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S U M M A R Y
Accurate measurement of the local component of geodetic motion at GPS stations presents a
challenge due to the need to separate this signal from the tectonic plate rotation. A pressing
example is the observation of glacial isostatic adjustment (GIA) which constrains the Earth’s
response to ice unloading, and hence, contributions of ice-covered regions such as Antarctica
to global sea level rise following ice mass loss. While both vertical and horizontal motions
are of interest in general, we focus on horizontal GPS velocities which typically contain a
large component of plate rotation and a smaller local component primarily relating to GIA.
Incomplete separation of these components introduces significant bias into estimates of GIA
motion vectors. We present the results of a series of tests based on the motions of GPS
stations from East Antarctica: (1) signal separation for sets of synthetic data that replicate the
geometric character of non-separable, and separable, GIA-like horizontal velocities; and (2)
signal separation for real GPS station data with an appraisal of uncertainties. For both synthetic
and real motions, we compare results where the stations are unweighted, and where each station
is areal-weighted using a metric representing the inverse of the spatial density of neighbouring
stations. From the synthetic tests, we show that a GIA-like signal is recoverable from the plate
rotation signal providing it has geometric variability across East Antarctica. We also show that
areal-weighting has a very significant effect on the ability to recover a GIA-like signal with
geometric variability, and hence on separating the plate rotation and local components. For
the real data, assuming a rigid Antarctic plate, fitted plate rotation parameters compare well
with other studies in the literature. We find that 25 out of 36 GPS stations examined in East
Antarctica have non-zero local horizontal velocities, at the 2σ level, after signal separation.
We make the code for weighted signal separation available to assist in the consistent appraisal
of separated signals, and the comparison of likely uncertainty bounds, for future studies.
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1 I N T RO D U C T I O N

Measured horizontal Global Positioning System (GPS) velocities
comprise a tectonic plate rotation component and a local compo-
nent. At intraplate station sites, the local component is typically
much smaller than the plate rotation. In ice-covered or recently
deglaciated regions, the local component of Earth deformation is
dominated by the signal arising from glacial isostatic adjustment
(GIA). Separation of this signal is vital, as an example, to success-
fully interpret GRACE (Gravity Recovery and Climate Experiment)
satellite data in order to estimate the ice mass contribution towards
sea level rise from the given study region (King et al. 2012). The
errors potentially introduced due to the incomplete separation of

plate rotation and local signals (Klemann et al. 2008; King et al.
2016) are significant and complicate the use of horizontal GPS
velocities. Local horizontal motions, importantly, are sensitive to
lateral variations in Earth rheology and promise considerable ad-
vances in understanding interactions and feedbacks between the
solid Earth and ice sheets (van der Wal et al. 2015) if they can
be successfully isolated. These horizontal site velocities, such as
those due to GIA, are typically separated from the plate rotation
by making use of a stable reference location unaffected by glacial
rebound or seismic events (Johansson et al. 2002; Sella et al. 2007;
Altamimi et al. 2012). This technique has been used successfully
in Greenland and the European Alps (e.g. Barletta et al. 2006),
though is not possible for the entirely ice-covered Antarctic Plate

C© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1555

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/222/3/1555/5849008 by guest on 09 April 2024

http://orcid.org/0000-0002-4376-5455
http://orcid.org/0000-0002-9316-7605
mailto:turner.rj@icloud.com


1556 R.J. Turner, A.M. Reading and M.A. King

(e.g. Argus et al. 2014) or even the large North American plate as
there is significant far-field motions (Kreemer et al. 2018).

The ITRF2014 plate rotation model (Altamimi et al. 2017) de-
fines an absolute plate motion for 11 major tectonic plates, includ-
ing Antarctica, from 318 sites believed to be under very limited
influence from local effects such as plate boundary and other defor-
mation zones. The bedrock topography of the Antarctic continent
is divided into two distinct regions by the Transantarctic Mountains
(see e.g. Bedmap2 data of Fretwell et al. 2013); to the east the
bedrock extends up to 3000 m above mean sea level whereas the
West Antarctic Rift System immediately to the west is submerged
below sea level. The sites used in the ITRF2014 model to define
the motion of the Antarctic Plate are all located in East Antarctica;
West Antarctic sites were excluded due to their proximity to a plate
boundary or being located in a region of extreme GIA such as the
land area adjacent to the Larsen Ice Shelf (e.g. Nield et al. 2014;
Barletta et al. 2018). Moreover, the Antarctic Peninsula is known to
recede from East Antarctica at a rate of 1–2 mm yr−1 towards South
Georgia (Siddoway 2008), widening the West Antarctic Rift which
formed from 115 to 100 Ma.

Although the motions are much smaller, East Antarctic GPS sta-
tion sites are also subject to local motions attributable to GIA. The
GIA vector field should theoretically be recoverable from the com-
bined velocity field if the length-scale of local motions is less than
that of the plate motion. Argus et al. (2014) attempt to constrain
both the GIA signal and plate motion in Antarctica as part of a
postglacial rebound study by including only the relatively stable
sites in East Antarctica and the Kerguelen Islands. The magnitudes
of their recovered GIA velocities are consistent with physically
based models which consider the surface load history during the
last glacial cycle and variations in Earth rheology (Whitehouse
et al. 2012). However, the success of the separation of the plate
rotation and GIA signals in studies of the Antarctic continent re-
mains in doubt (King et al. 2016), with the expected errors encoun-
tered using the techniques employed in the literature being largely
unquantified.

Localized deformation following the 1998 Mw = 8.1 Antarctic in-
traplate earthquake has been shown to persist along parts of the East
Antarctic coastline some 600 km removed from the epicentre (King
& Santamarı́a-Gómez 2016). In particular, the horizontal velocities
near DUM1 at present (2009–2017) are up to 2 mm yr−1 greater
in the eastward direction than prior to the 1998 earthquake (King
& Santamarı́a-Gómez 2016). DeMets et al. (2016) have similarly
suggested that Casey Station is affected by this earthquake and the
2004 Mz = 9.3 Sumatra earthquake, though this might be partly ex-
plained by elastic deformation due to melting of the Totten Glacier
(Roberts et al. 2018). Modelling of viscoelastic post-seismic de-
formation predicts that much of Antarctica may still be deforming
from this and other large seismic events along the Macquarie Ridge
(Nettles et al. 1999; Watson et al. 2010). This mode of Antarctic
deformation needs to be considered (due to its large magnitude rela-
tive to typical GIA signals) in the selection of sites used in geodetic
estimates of plate motion and GIA.

In this contribution, we investigate the separation of plate rotation
and local components of horizontal GPS station velocities using
synthetic and real data. Our approach draws on the likelihood that
the local signals are uncorrelated over longer length-scales and
provides a means of determining whether the recovered local signal
at each station is significant. As our case example, we use East
Antarctic GPS stations which are sparsely distributed, with some
denser clusters. For East Antarctica, recovered horizontal signals
are appraised as to their ability to define GIA and hence, constrain

ice unloading. Our study also informs the deployment of new GPS
stations for maximum benefit.

