosphere model 1D_REF
(Figure 7, second column, 4 ka).

For 3D_Te_LVVs(TX19), we further examined the effect of a weak sub‐lithosphere by assigning a viscosity of
1022 Pa s below 60 km within the Te layer (Figure 14e). The resulting surface motion pattern and amplitude
closely resemble those of the model without this layer, indicating that lithospheric strength in the 3D configu-
ration is primarily governed by lateral variations in Te, with a lesser dependence on viscosity. This conclusion is
further supported by two cases. First, a model with a larger global average Te of 97 km, which gives the thickest
lithosphere under the ice center as∼ 230 km, predicts noticeable changes in the surface motion pattern, such as the
northwestern motion west of North America (Figure 14f). A thicker lithosphere enhances the return flow un-
derneath the West Coast and induces a return flow started underneath the East Coast. Second, a model with the
same Te but an even higher viscosity of 10

30 Pa s shows the horizontal motion mostly identical to that of the
3D_Te_LVVs (TX19) with 10

26 Pas, indicating that in both cases the lithosphere behaves elastically, consistent
with Maxwell timescales on the order of tens of millions of years and above (Figure 14g).

Lateral viscosity variations in the upper mantle beneath North America are dominated by cratonic roots and sub‐
oceanic asthenosphere on large scales. We isolate the impact of these structures by constructing two cases with
only the weak oceanic mantle included and only the continental root included. The weak asthenosphere enhances
mantle return flow and channels it more horizontally, producing divergent surface motion with larger amplitude
(Figures 14h and 15d). In contrast, the stiff craton prolongs relaxation beneath the ice load, suppresses the strength
of the turning flow, directing the flow more vertically at shallow depths (Figures 14i and 15c; Figure S7 in
Supporting Information S1).

Our results indicate that while the vertical motion around the former ice center is in‐phase with surface loading,
horizontal motions exhibit complex evolutionary paths with an out‐of‐phase relaxation with surface loading and
motion reversal over the former ice cover. Hermans et al. (2018) reported similar reversal of horizontal velocities
based on a homogenous GIA model, and indicate present‐day horizontal velocities point outward for a uniform
mantle viscosity below 1020 Pa s and inward above 1022 Pa s. Our results substantiate their conclusions. However,
lateral heterogeneity in both lithosphere and mantle, decreasing lithosphere thickness from the ice center to the ice
margin (e.g., from Hudson Bay to the West Coast), together with the craton to sub‐oceanic asthenosphere
transition away from the load center, can significantly change the circular pattern of the mantle return flow and
hence induce distinct surface horizontal motions. As discussed by Brandes et al. (2025), for example, forebulge
formation involves elastic and viscous bending deformation of the lithosphere, whereas mantle viscosity affects
forebulge migration and decay. Within this context, our findings highlight how the timing, strength and spatial
pattern of mantle circulation can impact the geometry and temporal evolution of the forebulge.

4.3. The Reversal Timing of the Surface Horizontal Velocity

During ice melting, the viscous drag along the lithosphere‐asthenosphere boundary (LAB) interacts with litho-
spheric flexure, driving the lithosphere to uplift and migrate inward toward the ice center. Following largely
complete deglaciation, the surface load is significantly reduced, and the mantle subsequently relaxes through
viscous deformation. As the viscous drag on the LAB diminishes, elastic flexure of the lithospheric bulge
dominates, driving outward motion in its shallow portion. To see how visco‐elastic relaxation times can represent
this process, we approximate typical relaxation times, τ, using a simple, Cartesian 2D model with an elastic plate
overlying a viscous half space relaxing topography with wave number k = 2π

λ , λ is the load wavelength
(Equation 5; Turcotte & Schubert, 2002):

τ(k) =
2ηk

Dk4 + ρg
(5)
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Here, η is the viscosity, D is the flexural rigidity (D = 2
9μh

3 with Poisson's ratio ν = 0.25, where μ is the shear
modulus, h is the elastic plate thickness), ρ is the density of the viscous fluid, and g is gravitational acceleration.
We use the regional average Te over North America as the elastic plate thickness h, and the volumetric average
from the lithosphere base to 670 km depth over North America as η. Other parameters are listed in Table 2, in
which the shear modulus and density are the volumetric averages from 100 to 670 km in PREM. It should be noted
that Equation 5 assumes a load of constant wavelength, analogous to a step‐function loading history, whereas the
realistic ice load undergoes progressive shrinkage with a decreasing characteristic wavelength over time. As the
ice retreats and λ shrinks from 4,000 km at LGM to mostly load‐free at ∼6 ka, we estimate τ at a characteristic
wavelength of 1,000 km representative of the Hudson Bay load at the late deglaciation period.

Figure 16 presents the relationship between the surface horizontal vector reversal time and the relaxation time for
eight 1D models and eight 3D models considered before. We also tested λ = 4,000 km representative of the
Laurentide Ice Sheet during the early deglaciation (Figure S8 in Supporting Information S1).

