Ongoing postseismic vertical deformation of the Australian
continent from far-field earthquakes

Anna Riddell!, Matt King?, and Christopher Watson?

!Geoscience Australia,University of Tasmania
2University of Tasmania

November 24, 2022

Abstract

We use GPS observations to investigate the magnitude and spatial distribution of vertical coseismic and postseismic deformation
of the Australian continent and compare these with elastic and viscoelastic model outputs. We observe and model surface
deformation in Australia caused by six recent large far-field events: 2004 Mw 8.1 Macquarie Ridge, 2004 Mw 9.3 Sumatra-
Anderman, 2005 Mw 8.6 in northern Sumatra, the 2007 series of Mw 8.5 and 7.9 in southern Sumatra, two events in 2012 of Mw
8.6 and 8.2 in northern Sumatra, and the 2009 Mw 7.8 south of New Zealand. Observed vertical coseismic deformation reaches
3 mm, with the magnitude varying spatially and by earthquake in broad agreement with modelling of coseismic deformation.
Postseismic deformation is observed in all three coordinate components at Australian GPS sites nearest to these earthquakes,
with deformations reaching several mm/yr in the vertical over multiple years. In particular, the Sumatran sequence produces
observed subsidence in north-western Australia of up to 4 mm/yr over 2004.9-2010.0 where predictions based on one-dimensional
viscoelastic Earth models replicate the subsidence but underpredict the vertical rate by a factor of two. Across all earthquakes,
the models often fit one or two coordinate components of the observations, but rarely all three. Unmodeled lateral rheological
structure likely contributes to this given the difference between the oceanic location of the earthquakes and the Australian
continental setting of the GPS sites. The magnitude and spatial extent of these coseismic and postseismic deformations warrant

their consideration in future updates of the geodetic terrestrial reference frame.
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e Vertical postseismic deformation of the Australian continent, induced by large far-field
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* Predictions based on 1D viscoelastic Earth models replicate the subsidence but
underpredicts the vertical rate by a factor of two
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Abstract

We use GPS observations to investigate the magnitude and spatial distribution of vertical coseismic
and postseismic deformation of the Australian continent and compare these with elastic and
viscoelastic model outputs. We observe and model surface deformation in Australia caused by six
recent large far-field events: 2004 M,, 8.1 Macquarie Ridge, 2004 M,, 9.3 Sumatra-Anderman, 2005
M,, 8.6 in northern Sumatra, the 2007 series of M, 8.5 and 7.9 in southern Sumatra, two events in
2012 of M,, 8.6 and 8.2 in northern Sumatra, and the 2009 M,, 7.8 south of New Zealand. Observed
vertical coseismic deformation reaches 3 mm, with the magnitude varying spatially and by
earthquake in broad agreement with modelling of coseismic deformation. Postseismic deformation
is observed in all three coordinate components at Australian GPS sites nearest to these earthquakes,
with deformations reaching several mm/yr in the vertical over multiple years. In particular, the
Sumatran sequence produces observed subsidence in north-western Australia of up to 4 mm/yr over

2004.9-2010.0 where predictions based on one-dimensional viscoelastic Earth models replicate the
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subsidence but underpredict the vertical rate by a factor of two. Across all earthquakes, the models
often fit one or two coordinate components of the observations, but rarely all three. Unmodeled
lateral rheological structure likely contributes to this given the difference between the oceanic
location of the earthquakes and the Australian continental setting of the GPS sites. The magnitude
and spatial extent of these coseismic and postseismic deformations warrant their consideration in

future updates of the geodetic terrestrial reference frame.

1 Introduction

The conventional theory of plate tectonics suggests that earthquakes in their most simple form are a
result of the interaction between “rigid plates” (Mdller and Seton, 2015). Being located far from
active plate boundaries, continental Australia experiences infrequent large-magnitude seismicity,
and hence very little intraplate crustal deformation, aside from instantaneous deformation due to
large and far-field plate-boundary earthquakes. However, the complex stress fields at plate
boundaries results in far-field deformations that have been observed across Australia in the
horizontal coordinate component (e.g. Burbidge, 2004, Kennett and Blewett, 2012, Tregoning et al.,
2013). Recent geodetic evidence has shown that plate interiors globally are deforming horizontally
due to near and far-field earthquakes, both co-seismically and post-seismically, including Australia

(e.g. King and Santamaria-Gomez, 2016, Tregoning et al., 2013).

The Australian continent is located entirely within the Indo-Australian plate (Figure 1), which has
been formerly labelled as a ‘plate of extremes’ (Keep and Schellart, 2012) due to the complex plate
boundary interactions. The plate boundary includes the large converging mountain range on the
north-western margin (the Himalayas); one of the largest convergent subduction zones (Sunda
megathrust) located along the north-eastern boundary; and the inclusion of one of the fastest
subduction zones on Earth (the Tonga-Kermadec-Hikurangi zone) along the eastern boundary (Bevis
et al., 1995). The variety of plate boundary interactions provides various mechanisms for significant

numbers of earthquakes, some with very large magnitudes.



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

Geodetic studies have shown non-negligible horizontal coseismic and postseismic deformation of
Australia (Tregoning et al., 2013) but these have not yet been extended to consider the vertical
component of coseismic and postseismic deformation. The theoretical potential for cumulative
horizontal coseismic deformation in Australia was highlighted by Métivier et al. (2014) to be ~1 cm
over the period 1991.0 - 2011.0, but there are no observational studies that have focused on
vertical coseismic deformation in Australia. As a result of mega-earthquakes, Trubienko et al. (2014)
showed that the accumulated postseismic deformation values in the far-field (500 - 1500 km) of the
Sumatra 2004, Chile 2010 and Japan 2011 earthquakes could be as large as the coseismic offsets
after 3 - 4 years of deformation with a tendency towards subsidence, but did not investigate sites in

Australia.

The deformation of the Earth's crust and mantle after an earthquake is a function of the earthquake
magnitude, the rheological structure of the solid Earth, and the geometry and mechanism of the
fault failure (strike direction, dip, rake, length, location). Geodetic point positioning systems, such as
GPS, can provide time series of site locations suitable to monitor crustal dynamics in space and time
(Bock and Melgar, 2016). Combined with geodetic observations, viscoelastic modelling of
postseismic deformation provided insights into the rheological structure of the mantle and
asthenosphere. Tregoning et al. (2013) assessed the global horizontal deformation field of 15 great
earthquakes (M,, > 8.0) over the period 2000.0-2011.0 and the postseismic deformation observed in
a subset of Australian GPS time series, but only presented results for the horizontal coordinate
components. Watson et al. (2010) studied the vertical deformation of the 2004 Macquarie Island
event at the MAC1 site, showing substantial vertical deformation at this near-field site, but did not

consider vertical deformation at other locations further north.

Postseismic surface deformation changes the surface trajectory of a site relative to its pre-
earthquake velocity, which if un-modelled in the GPS time series can bias geophysical interpretation

that otherwise assumes secular motions (Altamimi et al., 2016, Hearn, 2003). In the realization of
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geodetic reference frames, like the International Terrestrial Reference Frame (ITRF), the GPS time
series are considered representative of observed surface motion and reflecting that motion in
models can be challenging given often poorly constrained fault parameters (Hearn et al., 2013).
Poorly constrained fault parameters are sometimes caused by the complexity of the fault geometry
or the remote location (and limited observation) of the earthquake event. Here we define transient
motion as a residual signal which is non-periodic and non-secular (e.g., Bedford and Bevis, 2018,
Walwer et al., 2016). Unmodelled deformations affect the accuracy of the terrestrial reference
frame, which is constructed from VLBI, SLR, GNSS and DORIS observations. Vertical postseismic
deformations, if identified, would need to be considered to meet the Global Geodetic Observing
System requirements of an accurate and reliable reference frame at the 1-millimetre level with the

desired goal of stability of 0.1 millimetres per year (Blewitt, 2015, Gross et al., 2009).