2 DATA A N D M E T H O D S

2.1 GPS data set

The real, observed, data set comprises an updated compilation of
GPS station motions from permanent installations and long-term
field campaigns. These data are obtained from public data sets,
such as those held by UNAVCO and Geoscience Australia, or pro-
vided directly to M.A.K. Full information is provided in Supporting
Information A. We considered GPS data over the period 2009–2013
inclusive, chosen to maximize the common data period following
a period of rapid site deployments across Antarctica. The median
data span is 4.0 yr. GPS coordinate time-series were produced us-
ing standard approaches as described by, for instance, Wolstencroft
et al. (2015). We adopted a Precise Point Positioning analysis ap-
proach within GIPSY v6.3 software using NASA JPL clocks and
orbit products. We transformed the daily coordinate time-series into
the International GNSS Service realization of the ITRF2008 (Al-
tamimi et al. 2011). Site horizontal velocities were then derived
using CATS v3.1.2 software (Williams 2008), estimating offsets,
annual and semi-annual period terms (Supporting Information B),
and linear trend along with parameters for a white noise plus power-
law noise model. Long-wavelength common mode errors may lead
to moderate changes in our measured horizontal velocities, espe-
cially for time-series shorter than five years (Serpelloni et al. 2013).
However, we accept this more minor source of error as the focus of
this work is to investigate techniques to separate the tectonic and
local velocity components, rather than to present the final word on
GIA velocities in Antarctica.

West Antarctica and the Antarctic Peninsula are subject to neo-
tectonic processes and internal deformation in the present epoch
(Jordan et al. 2020). We therefore take a conservative approach and
restrict our analysis to stations in East Antarctic. Specifically, we
include 36 GPS stations at latitudes below 60◦S and at all longitudes
except those covering West Antarctica and the Antarctica Peninsula
between 40–160◦W (cf. fig. 2 of Harley et al. 2013). These 36 East
Antarctic stations are widely distributed around the coastline of the
continental land mass but also include some regional campaigns
(e.g. Transantarctic Mountains) with more closely spaced stations.
The data set of the velocities at these stations (Supporting Infor-
mation A) includes the station latitude, longitude, elevation, north-
ward and eastward velocity components, with 1σ measurement er-
rors provided for the velocities. The GPS velocity measurements at
DUM1 are supplemented by time-series data from the International
DORIS Service (http://ids-doris.org/; processed in King & Santa-
marı́a-Gómez 2016) to constrain the signal before the the onset of
post-seismic deformation from the nearby Mw = 8.1 earthquake in
1998.

2.2 Signal separation method

The movement of the tectonic plate is known to be the main con-
tributor to the horizontal component of the GPS station velocities
measured in East Antarctica. We assume that the plate is effec-
tively rigid and hence its motion can be described as the curl of the
measured velocity field about some Euler pole. GIA contributes a
further horizontal motion vector that is typically no larger than 5–
10 per cent of the magnitude of the site motion due to plate rotation
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(Peltier et al. 2015). The GIA velocity field is assumed to vary on
a smaller spatial scale than the plate rotation across an ice covered
continental area. For example, there are likely to be opposing ve-
locity vectors either side of a centre of ice mass reduction, resulting
in site velocities with a divergent character.

In this section, we summarize the method used to derive hor-
izontal velocities at each GPS station due to tectonic plate mo-
tion, and develop a technique to find the set of Euler pole pa-
rameters (describing this motion) which best explain the rotational
component of the measured horizontal velocity vector field. This
measured horizontal velocity contains both plate rotation and GIA
components, and potentially other factors including post-seismic
deformation; we describe the calculation of a local velocity vector
(i.e. signal with plate rotation subtracted) which we assume largely
measures the GIA component of the signal. We choose to use a
Monte Carlo simulation to solve for the Euler pole parameters,
and corresponding tectonic and local component of the motion at
each station, and provide a full treatment of the uncertainties (i.e.
variances, covariances and equivalent non-Gaussian measures of
spread).

2.2.1 Unweighted regression

The total velocity vector for a station located at some latitude
and longitude (θ , φ) on the surface of a tectonic plate is typi-
cally split into a vertical and two horizontal components. In this
work, we only consider motion along the Earth’s surface of the
form v = vθ eθ + vφeφ for northward and eastward components vθ

and vφ respectively; eθ and eφ are the corresponding northward and
eastward unit vectors. The horizontal velocities at a given station
can be related to the plate motion using two parametrizations: (1)
angular rate of rotation ω about an arbitrarily located Euler pole
(θε , φε), where θε and φε are the latitude and longitude of the
pole (e.g. Goudarzi et al. 2014); and (2) angular rate of rotation
about each of the three Cartesian coordinate axes x, y and z (i.e. ωx,
ωy, ωz) (e.g. McKenzie & Parker 1974). We present both of these
parametrizations for the tectonic plate motion in this work for ease
of comparision with other authors.

The modelled tectonic plate motion which best explains the ro-
tational component of the measured horizontal velocities is fitted
numerically using least-squares optimization for an arbitrary ini-
tial guess (referred to hereafter as ‘unweighted regression’ in text).
The least-squares optimization minimizes the difference between
the measured horizontal velocity vector and the modelled north-
ward and eastward component velocities derived either for each
trial set of rotation rate and Euler pole coordinates (i.e. θε , φε , ω)
or for each trial set of rotation rates about the three Cartesian co-
ordinate axes (i.e. ωx, ωy, ωz). Note that although it is simple to
convert between these parametrizations using standard trigonomet-
ric expressions, the conversion between their error distributions is
a highly non-linear process.

Monte Carlo simulations are used to numerically propagate the
measurement uncertainties in the horizontal velocities through to the
fitted rotation rate and the location of the Euler pole, or alternatively
to the fitted rotation rates about the Cartesian coordinate axes. The
velocities at each GPS station are randomly selected from the er-
ror distribution for the measurement at that station. The best-fitting
plate rotation for this random variation of the horizontal velocities
across the GPS sites in the Antarctic continent is found using the
unweighted regression. This process is repeated 5000 times, return-
ing non-Gaussian distributions in the best fits for the rotation rate,

and Euler pole latitude and longitude (or alternatively rotation rates
about the Cartesian coordinate axes). The median of these distri-
butions are taken as the best estimate for each parameter, and the
16th and 84th percentiles are assumed for the uncertainties (in the
special case of a Gaussian distribution these percentiles correspond
to the ±1σ confidence level). Confidence ellipses describing the
covariances similarly use these percentiles to represent a 1σ con-
fidence level. Variance–covariance matrices are also calculated for
completeness using standard techniques under the assumption of
Gaussian uncertainties.

The relative importance of each GPS station in the optimiza-
tion may be modified by weighting the least-squares residuals for
each station by a coefficient (referred to hereafter as ‘weighted re-
gression’, see Section 2.2.2); that is wi

2(vi − v̂i)2, where vi is the
measured horizontal velocity vector at the i’th station, v̂i is the
analytically predicted velocity, and wi = 1/σ i is the weighting ap-
plied to this station. This technique to weight the regression is not
used to propagate the measurement uncertainties since the Monte
Carlo simulation provides a full treatment of both non-Gaussian
uncertainties and the corresponding covariance.

The local component of the signal at each station is taken as the
difference between the measured horizontal velocity vector and the
plate rotation expected from the fitted set of Euler pole parameters
(i.e. θε , φε , ω or ωx, ωy, ωz) for each Monte Carlo realization;
this leads to a distribution of 5000 realizations of the local compo-
nent of the velocity at each station. The medians of the resulting
distributions in the northward and eastward horizontal velocities
are taken as the best estimates, and the 16th and 84th percentiles
are again assumed for the uncertainties. Confidence ellipses de-
scribing the covariances based on the full numerical solution and
variance–covariance matrices assuming Gaussian uncertainties are
also calculated.

