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Recent ice melt above a mantle plume
track is accelerating the uplift of

Southeast Greenland

M| Check for updates

Maaike F. M. Weerdesteijn ® 204 & Clinton P. Conrad ® 2°

Around the periphery of the Greenland ice sheet, satellite-based observations of ground uplift record
Earth’s response to past and recent unloading of Greenland’s ice mass. On the southeast coast, near
the Kangerlussuaq glacier, rapid uplift exceeding 12 mm/yr cannot be explained using current layered
Earth deformation models. Here we find that 3D models with a weakened Earth structure, consistent
with the passage of Greenland over the Iceland plume, can explain the rapid uplift of Southeast
Greenland. This uplift is dominated by a viscous response that is accelerated by the low viscosities of
the hot plume track. Recent mass loss, occurring during the last millennium and especially within the
past few decades, drives most of the uplift. Holocene indicators recorded similarly rapid uplift
following deglaciation that ended the last ice age. Such rapid uplift, occurring beneath marine
terminating glaciers, can affect the future stability of entire ice catchment areas and will become
increasingly important in the near future as deglaciation accelerates.

The solid Earth beneath the Greenland ice sheet is deforming due to past and
present changes in ice loading, as part of a process called glacial isostatic
adjustment (GIA)". Around most of Greenland’s periphery, this deforma-
tion is currently observed as slow uplift of the ground surface (few mm/yr) in
response to deglaciation of the ice sheet. However, on the coast of
Southeast Greenland, near the Kangerlussuaq glacier, several Global Navi-
gation Satellite System (GNSS) stations show unusually rapid uplift
exceeding 12 mm/yr™ (Fig. 1B) that cannot be explained by current GIA
models™*’, even with effective transient viscosity”. One explanation for this
rapid uplift may arise from Greenland’s unusual tectonic history: Greenland
passed over the Iceland mantle plume over 40 Myr ago’™’, and it is likely that
the traces of this plume-lithosphere interaction are preserved beneath
Southeast Greenland'®"'. Magnetic, heat flow, gravity, radar, and seismic
data™ """ point towards a potentially thinner lithosphere and weakened
upper mantle beneath parts of Southeast Greenland. Recent studies suggest
that a weakened Earth structure can dramatically accelerate the viscoelastic
response to deglaciation, leading to rapid uplift beneath regions of active
present-day mass loss*'**’. Indeed, rapid uplift above a low-viscosity region
associated with the Iceland plume has been proposed’, but this hypothesis
has not been tested in a 3D setting'®, nor with all of the relevant ice mass
changes that have occurred within the last glacial cycle, the most recent
millennium, and the past few decades. Deglaciation on all these timescales
has been shown to impact present-day uplift patterns”.

Full 3D modelling of GIA deformation is computationally challenging
because uplift is driven by glacial loads from both distant and nearby
sources'. Distant loads drive long-wavelength deformation (thousands of
km) that is sensitive to Earth’s overall stratified viscosity structure’’ while
local loads drive regional deformation (tens of km) that is sensitive to the
local viscosity structure nearby'®”. We have overcome the challenge of
modelling across these disparate scales by combining global models of large-
scale deformation with high-resolution models of regional deformation. For
the regional modelling, we utilize a new viscoelastic modelling tool in
ASPECT (Advanced Solver for Problems in Earth’s ConvecTion)** that
can handle large lateral viscosity variations across short length scales, which
enables high-resolution modelling on regional scales. We used this new code
to develop regional deformation models for Southeast Greenland (see model
setup in Fig. 1 and description in “Methods”) in combination with ice
loading changes across the last glacial cycle (ice loading since 122 ka bp)*"*,
the second millennium (1000-1995 AD)®, and the recent satellite altimetry
era (1992-2020 AD)”. Within these regional models, we investigated the
influence of weakened Earth structure along a “plume track” that is 100 s of
km wide and follows the expected path of Greenland over the Iceland Plume
before 40 Ma’™’. We combined these global and regional deformations (see
“Methods”) to model uplift rates in Southeast Greenland, which we sub-
sequently compared to observed rates of present-day uplift from GNSS and
Holocene relative sea level (RSL) drop.
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Fig. 1 | Southeast Greenland and plume track modelling. A Map of Greenland
showing the average annual ice mass change over 1992-2020 from VMB data
(background colors), 60 GNET GNSS stations (purple dots), the regional model
domain (pink box), the ice loading area (teal box), the area of interest (blue box), and
the potential plume track, drawn following Martos et al.” (black line). B the same as
(A) but zoomed to show five GNET GNSS stations and their acronyms, the observed
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uplift rates (purple arrows), two Holocene sea level sites and their abbreviations
(green dots), and the boundaries of plume tracks with widths of 200 km (yellow),
400 km (orange), and 600 km (red). C A cross-section of the Earth model showing
the plume track, which extends from the base of the lithosphere (LT) to the base of
the upper mantle layer (UM1) (Table S3). T denotes the layer thickness, Ah the
lithospheric thinning, # the viscosity, and Wpt the plume track width.

Our regional GIA modelling across timescales ranging from thousands
of years to decades emphasizes the importance of lateral variations in
rheology consistent with those expected for the Iceland plume track. In
particular, we demonstrate that localized regions of unusually rapid uplift
occur where rapid deglaciation is positioned above pockets of mantle with
diminished linear viscosity and thin lithosphere. We have identified one
such region along the coastline of Southeast Greenland, where uplift faster
than 2 cm/yr was sustained for ~2000 years in the Early Holocene and is
today observed in excess of 17 mm/yr near the rapidly retreating Kanger-
lussuagq glacier. This uplift is accelerated compared to other coastal areas of
Greenland because the mantle beneath Southeast Greenland has been
weakened by interaction with the Iceland plume.

Results and discussion
Models and observations of uplift in Southeast Greenland
We construct high-resolution regional models (see “Methods”) of solid Earth
deformation in Southeast Greenland for a region (Fig. 1A, pink box) that
includes an ice loading area (Fig. 1A, teal box), our primary area of interest
(Fig. 1A, blue box), and an imposed plume track (Fig. 1A, black line). Within
the chosen width of the plume track (Fig. 1B, colored lines) we assign reduced
mantle viscosity and thinner lithosphere (see “Methods” and Fig. 1C), con-
sistent with thermal weakening caused by earlier passage of the Iceland Plume
(see “Methods”). Three uplift rates are computed, based on deformation driven
by deglaciation over the (1) last glacial cycle, (2) second millennium, and (3)
satellite altimetry era (see “Methods”). We additionally use global models to
compute the component of uplift caused by distant deglaciation (occurring
outside our ice loading area) during the (4) last glacial cycle and (5) recently
(2009-2020). The total modeled uplift is thus the sum of these 5 contributions.
We compare modeled uplift with observations of recent uplift mea-
sured at 5 GNSS stations in Southeast Greenland (Fig. 1B). These stations
show uplift at rates ranging from 5 to 17 mm/yr, with the fastest uplift
occurring at Kangerlussuaq Glacier (station KUAQ). We also compare with
uplift rates from the early Holocene uplift, as measured at two locations in
Southeast Greenland. These are Schuchert Dal (SD)*', located in (currently
deglaciated) Jameson Land to the north, and Ammassalik (Am)*, located
southeast of the Helheim glacier to the south (Fig. 1B). Geologic indicators
of sea level change at SD and Am indicate ground uplift at rates of 28 and
24 mm/yr, respectively, between about 11 and 8 thousand years ago (see
“Methods”).

