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Observed rapid bedrock uplift
in Amundsen Sea Embayment
promotes ice-sheet stability
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The marine portion of the West Antarctic Ice Sheet (WAIS) in the Amundsen Sea Embayment
(ASE) accounts for one-fourth of the cryospheric contribution to global sea-level rise and is
vulnerable to catastrophic collapse. The bedrock response to ice mass loss, glacial isostatic
adjustment (GlA), was thought to occur on a time scale of 10,000 years. We used new GPS
measurements, which show a rapid (41 millimeters per year) uplift of the ASE, to estimate

the viscosity of the mantle underneath. We found a much lower viscosity (4 x 10'® pascal-second)
than global average, and this shortens the GIA response time scale to decades up to

a century. Our finding requires an upward revision of ice mass loss from gravity data of
10% and increases the potential stability of the WAIS against catastrophic collapse.

he viscosity of Earth’s upper mantle has a

key role in Earth’s response to surface mass

variations, especially visible in glaciated

areas, at both local and global spatial scales.

Those glaciated areas, including Greenland
and Antarctica, contributed over the period 2002
to 2010 to global mean sea-level rise at an esti-
mated rate of +1.22 + 0.17 mm/year (I). Over the
same time interval, the ASE, with an area of
less than 4% of the Antarctic Ice Sheet (AIS),
contributed to global mean sea-level rise at a
rate of +0.3 + 0.02 mm/year (I, 2), a fourth of
the entire cryosphere contribution. Ice flow rates
in the ASE region are increasing (3, 4), and the
grounding line, controlled by the marine ice-
sheet instability (5, 6) and subglacial geology (7),
is retreating rapidly (8). Bedrock deforms due to
a combination of Earth’s instantaneous elastic
response to contemporary ice changes and the
delayed viscoelastic response to past deglaciation
(fig. S1). Regions underlain by high-viscosity man-
tle are mostly sensitive to the ancient ice history,
whereas in the presence of low viscosity, only the
recent ice history is relevant. The response time of
ice-related Earth deformations is determined by
the mantle viscosity: Viscosities ~10™® to 10" Pa s
correspond to decadal to centennial time scales
(9-12), and viscosities ~10%° to 10*! Pa s to mil-
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lennial time scales (13, 14). GIA models for the
whole of Antarctica adopt upper mantle (UM)
(down to 670 km) viscosities larger than 10%° Pa s
and up to 10*! Pa s driven by deglaciation starting
21,000 years ago at the Last Glacial Maximum.
One of the most used models, ICE6G (13), is
characterized by a UM viscosity with a value of
5 x 10%° Pa s, an intermediate value among the
range used by most GIA models, and it predicts
the largest present-day uplift rate in ASE among
the models.

In glaciated regions undergoing large ice mass
losses, such as the ASE, the GIA contribution has
a considerable impact on gravity-derived ice mass
variation estimates, because the Earth response,
driven by the upper mantle viscosity, provides a
contribution to the gravity field that, if not cor-
rected for, translates into an apparent mass in-
crease (fig. S2). The upper mantle viscosity has
also been found to be crucial in predictions of
ice-sheet stability, where bedrock uplift and con-
sequent sea-level fall near the grounding line
(fig. S3) have been shown to be an important
stabilizing factor in ice-sheet behavior (15), with
lower viscosity and consequent more rapid uplift
resulting in greater negative feedback (16, 17).
The impact of mantle viscosity on ice-sheet sta-
bility has been investigated (16, 17) for a wide
range of viscosities (10" to 10% Pa s) that could
not be narrowed further due to of lack of direct
constraints on absolute mantle viscosity under
the AIS. This issue is especially pronounced in
ASE where ongoing ice mass loss is the largest.
In fact, relative mantle viscosity variations un-
der the AIS have been inferred based on seis-
mic tomography (18-20) but with poor constraints
on absolute viscosity. Absolute viscosity can in-
stead be constrained when it is dynamically
derived from bedrock uplift rate or relative
sea-level history. Finding low viscosity under
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sensitive areas of the marine ice sheet, such as
ASE, would therefore have very important con-
sequences on studies for estimating future
ice-sheet stability and substantially reduce un-
certainties regarding future ice mass loss projec-
tions. The possibility that the mantle viscosity in
the ASE deviates significantly from the global
average is supported by indications of geologically
recent volcanism (21) and Cenozoic rifting in
much of West Antarctica and limited evidence
pointing to rift-related displacements of Oligo-
cene age between the Thurston Island-Eights
Coast and Marie Byrd Land crustal blocks flank-
ing the Amundsen sector (22, 23). In other gla-
ciated regions (Patagonia, Alaska, Iceland, and
North Antarctic Peninsula), large uplift rates mea-
sured by dense local GPS networks have been
used to constrain low viscosity (9-12). For this
reason, we installed GPS on bedrock around
the ASE to better constrain the viscosity of the
shallow mantle.

