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Abstract

A re-evaluation of existing onshore and offshore gravity, magnetic, seismic reflection,
and well data from the Australo-Antarctic margins suggests that magmatism and
along-strike lithospheric heterogeneities have influenced the localization of initial
rifting. The 3D crustal architecture of the Australian and Antarctic margins, which
formed during multiple rifting episodes spanning ~80 My, reveal local asymmetries
along strike. Rift structures from the broad, late Jurassic (165-145 Ma) rift zone are
partially overprinted by a narrower, mid-to-late Cretaceous rift zone ~100 Ma, which
evolved in highly extended crust. This late-stage rift zone is located within a region of
heterogeneous crust with faults that cut late syn-rift strata, interpreted as a continent
ocean transition zone. This late stage transitional rift is populated by seismically
identified rift-parallel basement highs and intra-crustal bodies with corresponding
positive Bouguer gravity and magnetic anomalies. These undrilled features can be
interpreted as exposures of exhumed mantle rocks, lower crustal rocks and/or as
discrete magmatic bodies. Our results suggest that strain across an initially broad
Australo-Antarctic rift system (165-145 Ma) migrated to a narrow rift zone with some
magmatism at 100-83 Ma. Breakup did not occur until ~53 Ma within the eastern
Bight-Wilkes and Otway-Adélie margin sectors, suggesting a west to east propagation
of seafloor spreading. The prolonged eastwards propagation of seafloor spreading
processes and the increased asymmetry of the Australian-Antarctic margins coincides
with a change from rift-perpendicular to oblique rifting processes, which in turn

coincide with along- strike variations in cratonic to Palaeozoic lithosphere.
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1.0 Introduction

Analytic and numerical models show that continental thinning leading to break-up
may be initiated through mechanical thinning and weakening of the lithosphere,
depth-dependent extension, and magmatism as rifting progresses towards rupture
(e.g., McKenzie 1978; Whitmarsh et al. 2001; Davis & Kusznir 2004; Buck 2004;
Yamasaki & Gernigon 2009; Huismans & Beaumont 2011). At the regional scale it is
evident that crustal and lithospheric rheological heterogeneities such as pre-existing
weak and strong zones may influence these processes by localising in-plane stresses
(e.g. Dunbar & Sawyer 1989; Bassi, 1995; Vauchez et al. 1997; Petit & Ebinger 2000;
Corti et al. 2003; Muntener & Manatschal, 2006). The relative roles, and the
evolutionary interplay, of these influences on rift zone segmentation are debated, in
large part owing to the lack of models and constraints on the along-strike variations in
structure (e.g., Hayward & Ebinger 1996; Behn & Lin 2000; Buck 2004; van Wijk &

Blackman 2005; Lizarralde et al. 2007).

Insights-into the late-stage evolution of rifts and rifted margins have emerged from
detailed deep sea drilling, seismic reflection, refraction, and field studies of the
weakly magmatic Iberia-Newfoundland and Alpine margins and of the East African
Rift system (e.g., Reston et al. 1996; Whitmarsh et al. 2001; Pérez-Gussinyé et al.
2001; Manatschal 2004; Péron-Pinvidic & Manatschal 2009; Lavier & Manatschal
2006; Reston 2007; van Avendonk et al. 2009; Keir et al. 2009; Keranen et al. 2009:
Bronner et al. 2011). These studies provided detailed 2-D concepts for the distribution
of strain as rifting progresses to seafloor spreading, but along-strike variability has
been interpreted primarily in terms of transform segmentation of transtensional

margins (e.g., d’Acremont et al. 2005; Lizarralde et al. 2007; Leroy et al. 2010). The



Ball, Eagles, Ebinger, McClay, Totterdell — Revised Manuscript — re-submitted to G-Cubed April 2013

presence or absence of melt along the strike of the rift is a strong determinant of the
rift architecture, and incipient transform faults may guide or restrict the movement of
magma (e.g., Shillington et al. 2009; Leroy et al. 2010). While there are many
different factors influencing rift evolution, 3D numerical models show that a change
from rift-perpendicular to oblique extension facilitates the rifting process because it
requires less force to reach the plastic yield limit (Brune et al. 2012). Such changes
may occur after a period of quiescence as fault systems reorganize (e.g., Ebinger et al.

