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S U M M A R Y
We present the first results that focus on the influence of lateral Earth structure on Greenland
glacial isostatic adjustment (GIA) using a model that can explicitly incorporate 3-D Earth
structure. In total, eight realizations of lateral viscosity structure were developed using four
global seismic velocity models and two global lithosphere (elastic) thickness models. Our
results show that lateral viscosity structure has a significant influence on model output of both
deglacial relative sea level (RSL) changes and present-day rates of vertical land motion. For
example, lateral structure changes the RSL predictions in the Holocene by several tens of
metres in many locations relative to the 1-D case. Modelled rates of vertical land motion are
also significantly affected, with differences from the 1-D case commonly at the mm yr−1 level
and exceeding 2 mm yr−1 in some locations. The addition of lateral structure considered here
is unable to account for previously identified data model RSL misfits in northern and southern
Greenland, suggesting limitations in the adopted ice model and/or the existence of processes
not included in our model. Our results show large data model discrepancies in uplift rates
when applying a 1-D viscosity model tuned to fit the RSL data; these discrepancies cannot be
reconciled by adding the realizations of lateral structure considered here. In many locations,
the spread in model output for the eight different 3-D earth models is of similar amplitude or
larger than the influence of lateral structure (as defined by the average of all eight model runs).
This reflects the differences between the four seismic and two lithosphere models used and
implies a large uncertainty in defining the GIA signal given that other aspects that contribute
to this uncertainty (e.g. scaling from seismic velocity to viscosity) were not considered in this
study. In order to reduce this large model uncertainty, an important next step is to develop
more accurate constraints on Earth structure beneath Greenland based on regional geophysical
data sets.

Key words: Structure of the Earth; Loading of the Earth; Sea level change; Numerical
modelling; Rheology: mantle.

1 I N T RO D U C T I O N

The response of the solid Earth and gravity field to mass changes in
ice sheets and glaciers is recorded in various data types, including
proxy observations of relative sea level (RSL) change reconstructed
from geological records and present-day changes in land motion and
gravity. Modelling these data sets has provided information on both
the rheological properties of the mantle and the spatiotemporal his-
tory of ice extent (e.g. Peltier & Andrews 1976; Wu & Peltier 1983;
Tushingham & Peltier 1991; Mitrovica 1996; Lambeck et al. 1998;
Milne et al. 2001; Tamisiea et al. 2007). Recently, research within

this discipline, known as glacial isostatic adjustment (GIA), has
focused on the regions occupied by the contemporary ice sheets
given the expected continuation of climate warming and the poten-
tial contribution of the Greenland and Antarctic ice sheets to future
sea level rise.

Studies of GIA are relevant to the aim of making improved pro-
jections of the contemporary ice sheets in several respects. For
example, GIA-related data sets are sensitive to the evolution of the
ice sheets during the most recent glacial to interglacial transition and
so provide important observational constraints for testing models
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of ice sheet evolution on century to millennial timescales and pro-
ducing model reconstructions of changes in ice extent since the last
glacial maximum (e.g. Tarasov & Peltier 2002; Fleming & Lambeck
2004; Ivins & James 2005; Simpson et al. 2009; Whitehouse et al.
2012; Lecavalier et al. 2014). In turn, these model reconstructions
are used to remove the GIA contribution from geodetic observa-
tions in order to estimate ice mass changes in recent decades (e.g.
Shepherd et al. 2012), which provide initial conditions for model
runs of future ice sheet changes. As GIA-related data sets and mod-
els improve, so does the accuracy to which these procedures can
be performed. Here we report on an advance in modelling GIA in
Greenland and discuss the implications this has for applying these
procedures in this region.

Recent advances in our understanding of Greenland GIA have
been driven, primarily, by improvements in data quality and quan-
tity. Concentrated field efforts have led to a dramatic increase in the
spatial and temporal coverage of ice extent (e.g. Funder et al. 2011;
Sinclair et al. 2016) and relative sea level (Long et al. 2011) recon-
structions. Installation of a circum-Greenland network of continu-
ously operating global positioning system (GPS) receivers (Bevis
et al. 2012) is also now yielding information that can be applied in
regional scale GIA modelling (Khan et al. 2016). These improve-
ments in data control have been incorporated into modelling studies
that focused on producing deglacial model reconstructions of the
Greenland ice sheet (Tarasov & Peltier 2002; Fleming & Lambeck
2004; Simpson et al. 2009; Lecavalier et al. 2014; Khan et al. 2016).
In some of these studies (Simpson et al. 2009; Lecavalier et al. 2014;
Khan et al. 2016), it was found that model fits could be improved by
invoking lateral changes in Earth viscosity structure. However, all
of these studies were based on spherically symmetric earth models
and so lateral viscosity variations were not rigorously treated.

A number of studies have applied 3-D earth models in regional,
near-field GIA analyses, including North America (e.g. Wu 2006;
Paulson et al. 2007), Fennoscandia (e.g. Steffen et al. 2006; White-
house et al. 2006; van der Wal et al. 2013) and Antarctica (e.g.
Kaufmann et al. 2005; van der Wal et al. 2015). In all of these stud-
ies, lateral viscosity structure is shown to have a significant impact
on predictions of GIA-related observables, implying that inferences
of model parameters relating to the ice history or viscosity structure
based on 1-D (spherically symmetric) models could be biased and
thus impact the GIA model applications outlined above.

To our knowledge, only Xu et al. (2016) have applied a 3-D
earth model to determine the GIA signal in Greenland. The focus
of Xu et al. was to estimate present-day ice sheet mass balance via
two different methods (satellite gravity and the so-called "input–
output" method) and compare the results. As indicated in their Table
A3, two GIA model runs were performed that included laterally
variable Earth structure. The results provided in their Table A3
give an indication of the impact of lateral structure on gravity-
based estimates of the regional ice sheet mass balance changes in
Greenland. However, since the focus of Xu et al. (2016) was not on
the impact of lateral structure on Greenland GIA, few details are
provided on this aspect of the analysis (e.g. how lateral structure was
defined, its uncertainty and impact on other GIA-related observables
such as RSL and vertical land motion).

This is the first study to consider, in depth, the influence of lateral
viscosity structure on GIA in Greenland. Given the recent advances
in observational constraints and the growing evidence for the impor-
tance of lateral structure in this region (Simpson et al. 2009; Khan
et al. 2016), the motivation for such a study is evident. Our primary
aim is to quantify the effect of large-scale lateral viscosity structure
on model output of GIA and discuss the results with regard to some

of the GIA model applications described above. Specifically, can the
addition of lateral structure explain some large data model residuals
reported for RSL (e.g. Lecavalier et al. 2014; Woodroffe et al. 2014)
and GPS (Khan et al. 2016) observations and how might current
ice model reconstructions be biased by not considering lateral Earth
structure.

