
1.  Introduction
Glacial isostatic adjustment (GIA) is defined as the response of the solid Earth and global gravity field to changes 
in the distribution of ice and water on Earth's surface (Whitehouse et al., 2019). The surface manifestations of 
GIA include vertical land motion, relative sea level (RSL) change, and changes in coastlines, all of which can 
be measured in regions proximal and distal to past and present ice sheets. In Greenland, contemporary crustal 
motion and RSL change are attributed to the ongoing adjustment of the solid Earth to changes in ice mass since 
the Last Glacial Maximum (LGM; ca. 21 ka) (Khan et al., 2008; Simpson et al., 2011). Around much of the 
Greenland coastline, RSL is currently falling due to a combination of (a) isostatic uplift of the land surface 
induced by historical and contemporary ice sheet retreat and mass loss (Figures 1a and 1b) (Khan et al., 2016), 
and (b) a reduction in the height of the geoid caused by the weakening gravitational attraction of the diminishing 
Greenland Ice Sheet (Spada et al., 2012). Robust predictions of future RSL change caused by past, present and 
future ice mass loss are vital for assessing the impact on coastlines and shallow-water environments (Nicholls & 
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Maxwell viscoelastic model for the Earth's mantle. In Greenland, however, upper mantle viscosities inferred 
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two orders of magnitude. Here, we use full-spectrum rheological models to examine the influence of transient 
deformation within the Greenland upper mantle, which may account for these differing viscosity estimates. 
We use observations of shear wave velocity combined with constitutive rheological models to self-consistently 
calculate mechanical properties including the apparent upper mantle viscosity and lithosphere thickness across 
a broad spectrum of frequencies. We find that the contribution of transient behavior is most significant over 
loading timescales of 10 2–10 3 years, which corresponds to the timeframe of ice mass loss over recent centuries. 
Predicted apparent lithosphere thicknesses are also in good agreement with inferences made across seismic, 
GIA, and flexural timescales. Our results indicate that full-spectrum constitutive models that more fully capture 
broadband mantle relaxation provide a means of reconciling seemingly contradictory estimates of Greenland's 
upper mantle viscosity and lithosphere thickness made from observations spanning a range of timescales.

Plain Language Summary  Glaciated regions such as Greenland experience fluctuations in ice 
mass on timescales ranging from years to hundreds of thousands of years. Because the Earth is deformable, its 
surface subsides and rebounds in response to the growth and decay of ice. Studies that focus on the ice-induced 
deformation of the Earth beneath Greenland over long timescales typically consider a constant viscosity, which 
governs the rate at which deformation occurs. However, the way the Earth deforms is complex, and includes 
transient processes that occur over shorter timescales. In this study, we use equations that link the temperature 
and composition of the Greenland mantle to its mechanical properties at different timescales to estimate 
the magnitude of these transient effects. We find that the contribution of transient deformation is greatest in 
response to load changes over hundreds to thousands of years, which may account for seemingly contradictory 
estimates of viscosity made from observations of deformation over these timescales. We conclude that it is 
important to consider transient mantle behavior in Greenland to predict crustal deformation and relative sea 
level change more accurately across a broad range of timescales.
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Cazenave, 2010). This is especially pertinent in Greenland, where communities are almost exclusively located 
along the coast and rely on nearshore waterways for transportation, fishing and hunting, commercial activity, and 
tourism (Lyck & Taagholt, 1987).

The development of more accurate projections of the magnitude and pattern of future RSL change around Green-
land is reliant on GIA models, which combine an understanding of changes in ice mass and the rheological prop-
erties of the solid Earth. To confidently forecast future sea level change, GIA models seek to accurately hindcast 
past and contemporary change. In particular, they aim to account for (a) patterns of RSL change preserved in the 
geological record (e.g., isolation basin sediments, marine fossil assemblages, raised shorelines, and archeological 
data) (Long et al., 2011), and (b) present-day rates of vertical land motion measured by global navigation satellite 
system (GNSS) networks (Dietrich et al., 2005; Khan et al., 2016). This can help constrain the ice load history 
and mantle rheology, both of which govern the pattern and rate of solid Earth deformation and sea level change.

Historically, most GIA studies have simulated solid Earth deformation using a linear Maxwell viscoelastic model, 
with an instantaneous elastic response superimposed on a longer-term viscous relaxation. The mechanical prop-
erties that define the Maxwell model are the unrelaxed elastic (shear) modulus, which governs the amplitude 
of the elastic response, and the steady-state viscosity, which governs the rate of the viscous deformation. Many 
GIA models assume a radially symmetric Earth divided into a finite number of layers (e.g., lithosphere, upper 
mantle, and lower mantle, where the latter two are divided by the 670 km seismic discontinuity), each charac-
terized by a single steady-state viscosity (Peltier et al., 2015). This is typically accompanied by a radial density 
and elastic moduli profile which may vary at much finer length scales (e.g., Dziewonski & Anderson, 1981). 
However, the thermodynamic state of the Earth is strongly heterogeneous, which causes rheological properties to 
not only vary radially, but also laterally within the mantle. This has resulted in the development of more sophis-
ticated 3D viscoelastic models, where viscosity varies as a function of latitude, longitude, and depth (e.g., Milne 
et al., 2018;  van der Wal et al., 2015).

In addition, recent studies have suggested that mechanical behavior more complex than the linear Maxwell 
model may be required to account for certain aspects of Earth deformation observed across a range of timescales 
(Caron et al., 2017; Lau et al., 2020; Lau & Holtzman, 2019). More complex linear viscoelastic models include 
a transient (anelastic) regime of deformation, which results in the apparent viscosity being dependent on the 
frequency of the particular (un)loading process (Ivins et al., 2020). Additional complexity can also arise from 
non-linearity, where the strain rate and/or magnitude of stress may cause changes in the viscosity through disloca-
tion creep-related processes (Blank et al., 2021; Kang et al., 2022; van der Wal et al., 2015). The mantle viscosity 
inferred from geological and/or geodetic observations may therefore be dependent on: (a) the thermodynamic 
state of the mantle, which is laterally variable, (b) the depth range within the mantle over which deformation is 
induced by the (un)loading, (c) the frequency (timescale) at which the (un)loading occurs, and (d) the level of 
stress in the mantle.

GIA models often tune mantle viscosity structure to fit the constraints provided by RSL data spanning the time 
interval since the LGM. In Greenland, the optimal upper mantle viscosity inferred from GIA modeling of post-
LGM RSL data is ∼5 × 10 20 Pa s, with a best-fitting elastic lithosphere thickness of 120 km (Figures 1c and 1d) 
(Lecavalier et al., 2014; Simpson et al., 2009). However, explicit consideration of the ongoing response of the 
solid Earth to more recent ice mass loss since the Little Ice Age (LIA; Figure  1b), which concluded at ca. 
1850–1900 CE (Kjeldsen et al., 2015; Mankoff et al., 2021), is necessary to account for misfits between observed 
GNSS-derived uplift rates and GIA models that only consider post-LGM deglaciation (Adhikari et al., 2021). 
Moreover, these data-model misfits can be explained only for scenarios where the mantle viscosity is reduced by 
approximately one order of magnitude to 6–11 × 10 19 Pa s, and as low as 3 × 10 19 Pa s in the upper mantle if a 
stratified mantle model is assumed (Figure 1d) (Adhikari et al., 2021).

Adhikari et al. (2021) suggest that this discrepancy, whereby upper mantle viscosities inferred from GNSS data 
pertaining to ice loss and GIA over multi-decadal/centennial timescales are lower than viscosities inferred from 
RSL data pertaining to multi-millennial timescales, is indicative of the need to consider models of transient defor-
mation, which capture mantle relaxation across a range of timescales. The incorporation of transient behavior can 
act to lower the apparent viscosity on shorter timescales (Lau & Holtzman, 2019), and may therefore provide an 
explanation for the more rapid uplift rates associated with post-LIA mass changes (Adhikari et al., 2021).