2013).

Combined onshore-offshore geophysical data from the ~4000 km long southern
Australian and conjugate Antarctic margins provide an opportunity to characterize the
evolution and distribution of strain and magmatism as extension progressed to
seafloor spreading. Long-offset seismic reflection profiles across the Australian and
Antarctic margins (Fig. 1) have been interpreted by several teams, resulting in a
number of asymmetric or symmetric breakup models featuring exhumed mantle
wedges, serpentinite bodies, and/or magmatic material (e.g. Wannesson et al. 1985;
Eittreim et al. 1985, Eittreim & Smith 1987; Eittreim 1994; Wannesson 1991; Sayers
et al. 2001; De Santis et al. 2003; Colwell et al. 2006; Direen et al. 2007; Stagg &
Reading 2007; Direen et al. 2011; Direen et al. 2012; Espurt et al. 2012). Several
recent interpretations have been supplemented by along-profile potential field
interpretations (e.g. Sayers et al. 2001; Colwell et al. 2006; Direen et al. 2007; Direen
et al. 2011; Direen et al. 2012). Many of these interpretations have been completed
under-the assumption that the margins are magma poor, because seaward dipping
reflectors that typify volcanic margins are not present and because continental

peridotites that feature at magma-poor margins have been dredged at the western and
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eastern extremes of the Australian and Antarctic margins (Fig 1: Nichols et al. 1981;
Yucasa et al. 1997; Beslier et al. 2004). Stepping back from these largely 2D models,
and the assumption of amagmatic rifting, we re-interpret the seismic reflection and
potential field data all along the margins. The resulting 3D perspective enables us to
compare and contrast the margin structure that develops in cratonic and Phanerozoic

lithosphere, and with and without syn-rift magmatism.

This 3D perspective, presented within a regional plate reconstruction context,
suggests that breakup was diachronous along strike, was influenced by pre-existing
lithospheric heterogeneities, and involved a basinwards jump in the locus of strain and
probably magmatism ~10-20 My prior to the onset of sustained seafloor spreading.
The resulting narrow, late stage rift zone adopted a new segmentation pattern that was

influenced by pre-rift structures, and locally, by magmatic processes.

1.1 Tectonic Setting

A first period of extension affected the margins at 165-145 Ma, forming en-echelon
half-graben systems of the Bight and Otway basins south of Australia (Totterdell et al.
2000; Krassay et al. 2004; Bradshaw et al. 2005; Blevin 2005; Blevin & Cathro 2008;
Totterdell & Bradshaw 2004). The western parts of this rift formed in
Mesoproterozoic and Neoproterozoic mobile belts where the lithosphere is 180-250
km thick and crustal thicknesses vary between 30-45 km (O’Reilly & Griffin 1996;
Gaul et al. 2003, Clitheroe et al. 2000; VVon Frese et al. 1999). The Gawler-Mawson
craton in the central portion of the reconstructed margins is a complex melange of
Mesoproterozoic & Archaean rocks (Fitzsimons 2003; Fig. 2). East of the deeply

rooted craton, the Australian-Antarctic lithosphere is dominated by Phanerozoic
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(Ross-Delamerian, Lachlan and New England) mobile belts where the lithosphere is
80-150 km thick and crustal thicknesses vary between 30 and 50 km (Cleary 1973;
Danesi & Morelli 2000; Drummond & Collins 1986; Fishwick et al. 2005; Ritzwoller
et al. 2001; Clitheroe et al. 2000; Simons et al. 1999; Von Frese et al. 1999; Simons
& van der Hilst 2002). These eastern reaches were heated and intruded at 190-170 Ma
(e.g. Hergt et al. 1991; Elburg & Soesoo 1999; Foden et al. 2002: Fig. 2). The
present-day eastwards decrease in plate strength shown by gravity-isostasy studies
(Zuber et al. 1989; Simons & van der Hilst 2002) is likely to date from at least 190

Ma, and likely before.