Patterns of uplift near the plume track for different deglaciation
timescales

We first consider the solid Earth response to last glacial cycle loading, which
drives present-day uplift in Southeast Greenland and subsidence across
interior Greenland (Fig. S1 and Table S1). If a low-viscosity plume track is
included in the models, return flow from this subsidence drives uplift along
the plume track (Fig. S2). At the GNSS sites, uplift rates are only a few mm/yr
(Table S2.iii) and are rather insensitive to variations in plume track char-
acteristics and lithospheric thickness (Fig. S2). For times in the past, how-
ever, vertical displacement rates depend on the plume track characteristics
(Figs. 2, S3 and S4), and this dependence is largest during times of rapid ice
mass change (e.g., between 10 and 4 ka bp, Fig. S5A). Over the last degla-
ciation, GNSS site VFDG was especially sensitive to the lithosphere thick-
ness and track properties, with uplift reaching over 60 mm/yr at ~9 ka bp for
a wide track (Fig. 2A), a low track viscosity (Fig. S3A), or a thin lithosphere
(Fig. S4A). This is not the case for the present-day rates (Fig. 3A) because ice
loading has been minimal during the past few thousand years (Fig. S5) and
low plume track viscosities create a short GIA response time (hundreds of
years, Fig. S6). Thus, uplift occurs soon after the melting, and is already
exhausted by the present-day. This rapid past uplift was recorded by
Holocene relative sea level indicators at SD and Am (Fig. 2B). Our models
predict uplift rates at these locations that are slower than observed (Fig. 2B),
and only slightly affected by the plume track width (Fig. 2B), plume track
viscosity (Fig. S3B), or lithospheric thickness (Fig. S4B). This is likely
because both SD and Am lie outside of the plume track (Fig. 1B). We will
revisit Holocene uplift at these sea level sites below, where we consider the
horizontal extent of the low-viscosity region.

In response to second millennium deglaciation, our regional models
predict much faster present-day uplift, but only along the low-viscosity
plume track (Fig. 3B). Outside the plume track, deformation is minimal (less
than 1 mm/yr). This is because the mantle response to second millennium
deglaciation is mostly sensitive to the viscosity of the shallow
asthenosphere™, resulting in uplift patterns confined to short wavelengths
(100 s of km) corresponding to asthenospheric depths. Within the plume
track, the largest predicted uplift rates occur for a thin elastic lithosphere
(rates up to 11.2 mm/yr), or for a low viscosity or wide plume track (rates up
to 6.3 mm/yr) (Figs. S6, S7). Our models predict regions of subsidence along
the plume track to the NW and SE. These peripheral bulges occur on both
sides of the rapidly uplifting region, in a pattern similar to that of Earth’s
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Fig. 2 | Uplift rates due to last glacial cycle ice loading for different plume track
widths. Vertical surface displacement rates since the last glacial maximum for plume
track widths of 200 km (yellow), 400 km (orange), 600 km (red), a track viscosity of
1-10"Pas, and a 60 km lithospheric thickness outside the plume track (A) for the
five GNSS sites and (B) for the two sea level sites. Shown for comparison are results

for the layered VM5i rheological model without a plume track (black), ranges of
present-day rates induced by ice loading changes over the satellite altimetry era (blue
bar) and second millennium (pink bar) in (A), and ranges of Holocene uplift rates
based on observations (grey bar) and model results (colored bars) in (B), for the
Earth models with a plume track considered here.

response to longer-wavelength deglaciation of the Laurentide ice sheet. For
second millennium loading, however, this pattern occurs on shorter spatial
and temporal scales and only along the low-viscosity plume track.
Deglaciation during the past few decades (satellite altimetry era) also
drives rapid uplift (Fig. 3C), especially near the Kangerlussuaq glacier
(stations KUAQ and MIK2). This uplift is larger than we find in models
without a plume track (layered VM5i model), for which solid Earth
deformation is dominantly elastic with modest uplift rates of a few mm/yr
(bottom row of Fig. S8). Rapid uplift within the plume track thus represents
a viscous response that is amplified by the weakened Earth structure. As for
the second millennium loading, uplift rates are larger for lower track visc-
osity, wider track width, and thinner lithospheric thickness (Fig. S8). Of
these, track viscosity has the largest impact on uplift rates, which can reach

over 20 mm/yr (Figs. S8, S9). The GNSS stations on the edges of the plume
track (VFDG, KSNB, and PLPK) do not show the same sensitivity to the
plume track characteristics (Fig. S9 and Table S2.v). This suggests that the
greatest uplift rates occur near rapidly deglaciating regions that are posi-
tioned over low-viscosity regions of the upper mantle, as previously shown
in idealized models™®.

Uplift rates of the Southeast Greenland GNSS sites constrain
plume track characteristics

For a reference plume track of 400 km width, 1-10"Pas viscosity, and
lithospheric thickness of 60 km (Fig. 3), widespread deglaciation of the last
glacial cycle drives uplift along the entire southeast coast (Fig. 3A). By
contrast, second millennium and the satellite altimetry era melting generate
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Fig. 3| Predicted present-day uplift rates from five contributors and the total. The
five contributors are computed from high-resolution regional modelling (top row,
green shaded background) of Earth deformation driven by ice mass changes during
the (A) the last glacial cycle, (B) the second millennium, and (C) the satellite alti-
metry era, and global modelling that excludes regional ice and lateral viscosity
variations (bottom row, purple shaded background) of (D) Earth deformation
driven by last glacial cycle ice loading changes and (E) Earth’s elastic response to

(F)

contemporary ice loading changes over Greenland. F The sum of the five con-
tributors, with the five GNSS sites (yellow dots), ice loading area (teal box), plume
track (black line), and plume track boundaries (orange lines). The regional mod-
elling is performed for Earth model VM5i as described in Table S3, employing as a
reference model a lithospheric thickness of T; = 60 km and a plume track 400 km
wide that contains thinned lithosphere and viscosity #pr = 1 - 10" Pa s (constructed
as in Fig. 1C).

uplift that is fastest within the plume track (Fig. 3B, C). Greenland’s location
on the collapsing peripheral bulge of the Laurentide ice sheet is associated
with slow subsidence (Fig. 3D and Table S2.i), and the elastic response to
contemporary ice melt over the rest of Greenland (outside the defined ice
loading area) generates widespread minor uplift (Fig. 3E and Table S2.ii).
The combined total vertical surface displacement rates (Fig. 3F) thus show
patterns and magnitudes that are dominantly driven by ice loading changes
since 1000 AD.

For a variety of plume track models, we see large variations in uplift
rates along Greenland’s east coast, peaking near the Kangerlussuaq glacier
(Fig. 4). This is in part due to large recent ice mass loss there, which drives
uplift that is amplified by the low-viscosity plume track. A wider plume track
results in a wider region of rapid uplift and also faster uplift. Our reference
model predicts uplift rates faster than 10 mm/yr near the Kangerlussuaq
glacier (Fig. 3F), but these rates increase to over 20 mm/yr for a thinner
lithosphere or lower plume track viscosity (Fig. 4). By contrast, the layered
VMS5i model, which employs a uniform upper mantle viscosity of
5.10”Pas (Table S3) without a plume track, shows much slower uplift
along the coast that is dominated by an elastic response to recent degla-
ciation (Fig. 4, bottom row). The total modeled uplift rates for all combi-
nations of our Earth model properties (Fig. 5) show that we can match
observations of uplift rates at KUAQ, MIK2, and VFDG with a wide and
low-viscosity plume track. In combination with a thin lithosphere (30 km), a
model with a broad and weak track greatly overestimates uplift rates at
KUAQ), but shows a good match at MIK2 and VEDG. However, our models
underpredict uplift rates at PLPK and KSNB, as uplift at these locations to

the south seems to be insensitive to the choice of plume track (Figs. 5, S10,
and S11).