Globally, the dominant driver of vertical land motion over centuries to millennia is glacial isostatic
adjustment (GIA). Predictions of GlA-induced vertical land motion from different GIA models show
discrepancies at the level of up to a few millimetres per year globally (e.g., Ostanciaux et al., 2012),
but the magnitude of the signal across the Australian landmass is in the range of +0.5 mm/yr (Riddell
et al., 2020). In contrast, current GPS observations, spanning 15 years at a dozen permanently
operating sites in Australia suggest that the continent is subsiding at the rate of ~1.0 mm/yr
(Altamimi et al., 2016, Burgette et al., 2013, King et al., 2012, Santamaria-Gémez et al., 2012,
Schumacher et al., 2018). Pfeffer et al. (2017) compared land motion measured as a difference
between altimetry and tide gauge observations with predicted land motion from surface mass
loading and present day ice-mass changes showing significant disagreement at the level of 1-2
mm/yr, again suggesting increased subsidence around the Australian coastline from observations
compared to models. Pfeffer et al. (2017) attributed the difference between observed and predicted
rates of land motion to be linked to an assumption of continental tilt and dynamic topography (e.g.
Heine et al., 2010, Sandiford, 2007), which supports their finding of greater uplift rates in southeast

Australia. These differences between geodetic measurements and GIA models have, thus far, not
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been clearly attributed to a geophysical origin or systematic error (Riddell et al., 2020), but broad-

wavelength deformation, such as far-field postseismic motion could be a contributor.

In this paper, we investigate non-linear deformation induced by a selection of recent and historic
earthquakes, taking into consideration far-field effects from large plate boundary earthquake events
in the Australian region. Our focus is on the thus-unexplored vertical component but we also
consider the horizontal components of deformation. In this paper we consider a representative
selection of recent large earthquakes in various locations in the Australian region (northwest and
southeast of Australia). Time series from GNSS sites in the Australian AuScope network over the
period 2000.0-2019.0 are used (Figure 1, see also Table S1). We further extend the study backward
in time to consider the effects of large earthquakes pre-GPS on present-day deformation, based on

two events south of New Zealand.

2 Recent earthquakes and observed deformation in the Australian

region

To address the question of deformation of the Australian continent from far-field events we select
seven representative events, detailed in Table 1 and their locations shown in Figure 1. We do not
attempt to consider all events that have occurred in the geodetic period, rather we consider some of
the most significant plate boundary earthquakes over the time period 2004.0 - 2013.0. This time
period allows us enough data span and spatial density of GPS observations before and after each
earthquake to define changes in surface velocity associated with each earthquake. In the following

sections, we briefly detail each earthquake.

2.1 Puysegur Trench 1979 & 2009 (PT79, PT09)

The M,, 7.8 2009 event occurred off the west coast of the South Island of New Zealand (Figure 1) on
15 July at a depth of 12 km. The earthquake occurred along the boundary of the Indo-Australian and

Pacific plates and was the result of shallow thrust faulting. Faulting along this margin is
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accommodated by oblique convergence at the Puysegur Trench as the Indo-Australian plate
subducts beneath the Pacific plate (Beavan et al., 2010, Hayes et al., 2009, Hayes et al., 2017).
Estimates of fault depth, orientation and location suggested that the slip occurred on the subduction
thrust interface between the Indo-Australian and Pacific plates (Hayes et al., 2017). Maximum slip

estimates are 5-6 m over a subduction interface patch of 80 by 50 km (Beavan et al., 2010).

On 12 October 1979 a M, 7.4 event (Webb and Lowry, 1982) occurred in a similar location under
similar subduction circumstances to the 2009 event (Figure 1), showing active subduction on an east-
dipping thrust with a reverse faulting mechanism (Anderson et al., 1993). Approximately 110 km
separates the surface location of the 2009 and 1979 epicentres. The 1979 event predates the
commencement of the continuous GPS record in Australia (in 1996) by approximately 17 years and

the VLBI record by three years.

2.2 Macquarie Ridge 2004 (MI04)

On 23 December 2004, a M,, 8.1 earthquake occurred within the Indo-Australian plate on the
Macquarie Ridge (Figure 1). This event was the result of a rupture along a shallow left-lateral south-
southeast strike-slip fault with approximate dimensions of 140 km x 20 km (length x width) (Hayes et
al., 2017). Watson et al. (2010) provide a set of fault parameters derived using coseismic estimates
from GPS and seismic locations. These were then refined by Tregoning et al. (2013) using an updated

slip inversion and then further refined by King and Santamaria-Gémez (2016).

2.3 Sumatra-Anderman 2004 (SU04)

Three days after the MI04 event, on 26 December 2004, one of the largest earthquakes on record
(M, 9.3) occurred along the intersection of the India plate and the Burma microplate, rupturing
along a zone 1300 km in length. The event was as a result of thrust faulting (Hayes et al., 2017). Fault

rupture parameters are used from Banerjee et al. (2007) in a multi-block rupture model.



156 2.4 Northern Sumatra 2005 (SU05)

157  On 28 March 2005, a M,, 8.6 earthquake occurred 160 km to the south of the SU04 epicentre (Figure
158 1) as aresult of thrust faulting along the interface of the Australian and Sunda plates (Hayes et al.,
159  2017). The event had a maximum slip of ~12 m along a 360 km by 200 km (length x width) fault

160 patch (Banerjee et al., 2007). This earthquake is likely to have been the result of stress changes

161 following the SU04 event (Hayes et al., 2017).

162 2.5 Southern Sumatra 2007 (SU07)

163 The M, 8.5 event on 12 September 2007 occurred along the offshore plate boundary of the

164  Australian and Sunda plates as a result of shallow thrust faulting (Hayes et al., 2017). Twelve hours
165 later a M,, 7.9 event followed in the same area with similar mechanism. Maximum slip of ~8 m was
166  modelled on a fault patch of 250 km by 170 km (length x width) (Konca et al., 2008) for the

167 combined event. These events occurred further south east along the Australian and Sunda plate
168 boundary, closer to the Australian mainland compared to the other Sumatran events considered in

169 Figure 1 and are considered in a combined fault model.

170 2.6 Northern Sumatra 2012 (SU12)

171  Two large strike-slip intraplate earthquakes, separated by 200 km, occurred as a sequence on 11
172 April 2012 with moment magnitudes M,, 8.6 and 8.2 in the oceanic lithosphere of the Cocos Basin
173  (Duputel et al., 2012). The location is represented as a single event (SU12) in Figure 1. The initial
174 M, 8.6 mainshock represents a complex four-fault structure with large slip (20-30 m) (Yue et al.,
175  2012). Focal mechanism solutions are consistent in indicating that each of these events could have
176  occurred as the result of left-lateral slip on a north-northeast striking fault or right-lateral slip on a
177  west-northwest-striking fault (Hayes et al., 2017), and are considered here as a combined fault

178 model.
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2.7 Australian intraplate earthquakes

The seismic cycle and strain rates provide important information regarding the implications for
intraplate seismicity and stresses (Trubienko et al., 2013). Although the occurrence of ‘moderate-
large’ (>M,, 5.0) earthquakes is infrequent in Australia, there is still a record of events that have
caused surface ruptures, listed in Table 2. Geodetic studies are not available for most of these events
(many of which predate the GPS). Although they have been studied using seismology, their small size
and remote location with respect to Australian population centres means they are not always well

observed.

The data used to infer neotectonic structures presented in Clark et al. (2014) suggests that the
primary cause for ongoing deformation of the Indo-Australian plate is an active response to distant
plate boundary interactions. With ongoing changes at the plate margins, the Australian continent
will continue to deform at some level in response to plate boundary forces (Hillis et al., 2008,
Sandiford et al., 2004, Tregoning et al., 2013), also with series of intraplate events occurring in
specified seismic zones (e.g. Dentith and Featherstone, 2003, Revets et al., 2009, Sandiford and
Egholm, 2008). An understanding of the plate boundary events is therefore critical for interpreting
transient present-day surface deformation as observed by GPS. We now investigate these events
using the geodetic record as well as co- and postseismic modelling with a simplistic one-dimensional

earth structure to assess ongoing deformation.

3 Data & Methods

3.1 GPS time series

Following the methods outlined in Riddell et al. (2020), the GPS data over the period 2000.0-2019.0

was sourced from the Geoscience Australia GNSS data archive (https://gnss.ga.gov.au/), and daily

point positions were estimated using GIPSY vé6.3 software with clock and orbit products (repro2)

from the Jet Propulsion Laboratory (JPL) (Bertiger et al., 2010, Zumberge et al., 1997). Further details
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describing the processing, including outlier and offset detection and removal is described in Riddell

et al. (2020). The daily GPS series were aligned to ITRF2014 (Altamimi et al., 2016).

