
1. Introduction
The Antarctic Peninsula (AP) experienced rapid regional warming over the last half of the 20th Century. This 
warming is expressed in both the atmosphere and ocean temperature records and model reanalyses since ∼1950 
(Cook et al., 2016; Turner et al., 2005, 2016). This has led to the substantial retreat and collapse of multiple 
major ice shelves in the western and eastern sides of the Peninsula (Fox & Vaughan, 2005; Rack & Rott, 2004; 
Rott et al., 1996; Scambos et al., 2004). The outlet glaciers have exhibited rapid acceleration and dynamic thin-
ning in response to the disintegration of ice shelves. This ice unloading has resulted in a rapid viscoelastic solid 
Earth response, captured by Global Positioning System (GPS) stations fixed to bedrock in the northern Antarctic 
Peninsula (Nield et al., 2014; Samrat et al., 2020) while in the southern Antarctic Peninsula, the bedrock defor-
mation seems to reflect ice loading changes over longer timescales (Wolstencroft et al., 2015; Zhao et al., 2017). 
Combined with viscoelastic models, these studies have together suggested that the region is underlain by the 
upper mantle with low viscosity (0.1–3 × 1018 Pa s) in the north but increasing to more conventional values 
(>2 × 1019 Pa s) in the southern Peninsula. These provide constraints on models of glacial isostatic adjustment 
(GIA); accurate models of GIA are essential to accurately understanding the ice sheet contribution to sea-level 
change from space-gravimetry data (King et al., 2012).

Here, we examine a previously unstudied region of the Antarctic Peninsula, approximately midway between 
the northern and southern regions previously studied in northern Marguerite Bay (NMB). The glaciers in this 

Abstract We constrain viscoelastic Earth rheology and recent ice-mass change in the northern Marguerite 
Bay region of the Antarctic Peninsula. Global Positioning System (GPS) time series from Rothera and San 
Martin stations show bedrock uplift range of ∼−0.8–1.8 mm/year over 1999–2005 and 2016–2020 but ∼3.5–
6.0 mm/year over ∼2005–2016. Digital elevation models reveal substantial surface lowering, but at a lower 
rate since ∼2009. Using these data, we show that an elastic-only model cannot explain the non-linear uplift of 
the GPS sites but that a layered viscoelastic model can. We show close agreement between GPS uplift changes 
and viscoelastic models with effective elastic lithosphere thickness and upper-mantle viscosity ∼10–95 km and 
∼0.1−9 × 1018 Pa s, respectively. Our viscosity estimate is consistent with a north-south gradient in viscosity 
suggested by previous studies focused on specific regions within the Antarctic Peninsula and adds further 
evidence of the low viscosity upper mantle in the northern Antarctic Peninsula.

Plain Language Summary Over the last few decades, the glaciers of the Antarctic Peninsula have 
thinned tens to hundreds of meters. This unloading of the solid Earth has produced a viscoelastic response 
of the solid Earth. By observing this response and comparing it to viscoelastic models combined with ice 
unloading models, we may infer the viscoelastic properties of the Earth in this region. In this study, we estimate 
ice mass changes over 15 years using satellite images. Then we analyze estimates of solid Earth displacement 
from continuous Global Positioning System (GPS) stations attached to bedrock. When compared to the 
predictions of deformation from viscoelastic models with different Earth properties and ice mass change rates, 
we find the rate of glacier thinning must have slowed since around 2009–2010 and suggests a thin elastic 
lithosphere with a lower-viscosity upper mantle underneath this region.
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•  Glaciers in the region generally show 
a reduced rate of surface lowering 
since ∼2009