The definition of the lithosphere also depends on the timescale of observation (Figure 1c). In studies focusing 
on geological timescales associated with GIA and flexural isostasy, the lithosphere is mechanically defined as 
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the layer that deforms elastically with no viscous component (Lecavalier et al., 2014; Steffen et al., 2018). At 
seismic timescales, seismic waves capture a snapshot of the present thermodynamic state, which can be mapped 
onto that expected for a thermally-defined lithosphere (Priestley & McKenzie,  2013) in which a conductive, 
high viscosity boundary layer forms atop a convecting interior (Jaupart & Mareschal, 2007; Sleep, 2005). While 
higher-frequency body wave measurements reveal that the transition from the lithosphere to asthenosphere is 
often sharper than expected for a classical thermal lithosphere, requiring additional variations in thermodynamic 
state (Fischer et al., 2010), the seismically observed lithosphere at both surface and body wave frequencies is 
deeper than that for GIA and flexural isostasy (Figure 1c).

The aim of this study is to quantify the role of transient mantle deformation beneath Greenland and determine 
whether the incorporation of transient processes can reconcile contrasting estimates of mantle viscosity and 
lithosphere thickness derived from data sets that relate to different timescales of deformation. We begin by using 
the inferred mechanical properties of the Greenland upper mantle at the seismic timescale to perform a 3D 
inversion of the mantle thermodynamic state. From this, we employ two commonly used phenomenological 

Figure 1.  Ice sheet change and glacial isostatic adjustment in Greenland. (a) Study area map. The Greenland Ice Sheet is shaded in gray; land surface topography and 
seafloor bathymetry are displayed according to the color scale (relative to mean sea level) (Morlighem et al., 2017). Black lines demarcate major ice sheet drainage 
basins (Zwally et al., 2012). Red circles mark the positions of global navigation satellite system stations, with their size proportional to the average crustal uplift rate 
(Adhikari et al., 2021). (b) Model prediction of Greenland ice volume since the Last Glacial Maximum (LGM; ca. 21 ka) (Lecavalier et al., 2014). Inset: reconstruction 
of cumulative ice mass change since 1840 CE, showing mass loss since the end of the Little Ice Age (LIA) (Mankoff et al., 2021). Note that for ice 1 Gt ≈ 1 km 3. 
(c) Compilation of apparent lithosphere thickness estimates in Greenland from observations at differing timescales. Observations from glacial isostatic adjustment 
(GIA) and flexural isostasy (Lecavalier et al., 2014; Steffen et al., 2018) infer a shallower lithosphere than those using seismic shear wave velocities (Priestley & 
McKenzie, 2013). (d) Compilation of Greenland upper mantle viscosity estimates (Adhikari et al., 2021; Lecavalier et al., 2014; Steinberger et al., 2015). All estimates 
were inferred using a linear Maxwell model with a single steady-state viscosity. In panels (c) and (d), the lithosphere thickness and upper mantle viscosity values are 
spatial averages for Greenland, and the ranges in magnitude reflect stated uncertainties or the standard deviations of spatially variable fields. The frequency bands 
spanned by the non-seismic inferences were approximated based on the timescales swept by each process.
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(laboratory-derived) models of mantle rheology to determine the contribution of transient deformation across a 
broad range of frequencies (timescales). Finally, we compare our results to observations and assess the impor-
tance of incorporating transient deformation mechanisms in future models of mantle rheology in Greenland.

2.  Full-Spectrum Models of Viscoelastic Deformation
The rheology of the solid Earth is challenging to understand because geodetic and geological observations contain 
signals from multiple deformation processes that operate over a broad range of spatial and temporal scales. 
Moreover, the Earth's response to these processes varies substantially across a broad spectrum of rheological 
behavior. At very short timescales encompassed by global seismological observations (seconds to minutes), Earth 
deformation is dominated by elasticity, with limited attenuation of seismic waves as they propagate. The elastic 
response is instantaneous, reversible, non-dissipative, and can be described as “anharmonic” since it occurs at 
the infinite frequency limit with no frequency dependence. Moving toward very long timescales associated with 
major glacial cycles and planetary-scale deep Earth processes (hundreds of thousands to millions of years), there 
is a transition to steady-state viscous deformation. Toward this zero-frequency limit, the viscous response is 
time-dependent, irreversible, and completely dissipative.

The widely used linear Maxwell viscoelastic model combines the instantaneous elastic and steady-state viscous 
responses (Figure 2). However, observations from rock mechanics (e.g., Jackson & Faul, 2010), post-seismic 
relaxation (e.g., Pollitz, 2003), lake rebound (e.g., Bills et al., 2007), and GIA (Lau et al., 2021; Simon et al., 2022) 
indicate that, in addition to these two end members, there is also a transient regime of deformation where strain 
is time-dependent yet reversible. This suggests that more complex rheological models that incorporate transient 
(anelastic) deformation may be required to unify load-induced Earth deformation processes that operate across 
the full-spectrum of timescales from seconds to millions of years.

Transient dissipation has been characterized by results from laboratory experiments, where mantle-representative 
materials (e.g., olivine or polycrystalline analogs such as borneol) are subjected to a range of pressure and 

Figure 2.  Schematic diagram of commonly used phenomenological models of viscoelastic deformation, illustrated in terms 
of combinations of mechanical springs and dashpots. The symbols M and η represent the modulus of the spring and viscosity 
of the Newtonian dashpot fluid, respectively. M∞ refers to the unrelaxed (infinite-frequency) elastic modulus, η0 to the 
steady-state (zero-frequency) viscosity, and Mt and ηt to the transient regime. Note that the diamond represents an infinite sum 
of Kelvin-Voigt units (spring and dashpot in parallel).
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temperature conditions (Gribb & Cooper,  1998; Jackson & Faul,  2010; McCarthy & Takei,  2011; Yamauchi 
& Takei, 2016). The result is a semi-empirical (“experimental”) constitutive law between stress and strain rate, 
which may then be scaled to mantle conditions. This constitutive relationship can be expressed as a phenome-
nological model of anelastic deformation analogous to the linear Maxwell model (Figure 2), from which we can 
derive frequency-dependent viscoelastic parameters such as the complex modulus and the complex viscosity (Lau 
& Holtzman, 2019).

However, the transient regime is more complex and less well understood than the elastic and viscous responses, 
and as a result a number of different anelastic constitutive models have been proposed (Gribb & Cooper, 1998; 
Jackson & Faul,  2010; Yamauchi & Takei,  2016). In our analysis we used the open-source software library 
known as the Very Broadband Rheology calculator (VBRc; Havlin et al., 2021) to self-consistently predict the 
elastic, anelastic, and viscous mechanical properties of the Greenland upper mantle based on inferences of the 
mantle thermodynamic state made using observations at the seismic timescale. We performed this analysis for 
two widely used, yet distinct, anelastic constitutive models to allow for the lack of complete understanding in the 
rock mechanics community. We provide a brief overview of these constitutive models here; for full details of the 
equations and constants for these models we refer the reader to Havlin et al. (2021).

2.1.  Extended Burgers Model With Pseudoperiod Scaling

The extended Burgers model is a phenomenological model of linear viscoelasticity, where multiple relaxation 
mechanisms may be superimposed (Jackson & Faul, 2010). Conceptually, the extended Burgers model includes 
a finite number of Kelvin-Voigt elements (a spring and dashpot in parallel), which represent the transient regime 
(Figure 2) between the instantaneous elastic and steady-state viscous limits that characterize the linear Maxwell 
model (a spring and dashpot in series).

2.2.  Master Curve Fit With Pre-Melting Scaling Using Near-Solidus Parameterization

The master curve fit model uses an empirically derived fit for the relaxation function. It includes an additional 
parameterization at temperatures approaching the solidus to allow for a marked reduction in viscosity and increase 
in attenuation near the melting point, which arises due to the change in physical state of grain boundaries at these 
temperatures, prior to the formation of the melt phase (Yamauchi & Takei, 2016). Conceptually, the transient 
regime of the master curve fit model can be envisaged as an infinite sum of Kelvin-Voigt elements with an addi-
tional Kelvin-Voigt element whose modulus and viscosity are functions of temperature (Figure 2).

