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Key points 23 

 Considering 3D-viscosity in models of GIA reconciles a persistent discrepancy in mantle24 
viscosity inferred from GIA and mantle convection25 

 Models of GIA with 3D-viscosity can accommodate an upper/lower mantle viscosity26 
contrast consistent with mantle convection models (Δη~30)27 

 A GIA model with 3D-viscosity and Δη~30 significantly improves the fit to a range of28 
observational constraints compared to previous models29 
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Abstract 30 

A widely accepted global model of glacial isostatic adjustment (GIA) is based on ICE-6G ice 31 

loading and 1D-viscosity model VM5a, a viscosity profile which remains at odds with mantle 32 

convection constraints such as from geoid modeling. We explore 3D-viscosity variations in 33 

models of GIA and show that a model with lateral viscosity variations (LVVs) scaled from 34 

seismic tomography and lower mantle viscosity compatible with mantle convection constraints 35 

(~30 times upper mantle viscosity) significantly reduces the misfit to relative sea level (~40%), 36 

𝐽ଶ̇ (60%), and polar motion (75%) while incurring only a small misfit penalty (~5%) for GNSS-37 

uplift compared to VM5a, which has lower mantle viscosity ~6 times upper mantle viscosity. 38 

Regional results exhibit additional tradeoffs but indicate that comparable solutions might be 39 

found with additional model refinement. The origin of a longstanding disagreement on lower 40 

mantle viscosity may thus be resolved by accounting for LVVs in models of GIA.  41 

 42 

Plain Language Summary 43 

Glacial isostatic adjustment (GIA) is the solid Earth response to the melting of ice sheets since 44 

the end of the last ice age, and models of this process are primarily constrained by observations 45 

of relative sea level (RSL) and uplift rates from satellite geodesy (GNSS). To fit these 46 

observations, GIA studies often assume that the viscosity of the mantle varies with depth only 47 

and find that the lower mantle is less than ten times stronger than the upper mantle. This modest 48 

increase is inconsistent with mantle convection constraints which imply that the lower mantle 49 

must be stronger (30-100 times more viscous than the upper mantle) to fit observations including 50 

the geoid and slab sinking rates. We show that this disagreement can be reconciled if models of 51 

GIA are formulated with 3D-viscosity where lateral variations are scaled from seismic 52 

tomography. Our preferred new model has a strong lower mantle (30 times upper mantle 53 

viscosity), significant lateral viscosity variations, and improves the fit to RSL records (40%), 54 

changes in the Earth’s oblateness (60%), polar motion rates (75%), and incurs only a small 55 

penalty in the misfit to measured crustal uplift rates from GNSS (5%).  56 
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Introduction 57 

Glacial isostatic adjustment (GIA) is an important global process that interacts with ice sheet 58 

dynamics (Weertman, 1964; Gomez et al., 2024; Houriez et al., 2025), glacial cycles (Han et al., 59 

2021; Berends et al., 2021), lithospheric plate motions (Yuan & Zhong, 2025), and provides 60 

important constraints on absolute mantle viscosity (Haskell, 1935; Cathles, 1975; Mitrovica, 61 

1996). A commonly accepted model of GIA is based on the ice loading history ICE-6G and the 62 

1D-radial mantle viscosity profile VM5a (Argus et al., 2014; Peltier et al., 2015). The ICE-63 

6G/VM5a GIA model is widely used to correct data including satellite altimeter measurements of 64 

sea surface height (Beckley et al., 2017), uplift from GNSS (Lau et al., 2020), time-variable 65 

gravity from GRACE and GRACE-FO (Landerer et al., 2020), and changes in Earth oblateness 66 

from satellite laser ranging (Nerem & Wahr, 2011). GIA models thus have a significant impact on 67 

studies of hydrology, ice mass loss, sea level, and global change.  68 

The viscosity of the lower mantle matters for such models. Early GIA calculations were 69 

interpreted to preclude a highly viscous lower mantle based on crustal uplift rates which require 70 

lower mantle viscosity ~1021-1022 Pa s, equivalent to a viscosity contrast Δη < 10 times that of 71 

