
1.  Introduction
While large earthquakes are generally absent from Antarctica, they do occur in two locations along the bounda-
ries of the Antarctic Plate, with earthquakes of magnitude 7 or higher recorded at the boundary with the Scotia 
Plate, and at the Macquarie Ridge Complex where the Antarctic Plate meets the Pacific and Australian Plates 
(as shown in Figure 1; (Lough et al., 2018; Reading et al., 2007; Watson et al., 2010; Ye et al., 2014)). These 
earthquakes occur hundreds of kilometers offshore of Antarctica and the impact on the Antarctic continent, and 
geodetic measurements of its deformation, has consequently received only limited attention. It is important to 
understand the magnitude and extent of both coseismic and postseismic deformation across Antarctica as it may 
contaminate geodetic observations that are used to constrain models of glacial isostatic adjustment (GIA) (Argus 
et al., 2014; Ivins et al., 2013; Whitehouse et al., 2012), plate motion (Altamimi et al., 2012; King et al., 2016; 
Klemann et al., 2008), and estimates of ice sheet mass balance from satellite gravimetry (Shepherd et al., 2018). 
Postseismic deformation is not currently accounted for in any studies of this kind for Antarctica meaning such 
results may be biased, including those focusing on periods long after an earthquake has occurred. The degree of 
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3D Earth structure does not improve the fit. Using the best fitting Earth structure, we run a forward model of 
the nearby 2003 Mw 7.6 strike-slip earthquake and combine the predictions for both earthquakes. We show that 
postseismic deformation is widespread across the northern Peninsula with rates of horizontal deformation up 
to 1.65 mm/yr for the period 2015–2020, a signal that persists for decades. These results suggest that much of 
Antarctica may be deforming due to recent postseismic deformation and this signal needs to be accounted for 
when using GPS observations to constrain geophysical models.

Plain Language Summary  Antarctica is not well-known for earthquakes and consequently there 
are very few studies on the subject. However, large earthquakes that have occurred some 100s km from 
the coastline have the potential to cause deformation within the continent as the Earth undergoes far-field 
postseismic viscoelastic relaxation in response to the large stress changes in the decades following an 
earthquake. In this study, we examine two earthquakes that occurred in the Scotia Sea around 650 km from 
the northern tip of the Antarctic Peninsula in 2003 and 2013. GPS observations from the Northern Antarctic 
Peninsula show a change in deformation rate following the 2013 earthquake. We use the time series to constrain 
a finite element model of postseismic deformation to constrain the underlying Earth properties. Using this 
model to predict ongoing deformation due to the 2003 and 2013 earthquakes gives an estimated combined 
horizonal deformation of up to 1.65 mm/yr during 2015–2020. These results suggest that much of Antarctica 
may be deforming due to postseismic deformation, a signal that had not yet been accounted for in estimates of 
Antarctic ice-mass balance.
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importance of large, far-field earthquakes to Antarctic deformation will depend to some extent on the rheolog-
ical properties of the Antarctic lithosphere and upper mantle, notably when considering sustained postseismic 
deformation that can persist for decades and longer (e.g., Huang et al., 2020; Khazaradze et al., 2002; Klotz 
et al., 2006).

The continent of Antarctica is made up of two geologically distinct regions with a thick cratonic lithosphere and 
high viscosity mantle in the East, and a lower viscosity active rift system in the West (Morelli & Danesi, 2004; 
Wiens et al., 2023). Analysis of gravity data has shown the effective elastic thickness of the lithosphere to be thin-
ner in West than in East Antarctica (Pappa & Ebbing, 2023; Paxman, 2023). Recent seismic tomographic models 
(Lloyd et al., 2020; O'Donnell et al., 2019) have also highlighted strong lateral variations in the upper mantle 
structure across Antarctica with notable slower than average shear waves speeds for the Antarctic Peninsula, 
indicating lower viscosity there relative to the rest of Antarctica. Studies of GIA have also inferred a low upper 
mantle viscosity for the Antarctic Peninsula by using GPS to constrain modeled viscoelastic uplift in response to 
decadal scale ice-mass loss (Nield et al., 2014; Samrat et al., 2020, 2021; Zhao et al., 2017). The way in which 
this low viscosity zone is affected by far-field external forcing is not yet clear.

Non-negligible postseismic deformation in Antarctica not only depends on rheological properties but also 
requires earthquake magnitude to be sufficiently large. For very large earthquakes (greater than magnitude 9) 
postseismic deformation can be observed over 1,000 km from the source (Shao et al., 2016) and over very long 
time scales, deformation from the magnitude 9.5 earthquake that occurred in Chile in 1960 was observed 40 years 
later (Khazaradze et al., 2002). Postseismic deformation could also be mis-interpreted as inter-seismic deforma-
tion when geodetic records are short or information on historic earthquakes is limited (Trubienko et al., 2013).

The study of postseismic deformation in Antarctica lags far behind other continents such as Asia and North 
America mainly due to the, until now, limited geodetic stations in Antarctica and the low frequency of large 
earthquakes surrounding it. To date, the only study published on Antarctic postseismic deformation (King & 
Santamaria-Gomez,  2016) demonstrates that Antarctica has been undergoing postseismic viscoelastic defor-
mation since the 1998 magnitude 8.2 Balleny Islands earthquake, at the time the largest intraplate earthquake 
recorded globally (Figure 1). This earthquake occurred 600 km from the Antarctic coastline (Figure 1) but was 
a large enough magnitude that it caused measured horizontal deformation on the continent of up to 4.8 mm/yr 
(King & Santamaria-Gomez, 2016). The modeling presented by King and Santamaria-Gomez (2016) suggests 
this deformation is ongoing and widespread across the continent. For a full summary on the topic in an Antarctic 
context, the reader is referred to van der Wal et al. (2023).

Figure 1.  The Antarctic Plate and associated tectonic plate boundaries (Bird, 2003). Focal mechanisms of earthquakes 
mentioned in the text shown in black and all post-1976 earthquakes with Mw ≥ 7.0 shown in red (from the Global CMT 
Catalog (Ekström et al., 2012)).
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In this study we investigate postseismic deformation in the Antarctic Peninsula in response to two large earth-
quakes which occurred approximately 650 km north-east of the tip of the Peninsula (Figure 1) at the Scotia 
Ridge—the left-lateral strike-slip transform boundary between the Scotia Plate and the Antarctic Plate. These 
large strike-slip earthquakes occurred on 4 August 2003 (Mw 7.6) and 17 November 2013 (Mw 7.7) just to the 
east and north of the South Orkney Islands, respectively. Several continuous GPS stations were in operation in 
the northern Antarctic Peninsula at the time of the 2013 earthquake and close examination of these time series 
reveals a change in displacement rate following the earthquake. This is the first time GPS data from the northern 
Peninsula has been used to investigate postseismic deformation. We use the GPS-observed change in rate to place 
constraints on the regional Earth structure by testing the fit of the modeled postseismic deformation against the 
GPS time series, and compare our findings to the regional Earth structure inferred from GIA studies. Due to the 
lack of GPS stations in operation at the time of the 2003 earthquake it is not possible to do the same for this earth-
quake. Instead, we use the inferred range of Earth structures constrained from the 2013 earthquake to forward 
model the postseismic deformation in response to the 2003 earthquake to estimate the total potential magnitude 
and spatial pattern of postseismic deformation across the northern Antarctic Peninsula.

2.  GPS Data
There are 18 GPS stations located on the Antarctic Peninsula and South Orkney Islands that lie within 1,200 km 
of the 2003 and 2013 Scotia Sea earthquakes (locations and details given in Table 1, Table S1 in Supporting 
Information  S1 and subset shown in Figure  2). The stations have been installed at various times from 1995 
onwards as part of several different projects, and at the time of writing, around half remain operational. Time 
series records from some of the stations cease prior to the 2003 or 2013 earthquakes or contain data gaps at key 
times precluding them from being included in the analysis in this study. We exclude any sites more than 1,200 km 
from the earthquakes as it is unlikely that deformation observed at these distances would be dominated by post-
seismic deformation and, on the southern Antarctic Peninsula, observations are more sensitive to local effects of 
changing ice loads.

The time series are used in two ways. First, where data exists at the time of the 2013 earthquake, the coseismic 
offset is estimated from the processed time series and used to refine coseismic fault slip that is input to the model 
(Section 2.2 and 3.2). Second, the change in displacements after the 2013 earthquake is estimated from the time 
series (Section 2.3) and used to constrain a forward model of postseismic deformation where the input Earth 
structure and properties are varied, and the predicted deformation is tested against the detrended time series.

2.1.  GPS Processing

The GPS data were processed and uncertainties estimated with the GAMIT/GLOBK 10.71 software package 
(Herring et  al.,  2016) using the technique described by Koulali et  al.  (2022). We used daily GPS raw phase 
observations to estimate a loosely constrained solution of station coordinates, the zenith delay of the atmos-
phere at each station, and orbital and Earth orientation parameters (EOP). This solution was then used as 
quasi-observations in a Kalman filter to estimate a consistent set of coordinates and velocities. We examined all 
the position time series for outliers and offsets or “jumps.” We aligned our solution to the ITRF2014 reference 
frame using the six-parameter transformations (three-rotations, three-translations) of daily coordinates based on a 
globally-distributed set of ITRF sites. Our GPS solution includes data from the POLENET-ANET and UKANET 
networks as well as the core IGS stations for the period between 1995 and 2020.

2.2.  Coseismic Offset

Coseismic offsets were estimated from the processed GPS time series at the time of the 2013 earthquake 
for those stations that were operational during the event. We manually inspected all the GPS time series for 
coseismic offsets associated with the 2013 event. Postseismic deformation in GPS time series is often modeled 
using a logarithmic function (ln(1  + Δt/τ)) within a time series trajectory model. This requires an empirical 
determination of the relaxation constant τ, which depends on the size of the earthquake, and the choice of this 
can affect the determined offsets. To avoid this trade-off, we opted to estimate the coseismic offsets using a 
window of 108 days covering the rupture date using a model with a linear rate and a step function (Montillet 
et al., 2015). The 108-day window is a compromise in minimizing biases caused by seasonal and sub-seasonal 
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variability, postseismic deformation and time-correlated noise. Offset uncertainties were determined assuming a 
First-Order Gauss-Markov Extrapolation (FOGMEX) algorithm (Floyd & Herring, 2020). The magnitude of the 
GPS-estimated coseismic displacement and associated 95% uncertainty at each GPS location is shown in Figure 2 
(blue arrows). We were unable to estimate the coseismic offset from the 2003 earthquake as very few GPS stations 
were operational at this time and, for those that were, there are not enough observations to give a robust estimate.