2.2.2 Areal-weighted regression

East Antarctic GPS sites are clustered along the Transantarctic
Mountains on the western edge of the Ross Sea (25 of 36 stations);
moreover half of these stations are close to either Mount Erebus
or McMurdo Station. Horizontal motion due to GIA at stations in
close proximity (likely to be on the same side of a centre of ice mass
loss) is expected to lead to horizontal velocities in roughly the same
direction. This large fraction of stations with likely similar GIA
velocity vectors will bias the fitted rotation about the Euler pole;
in order to minimize residuals across these 25 stations the fitting
process will explain correlated GIA velocities in this region as plate
rotation. The fit of the Euler pole parameters must be made using
an approximately uniform distribution of GPS sites to prevent bias
from proximate stations with correlated GIA.

The density of GPS stations across the continent is quantified by
defining the length-scale over which the GIA signal is expected to
be correlated, then smoothing over the discrete station distribution
using an appropriately scaled Gaussian filter. This length-scale is
taken as the half-power point of the smoothing Gaussian filter; that
is a GPS site at this separation contributes the equivalent of half
a station to the local number density. The least-squares regression
(LSR) is weighted by the inverse of the local number density (i.e.
the effective area covered by each station) so that GPS sites in close
proximity have less influence on the fit than their more isolated
counterparts.

The typical correlation length-scale in the GIA velocity field
is investigated using physically informed models, following the
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Figure 1. The local number density of GPS sites across Antarctica measured by smoothing the discrete station distribution with a Gaussian filter of FWMH
(full width at half-maximum) length-scale 5◦. The point size corresponds to the relative weighting given to each station whilst the colour map shows the local
number density of stations across the continent (units of inverse length-scale squared; i.e. [560 km]−2).

method of King et al. (2016). This GIA modelling considers both
vertical and lateral variations in Earth rheology (van der Wal et al.
2015), and uses the W12 Antarctic deglaciation model (Whitehouse
et al. 2012) to define the surface load history during the last glacial
cycle. The lithosphere response is modelled as purely elastic de-
formation above a depth of 120 km (Latychev et al. 2005) and
viscoelastic deformation below this layer; mantle temperature is a
major factor in the diffusion and dislocation creep at this depth
(van der Wal et al. 2010), and is modelled using velocity perturba-
tions from different global seismic models. However, the average
grain size, water content and melt content are also important fac-
tors (Hirth & Kohlstedt 2013). King et al. (2016) assumed no melt
content, an average grain size of either 4 or 10 mm, and water
content between either somewhat wet (1000 ppm H2O) or a fully
dry state. The direction of GIA velocities predicted at each sta-
tion is highly dependent on model assumptions (King et al. 2016).
However, these models consistently show no correlation between
the GIA velocities at Transantarctic Mountains stations and those
along the East Antarctic coast, whilst the set of models in which
the rheological properties vary only in the vertical direction predict
the velocity field becomes anticorrelated over the 1000 km length
of the mountains (from RAMG to TNB1).

Based on these findings, we assume a correlation length-scale
of 5◦ (corresponding to a diameter of 560km). The local num-
ber density of GPS stations across the Antarctic continent is
shown in Fig. 1 for our assumed correlation length-scale. We note
that the results in this contribution are unaffected by moderate
changes in the size of the correlation length-scale, as discussed in
Section 4.

3 S E PA R AT I O N O F V E L O C I T Y
C O M P O N E N T S I N S I M U L AT E D DATA

Velocity fields combining simulated plate rotation for the Antarctic
continent with different, simulated ‘GIA’ vector fields are used in
this section to test the separation of the two signals. Horizontal

motions at the locations of 36 GPS stations in East Antarctica (a
description of station selection is given in Section 4) are constructed
assuming the plate rotation found by Wei-Ping et al. (2009, ω =
0.224◦ Ma−1, θε = 58.69◦ N, φε = −128.29◦ E).

The simulated horizontal ‘GIA’ vector fields are assigned appro-
priate magnitudes guided by the work of Peltier et al. (2015). These
‘GIA’ vectors are thus scaled to a median magnitude of 1 mm yr−1

and are directed either: (1) following the rotation about the Euler
pole (i.e. curl); (2) normal to the rotation about the Euler pole; (3)
radially outwards from Dome A on the Antarctic Plateau (i.e. diver-
gence; see Fig. 2); or (4) random spherical harmonic functions for
the two velocity components each with randomly generated order
in latitude for vθ and in longitude for vφ .

The Laplace (real valued) spherical harmonics are simulated
with random orientation to the Earth’s geographic poles. The de-
gree of the harmonics is assumed to be a random integer be-
tween 18 and 36 for both the latitudinal and longitudinal veloc-
ity components, corresponding to a correlation length-scale of 5◦–
10◦. Each spherical harmonic order is also sampled with equal
weighting to include a mix of zonal, sectoral and tesseral vari-
ability. These assumptions ensure vectors are correlated on the or-
der of a few degrees (the characteristic length-scale assumed for
the GIA field) whilst maintaining a quasi-random field across the
broader continent. The velocity field is simulated for 5000 ran-
dom variations in the degree, order and orientation of the spherical
harmonics.

3.1 Unweighted regression analysis

The unweighted regression is applied to the four simulated data sets
of horizontal velocities (constructed as above) for the locations of 36
East Antarctic GPS stations. The recovered ‘GIA’ fields, separated
from the plate motion, are shown in Fig. 2. If the added ‘GIA’ fields
are entirely parallel, Fig. 2(a), or entirely normal (b) to the rotation
about the Euler pole then it is not possible to separate this signal
from the plate rotation (any inferred plate rotation will be shifted
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Figure 2. Unweighted regression: a comparison of simulated (solid brown) and recovered (dashed green) velocities for various contrived geometries of a small
‘GIA’ signal in the presence of a larger plate rotation signal at 36 sites in East Antarctica. The difference between the recovered and simulated velocity vectors,
that is the error in the recovered ‘GIA’ signal, is also shown (black). Velocities are simulated for the ‘GIA’ assuming they are (a) in the direction of curl around
the Euler pole; (b) normal to the curl around the Euler pole, (c) in the direction of a divergence field centred on Dome A, and (d) randomly generated spherical
harmonic functions for the two velocity components. The location of Dome A is shown by a filled grey circle and the approximate location of the Transantarctic
Mountains with a curved grey line. These simulations assume the Euler pole parameters of Wei-Ping et al. (2009).

Table 1. Recovered and residual ‘GIA’ velocity vectors (calculated as the difference between the recovered and simulated signal) for the unweighted and
areal-weighted LSR. The ‘GIA’ velocities are calculated for simulated vectors directed either: (a) following the rotation about the Euler pole (i.e. curl); (b)
normal to the rotation about the Euler pole; (c) radially outwards from Dome A on the Antarctic Plateau (i.e. divergence); or (d) from randomly generated
spherical harmonic functions for the two velocity components (Figs 2 and 3). The recovered and residual velocities are also included for two physically based
simulations of the GIA vector field; the tabled values are scaled for a median simulated signal of 1 mm yr−1 for consistency with our modelling (Fig. 4). The
median magnitude of the simulated ‘GIA’ vectors in each velocity field is 1 mm yr−1. The median and 16th/84th percentiles of the recovered and residual
velocity fields are shown. The methods with well-recovered signals and minimal residuals are highlighted in bold.