the upper mantle (Cathles, 1975; Peltier & Andrews, 1976). However, the observed static geoid 72 

can be reproduced by mantle convection models with density inferred from seismic tomography 73 

only if Δη=30-100 (Hager, 1984; Hager & Richards, 1989), an inference confirmed by 74 

subsequent inversions (e.g., King, 1995; Panasyuk & Hager, 2000). Models of mantle 75 

convection likewise indicate a preference for slab slowdown and accumulated slab material 76 

below reconstructed convergent margins consistent with a similar increase in lower mantle 77 

viscosity (e.g., Ricard et al., 1993; Lithgow-Bertelloni & Richards, 1998; Steinberger et al., 78 

2010). Such strong lower mantle viscosity also reproduces a range of other dynamical constraints 79 

including supercontinent-cycles, and true polar wander (e.g., Bunge et al., 1996; Steinberger & 80 

O’Connell, 2002; Rolf et al., 2018; Li & Zhong, 2009; Mao & Zhong, 2021).  81 

That Δη inferred from GIA is significantly lower than Δη inferred from mantle convection has 82 

long been recognized (e.g., Yuen et al., 1986; Han et al., 2024). Yet, modern GIA-models 83 

continue to favor Δη <10 (e.g., Peltier, 2004; Peltier et al., 2015) with some important 84 

exceptions (e.g., Δη~100, Mitrovica & Forte, 2004; Δη~10-100, Lau et al., 2016; Δη~25, 85 

Lambeck et al., 2017; Δη~40, Caron et al., 2018) and while North American uplift rates have 86 
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been interpreted to require a weak lower mantle (Argus et al., 2021), such constraints are 87 

dependent on ice loading history and the assumption of radial viscosity structure. Indeed, all of 88 

the above models rely on spherical symmetry and neglect the effects of lateral variations in 89 

mantle viscosity. 90 

Approximating the Earth’s viscosity structure as a 1D-profile was necessary to make the GIA 91 

problem tractable (e.g., Peltier, 1974; Cathles, 1975). However, mantle viscosity is expected to 92 

vary in 3D from laboratory-derived olivine creep laws (e.g. Hirth & Kohlstedt, 2003), tectonic 93 

plate motions (van Summeren et al., 2012; Becker, 2006; Zhong, 2001), thermal boundary layer 94 

instabilities (van Hunen et al., 2005), and lithospheric thickness variations (Burov & Diament, 95 

1995; Bellas & Zhong, 2021). The importance of lateral viscosity variations (LVVs) to GIA has 96 

long been recognized (e.g. Kaufmann & Wu, 1998; Paulson et al., 2005; Latychev et al., 2005; A 97 

et al., 2013; Sasgen et al., 2017) and recent studies explored a range of observational constraints 98 

and viscosity fields (e.g. Li et al., 2018, 2020; Bagge et al., 2021). For example, relative sea level 99 

(RSL) records in Fennoscandia are best fit by Δη~10, while those in North America are best fit 100 

by Δη~30 (Kang et al., 2025; Parang et al., 2024; Kuchar et al., 2019). Meanwhile, geodetically 101 

inferred uplift rates in North America are best-fit by Δη~10 in 1D-viscosity models of GIA with 102 

ICE-6G (Argus et al., 2021). Furthermore, different GIA observables are associated with 103 

different sensitivity to both viscosity and ice loading history (Lau et al., 2018). Deformation 104 

induced by the shorter lengthscale Fennoscandian loading is sensitive to shallower mantle 105 

viscosity than North American loading (Mitrovica, 1996). The rate of change in Earth oblateness, 106 

𝐽ଶ̇, constrains viscosity at the largest depths but may still be regionally biased (Kim et al., 2022). 107 

Thus, differences in viscosity inferred from different methods may stem from an incomplete 108 

sampling of the mantle by GIA observations. 109 

We aim to reconcile the persistent discrepancies in bulk mantle viscosity by exploring the effects 110 

of 3D viscosity variations in models of GIA, using a range of constraints including RSL records, 111 