These two constitutive models are known to make different predictions on account of the means of scaling from 
laboratory to mantle conditions and intrinsic sensitivities to certain parameters (e.g., the grain size exponent 
differs notably between the two models (Havlin et al., 2021; Ivins et al., 2022)). We primarily present the predic-
tions of the master curve fit model (Yamauchi & Takei, 2016) in our results, since this model incorporates a 
scaling term at high temperatures that can account for experimental and real-world observations such as the rapid 
increase in attenuation and decrease in shear wave velocity near the solidus. This has led to this parameteriza-
tion being adopted in a variety of geodynamic studies (e.g., Austermann et al., 2021; Ball et al., 2019; Richards 
et al., 2020). Versions of the extended Burgers model, which typically predicts higher steady-state viscosities, 
have also been frequently used in rock physics, post-seismic relaxation, and GIA studies (Caron et al., 2017; Faul 
& Jackson, 2005; Ivins et al., 2022). We therefore compare the predictions of the master curve fit and extended 
Burgers models at relevant points in our analysis.

3.  Methods
We used a three-stage workflow to predict the upper mantle mechanical properties across the entire frequency 
spectrum for Greenland. First, we extracted estimates of the mechanical properties of the upper mantle in the seis-
mic band from a recent tomography model. Second, we used a linearized 3D Bayesian inversion and the seismic 
properties to constrain the thermodynamic state of the upper mantle using the constitutive equations for both 
rheological models described in Section 2. Third, we used the same constitutive equations to self-consistently 
predict the complex moduli across the full frequency spectrum, encapsulating the elastic, anelastic, and viscous 
regimes. In the second and third stages the VBRc was employed to map between thermodynamic state variables 
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and mechanical properties at the relevant frequency bands. For full self-consistency, the constitutive model used 
in each inversion in stage two was always the same as that used in the corresponding calculation in stage three. A 
similar approach was applied by Lau et al. (2021) for locations across Antarctica, although in this case only 1D 
profiles of subsurface structure were considered.

3.1.  Mechanical Properties From Seismic Tomography

Inferences of the mechanical properties of the upper mantle are commonly made within the seismic band (i.e., 
close to the elastic limit). Specifically, we are interested in the isotropic shear wave velocity (Vs), the intrinsic 
attenuation (Q −1), and the lithosphere thickness. For Vs, we computed the Voigt averaged shear wave velocity 
from the anisotropic global adjoint tomography model GLAD-M25 (Lei et al., 2020) (Figures 3a and 3b) refer-
enced at 1 Hz, which is defined as

𝑉𝑉 𝑉𝑉Voigt =

√

𝑉𝑉SH
2 + 2𝑉𝑉SV

2

3
,� (1)

where VSH and VSV are the model horizontal and vertical shear wave velocities, respectively.

GLAD-M25 was constructed using the QL6 1D global attenuation model (Durek & Ekström, 1996). Therefore, 
since QL6 is embedded in Vs, we used QL6 as our Q −1 model (at its 1 Hz reference frequency). As a result, unlike 
Vs, Q −1 varies only in the radial direction (Figure 3c). The attenuation is defined as

𝑄𝑄
−1 =

𝐽𝐽2

𝐽𝐽1

,� (2)

where J1 is the compliance and J2 is the loss compliance. While using a 1D Q −1 model in our 3D inversion may 
introduce artifacts in the thermodynamic state solution, this is the most consistent approach given that the GLAD-
M25 Vs model assumes a 1D Q −1 profile, and still provides an additional constraint on the thermodynamic state 
compared to relying on Vs alone. Ideally, both a 3D Vs and Q −1 model would be used, but global attenuation 
models have not yet achieved the same level of consistency as Vs models (Bao et al., 2016).

GLAD-M25 is a global model constructed with a horizontal resolution of 0.5° and a vertical resolution of 10 km. 
For computational efficiency, we downsampled the Vs model to 2° horizontal resolution and defined the limits of 

Figure 3.  (a) Voigt-averaged shear wave velocities (Vs) at 200 km depth from the GLAD-M25 global adjoint tomography model (Lei et al., 2020). The model 
resolution is 0.5°, but for efficiency we downsampled the model onto a 2° mesh for our calculations. (b) Depth profiles of Vs at the three selected localities in north, 
east, and southwest Greenland marked by the colored stars in panel (a). Circles show the depth at which the down-profile velocity anomaly switches from negative to 
positive. The dashed horizontal lines show the inferred lithosphere-asthenosphere boundary depth (mid-point of the negative velocity anomaly) for the seismic model. 
(c) QL6 1D global attenuation (Q −1) model (Durek & Ekström, 1996), which was used within the construction of the GLAD-M25 shear wave velocity model.
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the Greenland model domain as the region between 80° and 10°W and 59° and 84°N and from 40 km (the assumed 
base of the crust) to 400 km depth (Figure 3). We also used the GLAD-M25 Vs model to estimate the depth to 
the lithosphere-asthenosphere boundary (LAB) across the region (Figure S1 in Supporting Information S1). At 
each grid point, we determined a Vs anomaly profile (i.e., the deviation from the depth-averaged velocity); these 
profiles typically show a transition from negative velocity anomalies at shallow depths to positive anomalies at 
deeper levels (Figure 3b). We set the LAB depth to be the mid-point between the minimum and maximum depths 
at which the velocity anomaly is negative (Figure 3b). We note that this is just one of multiple possible definitions 
for the LAB depth (Eaton et al., 2009; Fischer et al., 2010). However, this approximate estimate is useful for plac-
ing an upper bound on the LAB depth at short timescales and for examining spatial patterns.

3.2.  Inference of the Thermodynamic State: 3D Bayesian Inversion

The next step in our methodology was to use a Bayesian inversion to constrain the 3D thermodynamic state of 
the mantle that most likely explains the seismic 3D Vs and 1D Q −1 models. The Bayesian inference framework 
allows us to use a prior assumption of the likely thermodynamic state and incorporate the uncertainties inherent 
in this prior assumption as well as those present in the input seismic model (Vs and Q −1). It also provides a means 
of examining the trade-off between, and sensitivity of the complex moduli to, the thermodynamic state variables.

In this context, the thermodynamic state of the mantle refers to the combination of state variables at any location, 
including temperature, composition, grain size, melt fraction, differential stress, and water content. Here, we aim 
to constrain three state variables—temperature, melt fraction, and grain size—which are allowed to vary laterally 
and radially in the inversion. The pressure and temperature dependence of mantle density was determined using 
the equation of state in Grose and Afonso (2013; see Section 4.1 therein). Knowledge of both pressure and density 
allows for self-consistent conversion to depth which is in turn used to connect these state variables to nodes within 
the GLAD-M25 tomography model.

All other state variables are held constant in space; we assumed a bulk composition of olivine rock with 90% 
forsterite, a typical dissolved water content of 100 ppm (Bell & Rossman, 1992), and a mean differential stress of 
0.5 MPa, a reasonable average given that viscoelastic loading calculations suggest that over a deglaciation cycle 
the upper mantle stress driven by GIA varies between 0 and 2 MPa (Lau et al., 2021). Although composition, 
water content, and differential stress would also be expected to vary spatially, the direct effect of water content 
on the anelastic regime is currently not well constrained and therefore not implemented in the VBRc. Differential 
stress can affect attenuation through dislocation damping, but these effects are not yet well constrained from 
experiments, so the VBRc only considers linear (stress and strain amplitude-independent) anelasticity (see Havlin 
et al. (2021) for further discussion). The effect of composition on peridotite anelasticity is the subject of several 
studies (e.g., Sundberg & Cooper, 2010), but the scaling to mantle conditions is not well constrained, so not incor-
porated into the VBRc (Havlin et al., 2021). Varying these parameters is therefore beyond the scope of this study.

We first established a prior model that represents pre-existing knowledge of, or hypotheses for, the possible prob-
abilities of the free state variables (temperature, melt fraction, and grain size). For the prior model we assumed 
that temperature is the single most important parameter for governing the seismic properties and viscoelastic 
moduli, assuming the pressure is known (Cammarano et al., 2003; Stixrude & Lithgow-Bertelloni, 2005). We 
therefore created an initial (“first guess”) temperature distribution on the simplified premise that all the spatial 
variation in Vs and Q −1 is linked to temperature. To achieve this, we used the VBRc to predict values of Vs and 
Q −1 across our domain for temperatures ranging from 1100°C to 1800°C (a realistic and sufficiently wide range). 
The temperature distribution that best fitted the seismic model was in turn assigned as the mean of the prior 
model, with an assumed Gaussian distribution with a standard deviation of ±100°C. The mechanical properties 
from the chosen constitutive model were evaluated at the appropriate frequency of 1 Hz.