2.3.  Postseismic Displacement

To isolate the transient postseismic deformation that is not attributable to the long-term linear rate nor the seasonal 
deformation, we fitted time series using a trajectory model using the following expression:

𝑥𝑥(𝑡𝑡) = 𝐴𝐴 + 𝐵𝐵𝐵𝐵 + 𝐶𝐶 sin(2𝜋𝜋𝜋𝜋) +𝐷𝐷 cos(2𝜋𝜋𝜋𝜋) +
[

𝐸𝐸 + 𝜆𝜆 ln
(

1 +
(

𝑡𝑡 − 𝑡𝑡eq

)

∕𝜏𝜏
)]

Θ
(

𝑡𝑡eq

)

� (1)

where A is a constant, B is the secular velocity, C and D are sine and cosine terms to represent the annual cycle, E 
is the coseismic offset, λ is amplitude of the logarithmic term, τ is the logarithmic constant parameter and Θ(teq) 
is a Heavy-side step function at the time of the earthquake (teq). In this model we consider two logarithmic terms 
corresponding to the 2003 and 2013 events. The tau parameter was set to 490 days for the 2013 earthquake. Then, 
we correct each time series for the background linear rate (B) and the seasonal terms (C and D). We used the 

Site Lat. (°)
Long. 

(°)
Dist. from 2013 
earthquake (km)

Obs. 
start

Obs. 
end

Length of time 
series prior to 2013 
earthquake (years) 2013 coseismic offset estimated?

Used to constrain 
postseismic deformation 
from 2013 earthquake?

BORC −60.74 −44.74 56 1999.22 2018.42 14.66 No: site too close to earthquake source No: site too close to 
earthquake source

SIG1 −60.71 −45.59 79 1995.05 1998.12 – No: time series finishes prior to earthquake No: time series finishes 
prior to earthquake

SPRZ −63.40 −57.00 744 2014.12 2020.19 – No: time series starts after the earthquake No: time series starts 
after the earthquake

ESP1 −63.40 −57.00 744 1995.05 1998.12 – No: time series finishes prior to earthquake No: time series finishes 
prior to earthquake

MBIO −64.24 −56.62 769 2013.12 2018.00 0.76 Yes No: not enough data 
prior to earthquake

OHIG −63.32 −57.90 784 1995.25 2002.14 – No: time series finishes prior to earthquake No: time series finishes 
prior to earthquake

OHI2 −63.32 −57.90 784 2002.12 2020.20 11.75 Yes Yes

OHI3 −63.32 −57.90 784 2003.18 2020.20 10.70 Yes Yes

FREI −62.19 −58.98 806 1997.09 2004.40 – No: time series finishes prior to earthquake No: time series finishes 
prior to earthquake

ROBN −65.25 −59.44 941 2010.10 2020.20 3.78 No data at the time of the earthquake No: issues with stability 
of the monument

SPGT −64.29 −61.05 967 2013.22 2020.20 0.66 Yes No: not enough data 
prior to earthquake

CAPF −66.01 −60.56 1029 2010.13 2020.20 3.74 Yes Yes

FONP −65.25 −61.65 1033 2010.10 2015.58 3.78 No data at the time of the earthquake Yes

DUPT −64.81 −62.82 1066 2009.25 2020.20 4.62 Yes Yes

PAL2 −64.78 −64.05 1120 2006.75 2020.20 7.13 Yes Yes

PALM −64.78 −64.05 1120 1998.77 2020.20 15.11 Yes Yes

VNAD −65.25 −64.25 1146 2009.25 2017.13 4.63 Yes Yes

HUGO −64.96 −65.67 1200 2009.25 2020.20 4.63 Yes Yes

Note. Observations that end in 2020.20 indicate the processing cut off time rather than the observation cut off time.

Table 1 
Details of the GPS Sites Located Within 1,200 km of the 2013 Earthquake
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linear least squares inversion method to determine the six constants, including the postseismic amplitude, using 
a fixed relaxation parameter tau of 490 days for the 2013 earthquake. Fixing the relaxation parameter enables the 
estimation of the amplitude using a linear least-squares approach. Unlike in Section 2.2, where we only needed to 
estimate the coseismic offsets to validate the slip model, here we considered fitting the entire observed time series 
to capture the observed relaxation's time dependence and therefore isolate the postseismic signal.

For GPS sites that recorded observations before and after the 2013 earthquake, the time series were detrended to 
remove the secular trend and reveal the change in deformation. The length of the time series prior to the earth-
quake clearly impacts our ability to robustly estimate this change in deformation, with shorter time series giving 
larger uncertainties on the long-term trend. For each site, the length of the time series prior to the 2013 earthquake 
is given in Table 1. By removing the long-term trend from the time series, we aim to isolate as much as possible 
the displacement that is due to postseismic deformation, however we acknowledge that there may be other signals 
that remain uncorrected from the time series such as deformation related to ice-mass change (see Section 2.4).

2.4.  Deformation Due To Ice-Mass Change

Recent ice-mass loss in the northern Antarctic Peninsula caused by the disintegration of the Larsen A (in 1995) 
and Larsen B (in 2002) ice shelves and subsequent acceleration of glaciers (Rignot et al., 2004; Rott et al., 1996; 
Scambos et al., 2004) is causing ongoing viscoelastic deformation of the Earth on a decadal timescale (Nield 
et al., 2014; Samrat et al., 2020). The viscoelastic deformation related to ice loss is predominantly vertical, but 
there is also some smaller horizontal motion as well. This signal may not be fully removed by detrending the 
time series if the deformation is non-linear through time since the detrending process assumes that a change in 
deformation rate since 2013 is solely due to postseismic deformation.

The recent study by Samrat et al. (2020) used ice surface elevation change data as ice loading input to a high reso-
lution 1D GIA model to predict viscoelastic deformation in the Northern Peninsula between 1995 and 2018. They 

Figure 2.  (a) Coseismic offsets estimated from GPS (blue) and model (red) for the 2013 earthquake. Error ellipses are 2-sigma and shown at the same scale as the 
vectors. Panel (b) slip and rake of the 2003 earthquake, each point represents a node on the slip plane. Model inputs given in top left, longitude and latitude refer to the 
fault plane center point on the surface. Panel (c) as for b but for the 2013 earthquake. Focal mechanisms are from the Global CMT Catalog (Ekström et al., 2012).
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tested model-predictions from a suite of 345 Earth structures against vertical and horizontal GPS time series from 
from locations to constrain a lithospheric thickness and upper mantle viscosity. Importantly, the authors showed 
that the uplift rate at PALM has reduced since around 2011 indicating a reduction in ice-mass loss. Therefore, 
there may be some bias when using the detrended GPS to constrain the model of postseismic deformation by not 
accounting for this signal.

In this paper, we present results of best fitting models when comparing model output to GPS time series. To 
explore the potential bias, we make an additional correction to the GPS time series to try and account for ice-loss 
related viscoelastic deformation. We present results both with and without this correction.

The correction is made by calculating the model-predicted ice-related viscoelastic deformation rate at each GPS 
location before and after the 2013 earthquake from the model predictions presented by Samrat et al. (2020). The 
change in deformation rate, representing non-linearity in deformation related to ice-mass change, is then removed 
from the detrended GPS time series for the period following the earthquake. A change in rate of zero, for exam-
ple, would indicate that ice-loss related deformation over this time period was linear and therefore no additional 
correction is made.

We test several variations of this correction based on different “best-fitting” viscoelastic models from Samrat 
et al. (2020).

1.	 �Published best fit model: lithospheric thickness 105 km and upper mantle viscosity 9 × 10 17 Pa s.
2.	 �Best fit model using GPS time series only up until the time of the 2013 earthquake (to avoid any potential 

contamination from postseismic deformation): lithospheric thickness of 110 km and upper mantle viscosity 
9 × 10 17 Pa s.

3.	 �Best fit model using the PALM east time series only up until the time of the 2013 earthquake: lithospheric 
thickness of 55 km and upper mantle viscosity 5 × 10 18 Pa s.

4.	 �Best fit model using the DUPT east time series only up until the time of the 2013 earthquake: lithospheric 
thickness of 75 km and upper mantle viscosity 5 × 10 18 Pa s.

We disregard the north component in (3.) and (4.) as Samrat et al. (2020) showed that there was little sensitivity 
to changing Earth properties, likely due to the position of the GPS sites in relation to the ice-mass loss locations. 
Results are shown in Section 4 using no correction to the GPS time series as well as corrections 1–4 detailed 
above.

2.5.  Fit to the Data

As detailed in the previous section we make model predictions of postseismic deformation from the 2013 earth-
quake using a range of different Earth structures. To place bounds on the Earth structures that best fit the data we 
calculate the WRMS error (Equation 2) between the model predictions and GPS observations as follows:

WRMS =

√

∑

𝑤𝑤𝑖𝑖(GPS𝑖𝑖 − MODEL𝑖𝑖)
2

∑

𝑤𝑤𝑖𝑖

,� (2)

where GPSi and MODELi are the displacements (in mm) at a given time, and wi is the weighting derived from the 
GPS uncertainty (𝐴𝐴 𝐴𝐴𝑖𝑖 =

1

𝜎𝜎
2

𝑖𝑖

 ). We use the time series of displacements rather than rates because estimating a rate 

would introduce further uncertainties and rates may change through time. Before calculating the WRMS error 
however, we must first make some decisions about which GPS data to use, and the following considerations are 
necessary:

1.	 �which direction of motion to use: north, east, and/or vertical;
2.	 �whether or not to correct GPS observations for ice loss-related deformation, and if so, which correction to use 

(see Section 2.4);
3.	 �which GPS stations to use.

For (1.), we use the north and east components of motion only. This is because the earthquakes are both strike-slip 
earthquakes meaning the amount of vertical displacement will be minimal. Furthermore, the vertical GPS time 
series are much more affected by ice-loss related deformation and would therefore be more reliant on making an 
accurate correction for this.
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For consideration of point (2.), we show results both with and without making a correction for the ongoing defor-
mation related to recent ice-mass loss. We discuss the effects of this correction in Section 5.

