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Abstract

Rapid plate motion, alongside pronounced variations in age and thickness of the Australian continental lithosphere, make it
an excellent location to assess the relationship between seismic anisotropy and lithosphere-asthenosphere dynamics. In this
study, SKS and PKS shear-wave splitting is conducted for 176 stations covering the transition from the South Australian
Craton to eastern Phanerozoic Australia. Comparisons are made with models of lithospheric thickness as well as numerical
simulations of mantle flow. Splitting results show uniform ENE-WSW aligned fast directions over the Gawler Craton and
broader South Australian Craton, similar to the orientation of crustal structures generated during an episode of NW-SE
directed compression and volcanism ~1.6 billion years ago. We propose that heat from volcanism weakened the lithosphere,
aiding widespread lithospheric deformation, which has since been preserved in the form of frozen-in anisotropy. Conversely,
over eastern Phanerozoic Australia, fast directions show strong alignment with the NNE absolute plate motion. Overall, our
results suggest that when the lithosphere is thin (<125 km), lithospheric contributions are minimal and contributions from
asthenospheric anisotropy dominate, reflecting shear of the underlying mantle by Australia’s rapid plate motion above. Further
insights from geodynamical simulations of the regional mantle flow-field, which incorporate Australian and adjacent upper
mantle structure, predict that asthenospheric material would be drawn in from the south and east towards the fast-moving
continental keel. Such a mechanism, alongside interactions between the flow field and lithospheric structure, provides a plausible

explanation for smaller-scale anomalous splitting patterns beneath eastern Australia that do not align with plate motion.



10

11

12

13
14
15
16

17

manuscript submitted to Geochemistry, Geophysics, Geosystems

The influence of lithospheric thickness variations beneath Australia on seismic

anisotropy and mantle flow

C.M. Eakin ¥, D.R. Davies !, S. Ghelichkhan %, J.P. O’Donnell >/, S. Agrawal !

! Research School of Earth Sciences, The Australian National University, Canberra, ACT,

Australia

2 Geological Survey of South Australia, Department for Energy and Mining, Adelaide, SA,
Australia

* Corresponding author: Caroline M. Eakin (caroline.eakin@anu.edu.au)

T Now at Geological Survey of Western Australia, Perth, WA, Australia

Key Points:

e Fossilized anisotropy dominates where lithosphere is old and thick, with deformation of
the Gawler Craton from ~1.6 Ga preserved

e Asthenospheric shear relating to Australia’s fast plate motion dominates where
lithosphere is young and thin

e Lithospheric thickness variations likely induce further deviations in mantle flow
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Abstract

Rapid plate motion, alongside pronounced variations in age and thickness of the Australian
continental lithosphere, make it an excellent location to assess the relationship between seismic
anisotropy and lithosphere-asthenosphere dynamics. In this study, SKS and PKS shear-wave
splitting is conducted for 176 stations covering the transition from the South Australian Craton to
eastern Phanerozoic Australia. Comparisons are made with models of lithospheric thickness as
well as numerical simulations of mantle flow. Splitting results show uniform ENE-WSW aligned
fast directions over the Gawler Craton and broader South Australian Craton, similar to the
orientation of crustal structures generated during an episode of NW-SE directed compression and
volcanism ~1.6 billion years ago. We propose that heat from volcanism weakened the lithosphere,
aiding widespread lithospheric deformation, which has since been preserved in the form of frozen-
in anisotropy. Conversely, over eastern Phanerozoic Australia, fast directions show strong
alignment with the NNE absolute plate motion. Overall, our results suggest that when the
lithosphere is thin (<125 km), lithospheric contributions are minimal and contributions from
asthenospheric anisotropy dominate, reflecting shear of the underlying mantle by Australia’s rapid
plate motion above. Further insights from geodynamical simulations of the regional mantle flow-
field, which incorporate Australian and adjacent upper mantle structure, predict that
asthenospheric material would be drawn in from the south and east towards the fast-moving
continental keel. Such a mechanism, alongside interactions between the flow field and lithospheric
structure, provides a plausible explanation for smaller-scale anomalous splitting patterns beneath

eastern Australia that do not align with plate motion.

Plain Language Summary

The Australian continent is moving rapidly northwards at around 7-8 cm per year. As the continent
moves it is expected to shear or deform the warmer and weaker layer of the Earth below, called
the mantle. The actual pattern of deformation within the mantle can be investigated by studying
how seismic waves are polarized as they pass through this material. Results show that for one of
the geologically oldest regions in Australia, an area in South Australia, that the deeper part of the
continent here was substantially deformed 1.6 billion years ago. This deformation was likely aided
by volcanism that occurred at the same time that would have warmed and weakened the material

making it easier to deform. This material has since cooled and strengthened over time, freezing in
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the ancient pattern of deformation. Meanwhile in eastern Australia, the continental material here
has a much younger geological age (< 550 million years old). The results from this region instead
show agreement with the present-day direction of shear due to the fast northwards motion of the

Australian continent, as initially expected.

1 Introduction

Seismic anisotropy, the directional dependence of seismic wave velocity, is a powerful
property for studying dynamic processes within Earth’s interior. When the upper mantle undergoes
deformation in the dislocation creep regime, a lattice preferred orientation, (i.e. LPO fabric), is
expected to develop in olivine (Nicolas and Christensen, 1987). Under typical upper mantle
conditions the fast a-axes of olivine will tend to align with the direction of shear (e.g. Karato et al.,
2008; Zhang and Karato, 1995) . Using seismic waves that pass through the upper mantle, the
geometry and strength of anisotropy can be measured, and inferences drawn on the pattern of
mantle flow. Seismic anisotropy, therefore, provides an excellent observation-based constraint on
mantle convection, particularly for investigations of the relationship between surface plate

kinematics and underlying mantle dynamics.

Investigations of upper mantle dynamics via seismic anisotropy are, however, not without
ambiguity. One additional factor to consider is the potential for frozen-in or fossilized anisotropy
within lithospheric mantle. The lithosphere, Earth’s stiff outermost layer, should not be actively
generating LPO. However, observations suggest it may preserve an olivine LPO fabric that
developed either during its formation (e.g. at the mid-ocean ridge), or during past tectonic/orogenic
events that could generate lithospheric deformation (e.g. Debayle and Ricard, 2013; Silver, 1996).
The ability to constrain the pattern of fossilized anisotropy therefore holds great potential for

revealing the behavior and evolution of Earth’s lithosphere.

The Australian plate provides an excellent testing ground for interactions between seismic
anisotropy, mantle dynamics, and the lithosphere-asthenosphere system. Australia is the fastest
moving continent on Earth with an absolute plate motion of 7-8 cm per year towards the north-
northeast (Kreemer et al., 2014). Such rapid plate motion may exert significant shear on the upper
mantle at the base of the tectonic plate (e.g. Debayle et al., 2005). The Australian continental
lithosphere also varies substantially both in terms of age and thickness (Figure 1), with likely

implications for lithospheric anisotropy.
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Figure 1. Overview of the Australian continent indicating (a) the location of cratons, and (b) the
variation in lithospheric thickness from AUSREM (Kennett et al., 2012). The oldest Precambrian
provinces of Australia from Raymond et al., (2018) are highlighted in beige and pink colours in
(a). The inferred boundary between Precambrian and Phanerozoic Australia, often referred to as
the Tasman Line (Direen and Crawford, 2010), is indicated by the dashed white line. The
approximate extent of the West Australian Craton (WAC), North Australian Craton (NAC), and
South Australian Craton (SAC) is outlined in red. The dotted grey box in (b) indicates the study
area shown in Figures 2-3. The small black arrow represents the absolute plate motion (APM)

vector of the Australian plate from Kreemer et al., (2014).

In addition to varying contributions of lithospheric anisotropy, the existence of lithospheric
steps and substantial 3D topography on the lithosphere-asthenosphere boundary (LAB) likely
induces deviations of the upper mantle flow-field as the uneven basal topography of the plate
traverses the underlying asthenosphere (Rawlinson et al., 2017). Small-scale convective flow
patterns induced by various LAB geometries can be predicted by geodynamic modelling
(Duvernay et al., 2021; Farrington et al., 2010), but remain strongly sensitive to uncertain
lithospheric structure and uppermost mantle rheology. Nonetheless a number of recent studies have
started to link variations in lithospheric thickness/architecture beneath Australia with important
and varied surface processes, including Cenozoic volcanism (Davies and Rawlinson, 2014;

Rawlinson et al., 2017), the localization of critical mineral deposits (Hoggard et al., 2020),
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dynamic topography (Ball et al., 2021), and intra-plate seismicity (Bezada and Smale, 2019).

Upper mantle anisotropy is typically studied either by surface wave tomography or shear-
wave splitting methodologies. Globally the inferences from surface waves and shear-wave
splitting tend to agree (Wistefeld et al., 2009). However, this has not been the case in Australia.
Surface wave studies tend to see a strong signal in both azimuthal and radial anisotropy at the base
of the continental lithosphere, with fast directions aligned with absolute plate motion (APM) and
the expected shear of the underlying asthenosphere (Debayle et al., 2005; Debayle and Ricard,
2013; Fichtner et al., 2010; Fishwick et al., 2008; Simons et al., 2002; Yoshizawa, 2014;
Yoshizawa and Kennett, 2015), although not all models agree (e.g. de Laat et al., 2023).
Conversely, shear-wave splitting studies using core-refracted phases, such as SKS, have typically

not detected plate-motion aligned fast directions (e.g. Heintz and Kennett, 2006).

The number of previous shear-wave splitting studies across Australia (~10) is relatively
limited compared to other continental landmasses. Previous authors have typically reported either:
(1) weak splitting (i.e. many null measurements or small delay times) (Ba et al., 2023; Chen et al.,
2021; Eakin et al., 2021; Heintz and Kennett, 2005; Ozalaybey and Chen, 1999; Vinnik et al.,
1992); (i) complex patterns such as frequency dependence of the splitting parameters (Clitheroe
and van der Hilst, 1998; Ozalaybey and Chen, 1999); or (iii) variability of the retrieved splitting
parameters at a given station (Bello et al., 2019; Birkey and Ford, 2022; Chen et al., 2021; Heintz
and Kennett, 2006, 2005). Various interpretations have been proposed to explain such results,
including: (i) a lack of azimuthal anisotropy present in the upper mantle (Chen et al., 2021,
Ozalaybey and Chen, 1999); (ii) apparent isotropy due to two anisotropic layers with orthogonal
fast directions (Heintz and Kennett, 2006); (iii) contributions from frozen-in lithospheric
anisotropy but without clear correspondence to structural trends at the surface (Bello et al., 2019;
Birkey and Ford, 2022; Clitheroe and van der Hilst, 1998; Heintz and Kennett, 2005); or (iv) the
possibility of asthenospheric flow that is not aligned with the APM, such as around a continental
root (Ba et al., 2023; Clitheroe and van der Hilst, 1998; Heintz and Kennett, 2005).

Most previous shear-wave splitting studies in Australia had <35 stations available, often
sparsely distributed on a continental scale, making it difficult to pin-point the cause and location
of spatial variations in anisotropy. The first exception is the study of Heintz and Kennett (2005),

which had a large number of stations (>100) but was hindered by unusually short recording times
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(average <6 months), and, therefore, a restricted number of events. The second exception is a
recent study by Ba et al. (2023) who reported shear-wave splitting results from 116 stations across
the continent with spatially complex patterns. Unlike previous studies, Ba et al. (2023) were able
to identify certain locations, such as the peripheral areas of the continent, where the splitting
pattern matched well with the direction of absolute plate motion. Overall, they attributed their

results to asthenospheric mantle flow with possible (yet unquantified) lithospheric contributions.