Elastic deformations due to atmospheric loading were removed from the time series using the
Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA2) gridded
products (Gelaro et al., 2017), as well as deformations due to terrestrial land water storage,
computed using land water storage pressure from the numerical weather model MERRA2 (Reichle et
al., 2017), and non-tidal ocean loading from ocean bottom pressure fields of the Max-Planck-
Institute for Meteorology Ocean Model (MPIOM; Jungclaus et al., 2013). These estimates of elastic
deformation were downloaded from the International Mass Loading Service (Petrov, 2015) in the CF
frame (Blewitt, 2003), which is appropriate for correcting non-secular changes in coordinate time
series in the ITRF (Dong et al., 2003). We note that the earlier segments of the GPS time series (prior
to 2005) are especially sensitive to receiver changes. Offsets due to equipment and firmware
changes are estimated and removed simultaneously with a linear and seasonal (solar annual and
semi-annual) model. The estimated offset times and magnitudes are provided in the Supporting

Information (Table S2).

3.2 Coseismic modelling

The expected elastic coseismic deformation for each earthquake is computed on a spherically
layered Earth with STATIC1D (Pollitz, 1996). An Earth model with 69 layers defined by the
Preliminary Earth Reference Model (PREM) (Dziewonski and Anderson, 1981) was used with a
maximum spherical harmonic degree of 1500, sufficient to resolve deformation with a spatial scale
of approximately 13 km. Regions radially deeper than 3300 km were considered as an
incompressible fluid and the ocean in PREM was replaced by crust. Fault slip parameters from the

references given in Table 1 are used to derive estimates of coseismic slip.

Modelled coseismic slip displacements were compared to coseismic offsets (in 3D) computed using

daily GPS data. The instantaneous coseismic offset magnitude is calculated using two weeks of GPS
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data either side of the time of the earthquake, fitting a linear trend with a Heaviside jump using
ordinary least squares. Recognizing that white noise dominates over short periods in GPS time series
we take the formal uncertainties to represent the offset uncertainty. We use two weeks of data to
calculate the coseismic offset magnitude as a compromise between biases caused by postseismic
relaxation, daily variability and noise correlation (e.g., King and Santamaria-Gémez, 2016, Watson et
al., 2010). Similar results are found with estimating the coseismic offset using only one week either
side of the event. Where the modelled coseismic displacements disagree with the computed offsets,
we scale the slip model accordingly by adopting the modified result that retains agreement with the
seismic location and fault geometry of the event, while most closely fitting the GPS (e.g. Jiang et al.,
2018, King and Santamaria-Gémez, 2016). An arbitrary value of 1.5 for the weighted root mean
square (WRMS) is chosen as acceptable. The site selection for constraining the coseismic model was

based on data availability, data quality and distance from the earthquake epicentre.

3.3 Postseismic modelling

Near-field deformation after an earthquake is a response to the combination of coseismic
displacement followed by viscoelastic relaxation and fault after-slip which can be difficult to separate
(Bedford et al., 2016, Wang et al., 2012). Afterslip is motion at depth along the fault face causing
local deformation, approximately within 200 km of the earthquake epicentre (Klein et al., 2016,
Wang et al., 2012). We assume that far-field deformation does not contain a signal from after-slip,
given most of our GPS locations are more than 500 km from the earthquake epicentres. We

therefore only model viscoelastic postseismic processes.

We make use of the VISCO1D (Pollitz, 1992, 1997) code to compute the viscoelastic deformation
with a linear bi-viscous (Burgers) rheology. VISCO1D computes surface displacements generated by
an earthquake using a symmetric spherically layered elastic-viscoelastic Earth model. The surface
displacements are controlled by fault parameters (latitude and longitude of lower fault corner,

strike, rake, dip, slip, length, and the depth of the upper and lower fault edges); as well as the

10
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relative thicknesses and rheological properties of the chosen layers. Following King and Santamaria-
Gomez (2016), multiple versions of the model were run with varying thickness of an elastic
lithosphere ranging from 30-130 km, asthenosphere thickness and effective viscosity (0-190 km;
1x10%7-5x10%* Pa s), and upper mantle thickness and effective viscosity (320-670 km; 2x108-5x10% Pa
s). Predictions from VISCO1D can be sensitive the layers of the lower mantle (Grace Nield, pers.
comm. February 2020). We include a lower mantle with 30 layers with bulk and shear modulus
values of 44 x 10% Pa and 22 x 10° Pa respectively. This difference in handling the lower mantle did
produce different results to those without a detailed lower mantle such as were published by
Tregoning et al. (2013). An example earth model (readable by VISCO1D v3) is provided in the
Supporting Information (File S1). The values of density, bulk modulus and shear modulus were taken
from PREM and depth-averaged for each layer in our model. Gravity was taken into consideration

during the computations.

We use GPS daily time series to assess the predicted surface deformation from VISCO1D and select
the best fit model based on the chi-square per degree of freedom statistic and the lowest value of
the standard deviation from an ordinary least squares fit. The best fit model is chosen independently

for the horizontal (east and north combined) and vertical components per site.

4 Results

Here we present results of the computed coseismic offsets for the earthquakes in Table 1, followed
by the postseismic deformation. The Sumatran events that occurred in 2004, 2005, 2007 and 2012
are presented as a compilation of observed and modelled deformation, whereas all other events are

presented singularly.
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4.1 Macquarie Ridge 2004 (MI04)

4.1.1 Coseismic displacements

Site selection is limited by the availability of GPS data before 2004, with eight far-field sites in
southeast Australia with data available from 2000.0 onwards (Table 3). The largest coseismic offset
of 5.98 + 1.33 mm is in the east component of HOB2 (Hobart), which is the closest site on the
Australian continent that sits in the far-field of the M104 event (Figure 1; Table 3). Offsets in the
vertical components of sites in southeast mainland Australia range from -3.49 +2.42 mm to 1.89
2.65mm. The uncertainties for the up-component offsets are large for the majority of sites, where
only three of the vertical offsets are significant at one-sigma (Table 3). Both the horizontal and
vertical offsets are comparable to those calculated by STATIC1D, which provides confidence that the
fault geometry parameters taken from Watson et al. (2010) (Table 1) are sufficient and that the
model does not require scaling for this study. The WRMS value of the modelled coseismic offsets are
comparable to those from Tregoning et al. (2013) and King and Santamaria-Gémez (2016). Our
coseismic estimates compare well with those of Watson et al. (2010), with HOB2 being displaced by

~5 mm to the east.

4.1.2 Postseismic displacement

We build on the investigation by Tregoning et al. (2013) of viscoelastic postseismic relaxation
occurring after the MI04 earthquake. Our GPS time series adds eight years to those analysed by
Tregoning et al. (2013) (end date of 2019.0 compared to 2011.0), we make use of a precise point
positioning approach rather than a double differenced solution, and our solutions are aligned to the
ITRF2014 reference frame rather than ITRF2008. We also attempt to account for short-term
temporal variability by removing surface mass loading caused by atmospheric, hydrologic and non-

tidal sources.

Figure 2 shows the coordinate time series for three sites in SE Australia over the period 2000.0-

2019.0, encompassing the MI04 event. The velocity for the period prior to the earthquake (2000.0-

12
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2004.9) was removed from the entire time series to highlight any postseismic change in velocity. The
velocity prior-to and following the earthquake are calculated using Hector software (Bos et al.,

2013), adopting a power-law plus white (PLW) noise model including estimates of linear, annual and
semi-annual terms and coseismic offset. The linear velocity post-earthquake is plotted in Figure 2 as

a blue dashed line.

The site time series in Figure 2 are shown as they experienced the largest change in velocity
following the MI04 event based on our analysis. We have chosen to use TID1 instead of TIDB as the
time series is of slightly better quality (smaller scatter and the difference between the time series
shows no distinct trends). We distrust the Melbourne (MOBS) time series over this time period as it
shows substantially different behaviour compared to the other sites (Figure S1), presumably due to
the short pre-MI04 time series making the pre-MI04 velocity unreliable and/or being affected by
substantial near-field multipath (Moore et al., 2014). Tregoning et al. (2013) also cover this event

and we return to this in the discussion.

We compared model predictions from VISCO1D with the time series/velocities for each of the GPS
sites. The coloured lines in Figure 2 represent the optimal models where red is the best fitting
viscoelastic model for the horizontal components, cyan is the best fitting viscoelastic model for the
vertical component, and magenta is the best fitting viscoelastic model that is a compromise between
the fit to each component (north, east, up). Table 4 contains the parameters of the viscoelastic

models that best fit the GPS results for each of the earthquakes considered in Table 1.