GIA velocity recovered (mm yr−1) GIA velocity residuals (mm yr−1)

Unweighted LSR Weighted LSR Unweighted LSR Weighted LSR

Curl about Euler Pole 0 0 1.00 +0.03
−0.33 1.00 ± 0.53

Normal to curl velocity 0.17+0.35
−0.03 0.57 ± 0.24 0.86 ± 0.01 0.75 ± 0.01

Divergence from Dome A 0.45+0.83
−0.08 1.00 ± 0.50 0.57 ± 0.01 0.35 ± 0.01

Random spherical
harmonics

0.67+0.47
−0.31 0.87 ± 0.33 0.46 ± 0.21 0.31 ± 0.19

4 mm grain, wet rheology 0.26+0.42
−0.09 0.42+0.81

−0.32 1.16+0.01
−0.22 0.83 ± 0.43

10 mm grain, wet rheology 0.27+0.62
−0.36 0.30+1.10

−0.03 0.98+0.05
−0.12 0.86 ± 0.15
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Figure 3. Areal-weighted regression for the simulated ‘GIA’ signals investigated in Fig. 2; see the caption to that figure for further description. The East
Antarctic stations are weighted by the inverse of the local number density, as shown in Fig. 1.

Figure 4. Effectiveness of the areal-weighted regression on two physically based simulations of the GIA signal in East Antarctica. GIA horizontal velocities
are simulated using the W12 ice model based on the S40RTS seismic model for a wet rheology assuming: (a) 4 mm grain size, and (b) 10 mm grain size. These
simulations assume the Euler pole parameters of Wei-Ping et al. (2009). See the caption to Fig. 2 for further description.
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Table 2. Rotation rates and Euler poles for the Antarctic Plate based on observational data using the areal-weighted and unweighted LSR, and a comparison
to results of other studies. The Euler pole parameters are further calculated using the areal-weighted LSR but assuming different correlation length-scales. The
columns are: Euler pole latitude, θε ; and longitude, φε ; angular velocity Cartesian components, ωx, ωy and ωz (anticlockwise about x, y and z axes is positive);
and Euler pole angular velocity, ω (anticlockwise about pole is positive). Statistical uncertainties are included at the 1σ confidence level.

Latitude Longitude Angular velocity

θε (◦N) φε (◦E) ωx (mas a−1) ωy (mas a−1) ωz (mas a−1) ω (◦ Ma−1)

Weighted LSR (5◦
length-scale)

55.04+0.65
−0.72 −126.17+0.93

−0.91 −0.232 ± 0.007 −0.318 ± 0.008 0.563 ± 0.022 0.191 ± 0.006

Unweighted LSR 57.59+0.38
−0.37 −127.15+0.35

−0.34 −0.253 ± 0.002 −0.334 ± 0.002 0.661 ± 0.009 0.217 ± 0.002
Argus et al. (2014) 59.876 −127.277 – – – 0.2178
Altamimi et al. (2012) – – −0.252 ± 0.008 −0.302 ± 0.006 0.643 ± 0.009 0.209 ± 0.003
Wei-Ping et al. (2009) 58.69 ± 0.3 −128.29 ± 0.4 – – – 0.224 ± 0.01
Altamimi et al. (2002) 61.8 −125.6 – – – 0.23 ± 0.02
Sella et al. (2002) 58.5 ± 1.6 −134 ± 1 −0.295 ± 0.001 −0.306 ± 0.001 0.693 ± 0.006 0.23 ± 0.01
Weighted LSR (2.5◦
length-scale)

55.95+0.51
−0.53 −125.55+0.68

−0.68 −0.234 ± 0.005 −0.327 ± 0.005 0.596 ± 0.015 0.199 ± 0.004

Weighted LSR (7.5◦
length-scale)

54.90+0.82
−0.90 −126.14+1.05

−0.98 −0.232 ± 0.008 −0.319 ± 0.009 0.561 ± 0.028 0.191 ± 0.007

Weighted LSR (10◦
length-scale)

55.24+0.82
−0.86 −125.72+0.98

−0.95 −0.230 ± 0.007 −0.320 ± 0.009 0.567 ± 0.026 0.192 ± 0.007

Figure 5. Variance–covariance matrices for the fitted motion of the Antarctic Plate expressed as confidence ellipses at the 1σ level. The variance–covariance
ellipses for motion parametrized in terms of rotation about an Euler pole (i.e. θε , φε , ω) are shown in the top three subfigures; the variance–covariance ellipses
for motion parametrized in terms of rotation about the three Cartesian axes (i.e. ωx, ωy, ωz) are in the bottom three subfigures. Each subfigure includes fits for
the areal-weighted (red) and unweighted (pink) regressions; see the caption to Fig. 6.

accordingly). The ‘GIA’ component at a given station can always
be interpreted as rotation about some Euler pole, but it is only in
the special case of highly correlated signals (as above) that these
Euler poles converge to a common location, exactly as expected for
a rigid plate. For the field aligned with the divergence from Dome A
(c), the recovered ‘GIA’ velocities capture approximately half of the
simulated magnitudes, however, the residuals of median magnitude
∼0.57 mm yr−1 (see Table 1) all show a direction approximately
parallel to the 20th meridian east. This suggests the regression has
incorrectly assumed some of the ‘GIA’ velocity field results from the
rotation of the Antarctic continent about an Euler pole. This arises
from the concentration of GPS locations along the Transantarctic
Mountains in this simulation, which present a very asymmetric

distribution about the geometric centre of the divergence (i.e. Dome
A). The poorly recovered (too small) ‘GIA’ velocities at any cluster
of stations leads to the residuals at these sites pointing directly
towards centre of divergence.

When the ‘GIA’ signal is taken from randomly generated spher-
ical harmonic functions for the two velocity components, the
‘GIA’ signal is similarly only half recovered (typical residuals of
∼0.46 mm yr−1; Table 1) from the simulated vector field, Fig. 2(d).
The recovered ‘GIA’ velocities are again biased by the large number
of GPS sites clumped along the Transantarctic Mountains; by con-
struction these have a moderate correlation between their simulated
‘GIA’ velocities, with a sizable component directed approximately
parallel to the 100th meridian west. The similar direction of these
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Figure 6. Location of the (antipodal) Euler pole of the Antarctic Plate calculated from the observational data used in this work for both the areal-weighted (red)
and unweighted (pink) regressions. Confidence ellipses are shown at the 1σ level including the covariance between the latitude and longitude. The unfilled red
ellipses show the location of the Euler pole for the areal-weighted LSR assuming different correlation length-scales (see Table 2). The location of the Euler
pole derived by other authors in the literature is shown for comparison (see the figure caption); these measurements do not report covariances whilst those with
no quoted uncertainties are shown as crosses.

vectors leads the regression to explain some of the ‘GIA’ field at
this location as plate rotation; much smaller residuals are obtained
when only including measurements from across the remainder of
East Antarctica. By contrast, the typical plate rotation velocities of
between 10 and 15 mm yr−1 have fractional errors of approximately
5 per cent for these last two fields.