We analyzed the deformation rates (Fig. 1)
using six GPS stations as part of a global geodetic
analysis following a recently developed process-
ing strategy (24, 25). We found that the data in-
dicate that ASE is undergoing one of the fastest
GIA-related uplift rates ever recorded (up to
41 mm/year). In this work, we made use of solid
Earth viscoelastic modeling to invert these data
for the first estimate of absolute viscosity under
ASE, using the new GPS solutions as constraints.
To model uplift, we used a high-resolution ap-
proach (12, 26) with a spatial resolution of 1 km,
which is much higher than previous studies
(9-11). Our compressible viscoelastic Earth model
has a viscosity structure more complex than the
single-layer mantle assumed in previous studies
(9-11) and provides insight into the rheology of
the whole upper mantle down to 670 km. The
paucity of GPS constraints and the scarcity of
glaciological information about local ice history
forced us to thoroughly explore the impact of
those uncertainties on the viscosity model. To
accomplish this, we designed a new strategy
for incorporating ice history that allows us to
combine several independent components (de-
noted as Ha, with « being an index) with differ-
ent weights. The most important ice history
components are the well-observed, high-resolution,
regional, yearly surface distribution of present-
day ice changes (27), which have the spatial
trend shown in Fig. 1A, and a total mass trend
of -130 Gt/year, for the period 2002 to 2014
(denoted as HO), and the component represent-
ing ice history for the period 1900 to 2002, con-
structed by rescaling the spatial pattern in Fig. 1A
(denoted as H1) based on increased ice flux
since 1970 (4). We performed a grid search over
physical parameters by comparing the modeled
predictions with the observations (27). The in-
version parameters for the Earth model are the
thickness of the elastic lithosphere (LT) (ranging
from 20 to 90 km) and the viscosities of three
layers: shallow upper mantle (SUM) (from the
base of the lithosphere to 200 km depth), the
deeper upper mantle (DUM) (from 200 to 400 km
depth), and the transition zone (TZ) (from
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400 to 670 km). We computed 807 different
Earth models with about 10,000 variations of
those models by linearly combining our results
for different scenarios of ice history (27) (Fig. 1B).

We first verified that the instantaneous elastic
contribution to the uplift rate caused by the
present-day ice mass changes in the ASE re-
gion are only ~20% of the recorded signal at
best (Fig. 1, C and D), in marked contrast to the
generally elastically driven high-uplift rates ob-
served in Greenland (24). The spatial pattern of
the high uplift rates at the ASE excludes the pos-
sibility of an alternative geological origin, such as
volcanic activity (27), and is also incompatible
with Earth deformation models driven by de-
glaciation starting at the Last Glacial Maximum
21,000 years ago. Fig. 1C shows the predictions
from model ICE6G (13), which are the largest
among recent GIA models, in which a stiff mantle
viscosity (>10%° Pa s) produces a smooth, uniform
deformational response at the spatial scale of
the ASE. This is in sharp contrast to the more
spatially variable uplift that we measured with
GPS (Fig. 1C), and it is evident in the residual
signal (simply residual, in the following) obtained
subtracting the modeled elastic uplift rates from
those measured by the GPS. Horizontal GPS dis-
placements, which are heterogeneous in both
magnitude and direction (Fig. 1D), show similar
spatial behavior. The horizontal motions depend
strongly on the location of ice mass changes,
and the residual motion vectors have directions
that are close to those of the elastic response to
modern-day ice changes (Fig. 1D). This indicates
that these large GPS rates (Fig. 1) are a response
to ice mass loss with a pattern that is consistent
with present-day ice changes (27).

By comparing the residual with predictions
from our viscoelastic modeling, we found that a vis-
cosity range for the SUM between 10™® and 6.3 x
10" Pa s (1og;018.0 to log;18.8) is suitable to ex-
plain the deformation rates observed in ASE (27).
Unexpectedly, we also find a better-fit viscosity
model by decreasing the viscosity of deeper mantle
layers (note the range of low viscosity in the axis
of Fig. 2). The viscosities of SUM and DUM are
not independent (blue line in Fig. 2A): that is, if we
chose to fix DUM viscosity at excessively high
values, a good fit is obtained for excessively low
values for SUM, but still worse than our best fit
to observations. Thus, the observations collected
by our GPS network configuration are indeed
sensitive to both shallow and the deeper mantle
structure (27). Even more surprisingly, we found
that the resolving power of the GPS network ex-
tends to the TZ (Fig. 2B). The relationship we
found between DUM and TZ (blue line in Fig. 2B)
shows that the TZ layer has a minor but detect-
able influence on observed bedrock motion (27).