GNSS-observed crustal uplift, 𝐽ଶ̇, and polar motion rates. We show that accounting for 3D-112 

viscosity allows GIA models to accommodate a strong lower mantle (Δη~30), reconciles the 113 

discrepancy between lower mantle viscosity inferred from GIA (Δη~10) and mantle convection 114 

(Δη~30), as well as that between North American GNSS uplift (Δη~10) and RSL (Δη~30), and 115 
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improves the fit to global RSL records, 𝐽ଶ̇, and polar motion in exchange for a small penalty to 116 

the GNSS-uplift misfit compared to VM5a. 117 

Observations 118 

We consider four types of observations: RSL records, GNSS-uplift rates, 𝐽ଶ̇, and polar motion 119 

rates. For RSL, the records span North America, Fennoscandia, and the far-field (i.e., far from 120 

the ice sheets of the last glacial maximum) at 192 sites, where a timeseries of RSL at each site is 121 

derived from observations spanning thousands of years (Peltier et al., 2015; Lambeck et al., 122 

2017; Vacchi et al., 2018; Engelhart & Horton, 2012; Engelhart et al., 2015) (Figure S1). 123 

For GNSS-based vertical land motion rates, we use the analyses of (i) Hammond et al. (2016) 124 

where uplift rates are interpolated onto a grid that spans all land, (ii) Schumacher et al. (2018) 125 

where non-GIA sources of vertical motion are removed, and (iii) Argus et al. (2021) which 126 

includes 146 campaign sites across North America.  127 

We use 𝐽ଶ̇ as estimated from satellite laser ranging data (Loomis et al., 2025) and simultaneously 128 

fit annual, semi-annual, and linear terms to estimate a total mean 𝐽ଶ̇(1976 ≤ t ≤ 1991) = 3.1 ± 129 

0.2 × 1011 year1. However, for the GIA-driven component, we estimate an adjusted 𝐽ଶ̇ = 4.5 ± 130 

0.5 × 1011 year1 by calculating the glacier mass loss contribution 𝐽ଶ̇ = 1.4 × 1011 year1 131 

between 1980 and 1992 (Rounce et al., 2023) with composite error based on climate variability 132 

and tides (0.3 × 1011 year1; Cheng et al., 2013), glaciers (0.4 × 1011 year1; Lau et al., 2016), 133 

and formal error (0.2 × 1011 year1; Loomis et al., 2025).  134 

Long term polar motion rates are based on the IERS C01 EOP timeseries from 1900-2000 135 

(Vondrak et al., 2010), where xp = 0.55 milliarcseconds/year and yp = 2.61 milliarcseconds/year . 136 

Methods 137 

We employ the finite element model CitcomSVE-3.0 (Zhong et al., 2022; Yuan et al., 2025) to 138 

compute the viscoelastic response of a self-gravitating, compressible, Maxwellian, 3D-spherical 139 

continuum including the effects of sea level change, polar- and center-of-mass-motion (for 140 

details, see the SI) to ICE-6G (122 ka to present). 141 

Viscosity 142 
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We construct 3D-viscosity fields by scaling the seismic tomographic model S40RTS (Ritsema et 143 

al., 2011) to dimensionless temperature following  144 

𝑇’(𝒓) =  1 −  𝑑𝑇’(𝒓) (1) 145 

d𝑇’(𝒓) =
0.035ρ୔ୖ୉୑(𝑟)

ρ଴
d𝑣ௌ(𝒓) (2) 146 

where T’(r) is dimensionless temperature (T(r)’ = (T(r)T0)/(T1T0), T0 = 273 K, T1 = 1573 K), 147 

dT’(r) is the dimensionless temperature perturbation, r is position in 3D-spherical geometry, 148 

0.035 is a scaling factor (e.g., Panasyuk & Hager, 2000; Becker, 2006), 𝜌PREM(r) is the density 149 

profile based on PREM (Dziewonski & Anderson, 1981), 𝜌0 = 3300 kg/m3 is the reference mantle 150 

density, and dvS(r) is the seismic velocity perturbation. Viscosity, 𝜂(r), is estimated following  151 