3.2 Areal-weighted regression analysis

The regression analysis undertaken in the previous section for the
four simulated ‘GIA’ vector fields is repeated but with each station
weighted by the local number density (Fig. 3). The ‘GIA’ veloc-
ities are poorly recovered for the simulated fields parallel to the
rotation about the Euler pole, Fig. 3(a). By contrast, the (weighted)
median residuals for the velocity field normal to the rotation of
the Euler pole (b) have reduced in magnitude by 12 per cent rel-
ative to the unweighted regression (see Table 1). However, cau-
tion should be used in the interpretation of this result as the
simulated ‘GIA’ velocities tend to be smaller away from the clus-
ter of sites along the Transantarctic Mountains (i.e. the highest
magnitude vectors are downweighted in the regression, poten-
tially leading to less signal being incorrectly explained as plate
rotation).

The ‘GIA’ signal simulated for velocities aligned along the di-
vergence field centred on Dome A (c) are now largely recovered
(magnitudes almost completely recovered), with their residuals re-
duced by 38 per cent. These vectors are now directed approximately
parallel to the 110th meridian west (previously parallel to the 20th
meridian east) since the distribution of stations only form a partial
circle about Dome A; that is none of the ‘GIA’ vectors point towards
the western hemisphere so the regression fits part of the vector field
(towards the 70th meridian east) as plate rotation. The ‘GIA’ signal
is also mostly recovered when the simulated ‘GIA’ vector field at
each station is taken from randomly generated spherical harmonics
for the two velocity components (d). Specifically, the weighted me-
dian recovered ‘GIA’ velocity vector is within 13 per cent of the
simulated magnitude, whilst the median residual (including errors

in direction) is 0.31 mm yr−1, or approximately 31 per cent. These
residuals lead to errors in the plate rotation velocities (typically
10–15 mm yr−1) of 2–3 per cent.

The areal-weighted regression more accurately recovers the sim-
ulated ‘GIA’ velocities, that is separates the plate rotation and ‘GIA’
signals, compared to the unweighted regression analysis by avoiding
the introduction of bias, notably from the 25 correlated GPS stations
along the Transantarctic Mountains. Neither technique can separate
the ‘GIA’ and plate rotation signals when the GIA vectors are highly
correlated across the continent. However, if the ‘GIA’ velocities at
each station are sufficiently uncorrelated the unweighted regression
recovers velocities with residuals greater than 45 per cent of the
simulated magnitude whilst the weighted regression has residuals
less than 35 per cent of the magnitude of the original vector field.
The recovered ‘GIA’ velocities, and their residuals, obtained for
each simulated vector field and using both regressions are shown in
Table 1.

The ability of the weighted regression to recover physically based
GIA simulations is also tested (Table 1 and Fig. 4). Two of these
physically based GIA models (discussed in Section 2.2.2) are shown
in Fig. 4; these both assume the S40RTS seismic model of Rit-
sema et al. (2011), a wet rheology, and either 4 or 10 mm grain
sizes. Importantly, the direction of the GIA vectors at individual
stations varies by as much as 180◦ between these two models so
they cannot be used to validate the output of our regressions on
actual data on a station-by-station basis. The residual velocity vec-
tors for both models are approximately 80 per cent of the sim-
ulated magnitude, whilst the recovered signal is between 30 and
42 per cent; that is these simulated signals would be poorly re-
covered and not detectable above the systematic uncertainties. This
primarily results from the large asymmetry in GIA magnitudes
between the Ross Sea stations and those in coastal East Antarc-
tica. However, these physically based models all predict a median
GIA horizontal velocity in East Antarctica of between 0.6 and
1.15 mm yr−1 (typically 0.9 mm yr−1) with no signals exceeding
2 mm yr−1. Measurements of the actual GIA velocity field (using
our regression analysis) can rule out these asymmetric GIA fields if

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/222/3/1555/5849008 by guest on 09 April 2024



Separation of horizontal GPS station velocities 1563

Figure 7. Best-fitting horizontal velocities due to the rotation of the Antarctic Plate (solid blue) and GIA (dashed green) at sites around the Antarctic continent.
The fits are made using only the measurements from East Antarctic stations (black unfilled circles). Fits using the unweighted regression are shown in (a) and
(b), whilst (c) and (d) are for the areal-weighted regression.

the observed field strength exceeds that which can theoretically be
recovered.

4 S E PA R AT I O N O F V E L O C I T Y
C O M P O N E N T S F RO M O B S E RV E D DATA

The Monte Carlo regression analysis technique described in Sec-
tion 2.2.1 is applied to the measured horizontal velocities from 36
GPS station sites across East Antarctica. This application to actual
data aims to inform the separation of signals relating to the plate
rotation and local components, attributed to GIA, and we provide
an appraisal of the uncertainty in the resulting velocities.

The best-fitting values for the rotation rate of the Antarctic Plate
and the location of the Euler pole are listed in Table 2 for both
the unweighted regression and areal-weighted regression (weight-
ing each station by the local number density of GPS stations; see
Section 3.2). The corresponding variance–covariance matrices are
represented graphically in Fig. 5. The angular velocity, and the
latitude and longitude of the Euler pole, fitted using these two tech-
niques are inconsistent with each other at the 2σ level differing by
2.5◦ in latitude, 1◦ in longitude and approximately 10 per cent in
rotation rate. Our plate motion fitted using the unweighted LSR is

also broadly in agreement with the findings of other authors in the
literature (e.g. Larson et al. 1997; Sella et al. 2002; Altamimi et al.
2002; Wei-Ping et al. 2009; Argus et al. 2014; Ghavri et al. 2015,
these are also included in Table 2 and shown in Fig. 6), though
all parameters unsurprisingly differ more significantly when fitted
using the weighted regression. Specifically, the weighted Euler pole
lies 380–750 km further off the East Antarctic coast whilst its rota-
tion rate is 13–17 per cent slower. The motion of the Antarctic Plate
is also parametrized in Table 2 in terms of rotation rates about the
three Cartesian coordinate axes; the variance–covariance matrices
are again shown in Fig. 5 and tabulated in Supporting Information
C. The z-component of the rotation rate in our areal-weighted LSR is
again 13–15 per cent slower than for both the unweighted LSR and
the fits of other authors (e.g. Altamimi et al. 2012). These results
suggest that the Euler pole parameters derived by these other authors
may be somewhat biased by an asymmetric geometric distribution
of stations (see Section 5.1).

The stability of the Euler pole parameters to moderate changes
in the correlation length-scale from our assumed value of 5◦ is also
explored (Figs 5 and 6, and Table 2); we find both the location and
rotation rate are consistent at the 1σ level for length-scales between
at least 2.5◦ and 10◦. The behaviour of the areal-weighted regression
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Table 3. Local velocity vectors at each of the 36 GPS sties in East Antarctica. The station code is listed in the first column, the latitude and longitude in the
second and third column, the north, east and radial components of the vectors in the fourth through sixth columns, and the direction of the best-fitting vector is
included in the final column. Vector component velocities shown in bold are significant at the 2σ confidence level.