One difficulty in quantifying the effect of lateral Earth struc-
ture on model output is the uncertainty in defining this structure.
Thermal and compositional variations are the primary drivers of
large-scale lateral variability in mantle viscosity structure (Karato
2008; Stixrude and Jeanloz 2015). Some evidence suggests that
thermal effects are dominant in the upper mantle (e.g. Cammarano
et al. 2011). Given the lack of quantitative information on which of
these two factors dominate and where in the mantle, some previous
studies have used GIA observables in an effort to determine the rel-
ative importance of thermal and compositional effects (Wang et al.
2008; Wu et al. 2013). While the results of these studies demon-
strate clear potential for this approach, robust estimates are not yet
available due to the difficulty in adequately exploring the model
parameter space as well as limitations in the data. The results of Wu
et al. (2013), which consider observations from Fennoscandia, sug-
gest that temperature is the dominant control in this region, ranging
from 65 per cent dominant in the upper mantle and increasing with
depth in the lower mantle; although the uncertainty in this inference
also increases significantly with depth. Given the difficulty in ex-
ploring the model parameter space due to the high computational
cost of 3-D earth models, we follow a more simplistic approach here
and assume that lateral variations in viscosity structure are driven by
temperature only. As described in Section 2.2, we estimate temper-
ature variations based on realizations of seismic velocity structure
assuming that compositional changes have a negligible effect on
the velocity variations. Our motivation for choosing this approach
is that we can focus on another aspect of uncertainty in defining the
lateral variability in viscosity not yet introduced: that of the input
seismic velocity model. Indeed, a secondary aim of this analysis is to
quantify the influence of this uncertainty source by considering four
recently published seismic velocity models. We also consider two
models of lithospheric elastic thickness variations to arrive at a total
of eight different realizations of lateral viscosity structure. Although
this is a relatively small ensemble of models compared to analyses
based on 1-D earth models (e.g. Lecavalier et al. 2014), considering
a larger number is difficult given the high computational expense of
the applied numerical model (Latychev et al. 2005). Of course, the
above assumptions and the limited size of the model ensemble limit
the generality of the conclusions that can be drawn from the results
presented in Section 3. That said, we believe our results represent
an important first step towards quantifying the uncertainty of 3-D
earth models applied to study GIA in Greenland.

2 M E T H O D S

2.1 GIA model

The results presented below were generated using a numerical finite-
volume formulation of the surface loading process (Latychev et al.
2005). This formulation solves the underlying equations for the
case of a Maxwell viscoelastic rheology within a spherical tetra-
hedral grid in which the grid resolution is variable and greatest
near the model earth surface. At the surface, the lateral resolution
is ∼15 km, compared to ∼60 km at the core–mantle boundary.
The depth resolution varies from ∼12 km immediately beneath the
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surface to ∼50 km immediately above the core–mantle boundary.
The model computes a number of observables, including RSL and
rates of present-day vertical land motion and geoid change, for a
specified surface (ice) loading history and Earth density and vis-
coelastic structure. The associated ocean loading is computed by
solving the sea level theory and algorithm described in Kendall
et al. (2005) and so time-varying coastlines are incorporated. We
note that the version of the model applied here extends the algorithm
of Kendall et al. (2005) to include the influence of earth rotation
on model output (Milne & Mitrovica 1998; Mitrovica et al. 2005).
Displacements at the model earth surface are computed relative to
the centre of mass of the Earth and surface load (i.e. the ‘CM’ refer-
ence frame; Blewitt 2003), which can lead to long-wavelength, sub-
mm yr−1 residuals when comparing model output to GPS-inferred
vertical motion for high-latitude regions such as Greenland (Sec-
tion 3.2; Argus 2012). The ice history is a combination of models
from previous studies. The Greenland component is the so-called
Huy3 model reconstruction presented in Lecavalier et al. (2014),
which was tuned to fit a regional database of RSL and ice extent
constraints. The model was first tuned to fit ice extent constraints
and then 1-D earth viscosity model parameters (see the next para-
graph) were identified that optimized model fits to the RSL data. For
the North American ice complex (comprising the Cordilleran, In-
nuitian and Laurentide ice sheets), we adopt a model reconstruction
(termed nn9894) from Tarasov et al. (2012) that provided some of
the best fits to a regional database of RSL, ice extent and present-day
vertical land motion. For the remaining ice sheets, we use the com-
monly applied ICE-5G model reconstruction described in Peltier
(2004). The three ice model reconstructions were produced using
different methodologies; for example, the Huy3 and nn9894 his-
tories are generated from output of numerical thermomechanical
ice models with user-specified forcings and boundary conditions,
whereas the ICE-5G model is not based on output from a glacio-
logical model (except for the Greenland component, which is not
used here). Also, the process through which best-fitting model pa-
rameters were identified range in complexity and rigour, with that
applied in Tarasov et al. (2012) being the more robust of the three
studies. Finally, we note that the nn9894 and ICE-5G models were
determined assuming a given 1-D earth viscosity model (VM5a for
nn9894 and VM2 for ICE-5G). For further information on the ice
loading histories applied here, the reader is referred to the original
publications.

The density and elastic structure of the model earth are defined
to be depth-dependent only and are based on the preliminary ref-
erence earth model (Dziewonski & Anderson 1981). In total, nine
earth viscosity models were considered to assess the sensitivity of
model output to this key input. To serve as a reference case, we
performed one run with no lateral variations in which the depth-
dependent structure is given by a lithospheric (elastic) thickness
of 120 km, a uniform upper-mantle (base of lithosphere to 670
km depth) viscosity of 5 × 1020 Pa s and a uniform lower-mantle
(670 km to the base of the mantle) viscosity of 2 × 1021 Pa s.
This 1-D viscosity model optimized the fit to a regional data set
of RSL change when using the Huy3 ice loading history (Lecav-
alier et al. 2014). This viscosity model is also very similar to the
so-called VM2 model (Peltier 2004) that was used in generating the
nn9894 ice history (Tarasov et al. 2012) and ICE-5G. Lateral vis-
cosity variations were added to the reference 1-D structure by using
four global seismic velocity models to estimate lateral temperature
and therefore viscosity variations. Lateral variations in lithospheric
(elastic) thickness were also applied via two published estimates
of this structure (Zhong et al. 2003; Conrad & Lithgow-Bertelloni

2006). Further information on these realizations of lateral structure
is provided in the following section.

By considering four different seismic tomography models and
two different estimates of lithospheric (elastic) thickness, a total
of eight realizations of lateral viscosity structure were input to the
model. Output from this set of eight inputs is compared to that
generated for the reference (1-D) case in Section 3. To consider the
sensitivity of model output to structure at different depth ranges,
we performed three additional runs for the GIA model with lateral
structure based on the S40RTS seismic velocity model (introduced
below). Thus, the results in Section 3 represent a total of 12 model
runs (including the reference 1-D case). Each model run takes ∼5
days on 114 compute cores and so the results presented below
represent a total of computation time of just under 6900 core days.