Uplift rates driven by remote deglaciation on all timescales (Fig. 3D, E)
show little variation across Southeast Greenland. Instead, present-day uplift
rates at the GNSS sites are mostly affected by local and recent ice loading
changes, as inferred for Southeast Greenland during the satellite altimetry
era and the second millennium. The dominance of this recent mass loss is
evident spatially (Fig. 3) and in magnitude, but only for locations positioned
above a broad and weak plume track (compare Figs. 6, S12, S10, S11, and
S$13). This viscous uplift from recent and local ice melt is not usually con-
sidered in GIA models, which typically model global deformation on longer
wavelengths and longer timescales. Yet, our models predict that future solid
Earth deformation will become increasingly driven by recent and local ice
melt as deglaciation accelerates.

Coastal extent of the low-viscosity region

Our models with a plume track cannot match observed uplift rates at two
GNSS stations south from the Kangerlussuaq glacier, PLPK and KSNB.
Uplift at these GNSS sites seems to be insensitive to the choice of plume
track, and we predict slower uplift rates than observed. Even when the plume
track extends to these sites (e.g., for a 600 km wide plume track), uplift rates
are barely affected. It is possible that the VMB constraints on mass loss in the
southern part of the ice loading area may not capture the full extent of the ice
mass loss there. Constraints on recent mass changes are especially important
in our models because we also use them to infer the spatial pattern of second
millennium mass changes. Furthermore, ice mass changes along the ice
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Fig. 4 | Total uplift rates across Southeast Greenland for different plume track
models. Deformation produced by the five contributions summed together (as for
Fig. 3F) and shown for the present day over Southeast Greenland with the five GNSS
sites (yellow dots) and imposed plume tracks (as in Fig. 1B). Panels show variations
from a reference model with a lithospheric thickness of Ty = 60 km and a plume
track of width of 400 km and viscosity #py = 1 - 10" Pa s. Variations to this model

include plume track widths of 200 km, 400 km, and 600 km (top row), lithospheric
thicknesses of 30 km, 60 km, and 90 km (second row), and plume track viscosities of
1-10"Pas, 5-10"Pas, 1-10"Pas, and 5- 10" Pa s (third row). (R) denotes the
reference model. Also shown (bottom row) are the layered VM5i rheological model
(Table S3) and the purely elastic (VM5i Elastic) and viscous (VM5i Viscous)
components of the response to the ice loading.

sheet periphery are particularly difficult to estimate™, and thus it is useful to
consider alternative mass balance datasets”. For example, recent high-
resolution altimetry (Fig. 12 of Khan et al.*’) generally predicts larger annual
mass change rates after 2017 compared to the model used here. The higher
resolution of that dataset (1 km as opposed to 5km used here), however,
would not improve our solid Earth deformation models, which use 6 km as
the finest mesh resolution. Similarly, a more focused Greenland ice history
model” may provide better constraints over the last glacial cycle than the

global model that we used. However, we have already shown that mass loss
during the last glacial cycle is less important than more recent ice mass
changes, because the latter drive most of the deformation above low-
viscosity regions.

South of the PLPK and KSNB stations lies the Helheim glacier (within
our ice loading area but not within the plume track), one of Greenland’s
three largest glaciers based on catchment size, and also deglaciating
rapidly”. If the weakened Earth structure of the plume track extends
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southward to the Helheim glacier, mass loss there could increase uplift rates
at PLPK and KSNB. Indeed, the lateral extent of the region weakened by the
Iceland Plume is not well constrained””'*"*"'**~**, and potentially extends
further south based on recent constraints from seismic tomography'*'. A
lower viscosity in this region would reduce the resistance to material flow in
the upper mantle and could lead to larger uplift rates at the PLPK and KSNB
sites following ice melt of the Helheim glacier. Therefore, we also tested an
Earth model in which the plume track extends further south. For simplicity,
we implemented a full low-viscosity layer (1 - 10'® or 5 - 10" Pa s), by making
the plume track width Wpras wide as the model domain (see Fig. 1C). We
tested nominally 30 and 60 km thick lithospheres, which are thinned by 25%
everywhere to form effectively 22.5 and 45 km elastic lithospheres. When
the low-viscosity region extends further south (Fig. 7B), we do find higher
uplift rates at PLPK and we are able to match observations at KSNB near the
Helheim glacier for a low-viscosity mantle (1-10"Pas) and a thin litho-
sphere (Fig. 5, red stars). Interestingly, when the low-viscosity area extends
further south, we find lower uplift rates at KUAQ than for a more confined
low-viscosity plume track. This is because the presence of low-viscosity
mantle beneath both glaciers allows rapid uplift at the Helheim glacier to
draw Earth material from beneath the Kangerlussuaq glacier, reducing the
uplift there (Fig. 7A, B). Thus, ice mass changes at one glacier can change the
force balance controlling flow beneath an adjacent glacier, if both glaciers are
underlain by a common low-viscosity region.

To test the hypothesis that a weakened Earth structure extends further
south and/or north, we investigate uplift rates at four additional GNSS
stations (Fig. 7B), where HEL2 and KULU to the south are rising faster
(8-16 mm/yr) than DGJG and SCOR to the north (2-4 mm/yr) (see
“Methods”). We also consider uplift rates during the early Holocene at
Schuchert Dal (SD)* and Ammassalik (Am)™ (Fig. 7C, D). These six new
locations lie outside the region of interest, but inside the ice loading area
(Fig. 1B). Because these locations are closer to the ice loading boundary,
model uplift rates may be less accurate than for the five GNSS stations inside
the area of interest (see “Methods”).

We find that uplift rates to the north (DGJG and SCOR) are less
sensitive to the chosen Earth model than the sites to the south (HEL2 and
KULU) (Fig. S14). This is because there is less recent ice melt at the northern
locations, while the Helheim glacier to the south is deglaciating rapidly.
HEL2, closest to the deglaciating ice, shows the largest variation in uplift
rates, with the weakest layer producing the fastest rates. This suggests that
rapid uplift (upwards of ~10 mm/yr) requires both rapid deglaciation and
weakened asthenosphere. The GNSS observations thus suggest that the
weakened region along the Southeast Greenland coastline extends further
south than initially modeled (beneath HEL2 and KULU). Such models still

come close to matching uplift rates within the original plume track (Fig. 5).
The lack of rapid deglaciation to the north (Fig. 1B) leads to slow uplift there
even above weakened mantle (Fig. 7B). This prevents us from using GNSS
observations to determine the northern extent of the weakened Earth region,
as both layered and plume track models produce similar uplift rates at DGJG
and SCOR (Fig, S14).

Holocene sea level indicators indicate rapid uplift at both SD to the
north (28 mm/yr over 11.0 to 8.5kabp) and Am to the south (24 mm/yr
over 10.5 and 8.0 ka bp) (Fig. S15). For an Earth model with layered asth-
enospheric viscosity of 5 - 10" Pa s beneath effectively 22.5 km lithospheric
thickness, our models predict large uplift rates at both SD to the north and
Am to the south at 8.5 ka bp (Fig. 7C, note the scale). Rapid deglaciation of
Jameson Land at the end of the last ice age (but not recently, as Jameson
Land is currently deglaciated) explains the rapid uplift observed at SD
(Fig. 7D) and predicted at VFDG (Fig. S16), and indicates that the weakened
Earth region extends northward toward SD (Fig. 7C). Earth models that are
uniformly weak predict modeled uplift rates at Am that are generally slower
than at SD (Fig. S17), and models that match observed rates at Am tend to
overpredict rates at SD (Fig. 7D). This suggests a transition to a stiffer Earth
structure (i.e., higher track viscosity and/or thicker lithosphere) to the north
(beyond VFDG and somewhere near SD).