Trace element analysis and isotopic analyses indicate the approximate location of the
long-lived pre-100 Ma western Pacific subduction zone beneath the margins (Fig. 1).
This geochemical line marks the approximate boundary between domains of Indian-
and Pacific mantle, and is thought to be largely responsible for the present day
Australian-Antarctic Discordance (AAD) on the South East Indian Ridge (SEIR; Fig.
1; Christie et al. 2004; Whittaker et al. 2010). Geodynamic models suggest that the
late stages of rifting, breakup and early seafloor spreading may have been influenced
by the subducted Mesozoic slab and its volatile-rich mantle wedge (Gurnis et al.

1998; Gurnis & Muller 2003; Whittaker et al. 2010).

In part owing to the deepwater setting of the Bight Basin, the rift, breakup and early
seafloor spreading stages are the subject of much discussion because the sources, and
the ages, of the magnetic reversal anomalies that frame the outer edges of the margin
are not fully agreed upon (e.g. Cande & Mutter, 1982; Tikku & Cande 1999: Sayers et

al. 2001; Whittaker et al. 2007). By ~45 Ma, Australian—Antarctic plate divergence
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was fast enough to produce indisputable magnetic reversal anomalies in oceanic crust.
These anomalies are flanked by areas of subdued magnetic response in which the

presence of further reversal anomalies as old as 84 Ma is debated.

Landwards, the Magnetic Quiet Zone (MQZ) is the site of continued uncertainty
regarding rift related structures and the nature of the crust (Fig. 1). Early geophysical
studies established the presence of highly attenuated continental crust to which there
has been little or no magmatic addition during rifting (e.g. Weissel & Hayes 1972;
Talwani et al. 1978; Konig, 1987; Childs & Stagg 1987; Eittreim 1994). Several
interpreters propose that the oceanward limit of the MQZ marks the onset of oceanic
crust, within which the earliest poorly-correlatable magnetic anomalies are indicative
of extremely slow spreading rates (Tikku & Cande 1999; Tikku & Direen 2008;
Whittaker et al. 2007). By analogy to the drilled Iberia-Newfoundland margins (e.g.
Whitmarsh et al, 2001; Sibuet et al. 2007), basement highs within and along the edge
of the MQZ would be ridges of exhumed mantle rocks and/or magmatic intrusions
within the highly attenuated continental crust, although precise interpretations differ
(e.g. Sayers et al. 2001; Ball 2005; Colwell et al. 2006; Direen et al. 2007; Direen et
al. 2011). Distinguishing between these interpretations has important implications for
the timing of breakup, for the distribution and timing of strain prior to and during

plate rupture, and for the heatflow and subsidence history of the margin.

Previous studies of continental rupture focussed on the evolving geometry of 2D
regional seismic and gravity profiles of the conjugate Australia and/or Antarctic
margins. Eittreim et al. (1985) and Moore & Eittreim (1987) suggested that break-up

left asymmetrical margins through a “crustal sliding” model involving the evolution
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of multiple crustal detachments. Lister et al. (1986) argued for lithospheric-scale
simple shear to produce the asymmetry. Sayers et al. (2001) suggested on the other
hand that symmetrical margins resulted from extensional deformation of
rheologically-layered lithosphere by pure-shear boudinage, similar to patterns in the
sand-silicon model of Brun & Beslier (1996). Direen et al. (2011) adopted aspects of
both studies in arguing for the presence of symmetrical crustal detachments between
an unusually strong lower crust and weak middle crust. Using the same data, Espurt et
al. (2012) used balanced cross sections to propose a model of pure shear during initial
rifting evolving to a single lithospheric-scale detachment during eventual rupture.
Direen et al. (2012) recently argued that the margins host both symmetric and
asymmetric segments. Here, we adopt a 3D approach using gravity and magnetic data
to interpolate between profiles and so visualise along-strike changes that provide
insights into fault-controlled and magmatic strain patterns as rifting progresses to

seafloor spreading.