•  Comparing GPS and modeled 
viscoelastic deformation suggests a 
lower-viscosity upper mantle for this 
region with possible thin lithosphere
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region have undergone general retreat and modest levels of lowering over the second half of the 20th Century 
(Cook, 2014; Kunz et al., 2012; Pritchard & Vaughan, 2007). Continuous GPS deployments in this region now 
span 20 years. One of these, located at Rothera Station (ROTH; Figure 1), was studied by Thomas et al. (2011), 
who found a rate of uplift of ∼1.7 and 6.5 mm/year in 2000 and 2006, respectively, but was unable to explain this 
rate with an elastic only model forced with a low-resolution ice model. A rate of uplift of ∼6.5 mm/year is much 
larger than any current model of millennial-scale GIA (Martín-Español et al., 2016), so this uplift rate remains 
unexplained. Another three GPS sites, SMRT, SMR5, and BSA1, were deployed in 1999, 2009, and 2012 respec-
tively, about 60–70 km south-east of ROTH at Horseshoe Island (BSA1) and Millerand Island (SMRT, SMR5), 
as shown in Figure 1. We study the time series of these four sites in the context of regional ice loading changes 
and consequent solid Earth deformation.

This paper describes the estimation of ice surface elevation change around the NMB region using new digital ele-
vation models covering ∼2001 to 2017 in the region shown in Figure 1. We then use the derived ice loading data 
to predict the solid Earth response using a suite of viscoelastic models and compare them with GPS observations. 
The comparison with GPS enables us to place constraints on the solid Earth rheology in this region and compare 
it to the adjoining regions to the north and south.

2. Data and Methods
2.1. Ice Surface Elevation Change

Recent decadal-scale ice elevation changes have been studied in detail in some of the areas in AP (e.g., northern 
AP adjacent to the former Larsen B Ice Shelf and the southern part of Marguerite Bay adjacent to the Fleming 
Glacier), but the NMB area is yet to be considered. The glaciers within the area of NMB are less than 20 km in 
length, and there are two small ice shelves in this area: Muller and Jones ice shelves. The Muller Ice Shelf is the 
northern-most ice shelf located at the embayment of Lallemand Fjord on the west side of the AP. It is a small 
ice shelf with an area of ∼80 km2. This ice shelf is mainly fed by the Antevs and Bruckner glaciers (Domack 
et al., 1995), and its front has been in retreat since ∼1947, with the notable exception of two advances in 1956 and 
1986 (Cook & Vaughan, 2010). Cook (2014) showed that the ice shelf lost almost 49% of its area over 1950–2008 
due to regional climate change. The Jones Ice Shelf was located ∼25 km south of Muller Ice Shelf. This ice shelf 
began to retreat in the early 1970 and completely disappeared in early 2003. The effect on glacier dynamics is not 
yet observed around this area. This area is also subject to strong surface mass-balance fluctuations.

To develop a time series of glacier Digital Elevation Models (DEMs), we used Advanced Spaceborne Thermal 
Emission and Reflection Radiometer (ASTER) data for 2002–2017. We downloaded ASTER Level 1A (L1A) 
30 m resolution data through the NASA Earthdata portal in GeoTIFF format. Based on image coverage of our 
study area, we divided our area into eastern and western sectors. A detailed description of our approach to pro-
ducing ice mass changes using ASTER data is found in Text S1 in Supporting Information S1.

2.2. GPS

We considered GPS data from sites with near-continuous records in the region, namely Rothera and San Martin 
which commenced measurements in the late 1990s, and the Horseshoe Harbour site deployed in 2012 (Figure 1). 
The GPS records considered span 1999.1–2020.0 (ROTB/ROTH), 2012.1–2020.0 (BSA1), 1999.3–2009.2 
(SMRT/SMR5) and 2009.2–2020.0 (SMR5). Further information on GPS data processing is found in Text S2 in 
Supporting Information S1.

There are two separate GPS records (ROTH, ROTB) at Rothera station, which we merge to produce the record we 
refer to as ROTH for convenience hereafter. ROTB covers the period from ∼1999.1 until 2011.16, while ROTH 
has operated since ∼2010.10. We estimated and removed the offset between the two series using the final 20 days 
of overlapping data. The two records at San Martin (SMRT and SMR5) do not have substantial overlapping data, 
and we therefore treat them as distinct records.
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2.3. Viscoelastic Solid Earth Modeling

We follow the same methodology as Nield et al. (2014) and Samrat et al. (2020) to model the solid Earth response 
to changes in surface loading. In brief, this involved the computation of both elastic and viscous deformations us-
ing the elastic and viscous components of the Green Functions computed with VE-CL0V3RS v3.6 (Visco-Elastic 
Compressible LOVe numbER Solver) successively convoluted with the loading function using VE-HresV2 (Vis-
co-Elastic High-Resolution technique for Earth deformations) software (Barletta et al., 2006, 2018; DTU, 2021). 
Further information is found in Text S3 in Supporting Information S1.