On the importance of lateral viscosity variations

Although we can only test a finite number of Earth models, we find that only
models with a low-viscosity feature in the upper mantle can match the
observed rapid uplift near the Kangerlussuaq glacier (Fig. 5). Narrower
plume tracks of width ~200 km require weak viscosities of #pr ~ 10'*Pas,
while wider tracks (400-600 km) can be stiffer (up to ~10"Pas) (Fig. 6).
These width estimates are consistent with geophysical observations, which
also range from ~200 km"” to 400 km'’, or even wider'’. Models that match
uplift rates near the Kangerlussuaq glacier often do not also match observed
uplift rates nearby, suggesting that the complex 3D nature of the plume track
may be important. Particularly, our models indicate that rapid uplift
observed at stations south of the Kangerlussuaq glacier is consistent with
geophysical observations that suggest an influence of the Iceland plume
along this portion of the Southeast Greenland coastline™*".

Other previous studies have tried to use GNSS uplift rates to constrain
Earth structure in this region. Milne et al.” found large discrepancies between
modeled and observed uplift rates in Southeast Greenland, even though they
explored the influence of a variety of low-viscosity regions with varying
locations and lateral extents near the Iceland mantle plume. They explain
these discrepancies by emphasizing that their models do not have the
required temporal or spatial resolution to infer lateral variations on these
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Fig. 6 | Individual contributions to uplift rates at KUAQ, for different plume
track models. Contributions from regional ice loading changes over the satellite
altimetry era (turquoise), the second millennium (yellow), and last glacial cycle
(blue), and global models of the long wavelength elastic response to Greenland
melting (brown) (Table S2.ii) and the last glacial cycle (orange arrow and dashed

line, only negative contribution) (Table S2.i). The cumulative sum compares to
observed uplift rates with standard deviation (black dots with error bar and grey
band). Figs. S12, S10, S11, and S13 show similar comparisons for MIK2, PLPK,
KSNB, and VEDG.

smaller scales. Adhikari et al’, using a layered viscosity model, matched
GNSS uplift rates across Greenland but excluded KUAQ and MIK2 from
their analysis (because of possible plume effects), and cannot match rates at
PLPK and KSNB. We note that Adhikari et al.® and other 1D GIA modelling
studies®”"*"" infer or use upper mantle viscosities within 0.6 - 5-10*Pas,
but we show here that upper mantle viscosity must be smaller than this
beneath Southeast Greenland in order to explain observed uplift rates there.
Finally, Khan et al’. also noted the importance of a regional-scale low-
viscosity region beneath Southeast Greenland to explain observations of
rapid uplift there, but used a GIA modelling approach based on discretized
ice loads sitting above different 1D layered Earth models for each drainage
basin. This approach is computationally efficient, but has to be used with
caution because the lateral extent of the low-viscosity region may be
restricted (e.g., in the case of a plume track), reducing modeled uplift rates'®.

The regional-scale models presented here provide a computationally-
manageable way to accurately model the impact of 3D rheological com-
plexity on ground uplift rates induced by deglaciation.

Inland extent of the plume-weakened region

While our estimations of the north-south extent of the weakened region are
based on observations of uplift along the Southeast Greenland coast, we lack
such constraints from Greenland’s interior. Thus, the westward (inland)
extent of the plume-weakened region remains uncertain. Geophysical
observations can provide some constraints: Seismic studies show slow
velocity anomalies penetrating into Central Greenland'*'®, but with velocity
contrasts that are smaller than observed along the coast'”. Geothermal heat
flux observations™*** and modelling'' suggest that the Iceland plume may
have weakened the lithosphere of interior Greenland, but substantially
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Fig. 7 | Present-day and last deglaciation uplift rates are affected by the horizontal
extent of a low-viscosity area. Here we compare models (A) for a 600 km wide
plume track and (B) for a low-viscosity layer that extends across the model domain,
including beneath the Helheim glacier, with GNSS stations (yellow and purple dots).
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lithospheric thickness of 45 km (60 km outside the plume track). C Uplift rates at 8.5

ka bp for a layer viscosity of 5 - 10'*Pa s and an effective lithospheric thickness of
22.5 km, with Holocene sea level sites (green). D Uplift rates over the last degla-
ciation for the two sea level sites (SD and Am) for the layered VM5i rheological
model (black), observed Holocene uplift (grey bar) and for different layered model
results (colored lines and bars).

depend on a single controversial heat flow observation at NGRIP (North
GReenland Ice core Project)*. Other geophysical constraints from gravity
and magnetics suggest only moderate lithospheric thinning in central
Greenland between cratonic blocks, but confirm the presence of thin
lithosphere along the southeast coast”. Our results are consistent with
weakening instilled by the Iceland plume along the coast, and are not
dependent on a similar weak Earth structure extending into Greenland’s
interior. This is because uplift rates are most sensitive to local asthenospheric
viscosities'®, although nearby weak asthenosphere can moderately affect
uplift rates (e.g., Fig. 7A, B). Thus, our modelling provides improved con-
straints on the Earth structure along the southeast coastal margin, but not
the interior of Greenland. Our regional models represent an improvement,
but emphasize the need for better geophysical constraints on the hetero-
geneous viscosity structure beneath Greenland.

Complex rheologies

We employ a Maxwell (linear) viscoelastic rheology and do not explore
more complex rheologies such as composite flow laws* or time- and stress-
dependent viscosity (i.e., transient rheology), which may play an important
role on GIA timescales*’. Such rheologies result in different estimates of
effective mantle viscosity and lithospheric thickness based on different
timescales of deformation. For example, Paxman et al.”* used a sophisticated
rheological calculator, constrained by laboratory deformation studies, to
estimate effective viscosities less than 10”Pa s beneath most of Greenland
for decadal timescales, and increasing viscosities for longer timescales. By
contrast, Pan et al.* showed using 1D models with linear viscosity that a
moderate low-viscosity layer beneath Greenland’s lithosphere can reconcile
uplift rates inferred for the millennial timescales of Holocene relative

sea level fall with those occurring on the more recent decadal timescales of
GNSS observations. Our results similarly employ a classical linear Maxwell
viscoelastic rheology law to successfully predict observed rates of early
Holocene and modern uplift rates in Southeast Greenland. However, rates
of Greenlandic mass loss across millennia in the early Holocene were similar
to recent melting rates occurring over the past two decades™. Thus, it may be
difficult to use a Holocene-to-modern comparison to constrain the potential
impact of deglaciation rate on asthenospheric rheology.

Viscous response of the solid Earth to recent ice mass changes
We have shown here that recent ice mass loss, particularly changes during
the second millennium and the satellite altimetry era, can drive a rapid
viscous response that dominates uplift rates in some parts of Greenland.
Previously, it was thought that present-day uplift is controlled by a viscous
response to deglaciation during the last glacial cycle (there is no elastic
response if ice heights remain constant over the past 2 ka, Fig. S5) and an
elastic response to contemporary ice loading changes (the viscous response
is slow if mantle viscosity is large)*’. Although these components contribute
to uplift, we find that the viscous response to short-term deglaciation is the
largest contributor to uplift above a low-viscosity plume track in Southeast
Greenland (Fig. 6). This finding has implications for the interpretation of
GNSS uplift rates near areas of past and current (de)glaciation, as has been
suggested for Alaska, Patagonia, and the Antarctic Peninsula® . When
correcting observed GNSS uplift rates for elastic deformation due to con-
temporary ice melt, the remaining signal cannot solely be attributed to ice
loading changes over the last glacial cycle in areas of low-viscosity mantle,
also because ice mass changes from the second millennium are crucial to
include’. Instead, more complex 3D modelling, as presented here, is needed
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near areas of extensive recent deglaciation occurring above low-viscosity
mantle”. Such modelling is important to accurately infer Earth structure
and loading history from uplift observations.