2.2 Estimates of lateral viscosity structure

The two global lithosphere thickness models we apply are based on
different methods and observations over continental regions. The
model presented by Zhong et al. (2003) is based on the results of
loading studies and heat flux observations, whereas that presented
in Conrad & Lithgow-Bertelloni (2006) is based on the depth to
a defined (minimum) seismic velocity perturbation (ostensibly a
thickness estimate of the thermal lithosphere). Over ocean areas,
the thickness estimates are related to either lithospheric age (Conrad
& Lithgow-Bertelloni 2006) or the depth to a specified geotherm
calculated using the half-space cooling model (Zhong et al. 2003).
Given that the age and thermal structure of the oceanic lithosphere
are related, the estimates in oceanic areas show similar variations
in the two models. For further details, the reader is referred to
the original articles. In the majority of GIA modelling studies, the
lithosphere is defined by assigning very high viscosity values such
that it acts elastically over GIA timescales. Thus, the methods used
to define the two models used here provide only an approximate
estimate of this quantity.

The two lithosphere thickness models were scaled such that the
global mean is the same as that in our 1-D reference model (120
km). Fig. 1 shows the thickness distribution of both models after
this scaling was applied. Both models show the thinnest lithosphere
in the vicinity of the mid-Atlantic ridge with a progressive thick-
ening towards Greenland. The greatest differences between the two
models are, as expected, over continental areas, with the scaled Con-
rad and Lithgow-Bertelloni model exhibiting considerably thicker
values over all of Greenland except for the southeast. The greatest
differences are evident in northeast Greenland where they exceed
100 km. These differences are large and reflect the methods ap-
plied as well as the difficulty in estimating the mechanical (elastic)
thickness of the lithosphere, particularly in ice-covered continental
areas. Of these two models, that by Zhong et al. (2003) is most
consistent with a recent inference of thermal elastic thickness in
central Greenland (Petrunin et al. 2013), which indicates that the
lithosphere is relatively thin for an early Proterozoic terrain and
increases in thickness from east to west by ∼30 km over central
Greenland (based on the depth to the 1300◦C isotherm).

As stated above, four global seismic velocity models were used to
estimate lateral viscosity variations beneath the model lithosphere.
These models are: S40RTS (Ritsema et al. 2011), Savani (Auer
et al. 2014), SEMUCB-WM1 (French & Romanowicz 2014) and
SL2013sv (Schaeffer & Lebedev 2013). Each model defines lateral
deviations in shear wave velocity relative to a reference 1-D velocity
profile. All models provide lateral velocity variations throughout
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Figure 1. Variations in elastic thickness across the study region based on
two published global models: (a) Zhong et al. (2003) and (b) Conrad &
Lithgow-Bertelloni (2006). Both models were scaled to produce a global
average thickness equal to that of the reference 1-D model (120 km).

the whole mantle with the exception of SL2013sv, which extends to
only ∼1000 km depth; the shear velocity below this depth follows
that of the 1-D model AK135 (Kennett et al. 1995). These particular
models were chosen because they are relatively recent and represent
development by different research groups. Also, while there is some
overlap in the data sets used in their construction, there are also
clear differences in both the data sets employed and the modelling
(forward and inverse) methods used.

S40RTS is an isotropic shear velocity model of the mantle con-
strained by three data sets: minor and major arc Rayleigh wave
dispersion, teleseismic body-wave traveltimes and spheroidal mode
splitting functions; the ray-theoretical great circle path propaga-
tion is assumed and inversion is carried out using a damped least-
squares approach. SEMUCB-WM1 is a Voigt-average shear speed
and radial anisotropy model constrained by long-period waveforms
(multimode Rayleigh and Love waves and long-period body waves)
and group-velocity dispersion maps; a hybrid waveform inversion
approach combines a spectral finite element method (SEM) for
forward modelling with non-linear asymptotic coupling for the in-
verse step to improve computational efficiency. Savani is a radially
anisotropic shear wave velocity model of the whole mantle con-
structed with a variably parametrized grid adapted to reflect the
relative data coverage in each grid cell. The data includes phase
delays measured for the fundamental and first five overtones of
Rayleigh and Love waves, as well as body-wave traveltime delays
for a variety of S-wave phases. Finally, SL2013sv is a vertically
polarized shear velocity model of the upper mantle, transition zone
and uppermost lower-mantle, constrained by a very large data set of
seismograms successfully fit using an automated multimode wave-
form inversion approach. Approximate sensitivity volumes enable
improved accuracy compared to pure ray theory; in addition, a 3-D
crustal model is solved for during the inversion, minimizing the
propagation of artefacts into the mantle due to corrections based
on assumed crustal structure. Inversion is carried out via an iter-
ative least squares approach. Although cases can be made for the

veracity of one model over another in the vicinity of Greenland, for
the purpose of this study, we consider each to represent an equally
probable realization of Earth velocity structure.

We follow the method described in Latychev et al. (2005) to
determine viscosity structure from seismic velocity variations. This
method applies the assumption that compositional changes have a
small influence on the lateral velocity perturbations and so can be
ignored. In doing so, three equations can be applied to convert the
velocity perturbations to viscosity changes. The first step involves
converting the velocity variations into density structure via

δ ln ρ (r, θ, ϕ) =
[

δ ln ρ (r )

δ ln vs (r )

]
δ ln vs (r, θ, ϕ) , (1)

where vs and ρ are perturbations in shear wave speed and density
as a function of radius (r), colatitude (θ ) and east longitude (ϕ). A
depth-dependent scaling factor shown by the term in square brackets
is used to convert velocity structure to density structure. We adopt
the profile presented in Forte & Woodward (1997) to define this
scaling.

The second step involves converting density structure to varia-
tions in temperature (T ) via the material property known as the
volume coefficient of thermal expansion (α), as given by the rela-
tionship

δT (r, θ, ϕ) = − 1

∝ (r )
δ ln ρ (r, θ, ϕ) . (2)

We adopt the depth dependence of the parameter α as derived
by Chopelas & Boehler (1992). The third and final step involves
calculating the viscosity (ν) variations by adopting the relationship

ν (r, θ, ϕ) = ν0 (r ) e−εδT (r,θ,ϕ), (3)

where ν0(r ) is the 1-D reference viscosity profile and ε is a free
parameter that defines the strength of the temperature changes on
viscosity. In all of our calculations we define ε to be a constant
value of 0.04 ◦C−1, which leads to lateral viscosity variations of
around five orders of magnitude in our study region (Fig. 2 and
Figs S1–S4, Supporting Information). We believe this relatively
large range is reasonable given that the region includes old and
stable continental cratons as well as divergent plate boundaries and
a hotspot (Iceland). The above procedure to convert seismic velocity
to viscosity accounts for both anharmonic and anelastic effects as
both are included in the adopted profile of perturbations in density
relative to perturbations in shear wave velocity (bracketed term on
the right-hand side of eq. 1; Karato 1993). It is important to note
that the parameters adopted in the above scaling relations contain
significant uncertainty (e.g. Ivins & Sammis 1995).