For melt fraction, we assumed a spatially uniform Gaussian prior distribution with a mean value of 0.01 and a stand-
ard deviation of ±0.0025. This distribution assumes that upper mantle melt fractions are low (McKenzie, 2000; 
Takei, 2017), while allowing for scenarios ranging from negligible melt to a small but appreciable melt fraction, 
as might be expected for a model domain including a craton and a mid-ocean ridge (Havlin et al., 2021). For grain 
size, we based our prior on mantle xenoliths recovered from Palaeogene basaltic lavas and dykes in east and west 
Greenland, which show average grain sizes on the order of 1 mm diameter, and a range of 0.1–10 mm (Bernstein 
et al., 1998, 2006). We therefore assumed a log-normal prior distribution for grain size, with a mean diameter of 
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1 mm and a standard deviation in log-space of ±0.2 log units (i.e., 10 0 ± 0.2 mm). In addition, the modal forsterite 
content of the olivine grains is 92%–94%, which agrees well with our assumed mantle olivine composition.

Quantification of the uncertainty in Vs and Q −1 is challenging for seismic tomographic models (Rawlinson 
et  al.,  2014). We assumed a spatially uniform uncertainty of ±0.1 km/s for Vs, which reflects the maximum 
difference between the GLAD-M25 model and the NAT2021 regional North Atlantic tomographic model (Celli 
et al., 2021) in the domain of interest, and a conservative ±50 for Q (note that Q −1 = 1/Q) since we use a 1D 
global model. Our inversion adopts a Bayesian methodology in which the seismic model inferences and their 
uncertainties are combined with the prior probability distribution for the state variables to produce a posterior 
distribution of the state variables. Since we are inverting for a three-dimensional distribution of the three state 
variables, we used a smoothing factor with a length scale of 200 km to produce a realistically smooth posterior 
distribution. It is important to note that the assumed prior standard deviations are relatively tight and there are 
more degrees of freedom than we can constrain using the seismic model inferences (Vs and Q −1) alone. The use of 
a Bayesian approach ensures that these limitations are openly considered, and allows us to determine, given these 
assumptions, the expected variations in the three state variables that have the strongest influence on transient 
deformation. The posterior distributions (maximum likelihood solution and standard deviation) should therefore 
be interpreted with the prior distributions in mind.

We used an iterative algorithm to compute the posterior distribution, which incorporates the uncertainties asso-
ciated with the seismic inferences and the prior distribution (Lau et al., 2016; Tarantola & Valette, 1982). The 
maximum likelihood solution is given by the final model iterate

𝐗̂𝐗𝑘𝑘+1 = 𝐗̂𝐗𝑘𝑘 +
(

𝐅𝐅𝑇𝑇

𝑘𝑘
𝐕𝐕−1

𝜉𝜉
𝐅𝐅𝑘𝑘 + 𝐕𝐕−1

𝑃𝑃𝑃𝑃

)−1
×
{

𝐅𝐅𝑇𝑇

𝑘𝑘
𝐕𝐕−1

𝜉𝜉

(

𝐲𝐲 − 𝑓𝑓

(

𝐗̂𝐗𝑘𝑘

))

− 𝐕𝐕−1
𝑃𝑃𝑃𝑃

(

𝐗̂𝐗𝑘𝑘 − 𝐗𝐗𝑃𝑃𝑃𝑃

)}

,� (3)

where 𝐴𝐴 𝐗̂𝐗0 is the starting model and 𝐴𝐴 𝐅𝐅0 is the matrix of Fréchet kernels (i.e., partial derivatives) associated with 
the starting model (these matrices change for each 𝐴𝐴 𝐴𝐴 -th iterate). V𝜉 is the covariance matrix of the observational 
data uncertainties, 𝐴𝐴 𝐗𝐗𝑃𝑃𝑃𝑃 is the prior model, 𝐴𝐴 𝐕𝐕𝑃𝑃𝑃𝑃 is the covariance matrix of the prior model uncertainties, 𝐴𝐴 𝐲𝐲 is 
the observational data vector, and 𝐴𝐴 𝐴𝐴

(

𝐗̂𝐗𝑘𝑘

)

 is a forward prediction of the data vector based on the 𝐴𝐴 𝐴𝐴 -th model 
iterate. The covariance matrix of the posterior distribution may be approximated as (Lau et al., 2016; Tarantola 
& Valette, 1982)

𝐕𝐕𝑃𝑃𝑃𝑃 ≈
[

𝐅𝐅𝑇𝑇𝐕𝐕−1
𝜉𝜉
𝐅𝐅 + 𝐕𝐕−1

𝑃𝑃𝑃𝑃

]−1
,� (4)

where 𝐴𝐴 𝐅𝐅 is the matrix of Fréchet kernels computed using the final model iterate. We used a finite difference 
approach to compute the partial derivatives, using the VBRc to perform the forward calculations required to 
achieve this. The diagonal elements of the 𝐴𝐴 𝐕𝐕𝑃𝑃𝑃𝑃 matrix contain the variances (squares of the standard deviations) 
of the maximum likelihood solution, and the off-diagonals contain the covariances, which provide a measure of 
the relationship between each state variable at any given location and all other state variables at all other locations 
in the model domain. Separate inversions were performed for both the extended Burgers and master curve fit 
constitutive models (Sections 2.1 and 2.2).

3.3.  Calculation of Apparent Viscosity and LAB Depth Across the Frequency Spectrum

The thermodynamic states determined via our Bayesian inversion were then used as inputs in the VBRc to calcu-
late the full-spectrum mechanical behavior of the Greenland mantle spanning all timescales for each constitutive 
model. We used the maximum likelihood combination of temperature, melt fraction, and grain size, along with 
the other fixed thermodynamic state variables (Section 3.2). In the VBRc, the elastic calculations were performed 
using anharmonic state variables (i.e., pressure and temperature) to calculate the elastic moduli such as the unre-
laxed shear modulus (M∞) (Havlin et al., 2021). The anelastic calculations employed the constitutive equations 
of the two phenomenological models described in Section 2 to compute the complex moduli. The viscous calcu-
lations used the corresponding “flow laws” to determine the steady-state viscosity (η0) (Jackson & Faul, 2010; 
Yamauchi & Takei,  2016). These equations are summarized in recent publications (Havlin et  al.,  2021; Lau 
et al., 2021) and in the VBRc documentation (https://vbr-calc.github.io/vbr/).

For any thermodynamic state and phenomenological model, the VBRc computes the complex modulus (M*(𝜔)), 
which is the frequency-dependent coefficient that links stress and strain. Lau and Holtzman (2019) explored a 
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related parameter referred to as the complex viscosity (η*(𝜔)), which is the frequency-dependent coefficient that 
links stress and strain rate. The complex viscosity is defined as (Lau & Holtzman, 2019)

𝜂𝜂
∗(𝜔𝜔) = −

𝑖𝑖

𝜔𝜔
𝑀𝑀

∗(𝜔𝜔).� (5)

The complex modulus and the complex viscosity can be determined as continuous functions across all frequen-
cies for any arrangement of springs and dashpots, including the linear Maxwell model (Lau et al., 2021). We 
then computed the apparent viscosity as the magnitude of η*(𝜔). It is important to note that the apparent viscos-
ity is not directly analogous to the viscosity of the steady-state dashpot (i.e., the quantity usually reported by 
studies that use the linear Maxwell model to match observations of RSL change and land uplift), except at the 
zero-frequency limit, where ||(η*(𝜔))|| converges to the steady-state viscosity (η0).