Recent results from the BILBY north-south transect (Eakin et al., 2021), however,
identified a clear correspondence between the splitting fast axis and prominent structural/gravity
trends across the South and North Australia Cratons, as well as the suture zone in-between. This
provided strong evidence that the shear-wave splitting results in this particular cratonic region are
predominantly reflecting lithospheric frozen-in anisotropy rather than asthenospheric
contributions. All BILBY stations, however, were located on thick cratonic lithosphere, and so the

question of variable lithospheric contributions could not be assessed.

In this study we aim to utilize a compilation of over 170 stations that traverse the region
extending from thick cratonic lithosphere beneath the South Australia Craton to thinner
Phanerozoic lithosphere towards the east. The study is supported by our two recent deployments
in South Australia that provide unprecedented coverage of the eastern Gawler margin and South
Australian Craton (Eakin, 2019; O’Donnell et al., 2020). Using new data and shear-wave splitting
measurements from across these seismic networks we can determine, in detail, how variations in
lithospheric thickness and architecture exert a first order control on the pattern of seismic

anisotropy and upper mantle dynamics beneath Australia.

2 Tectonic Overview

A large difference in age exists between the western two-thirds of Australia, which is of
Precambrian/Proterozoic origin, and the eastern Phanerozoic margin. Precambrian Australia
consists of three main crustal components: the North, South, and West Australia Cratons (Figure
1a). These are thought to have existed since ~1.8 Ga and were assembled by 1.3-1.1 Ga, during
the Rodinia supercontinent cycle, to form proto-Australia (Betts and Giles, 2006; Myers et al.,
1996). In contrast, the eastern third of Australia can be described as a series of accretionary or

orogenic belts, added to the eastern margin of proto-Australia during the Cambrian to Triassic
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periods (~550-220 Ma) via subduction (e.g. Glen, 2005). The geological boundary demarcating
cratonic Precambrian Australia from eastern Phanerozoic Australia is sometimes referred to as the
Tasman Line (Direen and Crawford, 2003) (Figure 1). The precise location of the Tasman Line,
inferred from various geophysical and geological observations is, however, often poorly
constrained, especially in regions of thick sedimentary cover such as beneath the Lake Eyre region
(Agrawal et al., 2022). Nonetheless, it is clear from Figure 1b that western Precambrian Australia
is generally underlain by thick lithosphere (>150 km), whereas eastern Australia is characterised
by relatively thin continental lithosphere, typically ~75 km thick (Fishwick et al., 2008; Kennett
and Salmon, 2012).

Our study area covers most of the South Australian Craton, the core of which is composed
of the Archean-Proterozoic Gawler Craton and the Proterozoic Curnamona Province (Figures 1-
2). The Gawler Craton is the oldest and largest geological province in South Australia and
preserves a complex tectonic history spanning from 3200 Ma to 1450 Ma (Myers et al., 1996). The
Archean and Paleoproterozoic core of the Gawler Craton forms a folded belt that underwent
deformation along discrete shear zones during the Mesoproterozoic (Hand et al., 2007).
Throughout the Proterozoic, the region saw multiple major magmatic events, recorded in the
geological record by the Donington Suite (ca. 1850 Ma), St. Peter Suite (1620 to 1610 Ma), and
Gawler Range Volcanics-Hiltaba Suite (1595 to 1575 Ma) (Hand et al., 2007).

3 Data and Methods

3.1 Station and event availability

In total 176 stations in Australia were analysed for SKS and PKS splitting in this study. The
distribution of these stations covers a wide area including the South Australia Craton (Gawler and
Curnamona Provinces), as well as Phanerozoic regions to the east and south-east (Figure 2a). Two
new seismic deployments in South Australia provide increased station coverage over the eastern
Gawler Craton (yellow and green symbols in Figure 2a). The first of these deployments is the Lake
Eyre Basin Seismic Array (Network: 5G), including 22 broadband stations deployed in the region
surrounding Kati Thanda-Lake Eyre (Eakin, 2019). Instruments were installed in several phases
between September 2018-October 2019, and remained in-place until July 2022. Several data gaps
exist, including the period from June-October 2020 resulting from COVID-19 related state border
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closures and travel restrictions that prevented servicing of the network. A second array, AusArray-
SA (Network: 6K), was deployed south of the Lake Eyre Basin array by the Geological Survey of
South Australia (O’Donnell et al., 2020). This consisted of 38 broadband stations that operated
over a similar timeframe from October 2020 to June 2022.
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Figure 2. Map showing distribution of (a) seismic stations, and (b) earthquakes used in this study.
The dashed black line in (a) indicates the approximate position of the Tasman Line for this region.
The outline of the Gawler Craton and Curnamona (Cu) province are shown in grey. The event map
presented in (b) shows the typical event distribution at one station, OOD, the location of which is
highlighted in (a) in cyan. Events are plotted as open circles colour-coded by those that produced

a splitting measurement (green), and those that did not (black).

The station coverage is supplemented by data from two permanent national networks.
These include 23 stations from the Australia National Seismic Network (red symbols in Figure 2a,
Network: AU) and 17 stations from the Australian Seismometers in Schools (AuSiS) program
(blue symbols Figure 2a, Network: S1). The remaining 76 stations (black symbols) represent a
compilation of 8 past temporary broadband deployments. Most of these sites operated for 12-24
months. A full list of all temporary (and permanent) networks is provided in the data availability

section. The majority of these sites have not been previously analysed for SKS splitting. Those that
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have are re-analysed to ensure consistency in the methodology across the region. The only
exceptions are results from the BILBY array (stations BL:15, 16, 17, 19, 20, 24) and permanent
station AU:MULG from our earlier study of Eakin et al., (2021). This study followed the same
methodology as is applied here and therefore these results are directly included in the dataset

without re-processing.

For event selection, earthquakes of magnitude 6.0 and above were utilised in the epicentral
distance range 90°-130° for SKS and 130°-150° for PKS phases (Figure 2b). This equates to around
30-40 events per year for a seismic station in southern Australia. While events originate across a
range of backazimuths they are most plentiful from the South America subduction zone from the

south-southeast direction (Figure S4).

3.2 Shear-wave splitting processing and methodology

Shear-wave splitting analysis was undertaken using the SplitLab software package
(Wastefeld et al., 2008). Multiple methods for estimating the best-fitting shear-wave splitting
parameters (the fast direction: @ and delay time: dt) are available within the SplitLab
environment. For quality control purposes we compare estimates from two independent
methods. The first is the rotation correlation (RC) method (Bowman and Ando, 1987), which
determines the values of ® and 6t, which generate the maximum cross-correlation between the
trial fast and slow components. This method can produce systematic error as a function of
initial polarisation, or as a function of backazimuth for *KS phases (Eakin et al., 2019;
Wiistefeld and Bokelmann, 2007). When the initial polarisation approaches the fast or slow
orientation of the anisotropic medium the RC method will predict a best fitting value of @ that
deviates 45° from the true value, with a delay time that is close to zero (e.g. Figure S9). While
such systematic measurement error is not ideal, it is well understood and predictable. With
this in mind, the true splitting parameters can still be easily retrieved from this method (Eakin
etal., 2019).

The second method is the transverse energy minimisation (SC) method (Silver and
Chan, 1991). Using this method, we seek those values of @ and 6t that best minimise the
energy on the transverse component, following a correction for shear-wave splitting. The SC
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method is thought to produce more stable SKS splitting measurements over a wider range of
backazimuths. However, it can also be susceptible to the same systematic error as seen for the
RC method when the signal-to-noise ratio is moderately high (Eakin et al., 2019; Wustefeld
and Bokelmann, 2007). Unlike the RC method, the SC method is dependent on the estimated
initial polarisation. The quality of results from the SC method is therefore particularly
sensitive to any misalignment of the station orientation and/or miscalculation of the back-
azimuth (Eakin et al., 2018). For these reasons, and unless otherwise specified, the results

presented in the following sections are from the RC method.

Quality control procedures followed our previous work (Eakin et al., 2021, 2019,
2015) including visual inspection of all waveforms and strict quantitative and qualitative
criteria. Further details of the criteria used to determine whether a split (or null) measurement
was of acceptable quality are provided in the supplementary text. As an initial step,
waveforms were filtered between 0.04-0.125 Hz using a Butterworth bandpass filter. Any
event with a signal-to-noise ratio (SNR) of less than 5 for the SKS/PKS phase was discarded.
Using this initially curated dataset, a station misalignment value was estimated. This estimate
follows similar investigations by Eakin et al., (2018), that measured the difference between
the initial polarisation of SKS/PKS phase (as determined from the orientation of the
uncorrected particle motion) and the source-receiver backazimuth. If the station is found to be
misaligned with north then the appropriate orientation correction is applied to all waveforms
before further analysis. Station misalignment values applied in this study are available in
Table S1.

To help identify regional variations in shear-wave splitting patterns, a stacked result
was calculated for each station that had multiple measurements. This was estimated by
stacking of the RC error-matrices from all individual split measurements. The station average
® and 6t values are then found from the global minimum of the stacked error surface (Wolfe
and Silver, 1998). A further check is performed between the stacked 6t result and the mean 6t
from the individual measurements with a ratio of <1.75 required. This ensures that the stacked
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splitting results presented in the final dataset are consistent with the average properties of the

individual measurements.

3.3 Mantle flow modelling

We build on the models developed by Davies et al., (2019) to generate a synthetic mantle
flow field for comparison with seismic anisotropy observations. Although we focus on the
Australian region, our model is global. We solve the equations governing incompressible mantle
convection inside a spherical shell, using Fluidity (Davies et al., 2011; Kramer et al., 2012). In
our simulation, the inner radius corresponds to the Core Mantle Boundary (CMB) and the outer
radius to Earth's surface. Free-slip mechanical boundary conditions are specified at the CMB,

with present-day plate kinematics from Muller et al., (2016) prescribed at the surface. Our mesh

is generated by refining an icosahedron, resulting in a lateral resolution of 50 km at the surface.
This mesh is extruded in the radial direction, with radial spacing increasing linearly from 10
km at the surface to 100 km at the CMB.

We determine the present-day density and temperature fields by adopting a robust
thermodynamic approach for converting between seismic and physical structure. This approach,
described in Ghelichkhan et al., (2021), uses the upper mantle tomography model of de Laat et
al., (2023) above 300 km depth, transitioning smoothly to the whole mantle shear-wave
tomography model of S40RTS (Ritsema et al., 2011) for depths below. The former provides
higher resolution on lithospheric structure owing to the sensitivity of surface waves. We use
Perple_X (Connolly, 2009) alongside the thermodynamic database of Stixrude and Lithgow-
Bertelloni (2011) to determine equilibrium phase assemblages throughout the mantle as a
function of temperature, and pressure, and their associated anharmonic Vs and density values
for pyrolytic mantle. To account for anelastic effects, anharmonic Vs is corrected using an
updated version of the Qs model by Cammarano et al., (2003). We employ a temperature- and
depth-dependent viscosity field, with parameters that are identical to those of Davies et al.
(2023), constructed to be compatible with observations of Earth's geoid, heat flux, post-glacial

rebound, and CMB ellipticity.

4 SKS & PKS splitting results

Overall, our splitting analysis yielded 1207 measurements across 157 stations, all of which
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291 were individually and visually inspected. A full list is provided in Supporting Information Table
292 S1 in the supporting information. While a single measurement by itself can be unreliable, 67
293  stations had multiple non-null measurements that produced a stacked splitting result (Figure 3).
294 By utilizing this smaller curated dataset, we focus our attention on those stations with the most
295  robust results. In general, the pattern of individual measurements across all the stations in the study
296  area agrees well with the pattern retrieved from these stacked station results (Figure S2).
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299  Figure 3. Stacked *KS splitting results for stations across the study region plotted against (a)
300 surface elevation, and (b) an estimate of lithospheric thickness from AUSREM (Kennett et al.,

301  2012). The stacked splitting parameters for each station are represented by coloured bars,
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orientated according to the fast direction, and scaled in length by the delay time. In (a) the bars are
coloured according to the fast direction, as indicated by the corresponding colour bar. In (b) colours

represent the misfit between the fast direction and the absolute plate motion (APM).