GIA velocity components (mm yr−1)

Station Latitude (◦N) Longitude (◦E) North East Magnitude Direction

A368 −74.2906 66.7922 0.08 ± 0.82 − 0.73 ± 0.32 0.74 ± 0.89 277◦
ABOA −73.0438 −13.4072 − 0.10 ± 0.43 0.46 ± 0.42 0.47 ± 0.64 102◦
BHIL −66.2510 100.5990 1.26 ± 0.81 1.49 ± 0.60 1.95 ± 1.06 51◦
BRIP −75.7957 158.4691 − 0.57 ± 0.39 1.34 ± 0.43 1.46 ± 0.61 113◦
BURI −79.1475 155.8941 − 0.57 ± 0.36 0.88 ± 0.39 1.05 ± 0.56 123◦
CAS1 −66.2834 110.5197 0.81 ± 0.42 − 0.24 ± 0.29 0.85 ± 0.54 344◦
CONG −77.5346 167.0855 0.46 ± 0.48 2.93 ± 0.57 2.96 ± 0.79 82◦
COTE −77.8059 161.9979 − 0.45 ± 0.37 1.40 ± 0.42 1.47 ± 0.59 108◦
DAV1 −68.5773 77.9726 − 0.35 ± 0.43 − 0.10 ± 0.26 0.36 ± 0.53 196◦
DEVI −81.4767 161.9771 − 0.62 ± 0.38 1.01 ± 0.40 1.19 ± 0.58 122◦
DUM1 −66.6651 140.0019 − 0.20 ± 0.44 − 0.12 ± 0.45 0.24 ± 0.66 212◦
E1G2 −77.5304 167.1396 1.11 ± 0.52 1.60 ± 0.50 1.94 ± 0.77 56◦
FIE0 −76.1446 168.4235 − 0.30 ± 0.50 1.69 ± 0.54 1.72 ± 0.78 100◦
FLM5 −77.5327 160.2714 − 0.81 ± 0.38 1.19 ± 0.40 1.43 ± 0.59 124◦
FTP4 −78.9277 162.5647 − 0.52 ± 0.36 1.26 ± 0.41 1.36 ± 0.57 112◦
HOOZ −77.5316 166.9326 − 0.67 ± 0.44 1.73 ± 0.52 1.85 ± 0.72 111◦
IGGY −83.3072 156.2498 − 0.85 ± 0.40 0.82 ± 0.38 1.18 ± 0.59 136◦
LEHG −77.5106 167.1411 − 2.87 ± 0.68 1.26 ± 0.48 3.14 ± 0.87 156◦
LWN0 −81.3459 152.7316 − 0.41 ± 0.43 0.40 ± 0.38 0.58 ± 0.60 136◦
LXAA −71.9466 23.3462 − 0.28 ± 0.42 − 0.40 ± 0.46 0.49 ± 0.67 235◦
MACG −77.5326 167.2466 − 0.10 ± 0.37 0.59 ± 0.45 0.60 ± 0.62 99

◦

MAW1 −67.6048 62.8706 − 0.17 ± 0.39 − 0.03 ± 0.23 0.17 ± 0.48 190◦
MCM4 −77.8384 166.6693 − 0.64 ± 0.44 2.02 ± 0.49 2.11 ± 0.70 108◦
MCMC −77.8384 166.6693 − 0.56 ± 0.34 1.67 ± 0.41 1.76 ± 0.55 109◦
MCMD −77.8384 166.6693 − 0.55 ± 0.35 1.65 ± 0.43 1.74 ± 0.58 108◦
MIN0 −78.6503 167.1637 − 0.36 ± 0.42 1.42 ± 0.53 1.46 ± 0.72 104◦
NAUS −77.5219 167.1472 − 2.41 ± 0.57 1.43 ± 0.45 2.80 ± 0.77 149◦
RAMG −84.3384 178.0471 − 0.69 ± 0.36 1.06 ± 0.38 1.27 ± 0.55 123◦
ROB4 −77.0345 163.1901 − 0.57 ± 0.35 1.39 ± 0.42 1.51 ± 0.58 112◦
SCTB −77.8490 166.7579 − 0.18 ± 0.42 1.36 ± 0.52 1.37 ± 0.71 98◦
SVEA −74.5760 −11.2252 2.28 ± 0.60 1.47 ± 0.41 2.71 ± 0.77 34◦
SYOG −69.0070 39.5837 − 0.07 ± 0.30 0.21 ± 0.38 0.22 ± 0.50 108◦
TNB1 −74.6988 164.1029 − 0.61 ± 0.42 1.36 ± 0.46 1.49 ± 0.66 114◦
TNB2 −74.6990 164.1028 − 0.60 ± 0.41 1.28 ± 0.49 1.42 ± 0.68 115◦
VESL −71.6738 −2.8418 0.31 ± 0.43 0.33 ± 0.38 0.45 ± 0.60 47◦
WHN0 −79.8457 154.2202 − 0.65 ± 0.44 0.48 ± 0.39 0.80 ± 0.62 143◦

converges to that of the unweighted regression as the length-scale
shrinks to comprise only a single station, or enlarges to contain all
stations.

The local velocity field estimated from the measured horizon-
tal velocities upon subtracting the best-fitting plate rotation, based
on both unweighted and areal-weighted regression, is shown in
Fig. 7. The local velocities for individual stations using the areal-
weighted regression are included in Table 3. The velocities along the
Transantarctic Mountains are (incorrectly) biased in the unweighted
fit to have approximately random directions (since their correlated
local velocities are fitted as plate rotation), whereas the weighted
regression consistently fits velocities pointing towards the Ross Sea.
The velocity field across the rest of East Antarctica also shows a
slight preference to be directed outwards towards the coast for both
fitting techniques. The horizontal velocities due to the rotation of
the Antarctic Plate are also shown in Fig. 7, however these vector
fields are largely indistinguishable from each other as expected (e.g.
relative magnitudes of the fields in Peltier et al. 2015).

The (weighted) median magnitude of the local velocity vectors
found using the areal-weighted regression is 0.80+0.09

−0.06 mm yr−1,
whilst the maximum velocity is 3.14 ± 0.87 mm yr−1. These are

comparable to or higher than expected by physically based sim-
ulations of the GIA signal in the range 0.6–1.15 mm yr−1 (Sec-
tion 2.2.2). The majority of the GIA signal measured by the actual
GPS stations must therefore be recovered by the signal separation
technique; that is if recovered local velocities only capture a small
fraction of the actual signal we would expect GIA velocities much
greater than 0.8 mm yr−1. These high levels of signal recovery are
only possible if the local velocities are uncorrelated on large length-
scales (e.g. following a divergent pattern or random spherical har-
monics, see Section 3.2). The systematic error in fitting the local
component of the signal using our regression analysis is therefore
at most 0.28 mm yr−1 (i.e. approximately 35 per cent for divergence
from Dome A, as discussed in Section 3.2), though is likely less if
the signal is less correlated than this worst case scenario. We assume
the systematic uncertainty in our method is that simulated for the
‘more general’ random spherical harmonics of 0.25 mm yr−1 (i.e.
approximately 31 per cent).

The uncertainties on the local velocities provided in Table 3
include both measurement uncertainties and, as above, the sys-
tematic errors expected from the signal separation analysis. The
measurement uncertainties in the local velocities, calculated using
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Figure 8. The statistical uncertainties in the local velocities derived assuming the weighted regression which corrects for the local number density of stations.
The radius of the circles are plotted at the same scale as the vectors and measure the magnitude of the 1σ uncertainty in the length and direction of the
velocity vectors from their best-fitting values. The vectors and confidence ellipses are shown in black for stations with GIA signals above the measurement and
systematic uncertainties at the 2σ level; and other stations are shown in a lighter grey. A close-up image of the cluster of GPS stations along the Transantarctic
Mountains is shown in the right-hand panel with vectors drawn to the same scale as in the left-hand panel.