For each phenomenological model, we calculated an additional frequency-dependent quantity known as the 
normalized complex viscosity (Lau & Holtzman, 2019)

𝜂𝜂
∗
(𝜔𝜔) =

‖𝜂𝜂∗(𝜔𝜔)‖

‖𝜂𝜂∗
𝑀𝑀𝑀𝑀

(𝜔𝜔)‖
,� (6)

where ||(η*MX(𝜔))|| is the apparent viscosity associated with a  linear Maxwell model with the same end-member 
mechanical properties (M∞ and η0) as the particular phenomenological model under consideration, that is,

𝜂𝜂
∗
𝑀𝑀𝑀𝑀

(𝜔𝜔) = −
𝑖𝑖

𝜔𝜔

(

𝑖𝑖𝑖𝑖𝑖𝑖0

1 + 𝑖𝑖𝑖𝑖
𝜂𝜂0

𝑀𝑀∞

)

.� (7)

As a result, the normalized complex viscosity will be equal to 1 at the elastic and viscous limits. Any departure 
from unity at intermediate frequencies will be the result of the transient creep processes included in the phenome-
nological model acting as an additional source of dissipation. Therefore, the normalized complex viscosity can be 
used to identify the frequency interval within which there is a significant contribution from transient deformation 
for a particular thermodynamic state and phenomenological model. Within these frequency bands, any inference 
of a Maxwell steady-state viscosity may be contaminated by transient dissipation.

We also examined the frequency dependence of the apparent lithospheric thickness. To do so, we calculated the 
Maxwell frequency, which is a depth-dependent material property given by the ratio between the unrelaxed shear 
modulus and the steady-state viscosity (i.e., the reciprocal of the Maxwell time),

𝜔𝜔𝑀𝑀𝑀𝑀(𝑧𝑧) =
𝑀𝑀∞(𝑧𝑧)

𝜂𝜂0(𝑧𝑧)
.� (8)

At a given frequency, the base of the lithosphere can be defined as the depth at which the Maxwell frequency is 
equal to that frequency,

𝑧𝑧LAB(𝜔𝜔) = 𝑧𝑧|𝜔𝜔=𝜔𝜔𝑀𝑀𝑀𝑀 (𝑧𝑧).� (9)

In this way, the LAB is defined as the depth above which elastic deformation is dominant, and below which 
viscous deformation is dominant (Lau et al., 2020). This depth, zLAB(𝜔), therefore marks the depth of the transi-
tion from elastic to viscous behavior at any particular frequency (Lau et al., 2021). We used Equation 9 to deter-
mine zLAB(𝜔) at each location in the model domain. We note that at high (e.g., seismic body and surface wave 
propagation) frequencies, this definition of the LAB breaks down because the frequency becomes higher than 
the Maxwell frequency at all depths and the entire mantle behaves as an elastic half-space (Watts et al., 2013), 
and thus the notion of an “elastic plate” becomes mechanically irrelevant. We therefore impose a condition that 
at high frequencies the LAB depth is given by the seismic lithosphere thickness determined using Vs tomography 
(see Section 3.1).

4.  Results
To illustrate the spatial variability in the inferred thermodynamic state and mechanical properties of the Green-
land mantle, we examine (a) lateral variation at the 200 and 400 km depth slices, which encompass the depth 
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interval of the upper mantle between the base of the lithosphere and the base of the model domain, for which 
contrasting viscosities have been previously reported, and (b) radial variation at three sites in east, southwest, and 
north Greenland, which captures the observed range of high- and low-velocity regions.

4.1.  Thermodynamic State of the Greenland Upper Mantle

The thermodynamic state inversion produces a plausible maximum likelihood (mean) solution for mantle temper-
ature, melt fraction and grain size. Mantle temperatures are primarily situated within the range 1100°C–1500°C, 
with steep vertical thermal gradients in the upper ∼250  km of the mantle, and more uniform values of 
1300°C–1500°C attained below this depth (Figure  4). The temperature field exhibits lateral variability, with 
temperatures at 200  km depth exceeding 1400°C beneath east Greenland and Iceland, but less than 1200°C 
beneath northern Greenland and Canada (Figure  4a). The degree of lateral variability decreases with depth 
(Figure S2 in Supporting Information S1), reflecting the reduced heterogeneity of seismic velocities at depths of 
300–400 km in the mantle (Figure 3b).

Figure 4.  Thermodynamic state of the upper mantle beneath Greenland and surrounding areas derived via Bayesian inversion. Upper row: maps of the maximum 
likelihood solution for (a) temperature (contour interval = 50°C), (b) melt fraction (contour interval = 0.0025), and (c) grain size (contour interval = 0.25 log units) 
at 200 km depth. Lower row: vertical profiles of the posterior distributions of (d) temperature, (e) melt fraction, and (f) grain size at the three selected localities in 
Greenland (see colored stars in panels (a–c)). Solid lines mark the maximum likelihood (mean) solution, and colored bands indicate ± one standard deviation; we 
assumed that the prior and posterior uncertainties are normally distributed about the mean. The mean (black circle) and standard deviation (black bars) of the prior 
model are shown for reference; these should be borne in mind when interpreting the posterior distributions. The sharpness in the temperature profiles is inherited from 
the prior model being produced by assuming all spatial variation in Vs and Q −1 is temperature-driven (see Section 3.2); this is also why there is not a single mean value 
for the temperature prior.
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Inferred sub-lithospheric melt fractions are <0.01 beneath most of Greenland, with higher values of 0.01–0.015 
below east Greenland and ∼0.02 beneath Iceland and the Mid-Atlantic Ridge. These values are consistent with the 
ranges found by a number of previous studies (Evans et al., 1999; Forsyth et al., 1998; Naif et al., 2013). Across 
most of the region, the mantle grain size is inferred to reside in the range 0.1–1.0 mm, with larger multi-millimeter 
values occurring beneath east Greenland and Iceland (Figure 4c). The standard deviations of the maximum like-
lihood thermodynamic state variables primarily reflect the assumed prior uncertainty (Figures 4d–4f). We found 
that it was necessary to use a relatively tightly defined grain size prior to produce a plausible thermodynamic state 
(Havlin et al., 2021). If the grain size prior was relaxed (i.e., the standard deviation was increased), we witnessed 
a trade-off between melt fraction and temperature that resulted in unrealistically high melt fractions below much 
of Greenland. Given this sensitivity, better constraints on these priors will be valuable for future studies that aim 
to infer the thermodynamic state of any mantle region (Lau et al., 2021).

4.2.  Apparent Mantle Viscosity

Using our inversion results, we calculated the apparent viscosity by taking the magnitude of the complex viscos-
ity, which was determined according to Equation  5. The apparent viscosity (as for all complex moduli) was 
computed at each point in the 3D model domain. However, for simplicity, and because the lithosphere is effec-
tively treated as a non-viscous layer in GIA models by using arbitrarily high viscosities, we only display the 
computed apparent viscosity at depths below the seismic LAB.

We find that the apparent viscosity shows a dependence on the frequency (timescale) of the forcing/loading. At 
frequencies corresponding to timescales of 10–30 years, which aligns with ice mass change during the satellite 
era, the apparent viscosity at 200 km depth is on the order of 10 18 Pa s for the master curve fit model (Figure 5a). 
For frequencies equivalent to 100–200-year timescales, corresponding to the ice mass change and GIA following 
the LIA, the apparent viscosity increases to values on the order of 10 19 Pa s (Figure 5b). At timescales of 10–20 
thousand years, corresponding to the ice mass change and GIA following the LGM, the mean apparent viscosity 
increases to values on the order of 10 20 Pa s (Figure 5c). At very low frequencies (i.e., multi-million-year times-
cales associated with deep Earth processes like mantle convection), the mean apparent upper mantle viscosity 
stabilizes at ∼6 × 10 20 Pa s (Figure 5d), which can be thought of as approximating the average steady-state viscos-
ity at the zero-frequency limit (η0) in this region. Apparent viscosity patterns at 400 km are similar to 200 km, 
with the exception that lateral variation at lower frequencies is more muted at 400 km than at 200 km (Figure S2 
in Supporting Information S1), as is the case for the thermodynamic state.