Considering the map of stacked split results in Figure 3a, a broad similarity of splitting
parameters can be seen between neighbouring stations indicating a spatially coherent source of
seismic anisotropy below. Throughout the Gawler and South Australian Craton there exists a
strikingly consistent ENE-WSW splitting pattern (pink/red bars in Figure 3a). The average fast
direction (@) for the 22 stations within the Gawler Craton is 70°, and 0.80 seconds for the delay
time (ot). This is in agreement with our previous study of permanent station MULG (®: 79°, ot:
1.1 s) located within the Gawler Craton (Eakin et al., 2021). Other recent studies have reported a
similar NE-SW to ENE-WSW trend over the South Australian Craton (Ba et al., 2023; Birkey and
Ford, 2022). The spatial extent of this shear-wave splitting pattern, throughout the Gawler Craton
and extending eastwards into the Curnamona Province, can now however be seen more clearly.
Beyond the craton margins the pattern changes slightly. To the craton’s northwest there are only a
handful of stations, but these show a change to WNW-ESE fast directions (yellow/orange bars
Figure 3a). To the north of the Gawler Craton, over the Lake Eyre region, the fast direction rotates

slightly to become more north-easterly (purple coloured bars Figure 3a).

The most notable change is seen crossing from western cratonic Australia into eastern
Phanerozoic Australia. The majority of stations in eastern Australia display larger delay times
(mean 6t: 1.26 s) and N-S to NNE-SSW fast directions (mean @: 20°) represented by blue coloured
bars in Figure 3a. This orientation is very similar to the absolute plate motion (APM) of the
Australian plate, ~6 cm/year at 21° (clockwise from North) in this location, as indicated by the
black arrow in Figure 3. Hints of such a correspondence between the fast direction and the absolute
plate motion for eastern Phanerozoic Australia have been previously noted based on more limited
results (Ba et al., 2023; Bello et al., 2019; Birkey and Ford, 2022). The results of our analysis
confirm a similarity between the splitting fast direction and the absolute plate motion for

southeastern Australia that is spatially distinct from the pattern over cratonic Australia.
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Interestingly, there is a small cluster of five stations in the very south-eastern corner of
Australia (~ latitude: 37°S, longitude: 148°E) that show a contrasting but consistent ESE-WNW
orientation (ave ®@: -76°, ot: 1.0 s) as indicated by the cluster of orange bars in Figure 3a. Some of
these same stations have been previously analysed in other studies: results from Ba et al., (2023)
indicated a similar pattern for this sub-group of stations, however the pattern from Bello et al.,

(2019) was less spatially consistent.

4.1 Comparison with lithospheric thickness

Across the study region, lithospheric thickness reduces drastically from west to east (Figure
1b). Beneath the Gawler and South Australian Craton, where the splitting fast directions are
consistently ENE-WSW the lithosphere is ~ 200 km thick (Figure 3b). Over eastern Phanerozoic
Australia, where stations show a strong similarity between the fast direction and absolute plate
motion (indicated by red bars in Figure 3b), the lithosphere is much thinner with a typical LAB
depth ~70-100 km.

A direct comparison of the splitting parameters against LAB depth is plotted in Figure 4 to
better quantify this observation. Across the study region we find that the average delay time
decreases as the LAB deepens (Figure 4a). This varies from &t >1.0 seconds when the LAB is
shallower than 125 km, to an average delay time of ~ 0.8 seconds when the LAB depth is > 175
km. Correspondingly the misfit between absolute plate motion and the fast splitting direction is
<20° for most stations located where the LAB depth is <125 km (Figure 4b). The cluster of blue
points in Figure 4b that defy this relationship correspond to the anomalous cluster previously
identified in the southeastern corner of Australia (i.e. blue bars Figure 3b). For LAB depths greater
than 150 km, the misfit between the splitting fast direction and absolute plate motion tends to grow

as the lithosphere gets thicker.

There are a small handful of stations with stacked splitting results that fall along the edge
of the thick cratonic lithosphere as it transitions to thinner lithosphere. These stations tend to show
fast directions that are approximately parallel to the general geometry of the lithospheric step, such
as those that fall within the white-dotted band in Figure 3b.
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Figure 4. Graph illustrating the relationship between splitting parameters and lithospheric
thickness, using the data illustrated in Figure 3b. Median values for each bin are indicated by pink
circles. The 5 blue dots in (b) correspond to the cluster of stations in southeast Australia in Figure

3b where results were plotted in the same shade of blue.

4.2 Comparison with the predicted mantle flow field

Uppermost mantle structure and lithospheric thickness variations beneath Australia will
influence the underlying asthenospheric flow regime. Geodynamical models that incorporate such
upper mantle structure can provide insights on what dynamic processes may be occurring, helping

to inform shear-wave splitting observations. In Figure 5 our splitting observations are compared
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368  to predictions across the region from a mantle flow simulation (as outlined in Section 3.3). Where
369  the inferred upper mantle viscosity is high at 200 km depth (indicative of the lithosphere), the
370  predicted flow field (small black arrows in Figure 5) generally aligns with absolute plate motion,
371 as prescribed at the surface, demonstrating rigid plate motion within the high viscosity lid. The
372 observed ENE-WSW orientated splitting pattern over this region of high viscosity is therefore

373 inconsistent with the present-day mantle flow direction predicted in our simulation.
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flow vectors (tangential velocities indicated by small black arrows). Further details for the mantle
flow simulation are provided in section 3.3, as well as plots of viscosity and radial velocity at

various upper mantle depths in Figure S5.

At the same depth, beneath eastern Australia, the mantle viscosity is predicted to be lower
(Figure 5), reflecting the presence of thinner lithosphere and shallower asthenospheric material. In
this region the predicted mantle flow-field has a greater E-W component, with mantle material
from the east being drawn in towards high-viscosity thick lithosphere in the west and rotating to
align with plate motion upon interaction with lithospheric structure. In the simulation, as the
Australian continent moves rapidly northwards, the motion of the cratonic lithosphere through the
upper mantle creates a region of lower pressure, with lower viscosity asthenospheric material from
surrounding areas drawn towards this region. This westwardly flow is strongest in the model in
the south-east corner of the study region, matching well (particularly at 200 km depth, Fig. 5b)
with the sub-group of 5 stations that showed anomalous ESE-WNW orientated splitting (orange
bars in Fig. 3a). In general, however, the shear-wave splitting pattern over eastern Australia shows
a greater similarity to the absolute plate motion, rather than the asthenospheric flow-field predicted

in the mantle flow simulation.

5 Discussion

Our results demonstrate clear and spatially coherent shear-wave splitting patterns (Figures
3-4). This splitting pattern appears to morph from an ENE-WSW alignment over the thicker
lithosphere of the South Australian Craton, to a NNE-SSW alignment, that follows the APM for
stations located above the thinner Phanerozoic lithosphere in the east. This clear pattern is in
contrast to the weak splitting and complex anisotropy often inferred by the earliest studies of SKS
splitting in Australia (e.g. Clitheroe and van der Hilst, 1998). Further context regarding the
emergence of coherent seismic anisotropy beneath Australia can be found in the supplementary
text (section ST2). As is common practice for *KS splitting studies at the continental scale (e.g.
Baetal., 2023; Eakin et al., 2010), we have presented stacked splitting results at each station. Such
stacked results allow for interpretation in terms of a single (and relatively simple) layer of
anisotropy. Analysis of the back-azimuthal variations lends support to such a single-layer

interpretation (Figures S9-S10), and we find that complex or multi-layered anisotropy is not
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required to explain the results (refer to section ST3 of the supplementary text for extended details).

5.1 Anisotropic Contributions from the Lithosphere versus Asthenosphere

Placing the results into the context of simple (i.e. single-layer) anisotropy allows for a
straightforward interpretation, that is consistent with geological constraints. The relationship
between lithospheric thickness and alignment of the fast direction with the absolute plate motion
(Figures 3-4) can be easily explained. Where the lithosphere is relatively young and thin (<100 km
thick) over eastern Phanerozoic Australia (Figure 3) the contribution from lithospheric anisotropic
fabrics is likely small. Instead, the anisotropic signal from the asthenosphere can dominate,
resulting in splitting fast directions that match with the absolute plate motion (Figure 3). This
suggests shear of the underlying mantle asthenosphere by the fast plate motion above, as has long
been proposed by surface wave studies that imaged strong APM aligned azimuthal anisotropy at
the base of the plate (e.g. Debayle et al., 2005).

Conversely where the lithosphere is relatively old and thick (>175 km thick) over cratonic
Precambrian Australia (Figure 3), the consistent ENE-WSW orientations suggests that anisotropic
contributions from fossilized lithospheric fabrics dominate the shear-wave splitting signal. This is
not to say that strong shear of the asthenosphere below is no longer occurring (as has been imaged
by surface waves), but that the shear-wave splitting appears most sensitive to shallower
lithospheric anisotropy in the mantle’s uppermost 200 km. Such an observation is supported by
previous modelling of vertically varying anisotropy and synthetic seismograms by Saltzer et al.,
(2000). Their work suggested that *KS splitting measurements may be more biased towards the
upper portion of the anisotropic medium with the greatest sensitivity at around one-third of the
depth of the total extent of the anisotropy. They suggest that this explains why many stable
continents display fast splitting directions that mirror surface geology (e.g. Silver, 1996), which is

also the case here (Figure 6).

The reduced delay times (< 1 second) for stations situated on-top of thick lithosphere
(Figure 4a) however would suggest that when the primary source of anisotropy is from the
lithosphere, this is not as strong as when the lithosphere is thin (< 125 km) and the primary source
is more likely from asthenospheric flow. Alternatively, when the lithosphere is thick and
lithospheric contributions dominate, a more minor but opposing contribution from the deeper

asthenosphere could cause a slight reduction of the delay times.
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Figure 6. Comparison of stacked *KS splitting results (blue bars) with a simplified geological map
of the Gawler Craton, modified from Hand et al., (2007). Location of crustal deformation
structures are shown (thick dashed black lines) that either formed or reactivated during NW-SE
directed compression (as indicated by the large black arrows) during the interval 1600-1580 Ma.
The similar pattern of Archean-Early Mesoproterozoic faults (thin grey lines), as well as coeval

volcanism from the Hiltaba Suite (red polygons), are overlain from Cowley, (2006).

Considering that the splitting pattern changes drastically from west to east across the study
area, the most plausible explanation appears to be a change in the primary source of anisotropy
from lithospheric to asthenospheric. In Australia, studies of azimuthal anisotropy from surface
waves also tend to show clear east-west trending fast axes at lithospheric depths (~ 50-150 km)
within the South Australian Craton (e.g. Fishwick et al., 2008; Simons et al., 2002). Moving
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eastwards as the lithosphere thins, these fast axes tend to change orientation within the same depth
slice (e.g. Figure S7), but it is difficult for surface waves to delineate lateral contrasts in seismic
anisotropy. In contrast, Quasi-Love wave scatterers, which are sensitive to lateral gradients in
seismic anisotropy at upper mantle depths (~100-200 km) (Eakin, 2021), can often be traced to the
edge of thick lithosphere and to locations where a change in our shear-wave splitting pattern occurs
(Figure S6).

5.2 Implications for the South Australian Craton

Over the South Australian Craton, which encompasses the Archean-Proterozoic Gawler
Craton and Curnamona Province, the *KS splitting displays a consistent ENE-WSW orientated
pattern (Figure 3a). North of our study area, the orientation of the fast direction has previously
been shown to flip to match the NW-SE aligned terrane boundaries within the North Australia
Craton (Eakin et al., 2021). This likely indicates that the lithospheric anisotropic fabric differs

between the two major cratonic domains, reflecting different tectonic histories.