4.1.2.1 Horizontal

Table 5 shows the change in velocity of sites in Australia, noting that the northern sites are likely to
also contain a postseismic signal from the SU04 event that occurred 3 days after the MI04 event. The
decay function in Hector can be set separately and so we look at the full time series (up to 2019.0)
following each event. The changes in velocity of the north and east components for the sites in SE

Australia (HOB2, MOBS, TIDB, TID1, STR1, CEDU) following the MI04 earthquake are less than 0.5
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mm/yr (Table 5) with the exclusion of the site on Macquarie Island (MAC1). Our time series analysis
for HOB2 agrees with that of Tregoning et al. (2013) with a reduced northward trend. Figure 3 of
Tregoning et al. (2013) shows a southerly postseismic velocity relative to the inter-seismic
movement in the north component at TIDB, whereas our series for TID1 show northerly motion (as
does our series for TIDB). The difference between our TID1 time series at the TIDB time series of
Tregoning et al. (2013) may be explained by changes in equipment hardware and firmware. TIDB and
TID1 share the same antenna but have different receivers that have been changed and updated at
different times. Our velocity estimates for TIDB and TID1 differ by less than 0.1 mm/yr, which

provides confidence in our analysis.

4.1.2.2 Vertical

From Table 5, the observed change in the vertical component is larger than £1 mm/yr for most sites
over the period 2004.9 - 2019.0. STR1, TIB1, and HOB2 all show uplift in the 4.5 years prior to the
MI04 earthquake, but following the event, the series each shows subsidence over the next 14.5
years. The postseismic change in vertical velocity is 1.5-3.5 mm/yr for the sites with a consistent shift
towards subsidence after the MI04 earthquake. The largest change in vertical velocity (-3.24 mm/yr)
is observed at STR1 where the pre-earthquake velocity changes from 1.97 + 0.50 mm/yr to -1.27 +
0.21 mm/yr post-earthquake. No postseismic deformation model fits the GPS well in the vertical and

we return to this in the discussion.

4.2 Sumatran events

Given that the Sumatran events cluster closely together in time and space it is not possible to
independently analyse postseismic deformation due to each earthquake. Instead, we present the
combined results of the events that occurred in northern and southern Sumatra over the period
2004 - 2012. Following the previous methodology, the coseismic offsets are calculated with
STATIC1D for each earthquake and then compared to the observed offset in the GPS time series.

Then the postseismic deformation is modelled for each earthquake individually (SU04, SUO5, SUO7,

14



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

SU12), with the total accumulated displacement for each model setup compared to the GPS time

series to identify the best-fit viscoelastic postseismic model.

4.2.1 Coseismic displacements

We show the estimated coseismic displacements in Table 6 at the Australian GPS sites located on
islands off the NW shelf, Cocos Island (COCO) and Christmas Island (XMIS), as well as sites on
mainland Australia (Figure 1). The only available GPS data in the NW Australian region, following the
2004/2005 earthquakes in the Sumatran region, are from COCO and Karratha (KARR, see Table 52
and Figure 1). For the modelling of the coseismic displacements of the SU04 event we used the total
slip displacement of five sub-sources over ten rupture planes from Banerjee et al. (2007) obtaining
an WRMS of 0.62 mm. We also explored using instead a scaled version of the USGS solution but the
smallest WRMS derived was 1.13 mm and so we adopted the Banerjee et al. (2007) solution. The
large uncertainties on the coseismic offsets are due to noisy time series in the mid-2000’s due to
receiver tracking and scintillation issues (e.g. Conker et al., 2003), and we return to this in the
discussion. Coseismic offsets at the available sites across Australia are shown in Table 6 for each of

the Sumatran earthquakes considered.

Noting that the northern SUO5 event occurred three months after the SU04 event, we modelled the
event as a separate solution, and remove the estimated coseismic signal of the SU04 event from the
GPS series before modelling the 2005 event. The calculated coseismic offsets for the SUO5 event
have a WRMS of 0.83 mm when compared to the GPS estimates. The coseismic model is used in the
viscoelastic modelling without scaling. For this event we only consider the GPS sites at Darwin
(DARW) and KARR to constrain the coseismic model. We do not use COCO time series to constrain
the model because we are restricting the constraining sites to mainland Australia. Both sites show
offsets in the north component, with the KARR offset greater than 4 mm (Table 6). KARR has a

significant offset in the vertical component of -2.71 + 1.56 mm.
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For the sequence of events in southern Sumatra in 2007, we calculate the coseismic offsets at
Australian sites that have available GPS data, again shown in Table 6. KARR and DARW are again
used to constrain the coseismic model. All offsets for KARR in each of the three components are
significant, and DARW has significant offsets in the north and up components. The fault rupture
models of the two events from Konca et al. (2008) required a small amount of scaling of the slip
magnitude for the WRMS value to be acceptable (< 1.5 mm) and for the modelled coseismic

displacement to align with the GPS offsets.

A simple fault rupture model was adopted to model the far-field deformation associated with the
SU12 earthquake. As outlined in Section 2.6, there were two events within 24 hours separated by
approximately 200 km. The fault rupture model is that from Yue et al. (2012) with five blocks, the
first four blocks are for the earlier M,, 8.6 event and the fifth block for the M,, 8.2 event that
occurred 12 hours later. DARW and KARR are used to constrain the slip, without scaling and a
resulting WRMS of 1.48 mm. The coseismic offsets at sites on the Australian plate, associated with
the SU12 earthquake are given in Table 6. Most sites on mainland Australia, aside from DARW, show

significant offsets in the north and up components.

4.2.2 Sumatran postseismic displacements

We plot the GPS time series and modelled viscoelastic postseismic deformation of the Sumatran
events in Figure 3. All four events are combined in an attempt to understand the long-term
cumulative effects of postseismic deformation from multiple events that have occurred in the same
region. The time series in Figure 3 is detrended relative to the pre-SU04 rate. The GPS velocities for

the period prior to 2004, and the Sumatran earthquakes considered here are in Table S4.

Only three GPS sites on the Australian mainland have robust data available from 2000 onwards to
enable the investigation of postseismic deformation following the SU04 event (Figure 3). We focus
on those sites mainland Australia that are closest to the Sumatran events (and have available data),

KARR, YAR2 and DARW. Even though these sites are located in the very far-field of the earthquake
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deformation field, changes in velocity at KARR, YAR2 and DARW are visible as a subsidence signal in
Figure 3 (values in Table 7); we take these sites as being representative of the motion across NW
Australia. The optimal model for all components is represented by a magenta line in Figure 3 where
the solid line is the modelled postseismic deformation for SU04 only and the dashed line is the
cumulative deformation from each of the four Sumatran events. Other than SU04, the remaining
events have a subtle effect on the observed long-term deformation at each site (dashed line in

Figure 3).

4.2.2.1 Horizontal

The changes in velocity following the SU04 event are shown in Table 7 for each of the Australian GPS
sites that have data from 2000 onwards to ensure that we capture the full extent of the cumulative
postseismic displacement from each of the four Sumatran events across the Australian continent.
The observed postseismic deformation of the east component is well matched by the modelled
viscoelastic relaxation for each of the sites in Table 7, and the observed deformation in the northern
components is well represented at YAR2 and DARW, but not at KARR. The time series at KARR is
subject to many hardware changes in the early part of the series which introduces uncertainty in the
velocity estimation, suggesting that the change in trend pre- and post-earthquake could be

unrealistic, with large uncertainty.

4.2.2.2 Vertical

The velocity changes in the vertical component following the Sumatran events are in Table 7 for
each of the Australian GPS. The dominant change in velocity is subsidence following the SU04 event
with the sites in NW Australia showing a change in trend for the vertical component ranging
between -2 to -2.5 mm/yr (Table 7), which is also visible in Figure 3. The observed postseismic
deformation at KARR and YAR2 is well modelled by the viscoelastic response, whereas DARW is not.
The DARW postseismic model suggests a gradual return to pre-SU04 trend which is not replicated by

the GPS observations.
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4.3 Puysegur Trench 2009 (PT09)

4.3.1 Coseismic displacements

The coseismic offsets estimated at nearby Australian GPS sites due to the 2009 M, 7.8 Puysegur
event are listed in Table 8. Significant offsets are observed in sites for the north and up components
for some sites, although the magnitude of the offset does not show a clear linear relationship with
distance from the location of the earthquake. This implies that the axis of the lobes of the

deformation are oblique to a transect taken from south to north through the sites.