The degree of lateral and radial variability in the apparent viscosity also increases with the timescale of load-
ing. The apparent viscosity shows minimal depth variation for timescales shorter than 200 years (i.e., compare 
Figure  5 and Figure S2 in Supporting Information  S1), whereas at multi-millennial and longer timescales a 
100–200 km-thick low-viscosity layer is present immediately below the lithosphere (Figures 5e–5g). The appar-
ent viscosity of this layer is up to one order of magnitude lower than the underlying mantle. At higher frequencies 
(shorter timescales), apparent viscosities also exhibit very little lateral variation (Figures 5a and 5b), whereas 
at lower frequencies (longer timescales) we observe lateral heterogeneities of up to two orders of magnitude 
(Figures 5c and 5d). For example, at post-LGM and longer timescales the apparent uppermost mantle (200 km) 
viscosity varies between values on the order of 10 19 Pa s in Baffin Bay, 10 20 Pa s in southern and eastern Green-
land, and 10 21 Pa s in northern Greenland (Figures 5c and 5d). This result arises because the complex viscosity is 
dominated by variations in the steady-state viscosity (η0) at low frequencies and in the unrelaxed shear modulus 
(M∞) at high frequencies (Figure S3 in Supporting Information S1). The shear modulus is not strongly sensitive to 
temperature, as evidenced by the observation that lateral variations in shear wave velocity are typically less than 
±5% (Karato & Karki, 2001), whereas the steady-state viscosity is strongly temperature-dependent (Barnhoorn 
et al., 2011; Hirth & Kohlstedt, 2003). As a result, the complex viscosity is much more strongly dependent on 
the thermodynamic state at low frequencies than at high frequencies, which we suggest gives rise to the observed 
trend in the degree of spatial heterogeneity (Figure 5).

When assessing the impact of the uncertainty in the inferred thermodynamic state on the computed apparent 
viscosity, we need to consider the covariance between the three state variables, which will affect the range 
of possible viscosities. We find that there is a trade-off (i.e., negative covariance) between temperature and 
melt fraction (as one increases the other must decrease to hold the apparent viscosity constant). By contrast, an 
increase in temperature must be accompanied by an increase in grain size to fix the apparent viscosity (i.e., posi-
tive covariance; Figures 6a–6c). In the Greenland upper mantle, when each state variable is varied between ±1σ 
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Figure 5.  Apparent viscosity at a range of timescales for the master curve fit with pre-melting scaling constitutive model. Maps show the apparent viscosity at 
200 km depth at (a) 20 years, (b) 200 years, (c) 20 kyr, and (d) 2 Myr timescales. We assume that the apparent viscosity at very low frequencies (d) approximates the 
steady-state viscosity. Contour interval is 0.5 log units. Profiles show the apparent viscosity at the four timescales for the sites in (e) northern Greenland, (f) eastern 
Greenland, and (g) southwestern Greenland (see colored stars for locations). Solid horizontal line marks the seismic lithosphere thickness.
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and the other two are adjusted according to their respective covariances, the corresponding range in Vs is within 
error (±0.1 km/s; Figure 6d) and the computed apparent viscosity and Maxwell time vary by between 0.5 and 1 
orders of magnitude (Figures 6e and 6f). This variation is smaller than the range of values associated with the 
upper and lower limits of the state variables if covariances are not considered (Figures 6e and 6f); the effect of the 
uncertainty in the thermodynamic state on the inferred mechanical properties (e.g., Vs and viscosity) is reduced 
owing to the covariance between state variables.

At shorter timescales, the master curve fit and extended Burgers models predict very similar apparent viscos-
ities (compare Figure 5 and Figure S4 in Supporting Information S1), whereas the difference in the average 

Figure 6.  Influence of constitutive models on upper mantle mechanical properties. All profiles are for the site in southwest Greenland. (a) Temperature profiles 
derived via Bayesian inversion for the master curve fit and extended Burgers constitutive models. For both models, the thick line denotes the lower limit temperature 
(maximum likelihood −1σ) and the thin line denotes the upper limit temperature (maximum likelihood +1σ). (b) Corresponding melt fraction profiles calculated using 
the covariance between temperature and melt fraction. (c) Corresponding grain size profiles calculated using the covariance between temperature and grain size. (d) Vs 
profiles showing the maximum likelihood solution (solid line) and standard deviation (colored bands) after accounting for state variable covariance (a–c). (e) Maximum 
likelihood and standard deviation of the steady-state viscosity. Black lines show steady-state viscosities for two olivine “flow laws” (Hansen et al., 2011; Hirth & 
Kohlstedt, 2003) under the same thermodynamic state as used for the master curve fit model. (f) Maximum likelihood and standard deviation of the Maxwell time. In 
panels (e) and (f), horizontal bars at 200 km show the full range in steady-state viscosity and Maxwell time corresponding to the upper and lower limits of the three 
state variables (a–c), but the standard deviation is narrower owing to the trade-off between state variables.
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steady-state viscosity is more than two orders of magnitude (Figure 6e, Figure S4 in Supporting Information S1). 
This is despite both constitutive models predicting similar maximum likelihood distributions for the thermody-
namic state variables in our Bayesian inversion (Figures 6a–6c) and similar mechanical properties at the elastic 
limit (i.e., Vs; Figure 6d). Steady-state viscosities predicted by two alternative olivine “flow laws” using identical 
thermodynamic states (Hansen et al., 2011; Hirth & Kohlstedt, 2003) differ from each other by approximately 
three orders of magnitude, although they bracket the master curve fit solution and show similar radial variability 
(Figure 6e). The steady-state viscosity may also be shifted by other variables held fixed in our analysis (e.g., water 
content and differential stress; see Section 3.2) that are likely spatially variable in reality. These differences and 
uncertainties underline the ongoing challenges regarding rock mechanics and the scaling of experimental results 
to mantle conditions, particularly at geological timescales.

4.3.  Apparent Lithosphere Thickness

In the master curve fit model, the apparent LAB depth also shows dependence on the frequency of forcing. 
Moving toward lower frequencies, zLAB progressively decreases from the imposed condition that it is equal to the 
seismic lithosphere thickness at high frequencies (Section 3.3, Figure 7a). On post-LIA (100–200 years) times-
cales, the apparent LAB depth varies from 140 km in southern and eastern Greenland to 230 km in the northwest 
(Figure 7b). The mean thickness across Greenland is 170 km, which is still close to the average seismic litho-
sphere thickness (Priestley & McKenzie, 2013). On post-LGM (10–20 kyr) timescales, the apparent LAB depth 
shoals to 70 km in the east to 160 km in the north, with an average value of 120 km (Figure 7c). The apparent 
LAB depth reaches an average steady-state value of 30–50 km at multi-million-year timescales (Figure 7d). At all 
frequencies, the pattern of lateral variation in apparent LAB depth is similar, with thinner lithosphere predicted in 
eastern and southern Greenland, and thicker lithosphere in western and northern Greenland (Figure 7).

5.  Discussion
5.1.  Contribution of Transient Dissipation to Greenland Upper Mantle Deformation

We computed and averaged the normalized complex viscosity (Equation 6; 𝐴𝐴 𝜂𝜂
∗
(𝜔𝜔) ) across Greenland from the 

seismic LAB down to 400  km, which encompasses the depth range over which a GIA model will typically 
average the upper mantle viscosity. We found that the domain-averaged 𝐴𝐴 𝜂𝜂

∗
(𝜔𝜔) is equal to 1 at high (elastic) and 

low (viscous) frequencies (Figure 8a), indicating that, at these end-member timescales, Greenland upper mantle 
behavior is well represented by the linear Maxwell model without any significant transient effects. However, in 
the master curve fit model, 𝐴𝐴 𝜂𝜂

∗
(𝜔𝜔) drops below 1 within an intermediate frequency band corresponding to times-

cales of 10 0–10 4 years (Figure 8a). The minimum predicted value of 𝐴𝐴 𝜂𝜂
∗
(𝜔𝜔) is ∼0.44, which occurs at timescales 

of 10 2–10 3 years (Figure 8a) and is a consequence of additional dissipation from transient elements. The inter-
pretation is that at these timescales, as much as 56% of the observed dissipation may be due to transient creep 
mechanisms (relative to the equivalent Maxwell model). The extended Burgers model predicts a similarly sized 
contribution from transient dissipation, albeit over a wider range of timescales (10 −1–10 5 years; Figure 8a).