η(𝒓) = η଴(𝑟) exp ቆ
𝐸ᇱ

𝑇’(𝒓) + 𝑇଴’
 −  

𝐸ᇱ

1 + 𝑇଴’
ቇ , (3) 152 

where η0(r) is the reference viscosity profile, E’ = E/R(T1T0) is the nondimensional activation 153 

energy which controls the amplitude of lateral variations in viscosity, R is the universal gas 154 

constant, and T0’ = T0/(T1T0) is the nondimensional surface temperature. We ignore effects from 155 

compositional or volatile differences and use Newtonian viscosity for simplicity. 156 

We explore the effects of 1D-radial viscosity (E = 0) compared to moderately (E = 120 kJ/mol) 157 

and strongly temperature-dependent viscosity (E = 360 kJ/mol), where the latter values appear 158 

appropriate for diffusion and dislocation creep rheology in olivine (e.g. Hirth & Kohlstedt, 2003; 159 

van Hunen et al., 2005; Becker, 2006). The reference viscosity profile VM5a has a weak lower 160 

mantle (Δη=6.4) compared to EM1 (Δη=31.5), where EM1 is consistent with mantle convection 161 

studies and produces a good fit to North American RSL (Kang et al., 2025). We explore six 162 

cases, setting η0(r) equal to VM5a or EM1 and E equal to zero (WeakLM_NoLVVs and 163 

StrongLM_NoLVVs, respectively), 120 kJ/mol (WeakLM_ModerateLVVs and 164 

StrongLM_ModerateLVVs), or 360 kJ/mol (WeakLM_StrongLVVs and StrongLM_StrongLVVs) 165 

(Figure 1). Note the Haskell constraint degenerates from radial to volumetric for 3D viscosity. 166 
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Figure 1. The reference viscosity profiles (a-b), and an equatorial slice of the 3D-viscosity fields 168 

based thereupon for increasing activation energy, E, which controls the amplitude of LVVs 169 

scaled from seismic tomography: E = 0 kJ/mol (c-d), E = 120 kJ/mol (e-f), and E = 360 kJ/mol 170 

(g-h). 171 

Misfits 172 

We compute the root of the mean squared error (RMSE) to the RSL record at each site, i, as 173 

𝑅𝑀𝑆𝐸௜
(ோௌ௅)

= ඩ
1

𝑁௧
(௜)

෍ ൭
𝑅𝑆𝐿௜

(௢௕௦)
൫𝑡௝൯ − 𝑅𝑆𝐿௜

(௣௥௘ௗ)
൫𝑡௝൯

𝜎௜
(௢௕௦)

൫𝑡௝൯
 ൱

ଶ
ே೟

(೔)

௝ୀଵ
 (4) 174 

and the misfit to the set of RSL records 175 

 176 

𝑅𝑀𝑆𝐸(ோௌ௅) =
1

𝑁௦௜௧௘௦
෍ 𝑅𝑀𝑆𝐸௜

(ோௌ௅)
ேೞ೔೟೐ೞ

௜ୀଵ
 (5) 177 

where Nt
(i) is the number of data points in the RSL timeseries at each site i, RSLi

(obs)(tj) is the 178 

observed RSL at site i and time j, RSLi
(pred)(tj) is the predicted RSL at site i and time j, and 179 

i
(obs)(tj) is the error in RSLi

(obs)(tj).  180 

We compute the misfit to GNSS-uplift rates as RMSE based on a regular grid to avoid 181 

overweighting densely sampled regions. Observations are interpolated onto a grid where any grid 182 

point with distance > 100 km from a GNSS-site is masked (i.e., assigned NaN). Then,  183 

𝑅𝑀𝑆𝐸(௏௅ெ) = ඨ
1

𝐴
න ൬𝑣௭

(௢௕௦)
(𝜃, 𝜙) − 𝑣௭

(௣௥௘ௗ)
(𝜃, 𝜙)൰

ଶ

𝑑𝐴  (6) 184 

where A is the total area of the unmasked grid region, 𝜃 is latitude, and 𝜙 is longitude, and dA is 185 

the area increment. 186 

Results 187 

Global Misfits 188 
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The misfit to RSL records is reduced by ~40% when the reference viscosity is changed from 189 