Within the South Australia Craton, upon first impressions, the ENE-WSW orientation of
the anisotropy does not appear to match the outline of the major geological provinces or crustal
boundaries (Figure S8), as noted by Birkey and Ford (2022). However, upon closer inspection, the
ENE-WSW orientated fast directions agree very well with the structural trends found internally
within the Gawler Craton, which are preserved as a series of E-W to NE-SW trending faults (Figure
6). Several of these major crustal shear zones and deformation structures (highlighted by thick
black dashed lines in Figure 6) either formed or were reactivated during the mid-Proterozoic
around 1.6 to 1.58 billion years ago (Hand et al., 2007). This time period is associated with the last
major deformational event that impacted the entire Gawler Craton, due to large-scale NW-SE
directed compression (indicated by the thick black arrows in Figure 6) (Hand et al., 2007). Such a
tectonic history is consistent with the anisotropic geometry retrieved by this study. This strongly
suggests that the splitting pattern over the Gawler Craton (and surroundings) is a manifestation of
fossilised LPO fabrics frozen into the lithosphere and preserved for well over a billion years. The
consistency of splitting pattern over such a large area suggests widespread uniform deformation

of the lithosphere during the Proterozoic, before it fully cratonized.

Intriguingly at the time of deformation, the region also experienced significant volcanism

and heating, as recorded by the emplacement of the Gawler Range Volcanics (~1590 Ma) and the
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Hiltaba Suite (1595-1575 Ma). Both magmatic events impacted large swaths of the Gawler Craton,
as indicated in Figure 6. The introduction of heat and melts from this volcanism may have
substantially weakened the lithosphere and further aided widespread deformation, producing the
significant lithospheric LPO fabrics still seen today. After the emplacement of the Hiltaba Suite,
volcanism ceased in the region, allowing the lithosphere to cool, strengthen, and preserve the

anisotropy over the following 1.6 billion years.

5.3 Deviations of the asthenospheric flow associated with LAB topography

While there appears a clear relationship between the splitting parameters and lithospheric
thickness (Figure 4), there are some locations where the splitting fast directions neither follow the
APM-aligned mantle flow direction nor the inferred orientation of the lithospheric fabric. One such
location is along the eastern edge of the thick cratonic lithosphere (highlighted by the dotted white
band in Figure 3b). While there are only a small number of stations in this zone, intriguingly the
orientation of the fast direction appears to follow the general trend of the lithospheric step, as
indicated by the AUSREM LAB model. This perhaps hints at a deviation of the mantle flow field
around the edge of the cratonic root. Such a mechanism can be seen in our mantle flow simulations,
particularly at 120 km depth along the north-eastern boundary of the higher viscosity region
(Figure 5a). However, this location varies with depth in the simulations and is offset further east
compared to the lithospheric step suggested by the AUSREM LAB model (Figure 3b). Deviations
of flow around the continental keel have been invoked previously to explain departures of the
splitting fast direction from the absolute plate motion of Australia (Ba et al., 2023; Bello et al.,
2019; Clitheroe and van der Hilst, 1998; Heintz and Kennett, 2005). However, it has not previously
been imaged parallel to, and directly in the vicinity of, the lithospheric step as seen in Figure 3b.
Alternatively, some of the stations within this band, particularly in the north, match well with the
predicted upper mantle flow from our simulation (Figure 5). This suggests that the pattern could
also be reproduced by mantle flow drawn in towards the fast-moving continent, rather than flow

diverted around the lithospheric step.

Another interesting location where the splitting fast direction departs from the general trend
of APM alignment is the cluster of results in the southeast corner of the study area, highlighted in
blue in Figures 3b and 4. In this region the lithosphere is quite thin (< 100 km), so a substantial

contribution from lithospheric fabrics would not be expected. Intriguingly, however, the splitting
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pattern in this location matches well with the westward directed mantle flow predicted by our
geodynamic simulation along eastern Australia, especially at ~200 km depth (Figure 5b). This may
suggest that it is the result of a similar process, whereby asthenospheric material from beneath the
Tasman Sea is being drawn in towards the higher viscosity lithospheric keel of the Australian
continent. Why the process would be localized to just this area remains unclear, but perhaps
suggests more complex lithospheric architecture in this region than is presently resolved by

tomographic models, such as that by de Laat et al., (2023) utilized here.

To the south of this E-W orientated splitting cluster lies a well imaged low velocity
anomaly in the shallow upper mantle of the Bass Strait (e.g. de Laat et al., 2023). This low velocity
feature has been variously attributed to localized edge-driven convection (Davies and Rawlinson,
2014; Rawlinson et al., 2017), and/or a mantle plume (Davies et al., 2015), both of which would
induce small-scale deviations of the mantle flow-field. Additionally, strong scattering of Love-to-
Rayleigh waves beneath the Bass Strait have been observed (Eakin, 2021), indicative of lateral
gradients in upper mantle anisotropy. Together these observations and models suggest small-scale
convective processes are likely occurring beneath the Bass Strait that may influence the anomalous

patterns of seismic anisotropy beneath southeastern Australia.

6 Conclusion

From analyzing *KS splitting at over 170 stations and focusing on those that could provide
high-quality stacked results, coherent but regionally variable anisotropic patterns have emerged
beneath south and eastern Australia. In regions of comparatively thin lithosphere (70-125 km), we
find fast directions aligned with Australia’s rapid plate motion, as predicted from surface wave
studies. This demonstrates that lithospheric contributions are minimised beneath eastern Australia,
with splitting patterns principally governed by asthenospheric flow. Conversely, where the
lithosphere is thicker beneath the South Australian Craton, ancient deformational fabrics appear to
dominate that have likely been preserved within the lithospheric mantle. The trend of this
anisotropic fabric is comparable with deformational structures from the Early-Mesoproterozoic
found within the Gawler Craton. Such findings imply widespread and uniform deformation of the
region, coeval with the addition of heat and the emplacement of the Hiltaba Suite and Gawler

Range Volcanics, before the South Australian lithosphere cratonized at ~1.6-1.5 Ga.

Lithospheric thickness variations therefore appear to exert a first-order control on the
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anisotropic signal retrieved from shear-wave splitting beneath Australia. While continental scale
imaging of the LAB beneath Australia has been achieved by seismic tomography (e.g. Kennett
and Salmon, 2012), it is more difficult to resolve sharp lateral contrasts in lithospheric age and
thickness that may demarcate important tectonic boundaries such as the enigmatic Tasman Line.
With the ongoing expansion of seismic data collection across Australia, further detailed
investigations of the anisotropic structure may therefore hold significant potential for unveiling

the expansive tectonic history and lithospheric architecture of this ancient continent.
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Key Points:

e Fossilized anisotropy dominates where lithosphere is old and thick, with deformation of
the Gawler Craton from ~1.6 Ga preserved

e Asthenospheric shear relating to Australia’s fast plate motion dominates where
lithosphere is young and thin

e Lithospheric thickness variations likely induce further deviations in mantle flow
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Abstract

Rapid plate motion, alongside pronounced variations in age and thickness of the Australian
continental lithosphere, make it an excellent location to assess the relationship between seismic
anisotropy and lithosphere-asthenosphere dynamics. In this study, SKS and PKS shear-wave
splitting is conducted for 176 stations covering the transition from the South Australian Craton to
eastern Phanerozoic Australia. Comparisons are made with models of lithospheric thickness as
well as numerical simulations of mantle flow. Splitting results show uniform ENE-WSW aligned
fast directions over the Gawler Craton and broader South Australian Craton, similar to the
orientation of crustal structures generated during an episode of NW-SE directed compression and
volcanism ~1.6 billion years ago. We propose that heat from volcanism weakened the lithosphere,
aiding widespread lithospheric deformation, which has since been preserved in the form of frozen-
in anisotropy. Conversely, over eastern Phanerozoic Australia, fast directions show strong
alignment with the NNE absolute plate motion. Overall, our results suggest that when the
lithosphere is thin (<125 km), lithospheric contributions are minimal and contributions from
asthenospheric anisotropy dominate, reflecting shear of the underlying mantle by Australia’s rapid
plate motion above. Further insights from geodynamical simulations of the regional mantle flow-
field, which incorporate Australian and adjacent upper mantle structure, predict that
asthenospheric material would be drawn in from the south and east towards the fast-moving
continental keel. Such a mechanism, alongside interactions between the flow field and lithospheric
structure, provides a plausible explanation for smaller-scale anomalous splitting patterns beneath

eastern Australia that do not align with plate motion.

Plain Language Summary

The Australian continent is moving rapidly northwards at around 7-8 cm per year. As the continent
moves it is expected to shear or deform the warmer and weaker layer of the Earth below, called
the mantle. The actual pattern of deformation within the mantle can be investigated by studying
how seismic waves are polarized as they pass through this material. Results show that for one of
the geologically oldest regions in Australia, an area in South Australia, that the deeper part of the
continent here was substantially deformed 1.6 billion years ago. This deformation was likely aided
by volcanism that occurred at the same time that would have warmed and weakened the material

making it easier to deform. This material has since cooled and strengthened over time, freezing in
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the ancient pattern of deformation. Meanwhile in eastern Australia, the continental material here
has a much younger geological age (< 550 million years old). The results from this region instead
show agreement with the present-day direction of shear due to the fast northwards motion of the

Australian continent, as initially expected.

1 Introduction

Seismic anisotropy, the directional dependence of seismic wave velocity, is a powerful
property for studying dynamic processes within Earth’s interior. When the upper mantle undergoes
deformation in the dislocation creep regime, a lattice preferred orientation, (i.e. LPO fabric), is
expected to develop in olivine (Nicolas and Christensen, 1987). Under typical upper mantle
conditions the fast a-axes of olivine will tend to align with the direction of shear (e.g. Karato et al.,
2008; Zhang and Karato, 1995) . Using seismic waves that pass through the upper mantle, the
geometry and strength of anisotropy can be measured, and inferences drawn on the pattern of
mantle flow. Seismic anisotropy, therefore, provides an excellent observation-based constraint on
mantle convection, particularly for investigations of the relationship between surface plate

kinematics and underlying mantle dynamics.

Investigations of upper mantle dynamics via seismic anisotropy are, however, not without
ambiguity. One additional factor to consider is the potential for frozen-in or fossilized anisotropy
within lithospheric mantle. The lithosphere, Earth’s stiff outermost layer, should not be actively
generating LPO. However, observations suggest it may preserve an olivine LPO fabric that
developed either during its formation (e.g. at the mid-ocean ridge), or during past tectonic/orogenic
events that could generate lithospheric deformation (e.g. Debayle and Ricard, 2013; Silver, 1996).
The ability to constrain the pattern of fossilized anisotropy therefore holds great potential for

revealing the behavior and evolution of Earth’s lithosphere.

The Australian plate provides an excellent testing ground for interactions between seismic
anisotropy, mantle dynamics, and the lithosphere-asthenosphere system. Australia is the fastest
moving continent on Earth with an absolute plate motion of 7-8 cm per year towards the north-
northeast (Kreemer et al., 2014). Such rapid plate motion may exert significant shear on the upper
mantle at the base of the tectonic plate (e.g. Debayle et al., 2005). The Australian continental
lithosphere also varies substantially both in terms of age and thickness (Figure 1), with likely

implications for lithospheric anisotropy.
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Figure 1. Overview of the Australian continent indicating (a) the location of cratons, and (b) the
variation in lithospheric thickness from AUSREM (Kennett et al., 2012). The oldest Precambrian
provinces of Australia from Raymond et al., (2018) are highlighted in beige and pink colours in
(a). The inferred boundary between Precambrian and Phanerozoic Australia, often referred to as
the Tasman Line (Direen and Crawford, 2010), is indicated by the dashed white line. The
approximate extent of the West Australian Craton (WAC), North Australian Craton (NAC), and
South Australian Craton (SAC) is outlined in red. The dotted grey box in (b) indicates the study
area shown in Figures 2-3. The small black arrow represents the absolute plate motion (APM)

vector of the Australian plate from Kreemer et al., (2014).