2.0 Geophysical Datasets

2.1 Seismic Reflection Data

Fig. 1 locates the long-offset 2D seismic reflection data available to this study.
Seismic interpretations are based on the stratigraphic framework of Totterdell et al.
(2000) and Mantle et al. (2009). The seismic data have not been depth converted,
owing to poor velocity control in deeper sections. The record length and quality of the
vintage Australian seismic database was highly variable (Table 1). On the Antarctic
margin, only published lines were available for comparison and are re-interpreted here
in light of our results (Colwell et al. 2006; Eittrem 1994; Eittrem & Smith 1987;

Wannesson 1991; Wannesson et al. 1985). We use products of the gravity and
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magnetic anomaly data to correlate crustal structures between seismic reflection

profiles.

2.2 Magnetic Data

Onshore Australian merged aeromagnetic data are sourced from Petkovic & Milligan,
(2002). Offshore Australia, the data set consists of levelled ship-track data that have
been merged with the onshore aeromagnetic anomalies (Petkovic et al. 1999a, b).
Across Antarctica the EMAG2 data set (Maus et al. 2009) is used. Both the Antarctic
and Australian data were reduced to the pole, assuming a declination of 4.3 and
inclination of -66.3", values at the center of the study region (Fig. 3). Profiles were

extracted from these grids to complement the seismic sections.

2.3 Gravity Data

Four ‘separate datasets were used to produce terrain-corrected Bouguer gravity
anomaly maps for the Australian margin: (1) an onshore simple Bouguer grid
(Petkovic et al. 2001); (2) offshore shipboard gravity data of various vintages and
qualities (Petkovic et al. 2001); (3) free-air gravity anomalies derived from satellite
altimetry data (Sandwell & Smith 1997; 2009); and (4) a merged topographic and
bathymetric data set (Petkovic et al. 2001). Offshore Australia, a new merged
shipboard and satellite free air gravity grid was created from the shipboard data and
the satellite data. After comparison of spectral content of the satellite and shipboard
data, a 35 km cosine low pass filter was applied to the satellite data. Datum shifts in
shipboard data (Petkovic et al. 2001) were corrected via cross-over analyses, and then
draped on the longer wavelength satellite gravity field. This process improved the

RMS misfit between the ship track and filtered satellite data from £18.7 mGal to +9.9

10
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mGal.

On the Antarctic margin, this study uses only the satellite derived Sandwell & Smith
(1997; 2009) data. After testing of the satellite signal-noise ratio, a 35 km cosine low
pass filter was applied to the satellite data in order to reduce their characteristic

‘orange peel’ noise (e.g., Sandwell & Smith 1997; McAdoo & Laxon 1997).

After gridding these data, simple Bouguer anomalies were calculated by assuming a
water-rock density difference of 1670 kg m™ to facilitate merger with the land data
(Fig 4a). This produces a more positive anomaly than in other offshore studies
because the mean density contrast between offshore sediments and water is 1300-
1400 kg m™ (e.g., Close et al. 2009). Owing to the large variations in water depth,
terrain corrections were applied on the basis of the topographic data set (C. Deplus
pers. comm. 2002). Minor artefacts at the seam between the merged onshore and
offshore Bouguer grids are probably the result of bathymetric variations for which no
terrain correction was applied to the land-based Bouguer gravity. The merged

onshore-offshore data are gridded at 4 km spacing.