Table 4. Theoretical systematic errors (i.e. residuals from 5000 simulated vector fields using random spherical har-
monics) in the ‘GIA’ signal arising from various station configurations across the solid Antarctic continental plate.
Station distributions are taken from previous plate rotation and GIA studies in the literature. The GPS station in the
Kerguelen Islands is isolated from the other East Antarctic sites and may thus be an influence point in the fitting of
the plate rotation. The residuals are therefore calculated both with and without this station included in the simulations.
These statistics should not be used to compare measurements by these authors; we have not considered factors including
the quality of their GPS measurements and whether their sites are located on the rigid plate.

GIA velocity residuals (mm yr−1)

GPS station count East Antarctica EA + Kerguelen

This work 36 (or 11.85 effective) 0.31 ± 0.19 0.29 ± 0.18
Argus et al. (2014) 23 (or 10.98 effective) 0.32 ± 0.20 0.30 ± 0.18
Wei-Ping et al. (2009) 10 (or 7.42 effective) 0.37 ± 0.22 0.34 ± 0.20
Altamimi et al. (2002) 3 0.62 ± 0.36 0.49 ± 0.30
Sella et al. (2002) 6 (or 5.95 effective) 0.41 ± 0.24 0.36 ± 0.23

the Monte Carlo simulation for the weighted regression, are also
shown in Fig. 8. The weighted regression produces an approxi-
mately uniform distribution of measurements uncertainties in the
GIA horizontal velocities. Non-zero velocities (assuming both mea-
surement and sysmtematic uncertainties) are fitted for 72 per cent
of the GPS stations at the 1σ level and 58 per cent and for the higher
2σ confidence level. A higher fraction of stations have significant
east-west components of their local velocities: 81 per cent at the 1σ

level and 69 per cent for 2σ confidence. The GPS stations with 2σ

GIA velocity detections are mostly located along the Transantarctic
Mountains, though the Svea Research Station is the notable excep-
tion. A368 and BHIL have a single velocity component significant
at the 2σ level.

5 D I S C U S S I O N

5.1 Station configuration

The importance of the distribution and number of GPS stations
is explored by repeating the areal-weighted regression analysis

outlined in Section 3 for station configurations used by previous
GIA or plate rotation studies. We calculate the median residual be-
tween the recovered and simulated ‘GIA’ vector field (simulated
using random spherical harmonics) for the various stations distri-
butions on the East Antarctic plate discussed in the literature. The
areal-weighted approach not only provides a lower noise estimate
of the local velocities, but also derives the effective number of in-
dependent stations in the separation of the GIA and plate rotation
signals. Altamimi et al. (2002), Sella et al. (2002) and Wei-Ping
et al. (2009) include between 3 and 10 East Antarctic GPS stations
in their analysis, corresponding to effective counts of less than 7.5
independent stations (Table 4). The station configurations used by
Argus et al. (2014), and in this work, have effective counts of 10.98
and 11.85 stations, respectively.

The variation in the velocity residuals between configurations is
expected to largely result from the change in this number of inde-
pendent stations (see Fig. 9). The theoretically expected residual
velocity at each station for an uncorrelated signal on large length-
scales is δv = 1/

√
N mm yr−1, where N is the effective number of

independent stations. The residuals simulated for the station con-
figuration used in this work are consistent with this equation (albeit
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Figure 9. The expected range of (median magnitude) residual velocities
simulated for the station configuration in this work and those used by other
authors in the literature as a function of the effective number of stations. The
median and 16/84th percentiles of the distribution of (median magnitude)
residual velocities from the 5000 Monte Carlo simulations are shown for
each station configuration in East Antarctica (filled circles/solid error bars;
colour code described in legend), and also with the inclusion of Kerguelen
(unfilled circles/dashed error bars). The theoretical expected residual when
fitting a randomly varying signal using an increasing number of stations
(solid grey line) is shown for comparison.

the median is 6 per cent higher, and the rest of distribution similarly
shifted) when using the areal-weighted regression. By contrast, the
unweighted regression has residual velocities 51 per cent greater
than for the weighted regression, and 206 per cent greater than the
theoretical expectation for 36 isolated stations. The median veloc-
ity residuals obtained for the station configurations used by Argus
et al. (2014), Wei-Ping et al. (2009), Altamimi et al. (2002) and
Sella et al. (2002) are also consistent with the expected relationship
when using the weighted regression.

The systematic uncertainty increases greatly with poor spatial
sampling due to diminishing confidence in the separation of the
tectonic and non-tectonic components of the signal. The simula-
tions undertaken in this work show this uncertainty in the recovered
velocity vectors decays from a maximum value (e.g. 1 mm yr−1)
exponentially with increasing station count. The function reaches a
practical limit of diminishing returns (i.e. approaches its asymptotic
value) when the total residual falls below a median of 0.2 mm yr−1

(assuming a median GIA signal of 1 mm yr−1), corresponding to
an effective station count of 25. For continent-wide studies of East
Antarctica, there is therefore an imperative to install 15–20 further,
widely spaced, GPS stations to reach this target effective station
count. The chosen station configuration of course must also con-
sider practicalities such as the location of bedrock; this is possible
even in the ice-covered Antarctic continent where the are a reason-
able number of rocky outcrops with no current GPS instrumentation
(Cox et al. 2019). GPS stations in addition to this number would
naturally be of benefit to the ongoing study of both vertical and hori-
zontal motions in regions with large variation in their topographical
expression and/or likely neotectonic activity.

5.2 Station velocities from outlying locations

The Kerguelen Islands, and several other sub-Antarctic islands, have
GPS stations sited on the Antarctic Plate but which are potentially
less affected by GIA. However, the inclusion of GPS sites at lower

latitudes makes the station distribution highly asymmetric and thus
their effect on our regression techniques must be carefully consid-
ered. Argus et al. (2014) include Kerguelen and Marion Island to
obtain their measurement of the GIA signal in Antarctica, whilst
most previous authors only include Kerguelen. The Kerguelen Is-
lands formed through intraplate volcanic processes but have had no
eruptive volcanic events in recorded history (Ballestracci & Nougier
1984; Hodgson et al. 2014). Meanwhile, the glacial history is less
well constrained with studies suggesting the main island was com-
pletely covered at the Last Glacier Maximum (Hall & Visser 1984)
whilst others suggest glaciation was limited at this time (Nougier
1972), potentially supported by the minimal present-day isostatic
rebound (Testut et al. 2006). However, recent rapid deglaciation,
possibly linked to increased temperature and decreased precipita-
tion (Frenot et al. 1993), has decreased the total ice extent on the
archipelago from 703 to 552 km2 between 1963 and 2001 (Berthier
et al. 2009; Verfaillie et al. 2015). In contrast, Marion Island is
formed by the peaks of an active (eruptions in 1980 and 2004) un-
derwater intraplate shield volcano (McDougall et al. 2001; Hodg-
son et al. 2014). Marion Island, and other sub-Antarctic islands,
will therefore be not be considered further since their signals will
very likely be impacted by local neotectonic or volcanic processes.

We assess the influence outlying stations have on the recovery of
the GIA signal by comparing theoretically derived velocity residuals
both with and without the inclusion of the Kerguelen GPS station
(Table 4). We find the residual velocities are largely unchanged
with the inclusion of Kerguelen for the station distribution used in
this work, but reduced for the sparser station configurations used
by other authors. This improvement is greater than that expected
from the increase in station count for the three sparsest station
distributions considered (3–8 per cent), and for the unweighted
regression applied in this work (5 per cent; see Fig. 9). That is, the
inclusion of the distant Kerguelen station provides more leverage
in the plate rotation fit than the addition of a site elsewhere on the
Antarctic continent.