When considering (3.), we apply some selection criteria to derive a subset of GPS data with which to test model 
fit. There are 13 GPS sites with data both before and after the 2013 earthquake (locations shown in Figure 2 and 
the time series are shown in Figures S1 to S13 in Supporting Information S1). We exclude all sites within 100 km 
of the earthquake (BORC) as the finite-element model is not able to accurately reproduce displacements very 
close to the earthquake (Nield et al., 2022). We exclude sites that have less than 1 year of data before the earth-
quake (MBIO and SPGT) as estimating a deformation rate before the earthquake for the purposes of detrending 
the time series will be unreliable. We also exclude ROBN because it shows an anomalous signal. We further 
exclude the time series PALM and PAL2 from Palmer station as comparison to nearby sites suggests it may be 
responding in part to some local source of deformation, and one of the time series from O’Higgins so as not to 
over-rely on this geographical location (OHI2). This provides a set of GPS time series (CAPF, FONP, VNAD, 
HUGO, DUPT, OHI3) to test the data.

3.  Modeling
3.1.  Finite Element Model

The model used in this study is a global, spherical, finite element model of postseismic deformation (Nield 
et al., 2022), built using the software package Abaqus (version 2018, Hibbitt et al., 2016). The model is briefly 
described in this section, and full details of the model, including the results of benchmarking tests, can be found 
in the study by Nield et al. (2022).

The main purpose of the model is to estimate far-field postseismic deformation, that is, more than approximately 
300 km from the source of the earthquake. The model consists of a global, spherical, low-resolution mesh, with 
a high-resolution region of interest embedded within it. The low-resolution mesh has elements that are up to 
500 km in plan view, and the high-resolution mesh has elements that are 10 km at the fault plane, increasing to 
50 km at the edge of this region. The depth resolution of the elements for each region is given in Table 2. The 
two meshes are tied together so that they cannot move independently of each other, and that displacement and 
stress are continuous through the boundary. A fault plane is defined by creating a cut within the high-resolution 
mesh and coseismic slip is prescribed at the node pairs that lie on either side of fault plane using kinematic 
constraint equations (Masterlark, 2003; Nield et al., 2022). Due to difficulties in creating a valid mesh in Abaqus, 
the geometry of the fault is restricted to a single plane, and multiple planes of different strike and dip cannot yet 
be accommodated. However, far-field postseismic deformation is less sensitive to simplifications made to the 
fault geometry than near-field deformation (Tregoning et al., 2013), and simplifying fault plane geometry, while 
retaining earthquake moment, has negligible effect on far-field estimates (Takeuchi & Fialko, 2013). Although 
the geometry is restricted to a single fault plane, slip and rake can be varied, and a different value specified at each 
node on the fault plane if required. A separate model is constructed for each of the 2003 and 2013 earthquakes 
since the geometry of the slip planes is different.

Following the application of coseismic slip in the first (elastic) step of the model run, the model was run for seven 
1-year timesteps to allow viscoelastic deformation, during which time the fault is fixed so that there is no further 
relative displacement between the node pairs. We use 1-year time steps due to the heavy computational cost of the 
model. Viscoelastic deformation is governed by the stress resulting from the imposed fault slip and the specified 
Earth properties. The Earth models used in this study are described in Section 3.3.

Boundary conditions are applied to the model center to ensure it is fixed in space. Following Wu (2004), we apply 
elastic foundations at each material layer boundary where a difference in density occurs across it (including the 
surface). The model is also capable of self-gravitation, whereby the change in gravitational potential due to verti-
cal displacement is applied iteratively as an additional load. However, due to the increased processing time we 
chose not to implement this feature since the effects are negligible for strike-slip earthquakes (Nield et al., 2022).

Since the focus of the study is far-field, the model does not include afterslip (e.g., Pollitz et al., 2021) or poroelas-
tic rebound (e.g., Barbot & Fialko, 2010; Peña et al., 2022) as these effects are considered to be small at distances 
greater than ∼300 km (Peña et al., 2019). The outputs from the model are coseismic displacement immediately 
following the application of the slip (i.e., the earthquake), and postseismic displacement at each time step after 
the earthquake.
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3.2.  Fault Properties

Information about earthquake properties such as fault geometry and slip properties are required inputs to the 
model. For the 2013 Scotia Sea earthquake we use the finite-fault inversion by Ye et al. (2014) as a basis for 
our input. The slip model they infer consists of three separate planes each with a different strike and dip (their 
Figure 7). Because our model is limited to a single fault plane, we take the weighted average of the strike and dip 
(weighted by the length of each plane) and the total length and width which we round to the nearest 10 km so it 
can be accommodated by our mesh. We then divide the fault plane into three sections, the length of each matching 
those deduced by Ye et al. (2014), and assign each section a single slip and rake using an average of their model.

The Ye et al. (2014) solution used only seismic data for the inversion, so we modified the slip and rake to mini-
mize the residuals between the model-predicted coseismic displacement and calculated geodetic GPS offsets. This 
was necessary to compensate for the simplifications made to the fault geometry. We verify that our adaptation 
of this solution for our finite element model is suitable by calculating the seismic moment (9.5 × 10 20 Nm) and 
comparing to the value published by Ye et al. (2014) (1.1 × 10 21 Nm). A small difference of 13.5% in the seismic 
moment would not significantly affect our far-field results (e.g., King & Santamaria-Gomez, 2016). The GPS and 
model-predicted coseismic displacement for the 2013 earthquake is shown in Figure 2a and resulting fault plane is 
shown in Figure 2c. A good match between GPS-observed and model-predicted coseismic displacement (modeled 
vectors within the GPS uncertainty ellipsoids) is obtained at most sites apart from PALM/PAL2 and HUGO which 
may be responding to some unaccounted-for local loading or unloading causing greater northwards motion.

For the 2003 earthquake, we are not able to use GPS estimated offsets to tune slip properties as there are not enough 
observations from the time of this earthquake to estimate coseismic offset. Instead, we take the fault geometry, strike, 
dip, and rake from the initial model of Ye et al. (2014) (their Figure 6), rounding the geometry to accommodate 
10 km elements. We then split the fault plane into three sections each with a different slip magnitude averaged from 
the final model of Ye et al. (2014) (their Figure 7). Again, we verify the resulting seismic moment (3.5 × 10 20 Nm) 
is close to the value reported by Ye et al. (2014) (4.0 × 10 20 Nm). The model values are shown in Figure 2b.

3.3.  Earth Models and Rheology

The finite element model offers flexibility in terms of the Earth structure and rheological models that can be 
implemented. Maxwell and Burgers rheology are implemented through the use of a Prony time series directly in 
Abaqus (e.g., Nield et al., 2022; Takeuchi & Fialko, 2013), whereas more complex 3D or power-law rheologies 
can be implemented through a user-defined subroutine which provides properties on an element-by-element basis 
(e.g., Freed et al., 2012; van der Wal et al., 2015).

In this study, we aim to explore a wide parameter space to place constraints on the possible Earth properties in the 
northern Antarctic Peninsula for earthquake related deformation over timescales of years. Due to the computation 
time of the model, it is impossible to test every Earth structure and rheological model. However, we select a set of 
candidate Earth structures and vary parameters within each model and suggest a best fit model from those tested. 
For all models, we keep the same layer structure in terms of density and elastic parameters derived from the 
Preliminary Reference Earth Model (PREM, Dziewonski & Anderson, 1981) (Table 2), but we vary the viscosity 
assigned to each layer. Upper layers that are modeled as the lithosphere are set as a purely elastic material in 
Abaqus. The lower mantle is too deep to influence the results since the postseismic response to the earthquake 
occurs at shallow depths and hence the lower mantle retains the same properties for all 1D and 3D models, with a 
linear Maxwell viscosity of 5 × 10 21 Pa s. The Earth models detailed here relate to the parameter space tested for 
the 2013 earthquake only. The 2003 earthquake is modeled with the resulting “best fit” Earth model.

We begin by testing simple 1D Earth structures with Maxwell and Burgers rheology, both of which have 
been extensively used to model postseismic deformation (Pollitz et al., 2000; Takeuchi & Fialko, 2013; Wang 
et al., 2012). We vary the thickness of the lithosphere, the asthenosphere and the upper mantle, as well as varying 
the viscosity of the asthenosphere and upper mantle, testing a total of 267 different configurations. The upper 
mantle always has a viscosity the same or higher than that of the asthenosphere. For the Burgers models, the 
asthenosphere and upper mantle are assigned a transient and steady-state viscosity, where the transient viscosity 
is one order of magnitude less than the steady state, as commonly used in postseismic deformation modeling (e.g., 
Hearn et al., 2009; King & Santamaria-Gomez, 2016; Trubienko et al., 2013). We keep the ratio of transient to 
steady state viscosity fixed for all Burgers models to prevent the parameter space becoming prohibitively large. 
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We test a total of 164 Earth models with Burgers rheology. Elastic parameters 
remain the same for transient and steady-state materials. All parameters and 
ranges tested are given in Table 2.

In addition to 1D Earth models we also test two different 3D models to see 
whether they can give a better fit to the GPS-observed postseismic deformation. 
There is some evidence from seismic and geophysical studies of lateral hetero-
geneity in Earth structure in the Northern Antarctic Peninsula, and in particular, 
the presence of the subducted former Phoenix Plate below (Lloyd et al., 2020; 
Parera-Portell et al., 2021; Yegorova et al., 2011). Lloyd et al. (2020) attribute 
fast anomalies (i.e., probable higher viscosity) at 300–700 km depth beneath 
the Peninsula to being part of the subducted slab. The first 3D (linear Maxwell) 
model simulates this structure with a 50 km thick high viscosity slab underly-
ing a low viscosity wedge (Figure 3). A suite of models (72 in total) is run with 
two wedge viscosities, and an asthenosphere of varying thickness and viscosity.