The coseismic offsets in the horizontal component are all positive, indicating a shift of the sites
north-east, whereas the vertical coseismic offsets are mixed with significant displacements (at one-
sigma) at HOB2 with a subsidence of -3.13 £ 2.53 mm, and the remainder of the sites suggesting
uplift of 1.54 + 1.33 mm at MOBS and 3.26 + 2.30 mm at Tidbinbilla (TID1) (Table 8). Insignificant
coseismic offsets in the east component are observed at the majority of GPS sites on the Australian
continent as a result of the PT09 event, where the uncertainty of the east component is large
(greater than 2 mm) due to noisy time series at this time. The offsets observed in the GPS series for
all components are comparable to those calculated with STATIC1D, with a WRMS of 1.17 mm. Out of
interest, we also compared the coseismic offsets for several sites in New Zealand with Mahesh et al.

(2011) and Beavan et al. (2010), these are detailed in the Supporting Information (Text S1).

4.3.2 Postseismic displacement

Time series of the Australian GPS sites after the M,, 7.8 Puysegur event are shown in Figure 4, where
the estimated pre-earthquake velocity (2006.0-2009.5) is removed from the full time series. There
magnitude of the changes does not vary simply with distance from the rupture. The sites are
ordered in Figure 4 from north (left) to south (right) and the coloured lines match the previous
description of the optimal models for the components and combined results. We note that there is

some residual M104 deformation present in the timeseries, but it is largely linear and hence removed
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when we subtract pre-earthquake velocity from our time series. The rheological structure of the

optimal model for the PTO9 event is similar to that for the MI04 optimal model (Table 4).

4.3.2.1 Horizontal

The change in horizontal velocity for HOB2 and MOBS show statistically significant changes in the
north component, and SYDN and MOBS showing statistically significant (but opposite) changes in the
east velocity (Table 9). There appears to a visible offset at HOB2, TID1 and MOBS in the east
component in 2009, but our method does not see it as significant due to high frequency noise. In
Figure 4, MOBS show a noticeably high temporal variability over the period 2011-2014 in the north
component, which remains unexplained. The difference may be due to sites in the south east of
Australia still undergoing a small amount of postseismic deformation following the MI04 event,

which is most significant in the north component (Tregoning et al., 2013, Watson et al., 2010).

4.3.2.2 Vertical

The velocity changes following the PT09 event in Figure 4 show no specific spatial pattern, with the
largest change in the vertical component. The HOB2 site shows a velocity change larger than 1
mm/yr in the vertical component (Figure 4, Table 9) following the earthquake. The sites at TID1,
MOBS and HOB2 demonstrate an increase in the rate of subsidence following the PT09 event (Figure

4), but Sydney (SYDN), with a lower latitude, shows positive change in trend.

5 Discussion

Our observational dataset (2000.0-2019.0) shows that not only has Australia deformed co-
seismically and post-seismically in the horizontal component, it has (and continues to) deform in the
vertical component since a series of events in 2004. Given the large earthquakes considered here
occur close in time to the deployment of much of Australia’s geodetic GNSS infrastructure, most
Australian coordinate time series are affected by coseismic and postseismic deformation and

therefore should not be considered as entirely consistent with longer-term inter-seismic velocities.
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The period 2000.0-2004.9 represents the longest period in our dataset with GPS data unaffected by
significant earthquake activity (i.e., over this period there are no events > M,, 7.5 within subduction
zones around the Australian plate boundary). While data exists before 2000 at about 12 sites, we
note that the time series up to around the mid-2000s are complicated by frequent equipment
changes (both antenna/receiver hardware and firmware) which increases the time series variability
and the estimated velocity uncertainties. Nevertheless, we consider these velocities to be our most
reliable estimate of the inter-seismic vertical velocity as we take into consideration the most up-to-
date PPP processing strategy and models and simultaneously estimate seasonal signals,
contributions from surface mass loading and identified offsets from equipment and firmware

changes.

The inter-seismic velocities for the sites considered in this paper are given in Table 10 (2000.0-
2004.9) and demonstrate a range in the vertical component from -3.95 £ 1.59 to 1.76 + 0.61 mm/yr
with an average magnitude and average sigma of -0.52 + 0.64 mm/yr (excluding island sites COCO
and MAC1). The pre-2004 signals are mixed in sign, with sites at Darwin (DARW), Hobart (HOB2),
Melbourne (MOBS) and New Norfolk (NNOR) indicating subsidence ranging from -3.95 + 1.59 to -
1.09 £ 0.52 mm/yr. The remaining mainland Australia sites at Ceduna (CEDU), Karratha (KARR), Mt
Stromlo (STR1), Tidbinbilla (TID1, TIDB), Townsville (TOW2) demonstrate uplift ranging from 0.29 +
0.64 to 1.76 £ 0.61 mm/yr. We note that MOBS and NNOR only have data from 2002.8 and 2002.5
respectively while PERT is likely undergoing subsidence due to local groundwater extraction (e.g.
Featherstone et al., 2012, Featherstone et al., 2015). Note that these rates do not consider the
effects of inter-decadal surface mass transport (largely driven by ice mass change) on vertical land
motion, which would shift the estimates in Australia by -0.4mm/yr in a centre of mass frame (Riva et
al., 2017), or ~0.2 mm/yr in a centre of figure frame. Nor does it consider the potential biases due to

errors in reference frame origin (Riddell et al., 2017) or in the scale rate.
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The series of large earthquakes in the Sumatra region over the period 2004 - 2012 caused significant
changes in GPS vertical velocity estimates at Australian island territories and surface deformation at
sites on the Australian mainland. Cocos (COCO) and Christmas Island (XMIS) are located on small
islands in the Indian Ocean, whereas Karratha (KARR) and Broome (BRO1) are on the Australian
mainland (Figure 1). Distant sites from the Sumatran events, such as Darwin, observe postseismic
deformation in the horizontal and vertical components ongoing to at least 2010. Large subsidence
(up to 4 mm/yr) is evident, particularly due to the 2004 Sumatran event, and observable
deformation is seen to extend as far south as Karratha (KARR, 3500 km) and as far east as Darwin
(DARW, 4200 km). While the changes in velocities, in all three components, are smaller following

the SU12 earthquake, they are still evident in the time series at these very distant sites.

We find coseismic displacements of up to 3 mm at distances more than 5000 km from the
earthquake event, highlighting that coseismic deformation can be far reaching across the Australian
continent. For the Sumatran events (Table 6) we find the largest coseismic displacement in the
vertical component after SUO5 of -5.63 + 2.63 mm at Yarragadee (YAR2), 3890 km from the event.
The coseismic displacements for the MI04 event are shown in Table 3 and range, over distances of
up to 3000 km, from insignificantly different from zero to 4.01 + 0.99 mm in the northern
component, up to 5.98 £ 1.33 mm in the eastern component and -3.49 + 2.42 mm to 2.80 £ 1.86 mm
in the vertical component. At the time of the PTO9 event, we find coseismic displacements (Table 8)
that reach 2.73 £ 0.79 mm in the northern component, 3.89 = 5.00 mm in the eastern component
(noting the large uncertainty) and -3.13 £ 2.53 mm to 3.26 + 2.30 mm in the vertical component over
distances of up to 2000 km. The coseismic estimates that are statistically significant (one-sigma) are
highlighted in each of the tables using bold text, and we note an increased uncertainty on the

vertical estimates.

Our preferred viscoelastic Earth model for MI04 is different to that identified by Tregoning et al.

(2013). There are a several reasons that are likely to contribute to this. First, our time series are
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computed differently to those used by Tregoning et al. (2013), although our modelling approach is
broadly similar. In particular, the data period used to estimate the postseismic velocities is 8 years
longer than used in Tregoning et al. (2013). Further, To determine if the additional length of the
series affected the velocities pre- and post-earthquake, velocities were recomputed for the period
2004.9-2011.0 (Table S3), matching the time period in Tregoning et al. (2013). The postseismic
velocity estimates for the shorter period showed insignificant differences for the north and east
components. The postseismic velocity uncertainties for HOB2, MOBS, STR1 and TID1 from the

shorter series are about half that of those from the longer series.

Compared to Tregoning et al. (2013), we also use a different earth model as input into VISCO1D. We
explicitly model the lower mantle in VISCO1D which made important differences to the model
outputs. The template Earth model in VISCO1D is explicitly specified down to 670 km, with the
lowest layer representing everything that sits below it. Adding explicit lower mantle layers both
changes the predictions and improves agreement with an independent model (Grace Nield, pers.
comm. February 2020). In our case, the fit of the viscoelastic models to the post-earthquake GPS

velocity estimate was dramatically improved with the addition of an explicit lower mantle.