Our results show a roughly linear relationship between this estimate of the visco‐elastic relaxation time and the
time of reversal of horizontal motions. Among models with the same lithospheric structure, 3D LVVs models
with larger regional‐averaged viscosity over Hudson Bay have relaxation times of 5–6 ky, with reversal times near
the present day (e.g., 3D_Te_LVVs(TX19) and 3D_Te_LVVs(REVEAL)), while those with smaller regional‐
averaged viscosity have relaxation times of 3–4 ky and earlier reversal times (e.g., 3D_Te and 3D_Te_LVVs
(TX19)WeakZone). The reversal time is also sensitive to lithospheric thickness (e.g., VM5a, 1D_REF, 3D_Te,
and the two groups of 3‐layer 1D models), where a thicker Te corresponds to an earlier reversal time. At the
characteristic wavelength of 1,000 km, the relaxation time reflects contributions from both the elastic plate and
the viscous fluid. The model with the weakest mantle viscosity and thickest Te (e.g., the orange circle, 1D(146/
0.2/1)) has the smallest relaxation time (<1 ky) and the earliest reversal time of∼10 ky BP. The variable Te model
has a smaller flexural rigidity than 1D_REF, resulting in a ∼1 ky longer relaxation time and a 200–300 years
delayed reversal time (e.g., red triangle for 3D_Te vs. green circle for 1D_REF). With LVVs included, the
continental root increases the depth‐averaged viscosity from 0.48 × 1021 Pas in 3D_Te to 0.85 × 1021 Pas in
3D_Te_LVVs, slowing the relaxation to τ = 5–6 ky and delaying the reversal time to roughly the present day, as
discussed above.

At long wavelengths of 4,000 km relevant to Laurentide ice sheet at earlier deglaciation period, the linear
relationship between the relaxation time and the reversal time still holds roughly (Figure S8 in Supporting In-
formation S1). However, at longer wavelengths gravity dominates the restoring force (ρg ≫ Dk4, Equation 2),
and the relaxation time becomes insensitive to Te. Therefore, models with similar mantle viscosity structure but
different Te show nearly identical relaxation times, and the linear relationship in Figure S8 in Supporting In-
formation S1 primarily reflects the control of mantle viscosity on the reversal time.

4.4. Implications for Present‐Day Crustal Deformation

The influence of lateral heterogeneities governing postglacial upper mantle circulation and surface motions can
provide insights into the processes contribution to geodetically constrained surface deformation. We suggest that
GNSS horizontals (Figure 1) show contributions from regional, GIA induced mantle return flow. While the
different LVV models predict comparable, broad scale dilatation at present‐day, they can differ significantly at
the local scale. One example is the region southwest of Hudson Bay, where TX19 predicts extensional dilatation
while REVEAL predicts negative (compressional) dilatation, reflecting the influence of the localized low

Table 2
Summary of Parameters

Parameter Value

Shear modulus μ 9.78 × 1010

Poisson's ratio ν 0.25

Density ρ 3,583

Gravitational acceleration g 9.81

Wavelength λ 1,000 km
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viscosity anomaly at 400–600 km depth inferred from REVEAL which is not derived from the longer wavelength
TX19 model. The persistent northward motion induced by the low viscosity zone beneath the western North
America Cordillera appears not supported by observations. This may imply that we underestimate mantle vis-
cosity for this region in our model, perhaps because the slow seismic velocity anomalies in the asthenosphere are
less indicative of temperature variations, and more greatly impacted by composition or partial melt (e.g., Liu &
King, 2022). Moreover, while the VM5a 1D viscosity profile paired with the ICE‐6G_C ice model are constructed
to fit the key GIA data sets using a 1D symmetrical Earth, either one, or both, may have to be revised for 3D GIA
model construction, causing potential biases in the interpretation of observations.

The large lateral contrast between oceanic and continental lithospheric thickness along the West Coast of North
America generates strong surface compressional deformation at present‐day that is captured by the 3D litho-
spheric thickness model but absent in 1D. The horizontal mantle return flow driven by the weak oceanic upper
mantle suppresses the formation of strong compressional surface deformation in the 3D model. This coupling
between lithospheric flexure and the shallow part of the upper mantle highlights the necessity of incorporating
lateral variations in both layers simultaneously in GIA modeling to accurately capture the physical processes and
interpret surface deformation. This is especially important for the interpretation of GNSS data along the West
Coast of North America where the interplay between these two layers produces distinct surface patterns that
neither 1D models nor 3D models incorporating lateral variations in only one of these layers can adequately
reproduce.

The laterally varying mantle structure beneath the LGM ice cover significantly modifies the evolutionary pathway
of surface dilatation following deglaciation. The strong continental root affects the rate of surface dilatation
change during the relaxation period, delaying the transition from compressional to extensional. As a result, large
residual compressional deformation and elevated horizontal velocities persist around Hudson Bay at present‐day.