VM5a (weak lower mantle) to EM1 (strong lower mantle), regardless of the strength of LVVs 190 

(Figure 2; Table S1). If LVVs are zero or moderate, the GNSS-misfit is increased by 10-20% for 191 

a strong vs. weak lower mantle (Figure 2; Table S2; Table S3). However, if LVVs are strong, 192 

changing the reference viscosity from VM5a to EM1 has no effect on the misfit to GNSS-uplift 193 

(compare WeakLM_StrongLVVs to StrongLM_StrongLVVs). Therefore, increasing lower mantle 194 

viscosity and implementing strong LVVs (StrongLM_StrongLVVs) reduces the RMSE(RSL) by 195 

~40%, while the misfit to GNSS-uplift is unchanged compared to WeakLM_StrongLVVs, or 196 

slightly increased (~5%) compared to WeakLM_NoLVVs (i.e., VM5a). The reduction in the misfit 197 

to RSL records is ~50% if we do not normalize by error in eq. (4) (Table S1). 198 

In press at Geophys. Res. Lett., April 2026



 10 

 199 

In press at Geophys. Res. Lett., April 2026



 11 

Figure 2. Misfits to RSL records (a-d), GNSS-uplift (e-h), 𝐽ଶ̇ (i), and polar motion rates (j). Our 200 

new preferred 3D-viscosity model of GIA is StrongLM_StrongLVVs (red dot). 201 

This is significant because GIA models that neglect LVVs predict uplift rates that are much 202 

larger than observed when a strong lower mantle is implemented, especially in North America 203 

(e.g., 2 times larger; Argus et al., 2021) and have long been interpreted to preclude a strong lower 204 

mantle (e.g., Cathles, 1975). However, we show here that StrongLM_StrongLVVs reproduces 205 

global GNSS-uplift nearly equally well with just a 5% penalty compared to models with a weak 206 

lower mantle. In the regional results presented below, we show that lateral variations in viscosity 207 

have a strong influence on the predicted uplift rates, especially in North America.  208 

North America  209 

In North America, the relationship between η0(r) and the misfit to RSL records is the same as the 210 

global average: the misfit to RSL records is reduced by ~40% for η0(r) = EM1 (strong lower 211 

mantle) compared to VM5a (weak lower mantle), regardless of the strength of LVVs (Figure 2; 212 

Figure S2-S6; Table S4). The relationship between the GNSS misfit and lower mantle viscosity 213 

is similar to the global average, in that strong LVVs make the GNSS misfit insensitive to lower 214 

mantle viscosity, but penalties associated with accounting for LVVs arise. Considering cases 215 

with a weak lower mantle only (η0(r) = VM5a), accounting for LVVs in North America results in 216 

a 10-30% increase in the GNSS misfit, compared to 5% in the global average. This may be a 217 

consequence of the coupled solution for ICE-6G with VM5a. If LVVs are strong and η0(r)=EM1 218 

(the preferred case globally, StrongLM_StrongLVVs), then the GNSS misfit is (i) equal to that of 219 

WeakLM_StrongLVVs, (ii) increases by 20% compared to WeakLM_ModerateLVVs, and (iii) 220 

increases by 35% compared to WeakLM_NoLVVs. Maps of the North American uplift pattern 221 

from GNSS and predictions from WeakLM_NoLVVs, WeakLM_StrongLVVs, 222 

StrongLM_StrongLVVs are presented in Figure 3.  223 
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Figure 3. North American uplift rates from (a-c) three GNSS datasets, (d-f) models 225 

WeakLM_NoLVVs, WeakLM_StrongLVVs, StrongLM_StrongLVVs, and (g-o) the 226 

corresponding misfits computed on a point-by-point basis.  227 

Compared to the global average, the penalty to the GNSS misfit for increasing lower mantle 228 

viscosity is greater in North America. Nonetheless, the penalty for a strong lower mantle is 229 

significantly reduced by accounting for LVVs (StrongLM_StrongLVVs vs. WeakLM_StrongLVVs; 230 