In addition to varying contributions of lithospheric anisotropy, the existence of lithospheric
steps and substantial 3D topography on the lithosphere-asthenosphere boundary (LAB) likely
induces deviations of the upper mantle flow-field as the uneven basal topography of the plate
traverses the underlying asthenosphere (Rawlinson et al., 2017). Small-scale convective flow
patterns induced by various LAB geometries can be predicted by geodynamic modelling
(Duvernay et al., 2021; Farrington et al., 2010), but remain strongly sensitive to uncertain
lithospheric structure and uppermost mantle rheology. Nonetheless a number of recent studies have
started to link variations in lithospheric thickness/architecture beneath Australia with important
and varied surface processes, including Cenozoic volcanism (Davies and Rawlinson, 2014;

Rawlinson et al., 2017), the localization of critical mineral deposits (Hoggard et al., 2020),
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dynamic topography (Ball et al., 2021), and intra-plate seismicity (Bezada and Smale, 2019).

Upper mantle anisotropy is typically studied either by surface wave tomography or shear-
wave splitting methodologies. Globally the inferences from surface waves and shear-wave
splitting tend to agree (Wistefeld et al., 2009). However, this has not been the case in Australia.
Surface wave studies tend to see a strong signal in both azimuthal and radial anisotropy at the base
of the continental lithosphere, with fast directions aligned with absolute plate motion (APM) and
the expected shear of the underlying asthenosphere (Debayle et al., 2005; Debayle and Ricard,
2013; Fichtner et al., 2010; Fishwick et al., 2008; Simons et al., 2002; Yoshizawa, 2014;
Yoshizawa and Kennett, 2015), although not all models agree (e.g. de Laat et al., 2023).
Conversely, shear-wave splitting studies using core-refracted phases, such as SKS, have typically

not detected plate-motion aligned fast directions (e.g. Heintz and Kennett, 2006).

The number of previous shear-wave splitting studies across Australia (~10) is relatively
limited compared to other continental landmasses. Previous authors have typically reported either:
(1) weak splitting (i.e. many null measurements or small delay times) (Ba et al., 2023; Chen et al.,
2021; Eakin et al., 2021; Heintz and Kennett, 2005; Ozalaybey and Chen, 1999; Vinnik et al.,
1992); (i) complex patterns such as frequency dependence of the splitting parameters (Clitheroe
and van der Hilst, 1998; Ozalaybey and Chen, 1999); or (iii) variability of the retrieved splitting
parameters at a given station (Bello et al., 2019; Birkey and Ford, 2022; Chen et al., 2021; Heintz
and Kennett, 2006, 2005). Various interpretations have been proposed to explain such results,
including: (i) a lack of azimuthal anisotropy present in the upper mantle (Chen et al., 2021,
Ozalaybey and Chen, 1999); (ii) apparent isotropy due to two anisotropic layers with orthogonal
fast directions (Heintz and Kennett, 2006); (iii) contributions from frozen-in lithospheric
anisotropy but without clear correspondence to structural trends at the surface (Bello et al., 2019;
Birkey and Ford, 2022; Clitheroe and van der Hilst, 1998; Heintz and Kennett, 2005); or (iv) the
possibility of asthenospheric flow that is not aligned with the APM, such as around a continental
root (Ba et al., 2023; Clitheroe and van der Hilst, 1998; Heintz and Kennett, 2005).

Most previous shear-wave splitting studies in Australia had <35 stations available, often
sparsely distributed on a continental scale, making it difficult to pin-point the cause and location
of spatial variations in anisotropy. The first exception is the study of Heintz and Kennett (2005),

which had a large number of stations (>100) but was hindered by unusually short recording times
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(average <6 months), and, therefore, a restricted number of events. The second exception is a
recent study by Ba et al. (2023) who reported shear-wave splitting results from 116 stations across
the continent with spatially complex patterns. Unlike previous studies, Ba et al. (2023) were able
to identify certain locations, such as the peripheral areas of the continent, where the splitting
pattern matched well with the direction of absolute plate motion. Overall, they attributed their

results to asthenospheric mantle flow with possible (yet unquantified) lithospheric contributions.

Recent results from the BILBY north-south transect (Eakin et al., 2021), however,
identified a clear correspondence between the splitting fast axis and prominent structural/gravity
trends across the South and North Australia Cratons, as well as the suture zone in-between. This
provided strong evidence that the shear-wave splitting results in this particular cratonic region are
predominantly reflecting lithospheric frozen-in anisotropy rather than asthenospheric
contributions. All BILBY stations, however, were located on thick cratonic lithosphere, and so the

question of variable lithospheric contributions could not be assessed.

In this study we aim to utilize a compilation of over 170 stations that traverse the region
extending from thick cratonic lithosphere beneath the South Australia Craton to thinner
Phanerozoic lithosphere towards the east. The study is supported by our two recent deployments
in South Australia that provide unprecedented coverage of the eastern Gawler margin and South
Australian Craton (Eakin, 2019; O’Donnell et al., 2020). Using new data and shear-wave splitting
measurements from across these seismic networks we can determine, in detail, how variations in
lithospheric thickness and architecture exert a first order control on the pattern of seismic

anisotropy and upper mantle dynamics beneath Australia.

2 Tectonic Overview

A large difference in age exists between the western two-thirds of Australia, which is of
Precambrian/Proterozoic origin, and the eastern Phanerozoic margin. Precambrian Australia
consists of three main crustal components: the North, South, and West Australia Cratons (Figure
1a). These are thought to have existed since ~1.8 Ga and were assembled by 1.3-1.1 Ga, during
the Rodinia supercontinent cycle, to form proto-Australia (Betts and Giles, 2006; Myers et al.,
1996). In contrast, the eastern third of Australia can be described as a series of accretionary or

orogenic belts, added to the eastern margin of proto-Australia during the Cambrian to Triassic
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periods (~550-220 Ma) via subduction (e.g. Glen, 2005). The geological boundary demarcating
cratonic Precambrian Australia from eastern Phanerozoic Australia is sometimes referred to as the
Tasman Line (Direen and Crawford, 2003) (Figure 1). The precise location of the Tasman Line,
inferred from various geophysical and geological observations is, however, often poorly
constrained, especially in regions of thick sedimentary cover such as beneath the Lake Eyre region
(Agrawal et al., 2022). Nonetheless, it is clear from Figure 1b that western Precambrian Australia
is generally underlain by thick lithosphere (>150 km), whereas eastern Australia is characterised
by relatively thin continental lithosphere, typically ~75 km thick (Fishwick et al., 2008; Kennett
and Salmon, 2012).

Our study area covers most of the South Australian Craton, the core of which is composed
of the Archean-Proterozoic Gawler Craton and the Proterozoic Curnamona Province (Figures 1-
2). The Gawler Craton is the oldest and largest geological province in South Australia and
preserves a complex tectonic history spanning from 3200 Ma to 1450 Ma (Myers et al., 1996). The
Archean and Paleoproterozoic core of the Gawler Craton forms a folded belt that underwent
deformation along discrete shear zones during the Mesoproterozoic (Hand et al., 2007).
Throughout the Proterozoic, the region saw multiple major magmatic events, recorded in the
geological record by the Donington Suite (ca. 1850 Ma), St. Peter Suite (1620 to 1610 Ma), and
Gawler Range Volcanics-Hiltaba Suite (1595 to 1575 Ma) (Hand et al., 2007).

3 Data and Methods

3.1 Station and event availability

In total 176 stations in Australia were analysed for SKS and PKS splitting in this study. The
distribution of these stations covers a wide area including the South Australia Craton (Gawler and
Curnamona Provinces), as well as Phanerozoic regions to the east and south-east (Figure 2a). Two
new seismic deployments in South Australia provide increased station coverage over the eastern
Gawler Craton (yellow and green symbols in Figure 2a). The first of these deployments is the Lake
Eyre Basin Seismic Array (Network: 5G), including 22 broadband stations deployed in the region
surrounding Kati Thanda-Lake Eyre (Eakin, 2019). Instruments were installed in several phases
between September 2018-October 2019, and remained in-place until July 2022. Several data gaps
exist, including the period from June-October 2020 resulting from COVID-19 related state border
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closures and travel restrictions that prevented servicing of the network. A second array, AusArray-
SA (Network: 6K), was deployed south of the Lake Eyre Basin array by the Geological Survey of
South Australia (O’Donnell et al., 2020). This consisted of 38 broadband stations that operated
over a similar timeframe from October 2020 to June 2022.
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Figure 2. Map showing distribution of (a) seismic stations, and (b) earthquakes used in this study.
The dashed black line in (a) indicates the approximate position of the Tasman Line for this region.
The outline of the Gawler Craton and Curnamona (Cu) province are shown in grey. The event map
presented in (b) shows the typical event distribution at one station, OOD, the location of which is
highlighted in (a) in cyan. Events are plotted as open circles colour-coded by those that produced

a splitting measurement (green), and those that did not (black).

The station coverage is supplemented by data from two permanent national networks.
These include 23 stations from the Australia National Seismic Network (red symbols in Figure 2a,
Network: AU) and 17 stations from the Australian Seismometers in Schools (AuSiS) program
(blue symbols Figure 2a, Network: S1). The remaining 76 stations (black symbols) represent a
compilation of 8 past temporary broadband deployments. Most of these sites operated for 12-24
months. A full list of all temporary (and permanent) networks is provided in the data availability

section. The majority of these sites have not been previously analysed for SKS splitting. Those that
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have are re-analysed to ensure consistency in the methodology across the region. The only
exceptions are results from the BILBY array (stations BL:15, 16, 17, 19, 20, 24) and permanent
station AU:MULG from our earlier study of Eakin et al., (2021). This study followed the same
methodology as is applied here and therefore these results are directly included in the dataset

without re-processing.

For event selection, earthquakes of magnitude 6.0 and above were utilised in the epicentral
distance range 90°-130° for SKS and 130°-150° for PKS phases (Figure 2b). This equates to around
30-40 events per year for a seismic station in southern Australia. While events originate across a
range of backazimuths they are most plentiful from the South America subduction zone from the

south-southeast direction (Figure S4).

3.2 Shear-wave splitting processing and methodology

Shear-wave splitting analysis was undertaken using the SplitLab software package
(Wastefeld et al., 2008). Multiple methods for estimating the best-fitting shear-wave splitting
parameters (the fast direction: @ and delay time: dt) are available within the SplitLab
environment. For quality control purposes we compare estimates from two independent
methods. The first is the rotation correlation (RC) method (Bowman and Ando, 1987), which
determines the values of ® and 6t, which generate the maximum cross-correlation between the
trial fast and slow components. This method can produce systematic error as a function of
initial polarisation, or as a function of backazimuth for *KS phases (Eakin et al., 2019;
Wiistefeld and Bokelmann, 2007). When the initial polarisation approaches the fast or slow
orientation of the anisotropic medium the RC method will predict a best fitting value of @ that
deviates 45° from the true value, with a delay time that is close to zero (e.g. Figure S9). While
such systematic measurement error is not ideal, it is well understood and predictable. With
this in mind, the true splitting parameters can still be easily retrieved from this method (Eakin
etal., 2019).