Figure 16. Relaxation time τ (Equation 2) versus surface horizontal velocity reversal time for eight 1D models (circles) and eight 3D models (triangles), computed at a
characteristic wavelength of λ= 1,000 km representative of the residual Hudson Bay ice load during late deglaciation. The relaxation time is estimated using the regional
average elastic lithosphere thickness Te and the depth‐averaged mantle viscosity from the base of the lithosphere to 670 km depth over North America, together with
other parameters in Table 2. The dashed line indicates the present day. The model with only the continental root, having a depth‐averaged viscosity of 2.12 × 1021 Pas,
has a relaxation time of ∼15 ky, which falls outside the x‐axis range and is therefore not shown.
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This suggests that lateral viscosity variations beneath former ice sheets may have the capacity to sustain a
relatively thicker ice sheet with a faster and/or sooner melting during deglaciation, with implications for re-
constructions of ice sheet history.

The thin oceanic lithosphere overlying the weak asthenosphere near the western margin of the Cordilleran Ice
Sheet produces strong shear flow in the shallow upper mantle during the rapid ice melting at ∼14 ka. This flow
induces significant bedrock uplift near the ice sheet margin, and pronounced bedrock subsidence beyond
(e.g., Figures 10g and 10j), which may influence ice sheet dynamics (Gomez et al., 2018; Huang et al., 2019; Van
Calcar et al., 2023). Furthermore, the large uplift and horizontal inward motion near the ice margin, indicative of
tilting, modifies the bedrock slope which may further impact ice dynamics. This effect may be significant for
marine‐based ice sheet evolution elsewhere, for example, for the West Antarctic Ice Sheet, which shares a similar
setting.

In order to better constrain the details of these complex relaxation processes for a 3D lithosphere‐asthenosphere
system, the formation of crystallographic preferred orientation fabrics in olivine in the asthenosphere as imaged
by seismic anisotropy may provide another constraint for postglacial mantle return flow. This indicates a potential
avenue for joint geodetic and seismological study of the shear flow associated with GIA. The delayed mantle
return flow and the potentially lagged timing of the horizontal velocity reversal identified in 3D LVVmodels may
also have important implications for GIA‐induced seismicity (cf. Hightower & Gurnis, 2025), as the sustained
deviatoric stresses associated with ongoing postglacial adjustment could continue to modulate intraplate fault
reactivation well beyond the period of active deglaciation.

5. Conclusion
We investigate how lateral heterogeneities in the lithosphere and mantle can influence postglacial mantle return
flow and associated surface deformation. While vertical crustal motions are in phase with ice loading, horizontal
divergence can be out of phase with both the ice loading and verticals. At the onset of the last deglaciation, the
vertical velocity near the former ice center transitions from subsidence to sustained uplift. In contrast, horizontal
motions show a delayed transition from positive to negative horizontal divergence following the onset of ice
retreat at the LGM (∼26 ka) and subsequently reverse again from negative to positive as deglaciation proceeds.
The reversal time scales with a visco‐elastic relaxation time, which depends on both the lithospheric flexural
rigidity and the mantle viscosity.

The formation and evolution of the associated circulation pattern provides new insights into peripheral GIA bulge
dynamics. A thin oceanic lithosphere promotes stronger far‐field return flow and confines mantle circulation to
the transition region between craton and adjacent oceanic plates underneath North America, for example, The
weak oceanic asthenosphere off to the west enables shear while the continental root underneath the central U.S.
promotes vertical upwelling at its edges, together producing a circulation pattern which may be detected by joint
seismic anisotropy and geodetic studies. A stiff continental root also significantly delays the formation of this
circulation underneath Laurentia, with the reversal of surface horizontal motion occurring quite recently.

These complex dynamics highlight the necessity of incorporating lateral variations in lithosphere structure and
upper mantle viscosity simultaneously in GIA modeling to accurately capture the underlying physical processes
and reproduce geodetically observed surface deformation patterns. Our results also imply that small‐scale vis-
cosity anomalies in the middle to deep upper mantle can significantly influence far‐field surface horizontal ve-
locity pattern. Such peripheral bulge dynamics and the tilting of the continental lithosphere warrant further
investigation through coupled ice sheet‐GIA modeling and GIA‐induced seismicity.
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including vertical and horizontal land motion rates from 122 ka to present‐day and predictions 10 ky into the
future, are available through Zenodo (https://doi.org/10.5281/zenodo.17681998). Figures were made with Mat-
plotlib version 3.2.1 (Caswell et al., 2020) and Cartopy 0.24.1 (Cartopy Contributors, 2024), available under the
Matplotlib license at http://matplotlib.org/ and https://github.com/SciTools/cartopy.
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