We strongly constrained the upper mantle to
a narrow range of low viscosity with our grid
search (table S4 and Fig. 2); even considering
uncertainties due to ice history reconstruction
(27), fitting the observed signal with models re-
sults in R? = 0.96 (Fig. 3A). Our preferred model
[lowest root mean square deviation (RMSD)],
using the initial estimate for ice history (HO + H1
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Fig. 1. Observations of bedrock motions and ice changes. (A) The average trend of ice mass
changes in m/year of water equivalent for the 13 years 2002 to 2014 derived from satellite altimetry.
(B) The cumulative total mass in Gt for the extrapolation of the ice history of the last century derived
by rescaling of the pattern in (A). The black line represents the cumulative mass loss estimated
from the yearly grids observed for the period 2002 to 2014, that is, the HO ice history contribution.
The blue solid line represents the cumulative mass loss for ice history contribution H1 for the
period 1900 to 2002. We used the sum of the contribution for HO and H1 as our initial estimate of
mass change history. The black dashed line represents the ice history contribution obtained by
extending the present-day rate to the past. The light blue and the red lines represent half and twice
the rate of the H1 ice history contribution respectively. (C and D) show vertical (squares with

error bars) and horizontal (arrows) observed GPS

bedrock motion (black), respectively (reported in

table S2). Horizontal motions are expressed in a frame that fixes, or nearly fixes, East Antarctica
(27). Blue arrows show predicted elastic velocities (as in column 5 of table S2) using the observed
ice mass changes shown in (A). Green arrows show the residual motions (observed uplift minus

elastic predictions). Purple arrows—only for the ve

rtical (C)—show the uplift prediction of the ICE6G

(13) model. The ellipses in (D) represent uncertainties (£1 SD) for the associated observed horizontal
velocity vectors. The background of (D) is the ice mass change in m/year of (A).

in Fig. 1B, using a mass loss rate of 130 Gt/year
for the period 2002 to 2014 and of 32.5 Gt/year
for the period 1900 to 2002), has a 60-km-thick
lithosphere, a shallow upper mantle of ~4 x 10"
(log018.6) Pa s; a deeper upper mantle that is
about four times stiffer, ~1.6 x 10" (log;019.2) Pa s;
and a transition zone value of 2.5 x 10" (log;019.4)
Pa s (Fig. 3A, Best 2). These values provide a good
fit to the vertical and horizontal nonelastic sig-
nal (Fig. 3A) that is within the confidence inter-
vals for the sites with the highest signal-to-noise
ratio. In all cases, we found a model preference
for an elastic lithosphere that is thicker than
50 km, with a clear, rapid deterioration of the
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fit for a thinner lithosphere (Fig. 2A). The best
fits for elastic lithosphere thicknesses are be-
tween 50 and 60 km, which are consistent with
seismological studies of the region (I8).

We found that ASE has a rheological structure
very different from those commonly used in global
and regional dynamic Earth models (13, 14), with
the upper mantle viscosity being about two orders
of magnitude lower. Low viscosity provides in-
dependent support for a hot mantle, as suggested
by seismological results (19) and an elevated geo-
thermal heat flux (28) in the region. Low viscosity
is also supported by the characteristics of the sub-
glacial geology that provide important boundary
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conditions for the evolution of the ice sheet
(7, 29). The low viscosity we found in deeper layers
could be an indication of a plume-like thermal
structure such as the one hypothesized in nearby
Marie Byrd Land (19, 30). Yet it can more con-
fidently be attributed to a mantle chemically al-
tered by hydrous fluids and volatile silicate melts
generated by protracted Paleozoic-Cretaceous
subduction (31). Low viscosity could characterize
other areas of West Antarctica where geological
and seismic evidence similarly suggests that the
presence of a hot mantle (9, 28, 30) is more wide-
spread under areas where surface bedrock ex-
posure is rare or absent. The viscosity we estimated
under ASE is dynamically constrained without any
a priori geological assumptions and can be used
to set a reference value for a regional Earth model
based on seismic tomography, which has large ab-
solute uncertainties when interpreted for viscosity.