Figure 1. Location map of our study area with Global Positioning System site locations at Rothera station (ROTH), Horseshoe Island (BSA1), and San Martin station 
(SMRT and SMR5 marked). The Mosaic of Antarctica (MOA) data set was used to define the grounding line (Haran et al., 2014).
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3. Results
3.1. Glacier Elevation Changes and Mass Balance

We estimate the elevation change rates for the eastern and western parts of our study area using linear rates of 
surface elevation change over each period 2002.0–2009.0 and 2009.0–2015.0 for the eastern part, and 2004.0–
2012.0 and 2012.0–2017.0 for the western part. The elevation change rate is shown in Figure 2 for the eastern and 
western parts of the study area.

The eastern part shows an overall volume loss of 7,039 ± 1.3 km3 (1-sigma uncertainties) during 2002.0–2009.0 
and subsequently, 1,371 ± 10 km3 over the period 2009.0–2015.0. The western part shows a similar pattern, with 
an overall volume loss of 2,709 ± 3.2 km3 over 2004.0–2012.0, followed by ∼764 ± 1 km3 over 2012.0–2017.0. 
These estimations consider only the sampled areas (Figures 2a–2c) and do not include changes in data gaps.

The elevation change in Figure 2b shows a positive surface elevation change rate during 2009.0–2015.0 near the 
Jones Ice Shelf. Comparing it to Figure 2a suggests that the thinning rate of the glaciers around the broader area 
slowed down during that period. A similar spatial pattern of mass change was also noticeable in the Muller Ice 
Shelf area, and it indicates that thinning rates of glaciers around this ice shelf have reduced since ∼2009. The area 
near Shambles (Figures 2a and 2c) and Remus glaciers (Figures 2b and 2d) show an elevation change rate close 
to zero between 2009–2015 and 2012–2017, respectively, suggesting a reduction in the rate of surface elevation 
change since the earlier period. The Sheldon, Mcmorrin, Nemo, and Forbes glacier regions (Figure 2) show an 
almost constant rate of elevation change pattern through 2002.0–2015.0. The most considerable surface elevation 

Figure 2. Elevation change rate over, (a) the western part between 2004.0 and 2012.0, (b) the eastern part between 2002.0 
and 2009.0, (c) the western part between 2012.0 and 2017.0, and (d) the eastern part between 2009.0 and 2015.0. The blue 
line shows the grounding line.
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change is near the Remus Glacier region, which we find to have lowered by 
∼5.8 m/year over 2002.0–2009.0.

The ice mass change estimated from the elevation change data (before gap 
filling, Text S1 in Supporting Information S1 for detail about our gap-filling 
approach) over each period is presented in Table S2 in Supporting Informa-
tion S1. The area-integrated mass unloading is smaller over 2009.0–2015.0 
than the earlier 2002.0–2009.0. The negative mass balance indicates that 
mass loss is ongoing from 2002.0 to 2015.0, although its rate reduces since 
∼2009.0. Figure S1 in Supporting  Information S1 shows surface elevation 
changes over time at a range points close to the GPS sites.

3.2. GPS Results and Model Fit Analysis

Figure 3a shows the bedrock uplift time series for the ROTH, BSA1, SMRT, 
and SMR5 sites with arbitrary vertical shifts applied for clarity. The four-
time series show non-linear rates of uplift and have similar patterns over their 
common time periods. The uplift rates and their uncertainties are shown for 
different time periods in Table S3 in Supporting Information S1.