Of the earthquakes considered here, none of the postseismic deformation model predictions
reproduce the observations in all three components. Earth models inferred from seismic
tomography over Australia and its region provide evidence of substantial lateral variations at
different depths (e.g. Debayle et al., 2005, Leki¢ and Romanowicz, 2011). These variations may be
sufficiently large to mean that a 1D rheological model may not be appropriate for modelling post-
seismic deformation of Australia and a 3D rheological model could be required to explain the
observations. King and Santamaria-Gémez (2016) also suggested this to be the case for postseismic

deformation of East Antarctica caused by far field earthquakes occurring in an oceanic setting.

In our analysis, we have assumed all deformation beyond ~500 km from the earthquake event is in

the far-field and can be attributed to viscoelastic postseismic deformation and not afterslip. The
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frictional response of the fault interface causes the near-field postseismic deformation to be
dominated by afterslip (e.g. Marone, 1998). The implication for assuming no, or minimal,
contribution from early afterslip behaviour is that the coseismic estimates can be biased by up to

10% (Twardzik et al., 2019). This has a small effect given the limitations of the 1D viscoelastic model.

Previously it has been suggested that while horizontal deformations are important for the accuracy
of the reference frame in Australia, vertical deformations have a negligible effect (e.g. Tregoning et
al., 2013). Our results suggest that this is not correct and failure to consider deformation in the
vertical component will have implications for the realization of the terrestrial reference frame. The
current realisation of the frame (ITRF2014) does not consider the effects of the earthquakes we
study on most Australian sites. Despite the demonstration of postseismic horizontal deformation of
continental Australia by Tregoning et al. (2013) (e.g., HOB2, MOBS figure 1), Altamimi et al. (2016)
only considered postseismic deformation at COCO and MAC1 (both island sites) during the

construction of ITRF2014.

In this study we find substantial coseismic and postseismic deformations from several other
earthquakes not considered in ITRF2014. For instance, we find significant coseismic offsets also
occurred at several Australian sites as a result of the 2009 Puysegur Trench earthquake. This
earthquake is not listed as having observable coseismic or postseismic deformation at Australian
sites in publicly available offset files, such as those used in the realization of ITRF2014, available at

ftp://ftp.iers.org/products/reference-systems/terrestrial/itrf/itrf2014/ITRF2014-soln-gnss.snx

(Altamimi et al., 2016), or for open access GPS time series, such as those in the Nevada Geodetic

Laboratory “steps.txt” file, that is available at http://geodesy.unr.edu/NGLStationPages/steps.txt.

Blewitt et al. (2018) use a threshold based on the distance of the GPS site from the earthquake to

determine if there is possible expected seismic transient deformation at a site. The threshold (r0) is

calculated as a simple function of the earthquake magnitude: . ) = 10( M,x0.5-038)_|n this instance the
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Australian GPS sites are beyond the distance threshold for the M, 7.8 PT09 earthquake, and so

would not be recognized in an automated procedure based purely on distance from the earthquake.

In some cases, present-day deformation at GNSS sites is still occurring in response to earthquake
events that occurred prior to the commencement of the GNSS instrumental record. In these cases,
modelling the event assists to understand the spatial variation in postseismic relaxation that cannot
be detected from geodetic time series. We explored the effect of the 1979 M,, 7.8 Puysegur Trench
earthquake on the present-day deformation of Australia. The 1979 event was in a similar location to
the 2009 event, approximately 110 km separating the two surface epicentres. We considered the
ongoing effects of that earthquake using a method similar to that detailed in Watson et al. (2010)
where they investigated the deformation of Macquarie Island due to historic earthquakes. Using the
range of Earth models adopted in the previous section relating to the Puysegur Trench earthquake in
2009, we can predict the surface deformation of the event in 1979 that may cause ongoing surface
changes observed at Australian sites. Model outputs suggest that the south east of Australia (HOB2,
SYDN, MOBS) may have been still experiencing subsidence of approximately 0.1-0.4 mm/yr during
2000.0-2010.0. There is no horizontal deformation (Figure S2) indicated by our modelling over the
period 1979-2010. While these deformations are small and maybe considered unreliable given the
presence of unmodelled lateral variations in Earth properties, this finding highlights the need to
consider postseismic signals from prior to the commencement of the GNSS record, with important
impact on our determination of intra-seismic crustal velocities and potentially interpretation of long

sea level records from tide gauges.

6 Conclusions

Using geodetic data, we have identified three dimensional coseismic and postseismic deformation of
Australia occurring as a result of several large (M,, > 7.5) offshore plate boundary earthquakes since

2000. Our work extends the previous identification of horizontal deformation of Australia due to far-
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field offshore earthquakes by identifying substantial and sustained vertical deformation of Australia.

We also study the effects of earthquakes not previously considered.

In the vertical component, we find coseismic offsets of up to 3 mm more than 5000 km from the
earthquake event, and postseismic signals reaching several mm/yr sustained over several years.
While viscoelastic models of postseismic deformation can explain the observed changes in velocity in
one or two coordinate components, we were not able to reproduce them in all three coordinate
components with a single model. We suggest that this is due to limitations in using viscoelastic
deformation models with a 1D (radially varying) Earth model, whereas the Earth rheological

structure between the offshore earthquakes and continental Australia is complex.

As the demand for an accurate and stable geodetic reference frame increases toward stated
international goals, we suggest that the earthquakes discussed here, and the deformation induced in
all coordinate components, need to be considered. Given that ITRF2014 did not parameterise
postseismic deformation at the sites studied on mainland Australia, there is scope for improvement

in future realisations of the frame across this region.

There are limitations to this research based on the GPS time series length and the availability of
high-quality data, as well as limitations of the 1D viscoelastic modelling that does not consider lateral
heterogeneities in rheology. These considerations offer scope for future research to improve
observed and modelled postseismic deformation of the Australian continent, and advocates for
improvements to available postseismic models. Improvements are required in reducing the number
of offsets in time series due to, for example, equipment changes at GNSS sites. Although these are
documented and can be applied as an offset in time series analysis, the introduction of offsets
weakens the velocity and coseismic estimates at these sites, and potentially changes the noise

characteristics (Williams, 2003).

Although the effect of vertical land motion due to coseismic and postseismic deformation in

Australia is small, it will influence estimates of absolute sea level from tide gauges along the
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Australian coast. Conversely, the use of satellite altimetry to derive estimates of relative sea level
change also requires understanding of vertical land motion. This also has direct relevance to those in
the altimetry community who seek to understand systematic error in altimeter records through
comparison of altimetry and tide gauges corrected for land motion (e.g. Watson et al. 2015). This
work underscores the inadequacy of assumptions of linear land motion, even in regions previously

thought to be relatively immune from anthropogenic influences on crustal displacement.
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Table 1: Details and references for earthquake parameters

Earthquake Name Date Latitude Longitude Magnitude Source of
(M,) earthquake
fault slip
information
Puysegur Trench, PT79 12 Oct 46.57°S 165.73°E 7.4 (Anderson et
New Zealand 1979 al., 1993)
Macquarie Ridge MI04 23 Dec 49.84°S 161.38°E 8.1 (Watson et al.,
2004 2010)
Sumatra-Anderman SuU04 26 Dec 3.29°N 95.98°E 9.3 (Banerjee et
2004 al., 2007)
Northern Sumatra SU05 28 Mar 2.08°N 97.11°E 8.6 (Banerjee et
2005 al., 2007)
Southern Sumatra SuUo7 12 Sep 4.44°S 101.37°E 8.5,7.9 (Konca et al.,
2007 2008)
Puysegur Trench, PT09 15 Jul 45.76°S 166.56°E 7.8 (Beavan et al.,
NZ (Dusky Sound) 2009 2010)
Northern Sumatra SU12 11 Apr 2.31°N 93.06°E 8.6,8.2 (Duputel et al.,
2012 2012, Yue et
al., 2012)

Table 2: Australian intraplate earthquakes with magnitude greater than 5.0 that have caused surface ruptures over period
1968-2016. NB: magnitudes are as reported by Geoscience Australia following an international effort to revise historic
earthquake magnitudes in 2016.