Observed ASE bedrock uplift rates, due to the
low-viscosity mantle and short time scale Earth
response to ice changes (Fig. 3A), are higher than
expected (13, 14). The uplift rate is also predicted
to accelerate with time (Fig. 3, B and C), produc-
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ing an increasing impact on the gravity field.
Both ice mass loss and the flow of mantle material
perturb the time-variable gravity field observed
by the Gravity Recovery and Climate Experiment
(GRACE) satellite pair (fig. S2). The solid Earth
effect results in an apparent mass increase that
must be removed to estimate ice mass changes
from observations of gravity changes. GRACE
studies employ a constant rate of apparent mass
change due to GIA of between +3.5 and +5.5 Gt/
year water equivalent for the combined Pine Island
and Thwaites glacier basins (2). Using our best
local model, we calculated a much larger present-
day apparent mass change of +16.7 Gt/year (27)
for GRACE-derived mass trends over 2002 to
2014. This effect is, furthermore, not constant
with time, as considered in previous studies (7, 2),
because it depends on recent ice mass changes.
We estimate that apparent mass change will in-
crease by >2% per year in coming decades even
if the ice mass loss rate does not increase. We
thus contend that published GRACE-derived
ice mass loss estimates for ASE, for example,
~108 Gt/year (I) (drainage basins of Pine Island
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(Right) Confidence interval, similar to the right plot in (A), applied
to experiment E3 (27). The best fit for this experiment is for LT
60 km, SUM logyo 18.6 Pa s, DUM logip 19.2 Pa s, and TZ logio
19.4 Pa s with a x = 2.32.

and Thwaites and Smith glaciers), are system-
atically underestimated by between 10.0 and
13.9 Gt/year, which is more than 10% of the
total ice mass loss estimate for the ASE.
The extremely low upper mantle viscosity that
we constrain supports the possibility of increased
stability of the WAIS with respect to previous
studies (16, 17). Lower mantle viscosity leads to
faster bedrock uplift in response to ice mass loss.
Rapidly rising bedrock shallows the ocean at the
grounding line and reduces the buoyancy forces
experienced by the edge of the ice sheet while
reducing the slope of the bed beneath the ice
sheet (fig. S3). A laterally homogeneous viscosity
of 10 Pa s for the upper mantle has been used
in the Earth modeling (76, 17) and found to be
sufficient to prevent collapse of WAIS under mod-
erate climate warming scenarios and to delay
it for the more extreme scenarios. The timing
of the Earth response is completely determined
by the viscosity structure, and we numerically
estimated (27) the response-speed increase when
using our preferred model. Even under the as-
sumption that the current rate of ice thinning
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six GPS sites and points A and

A’ of the profile along Pine Island Glacier are shown in (D). Ice mass loss in Pine Island Glacier (D, inset), and the elevation of the profile A-A" for bedrock and ice
[black and blue line from BEDMAP2 (32), respectively]. Bedrock variations along the profile AA" from 2004 to 2114 with respect to 2014 are labeled.

will be constant in the ASE over the next cen-
tury, we found that the uplift rate will increase
(Fig. 3, B and C). In 100 years, uplift rates at
the GPS sites will be between 2.5 and 3.5 times
larger than currently observed (Fig. 3B), and the
bedrock at the Pine Island Glacier grounding
line will have risen by about 8 m compared to
the present (Fig. 3, C and D). This is about three
times higher than values shown to reduce run-
away ice surface velocities within 100 years (15).
The time required to build sufficient deforma-
tion to trigger the stabilization effect is much
shorter (27) than in (Z6). Under low and medium
climate forcing, with the onset of the stabili-
zation feedback about two times faster (27), the
condition for ice-sheet stability and its possible
readvance can reasonably be expected to occur
much earlier than predicted in previous studies
(16, 17). Based on our estimates, it might produce
a deformation large enough and early enough in
the deglaciation phase to prevent the complete
collapse of the WAIS even under strong climate
forcing. To investigate this last point, a full ice-
Earth coupled simulation as in (16, 17) that in-
corporates revised Earth properties is necessary.
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Earth structure can be expected to become in-
creasingly relevant to the next generation of ice-
Earth coupled models, where lateral variations
under WAIS will be incorporated.

The weak Earth structure that we found
under ASE and the related rapid stability feed-
back have a strong direct impact on WAIS evo-
lution at the centennial time scale. The presence
of such a low viscosity under ASE has effects on
the millennial time scale also, with important
implications on understanding of the potential
WALIS collapse scenarios, as well as on the devel-
opment of paleo ice-sheet history reconstructions
and the associated long-term Earth deformation
models (13, 14), hopefully helping to improve the
accuracy of future climate change prediction and
sea-level projection.
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A quick rebound for Antarctic crust

Earth's crust deforms under the load of glaciers and ice sheets. When these masses are removed, the crust
rebounds at a time scale determined by the viscosity of the upper mantle. Using GPS, Barletta et al. found that the
viscosity of the mantle under the West Antarctic Ice Sheet is much lower than expected. This means that as ice is lost,
the crust rebounds much faster than previously expected. Although estimates of total ice loss have to be revised upward,
the surprising finding indicates that the ice sheet may stabilize against catastrophic collapse.
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