The uplift of the San Martin site (SMRT/SMR5) is ∼−0.9 ± 0.3 mm/year over 
1999.3–2005.0 but increases dramatically after ∼2005.0 to ∼6.0 ± 0.6 mm/
year before leveling off after ∼2016 to ∼0.8 ± 0.9 mm/year. At ROTH, the 
maximum uplift reaches almost 5.9 ± 0.9 mm/year during 2005.0–2010.0, 
but this rate slightly reduces to ∼4.6 ± 0.6 mm/year during ∼2010.0–2016.0 
and dramatically reduces to ∼1.8 ± 1.3 mm/year during ∼2016.0–2020.0. 
The GPS observations from ROTH and SMRT show the same trend of rates 
over their common periods ∼1999–2009, but SMRT has slightly lower uplift 
rates than ROTH during their common period. However, the ROTH record 
is patchy during this period. BSA1 shows a similar pattern to the other sites 
over ∼2012.0–2015.0 with ∼4.6 ± 0.6 mm/year (ROTH), ∼3.5 ± 0.5 mm/
year (SMR5), and ∼4.3 ± 0.5 mm/year (BSA1) uplift rates over ∼2010.0–
2016.0, ∼2009.2–2016.0 and ∼2012.1–2016.0, respectively. However, the 
apparent downwards trend after 2015 seems slightly stronger at SMR5 and 
BSA1 than at ROTH, although the BSA1 record is quite short and hence the 
rate is relatively uncertain.

Assuming this is due to ice mass loading changes, this result suggests that 
mass loss in the area has slowed or even switched to mass gain in recent years 

in a period where we do not have DEMs. Overall, ROTH shows ∼4.3 ± 0.2 mm/year uplift over 1999.1–2020.0, 
BSA1 shows ∼2.1 ± 0.4 mm/year over 2012.1–2020.0, SMRT shows ∼1.8 ± 0.4 mm/year over 1999.3–2009.2 
and SMR5 show ∼1.4 ± 0.4 mm/year over 2009.2–2020.0, but the rates are clearly not linear, and therefore not 
an indication of millennial-scale GIA uplift.

In this study, we considered in our modeling only the very recent ice unloading history estimated using ASTER 
data since ∼2002.0. Our GPS time series might have additional deformation driven by ice unloading history not 
considered in our ice loading model (e.g., due to LGM deglaciation) and we define this as the background rate 
(BGR). We estimate this rate for each model following the approach of Zhao et al. (2017). In brief, we estimated 
the background (pre-1999) vertical velocity by computing the difference between observed and predicted uplift 
rates at ROTH and SMRT. This background rate is then added to our various predicted uplift rates.

We compare the GPS observation with the prediction from the numerical models up to ∼2015.0 to match our 
input ice loading history. Also, from here, we focus on only the ROTH and SMRT sites because these two sites 
cover the more extended period of input ice loading history considered in this study.

In Figure 3b we compare our GPS uplift time series to the elastic-only model of deformation for the long-running 
site ROTH. The changing uplift rates recorded at ROTH cannot be explained by elastic prediction only (red line) 

Figure 3. (a) Global Positioning System (GPS) uplift time series for the 
merged ROTH, BSA1, SMRT and SMR5 sites. Time series are arbitrarily 
shifted vertically for clarity, and (b) ROTH GPS observations are compared 
with the uplift time series predicted by the elastic model and BGR applied 
over the period where the model has ice loading data.
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and this remains true even when the observed mass loss is increased by a factor of more than three (shown by 
the purple line in Figure 3b). So much missing ice, sustained over the full period is not reasonable, so we reject 
the possibility of missing ice unloading in our model being the major reason for this. We now explore additional 
deformation from the viscous model as a means of explaining the remaining GPS uplift.

We compared the ROTH and SMRT uplift time-series with the set of predicted visco-elastic responses computed 
using 375 viscoelastic numerical Earth models varying lithospheric thickness (LT, by 10–130 km) and Upper 
Mantle Viscosity (UMV from 0.1 to 300 × 1018 Pa s). We estimated the RMS misfit between the GPS and model 
(including the BGR) uplift time-series for each station by considering the data uncertainties (that is, the weighted 
RMS, WRMS, see Text S4 in Supporting Information S1). The WRMS misfit between the GPS observed uplift 
and modeled predictions is shown in Figures 4a and 4b for ROTH and SMRT sites.