The lateral structure is defined first on some pre-determined set
of radii that depend on the adopted seismic model. Next, these
fields are interpolated to other radial layers (at higher resolution
than that provided in the seismic models) via radial splines. Note
that lateral variations are not applied within the lower 100 km or
so of the mantle given the expected large contribution of chemical
heterogeneity in this region to both seismic velocity and viscosity
structure (which are assumed negligible in this study). Thus, the
viscosity will be laterally uniform and equal to the reference 1-D
model in this part of the lower mantle. This is not a concern given
that the GIA observables considered here are insensitive to structure
in the deep lower mantle.

We chose three depths, 200, 600 and 1000 km, to illustrate the
typical amplitude and variation of lateral structure inferred from
the shear wave velocity models. The viscosity variations for these
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Figure 2. Top frames show the mean viscosity computed from all four seismic models considered, relative to the value in the reference 1-D model (i.e. 5 ×
1020 Pa s in the upper mantle and 2 × 1021 Pa s in the lower mantle), at three different depths. The bottom frames indicate the total range in viscosity values.

depths are shown for each seismic model in the Supporting Informa-
tion (Figs S1–S4). Inspection of these figures shows that, while there
are similarities between the viscosity variations for each model,
there are also considerable differences. (Note that the SL2013sv
model shows less viscosity structure compared to the other mod-
els at 1000 km depth given the relatively limited depth resolution
of this model, which drops off below depths of about 800 km.)
For example, all models show low viscosities in the vicinity of the
Iceland hotspot but there are differences in the location of and the
lateral/vertical extent of this feature. Also, some models appear to
resolve structure better than others at certain depths: for example,
the SEMUCB-WM1 and SL2013sv models appear to better resolve
the fast velocity (high viscosity) anomaly beneath Greenland at 200
km depth. These differences reflect the data and methods used in
constructing the four seismic models described above. Fig.2 sum-
marizes the results in Figs S1–S4 of the Supporting Information by
showing the mean (top frames) and the range (i.e. greatest differ-
ence; bottom frames) in viscosity when considering all four mod-
els. The most robust features are evident in the mean, including the
lower viscosities (slower wave speeds) to the east of Greenland and
higher viscosities beneath Greenland, with lateral variations reach-
ing about five orders of magnitude. As evident in the differences
shown between Figs S1 and S4 of the Supporting Information, the
range in viscosity values between the four models is large; reaching
several orders of magnitude in many areas (see lower frames in
Fig. 2). The largest differences between models are found east of
Greenland for the 600 and 1000 km depth slices, reflecting the large
lateral velocity gradients in this region.

As outlined in Section 1, there are a number of sources of un-
certainty in determining estimates of lateral viscosity variations in
the mantle. A primary one is the uncertainty in the velocity models

as the results in Fig.2 (lower frames) indicate. By using four ve-
locity models that are based on different data sets and modelling
approaches, we can quantify, albeit crudely, the influence of this
source of uncertainty. A four-model sample set is limited but using
a larger number is difficult given the relatively small number of
global seismic models that are produced by independent research
groups and the high computational expense of the GIA model ap-
plied here. The other primary sources of uncertainty are: (1) the
assumption that velocity heterogeneity is the result of temperature
variations only and (2) viscosity variations are driven by temper-
ature only. The accuracy of the first assumption will vary within
the mantle and is poor where there are significant lateral variations
in properties other than temperature that affect the bulk density or
shear elastic properties of rock (Priestley & McKenzie 2013). Re-
garding the second, it will be less accurate in regions where other
factors vary that are known to influence the ductile behaviour of
rock, such as composition, structure (e.g. grain size) or volatile
content (Karato 2008).

3 R E S U LT S A N D D I S C U S S I O N

3.1 Relative sea level

The contribution of GIA to RSL change around Greenland is il-
lustrated in Fig. 3. Model output based on the 1-D reference earth
model (top-left frame and black lines in other frames) as well as
reconstructed RSL changes are shown for seven sites around Green-
land. These (1-D) model results reflect those in Lecavalier et al.
(2014) since they are based on the same Greenland ice model re-
construction (Huy3) and earth viscosity model. The non-Greenland
component of the ice model is also the same except that here we used
a different model reconstruction for the North American ice sheets
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Figure 3. Top-left frame shows RSL at 10 kyr BP based on the reference earth viscosity model. The other frames show model output of RSL at seven locations
(shown in top-left frame) around Greenland. These are selected from the analysis of Lecavalier et al. (2014) and are numbered to follow the order defined in
that analysis: 1 is site 6 (Innaarsuit); 2 is site 13 (Paamiut); 3 is site 16 (Nanortalik); 4 is site 19 (Schuchert); 5 is site 30 (Kronprins); 6 is site 39 (Hall West);
7 is site 43 (Saunders). For each locality, ten curves are indicated: the reference model (solid black line) as well as those corresponding to the eight models
with lateral structure (coloured lines) and the mean of these (black dashed line). The lithosphere model adopted in the 3-D earth model runs is indicated via
solid colour lines (Zhong et al. 2003) and dashed lines (Conrad & Lithgow-Bertelloni 2006). The colour coding is as follows: S40RTS (red lines), Savani (blue
lines), SEMUCB-WM1 (green lines), SL2013sv (orange lines). Three types of RSL observations are also indicated: index points that accurately define the time
and height of ancient sea level are shown as crosses (with time and height error bars) and limiting data are indicated by darker grey triangles (lower limiting)
and lighter grey inverted triangles (upper limiting). The limiting data indicate the height that sea level was above (lower limiting) or below (upper limiting) at
a given time and represent a less precise measure of RSL compared to the index points. See Section 2.2 of Lecavalier et al. (2014) for further information on
the RSL observations.

(i.e. nn9894 as opposed to nn9927 from Tarasov et al. (2012)). The
seven localities were chosen to provide a good indication of the
spatial variability in RSL change around the island. They were also
chosen to highlight locations where the Huy3 ice history and part-
nering 1-D earth model does not produce good quality fits to the
data—specifically, in the south (sites 2 and 3) and north (sites 5, 6
and 7) of Greenland. The results in Fig.3 show that the amplitude
of RSL change varies around the Island (peaking at ∼200 m) near
Disko Bugt (site 1) and that most areas experienced peak sea levels
in the early Holocene followed by a rapid fall that continued to
present at some locations or was followed by a rise starting between
the mid to late Holocene. The causes of this spatial and temporal
variability have been discussed previously (Tarasov & Peltier 2002;
Fleming & Lambeck 2004; Simpson et al. 2009; Lecavalier et al.
2014) and so will not be described here, suffice to say that it reflects
the timing and geometry of past changes in Greenland and other
ice sheets. The primary importance of the 1-D model results here
is that they serve to define a reference to gauge the importance of
adding lateral viscosity structure to the earth model. We will return
to Fig. 3 towards the end of this section to discuss the contributions
of lateral structure to the model output at each locality.