The second method is the transverse energy minimisation (SC) method (Silver and
Chan, 1991). Using this method, we seek those values of @ and 6t that best minimise the
energy on the transverse component, following a correction for shear-wave splitting. The SC
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method is thought to produce more stable SKS splitting measurements over a wider range of
backazimuths. However, it can also be susceptible to the same systematic error as seen for the
RC method when the signal-to-noise ratio is moderately high (Eakin et al., 2019; Wustefeld
and Bokelmann, 2007). Unlike the RC method, the SC method is dependent on the estimated
initial polarisation. The quality of results from the SC method is therefore particularly
sensitive to any misalignment of the station orientation and/or miscalculation of the back-
azimuth (Eakin et al., 2018). For these reasons, and unless otherwise specified, the results

presented in the following sections are from the RC method.

Quality control procedures followed our previous work (Eakin et al., 2021, 2019,
2015) including visual inspection of all waveforms and strict quantitative and qualitative
criteria. Further details of the criteria used to determine whether a split (or null) measurement
was of acceptable quality are provided in the supplementary text. As an initial step,
waveforms were filtered between 0.04-0.125 Hz using a Butterworth bandpass filter. Any
event with a signal-to-noise ratio (SNR) of less than 5 for the SKS/PKS phase was discarded.
Using this initially curated dataset, a station misalignment value was estimated. This estimate
follows similar investigations by Eakin et al., (2018), that measured the difference between
the initial polarisation of SKS/PKS phase (as determined from the orientation of the
uncorrected particle motion) and the source-receiver backazimuth. If the station is found to be
misaligned with north then the appropriate orientation correction is applied to all waveforms
before further analysis. Station misalignment values applied in this study are available in
Table S1.

To help identify regional variations in shear-wave splitting patterns, a stacked result
was calculated for each station that had multiple measurements. This was estimated by
stacking of the RC error-matrices from all individual split measurements. The station average
® and 6t values are then found from the global minimum of the stacked error surface (Wolfe
and Silver, 1998). A further check is performed between the stacked 6t result and the mean 6t
from the individual measurements with a ratio of <1.75 required. This ensures that the stacked
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splitting results presented in the final dataset are consistent with the average properties of the

individual measurements.

3.3 Mantle flow modelling

We build on the models developed by Davies et al., (2019) to generate a synthetic mantle
flow field for comparison with seismic anisotropy observations. Although we focus on the
Australian region, our model is global. We solve the equations governing incompressible mantle
convection inside a spherical shell, using Fluidity (Davies et al., 2011; Kramer et al., 2012). In
our simulation, the inner radius corresponds to the Core Mantle Boundary (CMB) and the outer
radius to Earth's surface. Free-slip mechanical boundary conditions are specified at the CMB,

with present-day plate kinematics from Muller et al., (2016) prescribed at the surface. Our mesh

is generated by refining an icosahedron, resulting in a lateral resolution of 50 km at the surface.
This mesh is extruded in the radial direction, with radial spacing increasing linearly from 10
km at the surface to 100 km at the CMB.

We determine the present-day density and temperature fields by adopting a robust
thermodynamic approach for converting between seismic and physical structure. This approach,
described in Ghelichkhan et al., (2021), uses the upper mantle tomography model of de Laat et
al., (2023) above 300 km depth, transitioning smoothly to the whole mantle shear-wave
tomography model of S40RTS (Ritsema et al., 2011) for depths below. The former provides
higher resolution on lithospheric structure owing to the sensitivity of surface waves. We use
Perple_X (Connolly, 2009) alongside the thermodynamic database of Stixrude and Lithgow-
Bertelloni (2011) to determine equilibrium phase assemblages throughout the mantle as a
function of temperature, and pressure, and their associated anharmonic Vs and density values
for pyrolytic mantle. To account for anelastic effects, anharmonic Vs is corrected using an
updated version of the Qs model by Cammarano et al., (2003). We employ a temperature- and
depth-dependent viscosity field, with parameters that are identical to those of Davies et al.
(2023), constructed to be compatible with observations of Earth's geoid, heat flux, post-glacial

rebound, and CMB ellipticity.

4 SKS & PKS splitting results

Overall, our splitting analysis yielded 1207 measurements across 157 stations, all of which
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291 were individually and visually inspected. A full list is provided in Supporting Information Table
292 S1 in the supporting information. While a single measurement by itself can be unreliable, 67
293  stations had multiple non-null measurements that produced a stacked splitting result (Figure 3).
294 By utilizing this smaller curated dataset, we focus our attention on those stations with the most
295  robust results. In general, the pattern of individual measurements across all the stations in the study
296  area agrees well with the pattern retrieved from these stacked station results (Figure S2).
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299  Figure 3. Stacked *KS splitting results for stations across the study region plotted against (a)
300 surface elevation, and (b) an estimate of lithospheric thickness from AUSREM (Kennett et al.,

301  2012). The stacked splitting parameters for each station are represented by coloured bars,
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orientated according to the fast direction, and scaled in length by the delay time. In (a) the bars are
coloured according to the fast direction, as indicated by the corresponding colour bar. In (b) colours

represent the misfit between the fast direction and the absolute plate motion (APM).

Considering the map of stacked split results in Figure 3a, a broad similarity of splitting
parameters can be seen between neighbouring stations indicating a spatially coherent source of
seismic anisotropy below. Throughout the Gawler and South Australian Craton there exists a
strikingly consistent ENE-WSW splitting pattern (pink/red bars in Figure 3a). The average fast
direction (@) for the 22 stations within the Gawler Craton is 70°, and 0.80 seconds for the delay
time (ot). This is in agreement with our previous study of permanent station MULG (®: 79°, ot:
1.1 s) located within the Gawler Craton (Eakin et al., 2021). Other recent studies have reported a
similar NE-SW to ENE-WSW trend over the South Australian Craton (Ba et al., 2023; Birkey and
Ford, 2022). The spatial extent of this shear-wave splitting pattern, throughout the Gawler Craton
and extending eastwards into the Curnamona Province, can now however be seen more clearly.
Beyond the craton margins the pattern changes slightly. To the craton’s northwest there are only a
handful of stations, but these show a change to WNW-ESE fast directions (yellow/orange bars
Figure 3a). To the north of the Gawler Craton, over the Lake Eyre region, the fast direction rotates

slightly to become more north-easterly (purple coloured bars Figure 3a).

The most notable change is seen crossing from western cratonic Australia into eastern
Phanerozoic Australia. The majority of stations in eastern Australia display larger delay times
(mean 6t: 1.26 s) and N-S to NNE-SSW fast directions (mean @: 20°) represented by blue coloured
bars in Figure 3a. This orientation is very similar to the absolute plate motion (APM) of the
Australian plate, ~6 cm/year at 21° (clockwise from North) in this location, as indicated by the
black arrow in Figure 3. Hints of such a correspondence between the fast direction and the absolute
plate motion for eastern Phanerozoic Australia have been previously noted based on more limited
results (Ba et al., 2023; Bello et al., 2019; Birkey and Ford, 2022). The results of our analysis
confirm a similarity between the splitting fast direction and the absolute plate motion for

southeastern Australia that is spatially distinct from the pattern over cratonic Australia.
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Interestingly, there is a small cluster of five stations in the very south-eastern corner of
Australia (~ latitude: 37°S, longitude: 148°E) that show a contrasting but consistent ESE-WNW
orientation (ave ®@: -76°, ot: 1.0 s) as indicated by the cluster of orange bars in Figure 3a. Some of
these same stations have been previously analysed in other studies: results from Ba et al., (2023)
indicated a similar pattern for this sub-group of stations, however the pattern from Bello et al.,

(2019) was less spatially consistent.

4.1 Comparison with lithospheric thickness

Across the study region, lithospheric thickness reduces drastically from west to east (Figure
1b). Beneath the Gawler and South Australian Craton, where the splitting fast directions are
consistently ENE-WSW the lithosphere is ~ 200 km thick (Figure 3b). Over eastern Phanerozoic
Australia, where stations show a strong similarity between the fast direction and absolute plate
motion (indicated by red bars in Figure 3b), the lithosphere is much thinner with a typical LAB
depth ~70-100 km.

A direct comparison of the splitting parameters against LAB depth is plotted in Figure 4 to
better quantify this observation. Across the study region we find that the average delay time
decreases as the LAB deepens (Figure 4a). This varies from &t >1.0 seconds when the LAB is
shallower than 125 km, to an average delay time of ~ 0.8 seconds when the LAB depth is > 175
km. Correspondingly the misfit between absolute plate motion and the fast splitting direction is
<20° for most stations located where the LAB depth is <125 km (Figure 4b). The cluster of blue
points in Figure 4b that defy this relationship correspond to the anomalous cluster previously
identified in the southeastern corner of Australia (i.e. blue bars Figure 3b). For LAB depths greater
than 150 km, the misfit between the splitting fast direction and absolute plate motion tends to grow

as the lithosphere gets thicker.

There are a small handful of stations with stacked splitting results that fall along the edge
of the thick cratonic lithosphere as it transitions to thinner lithosphere. These stations tend to show
fast directions that are approximately parallel to the general geometry of the lithospheric step, such
as those that fall within the white-dotted band in Figure 3b.
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Figure 4. Graph illustrating the relationship between splitting parameters and lithospheric
thickness, using the data illustrated in Figure 3b. Median values for each bin are indicated by pink
circles. The 5 blue dots in (b) correspond to the cluster of stations in southeast Australia in Figure

3b where results were plotted in the same shade of blue.

4.2 Comparison with the predicted mantle flow field

Uppermost mantle structure and lithospheric thickness variations beneath Australia will
influence the underlying asthenospheric flow regime. Geodynamical models that incorporate such
upper mantle structure can provide insights on what dynamic processes may be occurring, helping

to inform shear-wave splitting observations. In Figure 5 our splitting observations are compared
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368  to predictions across the region from a mantle flow simulation (as outlined in Section 3.3). Where
369  the inferred upper mantle viscosity is high at 200 km depth (indicative of the lithosphere), the
370  predicted flow field (small black arrows in Figure 5) generally aligns with absolute plate motion,
371 as prescribed at the surface, demonstrating rigid plate motion within the high viscosity lid. The
372 observed ENE-WSW orientated splitting pattern over this region of high viscosity is therefore

373 inconsistent with the present-day mantle flow direction predicted in our simulation.
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376  Figure 5. Results of mantle flow simulations at (a) 120 km, and (b) 200 km depth. Stacked *KS

377  splitting results (same as Figure 3) are plotted in yellow and compared to mantle viscosity and
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flow vectors (tangential velocities indicated by small black arrows). Further details for the mantle
flow simulation are provided in section 3.3, as well as plots of viscosity and radial velocity at

various upper mantle depths in Figure S5.

At the same depth, beneath eastern Australia, the mantle viscosity is predicted to be lower
(Figure 5), reflecting the presence of thinner lithosphere and shallower asthenospheric material. In
this region the predicted mantle flow-field has a greater E-W component, with mantle material
from the east being drawn in towards high-viscosity thick lithosphere in the west and rotating to
align with plate motion upon interaction with lithospheric structure. In the simulation, as the
Australian continent moves rapidly northwards, the motion of the cratonic lithosphere through the
upper mantle creates a region of lower pressure, with lower viscosity asthenospheric material from
surrounding areas drawn towards this region. This westwardly flow is strongest in the model in
the south-east corner of the study region, matching well (particularly at 200 km depth, Fig. 5b)
with the sub-group of 5 stations that showed anomalous ESE-WNW orientated splitting (orange
bars in Fig. 3a). In general, however, the shear-wave splitting pattern over eastern Australia shows
a greater similarity to the absolute plate motion, rather than the asthenospheric flow-field predicted

in the mantle flow simulation.