Earthquake Date Magnitude Reference
(Mw)

Meckering, Western 14 Oct 6.5 (Gordon and Lewis, 1980)
Australia 1968
Calingiri, Western Australia 11 Mar 6.0 (Gordon and Lewis, 1980)

1970
Cadoux, Western Australia 29 Jun 6.1 (Denham et al., 1987)

1979
Marryat Creek, South 30 Mar 5.7 (Crone et al., 1997, Machette et al.,
Australia 1986 1993, Mccue et al., 1987)
Tennant Creek (series), 22 Jan 6.2-6.6 (Bowman et al., 1990, Crone et al.,
Northern Territory 1988 1992, 1997)
Newcastle, New South 28 Dec 5.4 (Mccue et al., 1990)
Wales 1989
Petermann Ranges, 21 May 6.1 (Hejrani and Tkalci¢, 2019, Polcari et
Northern Territory 2016 al., 2018, Thom, 2017)
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Table 3: Macquarie Island 2004 (MI04) earthquake coseismic offsets at GPS sites ordered by distance to MI04, uncertainties

are one-sigma. Bold values are statistically significant at one-sigma.

Site Distance from MI04 N offset (mm) E offset (mm) U offset (mm)
(km)
MAC1 544 4.01 £0.99 0.74 £ 1.48 2.80%1.86
HOB2 1322 0.20+1.40 5.98 £1.33 -1.08 £ 1.95
MOBS 1861 1.35+£1.51 4.20+1.38 -2.18 £ 1.68
TID1 1887 1.10+0.77 2.95+2.01 1.58 £2.12
TIDB 1887 1.11+£0.59 3.90+3.41 1.89 £ 2.65
STR1 1893 1.53+0.71 3.95+1.04 -0.42+£1.85
SYDN 1963 0.60 + 2.69 3.17 £ 2.26 3.38 £ 3.60
CEDU 3004 1.45+0.79 1.75+0.93 -3.49+2.42

Table 4: Parameters of best fitting viscoelastic models for horizontal and vertical components of the sites for each

earthquake. [horizontal | vertical]

MI04
Site Elastic Asthenosphere base  Asthenosphere viscosity Upper mantle
thickness (km) depth (km) (10¥ Pa's) viscosity (10* Pa's)
STR1 50| 70 80 | 220 0.01 | 0.05 5|1
TID1 50| 70 80 | 220 0.05 | 0.05 50| 1
HOB2 50| 90 60 | 220 5]0.5 411
suUo04
KARR 50|70 80 | 220 0.1]0.05 501
YAR2 90 | 70 220 | 220 0.5 ] 0.05 30| 1
DARW 50 | 50 220 | 80 0.5 ] 0.01 100 | 500
PTO9
SYDN 50 | 70 80 [ 220 0.01[05 101
TID1 90 | 50 100 | 220 510.05 411
MOBS 110 | 110 140 | 220 0.01 | 0.01 100 | 500
HOB2 90 | 90 220 | 120 1.2 ] 0.01 1.4 10
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Table 5: Difference in GPS site velocities calculated before and after the Macquarie Island 2004 earthquake. Uncertainties
are one-sigma. Pre-earthquake trend calculated over the period 2000.0 - 2004.9, and post-earthquake trend calculated

over the period 2004.9 - 2019.0. Sites are ordered by distance from the earthquake. Bold values are statistically significant

at one-sigma.

Site Distance AN trend AE trend AU trend
from MI04 eq (km)  (mm/yr) (mm/yr) (mm/yr)
MAC1 -245+ -1.77+0.18 1.66+0.49
544
0.21
HOB2 1322 -0.37+ 0.23x0.15 -1.87+0.48
0.23
MOBS 1861 -0.21+0.38 -0.34+0.28 0.57+0.48
TID1 1887 0.33+0.23 0.07+0.15 -2.40%0.42
TIDB 1887 0.21+0.23 0.13+0.16 -2.08+0.44
STR1 1893 -0.38+ -0.28+0.26 -2.55+0.48
0.36
CEDU 3004 0.18+0.23 -0.20+0.20 -0.96+0.71
TOW2 3574 1.51+0.21 0.61%+0.21 -1.62+0.53
PERT* 4166 0.05+0.36 -0.90+0.34 2.27+0.76
NNOR* 4198 0.30+£0.26 -0.40%+0.22 -0.02+0.80
YAR2* 4397 0.70%£0.29 -0.16+0.23 -3.15+1.06
DARW* 4820 0.49+0.50 -0.13+0.50 2.77+1.61
KARR* 4898 0.58+0.28 -0.36%+0.19 -2.82+0.65
coco* 6791 3.17+0.38 -3.29%0.31 -3.99+0.70

*these results may be confounded by the SU04 event
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Table 6: Coseismic offsets at GPS sites for the 2004 Sumatra-Anderman, 2005 northern Sumatra, 2007 southern Sumatran
and 2012 northern Sumatran events, ordered by distance to SU04. Uncertainties are one-sigma. Bold values are statistically

significant at one-sigma at one-sigma.

Site Distance from SU0O4 N offset (mm) E offset (mm) U offset (mm)
eq (km)

SU04
COCO 1709 1.96 £2.12 1.54+1.30 0.71+1.72
KARR 3492 1.35+£2.05 0.67 £0.76 1.16 £ 2.44
YAR2 4061 1.39+£1.02 2.25+0.06 -0.24+£2.11
DARW 4196 3.04 £ 3.95 0.70+1.76 -3.43+3.14
HiL1 4325 242+ 178 241+2.15 -0.24 +2.38
PERT 4330 1.34 + 1.07 2.00 +0.87 -3.66+1.94
CEDU* 5402 1.02+0.74 1.33+0.41 -5.97 £ 2.37
TOW2 5887 3.01+2.06 2.59+2.10 0.54 +£1.89
STR1* 6636 1.16 £ 0.82 3.53+1.56 -1.72+£1.92
TID1* 6637 0.78 £0.70 3.19+1.95 0.89 £2.03
HOB2 6869 1.54+1.83 1.09 £ 2.00 1.05+1.95
*these results may be confounded by the MI04 event

SU05
COCO 1575 0.98 £ 3.13 1.99+1.24 2.59+2.50
KARR 3316 4.27 +1.51 0.01+£0.35 -2.71+1.56
YAR2 3893 3.041+1.78 0.99 £1.07 -5.63+2.63
DARW 4035 1.68 + 1.08 -1.12+1.26 0.26 £ 2.30
NNOR 4112 3.36 £ 0.99 0.87 £0.81 -3.56 £ 1.45
HIL1 4160 3.90+1.34 2.43+1.42 -1.94 + 2.65
PERT 4164 3.54 +£0.99 0.81+£0.44 -3.00+£0.98
CEDU 5236 2.59+0.64 -1.23+£0.68 -2.90+1.14
TOW?2 5735 1.37£4.32 -0.89+£1.43 -0.92 £ 2.65
STR1 6479 2.23+0.42 -0.53+0.94 0.02 £ 1.66
TID1 6481 2.57 £0.82 -1.92+£0.62 -3.17 £ 1.52
HOB2 6714 2.80+1.09 -0.47 £2.31 -0.37+£1.24

SU07
XMIS 810 2.51+1.79 3.72+3.45 -0.13+1.7
COCO 984 2.94+1.52 2.28 +0.79 -0.85+1.84
KARR 2475 3.72+0.88 1.94+1.03 0.84+£0.81
DARW 3357 3.52 +0.50 0.26 £0.51 2.45+1.83
YAR2 3059 3.45 +0.67 1.77 £ 1.42 0.26 £ 0.99
NNOR 3284 3.49 +0.74 1.37+1.29 -1.04 £ 1.32
HIL1 3335 4.22 +0.66 2.25+0.95 3.02+1.55
PERT 3339 3.831+0.97 1.99+1.23 0.58 £1.70
CEDU 4443 3.18 £0.71 0.88 £ 0.47 0.36 £ 0.65
TOW2 5072 2.851+0.54 -0.86 £ 0.65 0.44 +1.33
STR1 5741 2.86 £0.79 0.17 £0.70 -0.74 £ 1.47
TID1 5742 2.931+0.96 1.57+£1.75 0.38+1.31
HOB2 5967 2.56+1.35 0.57+1.38 1.28 £1.65

SU12
COCO 1654 2.07 £ 3.95 0.76 £0.76 -0.70 £ 2.90
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XMIS
BRO1
KARR
YAR2
NNOR
HIL1
DARW
CEDU
TOW2
STR1
TID1
HOB2

1980
3625
3847
4131
4343
4383
4434
5536
6105
6780
6781
6975

3.50 + 3.67
2.75+1.54
3.54+0.98
215+1.14
3.31+£0.61
3.26 £0.53
-2.52+3.47
2.24 +0.69
2.35+0.82
1.92 +£0.58
1.54 +0.66
0.80+0.74

-0.78 £ 3.67
0.97 £0.74
0.26 £0.83
2.52%+1.65
0.62+0.63
1.08 £ 0.95

-0.34+£1.24
0.56 £0.52
0.76 +1.05
0.74+0.75
0.02 +1.87
0.42 +1.57

0.81+3.04
-1.04 £ 1.37
2.28+1.34
-0.39 + 1.60
2.48+2.15
2.07£0.92
0.18 +2.53
0.60+1.01
-2.71%+1.35
0.27+1.24
-1.96 £ 1.59
2.16+1.04

Table 7: Difference in GPS site velocities calculated before and after the Sumatra Anderman 2004 earthquake. Uncertainties

are one-sigma. Pre-earthquake trend calculated over the period 2000.0 - 2004.9, and post-earthquake trend calculated

over the period 2004.9 - 2019. Bold values are statistically significant at one-sigma.