We begin by examining the influence of lateral structure over
two different depth ranges in the sublithospheric mantle. Fig. 4

shows model output of RSL at 10 kyr BP relative to the 1-D refer-
ence model for viscosity structure calculated using S40RTS and a
uniform lithosphere of thickness 120 km. The influence of lateral
viscosity structure between 120 and ∼2800 km (Fig. 4a) is charac-
terized by RSL values that are lower by up to ∼20 m in most parts of
the coast but also higher in some areas, notably southeast Greenland
and the mid-west to northwest. Relating this signal to the lateral vis-
cosity structure in this model is difficult given that the pattern and
sign of the viscosity perturbations change with depth (as crudely
illustrated in the three depth ‘slices’ included in Fig. S1 of the Sup-
porting Information). Separating the signal into that associated with
structure in the lower (Fig. 4b) and upper mantle (Fig. 4c) makes it
possible to delineate the relative contribution of structure in these
regions to the net signal (Wu 2005; Wang & Wu 2006). As one
would expect, the component signal from lower-mantle structure is
of longer wavelength compared to that for the upper mantle. The
greater amplitude of the upper-mantle contribution reflects the spa-
tial scale of the load changes within the Greenland ice sheet during
the most recent deglaciation, rather than changes in the amplitude
of lateral viscosity structure with depth. Although not demonstrated
here, the substantial sensitivity to lower-mantle structure is proba-
bly dominated by deformation associated with the adjacent North
American ice sheets (Fleming & Lambeck 2004; Simpson et al.
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Figure 4. Model output of RSL at 10 kyr BP relative to the 1-D reference model for lateral viscosity structure based on the S40RTS velocity model and a
uniform lithosphere of thickness 120 km. The sublithosphere lateral viscosity structure is distributed over different depth extents: (a) base of lithosphere to
∼2800 km depth, (b) 670 to ∼2800 km and (c) base of lithosphere to 670 km.

2009; Lecavalier et al. 2014). In the majority of coastal regions,
the influence of structure in the upper and lower mantle has the
opposite sign thus diminishing the net signal. The signals add along
the northern part of the west coast to produce RSL values that are
over 20 m higher than those produced by the 1-D model.

Adding a lithosphere with lateral structure to the S40RTS viscos-
ity model produces significant changes to the predicted RSL values
at 10 kyr BP (Fig. 5). The greatest differences between the two
lithosphere thickness models considered here (Zhong et al. 2003;
Conrad & Lithgow-Bertollini 2006) are found to the east of Green-
land as the lithosphere thins towards the mid-Atlantic ridge (Fig. 1).
This is reflected in Fig. 5, which shows that the greatest differences
(between all three cases) are in eastern Greenland (and Iceland). In
most parts of the east Greenland coast, adding lateral structure to
the lithosphere acts to reduce the negative RSL values associated
with sublithosphere structure. This effect is more pronounced with
the Zhong et al. model, for which positive RSL values (relative
to the 1-D reference model) are produced for a large swath of the
east Greenland coast. The influence of lateral structure elsewhere
is more subtle due to the dominant signal associated with lateral
viscosity structure in the upper mantle and the smaller differences
between the uniform and lateral lithosphere models over much of
central and western Greenland.

The results in Figs 4 and 5 indicate that lateral viscosity structure
in both the lithosphere and sublithospheric mantle have a significant
effect on model output of RSL and that upper-mantle structure
has the dominant influence in most regions. Due to computational
resource constraints, we did not compute similar depth sensitivity
results for the other seismic models. While we expect there to be
some differences, the general conclusion that upper-mantle structure
is dominant will likely be the same for all models. The influence
of lateral structure for all four seismic models considered is shown
in Figs S5 and S6 (Supporting Information). Comparison of the
results shown in these figures illustrates that, although there are
some similarities in the predicted structure, there are also some
considerable differences. To better isolate both the similarities and
differences of these results, we computed the mean and standard
deviation using all eight realizations of lateral structure; the former

can be considered as our best estimate of the influence of lateral
structure while the latter is a measure of the uncertainty in this
estimate. We show the mean RSL minus the reference 1-D result
and well as twice the calculated standard deviation in Fig. 6. The
mean of the eight 3-D model runs brings out the aspects of the
signal that are relatively robust, such as the two regions of lower
than average RSL in central west and northwest Greenland, as well
as the region of greater than average RSL values in between these
west coast sectors. In terms of signal uncertainty, the greatest values
are produced for the east coast between the RSL sites 4 and 5 and
on the west coast between sites numbered 1 and 7. We note that
the amplitude of the estimated uncertainty is greater than the mean
value in some areas, such as along the central and northern east
coast and the central west coast.

Fig. 3 provides temporal context for the spatial patterns shown
in Fig. 6. At six of the seven locations considered, the influence of
lateral structure—as defined by the mean of all eight model runs
(dashed black line) relative to the height of the reference (1-D)
model (solid black line)—does not change sign over the period
shown; site 4 is the exception. When considering individual runs
(coloured lines), it remains true that in the majority of cases the
sign of the influence of lateral structure is constant through time
but there are more examples where the sign does change. At most
sites, the individual model runs indicate a consistent bias of higher
or lower RSL values regardless of the lateral structure imposed. The
time-series of individual model runs provides useful information on
the cause of the spread in the output (as shown in Fig. 6b at 10 kyr
BP). At some locations (e.g. 4), the vertical spread is dominated by
the two lithosphere thickness models used, whereas at others (e.g. 3,
7), the contribution from lateral variations beneath the lithosphere is
more important. At some sites, the mean influence of lateral struc-
ture (dashed black line) is larger than the model spread associated
with the input seismic and lithosphere models (1, 3, 6 and 7) but
not others (2, 4 and 5).