5 Discussion

Our results demonstrate clear and spatially coherent shear-wave splitting patterns (Figures
3-4). This splitting pattern appears to morph from an ENE-WSW alignment over the thicker
lithosphere of the South Australian Craton, to a NNE-SSW alignment, that follows the APM for
stations located above the thinner Phanerozoic lithosphere in the east. This clear pattern is in
contrast to the weak splitting and complex anisotropy often inferred by the earliest studies of SKS
splitting in Australia (e.g. Clitheroe and van der Hilst, 1998). Further context regarding the
emergence of coherent seismic anisotropy beneath Australia can be found in the supplementary
text (section ST2). As is common practice for *KS splitting studies at the continental scale (e.g.
Baetal., 2023; Eakin et al., 2010), we have presented stacked splitting results at each station. Such
stacked results allow for interpretation in terms of a single (and relatively simple) layer of
anisotropy. Analysis of the back-azimuthal variations lends support to such a single-layer

interpretation (Figures S9-S10), and we find that complex or multi-layered anisotropy is not
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required to explain the results (refer to section ST3 of the supplementary text for extended details).

5.1 Anisotropic Contributions from the Lithosphere versus Asthenosphere

Placing the results into the context of simple (i.e. single-layer) anisotropy allows for a
straightforward interpretation, that is consistent with geological constraints. The relationship
between lithospheric thickness and alignment of the fast direction with the absolute plate motion
(Figures 3-4) can be easily explained. Where the lithosphere is relatively young and thin (<100 km
thick) over eastern Phanerozoic Australia (Figure 3) the contribution from lithospheric anisotropic
fabrics is likely small. Instead, the anisotropic signal from the asthenosphere can dominate,
resulting in splitting fast directions that match with the absolute plate motion (Figure 3). This
suggests shear of the underlying mantle asthenosphere by the fast plate motion above, as has long
been proposed by surface wave studies that imaged strong APM aligned azimuthal anisotropy at
the base of the plate (e.g. Debayle et al., 2005).

Conversely where the lithosphere is relatively old and thick (>175 km thick) over cratonic
Precambrian Australia (Figure 3), the consistent ENE-WSW orientations suggests that anisotropic
contributions from fossilized lithospheric fabrics dominate the shear-wave splitting signal. This is
not to say that strong shear of the asthenosphere below is no longer occurring (as has been imaged
by surface waves), but that the shear-wave splitting appears most sensitive to shallower
lithospheric anisotropy in the mantle’s uppermost 200 km. Such an observation is supported by
previous modelling of vertically varying anisotropy and synthetic seismograms by Saltzer et al.,
(2000). Their work suggested that *KS splitting measurements may be more biased towards the
upper portion of the anisotropic medium with the greatest sensitivity at around one-third of the
depth of the total extent of the anisotropy. They suggest that this explains why many stable
continents display fast splitting directions that mirror surface geology (e.g. Silver, 1996), which is

also the case here (Figure 6).

The reduced delay times (< 1 second) for stations situated on-top of thick lithosphere
(Figure 4a) however would suggest that when the primary source of anisotropy is from the
lithosphere, this is not as strong as when the lithosphere is thin (< 125 km) and the primary source
is more likely from asthenospheric flow. Alternatively, when the lithosphere is thick and
lithospheric contributions dominate, a more minor but opposing contribution from the deeper

asthenosphere could cause a slight reduction of the delay times.
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Figure 6. Comparison of stacked *KS splitting results (blue bars) with a simplified geological map
of the Gawler Craton, modified from Hand et al., (2007). Location of crustal deformation
structures are shown (thick dashed black lines) that either formed or reactivated during NW-SE
directed compression (as indicated by the large black arrows) during the interval 1600-1580 Ma.
The similar pattern of Archean-Early Mesoproterozoic faults (thin grey lines), as well as coeval

volcanism from the Hiltaba Suite (red polygons), are overlain from Cowley, (2006).

Considering that the splitting pattern changes drastically from west to east across the study
area, the most plausible explanation appears to be a change in the primary source of anisotropy
from lithospheric to asthenospheric. In Australia, studies of azimuthal anisotropy from surface
waves also tend to show clear east-west trending fast axes at lithospheric depths (~ 50-150 km)
within the South Australian Craton (e.g. Fishwick et al., 2008; Simons et al., 2002). Moving
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eastwards as the lithosphere thins, these fast axes tend to change orientation within the same depth
slice (e.g. Figure S7), but it is difficult for surface waves to delineate lateral contrasts in seismic
anisotropy. In contrast, Quasi-Love wave scatterers, which are sensitive to lateral gradients in
seismic anisotropy at upper mantle depths (~100-200 km) (Eakin, 2021), can often be traced to the
edge of thick lithosphere and to locations where a change in our shear-wave splitting pattern occurs
(Figure S6).

5.2 Implications for the South Australian Craton

Over the South Australian Craton, which encompasses the Archean-Proterozoic Gawler
Craton and Curnamona Province, the *KS splitting displays a consistent ENE-WSW orientated
pattern (Figure 3a). North of our study area, the orientation of the fast direction has previously
been shown to flip to match the NW-SE aligned terrane boundaries within the North Australia
Craton (Eakin et al., 2021). This likely indicates that the lithospheric anisotropic fabric differs

between the two major cratonic domains, reflecting different tectonic histories.

Within the South Australia Craton, upon first impressions, the ENE-WSW orientation of
the anisotropy does not appear to match the outline of the major geological provinces or crustal
boundaries (Figure S8), as noted by Birkey and Ford (2022). However, upon closer inspection, the
ENE-WSW orientated fast directions agree very well with the structural trends found internally
within the Gawler Craton, which are preserved as a series of E-W to NE-SW trending faults (Figure
6). Several of these major crustal shear zones and deformation structures (highlighted by thick
black dashed lines in Figure 6) either formed or were reactivated during the mid-Proterozoic
around 1.6 to 1.58 billion years ago (Hand et al., 2007). This time period is associated with the last
major deformational event that impacted the entire Gawler Craton, due to large-scale NW-SE
directed compression (indicated by the thick black arrows in Figure 6) (Hand et al., 2007). Such a
tectonic history is consistent with the anisotropic geometry retrieved by this study. This strongly
suggests that the splitting pattern over the Gawler Craton (and surroundings) is a manifestation of
fossilised LPO fabrics frozen into the lithosphere and preserved for well over a billion years. The
consistency of splitting pattern over such a large area suggests widespread uniform deformation

of the lithosphere during the Proterozoic, before it fully cratonized.

Intriguingly at the time of deformation, the region also experienced significant volcanism

and heating, as recorded by the emplacement of the Gawler Range Volcanics (~1590 Ma) and the
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Hiltaba Suite (1595-1575 Ma). Both magmatic events impacted large swaths of the Gawler Craton,
as indicated in Figure 6. The introduction of heat and melts from this volcanism may have
substantially weakened the lithosphere and further aided widespread deformation, producing the
significant lithospheric LPO fabrics still seen today. After the emplacement of the Hiltaba Suite,
volcanism ceased in the region, allowing the lithosphere to cool, strengthen, and preserve the

anisotropy over the following 1.6 billion years.

5.3 Deviations of the asthenospheric flow associated with LAB topography

While there appears a clear relationship between the splitting parameters and lithospheric
thickness (Figure 4), there are some locations where the splitting fast directions neither follow the
APM-aligned mantle flow direction nor the inferred orientation of the lithospheric fabric. One such
location is along the eastern edge of the thick cratonic lithosphere (highlighted by the dotted white
band in Figure 3b). While there are only a small number of stations in this zone, intriguingly the
orientation of the fast direction appears to follow the general trend of the lithospheric step, as
indicated by the AUSREM LAB model. This perhaps hints at a deviation of the mantle flow field
around the edge of the cratonic root. Such a mechanism can be seen in our mantle flow simulations,
particularly at 120 km depth along the north-eastern boundary of the higher viscosity region
(Figure 5a). However, this location varies with depth in the simulations and is offset further east
compared to the lithospheric step suggested by the AUSREM LAB model (Figure 3b). Deviations
of flow around the continental keel have been invoked previously to explain departures of the
splitting fast direction from the absolute plate motion of Australia (Ba et al., 2023; Bello et al.,
2019; Clitheroe and van der Hilst, 1998; Heintz and Kennett, 2005). However, it has not previously
been imaged parallel to, and directly in the vicinity of, the lithospheric step as seen in Figure 3b.
Alternatively, some of the stations within this band, particularly in the north, match well with the
predicted upper mantle flow from our simulation (Figure 5). This suggests that the pattern could
also be reproduced by mantle flow drawn in towards the fast-moving continent, rather than flow

diverted around the lithospheric step.

Another interesting location where the splitting fast direction departs from the general trend
of APM alignment is the cluster of results in the southeast corner of the study area, highlighted in
blue in Figures 3b and 4. In this region the lithosphere is quite thin (< 100 km), so a substantial

contribution from lithospheric fabrics would not be expected. Intriguingly, however, the splitting
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pattern in this location matches well with the westward directed mantle flow predicted by our
geodynamic simulation along eastern Australia, especially at ~200 km depth (Figure 5b). This may
suggest that it is the result of a similar process, whereby asthenospheric material from beneath the
Tasman Sea is being drawn in towards the higher viscosity lithospheric keel of the Australian
continent. Why the process would be localized to just this area remains unclear, but perhaps
suggests more complex lithospheric architecture in this region than is presently resolved by

tomographic models, such as that by de Laat et al., (2023) utilized here.

To the south of this E-W orientated splitting cluster lies a well imaged low velocity
anomaly in the shallow upper mantle of the Bass Strait (e.g. de Laat et al., 2023). This low velocity
feature has been variously attributed to localized edge-driven convection (Davies and Rawlinson,
2014; Rawlinson et al., 2017), and/or a mantle plume (Davies et al., 2015), both of which would
induce small-scale deviations of the mantle flow-field. Additionally, strong scattering of Love-to-
Rayleigh waves beneath the Bass Strait have been observed (Eakin, 2021), indicative of lateral
gradients in upper mantle anisotropy. Together these observations and models suggest small-scale
convective processes are likely occurring beneath the Bass Strait that may influence the anomalous

patterns of seismic anisotropy beneath southeastern Australia.

6 Conclusion

From analyzing *KS splitting at over 170 stations and focusing on those that could provide
high-quality stacked results, coherent but regionally variable anisotropic patterns have emerged
beneath south and eastern Australia. In regions of comparatively thin lithosphere (70-125 km), we
find fast directions aligned with Australia’s rapid plate motion, as predicted from surface wave
studies. This demonstrates that lithospheric contributions are minimised beneath eastern Australia,
with splitting patterns principally governed by asthenospheric flow. Conversely, where the
lithosphere is thicker beneath the South Australian Craton, ancient deformational fabrics appear to
dominate that have likely been preserved within the lithospheric mantle. The trend of this
anisotropic fabric is comparable with deformational structures from the Early-Mesoproterozoic
found within the Gawler Craton. Such findings imply widespread and uniform deformation of the
region, coeval with the addition of heat and the emplacement of the Hiltaba Suite and Gawler

Range Volcanics, before the South Australian lithosphere cratonized at ~1.6-1.5 Ga.

Lithospheric thickness variations therefore appear to exert a first-order control on the



541
542
543
544
545
546
547

548

549
550
551
552
553
554
555
556
557
558
559
560
561

562
563
564
565
566

567

568
569

manuscript submitted to Geochemistry, Geophysics, Geosystems

anisotropic signal retrieved from shear-wave splitting beneath Australia. While continental scale
imaging of the LAB beneath Australia has been achieved by seismic tomography (e.g. Kennett
and Salmon, 2012), it is more difficult to resolve sharp lateral contrasts in lithospheric age and
thickness that may demarcate important tectonic boundaries such as the enigmatic Tasman Line.
With the ongoing expansion of seismic data collection across Australia, further detailed
investigations of the anisotropic structure may therefore hold significant potential for unveiling

the expansive tectonic history and lithospheric architecture of this ancient continent.
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Introduction

This supporting information provides additional text regarding quality control of the
measurements (ST1), further context regarding the results of previous studies (ST2), and
added justification for an interpretation in terms of a single layer of anisotropy (ST3). Ten
additional supplemental figures are also provided that may be of interest to the reader.