3.0 Analyses

3.1 Gravity Data Analyses

Before interpreting the gravity data set, we filtered wavelengths longer than 60 km
associated with deep Earth structure. We then computed the tilt derivative as an edge
detector to locate density variations within the crust and uppermost mantle, and to
calibrate these locations with independent data (e.g. Cooper & Cowan, 2006; Salem et

al. 2008; Fig. 4b). The tilt derivative method uses second derivatives to delineate the

11



Ball, Eagles, Ebinger, McClay, Totterdell — Revised Manuscript — re-submitted to G-Cubed April 2013

depth and position of source bodies, without requiring assumptions about the shapes
of subsurface bodies. We also used Euler deconvolution (Fig. 4c) to locate the
boundaries of causative bodies for the observed anomalies (e.g., Reid et al. 1990).
This inverse method requires assumptions about the shapes of causative bodies, which
will determine the rate of change of the gravity or magnetic field with distance. We
iterate through a range of shapes represented by structural indices and invert for
position (e.g., Reid et al. 1990; Marson & Klingele 1993; Stavrev 1997). Visual
inspection is used to evaluate the appropriateness of a particular structural index for a
particular subsurface body, as outlined in Reid et al. (1990). We used a window size
of 40 x 40 km to ensure an over-constrained problem, and to focus results on

basement-involved structures.

The terrain-corrected Bouguer anomaly was inverted to constrain Moho topography
using the iterative procedures of Parker (1972) and Oldenburg (1974). The inversion
IS sensitive to two free parameters; (1) the assumed density contrast at the
crust/mantle interface; and (2) the a priori reference level about which the calculated
Moho topography is assumed to vary within the area of investigation (e.g., Tiberi et
al. 2005). In the absence of calibrated sediment thickness and density maps for the
conjugate margin regions, we use the complete Bouguer anomaly values, and discuss
potential biases below. We first filtered the data to remove anomalies associated with
shallow and sub-lithospheric density variations (95 < A < 190 km), including the
poorly ‘mapped sediment thickness, and mirrored data. Residuals between observed
and predicted anomalies were < 1 mGal along the Australian margin, and < 0.8 mGal

along the Antarctic margin.

12
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A density contrast of 480 kg m™ was assumed for the crust/mantle interface,
corresponding to crust and mantle densities of 2670 and 3150 kg m™. Within the
range 400-550 kg m?®, this 480 kg m™ contrast provided the best fit to seismic
estimates of crustal thickness near the ocean-continent boundary. We adopt a
reference crustal thickness of 25 km across the Australian margin, taking into account
the ~40 km crustal thicknesses observed onshore from refraction studies (e.g.
Clitheroe et al. 2000). A reference value of 15 km was used on the Antarctic margin
in_view of thinner crust recorded there; this in turn suggests that the gravity data
coverage across the Antarctic margin is limited by the ice shelf to more distal parts of
the margin. Synthetic models indicate that variations of 5 km in the reference depth

lead to differences in crustal thickness of ~2 km (Tiberi et al. 2001).

Several factors lead to local bias in the crustal thickness estimates. We have assumed
a uniform Bouguer slab density of 2670 kg m® throughout the onshore and offshore
regions. Gravity anomalies over rock layers with densities differing from this
assumption will have introduced spurious crustal thickness variations to our grids.
For example, in areas of the shelf with thick sedimentary layers, the Bouguer
correction density exceeds the real density of the sedimentary layers between the
seabottom and stretched basement. The high-cut filter partially accounts for this, but
crustal thickness estimates offshore may still be anomalously thick, relative to those

in the onshore regions.

Without making assumptions regarding layer density, we can estimate crustal
thickness variations by subtracting the thickness of sedimentary and water layers,
using a model constrained by seismic reflection data. On the Australian margin,

sedimentary layer thicknesses were calculated from the seismic reflection data using

13
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the velocity model of Petkovic (2004), which has an estimated velocity error of <
15%,-increasing with depth. Our sediment thickness estimates match within 2% of
data from sparse wells, suggesting that thickness is known to ~3000 m in the most
thickly-sedimented regions of the Ceduna Delta region. Along the Antarctic margin,
we adopt the minimum sediment thickness model of Williams et al. (2011). Where
seismic reflection data is lacking along the Antarctic margin, the maps were

supplemented using the global sediment compilation of Laske & Masters (1997).