The results in Figs 3 and 6 can be used to determine whether
lateral structure can account for the primary data model misfits
identified in Lecavalier et al. (2014); specifically, the low modelled
RSL values during the early Holocene in southern (sites 2 and 3) and
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Figure 5. Model output of RSL at 10 kyr BP relative to the 1-D reference model for the 3-D model with lateral structure based on the S40RTS seismic model.
The results in each frame indicate a different elastic lithosphere used in each case: (a) uniform with thickness 120 km, (b) non-uniform based on the Zhong
et al. (2003) model and (c) non-uniform based on the Conrad & Lithgow-Bertollini (2006) model.
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Figure 6. (a) The mean of 3-D model output based on eight realizations of lateral viscosity structure relative to the reference 1-D model. (b) Twice the standard
deviation of the model output based on the eight runs of 3-D viscosity structure. The numbers (1–7) indicate the locations of the model RSL curves and
observations shown in Fig. 3.

northern (sites 5, 6 and 7) Greenland. In southern Greenland, the in-
fluence of lateral structure raises the modelled RSL during the early
Holocene for all of the lateral structures considered, thus reducing
the data model discrepancy in terms of matching the amplitude of
the local RSL signal. However, even the models that maximize RSL
in the early Holocene still fall considerably short of the observed
values and the general shape of modelled RSL curves does not
match well the shape suggested by the observations. At Paamiut
(site 2), the observed rate of RSL fall is not well matched by any
of the models suggesting that the misfit is dominated by limitations
in the ice model (Lecavalier et al. 2014; Woodroffe et al. 2014). At
Nanortalik (site 3), a key issue appears to be the timing of initial ice
model deglaciation: a better fit would be possible by deglaciating
about 3 kyr earlier. Thus, our results suggest that the lateral viscos-
ity structure considered here cannot resolve the misfits associated
with a 1-D earth model in southern Greenland, implying that the ice

history is inaccurate (Woodroffe et al. 2014) and/or other processes
not included in the model are active (e.g. Steffen et al. 2014).

At the northern sites (5, 6 and 7), the data quality is relatively
poor with an absence of index points. However, the upper- and
lower-limiting data are sufficient to indicate that the reference model
curves are incompatible with the observations in terms of both the
amplitude and timing of RSL fall. Adding lateral structure increases
the amplitude of the RSL fall at sites 5 and 7 and so can reconcile this
aspect of the data model misfit. At site 6, however, the amplitude
is decreased and so the residuals are increased by adding lateral
structure. At site 5, some of the individual model runs provide
good fits to the limiting data. At site 7, our results suggest that
delaying the deglaciation by ∼1 kyr would produce improved fits.
Our results for site 6 suggest that the ice history is the likely source
of the poor fits at this locality; specifically, greater and delayed ice
thinning would result in more accurate model curves. Greater ice
thinning in the area is supported by loss of ice buttressing with the
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Innuitian ice sheet when Nares Strait deglaciated (MacGregor et al.
2016) and the elevated early Holocene temperatures compared to
those estimated at the GRIP ice core site (Lecavalier et al. 2017).
Of course, revising the ice history in this way will also impact the
predicted RSL curve at site 7 and so fitting the RSL data at all sites
in northwest Greenland will be a challenge.

Thus far, we have considered locations where the reference model
did not provide good fits to the RSL observations to assess whether
adding lateral structure can resolve the misfits. It is also instructive
to examine the change to model output where the reference model
produced relatively good fits to the RSL data to consider the im-
plications regarding potential biases in the ice model. The greatest
density of high-quality RSL data is found in and surrounding Disko
Bugt (site 1 and vicinity). At this location, lateral structure reduces
the modelled amplitude of RSL fall for all model runs. The sim-
plest interpretation of this result is that, by not considering lateral
Earth structure, the inference of ice thickness in this region is bi-
ased low and/or timing of deglaciation is biased early. While these
are certainly possibilities, ice modelling sensitivity tests would be
required to determine whether such changes to the ice model are
compatible with other constraints, such as those on the location and
timing of margin retreat in this area (Lecavalier et al. 2014). At site
4, the addition of lateral structure results in an improved fit to the
RSL data by increasing the amplitude and thus capturing the oldest
RSL index points comfortably. The average of the 3-D model runs
produces a high quality fit to these data.

In developing the Huy2 model, Simpson et al. (2009) found that
it was difficult to produce good fits to RSL observations on both
the east and west coasts with the Huy2 ice model reconstruction.
They proposed that this reflected either a difference in viscosity
structure between the two coasts or asynchronous retreat of the
ice margin, with earlier retreat in the east. Lecavalier et al. (2014)
tested this second hypothesis by implementing spatial variation in
the sensitivity of the ice model to the applied sea level forcing and
found that good fits could be achieved to data on both coasts by
producing an earlier retreat in the east. Our results indicate that
lateral Earth structure is not a viable explanation for the east–west
issue noted by Simpson et al. (2009) in that it leads to, on average
during the early Holocene, a shift of the modelled RSL curves to
older times in the Disko Bugt area where the majority of RSL
data are located (site 1) and earlier times in the east (e.g. sites 4
and 5). That is, adding lateral structure would replicate an earlier
margin retreat in the Disko Bugt area compared to the east coast, the
opposite of the change required to better fit the observations. Thus,
our results provide further support for an earlier retreat of the ice
margin in the east compared to the west (Disko Bugt region) and are
compatible with ice margin chronology constraints (Funder et al.
2011; Sinclair et al. 2016) and evidence for earlier ocean warming
along the east coast (Williams 1993; Knutz et al. 2011).

3.2 Present-day vertical land motion and gravity changes

In considering the influence of lateral Earth structure on model out-
put of present-day rates of vertical land motion, we follow a very
similar progression to that in the previous section. Thus, we begin
by first considering results for the S40RTS model and a uniform,
120 km thick elastic lithosphere. The influence of this realization of
lateral structure (relative to the 1-D reference case) can reach val-
ues with amplitude in excess of 1 mm yr−1, with subsidence in the
northwest and southeast and uplift in the central west of Greenland.
As for RSL (Fig. 4), lateral structure in the upper mantle (Fig. 7c)

dominates the total signal (Fig. 7a). The component signal associ-
ated with lateral structure in the lower mantle (Fig. 7b) contributes
no more than a few tenths of a mm yr−1. As for the case of RSL,
adding lateral structure to the lithosphere does not dramatically in-
fluence the general pattern associated with sublithosphere structure
but it can make a significant contribution in areas where there are
large differences between the uniform and non-uniform models.
For example, application of the Zhong et al. (2003) model (Fig. 8b)
increases the rate of uplift in central to northern parts of the east
coast by up to 1.5 mm yr−1.

Comparing the influence of lateral structure for all four seismic
models (Figs S7 and S8, Supporting Information) on present-day
vertical land motion indicates that some features in the signal are
robust across all models, such as subsidence in northwest Green-
land and uplift south of this area, but there are also some significant
differences. Rates based on the Savani model are an outlier in that
this is the only model that predicts uplift along the entire east coast
regardless of the adopted lithosphere thickness model. The dif-
ferences between the model output shown in Figs S7 and S8 of
the Supporting Information indicate relatively large uncertainty in
quantifying the influence of lateral structure on present-day verti-
cal land motion. This is apparent in Fig. 9 which shows the mean
(Fig. 9b) and (twice the) standard deviation (Fig. 9c) of the model
output for all eight realizations of lateral structure considered here.