Importance of rapid uplift for future deglaciation

Although present-day uplift rates in Southeast Greenland are mostly
insensitive to the plume track characteristics for deglaciation during the last
glacial cycle (Fig. S2), our models predict large variations in uplift rates
during past time periods with large ice loading changes, particularly between
11 and 8 ka bp (Figs. 2, S3, S4, S16, and S17). The location of GNSS site
VEDG is especially sensitive to the choice of Earth model, reaching over
60 mm/yr at around 9 ka bp for a wide plume track (Fig. 2A), a low plume
track viscosity (Fig. S3A), or a thin lithosphere (Fig. S4A), and even faster
uplift if the weakened Earth region extends further north (Figs. S16, S17).
Similarly, rapid uplift at Holocene sea level sites SD and Am likely resulted
from a weakened Earth structure (Fig. 7), and manifested as rapid sea level
drop (Figs. S15, 7D).

Such large uplift rates during the last deglaciation can have implica-
tions for local glacier dynamics on the periphery of the ice sheet, and thus
may be important for ice sheet evolution and stability. For instance, we note
that tidewater (i.e., marine-terminating) glaciers are the dominant type of
outlet glacier in eastern Greenland. Among these, the Kangerlussuaq glacier
is characterized by a reverse bed slope™® that can facilitate runaway retreat.
However, if the bedrock beneath a tidewater glacier is uplifted quickly,
relative sea level falls and the grounding line can advance, stabilizing the
glacier” . This is the case for the Thwaites glacier in West Antarctica, where
the uplift from low-viscosity mantle can inhibit marine ice sheet instability,
potentially reducing ice mass loss by over 20% after ~100 years®. Such
feedback between glacier dynamics and solid Earth uplift has not yet been
identified for Greenland™. However, given that our models predict large
uplift rates (up to ~60 mm/yr or more) during periods of rapid ice mass loss
in the past (e.g,, Fig. 2), models of future deglaciation should consider the
impact of rapid ground uplift immediately following deglaciation of
Southeast Greenland. Recently, the Kangerlussuaq glacier has experienced
substantial thinning and retreat (~200 m over 10 years)*’ and a 9 km retreat
earlier in 20th century after the collapse of a large ice tongue (i.e., floating
section)*. Such large rates of ice mass loss, sitting above the weakened
viscosities (possibly as low as ~10'*Pas) of the Iceland plume track, are
driving rapid ground uplift with potentially important implications for both
grounding line movement and glacier stability'.

Methods

GIA modelling approach

We perform regional modelling across Southeast Greenland, because
shallow and confined local viscosity variations only affect uplift rates
locally‘ ¥ We choose the model domain, ice loading area, and area of interest
(boxes in Fig. 1A) so as to minimize the influence of external ice loads and
the regional model’s lateral boundaries on solid Earth deformation within
our area of interest. We impose a plume track’ (Fig. 1B, black line) with
varying widths Wpt (200, 400, or 600 km) (Fig. 1B, C) within an otherwise
radially symmetric rheological model VM5i (Table S3) with a chosen
lithospheric thickness Tir (30, 60, or 90 km). Inside this track, we imple-
ment low mantle viscosity #7py (1 - 10',5-10%,1- 10", 0r5- 10”Pas) and a
lithosphere that is thinned by Ah (25% of Ty, see below)' (Fig. 1C). We
vary these Earth model parameters within a plausible range, based on
observations and modelling studies (see below), because they are not well
constrained and can greatly affect solid Earth deformation rates'®.

For high-resolution regional modelling that includes a low-viscosity
plume track, we impose ice loading changes over three different time per-
iods: the satellite altimetry era (1992-2020 AD), the second millennium
(1000-1995 AD), and the last glacial cycle (since 122 kabp). For con-
temporary ice load changes, we make use of a 1992-2020 record of
Greenland ice sheet altimetric/volume-derived mass balance (VMB)
obtained from multisatellite Ku-band altimetry™ (Fig. 1A, B). For the second
millennium we use a Bayesian estimate of ice mass change® (Fig. S18) for the

Little Ice Age, with maximum glacial extents during 1400-1900, consistent
with ice core constraints on cooling during this period”. We apply spatial
variations with the same patterns as for the contemporary ice load changes.
For the last glacial cycle, we use the ICE-6G_C(VMb5a) ice history
model’* (Fig. S5).

Ice mass changes outside of our ice loading area can affect recent
vertical motion in Southeast Greenland in two ways. First, due to its location
on the collapsing peripheral bulge of the former Laurentide ice sheet over
North America, most of Greenland is experiencing subsidence resulting
from past deglaciation of the Laurentide ice sheet’”. Second, recent
deglaciation occurring elsewhere in Greenland (outside the ice loading area)
induces a long-wavelength elastic response that dominantly uplifts Green-
land. We model these two contributions (see below for details on the
modelling codes, Earth structure, and ice loading). The total modeled
deformation rates within our region of interest thus consist of a summation
of five rates: three from regional solid Earth deformation modelling and two
from global models of Earth deformation resulting from deglaciation
occurring outside our ice loading area.

Regional models: viscoelastic deformation driven by deglacia-
tion of Southeast Greenland

For regional-scale loads (those within the ice loading area), we use ASPECT
(Advanced Solver for Problems in Earth’s ConvecTion) v2.4.0”"* to model
viscoelastic solid Earth deformation in Southeast Greenland. ASPECT is a
finite element open-source code (see Code availability statement), originally
built for solid Earth thermal convection studies, that can be used to model
solid Earth deformation and that is optimized for handling lateral variations
in Earth material properties. We use a 3D box model geometry with a free
surface on the top boundary”, allowing for mesh deformation, and free-slip
boundary conditions (i.e., only boundary-parallel flow) on the bottom and
lateral boundaries. This setup allows us to accurately predict vertical”® but
not horizontal”” motions of the free surface in response to imposed surface
tractions. The incompressible viscoelastic rheology is modeled according to
Moresi et al.*’, as outlined in Sandiford et al.”. Although regional modelling
in ASPECT can include a variety of viscoelastic-plastic rheologies (e.g.,
dislocation creep, diffusion creep or composite viscous flow laws),
solutions using non-linear rheologies have not been benchmarked yet in
combination with a free surface and boundary traction. Such benchmark
tests have also not yet included compressibility, despite its potential
importance for horizontal surface displacements®*”. Our model setup with
a free surface, incompressibility, Maxwell viscoelastic rheology, and
boundary traction, is benchmarked for glacial cycle and contemporary ice
loading timescales™.