4 Results

4.1 Tilt derivative and Euler Deconvolution

The results of the tilt derivative and Euler Deconvolution procedures are shown in
Fig. 4b and 4c. Onshore in Australia, the tilt derivative shows patterns of variability
consistent with the known presence of regions of strong crustal heterogeneity. Trends
in both the tilt derivative and Euler solutions reproduce the strikes of boundaries
between these regions. Offshore distinct tilt derivative anomalies and clustered Euler
solutions.are observed and several distinct trends are enhanced. These anomalies and
solutions are therefore a viable basis for interpolation of regional structures between
the seismic reflection interpretations. These will be further discussed below and

interpreted in conjunction with the seismic observations.

4.2 Moho Inversions

The results of the inversion for crustal thickness minus water layer and sedimentary
layer-thicknesses are shown in Fig. 5a. The spatial pattern of crustal thickness
variations matches well with onshore and offshore seismic refraction and wide-angle

reflection data, and receiver function data. Our results match within + 2 km

14
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oceanward of the shelf break; misfits are as much as 5 km in the area of the shelf
break where the gravity gradient is greatest. Owing to the assumption of uniform
crustal density in the inversion for Moho topography, lateral density variations will
appear as crustal thickness variations, consistent with the largest discrepancy between

predicted and observed beneath the edge-effect anomaly zone.

4.3 Crustal stretching factor

We use the water and sediment-corrected, predictive map of crustal thickness to
estimate crustal stretching factors, assuming a uniform pre-rift crustal thickness of 40
km along the length of the Great Australian Bight (Fig. 5b). This pre-rift thickness
was chosen using the limited seismic refraction database from the onshore regions of
the Australian and Antarctic margins, and like the Moho depth estimates are subject to
caveats regarding lateral density variations within the crust across the conjugate
margins. Previous studies (Brown et al, 2003; Hegarty et al. 1988) assumed thinner

pre-rift crustal thicknesses and thus present smaller stretching factors.

Crustal stretching is estimated at < 1.4 across the shallow shelf, with values increasing
sharply to B > 4 in the deepwater margin region. The contour map suggests distinct
sectors with greater stretching, most notably the continental rise south of the Ceduna
Delta System (Fig. 5b). We overlay these models of stretching with interpretations
derived from analyses of 2D seismic reflection profiles and the Euler deconvolution

and tilt-derivative products in Fig. 5b, and integrate them below.

4.4 Basement-involved faults and structures of the Bight Basin

Age constraints on the timing of fault movements and basin subsidence are derived

15
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from -~ interpretation of seismic tectonostratigraphic sequences. Stratigraphic
interpretations use the super-sequences described by Totterdell et al. (2000) and
Mantle et al. (2009) and were tied to the available exploration well database, which is
largely restricted to the half-graben basins along the shelf (Fig. 1). Large offset (> 500
ms) basement-involved faults were mapped along profiles and then tied to features in
the tilt derivative and Euler deconvolution results to determine their lateral extent
(Fig. 5). Numerous large syn-sedimentary listric faults within the Ceduna sub-basin
detach on a regional surface within the Blue Whale supersequence and are not directly
interpretable in terms of lithospheric stretching. We omit them from our

considerations.

The stratigraphic interpretations provide important temporal constraints on the
interpreted faults. From this process, Fig. 6 shows it is possible to distinguish two
distinct phases of basement-involved faulting that formed two distinct populations of
faults. The hanging walls of Phase-1 faults (black lines) are characterised by syn-rift
“wedge-shaped” thickening of the Sea Lion and Minke supersequences (165-145 Ma).
The hanging walls of Phase-2 faults (orange lines) show thickening of the Tiger,
Hammerhead and Wobbegong supersequences (93.5-50 Ma). Within the proximal
parts of the margin, we do not observe widespread or significant reactivation of the
Phase-1 basement faults during the deposition of the Tiger-Hammerhead or
Wobbegong sequences. It seems therefore that at this time strain came to be
accommodated within a narrow more distal region populated by new, Phase -2, faults
(Fig.+6). Consistent spatial and temporal patterns are summarized in more detail

below.