Analysis at the ROTH site shows good agreement with models using upper-mantle viscosities of ∼0.1–9 × 1018 Pa 
s and effective thicknesses of the lithosphere within the range of ∼10–95 km. The minimum WRMS misfit is 
found for LT 15 km with UMV of ∼3 × 1017 Pa s for the ROTH site (Figure 4a). The BGR for the preferred model 

Figure 4. (a) WRMS misfit between ROTH Global Positioning System (GPS) and model-predicted uplift based on fitting to ROTH, (b) WRMS misfit between SMRT 
GPS and model-predicted uplift based on fitting to SMRT. GPS observations and model predicted uplift time-series for the best fitting viscoelastic Earth model for (c) 
ROTH and (d) SMRT sites based on the best fitting ROTH model (red square in Figure 4a; LT 15 km and UMV ∼3 × 1017 Pa s). The model prediction includes the 
viscoelastic deformation plus the computed BGR for each site.
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is −1.3 mm/year at ROTH. Repeating the analysis for the short SMRT record demonstrates a similar UMV range 
to the ROTH analysis but shows poor sensitivity to the effective thicknesses of the lithosphere (see Figure 4b). 
The minimum WRMS misfit for SMRT is found for LT 10 km with UMV of ∼3 × 1017 Pa s. The BGR for this 
model is ∼−0.3 mm/year at SMRT. The best fit model from SMRT is almost similar to the best-fit Earth model 
suggested by the ROTH site. But this site has a short time series which makes the analysis more sensitive to short-
term GPS fluctuations. The SMRT site is also closer to the glaciers with changing mass.

The deformation prediction based on the best fitting Earth model constraint from the ROTH analysis (LT = 15 
and UMV = 3 × 1017 Pa s) reproduces the uplift quite well for both sites as shown in Figures 4c and 4d (red line), 
although with an under-prediction at SMRT.

Our study area is small, and all the GPS sites are less than ∼70 km from each other and are each located close to 
areas of significant mass loss area. Our GPS uplift rates shown in Table S3 in Supporting Information S1 reveal 
that the GPS observations from ROTH, SMRT/SMR5, and BSA1 show the same trend of rates over their common 
periods. Given the load change is spatially variable within our study region, this suggests the solid Earth response 
is not highly short wavelength. To further illustrate this, we recomputed the time series of uplift at ROTH using 
only the ice load further than ∼15 km radius from ROTH (Figure S2 in Supporting Information S1), indicating 
that much of the signal at ROTH comes from the wider region.

4. Discussion
Our best-fitting viscoelastic models closely match the GPS-observed bedrock uplift at ROTH and SMRT sites. 
The analysis shows a preference for a very thin elastic lithosphere could indicate missing ice mass loss, although 
also note that a wide range of thicknesses is permissible. The confidence intervals are shown in Figures 4a and 4b 
(purple color) assume that the data are temporally uncorrelated and the model is based on a complete ice loading 
history. This results in a conservative estimate of the uncertainty bounds, including more Earth models than may 
closely fit the GPS data (see ROTH observations with the prediction from the models fall within 95% confidence 
limit in Figure S3 in Supporting Information S1). To investigate this further, we adopt model fit analysis for 
ROTH observations based on sub-period velocity shown in Table S3 in Supporting Information S1 (∼1999.1–
200.5, ∼2005.0–2010.0, and ∼2010.0–2016.0). This analysis rules out a few models from the range estimated 
considering the whole time series of ROTH (purple line in Figure S4a; Figure S4 in Supporting Information S1), 
but does not provide a major reduction in the range of plausible Earth models.

To estimate further how ice loading changes in nearby regions could affect deformation in NMB we add the ice 
loading model of the Larsen-B and Fleming Glacier regions from Samrat et al. (2020) and Zhao et al. (2017) with 
our loading model (see Text S5 and Figure S5 in Supporting Information S1 for detail about the test).

Studies by Samrat et al. (2020), Zhao et al. (2017), and Wolstencroft et al. (2015) estimated UMVs of <9 × 1018, 
>2 × 1019, and 1–3 × 1020 Pa s, for the northern Antarctic Peninsula, Fleming Glacier area (southern Margeurite 
Bay), and Palmer Land (further south) respectively. Together, these three studies suggest a north-south gradient 
of UMV exists in the AP. Our suggested UMV range (∼0.1–20 × 1018 Pa s) is consistent with these findings given 
the study site location (north of Fleming Glacier and south of the northern Antarctic Peninsula).