We model ice loading changes over an area of 1000 km by 1000 km
with corners at (73.49°N, 48.96°W), (71.69°N, 18.89°W), (63.38°N,
27.52°W), and (64.53°N, 47.54°W) (Fig. 1A, teal box). Our area of interest
lies within the ice loading area, 250 km away from the boundaries of the ice
loading area, which reduces the effect of ice loading changes outside the ice
loading area on solid Earth deformation within the area of interest (Fig. 1A,
blue box). A border of 500 km is added beyond the ice loading area in each
direction to reduce the effect of the model’s lateral boundaries (edge effects
associated with the model) on solid Earth deformation within the area of
interest (Fig. 1A, pink box). Because we omit ice loads within this border
region, we can utilize decreased resolution in this region for increased
computational efficiency, while still resolving deformation within our area
of interest. This is possible because deformation within the low-viscosity
plume track is rather localized (e.g., Fig. 3). Deformation caused by ice
loading occurring outside the ice loading area (including within the border
region) is modelled using global models (see below). The horizontal box
dimensions are thus 2000 km by 2000 km. The depth of the model is
2891 km to the core-mantle boundary (Table S3). The mesh resolution
within the ice loading area is 6.25 km horizontally and 6.02 km vertically,
down to 120 km depth. Outside the high-resolution volume, the mesh
resolution below 1000 km depth is 100 km horizontally and 96.37 km ver-
tically, and it is 50 km horizontally and 48.18 km vertically everywhere else™.

Communications Earth & Environment| (2024)5:791


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01968-6

Article

To construct regional models of solid Earth deformation due to glacial
cycle ice loading (since 122 ka bp), we interpolate the ICE-6G_C ice history
data onto a 5 km grid (same as VMB data grid) within our ice loading area
(ice loading inputs are discussed in a later subsection). If we apply the same
VMS5i rheology model (Table S3) as for the global models (Fig. S5), we find
that vertical surface displacement rates in the ice loading area are similar for
both global and regional modelling approaches (Fig. S1B). Differences are
<0.05 mm/yr at KUAQ, MIK2, KSNB, and PLPK and 0.38 mm/yr at VFDG
(Table S1), which are well within the uncertainty of the GNSS uplift
observations (Fig. S19). This shows that the effects of sea level change and
rotational feedback, which are included in global models but not in our
regional modelling, are relatively small for models on this regional scale.
Furthermore, differences away from the stations are <1.4 mm/yr (Fig. S1B),
which is generally smaller than the uplift differences between Earth models
with different track parameters (Fig. 4). This comparison shows that edge
effects inherent to the regional models are minimal within the area of
interest, and validates our use of a regional modelling approach.

Global models: viscoelastic deformation driven by deglaciation
outside of Southeast Greenland

The above-described regional models cannot compute solid Earth defor-
mation due to loads positioned outside the ice loading area (Fig. 1A, teal
box). Of these loads, only last glacial cycle loading has a sufficiently long
timescale such that far-field loads can drive local ground motion via viscous
deformation of the sub-asthenospheric mantle”’. We compute this defor-
mation using global viscoelastic models, as described below. Because second
millennium and satellite altimetry era loads are more recent, they have only
had time to drive sizable deformation within the low-viscosity astheno-
sphere, and thus they can produce ground motion only locally™. Thus, we
can ignore the viscous contribution from far-field loading at these time-
scales. We do, however, compute Earth’s elastic response to satellite era
deglaciation across Greenland, because this deformation occurs instanta-
neously and has along-wavelength component that contributes to the GNSS
observations.

Due to Greenland’s location on the peripheral bulge of the former
Laurentide ice sheet, Greenland is still experiencing subsidence following
the deglaciation of that ice sheet. To compute vertical motions within
Southeast Greenland due to these far-field loads, we perform global solid
Earth deformation modelling using SELEN (Sea 1EveL EquatioN solver)
v4.0°, which is a pseudo-spectral open-source code that simulates GIA
processes (solid Earth deformation and the gravitationally-consistent
redistribution of ocean water) occurring in response to the melting of the
Late Pleistocene ice sheets. This model is built for radially symmetric Earth
models, and includes shoreline migration and rotational feedback. We use
SELEN to capture the subsidence and uplift in Southeast Greenland that
results from global ice and ocean mass changes occurring outside of the ice
loading area (Fig. 1A, teal box) during the last glacial cycle. The solid Earth
response to ice inside this ice loading area is handled by regional models (see
above). Because the implementation of loads within SELEN is done in the
spectral domain, there may be some leakage of loading from outside to
inside the ice loading area. However, the total loading across the region
remains unchanged by the split between separate modelling techniques
(ASPECT and SELEN), and our use of a maximum harmonic degree of 128
in the SELEN models (corresponding to half wavelengths of ~150 km)
means that the inward leakage of loading should be limited to a fraction of
this length scale. Any leakage should therefore not affect our area of interest
(blue box, Fig. 1A), which lies 250 km from the edge of the ice loading area.

Our global GIA modelling with SELEN predicts large uplift over North
America resulting from deglaciation of the Laurentide ice sheet, over
Scandinavia due to melting of the Fennoscandian ice sheet, and over
(West) Antarctica (Fig. S20A). We observe a small degree 2 signal related to
the rotational feedback”””. Even though the mass of the Greenland ice sheet
has been greatly reduced since the last glacial maximum (Fig. S5A within ice
loading area), we observe subsidence across most of Greenland (Fig. S20B).
This is due to Greenland’s location on the collapsing peripheral bulge of the

former Laurentide ice sheet over North America. Uplift does occur in
northern Greenland, due to its greater distance to the Laurentide ice sheet
and its larger mass loss since 4 ka bp compared to the rest of Greenland
(Fig. S5). Iceloading outside of our ice loading area drives subsidence across
Southeast Greenland (Fig. S20C), with negative vertical displacement rates
at our GNSS sites of a few mm/yr (Table S2.i). Ice unloading occurring inside
the ice loading area drives uplift (Fig. S20D), consistent with our regional
modelling (Fig. S1). This signal is already included within the high-
resolution regional models (Fig. S2), and therefore we exclude it from the
global models. Subsidence west of the model domain (Fig. S20D) is caused
by the ice mass gain from 4 to 2 ka bp (Fig. S5B).

We have used SELEN to validate the usability of ASPECT for regional
solid Earth deformation modelling for glacial cycle ice loading changes. To
do this, we compute solid Earth deformation following ice loading changes
over the last glacial cycle for ice within the ice loading area in Southeast
Greenland only (Fig. 1A, teal box only), using both the SELEN model and an
ASPECT model with the same viscosity structure (Fig. S1). For the SELEN
models, we use a Tegmark grid resolution of 44 (equating to a 0.42° radius of
disks on a sphere), a maximum harmonic degree of 128, the revised rota-
tional theory’””, and 3 internal and external iterations of the sea level
equation (see Spada et al.” for details). The similarity of the deformation
predicted by both models (Fig. S1B) indicates that (i) leakage of loads across
the edges of the ice loading area does not substantially affect deformation
patterns within the area of interest, and (ii) the regional ASPECT model
captures broad-scale deformation patterns that are consistent with those
computed by global models (e.g., SELEN).

Recent deglaciation of Greenland occurring outside our ice loading
area can generate long-wavelength elastic deformation that contributes to
vertical motion” of Southeast Greenland. For this elastic component, we
compute deflections of the solid Earth and sea surfaces resulting from
Earth’s elastic response to recent (2009-2020, chosen to overlap with the
GNSS observations, see below) ice loading changes over Greenland
(excluding the ice loading area, Fig. 1A, teal box). Elastic deformation is
computed following Farrell’s” Green’s function approach, as implemented
by Conrad and Hager”” (not including rotational feedback, but including the
degree 1 movement of Earth’s center of mass, which amounts to less than
0.2 mm/yr at the GNSS sites). Overall, this elastic contribution, which
captures Earth’s long-wavelength elastic response, has only a small effect
within the ice loading area (Figs. 3E and S21A) because the elastic response
to loading is rather local. Uplift rates decrease eastward, because of
increasing distance to the nearest major ice loading area in western
Greenland, and are smaller than 1 mm/yr at the five GNSS sites (Table S2.ii).