Figure 3) compared to 1D-viscosity (StrongLM_NoLVVs vs. WeakLM_NoLVVs; Figure 2f). 231 

Furthermore, it is not clear that the 35% increase in GNSS misfit of StrongLM_StrongLVVs 232 

compared to WeakLM_NoLVVs is the most representative comparison, since that latter neglects 233 

LVVs. Rather, comparing StrongLM_StrongLVVs with WeakLM_ModerateLVVs and 234 

WeakLM_StrongLVVs yields a 0-20% increase in the misfit. In combination with the 40% 235 

reduction in the RSL misfit, this leads us to conclude that StrongLM_StrongLVVs is the preferred 236 

model on a regional basis in North America despite larger tradeoff with GNSS-uplift than the 237 

global average.  238 

The misfit to North American uplift is highly sensitive to lower mantle viscosity when the 239 

lithosphere is thinner (e.g., WeakLM_NoLVVs, WeakLM_ModerateLVVs, StrongLM_NoLVVs, 240 

and StrongLM_ModerateLVVs) but becomes insensitive to lower mantle viscosity when the 241 

lithosphere is thicker (e.g., WeakLM_StrongLVVs and StrongLM_StrongLVVs). To understand 242 

this result, we present horizontal averages and vertical transects of 3D-viscosity which show that 243 

for WeakLM_StrongLVVs and StrongLM_StrongLVVs, the average viscosity is ~equal to the 244 

reference viscosity profiles (cf. WeakLM_NoLVVs and StrongLM_NoLVVs) at depths larger than 245 

~200 km, but converge at shallow depths < 200 km to a much stronger viscosity profile (Figure 246 

4). This indicates that lithospheric thickness has a significant impact on uplift and reduces 247 

sensitivity of the misfit to lower mantle viscosity (Figure 4, Figure S7; cf. Lau et al. 2018). 248 

However, differences in lower mantle viscosity produce differences in the pattern of uplift 249 

(Figure 3) and mantle strain rate (Figure 4) even when the lithosphere is thick. For example, 250 

WeakLM_StrongLVVs exhibits a single maximum center of uplift around the Hudson Bay (Figure 251 

3e), while StrongLM_StrongLVVs exhibits two maximum uplift centers in Quebec and 252 

Northwestern Canada (Figure 3f). The maximum uplift center in Northwestern Canada produces 253 
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most of the misfit in StrongLM_StrongLVVs (Figure 3o) and is sparsely sampled by GNSS 254 

observations (Figure 3a), highlighting the need for additional permanent stations in this region. 255 

 256 

Figure 4. (a) Laterally averaged viscosity in the region outlined in blue in (b), as well as three 257 

cross-sections of mantle viscosity (c-h) and strain rate (i-n) shown by red curves in (b). 258 

WeakLM_StrongLVVs and StrongLM_StrongLVVs reproduce North American GNSS-uplift 259 

equally well despite different lower mantle viscosities.  260 

Our results imply that the disagreement on lower mantle viscosity from mantle convection and 261 

GIA may be resolved by considering 3D-viscosity in models of GIA. Predictions from GIA 262 

models that neglect LVVs suggest the lower mantle cannot be strong because North American 263 
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uplift rates preclude it (Argus et al., 2021). However, our results show that accounting for 3D-264 

viscosity (in particular, lithospheric thickness variations) makes a strong lower mantle viable in 265 

terms of reproducing the observed uplift rates in North America, while contributing a greater 266 

reduction to the RSL misfit.  267 

Previous efforts to reconcile mantle viscosity from studies of mantle convection and GIA 268 

performed joint inversions for 1D-viscosity (Mitrovica & Forte, 2004) and we find this profile 269 

produces a smaller reduction in the misfit to RSL records (~15%) and a greater increase in the 270 

misfit to GNSS-uplift (~45%) compared to our preferred 3D model StrongLM_StrongLVVs. The 271 