Site Distance AN trend AE trend AU trend
from SU04 eq (km) (mm/yr) (mm/yr) (mm/yr)
COCO 1709 3.23+0.75 -2.64+0.39 -3.98+0.94
KARR 3492 0.93%0.42 -0.33+0.34 -2.34%+0.84
YAR2 4061 0.59+1.25 -0.33+0.28 -2.53+1.75
DARW 4196 0.13+0.52 -0.24+0.51 -2.14%+1.66
HIL1 4325 0.86+0.52 -2.62+0.67 5.37+1.58
PERTA 4330 0.03x0.36 -0.92+0.35 -2.57+0.77
CEDU* 5402 0.50+0.25 -0.14+0.23 -0.56+0.79
TOW2 5887 1.35%0.31 0.72%0.29 -1.46%0.68
STR1* 6636 0.31+0.39 -0.28%+0.26 -2.55%0.48
TID1* 6637 0.18+0.25 0.11+0.20 -1.97+0.52
HOB2* 6869 -0.59+0.36 0.26+0.25 -0.76+0.57

“this site is affected by fluid extraction (see text)
*these results may be confounded by the M104 event

Table 8: Puysegur Trench 2009 earthquake coseismic offsets at GPS sites

statistically significant at one-sigma.

Site Distance from PT09 (km)

N offset (mm)

E offset (mm)

, uncertainties are one-sigma. Bold values are

U offset (mm)

MOBS 1553
STR1 1861
SYDN 1868
HOB2 1868
TID1 1982

Table 9: Difference in GPS site velocities calculated before and after the Puysegur Trench 2009 earthquake. Uncertainty is
one-sigma. Pre-earthquake trend calculated over the period 2006.0 - 2009.5, and post-earthquake trend calculated over

0.98 +0.66
1.74 £ 0.56
0.33%+2.15
1.21+1.79
2.73%0.79

0.96 £0.69
0.42+4.83
2.78 £5.13
1.73+2.94
3.89 £5.00

the period 2009.5 - 2019.0. Bold values are statistically significant at one-sigma.

1.54+1.33
0.19+2.85
0.50+2.85
-3.13+2.53
3.26 £2.30

Site Distance AN trend AE trend AU trend
from Puy09 eq (km) (mm/yr) (mm/yr) (mm/yr)
HOB2 1553 0.31+0.19 -0.13+0.17 -1.69+0.40
TID1 1861 -0.11+0.23 0.08+0.26 -0.57+0.69
SYDN 1868 -0.06+0.22 0.38+0.20 0.87+0.65
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MOBS

Table 10: Velocities of the Australian sites over the period 2000.0-2004.9, uncertainties are one-sigma. NB: MOBS and
NNOR only have data from 2002.8 and 2002.5 respectively; PERT is likely undergoing increased subsidence due to local

1982

-1.16+0.34

-0.30+ -0.28+0.60

groundwater extraction (Featherstone et al., 2012). COCO and MAC1 are island sites and not included in the average values
reported in the text.

Site N (mm/yr) E (mm/yr) U (mm/yr)

CEDU 59.08+0.21 28.98+0.18 0.29+0.64
CoCco 50.15+0.36 47.33+£0.30 2.20x0.64
DARW 59.74+£0.48 36.15+0.49 -3.95+1.59
HOB2 55.93+0.22 13.75+0.14 -1.09+0.52
KARR 58.28+0.26 39.08+0.18 1.76+0.61
MAC1 33.03+0.17 -10.91+0.16 -3.04%0.43
MOBS 57.41+0.36 19.52+0.27 -2.16+0.46
NNOR 57.96+0.24 38.51+0.20 -1.12+0.78
PERT 57.98+0.34 39.10+0.32 -5.08+0.68
STR1 55.96+£0.35 18.51+0.25 1.20+0.44
TID1 55.23+0.22 18.04+0.13 1.07+0.36
TIDB 55.35+0.22 17.98+0.14 0.64+0.38
TOW2 55.35+0.20 28.68+0.20 0.66+0.50
YAR2 57.36+£0.29 38.95+0.21 1.55+0.70
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Figure 1: Indo-Australian tectonic plate setting including the focal mechanisms of the earthquakes investigated in this study
(the two digits in the EQ label reflect the year of occurrence), Australian GPS sites are shown as blue squares. Plate
boundaries are in red (Bird, 2003).
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925  Figure 2: GPS time series at Mt Stromlo (STR1), Tidbinbilla (TID1), and Hobart (HOB2) after removing the trend computed
926  over the pre-earthquake period (2000.0-2004.9). A 100-day running mean is shown in solid blue. Blue dashed line is the
927  estimated linear velocity post-earthquake. Red is the best fitting viscoelastic model for the horizontal components, cyan is
928  the best fitting viscoelastic model for the vertical component and magenta is the best fitting viscoelastic model for all

929  components. The dashed vertical line indicates the date of the Macquarie Island earthquake (23 December 2004). The value
930 in the bottom left of the upper panels is the distance of each site from the earthquake surface epicentre. Coseismic offsets
931  have been removed.

932

44



933

934
935
936
937
938

939

940

941
942
943
944
945
946

947

KARR YAR2 DARW
0.02 | R T 0.02 e 0,02 e
uo4 | ! uo4 ! uod | U12
,%uoﬁ suo7 U1z @uas Isuo7 : %uos suUo7 F 4
" 1 I i 1] 1 | 1] | < 5
— 0.01 I 1 It i | +0.01 1 I I
E i | ' e, o
= ! |
T 0.00 : : 1 -+ 0.00
|
R JAH L T S
3492 km i | | 4061km || i i 4196km || | |
-0.01 : c T : : -0.01 B : T ] T -0.01 - i L
0.01 > i T — Bestfitall 0.01 0.01
I | | = BestfitHz
1] 1 | = Bestfitvt
n 1 | — Running mean
‘é‘ I ! "': == Post-eq trend
EJ’ 0.00 ~ 0.00 - 0.00
f=) 1
I .
I 7
1] I |
1] I |
-0.01 -0.01 +-0.01 T T
0.02 0.02 0.02 -ty ;
T
___ 000 0.00 - 0.00 -
E ;
2 002 --0.02 | --0.02 | g -
} o
~0.04 | - 0.04 | --0.04 I | -
S T @ ; Il I |
1 T T T T T T T
2000 2005 2010 2015 2000 2005 2010 2015 2000 2005 2010 2015

Figure 3: GPS time series at Karratha (KARR), Yarragadee (YAR2), and Darwin (DARW) after removing the trend computed
over the pre-earthquake period for SU04 (2000.0-2004.9). A 100-day running mean is shown in blue. Blue dashed line is the
estimated linear velocity post-earthquake. The solid lines of the viscoelastic models are for SUO4 only, the dashed lines
incorporate the combined response of all four Sumatran earthquakes. The brown dashed vertical line indicates the date of
have been removed.
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Figure 4: GPS time series at Sydney (SYDN), Tidbinbilla (TID1), Melbourne (MOBS), and Hobart (HOB2), detrended over the
pre-earthquake period (2006.0-2009.5). 100 day running mean is plotted in blue. Blue dashed line is the estimated linear
velocity post-earthquake. Red is the best fitting viscoelastic model for the horizontal components, cyan is the best fitting
viscoelastic model for the vertical component and magenta is the best fitting viscoelastic model for all components. Dashed
vertical line indicates the date of the Puysegur earthquake (15 July 2009). The value in the bottom left of the upper panels is
the distance of each site from the earthquake surface epicentre. Coseismic offsets have been removed.
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