Earth structure and variations

For the simulations in SELEN, we use the radially symmetric 11-layer VM5i
rheology model (Table S3)”, which is an adaption to the VM5a model*"*’
without elastic compressibility, with a lower mantle viscosity ranging
between 1.5-3.2 - 10*' Pa s from 670 km depth to the core-mantle boundary.
In ASPECT we also use the VMS5i rheological model, excluding the core and
with constant volume-averaged mantle density of 4423.61 kg/m’ **. For the
regional models in ASPECT, we apply a plume track to the VM5i model that
extends from the bottom of the upper mantle layer UM1 to the bottom of the
lithosphere. Above the plume track the lithosphere is thinned by Ak, which
describes lithospheric thinning due to passage of Greenland over the Iceland
plume. This lithospheric thinning is set to 25% of the surrounding litho-
spheric thickness (Fig. 1C), which is consistent with models of thermal
ablation by plume-lithosphere interaction'' and indications from seismic
tomography'>'*'°. We vary the lithospheric thickness, plume track width,
and plume track viscosity, and test for all possible combinations. The
lithospheric thickness outside the track varies between 30, 60, and 90 km
(thereby changing the thickness of upper mantle layer UM1), which is
within the plausible range of elastic lithospheric thicknesses in
Greenland™">”. We employ plume track widths of 200, 400, and 600 km
and a plume track trajectory following Martos et al.”. The plume track width
is not well constrained, and model choices are based on findings from
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seismics and magnetics (geothermal heat flow)'*'>"*"', The plume track lies

within the upper mantle layer, which has a viscosity of 5-10Pas
(Table S3), consistent with different ice sheet deglaciation studies™**”. We
vary the viscosity of the plume track across a range of low viscosities of
1-10%,5-10%,1-10", and 5- 10" Pa s. For the low-viscosity layer case, the
plume track is set to occupy the entire regional model domain, and thus the
entire lithosphere is thinned by 25% from nominal values (to 22.5, 45,
or 67.5 km).

Ice loading changes for model input

We model solid Earth deformation in response to ice loading changes over
three different periods: the satellite altimetry era (1992-2020 AD), the
second millennium (1000-1995 AD), and the last glacial cycle (since
122 ka bp). For contemporary ice load changes, we make use of a 1992-2020
record of Greenland ice sheet altimetric/volume-derived mass balance
(VMB) derived from multisatellite Ku-band altimetry™. This 5 km resolu-
tion dataset combines altimetry observations from the ERS-1, ERS-2,
ENVISAT, Cryosat-2, and Sentinel-3A satellites, and accounts for changes
in radar penetration depths, elevation dependent near-surface density, and
vertical solid Earth deformation in the conversion from elevation change to
mass balance. This dataset shows mass balances comparable to mass balance
ranges compiled from other methods such as satellite gravimetry and the
input-output method, and other satellite altimetry datasets™. The advantage
of using satellite altimetry rather than gravimetry to estimate mass change is
its higher resolution, which is important for regional modelling. Also,
estimates based on satellite altimetry are less affected by solid Earth
deformation’. Solid Earth uplift rates in Greenland are on the order of
millimeters’ whilst the surface elevation change from altimetry is much
larger, on the order of meters™””. Note that the GIA corrections applied to
ice surface height changes from satellite altimetry do not include viscous
deformation on short timescales, which we show can be important above
areas of low-viscosity mantle. This may introduce an error in ice volume
changes estimates of a few percent’, thereby affecting predicted uplift rates.
We convert the altimetry-derived constraints on annual mass change per
unit area into pressure change using a surface gravity of 9.81 m/s* and
25 km’ cell areas. The pressure change is applied as a boundary traction to
the top boundary in ASPECT, with a time step size of 1 yr. These altimetry-
derived ice mass changes are also used to compute the elastic response to
recent ice loading changes over Greenland (excluding ice in the previously
defined ice loading area, denoted by the teal box in Fig. 1A). For these elastic
calculations (see above), we use the temporal average mass change over the
period of GNSS observations (2009-2020, see next section on GNSS
uplift rates).

Adhikari et al’ found that including an estimate of the ice loading
change since 1000 AD greatly improved the fit between modeled and
observed uplift rates at GNSS stations across Greenland. However, Adhikari
et al.° excluded from their analysis GNSS stations in Southeast Greenland,
because these sites are possibly affected by the Iceland plume. Here we use
the estimated total mass anomaly across Greenland, as given by Fig. 2a of
Adhikari et al’, and scale it by the fraction of Greenland’s recent mass
change (from the VMB data) occurring within the ice loading area (this
fraction is 0.40). We assign a spatial pattern for second millennium mass
changes that follows the average ice loading changes from the VMB data
(Fig. 1A, B). The reference mass anomaly at year 1000 is zero and is zero
again at year 1995 (Fig. S18), and thus there is no net change is mass across
the second millennium. This means that there is only a viscous and no elastic
response to second millennium loading at the present-day. We apply loads
consistent with these ice changes from the year 1000 to 1995, and then let the
ASPECT model run for another 25 years with zero loading, until 2020, to
find the solid Earth deformation due to relaxation after second millennium
ice loading. Time step sizes for the input data and the deformation model
are 5yr.

The third period of interest is the last glacial cycle (since 122 ka bp). We
use the ICE-6G_C(VMB5a) ice history model”** on a 1° by 1° global grid. In
SELEN we apply all ice loading changes outside of the Southeast Greenland

ice loading area (Fig. 1A, teal box), to compute the subsidence of Southeast
Greenland as a consequence of global ice and ocean mass changes over the
last glacial cycle. We also run SELEN using only ice loading changes in the
Southeast Greenland ice loading change area in order to validate the
usability of ASPECT for regional solid Earth deformation modelling due to
glacial cycle ice loading changes (Fig. S1). For the regional models in
ASPECT we interpolate the ICE-6G_C ice heights to the 5 km VMB grid in
space and to 500 yr intervals in time, for model runs in ASPECT with a
100 yr numerical time step size. The ice loading changes are zero from
2 ka bp onwards (Fig. S5).

The choice of numerical time step size in ASPECT for the three glacial
loading periods is based on the timescale for solid Earth deformation output.
Tests show that smaller time step sizes than ones used here produce nearly
identical output. Furthermore, uncertainties in the ice loading input are
larger than any small deviation introduced by the choice of numerical time
step size (e.g., see Fig. 2a of Adhikari et al’ for the large uncertainties
associated with second millennium ice loading).

GNSS uplift rates

We obtain processed (i.e. data product level 2) GNSS station height infor-
mation from the Greenland GNSS Network (GNET) from the stations
Kangerdlussuaq Gletscher (KUAQ)”, Mikis Fjord (MIK2)¥, Pilappik
(PLPK)*', Steenstrup Nordre Bree (KSNB)”, and Vestfjord Gletscher
(VFDG)* (Figs. 1B, S19), as well as Daugaard Jensen Gletscher (DGJG)*,
Scoresbysund (SCOR)*, Helheim Glacier (HEL2)*, and Kulusuk (KULU)*
(Figs. 7B, S22). This data is openly available through the GAGE Facility,
operated by UNAVCO (see Data availability statement). We compute linear
regression trends and the standard deviation of the detrended data at these
nine stations for the period from the start of observations to the end of the
VMB data at 31-12-2019 (Fig. S19). The start of observations is 7-8-2009 for
KUAQ, 8-8-2009 for MIK2, 12-8-2007 for PLPK, 21-8-2007 for KSNB, 9-8-
2009 for VEDG, 12-08-2009 for DGJG, 02-02-2005 for SCOR, 25-08-2007
for HEL2, and 25-07-1996 for KULU. To determine trends over similar time
periods, SCOR and DGJG are processed starting 12-08-2009, and KULU
and HEL?2 starting 25-08-2007.