The second 3D model uses a composite power-law rheology for the upper-
most 400 km of the Earth. The main aspects of the 3D model implementation 
are described below and a full description of the methods can be found in 
van der Wal et al. (2015) and van der Wal et al. (2013). Instead of directly 
prescribing mantle viscosity, as is the case for the Maxwell and Burgers 
rheologies, creep properties are calculated for each element and fed into 
the model on an element-by-element basis. The creep strain components in 
Abaqus are then computed as follows:

𝜀̇𝜀 = 𝐵𝐵diff𝑞𝑞∆𝑡𝑡 + 𝐵𝐵disl𝑞𝑞
𝑛𝑛∆𝑡𝑡� (3)

where q is the von Mises stress, t is time, n is the stress exponent (here we 
use n = 3.5), and Bdiff and Bdisl are the creep parameters for diffusion and 
dislocation creep, respectively. The material behavior becomes non-linear 
(i.e., power-law creep) when n is greater than 1. The creep parameters are 
calculated according to laboratory-derived flow laws for olivine (Hirth & 
Kohlstedt, 2003):

𝐵𝐵 = 𝐴𝐴𝐴𝐴
−𝑝𝑝
𝑓𝑓H2O

𝑟𝑟 exp(𝛼𝛼𝛼𝛼)exp
(

𝐸𝐸 + PV

RT

)

� (4)

In Equation 4, values for A and α (constants), p (grain size exponent), r (water 
fugacity exponent), E (activation energy), and V (activation volume) are taken 
from Hirth and Kohlstedt (2003), and listed in Table S2 in Supporting Infor-
mation S1. R is the gas constant and following van der Wal et al. (2015) we 
set the melt fraction (φ) to zero and use a pressure (P) gradient of 0.033 GPa/
km with depth. The three remaining parameters are temperature (T), grain 
size (d) and water content (fH2O). For temperature, variations with respect 

to a background temperature (the geotherms of Turcotte and Schubert (2002)) are obtained from the temperature 
derivative of seismic wave velocities detailed in Karato (2008), where the seismic wave velocities are taken from 
the seismic velocity perturbations of the ANT-20 seismic model (Lloyd et al., 2020). Full details of this method 
can be found in the study by van der Wal et al. (2013). For grain size and water content, we try six combinations 
of values, using grain sizes 1, 4, 10 mm, and completely wet/dry, following van der Wal et al. (2015).

As the flow laws derived by Hirth and Kohlstedt (2003) are only valid to a depth of approximately 400 km, below this 
we use a 1D Maxwell linear rheology with viscosity of 1 × 10 20 Pa s and a lower mantle viscosity of 5 × 10 21 Pa s.

4.  Results
4.1.  2013 Earthquake

Studying the postseismic deformation following the 2013 earthquake presents an opportunity to place bounds 
on the Earth structure and properties in the northern Antarctic Peninsula by comparing model predictions with 

Figure 3.  (a) Plan view of 3D model containing subducted slab structure with 
cross section X-X’ shown in (b). Earthquake locations shown by black stars in (a).
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GPS observations. Results are presented in this section for the four different Earth models tested—1D Maxwell 
(Section 4.1.1), 1D Burgers (Section 4.1.2), 3D slab model (Section 4.1.3), and 3D composite power-law rheol-
ogy (Section 4.1.3).

4.1.1.  1D Maxwell

Figure 4 shows the viscosity profiles for the suite of 267 1D Maxwell models with the full range of parameters 
tested shown in gray, and the “best fit” models, that is, those with WRMS errors (see Equation 2) in the 95% 
confidence interval shown in red. We show the fit to the subset of GPS time series in the north and east directions 
only. Figure 4a shows the range of best fit models where no ice-related correction has been made to the GPS 
observations and Figures 4b–4e show the equivalent where ice-mass loss related deformation has been accounted 
for using the 4 different models described in Section 2.4.

The Earth structure is more tightly constrained when ice related deformation has been corrected for, that is, the 
range of best fitting parameters is narrower, although the minimum WRMS value is slightly lower when this 
correction is not made. The ice-related correction that gives the best fit is show in Figure 4e, and the result-
ing best fitting Earth models have a thin lithosphere (20  km) with an underlying asthenosphere of viscosity 
3–4 × 10 18 Pa s. Below 210 km depth a high viscosity of 1 × 10 20 Pa s is required for the rest of the upper mantle.

4.1.2.  1D Burgers

Figure 5 shows the viscosity profiles for the suite of 164 1D Burgers models tested in gray with best-fitting 
models in blue/green. As for the Maxwell model, the Earth structure is more tightly constrained when using 
GPS time series that have been corrected for the effects of ice-mass change deformation. The minimum WRMS 
is slightly lower for the best fit Burgers model than the Maxwell model indicating a slightly better fit to the 
GPS is achieved. The best fitting model to GPS time series that have been corrected for the effects of ice-mass 
change (Figure 5e) has an asthenosphere layer between 20 km depth and 140 km depth with transient viscosity 
4 × 10 17 Pa s and steady state viscosity 4 × 10 18 Pa s. Below this, the upper mantle has a viscosity of 5 × 10 20 Pa s.

As mentioned in Section 3.1, the finite element model has been run at 1-year time steps for the full suite of 
Earth structures tested. This is due to the large computational time of each model run. However, by using 
1-year time steps we may be missing much of the response from the transient viscosity. We set the transient 
viscosity to be one order of magnitude lower than the steady-state viscosity and the range of values tested is 
1 × 10 17 Pa s–1 × 10 18 Pa s. Due to this low viscosity we expect that transient deformation is occurring over the 

Figure 4.  Viscosity profiles for 1D Maxwell rheological models for the upper most 400 km of the model. Gray lines show the full range of values tested and red lines 
indicate models with WRMS within the 95% confidence interval. Minimum WRMS given in each panel (in mm). WRMS calculated using: (a) GPS data not corrected 
for the effects of ice loading; (b)–(e) GPS data corrected for the effects of ice loading using a different model (1–4 in Section 2.4).
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weeks and months immediately following the earthquake and therefore it may be missed by calculating output at 
1-year intervals.

To investigate this, we re-compute postseismic deformation with the best fitting Burgers model at a higher tempo-
ral resolution (with 20 steps per year, equivalent to approximately 2.5 weeks) for the first 2 years. Figure 6 shows 
the GPS time series at OHI3 in the east and north directions, along with the model-predicted deformation for the 

best fitting model at the two temporal resolutions. When calculated at shorter 
time steps, the model computes more of the transient deformation. At approx-
imately 1 year after the earthquake the two models converge, demonstrating 
that the transient signal has diminished within this time. This demonstrates 
that when using Burgers rheology, the finite element model needs to be run 
at a suitable temporal resolution to capture the initial transient deformation. 
The WRMS for the best-fit model increases marginally from 1.68 to 1.69 mm 
when we use higher temporal resolution possibly because no clear transient 
signal is apparent in the GPS time series.

4.1.3.  3D Earth Models

We tested two different 3D models to see whether introducing lateral hetero-
geneity in Earth structure could provide a better fit to the GPS data. The best 
fitting simple 3D subducted slab structure has an asthenosphere viscosity of 
4 × 10 18 Pa s and low viscosity wedge above the slab of 9 × 10 17 Pa s giving 
a minimum WRMS of 1.81 mm. The best model with composite power-law 
rheology uses a grain size of 1 mm and zero water content to give a minimum 
WRMS of 2.31 mm. These WRMS results are both higher than the best fitting 
Burgers model, suggesting that whilst 3D Earth structure may be important, 
many iterations of the model would be needed to fully investigate all potential 
Earth structures or input parameters to find a better fit, if one  exists.

Figure 7 shows the model-predicted postseismic displacement time series at 
GPS locations used in the WRMS calculation for each best fit Earth model 
(Maxwell, Burgers—high temporal resolution, 3D slab, 3D composite power-
law rheology) along with the GPS time series uncorrected (in cyan) and 
corrected (in gray) for changes in ice-related deformation (using correction 

Figure 6.  GPS (a) east and (b) north time series (with ice load correction) 
at OHI3 (gray dots) with model-predicted postseismic displacement using 
Burgers rheology at 1-year time steps (blue line) and ∼2.5 week time steps 
(maroon dashed line). Minimum WRMS (in mm) given for each model in 
panel (b).

Figure 5.  As for Figure 4 but for 1D Burgers rheological models where the green (steady-state viscosity) and blue (transient viscosity) lines indicate the models with 
WRMS within the 95% confidence interval. Minimum WRMS given in each panel (in mm).
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number 4 in Section 2.4). Prior to the earthquake (dashed line in Figure 7) these GPS time series overlap, with the 
correction only affecting positions after the earthquake. There is little difference in model-predicted displacement 
over this time scale between the 1D models and the 3D slab model. The 3D composite power-law model shows 
larger differences at some sites, particularly in the east direction.

4.2.  2003 Earthquake and Combined Displacement

Since very few of the GPS sites (OHI2, OHI3, FREI, PALM) were operational at the time of the 2003 earth-
quake, it would not be a rigorous test to attempt to constrain Earth properties from modeling this earthquake. 
Instead, we use the best fitting Earth model with Burgers rheology from the analysis of the 2013 earthquake and 
run a forward model to predict the postseismic deformation across the Antarctic Peninsula from the 2003 event. 
Figure 8a shows horizontal postseismic deformation rates for GPS locations on the Peninsula for the period 2005 
to 2010. At all stations the deformation rate is less than 0.5 mm/yr. Figure 8b shows model-predicted postseismic 
deformation rates for the period 2015 to 2020 for the 2003 earthquake (in blue) and the 2013 earthquake (in 
green). There is more than twice the postseismic deformation from the larger magnitude 2013 earthquake (maxi-
mum 1.3 mm/yr) than the 2003 earthquake (maximum 0.3 mm/yr). Figure 8c shows the combined displacement 
for both earthquakes for 2015 to 2020, peaking at 1.65 mm/yr at O’Higgins, and Figure 8d shows the combined 
displacement 50 years after the 2013 earthquake. Whilst the magnitude of postseismic deformation diminishes 
with time, there is still 1.2 mm/yr deformation decades later. The model predicts that the direction of motion will 
change with time toward the east.

Figure 7.  Time series of GPS observations with pre-earthquake trend removed to reveal postseismic deformation (cyan) and corrected for the effects of ice-loss related 
deformation (gray) in east (a), north (b), and vertical (c) directions. Best fit modeled postseismic deformation for Maxwell model (red lines), Burgers model (blue 
dashed lines), 3D slab Maxwell model (orange lines) and 3D power-law model (green dashed lines). ** indicates that the GPS time series were used in the WRMS 
calculation. Gray dashed vertical line shows the time of the 2013 earthquake.
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5.  Discussion
5.1.  Earth Models and Rheology

In this study we have used GPS observations before and after the 2013 Scotia Sea earthquake to constrain Earth 
properties in the Antarctic Peninsula. We have selected a range of candidate Earth structures and rheologies 
and tested a wide parameter space. However, due to the large number of parameters it is clearly not possible to 
test all combinations with a computationally expensive model. The best-fitting models presented here therefore 
represent the statistical best fit to the data from the parameter space tested. Other combinations of parameters 
may produce a good fit that lies just outside the confidence interval, with trade-offs, for example, between layer 
thickness and viscosities.