Our results suggest that transient deformation makes its most significant contribution to the rheological behavior 
of the Greenland upper mantle at loading frequencies corresponding to centennial timescales. These timescales 
correspond to changes in ice mass during the last millennium (i.e., during and following the LIA), which supports 
recent inferences made from analysis of GNSS data (Adhikari et  al.,  2021). We also find that as the times-
cale of loading increases to multi-millennial timescales, the contribution of transient deformation progressively 
decreases. At timescales of 10–20 kyr, 𝐴𝐴 𝜂𝜂

∗ = 0.8–0.9 (Figure 8a), which implies that deformation occurring today 
that was induced by ice mass loss immediately following the LGM will contain a smaller (albeit non-negligible) 
component of transient dissipation compared to LIA ice mass change-induced deformation. At longer timescales 
that characterize glacial-interglacial cycles and mantle convection (>10 5  years), the contribution of transient 
dissipation becomes negligible and 𝐴𝐴 𝜂𝜂

∗
(𝜔𝜔) returns to unity (Figure 8a), indicating realignment with the Maxwell 

model at the steady-state viscous limit.

5.2.  Previous Inferences of Mantle Viscosity and Lithosphere Thickness in Greenland

In this section, we compare our 4D predictions to estimates of mantle viscosity and lithosphere thickness that 
have been inferred from observations of deformation (e.g., seismic wave velocities, GNSS measurements, RSL 
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data, gravity/geoid anomalies) that pertain to processes operating across a range of timescales (e.g., seismic wave 
propagation, ice mass change, mantle convection). Although the apparent viscosity computed here is not directly 
analogous to the viscosity derived by previous studies that fitted a linear Maxwell model to their observational 
data, we converted these inferred Maxwell steady-state viscosities to the apparent viscosity at the frequency 
window at which these studies observed mantle deformation using Equation 7 (for more details see Figure S5 and 
Table S1 in Supporting Information S1).

A key finding from our calculations is that the converted apparent viscosities of 3–6 × 10 19 Pa s at timescales 
pertaining to post-LIA ice mass loss (Adhikari et al., 2021) and 5 × 10 20 Pa s at timescales pertaining to post-
LGM ice mass loss (Lecavalier et al., 2014) are in good agreement with the predictions of the master curve fit 
model at these frequency bands (Figure 8b). At the steady-state limit, where ||(η*(𝜔))|| → η0, our master curve fit 
calculations predict an average upper mantle η0 value of ∼6 × 10 20 Pa s in Greenland (Figure 8b), which is also 

Figure 7.  Apparent lithosphere-asthenosphere boundary (LAB) depth (zLAB) for the master curve fit with pre-melting scaling constitutive model. The LAB at any 
frequency (timescale) is defined as the depth at which the Maxwell frequency is equal to that frequency. Maps show the apparent LAB depth at (a) 20 years, (b) 
200 years, (c) 20 kyr, and (d) 2 Myr timescales. Contour interval is 25 km.
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Figure 8.  Frequency dependence of apparent mantle viscosity and lithosphere thickness. Calculations using both the master curve fit (solid line) and extended 
Burgers (dashed line) models are displayed. Black lines represent spatial averages across Greenland and (for viscosity) from zLAB down to 400 km depth; gray 
shaded regions show the minimum and maximum values within the model domain. (a) Normalized complex viscosity (𝐴𝐴 𝜂𝜂

∗
(𝜔𝜔) ). Deviations of 𝐴𝐴 𝜂𝜂

∗
(𝜔𝜔) from unity 

are indicative of a contribution of transient deformation processes. Purple bars illustrate the deformation timescales associated with mantle convection and Little 
Ice Age (LIA), Last Glacial Maximum (LGM), and satellite era ice mass loss. (b) Apparent viscosity (||(η*(𝜔))||). Previous Greenland-wide optimal upper mantle 
viscosity estimates inferred using the linear Maxwell model (Adhikari et al., 2021; Lecavalier et al., 2014; Steinberger et al., 2015) have been converted to apparent 
viscosity at the timescale of the observed deformation (magenta boxes). Also shown (vertical bars) is the range in upper mantle steady-state viscosity for a laterally 
heterogeneous model (Milne et al., 2018). Note that the apparent viscosity reaches a steady-state value (η0) at the zero-frequency (viscous) limit. (c) Apparent 
lithosphere-asthenosphere boundary (LAB) depth (zLAB). Previous estimates of optimal/average lithosphere thickness in Greenland (blue boxes) used data sets and 
methods that pertain to a range of timescales (Lecavalier et al., 2014; Priestley & McKenzie, 2013; Steffen et al., 2018). In panels (b) and (c), the vertical ranges of the 
colored boxes reflect stated optimal ranges (or standard deviations for spatially heterogenous inferences). If neither is provided, we assumed arbitrary “errors” of ±50% 
for apparent viscosity and ±25% for zLAB estimates, which are comparable to uncertainties reported in other studies.
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in good agreement with the values inferred to match geodynamic observations such as geoid anomalies and heat 
flux (Steinberger et al., 2015), although the steady-state mantle viscosity is particularly sensitive to the constitu-
tive model used (Figure 8b).

Unfortunately, few estimates of lateral mantle viscosity variations in Greenland currently exist. A recent esti-
mate of the 3D Maxwell viscosity structure (Milne et  al.,  2018) shows variations in steady-state viscosity at 
200 km depth from 10 20 Pa s in eastern and southern Greenland, 5 × 10 20 Pa s through much of central Green-
land, and up to 10 22 Pa  s in northern Greenland, which shows broad first-order agreement with our inferred 
steady-state viscosity patterns (Figure 5d). Moreover, high GNSS uplift rates in eastern Greenland driven by the 
post-LGM viscous response have been reconciled by an asthenosphere viscosity of 10 19 Pa s in this region (Khan 
et al., 2016), which is in agreement with the lowest predicted values in Greenland at these timescales (Figure 8b). 
However, our computed region of low apparent viscosity in east Greenland is not as spatially confined nor as 
significant in amplitude as that of Khan et al. (2016).

At high frequencies, the master curve fit and extended Burgers models predict almost identical apparent viscos-
ities (Figure 8b, Figure S4 in Supporting Information S1). By contrast, the extended Burgers model predicts an 
average upper mantle η0 value of order 10 23 Pa s (Figure 8b, Figure S4 in Supporting Information S1). This indi-
cates that master curve fit may be a more appropriate constitutive model than extended Burgers for the Greenland 
mantle at the zero-frequency limit, with the caveat that the thermodynamic state of the mantle remains uncertain 
(Figure 6). Despite their different predictions at the zero-frequency limit, which likely relate to intrinsic factors 
such as different grain size exponents and different scaling relationships (particularly close to the solidus) (Havlin 
et al., 2021; Ivins et al., 2022), both parameterizations show the same trend in apparent viscosity as a function 
of frequency, with a consistent increase in apparent viscosity as the timescale of the forcing increases up to the 
steady-state limit (Figure 8b).

The seismic LAB we derived from the GLAD-M25 tomography model (Lei et al., 2020) shows a spatial pattern 
consistent with the global lithosphere model of Priestley and McKenzie (2013), which predicts an average seis-
mic lithosphere thickness of 175 ± 35 km in Greenland (Figure 8c, Figure S1 and Table S2 in Supporting Infor-
mation S1). The depth of the LAB inferred from seismic observations approximates the plate thickness at the 
infinite frequency limit. Studies that consider Earth deformation at longer timescales (e.g., GIA, flexure; Table 
S2 in Supporting Information S1) typically infer an apparent plate thickness at the frequency of the particular 
forcing/loading process under investigation, with the plate considered to be distinct from the underlying mantle 
in that it behaves elastically (Watts et al., 2013).