To estimate uplift rates and standard deviations, we perform linear
regression analysis over the period of observations (Figs. S19, S22, and
Table S2.vi). The largest uplift rate of 17.44 + 1.10 mm/yr occurs at KUAQ,
which lies near the outlet of the Kangerlussuaq glacier, one of Greenland’s
fastest mass-losing glaciers™®. Nearby MIK2 also shows rapid uplift of
12.39 + 0.83 mm/yr. To the north, station VFDG shows a smaller uplift rate
0f4.95 + 0.73 mm/yr. PLPK and KSNB to the south are located close to the
Helheim glacier, also one of Greenland’s three largest glaciers based on
catchment size, and also deglaciating rapidly’, show rapid uplift at
9.70 £ 0.82 mm/yr and 12.85 + 0.68 mm/yr, respectively. Four additional
stations are located inside our ice loading area but outside our area of interest
(Fig. 7B). These are DGJG* and SCOR™ to the north, with slower uplift rates
of 3.75 + 0.81 and 2.07 + 0.68 mm/yr, respectively, and HEL2* and KULU"
to the south with rapid uplift rates of 15.93 + 0.78 and 8.54 + 0.56 mm/yr,
respectively (Fig. S22). DGJG and HEL2 sit close to the present-day ice
margin, whereas SCOR and KULU are currently far from the present-day
ice margin, but were closer to it during the last deglaciation.

We compare uplift rates for the five primary GNSS stations (Fig. S19)
to model predictions from the combination of global and regional defor-
mation modelling (see above). Because the solid Earth deformation models
are driven by ice loading changes operating on different timescales (satellite
altimetry era, the second millennium, and the last glacial cycle), we measure
average vertical displacement rates from the models also using different
timescales. For deformation due to satellite altimetry era modelling, we
measure from 2009 (or 2007 for PLPK and KSNB) to 2020 (numerical time
step size of 1 yr). For the second millennium, we measure from 2010 to 2020
(numerical time step size of 5 yr). For the last glacial cycle, we measure from
1920 t0 2020 (numerical time step size of 100 yr). Although 100 yr seems like
a large time step for determining uplift rates to compare to GNSS obser-
vations (2007/2009 to 2020), we note that ice heights in Southeast Greenland
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remained nearly constant from 4kabp to present day in the ICE-6G_C
model (Fig. S5). Thus, present-day uplift rates from the last glacial cycle
reflect the Earth’s continued response to deglaciation that ended several
millennia ago, and thus have remained nearly constant during in the past
century.

Holocene uplift rates

Relative sea level (RSL) estimates are scarce along the southeast coast of
Greenland. We use geologic indicators of RSL to constrain uplift rates over
the Holocene at two sites: Schuchert Dal (SD)*! and Ammassalik (Am)** in
the northern and southern parts of our ice loading area, respectively
(Figs. 1B and 7C). Rapid relative sea level drop, consistent with ground
uplift, is observed in both locations in the Early Holocene during and fol-
lowing Greenland deglaciation (Fig. S15). For Ammassalik, Long et al.”
compiled RSL estimates based on sediment cores from isolation and lake
basins (4 RSL estimates from lakes below the marine limit, 2 upper RSL
bounds from lakes above the marine limit) and determined a local marine
limit of 69 m at around 11 ka bp from the lower limit of perched boulders
above wave-washed bedrock. From these RSL estimates we estimate a land
uplift rate of 24 mm/yr during 10.5 and 8.0 ka bp (Fig. S15A). For Schuchert
Dal, Hall et al.”' compiled RSL estimates based on field mapping of surficial
deposits (shells) and examination of landforms (stratigraphic sections
exposed in stream cuts). There are 62 samples of RSL estimates and another
34 with less confidence in water levels (e.g., from fjord samples) providing
lower bounds on RSL. From these RSL estimates we estimate a land uplift
rate of 28 mm/yr during 11.0 and 8.5 ka bp (Fig. S15B).

We relate our model predictions of uplift rate to RSL observations
(Figs. 2B, 7D, S3B, and $4B). In doing so, we assume that the observed RSL
drop is dominated by bedrock uplift driven by nearby deglaciation. This
assumption may be violated in several ways. First, loss of local ice mass loss in
Greenland would lower RSL around Greenland due to reduced gravitational
attraction of seawater to the ice sheet. Indeed, Greenland lost an ice volume
equivalent to 2-3 meters of sea level during 11-8 ka bp®, which, if dis-
tributed around Greenland’s periphery, would have resulted in an
approximately equivalent depression of the geoid around Greenland™.
Although the geoid depression may have been larger near areas of more
concentrated mass loss, the associated sea level drop (~1 mm/yr) only
explains a small part of the 60-70 m that is observed (Fig. S15). Second, uplift
or subsidence may be driven by ice loading changes outside of our ice loading
area. In particular, the collapse of the peripheral bulge to the North America
Ice Complex led to subsidence across much of Greenland”’. However, our
global modelling in SELEN (e.g., to compute Fig. 3D) suggests that this
mechanism contributes only ~3.3 mm/yr of subsidence along the Southeast
Greenland coast during the early Holocene, mostly driven by North
American melt occurring prior to 11 ka bp. Third, eustatic sea level rose by
~25 meters during 11-8kabp”, mostly due to ice melting outside of
Greenland. Based on normalized sea level fingerprints® and ice volume
changes™”" we estimate that the Southeast Greenland coast only experienced
RSL rise of 7.8 m during 11-8 ka bp, or ~2.6 mm/yr, due to melting of non-
Greenlandic ice. In this estimate we exclude Greenlandic ice loss (it is
included separately as described above), Laurentide and Antarctic ice con-
tribute 6.0 m and 1.8 m of RSL respectively, and the fingerprint of Fennos-
candian ice melt shows a minimal RSL effect in Southeast Greenland”. The
sum of the three processes described above, together indicating about 5 mm/
yr of RSL rise, is uncertain but small compared to the observed sea level drop
(Fig. S15) and of opposite sign. Thus, the Holocene land uplift that we
estimate for SD and Am (Fig. S15) likely represents a lower bound.

Data availability

The Greenland VMB data is available on the database of the Technical
University of Denmark, DTU Data (https://data.dtu.dk/articles/dataset/
Greenland_Ice_Sheet_mass_balance_1992-2020_from_calibrated_radar_
altimetry/13353062). The ICE-6G_C(VM5a) ice history model is available
via the University of Toronto (https://www.atmosp.physics.utoronto.ca/
~peltier/data.php). The GNSS station positions are available via the GAGE

Facility (https://www.unavco.org/instrumentation/networks/status/
polenet#gnet and https://data.unavco.org/).

Code availability

The open-source code ASPECT (v2.4.0)”" is available for download on
GitHub (https://github.com/geodynamics/aspect/releases/tag/v2.4.0) or
Zenodo (https://doi.org/10.5281/zenod0.6903424). The open-source code
SELEN v4.0” is available for download on Zenodo (https://doi.org/10.5281/
zenodo.3520451). ASPECT parameter and log files and SELEN configura-
tion and ice input files for the simulations in this study are available for
download on Zenodo (https://doi.org/10.5281/zenodo.8192717).
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