Text ST1. Methodology: Quality control criteria for *KS splitting measurements

For a split (i.e. non-null) measurement to be of acceptable quality this was visually
identified in several ways (see Figure S1a). Firstly, the shear-wave pulse should be clearly
visible on both the radial and transverse components that is distinct from the background
noise. Secondly, the pulse shape should be similar on the fast/slow components. Thirdly, the
uncorrected particle motion is expected to be elliptical but becomes linear and aligned with
the back-azimuth upon correction. Additional quantitative indicators include errors of less
than 1 second in 6t and < 22.5° in ® at the 95% confidence level. Individual results from
both the RC and SC methods were expected to agree within similar error magnitudes
(Wustefeld and Bokelmann, 2007).
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Null measurements, which indicate the shear-wave has not undergone splitting, are also
subject to similar quality control criteria (refer to Figure S1b). This includes a clearly visible
shear-wave pulse on the radial component but minimal or no energy on the transverse
component. This should equate to linear uncorrected particle motion that is aligned with the
source-receiver back-azimuth. Additionally null measurements tend to display a large
discrepancy in apparent delay times between the two methods, with RC values approaching
zero while the SC method can take any value.

Text ST2. Discussion: Is seismic anisotropy beneath Australia coherent or weak?

Unlike the earliest studies of SKS splitting in Australia, our results demonstrate clear
shear-wave splitting patterns that vary regionally but are spatially consistent within a given
province, such as across the Gawler Craton. There are several possible reasons for the
emergence of this clear pattern. Most earlier studies that reported weak splitting and
complex anisotropy beneath Australia were limited by a relatively small number of (<35)
stations, sometimes sparsely distributed over the continent, and often with relatively short
recording spans of less than a year (Clitheroe and van der Hilst, 1998; Heintz and Kennett,
2006, 2005; Ozalaybey and Chen, 1999; Vinnik et al.,, 1992). Over time the Australian National
Seismograph Network has created a dataset of long-running permanent stations with now
more than ten years of data at most sites. Recent studies that utilize these long-running
stations (Ba et al., 2023; Birkey and Ford, 2022; Eakin et al., 2021) have been increasingly
converging towards consistent shear-wave splitting patterns across Australia that was not
possible to resolve previously with the limited datasets available.

Shear-wave splitting studies in Australia are also restricted by the limited back-
azimuthal coverage for SKS in this part of the world (Figure 2b). We found that the inclusion
of the PKS phase, which uses events in a different epicentral distance range to SKS, helped to
expand the number of and backazimuthal range of usable events. We also found that
focusing on a smaller number of but higher quality stacked results was helpful in revealing
the underlying spatial splitting patterns. With temporary stations that only operate for short
periods (e.g. 6-18 months), in Australia these may only return 1 or 2 split measurements that
may be strongly back-azimuthally dependent. As outlined further in section ST3 below,
variations in fast-direction of up 45° are known to occur as a function of back-azimuth
simply due to systematic measurement error (Eakin et al., 2019). Stacking of the
measurements helped to negate these back-azimuthal variations due to systematic error
(Figures S9-10) and thus reveal consistent regional trends.

It is also typical in Australian shear-wave splitting studies to retrieve more null results
(i.e. shear-waves that have not undergone splitting) at a given station than split results. This
still holds true in this study (Figure S3). As first noted by (Eakin et al., 2021), this is likely
attributable to the unfortunate alignment of the inferred fast/slow axes of anisotropy over
large swaths of the continent and the narrow back-azimuthal range of events (140°-160°)
that dominates *KS splitting analyses for this region (Figure 2b and S4). Less prolific splitting
and a higher frequency of nulls reported in Australia may therefore still be consistent with
coherent anisotropy, rather than weak anisotropy and/or precise multi-layering to generate
apparent isotropy (e.g. Heintz and Kennett, 2006; Ozalaybey and Chen, 1999).

Text ST3. Discussion: Interpretation in terms of a single anisotropic layer

The method we have employed involves stacking individual error matrices to determine
the best-fit values for the splitting parameters (® and &t) at each station. This inherently



assumes that the shear-wave splitting from each station is best explained by a flat-lying
single-layer of anisotropy. Evidence from surface wave studies of azimuthal anisotropy would
suggest however that this may not be the case (Debayle et al., 2005; Debayle and Kennett,
2000; Fishwick et al., 2008; Simons et al., 2002). Such studies tend to show strong anisotropy
aligned N-S with the plate motion at the base of the plate ~ 200-250 km depth. The
azimuthal anisotropy tends to be weaker at shallower lithospheric depths (e.g. 50-150 km)
with shorter-scale lateral variations of the fast axis orientation, often attributed to complex
tectonic histories and deformational fabrics preserved within the lithosphere (e.g. Figure S7).

Evidence for two or more layers of anisotropy is usually assessed from *KS splitting by
studying the variation of splitting parameters with back-azimuth (which is equivalent to the
initial polarization for core-refracted phases) (Rimpker and Silver, 1998; Silver and Savage,
1994). For temporary stations with only a handful of results each this is impractical, but it is
possible to assess back-azimuthal variations at the long-running ANSN permanent stations
(Figure S10).

An illustrative example is shown in Figure S9 for station AU:00D located in the vicinity
of the Lake Eyre Basin array (Figure 2). In most cases these permanent stations display a clear
90° periodicity in the splitting parameters with back-azimuth. Most notably a rotation of the
fast direction (®) with back-azimuth can be seen that closely follows a 45° slope, i.e. ® =
backazimuth + 45° as represented by the red line in Figure S9. This stark pattern is
consistent with a known systematic error in splitting measurements (Monteiller and Chevrot,
2010; Vecsey et al, 2008; Wustefeld and Bokelmann, 2007) and has been previously
observed for stations in Australia (Eakin et al., 2021). Importantly, it is fundamentally not
possible to reproduce this trend by modelling two-layers of anisotropy, as demonstrated in
Eakin et al, (2019). It is however easily predictable. Simple models of this systematic error
based on the station stacked-average splitting parameters reproduce well the back-
azimuthal variance of the results (Figures S9-S10). This suggests that our method of stacking
is valid, as the stacked values are consistent with the expected back-azimuthal variation for a
single layer of anisotropy. This however does not imply that multiple layers of anisotropy
cannot exist, but rather that they are not required to explain the data.
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Figure S1. Example of the diagnostic plots generated by the SplitLab user interface
(Wustefeld et al., 2008) for (a) a split measurement at station AEB18 from the Lake Eyre Basin
(5G) network, and (b) a null measurement at station ARCOO from the AusArray-SA (6K)
network. For the split measurement shown in (a), the SplitLab output demonstrates a clear
*KS pulse above the noise on both the transverse (T) and radial (Q) components (upper left
plot). The waveform shape is similar for the corrected fast and slow components (1st
column). *KS energy is removed on the corrected transverse component showing low
amplitudes (2nd column). The particle motion shows initial elliptical motion, which is
corrected, to linear motion aligned with the backazimuth, i.e. the dotted black line (3rd
column). The error matrices show similar best-fit solutions for both the RC and SC methods
and relatively small 95% confidence intervals, i.e. black/grey shaded region (4th column). The
example shown in (b) demonstrates the features that are characteristic for a null, that is a
shear-wave that has not undergone any splitting. A clear *KS pulse above the noise is seen
on the radial (Q) component but not the transverse (T) (upper left plot). The initial particle
motion in blue is linear and aligned with the backazimuth (3rd column). The error matrix for
the RC method predicts close to zero delay time and a fast direction which is orientated 45°
from the backazimuth (4th column). In contrast the error matrix for the SC method displays a
classic ‘pronged’ type pattern lined up with the backazimuth +90°.
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Figure S2. All 367 individual *KS split measurements recorded at 118 stations across the
study region. The fast direction is reflected by the orientation of the bar, and the delay time
by its length. The bars are coloured by the back-azimuth of the raypath, modulated over 90°,
to reflect any periodic patterns with backazimuth.
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Figure S3. All 840 individual null measurements recorded across 157 stations. Each blue tick
represents one measurement, pointing in the direction of the event back-azimuth at which
the null was recorded
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Figure S4. Rose plot showing the back-azimuthal availability of events for station OOD,
same as Figure 2b. The majority of events (>80) fall within the 144° -162° back-azimuthal bin,
which overlaps with the inferred slow axis of anisotropy for this region labelled 'PHI + 90°" in
pink. The inferred fast axis is also shown in pink (labelled ‘PHI') based on the average fast
direction over the Galwer Craton (® = 70°). For comparison, the approximate orientation of
the absolute plate motion (APM) for this region is also shown in green. If the inferred
slow/fast axes of anisotropy align with the APM, as is seen for stations in eastern Australia
(Figure 3), then these would overlap with most of the secondary events available at NNE, ESE,
SSW, and WNW azimuths. The overlap between the availability of events, and the inferred
slow/fast axes, likely contributes to the difficulty in recording clear shear-wave splitting

measurements in Australia, as well as the relatively large number of null results (e.g. Figure
S3).



radial velocity (cm/yr)

log viscosity (PaS)

-4

23

22

21

20

19

o
10
Rl

-30°
-35°

100 km

120 km

140 km

)
{

2y

LEESL
P

ol

v -,

éS\&\\\WWM\MM\M\M\WW@\\\\&\\M\\\
PR =2 4

ol

Wi

z




radial velocity (cm/yr)

log viscosity (PaS)

-4

23

22

21

20

19

\\\\\
/o

i
g

A i
\\\\\\\\\\\ ‘L

/o .\\ \\\,

il
W
(7
i
i,

il

I 7

%\ \,\\ }&%ﬁ
L

W .m\\\.m\\
7,

-25°
-30°
-35°

135° 140° 145° 150°

130°

mantle depth slices through our mantle flow simulation (same as Figure 5).

Upper-

Figure S5

The left hand column illustrates the inferred mantle viscosity at the various depths. The right
hand column background colours show the radial component of the velocity field, with red



colours indicating upwelling and blue colours indicating down-welling. The small black
arrows in all plots indicate the direction of the tangential component of the velocity field.
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Figure S6. Comparison of stacked splitting results (same as Figure 3) with the location of
Quasi-Love wave scatterers (grey open circles) from Eakin, (2021). Quasi-Love waves
represent Love-to-Rayleigh wave scattering and are sensitive to lateral gradients in
seismic anisotropy with peak sensitivity in the upper mantle ~ 100-200 km depth.
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Figure S7. Comparison of stacked splitting results (same as Figure 3) with the pattern of
surface wave derived azimuthal anisotropy at 50 km depth (grey arrows) from Debayle et al.,
(2016).



-25°

-30°

-35°

Fast Direction (°)

Figure S8. Comparison of stacked splitting results (same as Figure 3) with the crustal
boundaries of Australia from Korsch and Doublier, (2015).
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Figure S9. Retrieved splitting parameters (via the rotation correlation method) for station
OOD from the Australian National Seismograph Network (AU) plotted as a function of
event backazimuth (modulated over 90°). Results from SKS phases are plotted as blue
circles, and PKS phases in magenta. The green dashed line represents the best-fit value
for that station based on stacking of the individual error matrices (i.e. the values shown in
Figure 3). The solid red line represents the predicted systematic error as a function of
backazimuth, based on the stacked splitting parameter values (green), and the empirical
equations from (Eakin et al., 2019). The systematic error prediction provides an excellent
match to variation in splitting parameters with back-azimuth, especially the 45° slope in
fast direction.



Figure S10 (below). Same as Figure S9 for all permanent AU stations that produced a

stacked result, as shown in Figure 3.
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Table S1: Excel spreadsheet containing list of individual measurements, and stacked shear
wave splitting results for each station, found by this study.
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