Our master curve fit model calculations indicate that the apparent LAB depth in Greenland begins to depart from 
the seismic LAB depth for forcing occurring at timescales of >10 2 years (Figures 7 and 8c). At timescales of 20 
kyr, the average apparent LAB depth decreases to 120 km. This is in good agreement with the optimal elastic 
lithosphere thickness determined using a GIA model to fit post-LGM RSL data (Lecavalier et al., 2014), although 
this is a relatively weak constraint or potentially a lower limit given the authors did not consider larger possible 
thicknesses or lateral variability. By contrast, the extended Burgers model predicts that the apparent LAB depth 
remains close to the average seismic LAB depth of 175 km for timescales up to 10 5 years before shoaling at longer 
timescales (Figure 8c). The spatial patterns in apparent LAB depth at GIA timescales (Figure 7c) also show 
agreement with previous model inferences (Conrad & Lithgow-Bertelloni, 2006; Zhong et al., 2003), which show 
low thicknesses in south and east Greenland and high thicknesses in the north and west. However, our inferred 
LAB depths show finer-scale variability than these earlier global models. The extended Burgers model shows a 
similar trend of a reduction in apparent LAB depth as the timescale increases. However, the decrease begins at 
timescales two orders of magnitude longer than under the master curve fit model (Figure 8c), such that the  appar-
ent LAB depth predicted by the extended Burgers model is typically greater than that of the master curve fit.

For the master curve fit model, the average apparent LAB depth shoals to ∼30 km at multi-million-year times-
cales (Figure 8c), although this is capped by the thickness of the crust in the GLAD-M25 tomography model. 
By comparison, spectral analysis of gravity anomaly data recovered a mean effective elastic thickness (Te) of the 
Greenland lithosphere of ∼40 km (Steffen et al., 2018). Te is a parameter commonly used in flexural isostatic 
modeling, and may be conceptualized as the thickness of a completely elastic plate overlying an inviscid fluid 
mantle (Watts et al., 2013), which is relevant at the zero-frequency limit for zLAB. The inferred Te of Greenland 
exhibits notable lateral heterogeneity, with values as low as 10 km in the south and east and as high as 80 km in the 
northwest (Figure S1 in Supporting Information S1), whereas our estimated zLAB(𝜔 → 0) is less spatially variable, 
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with a range of 30–60 km (Figure 7d). This narrow range is likely related to limitations in the vertical resolution 
of the GLAD-M25 seismic model and uncertainties at shallow depths close to the Moho (Lei et al., 2020). None-
theless, the general agreement in magnitude between our estimated zLAB(𝜔 → 0) and Te estimates derived using 
different observational data and approaches is encouraging and indicates that the steady-state predictions from 
the viscous part of the constitutive models are consistent with previous regional-scale geophysical observations.

5.3.  Implications for GIA Models

Our findings indicate that, as hypothesized by recent studies (Adhikari et al., 2021; Ivins et al., 2022), transient 
creep plays an important role in solid Earth deformation over the annual to multi-millennial (10 0–10 4 years) 
timescales that correspond to significant changes in ice mass, vertical land motion, and RSL in Greenland. Esti-
mates of mantle viscosity that assume a linear Maxwell model with no transient component (Figure 2) may 
therefore not reflect the steady-state viscosity if they are derived from geodetic or geological data that sample 
deformation over the timescales where significant transient dissipation occurs. Previous studies have also indi-
cated that loading operating at different spatiotemporal scales may be associated with different viscosities due 
to (a) stress-dependence (Blank et al., 2021) and (b) sensitivity to the rheology of differing depth intervals in 
the mantle and changes in the thickness of the elastic lithosphere (Nield et al., 2018). Alongside these mecha-
nisms, we have shown that transient deformation may, in part, explain why studies focusing on post-LIA defor-
mation recover lower viscosity values than those focusing on post-LGM deformation in Greenland (Adhikari 
et al., 2021).

In addition, these findings have important implications for estimates of mantle viscosity in Antarctica, which 
also exhibits apparent local spatial and temporal variability (Barletta et  al.,  2018; Nield et  al.,  2014; Samrat 
et  al.,  2021; Wolstencroft et  al.,  2015; Zhao et  al.,  2017) that may, in part, be attributed to transient defor-
mation (Lau et al., 2021) alongside other mechanisms such as depth sensitivity and stress-dependence (Blank 
et al., 2021; Nield et al., 2018). Further, we caution that taking a mantle viscosity determined from observational 
data that pertain to changes in RSL over thousands of years and applying this value to models of ice loss and Earth 
deformation over the past decade may result in the effective viscosity being overestimated (Figure 8b), resulting 
in uplift rates following (e.g.) rapid deglaciation being significantly underestimated. By contrast, we note that the 
comparative lack of spatial variation in apparent viscosity predicted at high frequencies (timescales <10 2 years; 
Figure 8b) suggests that the usage of three-dimensional models of mantle viscosity when simulating deformation 
over decadal timescales may be less of a priority than when modeling deformation over multi-millennial and 
longer timescales.

Our findings underline the potential importance of incorporating full-spectrum viscoelasticity that captures tran-
sient dissipation into GIA models when investigating ice mass and RSL change over recent centuries and millen-
nia. The range of Maxwell viscosities across published studies must be interpreted in the context of possible 
transient deformation; relating these values to apparent viscosities at the frequency band of deformation offers a 
pathway to do so. Building a fuller physical understanding of transient deformation, the underlying grain-scale 
mechanisms that cause it, and how it manifests in the solid Earth's response to changing ice sheets, must remain 
goals to facilitate improved predictions of future changes in RSL around Greenland in the coming decades. We 
reiterate that multiple constitutive models for anelastic deformation exist, each relying on empirically derived 
(and scaled) equations that incorporate parameters that are often poorly constrained, especially in a remote and 
under-sampled setting such as the Greenland mantle. It is therefore important, given the potential significance of 
these transient processes, that further work is undertaken to better constrain the thermodynamic state variables 
(i.e., temperature, grain size, and melt fraction), and the equations that link them to the anelastic properties of 
the mantle, which would in turn lead to an improved representation of mantle deformation across all timescales.

6.  Conclusions
In this study, we have used observations of the seismic properties of the Greenland upper mantle to constrain its 
thermodynamic state, and in turn self-consistently predict rheological behavior across a broad range of times-
cales, including the relatively unexplored transient regime. We draw the following conclusions.

1.	 �The apparent viscosity of the Greenland upper mantle increases with the timescale of the forcing/loading 
being applied. We predict average apparent viscosities of order 10 19 Pa  s for centennial timescales, order 
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10 20 Pa s for multi-millennial timescales, and a steady-state value of ∼6 × 10 20 Pa s. This inferred frequency 
trend is consistent with apparent viscosities derived from previous studies that used a linear Maxwell model 
to fit observations pertaining to mantle deformation at particular timescales.

2.	 �Transient deformation contributes to the overall dissipation between timescales of 10 0 and 10 4 years, and 
most significantly (up to 56%) at timescales of 10 2–10 3 years. This may account for the lower-than-expected 
upper mantle viscosities required to match GNSS uplift rates related to post-LIA (centennial timescale) ice 
mass loss (Adhikari et al., 2021). This indicates that transient deformation can potentially reconcile seemingly 
contradictory estimates of Greenland upper mantle viscosity made across the frequency spectrum.

3.	 �We find that the radial and lateral variability in apparent viscosity increases with the timescale of defor-
mation. At decadal-and-shorter timescales, apparent viscosities are notably homogenous, whereas at 
multi-millennial-and-longer timescales constitutive models predict variations of more than two orders of 
magnitude, with high viscosities in (e.g.) northern Greenland and low viscosities in (e.g.) eastern regions, as 
well as a low-viscosity layer in the uppermost mantle (i.e., asthenosphere). This finding implies that the use 
of 3D models of mantle viscosity is of especial importance when examining lower-frequency deformation.

4.	 �Apparent LAB depths in Greenland also show frequency dependence (as described on a global scale by Watts 
et al. (2013)), with average values of 170 km inferred for post-LIA timescales, 120 km for post-LGM times-
cales and 40 km for multi-million-year timescales. These average values are in good agreement with previous 
estimates derived from GIA and flexure studies, as is the inferred thinner lithosphere in southern and eastern 
Greenland and thicker lithosphere in the northwest.

5.	 �Although the detailed mineral physics remains uncertain, incorporation of transient rheological models will 
likely help more fully represent Earth deformation in Greenland (and elsewhere) at timescales from months 
to thousands of years. This in turn will help facilitate more accurate predictions of past, present, and future 
patterns of RSL change and coastal evolution around Greenland's inhabited margins.
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