1D-viscosity profile from Lau et al. (2016) reproduces RSL records and GNSS-uplift similarly to 272 

WeakLM_NoLVVs, and that from Caron et al. (2018) performs similarly to StrongLM_NoLVVs. 273 

Within the confines of ice loading from ICE-6G, this substantiates the importance of 3D-274 

viscosity, particularly lithospheric thickness variations, in reconciling viscosity inferred from 275 

GIA and mantle convection studies. Misfits are similar to StrongLM_NoLVVs if the viscosity 276 

contrast is increased to Δη=50, with some degradation if Δη=100 particularly in 𝐽ଶ̇ and polar 277 

motion, although the latter improves mantle convection model fits to the long-wavelength geoid 278 

(Mao & Zhong, 2021; Figure S8). 279 

Fennoscandia  280 

In Fennoscandia, the RSL misfit based on 12 sites is not particularly sensitive to changes in 281 

lower mantle viscosity, which is not unexpected given the short lengthscale of this region. The 282 

RSL misfit decreases by 10-20% for a strong lower mantle (η0(r) = EM1) compared to a weak 283 

lower mantle (η0(r) = VM5a) when LVVs are moderate or strong (Figure 2). While the minimum 284 

RSL misfit is produced by WeakLM_NoLVVs (e.g., ~25% smaller than StrongLM_StrongLVVs), 285 

the misfit values in Fennoscandia are substantially smaller than global and North American 286 

results, indicating that the RSL records are quite well-fit by all viscosity structures considered 287 

herein (Figure 2; Figure S9). The GNSS misfit is minimized by StrongLM_StrongLVVs which 288 

produces a 30% reduction compared to WeakLM_NoLVVs, and a ~25% decrease compared to 289 

WeakLM_StrongLVVs, suggesting increased Te increases sensitivity to lower mantle viscosity 290 

(Figure S7; cf. Lau et al., 2018).  291 

Far-field 292 
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In the far-field, the RSL misfit based on 36 sites decreases by ~20% for a strong vs. weak lower 293 

mantle, with StrongLM_StrongLVVs producing the best-fit (Figure S10). The GNSS residuals do 294 

not change appreciably across the cases considered, where the misfit of StrongLM_StrongLVVs is 295 

approximately equal (<10% difference) to that of WeakLM_NoLVVs (Figure 2).  296 

Oblateness 297 

In general, cases with a weak lower mantle (η0(r) = VM5a) produce 𝐽ଶ̇ ≅ 3 × 1011 and those 298 

with a strong lower mantle (η0(r) = EM1) produce 𝐽ଶ̇ ≅ 5 × 1011 year1 (Figure 2). Compared 299 

to the target 𝐽ଶ̇ = 4.5 ± 0.2× 1011 year1, the latter group performs better and only 300 

StrongLM_StrongLVVs is within error of the observed estimate. 301 

Polar Motion 302 

Polar motion rates are best reproduced by models with a strong lower mantle. The best-fit case is 303 

StrongLM_ModerateLVVs while StrongLM_StrongLVVs is second-best with 75% reduction in 304 

the misfit compared to WeakLM_NoLVVs (Figure 2).  305 

Discussion 306 

The ice loading model ICE-6G combined with 1D-viscosity profile VM5a is a widely accepted 307 

global model of GIA because it fits a wealth of data, including global RSL records, GNSS-uplift, 308 

𝐽ଶ̇, and geologic constraints on the lateral extent of ice sheets through time. However, there is an 309 

equally compelling collection of observations that cannot be reconciled with the lower mantle 310 

viscosity of VM5a, including the static geoid and tectonic plate motions, which indicate a more 311 

significant increase in viscosity toward the lower mantle.  312 

Our results show that accounting for 3D-viscosity in models of GIA can simultaneously (i) 313 

improve the fit to global RSL records in exchange for a small penalty on the GNSS-uplift 314 

residuals, and (ii) reconcile the longstanding conflict with mantle convection constraints on 315 

lower mantle viscosity. In particular, the GNSS-uplift rates in North America cannot be 316 

reproduced in 1D-models of GIA with a strong lower mantle and ICE-6G, regardless of 317 