The results in Fig. 9 indicate that the influence of lateral struc-
ture, as defined by the mean of the eight models relative to the 1-D
reference case (Fig. 9b), is a fraction of the total signal obtained
from the reference model (Fig. 9a) in most locations where GPS
receivers have been deployed (Bevis et al. 2012). However, there
are some locations where the component signal due to lateral struc-
ture (Fig. 8b) is similar in magnitude to the total signal (e.g. central
western Greenland). The averaging process brings out the more
robust features of the signal due to lateral Earth structure. In partic-
ular, the amplitudes of subsidence in the northwest and uplift south
of this region are greater than the estimated uncertainty (Fig. 9c).
For the majority of the Greenland coast where GPS stations are lo-
cated, the average influence of the lateral structure considered here
results in land uplift of less than 1 mm yr−1. The 2-sigma uncer-
tainty estimate is generally at the sub-mm yr−1 level for most of
the Greenland coast, except in central to northern parts of the east
where there are values exceeding 2 mm yr−1. The spread in model
output as represented by twice the standard deviation is of similar
amplitude to, and often larger than, the mean influence of lateral
structure on present-day vertical land motion.

A recent study estimated land uplift rates due to GIA (Khan
et al. 2016) by estimating and subtracting the signal associated with
elastic motion due to ice thickness changes during the monitoring
period. One result of the Khan et al. (2016) study is that uplift
rates predicted by GIA models that were tuned to fit RSL and
ice extent data do not produce good fits to the calculated rates at
the majority of sites. This discrepancy is evident in Fig. 10 which
compares the GIA rates from Khan et al. (2016; their Table S1)
to those from our reference model (essentially the Huy3 model of
Lecavalier et al. 2014). The data and model results are plotted at
sites in sequence with the drainage basins (1–7) identified in Khan
et al. (2016). For clarity, the data model comparison is split into
two frames. Inspection of Fig. 10 shows that the reference model
does not fit the GPS-inferred GIA rates at any of the 54 sites. The
discrepancy (GPS-inferred minus modelled) ranges from about 10
mm yr−1 to around 1 mm yr−1. The two sites (25 and 26) where
the discrepancy is largest are somewhat anomalous in the sense that
the GPS-inferred rates are significantly higher than at other sites. It
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Figure 7. Model output of present-day uplift rate relative to the 1-D reference model for lateral viscosity structure based on the S40RTS velocity model and
a uniform lithosphere of thickness 120 km. The sublithosphere lateral viscosity structure is distributed over different depth extents: (a) base of lithosphere to
∼2800 km depth, (b) 670 km to ∼2800 km and (c) base of lithosphere to 670 km.
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Figure 8. Model output of present-day uplift rate relative to the 1-D reference model for the 3-D model with lateral structure based on the S40RTS seismic
model. The results in each frame indicate a different elastic lithosphere used in each case: (a) uniform with thickness 120 km, (b) non-uniform based on the
Zhong et al. (2003) model and (c) non-uniform based on the Conrad & Lithgow-Bertollini (2006) model.

has been suggested that this is due to a large signal associated with
local ice thinning in the 20th century combined with low viscosity
values in regions where Greenland passed over the plume presently
located under Iceland (Khan et al. 2016 and references therein). The
models used to infer lateral structure here do not have the required
resolution to infer lateral variations on these scales.

Adding lateral structure to the reference earth model does not
make a significant improvement to the overall data model fit
(Fig. 10). At the majority of sites, where the discrepancy is greater
than ∼2 mm yr−1, the amplitude of change associated with adding
lateral structure is too small to explain the residuals. In some loca-
tions where the residuals are less large (e.g. sites 8–17), some of the
3-D models fall within the data uncertainty range. In terms of our
‘best estimate’ model (mean of all eight 3-D models), none fit the

GPS-inferred rates; at some locations the fit is improved (e.g. sites
48–54), while at others it is made worse (e.g. sites 1–5). As noted
in Section 2.1, the model reference frame used to compute vertical
land motion is different to that used in arriving at the GPS-inferred
rates. This could lead to an approximately uniform offset between
the modelled and GPS-inferred rates but with amplitude at the sub-
mm yr−1 level, which is considerably less than the residuals shown
in Fig. 10. Some of the discrepancies indicated in Fig. 10 reflect
the fact that our reference GIA model (Lecavalier et al. 2014) was
constructed to match paleo ice extent and RSL reconstructions and
not GPS-inferred uplift rates. Indeed, some of the areas with large
residuals correspond to those where there are no RSL data (mid-
to-north section of the west coast; sites 46–54) or where the model
fits are relatively poor (western part of north coast; sites 1–4). A
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Figure 9. (a) Present-day uplift rates generated by the reference 1-D earth model. (b) The mean of 3-D model output based on eight realizations of lateral
viscosity structure relative to the reference 1-D model. (c) Twice the standard deviation of the model output based on the eight runs with 3-D viscosity structure.
The numbers (1–54) indicate the locations of GNET GPS stations (Bevis et al. 2012). These are numbered in sequence with the drainage basins defined in
Khan et al. (2016). Comparison of the model uplift rates to those inferred from the GNET GPS stations is provided in Fig. 10.
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Figure 10. Comparison of GPS-inferred and modelled uplift rates at the sites of the GNET stations (see Fig. 9 for locations). The rates inferred from the GPS
time-series (corrected for elastic motion during the monitoring period) are shown as solid circles with their associated uncertainty (Khan et al. 2016). Results
for the 1-D reference model are indicated by black circles and the 3-D model output is given by coloured symbols. The mean of the eight 3-D model runs is
indicated by the black ‘x’ symbol for each site. The lithosphere model adopted in the 3-D earth model runs is indicated via coloured dashes (Zhong et al. 2003)
and coloured ‘x’ symbols (Conrad & Lithgow-Bertelloni 2006). The colour coding is as follows: S40RTS (red), Savani (blue), SEMUCB-WM1 (green) and
SL2013sv (orange). For clarity, figure is split into two frames: (a) sites 1–25 and (b) sites 26–54.
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recent study has shown that the Huy3 model likely underestimates
ice thinning in this area due to an underestimate in the temperature
forcing (Lecavalier et al. 2017) and that a revised model accounting
for this increases the predicted uplift rates by about 2 mm yr−1.
However, this does not resolve the data model discrepancy as the
influence of lateral structure is to decrease modelled rates in this
region. There are also locations where the reference model fits the
RSL data well and yet there remain large differences in the mod-
elled and GPS-inferred uplift rates. Central western Greenland is
a good example. One interpretation of the RSL results in Fig. 3 is
that the ice model underestimates the amount of mass loss in this
region. This suggests one avenue to improve the model fits to the
GPS data; however, a key constraint is the observed minimum in
RSL and rise to present during the past few kyr. This can only be
achieved by a regrowth of the ice sheet large enough to overprint
the uplift associated with the earlier retreat. Thus, in this region
at least, the only alternative to simultaneously fitting the RSL and
GPS observations is to consider relatively recent (past century or
so) changes in the ice sheet (Kjeldsen et al., 2015). Resolving the
discrepancies shown in Fig. 10 is an important challenge for future
study.