The best fitting model (WRMS of 1.68 mm, Figure 5e) has a Burgers rheology with an asthenosphere transient 
viscosity of 4 × 10 17 Pa s and steady-state one order of magnitude higher, a ratio that is fixed in our model. A 
Maxwell model also provides a good fit to the data with WRMS only slightly higher (1.79 mm, Figure 4e) and 
the same steady state viscosity (4 × 10 18 Pa s), indicating that the “steady state” is the dominating signal. When 
we run a higher temporal resolution model to enhance the transient signal, we do not find a better fit to the data, 
and in fact the transient signal is undetectable by eye in any of the GPS time series. A different ratio of transient 
to steady-state viscosity may be required to improve the fit, however, we expect only a marginal improvement 
in results given the limited number of observations to test against. Transient deformation following other large 
earthquakes has been observed in far-field GPS time series (e.g., in North America (Freed et al., 2007)), however, 
in the Northern Peninsula this rapid deformation may be obscured by noise or other processes such as seasonal 
signals.

Initial tests with 3D Earth models do not improve the fit to the GPS. The best fit simple 3D slab model has an 
asthenosphere viscosity of 4 × 10 18 Pa s and low viscosity wedge above the slab of 9 × 10 17 Pa s. Because the 
asthenosphere viscosity is the same as it is for the best fitting 1D Earth models, this demonstrates that a 1D model 
is a good approximation for this small area when testing against observations from 6 GPS sites. Only an increase 
in the number or geographical distribution of GPS stations could enable a 3D Earth model to be constrained. The 
composite power-law rheology combined with high resolution seismic model was the worst fitting model tested, 
likely due to the large number of unknown input parameters to this flow-law (e.g., water content, grain size) and 
our results do not suggest that such a model setup could not produce equal or better fit to the data. This method 
of 3D modeling for postseismic deformation still has potential if enough variations of input parameters can be 
tested, or new data become available to inform of likely values for some of the inputs. This should be considered 
in future studies.

The Earth models found to have best fit the GPS data in this study have similarities with those constrained by 
GIA modeling of recent ice mass loss in the northern Antarctic Peninsula. The studies by Nield et al. (2014) and 
Samrat et al. (2020) both assumed a 4-layer 1D Maxwell Earth model and varied the lithospheric thickness and 
upper mantle viscosity to find the best fit to GPS-observed deformation rates. Nield et al. (2014) found an upper 

Figure 8.  (a) modeled horizontal displacement rates for 2005–2010 for the 2003 earthquake. Panel (b) modeled horizontal postseismic displacement rates for the 
period 2015–2020 for the 2003 earthquake (blue), the 2013 earthquake (green); (c) combined modeled horizontal displacement rates for the 2003 and 2013 eq for 2015 
to 2020; (d) as for (c) for 2060 to 2065. Earthquake locations shown by black stars.
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mantle viscosity of 1 × 10 18 Pa s, using data that pre-dates the 2013 earthquake, although their preferred litho-
sphere was much thicker (120 km) than that found in our study (20 km). Samrat et al. (2020) also found a thick 
lithosphere (105 km) but a lower value of upper mantle viscosity was preferred (9 × 10 17 Pa s), although their 
GPS data included the post-2013 period and they did not correct for postseismic deformation.

Our study has investigated a wide parameter space by including an asthenosphere of varying thickness and 
viscosity as well as different rheological models. The asthenosphere thickness for our best fitting Maxwell and 
Burgers model is 190 and 140 km, respectively, thinner than the equivalent layer in the GIA studies. This layer 
also has slightly higher steady-state viscosity than the GIA studies. However, because the GIA studies mentioned 
above did not consider Burgers rheology, it may mean that the upper mantle viscosities they constrained are 
some  average of the transient and steady-state values suggested by our study. Nevertheless, given the model 
uncertainties and the sparsity of GPS observations in the Antarctic Peninsula the Earth structure constrained by 
the GIA studies  and our postseismic study are quite similar.

5.2.  Sensitivity to Choice of Data

The choice of which data to use when calculating the WRMS clearly impacts the resulting best fitting models. 
Here we discuss the impact of these choices (detailed in Section 2.5).

We use GPS observations in the north and east direction only since the strike-slip earthquakes produce minimal 
vertical displacement and the vertical is more dependent on correcting for ice-related deformation. Overall, the 
results do not change when using all three directions of motion, but we get a poorer fit to the data with the mini-
mum WRMS increases for all Earth models tested. The best fitting Earth model remains the same, but the WRMS 
increases from 1.68 to 2.21 mm.

The second choice was which ice-related correction to make to the GPS data prior to the WRMS calculation. We 
tested four different corrections along with not making this correction at all. As described in Section 4.1, applying 
an ice-related deformation correction to the GPS time series results in a more tightly constrained Earth model 
than when we don't use a correction, although the minimum WRMS error is slightly higher. The four different 
ice-related corrections are based on the work by Samrat et al. (2020) and can be divided into two sub-groups 
based on upper mantle viscosity of 9 × 10 17 Pa s and 5 × 10 18 Pa s. The lower WRMS, and therefore better fitting 
models to the GPS data, are obtained with an ice-related correction based on mantle viscosity of 5 × 10 18 Pa s 
(Figures 4d and 4e and Figures 5d and 5e). A much poorer fit is achieved when using the correction based on 
the published best fit model from Samrat et al. (2020) with upper mantle viscosity of 9 × 10 17 Pa s (Figures 4b 
and 5b). Samrat et al. (2020) constrained this best fit model by comparing ice-related deformation to GPS time 
series that were uncorrected for postseismic deformation, using east and vertical deformation between 2001 and 
2018 (i.e., includes post-2013 earthquake related deformation). This means that there will be bias in these results 
which, when used as a correction in our study, carries this bias through and results in a poorer fit. By adjusting 
the Earth model used in the ice correction, we get a better fit.

Using this method to model either postseismic deformation or ice loading deformation and constraining an Earth 
model using GPS observations creates a circular problem. Because the GPS time series first need correction for 
the other process, which is currently a model-based estimate also been constrained using GPS time series, there is 
always a bias in the results. To further advance our understanding of these deformations, either a joint inversion 
is required or a model that is capable of simulating both processes occurring concurrently.

5.3.  Postseismic Deformation

Our modeling predicts a horizontal postseismic deformation of up to 1.65 mm/yr at O’Higgins, the northern-most 
GPS site on the Peninsula, for the period 2015–2020. The vertical postseismic deformation is much smaller, 
predicted to be −0.35 mm/yr. The horizontal deformation persists decades after the events, reducing to 1.2 mm/
yr 50 years later (Figure 8d). As the deformation diminishes with time, the direction of motion changes toward the 
east. Since sites in the Antarctic Peninsula are contaminated by horizontal postseismic deformation they should 
not be used for studies of plate rotation, confirming the site selection used in the ITRF2014 plate motion model 
(Altamimi et al., 2017).

In their study of postglacial rebound, Argus et al. (2011) identified residual horizontal motion at O’Higgins of 
2.3 mm/yr south east relative to the Antarctic Plate. The authors were unable to explain the cause of this residual 
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motion and highlight that it is the opposite direction as that expected from ice-mass loss. The data used in that 
study pre-dates the 2013 earthquake, but we suggest that postseismic deformation from the 2003 Scotia Sea 
earthquake could be contributing 0.3 mm/yr east motion to this residual. This suggestion is further supported by 
the study of Dietrich et al. (2004) who report a lower horizontal residual deformation rate relative to rigid plate 
motion at O’Higgins of 1–2 mm/yr, using GPS data collected prior to the 2003 earthquake.

We have shown that large (magnitude 7.6 and 7.7) earthquakes occurring at a distance of 650 km from the tip of 
the Peninsula result in widespread deformation of over 1 mm/yr which persists for decades. There may be more 
large earthquakes, or smaller but closer earthquakes, that have occurred in the last 50 years that are contributing 
to the present-day deformation rates on the Peninsula, and this is worth further investigation.

6.  Conclusions
Our modeling estimates the northern Antarctic Peninsula is deforming with a displacement rate up to 1.65 mm/
yr in the horizontal direction during 2015–2020 following the two large strike-slip earthquakes that occurred in 
the Scotia Sea in 2003 and 2013. By comparison, model-predicted vertical postseismic deformation is small, 
with a displacement rate peaking at −0.35 mm/yr for the same time period. Comparing model-predicted defor-
mation from a suite of possible Earth structures to GPS time series suggests that a Burgers rheology with an 
asthenosphere transient viscosity of 4 × 10 17 Pa s and steady-state one order of magnitude higher best explains 
the observations.

A previous study (King & Santamaria-Gomez,  2016) also found postseismic deformation in East Antarctica 
following a large earthquake that occurred ∼600 km from the coastline. Significant postseismic mantle flow and 
associated movement of mass may cause continent-wide changes in the gravity field which may have an effect on 
GRACE gravity data. Furthermore, geodetic measurements such as GPS are routinely used to constrain models 
of GIA which in turn are used to correct GRACE gravity data to estimate present-day ice-mass change and hence 
sea-level change in Antarctica. The postseismic signal has not previously been accounted for meaning that there 
are potential biases in results. More work needs to be done to further investigate the extent and magnitude of 
postseismic deformation across the continent.

A question that remains however, is how to accurately isolate deformation from specific processes in the GPS 
records before using them to constrain Earth properties, particularly when processes are occurring on the same 
timescales. The best-fitting Earth models after such analysis may produce different viscosity profiles and incon-
sistent rheologies if signals have not been correctly accounted for. This problem is non-trivial. It may be possible 
to separate the various spatial-temporal processes using principal or independent component analysis, or other 
data separation approaches such as those based on machine learning (Dong et al., 2006; Gao et al., 2022; Liu 
et al., 2018; Mandler et al., 2021). A viscoelastic model that includes both earthquake-related slip and a changing 
ice load would also be a step forward in modeling Antarctic deformation in a consistent way.

Data Availability Statement
GPS time series used in this study are available to download (GPS Time Series last accessed July 2023 (BORC 
(2023), CAPF (2023), DUPT (2023), ESP1 (2023), FONP (2023), FREI (2023), HUGO (2023), MBIO (2023), 
OHI2 (2023), OHI3 (2023), OHIG (2023), PAL2 (2023), PALM (2023), ROBN (2023), SIG1 (2023), SPGT 
(2023), SPRZ (2023), VNAD (2023)). The doi or website link for each site is additionally provided in Table 
S1 in Supporting Information S1. Abaqus is a commercial software and can be purchased from the developer 
(“Abaqus,” Dassault Systemes, 2018). We have used version 2018 in this study. The finite element model devel-
opment is described by Nield et al. (2022). Figures have been produced using GMT version 5 (Wessel et al., 
2019).