lithospheric thickness (Figure S11). However, we show that GNSS-uplift rates are fit equally 318 

well by a strong vs. weak lower mantle when LVVs are strong. 319 
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Recent GIA studies already showed that the regional fit to RSL records in North America is 320 

improved when lower mantle viscosity is strong (e.g.,  ~ 30) based on 1D- (Kang et al., 2025) 321 

and 3D-viscosity in GIA models (Kuchar et al., 2019) but GNSS-uplift was not considered. It 322 

has also been shown with 1D-viscosity models of GIA that RSL records along the Northeast 323 

coast of North America prefer a strong lower mantle while those around Hudson Bay prefer a 324 

weak lower mantle (Parang et al., 2024). While Bagge et al. (2021) considered reference 325 

viscosities consistent with geoid modeling only, Li et al. (2018, 2020) considered reference 326 

viscosity equal to VM5a only.  327 

Our contribution here is thus to (i) compute the GIA response with LVVs based on seismic 328 

tomography, (ii) consider the reference viscosity profiles recommended by both mantle 329 

convection and GIA studies, (iii) vary the strength of LVVs, and (iv) compute global misfits to 330 

RSL records, GNSS-uplift, 𝐽ଶ̇, and polar motion. We show that an increased lower mantle 331 

viscosity consistent with mantle convection studies improves the fit to RSL records and fits 332 

GNSS-uplift equally well if LVVs are strong. While there is some degradation in the fit to 333 

GNSS-uplift rates in North America compared to 1D-viscosity profile VM5a, this is offset by 334 

improvement in Fennoscandia, and we suggest that additional model refinement (e.g., ice history, 335 

a weak asthenosphere) may mitigate this tradeoff. Our new preferred model is case 336 

StrongLM_StrongLVVs loaded by ICE-6G, which also improves the fit to 𝐽ଶ̇ and polar motion. 337 

The implications of what may be a step toward an updated global reference GIA model are 338 

broad. For example, it may have a significant impact on the global mean terrestrial water storage 339 

trend (Rodell et al., 2024), the global mean sea level budget (Barnoud et al., 2023), the pole tide 340 

correction (Wahr et al., 2015), and the hydrological component of 𝐽ଶ̇ (Nerem & Wahr, 2011). We 341 

did not consider variations in the ice loading history ICE-6G. While the lateral extent of ice 342 

sheets is constrained by geological observations, the ice height within these margins is typically 343 

varied with the 1D-viscosity structure in GIA models. Advances in the ice loading history may 344 

impact the results presented herein. We also considered only one seismic tomographic model, 345 

S40RTS, but we suggest that the results will be broadly similar for others given similar long-346 

wavelength features.  347 

Conclusions 348 
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Accounting for lateral viscosity variations in GIA models reconciles two discrepancies: (i) GIA 349 

appears to require a weak lower mantle to fit global RSL records, GNSS uplift, and 𝐽ଶ̇, while 350 

mantle convection constraints require a strong lower mantle to reproduce the static geoid and 351 

slab sinking rates; (ii) 1D-viscosity models of GIA require a strong lower mantle to best-fit RSL 352 

records in North America, but a weak lower mantle to fit the GNSS uplift rates. Compared to the 353 

1D reference viscosity profile VM5a ( ~ 10), the fit to RSL records, 𝐽ଶ̇, and polar motion rates 354 

is substantially improved in exchange for a small penalty in the misfit to GNSS-uplift when 355 

lateral viscosity variations (LVVs) and a strong lower mantle compatible with mantle convection 356 

constraints ( ~ 30) are considered. Regionally, the misfit to GNSS-uplift is degraded in North 357 

America and improved in Fennoscandia compared to VM5a, but this is less significant compared 358 

to VM5a with moderate to strong LVVs, which may be a more representative rheological Earth 359 

structure. Our preferred model with LVVs and a strong lower mantle may be a step toward an 360 

updated global reference with broad implications for the interactions of the solid Earth, 361 

hydrosphere, and cryosphere including for the study of sea level.  362 
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