The sensitivity of residual velocities to the inclusion of Kerguelen
is also tested using the measured GPS horizontal velocities. We find
the non-plate rotation component of the signal at Kerguelen is 1.14
± 0.51 mm yr−1 directed south-east. This relatively large GIA signal
(top third of measurements) at an isolated station could bias the fitted
plate motion. The angular velocity of the plate rotation increases by
0.01◦ Ma−1 and the Euler pole shifts by approximately 1◦ in both
latitude and longitude with the inclusion of Kerguelen (Table 5).
The local velocities at the other stations are correspondingly subject
to moderate changes in magnitude and direction, but the stations
identified as having detectable GIA signals remains unchanged.

5.3 Sites affected by post-seismic deformation

DUM1 is known to show persistent localized post-seismic defor-
mation following the Mw = 8.1 earthquake in 1998, some 600 km
northeast of the station along the Macquarie Ridge Complex (King
& Santamarı́a-Gómez 2016). Numerous other large seismic events
have occurred along the Macquarie Ridge in the decades prior to
1998, but none have matched the magnitude and proximity to the
Antarctic coast (Watson et al. 2010). There are only episodic GPS
measurements at DUM1 at that epoch, so we instead use observa-
tions from DORIS to provide a baseline estimate of the horizontal
velocities prior to the earthquake.

We consider the effect of including sites affected by post-seismic
deformation (i.e. DUM1) either by using: (1) measurements from
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Table 5. Rotation rates and Euler poles calculated from observational data for the Antarctic Plate using the weighted LSR including: (1) all East Antarctic GPS
stations but using DORIS at DUM1 (best case); (2) all East Antarctic stations except for DUM1; (3) all East Antarctic stations with ‘incorrect’ post-seismic
GPS data at DUM1; or (4) both Kerguelen and the East Antarctic stations. The Euler pole parameters of Argus et al. (2014) and Wei-Ping et al. (2009, both
derived using KERG) have also been provided for comparison with our fit including Kerguelen. The columns are the same as for Table 2.

Latitude Longitude Angular velocity

θε (◦N) φε (◦E) ωx (mas a−1) ωy (mas a−1) ωz (mas a−1) ω (◦ Ma−1)

East Antarctica 55.04+0.65
−0.72 −126.17+0.93

−0.91 −0.232 ± 0.007 −0.318 ± 0.008 0.563 ± 0.022 0.191 ± 0.006
EA (excl. DUM1) 55.07+0.64

−0.66 −126.24+0.93
−0.93 −0.231 ± 0.008 −0.316 ± 0.008 0.560 ± 0.024 0.190 ± 0.007

EA (GPS at DUM1) 56.15+0.55
−0.57 −126.61+0.86

−0.89 −0.232 ± 0.007 −0.318 ± 0.007 0.563 ± 0.022 0.201 ± 0.006
EA + Kerguelen 56.60+0.42

−0.44 −126.26+0.81
−0.82 −0.238 ± 0.006 −0.324 ± 0.007 0.609 ± 0.017 0.203 ± 0.005

Argus et al. (2014) 59.876 −127.277 – – – 0.2178
Wei-Ping et al. (2009) 58.69 ± 0.4 −128.29 ± 0.3 – – – 0.224 ± 0.01

before the major seismic event (i.e. using pre-1998 DORIS data, as
throughout our results); (2) measurements from after the seismic
events (i.e. using 2009–2017 GPS measurements); or (3) remov-
ing the station from the analysis. The fitted tectonic plate motions
for each of these scenarios is shown in Table 5. The rotation rate
and location of the Euler pole are consistent (differ in the third or
fourth significant figure) when using pre-1998 horizontal velocities
or excluding the station from the analysis; that is the DORIS veloc-
ities measured before the seismic event are consistent with the plate
motion fitted using the other stations. By contrast, the post-seismic
horizontal velocities contain a sizable non-tectonic signal, biasing
the fitted plate motion significantly. The latitude and longitude differ
by 1.1◦ and 0.4◦, respectively, though this is within formal errors,
whilst the rotation rate is inconsistent at the 2σ level. Considera-
tion must therefore be given to which stations may be affected by
post-seismic deformation, and either removed or use measurements
prior to the seismic event.

The post-seismic deformation at DUM1 can be measured directly
using the (2009–2017) GPS derived horizontal velocity vector, and
the tectonic plate motion derived for the Antarctic continent us-
ing the 35 other stations. The post-seismic velocity vector at Du-
mont d’Urville (DUM1) is vtot = −12.36eθ + 7.52eφ mm yr−1,
whilst the fitted component due to plate rotation is v = −12.03eθ +
6.12eφ mm yr−1. Post-seismic deformation, and the much weaker
glacial rebound, thus leads to horizontal motion at DUM1 of 1.43
± 0.75 mm yr−1 directed at a bearing of 103◦. Eastward motion is
plausibly explained by the strike-slip mechanism on an east-west
fault plane (Nettles et al. 1999; King & Santamarı́a-Gómez 2016).

6 C O N C LU S I O N

We have demonstrated that an areal-weighted regression, using an
increased number of stations, is a well-posed approach for the sep-
aration of plate rotation and more local components of horizontal
GPS stations velocities, such as that due to GIA. Our approach
takes into account likely correlation length-scale and quantifies the
systematic errors in fitting plate rotation in the presence of a strong
GIA signal. A careful appraisal of error propagation using a Monte
Carlo approach allows the identification of stations with local hor-
izontal components that may be regarded as significant. As a case
example, we provide a list of local velocity vectors for GPS station
sites in East Antarctica, noting that 25 of which are significant at the
2σ confidence level for the data available at the time of calculation.
These can be used in ongoing GIA studies to inform models of the
local Earth rheology and deglaciation history.

The techniques discussed in this work can be applied in other
regions globally (e.g. Greenland, Europe and North America) to

constrain the signal from glacial rebound. We have made the code
used in our theoretical simulations publicaly available in the Sup-
porting Information. This code provides estimates of the residual
and recovered signal for a user-defined station configuration sited
on one of the major tectonic plates (and for any specified Euler pole
and rotation rate). The code may potentially be used in the opti-
mization of future additions to regional or continental scale GPS
deployments.
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Table S2. GPS station and velocity data for the 36 East Antarctic
sites. The station name, latitude, longitude and elevation are in-
cluded in the first four columns, followed by the northward and
eastward components of the horizontal velocities with 1σ measure-
ment uncertainties listed.
Table S3. Annual and semi-annual period terms derived using the
CATS v3.1.2 software for the northward component of the 36 GPS
stations in East Antarctica. The columns list the station name, am-
plitude of the cosine and sine terms for the annual period and
amplitude of the cosine and sine terms for the semiannual (0.5 yr)
period; measurement uncertainties are included at the 1σ level.
Table S4. Same as Fig. 3, but for the eastward component.
Table S5. Offsets derived using the CATS v3.1.2 software for the
relevant GPS stations in East Antarctica. The columns list the station

name, decimal year from when the offset is applied, and the north-
ward and eastward component of the offset; measurement uncer-
tainties are included at the 1σ level.

Table S6. Variance–covariance matrices for the motion of the
Antarctic Plate based on experimental data using the unweighted
LSR and areal-weighted LSR assuming different correlation length-
scales. The variances and covariances of the Cartesian com-
ponents of the angular velocity, ωx, ωy and ωz, have units
(mas a−1)2.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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