References
Abaqus, Dassault Systemes. (2018). Abaqus. (Dassault Systemes, 2018) [Software]. 3DS. Retrieved from https://www.3ds.com/products-services/

simulia/products/abaqus/
Altamimi, Z., Metivier, L., & Collilieux, X. (2012). ITRF2008 plate motion model. Journal of Geophysical Research, 117(B7), B07402. https://

doi.org/10.1029/2011jb008930

Acknowledgments
This work was supported by the Austral-
ian Research Council (ARC) Special 
Research Initiative Australian Centre for 
Excellence in Antarctic Science (Project 
ID SR200100008) and ARC Discovery 
Project ID DP170100224. Some of the 
GPS data used in this study are from 
the UKANET network and are available 
through UNAVCO (UNAVCO, GNSS 
Data Access Notebook, 2023). Data 
identifiers are included in the Table S1 in 
Supporting Information S1. We thank the 
editor, Isabelle Manighetti, an anonymous 
Associate Editor, Carlos Peña, and an 
anonymous reviewer for their constructive 
comments that helped to improve the 
manuscript.

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026685 by D
urham

 U
niversity - U

niversity, W
iley O

nline L
ibrary on [01/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.3ds.com/products-services/simulia/products/abaqus/
https://www.3ds.com/products-services/simulia/products/abaqus/
https://doi.org/10.1029/2011jb008930
https://doi.org/10.1029/2011jb008930


Journal of Geophysical Research: Solid Earth

NIELD ET AL.

10.1029/2023JB026685

17 of 19

Altamimi, Z., Métivier, L., Rebischung, P., Rouby, H., & Collilieux, X. (2017). ITRF2014 plate motion model. Geophysical Journal Interna-
tional, 209(3), 1906–1912. https://doi.org/10.1093/gji/ggx136

Argus, D. F., Blewitt, G., Peltier, W. R., & Kreemer, C. (2011). Rise of the Ellsworth mountains and parts of the East Antarctic coast observed 
with GPS. Geophysical Research Letters, 38(16), L16303. https://doi.org/10.1029/2011gl048025

Argus, D. F., Peltier, W. R., Drummond, R., & Moore, A. W. (2014). The Antarctica component of postglacial rebound model ICE-6G_C (VM5a) 
based on GPS positioning, exposure age dating of ice thicknesses, and relative sea level histories. Geophysical Journal International, 198(1), 
537–563. https://doi.org/10.1093/gji/ggu140

Barbot, S., & Fialko, Y. (2010). A unified continuum representation of post-seismic relaxation mechanisms: Semi-analytic models of afterslip, poroe-
lastic rebound and viscoelastic flow. Geophysical Journal International, 182(3), 1124–1140. https://doi.org/10.1111/j.1365-246X.2010.04678.x

Bird, P. (2003). An updated digital model of plate boundaries. Geochemistry, Geophysics, Geosystems, 4(3). 1027. https://doi.
org/10.1029/2001GC000252

BORC. (2023). GPS time series (BORC) [Dataset]. RAMSAC. Retrieved from https://www.ign.gob.ar/archivos/ramsac/estacion2.
php?estacion=BORC

CAPF. (2023). GPS time series (CAPF) [Dataset]. UNAVCO. https://doi.org/10.7283/4MAR-8K51
Dietrich, R., Rülke, A., Ihde, J., Lindner, K., Miller, H., Niemeier, W., et al. (2004). Plate kinematics and deformation status of the Antarctic 

Peninsula based on GPS. Global and Planetary Change, 42(1), 313–321. https://doi.org/10.1016/j.gloplacha.2003.12.003
Dong, D., Fang, P., Bock, Y., Webb, F., Prawirodirdjo, L., Kedar, S., & Jamason, P. (2006). Spatiotemporal filtering using principal component 

analysis and Karhunen-Loeve expansion approaches for regional GPS network analysis. Journal of Geophysical Research, 111(B3), B03405. 
https://doi.org/10.1029/2005JB003806

DUPT. (2023). GPS time series (DUPT) [Dataset]. UNAVCO. https://doi.org/10.7283/3PEK-C029
Dziewonski, A. M., & Anderson, D. L. (1981). Preliminary reference Earth model. Physics of the Earth and Planetary Interiors, 25(4), 297–356. 

https://doi.org/10.1016/0031-9201(81)90046-7
Ekström, G., Nettles, M., & Dziewoński, A. M. (2012). The global CMT project 2004–2010: Centroid-moment tensors for 13,017 earthquakes. 

Physics of the Earth and Planetary Interiors, 200–201, 1–9. https://doi.org/10.1016/j.pepi.2012.04.002
ESP1. (2023). GPS time series (ESP1) [Dataset]. TU Dresden. Retrieved from https://data1.geo.tu-dresden.de/scar/stations/ESP1/ESP1.shtml
Floyd, M. A., & Herring, T. A. (2020). Fast statistical approaches to geodetic time series analysis. In J.-P. Montillet & M. S. Bos (Eds.), Geodetic 

time series analysis in Earth sciences (pp. 157–183). Springer International Publishing.
FONP. (2023). GPS time series (FONP) [Dataset]. UNAVCO. https://doi.org/10.7283/T5668BG6
Freed, A. M., Bürgmann, R., & Herring, T. (2007). Far-reaching transient motions after Mojave earthquakes require broad mantle flow beneath a 

strong crust. Geophysical Research Letters, 34(19), L19302. https://doi.org/10.1029/2007GL030959
Freed, A. M., Hirth, G., & Behn, M. D. (2012). Using short-term postseismic displacements to infer the ambient deformation conditions of the 

upper mantle. Journal of Geophysical Research, 117(B1), B01409. https://doi.org/10.1029/2011JB008562
FREI. (2023). GPS time series (FREI) [Dataset]. UNAVCO. https://doi.org/10.7283/T59P2ZZD
Gao, W., Li, Z., Chen, Q., Jiang, W., & Feng, Y. (2022). Modelling and prediction of GNSS time series using GBDT, LSTM and SVM machine 

learning approaches. Journal of Geodesy, 96(10), 71. https://doi.org/10.1007/s00190-022-01662-5
Hearn, E. H., McClusky, S., Ergintav, S., & Reilinger, R. E. (2009). Izmit earthquake postseismic deformation and dynamics of the north Anato-

lian fault zone. Journal of Geophysical Research, 114(B8), B08405. https://doi.org/10.1029/2008JB006026
Herring, T. A., Melbourne, T. I., Murray, M. H., Floyd, M. A., Szeliga, W. M., King, R. W., et al. (2016). Plate boundary observatory and related 

networks: GPS data analysis methods and geodetic products. Reviews of Geophysics, 54(4), 759–808. https://doi.org/10.1002/2016RG000529
Hibbitt, D., Karlsson, B., & Sorenson, P. (2016). Getting started with ABAQUS - version (6.14). Hibbitt, Karlsson & Sorensen, Inc.
Hirth, G., & Kohlstedt, D. (2003). Rheology of the upper mantle and the mantle wedge: A view from the experimentalists. In J. Eiler (Ed.), Inside 

the subduction factory (Vol. 138, pp. 83–105). AGU.
Huang, K., Hu, Y., & Freymueller, J. T. (2020). Decadal viscoelastic postseismic deformation of the 1964 Mw9.2 Alaska earthquake. Journal of 

Geophysical Research: Solid Earth, 125(9), e2020JB019649. https://doi.org/10.1029/2020JB019649
HUGO. (2023). GPS time series (HUGO) [Dataset]. UNAVCO. https://doi.org/10.7283/T5FQ9TW3
Ivins, E. R., James, T. S., Wahr, J., Schrama, E. J. O., Landerer, F. W., & Simon, K. M. (2013). Antarctic contribution to sea-level rise observed by 

GRACE with improved GIA correction. Journal of Geophysical Research: Solid Earth, 118(6), 3126–3141. https://doi.org/10.1002/jgrb.50208
Karato, S.-I. (2008). Deformation of Earth materials. Cambridge University Press.
Khazaradze, G., Wang, K., Klotz, J., Hu, Y., & He, J. (2002). Prolonged post-seismic deformation of the 1960 great Chile earthquake and impli-

cations for mantle rheology. Geophysical Research Letters, 29(22), 7-1–7-4. https://doi.org/10.1029/2002GL015986
King, M. A., & Santamaria-Gomez, A. (2016). Ongoing deformation of Antarctica following recent Great Earthquakes. Geophysical Research 

Letters, 43(5), 1918–1927. https://doi.org/10.1002/2016gl067773
King, M. A., Whitehouse, P. L., & van der Wal, W. (2016). Incomplete separability of Antarctic plate rotation from glacial isostatic adjustment 

deformation within geodetic observations. Geophysical Journal International, 204(1), 324–330. https://doi.org/10.1093/gji/ggv461
Klemann, V., Martinec, Z., & Ivins, E. R. (2008). Glacial isostasy and plate motion. Journal of Geodynamics, 46(3–5), 95–103. https://doi.

org/10.1016/j.jog.2008.04.005
Klotz, J., Abolghasem, A., Khazaradze, G., Heinze, B., Vietor, T., Hackney, R., et al. (2006). Long-term signals in the present-day deformation 

field of the central and southern Andes and constraints on the viscosity of the Earth’s upper mantle. In O. Oncken, G. Chong, G. Franz, P. 
Giese, H.-J. Götze, V. A. Ramos, et al. (Eds.), The Andes: Active subduction orogeny (pp. 65–89). Springer Berlin Heidelberg.