To end this section, we briefly consider the impact of lateral struc-
ture on estimating present-day ice mass loss in different sectors of
the Greenland ice sheet via Gravity Recovery and Climate Experi-
ment (GRACE) observations. Estimates of the GIA contribution to
mass changes for 19 sectors of the ice sheet are shown in Fig. 11. The
interior boundaries are based on the Greenland Ice Sheet Drainage
Basins of Zwally et al. (2012) and the external regions cover the
remaining areas to the coasts. The rate of change of mass for each
region is calculated using a similar method to that used by Jacob
et al. (2012) for assessing geoid change. This method is commonly
employed to assess mass changes using data from the GRACE mis-
sion. Unlike a typical GRACE data analysis that must deal with
issues associated with data noise and uncertainty via processing
techniques (e.g. smoothing, filtering), our analysis here does not re-
quire the use of these techniques since we are dealing directly with
model output (at the relatively high spherical harmonic truncation
of degree and order 512).

The GIA signal (as computed for the 1-D reference model) is on
the order of a few Gt yr−1 which is generally within the uncertainty
of the mass loss values estimated for the drainage basins (e.g. Xu
et al. 2016). In the majority of the areas defined in Fig. 11, the
average influence of lateral structure is to increase the GIA signal.
The largest shift in the mean (position of black crosses relative to the
black circles in Fig. 11) is ∼1 Gt yr−1 for area number 5, as a result of
this mascon correlating strongly with the region of uplift associated
with lateral structure (Fig. 9b). When considering individual model
runs, differences from the 1-D reference case reaches ∼1.5 Gt yr−1

for some areas (5 and 13). Thus, the lateral structure considered here
can produce changes in the GIA contribution to mass changes that
are of similar magnitude to the total (GIA) signal. However, since
the GIA contribution is a relatively small effect overall (assuming
our reference 1-D model is accurate), the impact on estimates of
recent mass changes in the ice sheet will be within uncertainty in
most drainage basins.

4 C O N C LU D I N G R E M A R K S

We present the first results that consider the influence of lateral
Earth structure on Greenland GIA using a model that can explicitly

Figure 11. Map shows the 19 drainage basin areas considered in the bottom
frame (the x-axis). Plot shows rates of mass change inferred from model
output. Results for the 1-D reference model are indicated by black circles
and the 3-D model output is given by coloured symbols. The mean of the
eight 3-D model runs is indicated by the black ‘x’ symbol for each area.
The lithosphere model adopted in the 3-D earth model runs is indicated via
coloured dashes (Zhong et al. 2003) and coloured ‘x’ symbols (Conrad &
Lithgow-Bertelloni 2006). The colour coding is as follows: S40RTS (red),
Savani (blue), SEMUCB-WM1 (green) and SL2013sv (orange).

incorporate this structure. In total, eight realizations of lateral vis-
cosity structure were developed using four global seismic velocity
models and two global lithosphere (elastic) thickness models. The
influence of lateral structure was determined by comparing model
output from these eight models to that of a model with no lateral
structure but with the same (global scale) depth-dependent viscosity
structure as the 3-D models.

Our results show that lateral viscosity structure both in the litho-
sphere (in terms of the elastic thickness) and in the sublithospheric
mantle have a significant influence on model output of both deglacial
RSL changes and present-day vertical land motion. For example,
lateral structure affects RSL predictions in the early Holocene by
several tens of metres in many locations resulting in enhanced RSL
values relative to the 1-D case. In two areas (northwest Greenland
and the Disko Bugt region), lateral structure results in a decrease
in RSL values. Model output of present-day vertical land motion
show departures from the 1-D case at the mm yr−1 level in many
locations and exceeds values of 2 mm yr−1 in some areas such as
the northwest coast.
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The signals associated with lateral viscosity structure have im-
plications for interpreting the observed changes in RSL and uplift
rate. For example, our results support the interpretation for an asyn-
chronous retreat of the Greenland ice sheet during the most recent
deglaciation, with retreat of the eastern margin occurring several kyr
earlier than that in the west. Furthermore, our results suggest that
lateral Earth structure is unable to account for the discrepancies in
northwest and southern Greenland highlighted by Lecavalier et al.
(2014), indicating limitations in the Huy3 ice model reconstruction
and/or the importance of processes not included in our model (e.g.
GIA-induced faulting; Steffen et al. 2014). Regarding present-day
uplift rates, our results show that large discrepancies exist between
those output from our reference 1-D model and those inferred from
GPS data; these discrepancies cannot be reconciled by adding the
realizations of lateral structure considered here. Further work is re-
quired to determine if a single GIA model can fit both the GPS and
RSL data constraints.

The spread in model output for the eight different realizations
of lateral structure is of similar amplitude to the influence of lat-
eral structure (as defined by the average of all eight model runs) in
many areas. This reflects the differences between the four seismic
and two lithosphere models used and leads to a relatively large un-
certainty associated with these aspects in defining the GIA signal.
Other aspects not considered here, such as uncertainty in the scaling
between seismic velocity and viscosity, will also contribute to the
uncertainty in defining lateral variations and hence model output.
The uncertainty in defining lateral structure will likely be reduced
when higher resolution models of lithosphere thickness and man-
tle velocity structure are made available for the Greenland region.
Indeed, a clear next step is to develop more accurate constraints on
Earth structure based on regional geophysical data sets.
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Figure S1. Lateral variations in viscosity structure calculated using
the S40RTS velocity model (Ritsema et al. 2011). Viscosity values
are relative to those of the reference 1-D model (5×1020 Pa s in the
upper mantle and 1022 Pa s in the lower mantle).
Figure S2. As Fig. S1 except for the Savani velocity model (Auer
et al. 2014).
Figure S3. As Fig. S1 except for the SEMUCB-WM1 velocity
model (French & Romanowicz 2014).
Figure S4. As Fig. S1 except for the SL2013sv velocity model
(Schaeffer & Lebedev 2013).
Figure S5. Model output of RSL at 10 kyr BP relative to the 1-D ref-
erence model for all of the seismic models considered in this study:
(a) S40RTS, (b) Savani, (c) SEMUCB-WM1 and (d) SL2013sv. In
each case, the non-uniform lithosphere thickness model of Zhong
et al. (2003) was used.
Figure S6. As Fig. S5 except for the Conrad & Lithgow-Bertelloni
(2006) lithosphere thickness model.
Figure S7. Model output of present-day uplift rate relative to the
1-D reference model for all of the seismic models considered in
this study: (a) S40RTS, (b) Savani, (c) SEMUCB-WM1 and (d)
SL2013sv. In each case, the non-uniform lithosphere thickness
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Figure S8. As Fig. S7 except for the Conrad & Lithgow-Bertollini
(2006) lithosphere thickness model.
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