We also note that our modeling considers a simple linear Maxwell rheology, also because there are insufficient 
data to test more complex (e.g., transient, power-law) models. In particular, Ivins et al. (2020) have highlighted 
that rheological models which include transient deformation could be an alternative explanation for the low 
viscosities suggested by GPS-model comparisons in Antarctica. This remains the subject of important future 
research.

Our estimates of the background rate of uplift is lower than predicted by millennial-scale GIA models. A higher 
uplift rate from ∼+1 to +5.5 mm/year is predicted for the study area by the different GIA models (Martín-Español 
et al., 2016). In contrast, our estimates of pre-1999 uplift rates for best fit models are ∼−1.3 and −0.3 mm/year 
(our estimation of BGR for all models demonstrate subsidence rates of up to ∼1.8 mm/year for this region, see 
Figure S6 in Supporting Information S1), given the preference for low mantle viscosity with thin lithosphere in 
our tests. Therefore, it is likely that uplift rates at these sites are more sensitive to mass changes in the decades 
(Nield et al., 2012), rather than millennia, before 1999, the signal for which is not included in millennial-scale 
GIA models and is poorly constrained by observations.
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The error analysis for our ice mass balance estimates was limited to investigating the elevation residuals over 
the stable terrain (see Text S6 and Figure S7 in Supporting Information S1). Our results do not include a full ice 
elevation change error analysis, and these are not propagated through the viscoelastic model; the limited temporal 
sampling of the DEMs probably dominates any such error combined with uncertainty in the adopted density used 
to convert to mass. More regular (e.g., annual) DEMs from higher-resolution sensors and density estimation from 
a densification model would allow a tighter constraint on the model, and perhaps separation of models with more 
complex rheological structures. For density, we adopt a density of ice when converting elevation change to mass 
change; changing to a lower density would require even weaker Earth models to reproduce the observed changes 
in uplift rates.

5. Conclusions
We studied the ice elevation change in the region around northern Marguerite Bay using six DEMs covering 
a total of 15 years over the period 2002–2004 to 2015–2017. The data suggest a negative mass balance over 
2002–2004 to 2009–2012, followed by a reduction in mass loss since ∼2009.0 and 2012.0 for the eastern and 
western parts of the study area, respectively.

Bedrock GPS time series in the area show non-linear station motion that increases during 2005–2009/10 com-
pared to 1999–2005, and starts reducing from ∼2016. These changes cannot be reproduced by deformation pre-
dicted using an elastic-only model forced by our ice loading data, but can be closely reproduced with a range of 
viscoelastic models. Therefore, we conclude that the sites respond to viscoelastic deformation due to contempo-
rary ice mass change, with additional deformation due to earlier changes in surface loading.

A comparison of the model predicted uplift with the longer GPS (ROTH) time series suggests an upper mantle 
viscosity of ∼0.1–9 × 1018 Pa s with ∼10–95 km range lithospheric thickness. The analysis of SMRT shows broad 
agreement with the ROTH results, but with reduced sensitivity to the lithospheric thickness and upper mantle 
viscosity.

An improved ice loading model and more extended GPS time series could help to resolve the solid Earth prop-
erties further for the region. Our suggested viscosity range agrees with previous studies, indicating a broad 
north-south gradient in upper mantle viscosity in the Antarctic Peninsula. The specific solid Earth properties of 
this region still remain to be defined tightly, but our investigation sets an approximate range for upper-mantle 
viscosity and lithospheric thickness, which will help to understand more complex features of the solid Earth of 
this region in the future.

Data Availability Statement
GPS data used in this study were downloaded from public archives at UNAVCO (https://www.unavco.org/data/
data.html), International GNSS Service (https://www.igs.org/data-products-overview/#products-related-resourc-
es) and PANGEA (Schenke et al., 2012), while SMRT data were provided by Andres Zakrajsek and Hans-Werner 
Schenke. GPS, surface elevation change, and Viscoelastic models data used in this paper are available at: https://
rdp.utas.edu.au/metadata/6c5dd3ac-529a-42cb-94a8-44bc39d47aa0.
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