Koulali, A., Whitehouse, P. L., Clarke, P. J., van den Broeke, M. R., Nield, G. A., King, M. A., et al. (2022). GPS-observed elastic deformation 
due to surface mass balance variability in the Southern Antarctic Peninsula. Geophysical Research Letters, 49(4), e2021GL097109. https://
doi.org/10.1029/2021GL097109

Liu, B., King, M., & Dai, W. (2018). Common mode error in Antarctic GPS coordinate time-series on its effect on bedrock-uplift estimates. 
Geophysical Journal International, 214(3), 1652–1664. https://doi.org/10.1093/gji/ggy217

Lloyd, A. J., Wiens, D. A., Zhu, H., Tromp, J., Nyblade, A. A., Aster, R. C., et al. (2020). Seismic structure of the Antarctic upper mantle imaged 
with adjoint tomography. Journal of Geophysical Research: Solid Earth, 125(3). https://doi.org/10.1029/2019JB017823

Lough, A. C., Wiens, D. A., & Nyblade, A. (2018). Reactivation of ancient Antarctic rift zones by intraplate seismicity. Nature Geoscience, 11(7), 
515–519. https://doi.org/10.1038/s41561-018-0140-6

Mandler, E., Pintori, F., Gualandi, A., Anderlini, L., Serpelloni, E., & Belardinelli, M. E. (2021). Post-seismic deformation related to the 2016 
Central Italy seismic sequence from GPS displacement time-series. Journal of Geophysical Research: Solid Earth, 126(9), e2021JB022200. 
https://doi.org/10.1029/2021JB022200

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026685 by D
urham

 U
niversity - U

niversity, W
iley O

nline L
ibrary on [01/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/gji/ggx136
https://doi.org/10.1029/2011gl048025
https://doi.org/10.1093/gji/ggu140
https://doi.org/10.1111/j.1365-246X.2010.04678.x
https://doi.org/10.1029/2001GC000252
https://doi.org/10.1029/2001GC000252
https://www.ign.gob.ar/archivos/ramsac/estacion2.php?estacion=BORC
https://www.ign.gob.ar/archivos/ramsac/estacion2.php?estacion=BORC
https://doi.org/10.7283/4MAR-8K51
https://doi.org/10.1016/j.gloplacha.2003.12.003
https://doi.org/10.1029/2005JB003806
https://doi.org/10.7283/3PEK-C029
https://doi.org/10.1016/0031-9201(81)90046-7
https://doi.org/10.1016/j.pepi.2012.04.002
https://data1.geo.tu-dresden.de/scar/stations/ESP1/ESP1.shtml
https://doi.org/10.7283/T5668BG6
https://doi.org/10.1029/2007GL030959
https://doi.org/10.1029/2011JB008562
https://doi.org/10.7283/T59P2ZZD
https://doi.org/10.1007/s00190-022-01662-5
https://doi.org/10.1029/2008JB006026
https://doi.org/10.1002/2016RG000529
https://doi.org/10.1029/2020JB019649
https://doi.org/10.7283/T5FQ9TW3
https://doi.org/10.1002/jgrb.50208
https://doi.org/10.1029/2002GL015986
https://doi.org/10.1002/2016gl067773
https://doi.org/10.1093/gji/ggv461
https://doi.org/10.1016/j.jog.2008.04.005
https://doi.org/10.1016/j.jog.2008.04.005
https://doi.org/10.1029/2021GL097109
https://doi.org/10.1029/2021GL097109
https://doi.org/10.1093/gji/ggy217
https://doi.org/10.1029/2019JB017823
https://doi.org/10.1038/s41561-018-0140-6
https://doi.org/10.1029/2021JB022200


Journal of Geophysical Research: Solid Earth

NIELD ET AL.

10.1029/2023JB026685

18 of 19

Masterlark, T. (2003). Finite element model predictions of static deformation from dislocation sources in a subduction zone: Sensitivities 
to homogeneous, isotropic, Poisson-solid, and half-space assumptions. Journal of Geophysical Research, 108(B11), 2540. https://doi.
org/10.1029/2002JB002296

MBIO. (2023). GPS time series (MBIO) [Dataset]. TU Dresden. Retrieved from https://www.ign.gob.ar/archivos/ramsac/estacion2.
php?estacion=MBIO

Montillet, J.-P., Williams, S. D. P., Koulali, A., & McClusky, S. C. (2015). Estimation of offsets in GPS time-series and application to the detec-
tion of earthquake deformation in the far-field. Geophysical Journal International, 200(2), 1207–1221. https://doi.org/10.1093/gji/ggu473

Morelli, A., & Danesi, S. (2004). Seismological imaging of the Antarctic continental lithosphere: A review. Global and Planetary Change, 
42(1–4), 155–165. https://doi.org/10.1016/j.gloplacha.2003.12.005

Nield, G. A., Barletta, V. R., Bordoni, A., King, M. A., Whitehouse, P. L., Clarke, P. J., et al. (2014). Rapid bedrock uplift in the Antarctic Penin-
sula explained by viscoelastic response to recent ice unloading. Earth and Planetary Science Letters, 397, 32–41. https://doi.org/10.1016/j.
epsl.2014.04.019

Nield, G. A., King, M. A., Steffen, R., & Blank, B. (2022). A global, spherical finite-element model for post-seismic deformation using Abaqus. 
Geoscientific Model Development, 15(6), 2489–2503. https://doi.org/10.5194/gmd-15-2489-2022

O'Donnell, J. P., Stuart, G. W., Brisbourne, A. M., Selway, K., Yang, Y., Nield, G. A., et al. (2019). The uppermost mantle seismic velocity 
structure of West Antarctica from Rayleigh wave tomography: Insights into tectonic structure and geothermal heat flow. Earth and Planetary 
Science Letters, 522, 219–233. https://doi.org/10.1016/j.epsl.2019.06.024

OHI2. (2023). GPS time series (OHI2) [Dataset]. SONEL. Retrieved from https://www.sonel.org/spip.php?page=gps&idStation=768
OHI3. (2023). GPS time series (OHI3) [Dataset]. SONEL. Retrieved from https://www.sonel.org/spip.php?page=gps&idStation=769
OHIG. (2023). GPS time series (OHIG) [Dataset]. SONEL. Retrieved from https://www.sonel.org/spip.php?page=gps&idStation=899
PAL2. (2023). GPS time series (PAL2) [Dataset]. UNAVCO. https://doi.org/10.7283/T5PV6HKR
PALM. (2023). GPS time series (PALM) [Dataset]. UNAVCO. https://doi.org/10.7283/T5PV6HKR
Pappa, F., & Ebbing, J. (2023). Gravity, magnetics and geothermal heat flow of the Antarctic lithospheric crust and mantle. Geological Society, 

London, Memoirs, 56(1), 213–229. https://www.lyellcollection.org/doi/abs/10.1144/M56-2020-5
Parera-Portell, J. A., Mancilla, F. D. L., Morales, J., Almendros, J., & Jiménez-Morales, V. (2021). Structure of the crust and upper mantle beneath 

the Bransfield Strait (Antarctica) using P receiver functions. Tectonophysics, 802, 228744. https://doi.org/10.1016/j.tecto.2021.228744
Paxman, G. J. G. (2023). Antarctic palaeotopography. Geological Society, 56(1), 231–251. https://www.lyellcollection.org/doi/abs/10.1144/

M56-2020-7
Peña, C., Heidbach, O., Moreno, M., Bedford, J., Ziegler, M., Tassara, A., & Oncken, O. (2019). Role of lower crust in the postseismic deforma-

tion of the 2010 Maule earthquake: Insights from a model with power-law rheology. Pure and Applied Geophysics, 176(9), 3913–3928. https://
doi.org/10.1007/s00024-018-02090-3

Peña, C., Metzger, S., Heidbach, O., Bedford, J., Bookhagen, B., Moreno, M., et  al. (2022). Role of poroelasticity during the early post-
seismic deformation of the 2010 Maule megathrust earthquake. Geophysical Research Letters, 49(9), e2022GL098144. https://doi.
org/10.1029/2022GL098144

Pollitz, F. F., Peltzer, G., & Bürgmann, R. (2000). Mobility of continental mantle: Evidence from postseismic geodetic observations following the 
1992 Landers earthquake. Journal of Geophysical Research, 105(B4), 8035–8054. https://doi.org/10.1029/1999JB900380

Pollitz, F. F., Wicks, C. W., Svarc, J. L., Phillips, E., Brooks, B. A., Murray, M. H., & Turner, R. C. (2021). Postseismic relaxation follow-
ing the 2019 Ridgecrest, California, earthquake sequence. Bulletin of the Seismological Society of America, 112(2), 734–749. https://doi.
org/10.1785/0120210170

Reading, A. M., Stein, S., & Mazzotti, S. (2007). The seismicity of the Antarctic plate. In Continental intraplate earthquakes: Science, hazard, 
and policy issues (Vol. 425). Geological Society of America.

Rignot, E., Casassa, G., Gogineni, P., Krabill, W., Rivera, A., & Thomas, R. (2004). Accelerated ice discharge from the Antarctic Peninsula 
following the collapse of Larsen B ice shelf. Geophysical Research Letters, 31(18), 4. https://doi.org/10.1029/2004GL020697

ROBN. (2023). GPS time series (ROBN) [Dataset]. UNAVCO. https://doi.org/10.7283/T54T6GNX
Rott, H., Skvarca, P., & Nagler, T. (1996). Rapid collapse of Northern Larsen ice shelf, Antarctica. Science, 271(5250), 788–792. https://www.

science.org/doi/abs/10.1126/science.271.5250.788
Samrat, N. H., King, M. A., Watson, C., Hay, A., Barletta, V. R., & Bordoni, A. (2021). Upper mantle viscosity underneath Northern Marguerite 

Bay, Antarctic Peninsula constrained by bedrock uplift and ice mass variability. Geophysical Research Letters, 48(24), e2021GL097065. 
https://doi.org/10.1029/2021GL097065

Samrat, N. H., King, M. A., Watson, C., Hooper, A., Chen, X., Barletta, V. R., & Bordoni, A. (2020). Reduced ice mass loss and three-dimensional 
viscoelastic deformation in northern Antarctic Peninsula inferred from GPS. Geophysical Journal International, 222(2), 1013–1022. 
https://doi.org/10.1093/gji/ggaa229

Scambos, T. A., Bohlander, J. A., Shuman, C. A., & Skvarca, P. (2004). Glacier acceleration and thinning after ice shelf collapse in the Larsen B 
embayment, Antarctica. Geophysical Research Letters, 31(18), L18402. https://doi.org/10.1029/2004gl020670

Shao, Z., Zhan, W., Zhang, L., & Xu, J. (2016). Analysis of the far-field co-seismic and post-seismic responses caused by the 2011 MW 9.0 
Tohoku-Oki earthquake. Pure and Applied Geophysics, 173(2), 411–424. https://doi.org/10.1007/s00024-015-1131-9

Shepherd, A., Ivins, E., Rignot, E., Smith, B., van den Broeke, M., Velicogna, I., et al. (2018). Mass balance of the Antarctic ice sheet from 1992 
to 2017. Nature, 558(7709), 219–222. https://doi.org/10.1038/s41586-018-0179-y

SIG1. (2023). GPS time series (SIG1) [Dataset]. SCAR. Retrieved from https://data1.geo.tu-dresden.de/scar/stations/SIG1/SIG1.shtml
SPGT. (2023). GPS time series (SPGT) [Dataset]. UNAVCO. https://doi.org/10.7283/ZHFM-ZE59
SPRZ. (2023). GPS time series (SPRZ) [Dataset]. SONEL. Retrieved from https://www.sonel.org/spip.php?page=gps&idStation=3589
Takeuchi, C. S., & Fialko, Y. (2013). On the effects of thermally weakened ductile shear zones on postseismic deformation. Journal of Geophys-

ical Research: Solid Earth, 118(12), 6295–6310. https://doi.org/10.1002/2013JB010215
Tregoning, P., Burgette, R., McClusky, S. C., Lejeune, S., Watson, C. S., & McQueen, H. (2013). A decade of horizontal deformation from great 

earthquakes. Journal of Geophysical Research: Solid Earth, 118(5), 2371–2381. https://doi.org/10.1002/jgrb.50154
Trubienko, O., Fleitout, L., Garaud, J.-D., & Vigny, C. (2013). Interpretation of interseismic deformations and the seismic cycle associated with 

large subduction earthquakes. Tectonophysics, 589, 126–141. https://doi.org/10.1016/j.tecto.2012.12.027
Turcotte, D. L., & Schubert, G. (2002). Geodynamics. Cambridge University Press.
UNAVCO. (2023). GNSS data access notebook [Dataset]. UNAVCO. Retrieved from https://www.unavco.org/data/gps-gnss/data-access-meth-

ods/gnss-data-access-notebook/gnss-data-access-notebook.html
van der Wal, W., Barletta, V. R., Nield, G., & van Calcar, C. (2023). Glacial isostatic adjustment and postseismic deformation in Antarctica. 

Geological Society, London, Memoirs, 56(1), 315–341. https://doi.org/10.1144/M56-2022-13

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026685 by D
urham

 U
niversity - U

niversity, W
iley O

nline L
ibrary on [01/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1029/2002JB002296
https://doi.org/10.1029/2002JB002296
https://www.ign.gob.ar/archivos/ramsac/estacion2.php?estacion=MBIO
https://www.ign.gob.ar/archivos/ramsac/estacion2.php?estacion=MBIO
https://doi.org/10.1093/gji/ggu473
https://doi.org/10.1016/j.gloplacha.2003.12.005
https://doi.org/10.1016/j.epsl.2014.04.019
https://doi.org/10.1016/j.epsl.2014.04.019
https://doi.org/10.5194/gmd-15-2489-2022
https://doi.org/10.1016/j.epsl.2019.06.024
https://www.sonel.org/spip.php?page=gps%26idStation=768
https://www.sonel.org/spip.php?page=gps%26idStation=769
https://www.sonel.org/spip.php?page=gps%26idStation=899
https://doi.org/10.7283/T5PV6HKR
https://doi.org/10.7283/T5PV6HKR
https://www.lyellcollection.org/doi/abs/10.1144/M56-2020-5
https://doi.org/10.1016/j.tecto.2021.228744
https://www.lyellcollection.org/doi/abs/10.1144/M56-2020-7
https://www.lyellcollection.org/doi/abs/10.1144/M56-2020-7
https://doi.org/10.1007/s00024-018-02090-3
https://doi.org/10.1007/s00024-018-02090-3
https://doi.org/10.1029/2022GL098144
https://doi.org/10.1029/2022GL098144
https://doi.org/10.1029/1999JB900380
https://doi.org/10.1785/0120210170
https://doi.org/10.1785/0120210170
https://doi.org/10.1029/2004GL020697
https://doi.org/10.7283/T54T6GNX
https://www.science.org/doi/abs/10.1126/science.271.5250.788
https://www.science.org/doi/abs/10.1126/science.271.5250.788
https://doi.org/10.1029/2021GL097065
https://doi.org/10.1093/gji/ggaa229
https://doi.org/10.1029/2004gl020670
https://doi.org/10.1007/s00024-015-1131-9
https://doi.org/10.1038/s41586-018-0179-y
https://data1.geo.tu-dresden.de/scar/stations/SIG1/SIG1.shtml
https://doi.org/10.7283/ZHFM-ZE59
https://www.sonel.org/spip.php?page=gps%26idStation=3589
https://doi.org/10.1002/2013JB010215
https://doi.org/10.1002/jgrb.50154
https://doi.org/10.1016/j.tecto.2012.12.027
https://www.unavco.org/data/gps-gnss/data-access-methods/gnss-data-access-notebook/gnss-data-access-notebook.html
https://www.unavco.org/data/gps-gnss/data-access-methods/gnss-data-access-notebook/gnss-data-access-notebook.html
https://doi.org/10.1144/M56-2022-13


Journal of Geophysical Research: Solid Earth

NIELD ET AL.

10.1029/2023JB026685

19 of 19

van der Wal, W., Barnhoorn, A., Stocchi, P., Gradmann, S., Wu, P., Drury, M., & Vermeersen, B. (2013). Glacial isostatic adjustment model 
with composite 3-D Earth rheology for Fennoscandia. Geophysical Journal International, 194(1), 61–77. https://doi.org/10.1093/gji/ggt099

van der Wal, W., Whitehouse, P. L., & Schrama, E. J. O. (2015). Effect of GIA models with 3D composite mantle viscosity on GRACE mass 
balance estimates for Antarctica. Earth and Planetary Science Letters, 414, 134–143. https://doi.org/10.1016/j.epsl.2015.01.001

VNAD. (2023). GPS time series (VNAD) [Dataset]. UNAVCO. https://doi.org/10.7283/T52F7KQ1
Wang, K., Hu, Y., & He, J. (2012). Deformation cycles of subduction earthquakes in a viscoelastic Earth. Nature, 484(7394), 327–332. https://

doi.org/10.1038/nature11032
Watson, C., Burgette, R., Tregoning, P., White, N., Hunter, J., Coleman, R., et al. (2010). Twentieth century constraints on sea level change 

and earthquake deformation at Macquarie Island. Geophysical Journal International, 182(2), 781–796. https://onlinelibrary.wiley.com/doi/
abs/10.1111/j.1365-246X.2010.04640.x

Wessel, P., Luis, J. F., Uieda, L., Scharroo, R., Wobbe, F., Smith, W. H. F., & Tian, D. (2019). The generic mapping tools version 6. Geochemistry, 
Geophysics, Geosystems, 20(11), 5556–5564. https://doi.org/10.1029/2019GC008515

Whitehouse, P. L., Bentley, M. J., Milne, G. A., King, M. A., & Thomas, I. D. (2012). A new glacial isostatic adjustment model for Antarctica: 
Calibrated and tested using observations of relative sea-level change and present-day uplift rates. Geophysical Journal International, 190(3), 
1464–1482. https://doi.org/10.1111/j.1365-246x.2012.05557.x

Wiens, D. A., Shen, W., & Lloyd, A. J. (2023). The seismic structure of the Antarctic upper mantle. Geological Society, London, Memoirs, 56(1), 
195–212. https://www.lyellcollection.org/doi/abs/10.1144/M56-2020-18

Wu, P. (2004). Using commercial finite element packages for the study of earth deformations, sea levels and the state of stress. Geophysical 
Journal International, 158(2), 401–408. https://doi.org/10.1111/j.1365-246x.2004.02338.x

Ye, L., Lay, T., Koper, K. D., Smalley, R., Rivera, L., Bevis, M. G., et al. (2014). Complementary slip distributions of the August 4, 2003 Mw 7.6 
and November 17, 2013 Mw 7.8 south Scotia Ridge earthquakes. Earth and Planetary Science Letters, 401, 215–226. https://doi.org/10.1016/j.
epsl.2014.06.007

Yegorova, T., Bakhmutov, V., Janik, T., & Grad, M. (2011). Joint geophysical and petrological models for the lithosphere structure of the Antarc-
tic Peninsula continental margin. Geophysical Journal International, 184(1), 90–110. https://doi.org/10.1111/j.1365-246X.2010.04867.x

Zhao, C., King, M. A., Watson, C. S., Barletta, V. R., Bordoni, A., Dell, M., & Whitehouse, P. L. (2017). Rapid ice unloading in the Fleming 
Glacier region, southern Antarctic Peninsula, and its effect on bedrock uplift rates. Earth and Planetary Science Letters, 473, 164–176. https://
doi.org/10.1016/j.epsl.2017.06.002

 21699356, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JB

026685 by D
urham

 U
niversity - U

niversity, W
iley O

nline L
ibrary on [01/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/gji/ggt099
https://doi.org/10.1016/j.epsl.2015.01.001
https://doi.org/10.7283/T52F7KQ1
https://doi.org/10.1038/nature11032
https://doi.org/10.1038/nature11032
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-246X.2010.04640.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1365-246X.2010.04640.x
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1111/j.1365-246x.2012.05557.x
https://www.lyellcollection.org/doi/abs/10.1144/M56-2020-18
https://doi.org/10.1111/j.1365-246x.2004.02338.x
https://doi.org/10.1016/j.epsl.2014.06.007
https://doi.org/10.1016/j.epsl.2014.06.007
https://doi.org/10.1111/j.1365-246X.2010.04867.x
https://doi.org/10.1016/j.epsl.2017.06.002
https://doi.org/10.1016/j.epsl.2017.06.002

	Postseismic Deformation in the Northern Antarctic Peninsula Following the 2003 and 2013 Scotia Sea Earthquakes
	Abstract
	Plain Language Summary
	1. Introduction
	2. GPS Data
	2.1. GPS Processing
	2.2. Coseismic Offset
	2.3. Postseismic Displacement
	2.4. Deformation Due To Ice-Mass Change
	2.5. Fit to the Data

	3. Modeling
	3.1. Finite Element Model
	3.2. Fault Properties
	3.3. Earth Models and Rheology

	4. Results
	4.1. 2013 Earthquake
	4.1.1. 1D Maxwell
	4.1.2. 1D Burgers
	4.1.3. 3D Earth Models

	4.2. 2003 Earthquake and Combined Displacement

	5. Discussion
	5.1. Earth Models and Rheology
	5.2. Sensitivity to Choice of Data
	5.3. Postseismic Deformation

	6. Conclusions
	Data Availability Statement
	References