16
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4.4.1 Phase-1: 165 Ma to 145 Ma

Phase-1 structures largely form simple half-grabens, bordered by planar normal faults.
The seismic defined faults have observed throws greater than 500 ms TWT, with
dominant SE or SSE dips that are filled by wedge-shaped reflectors. Minimal or no
footwall uplift is preserved, and across the shelf edge younger sequences are
noticeably condensed and often eroded (Fig. 7). Basins of this phase are overlain by
thin post-rift sequences on the shelf, and there is no evidence for syn-rift or post-rift
magmatism. The best examples occur on the shelf and just basinwards of the present-
day shelf edge in the Bremer, Eyre and Duntroon sub-basins of the Australian margin
(Fig. 7). Similar half-grabens can be interpreted basinwards of this, but only on
seismic profiles with >10 s TWT records, due to the increase in water depth and
increasing thickness of the sedimentary cover. Where identified, these deeper basins
cannot confidently be correlated along strike using gravity anomalies, and their age
cannot be accurately constrained. The border faults accommodate dominantly down-
to-the-south movements and roughly correspond with W-E gravity and magnetic
anomalies (Al) between 120°E and 130°E (Figs. 3-5). East of 130°E, within the
Ceduna sub-basin and northern Otway Basin, the orientation of the shelf edge changes
to NW-SE. The shelf-edge gravity anomaly decreases in amplitude owing to the thick
(~15.3 km) sedimentary pile of the Ceduna Delta System (Figs. 1, 4b). Seismic
interpretation reveals scarcely any basement faults north of the Phase-1 faults along
the Gawler shelf. This abrupt partitioning of strain is also seen in crustal thickness
patterns (Fig. 5a), and is thought to coincide with the edge of the present day

Archaean-Mesoproterozoic Gawler Craton (Totterdell et al. 2003).

The crustal thickness and bulk crustal thinning maps reveal that Phase-1 faults occur

17
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in slightly-stretched (B<1.3 to 2.0) crust ~50 km landwards of a sharp reduction in
crustal thickness (Fig. 5a, ¢). These stretching factors exceed the thinning that can be
estimated from wupper crustal fault displacements, indicating depth-dependent

stretching and/or inadequate seismic resolution of crustal strains.

4.4.2 Phase-2: 93.5 Ma to 50 Ma

For the most part, Phase-2 structures are products of localised extension on new
basement faults that formed after the cessation of slip along Phase-1 faults. In some
areas, Phase-1 sedimentary sequences are deformed by Phase-2 fault rotations (e.g.,
Fig. 8a & ¢). Evidence for repeated episodes of cannibalization of Phase-2 rift basins
can be interpreted in some rift sectors, becoming more common eastwards and
basinwards in the Phase-2 rift (Sayers et al. 2001; Fig. 8b). This phenomenon of
discrete overlapping has been documented along other rifted margins (Roberts et al.
1999; Péron-Pinvidic et al. 2007). The sequential deformation that is observed within
the Phase-2 rift (Fig. 8a, b, ¢) may suggest that the localisation represents a new phase
of deformation, after strain hardening embrittled the crust, allowing new faults to

accommodate ongoing strain (e.g. Ranero & Pérez-Gussinyé 2010).

Within the deepwater parts of the Australian and Antarctic margins, potential field
anomalies are of too coarse a resolution to extend individual fault interpretations
through the study region (Figs. 3, 4, 6). The laterally continuous anomaly (A2) and
associated E-W trending Euler deconvolution results correlate spatially with our
Phase-2 rift zone interpreted from Phase -2 faults in seismic reflection data (Figs. 3, 4,
5). Where seismic data are lacking, we interpret (A3) as the landward boundary of

Phase-2 rift structures under the Ceduna Delta System (A3, Fig. 4).
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The Phase-2 faults are more variable than those of Phase-1. Steep and highly rotated
stratal dips are observed (Fig. 8). The faults that show the greatest throw are of Tiger
(93.5-84 Ma) to early Hammerhead (83.5-65 Ma) age; the largest of these exhibit
footwall uplift (Fig. 9). Compared to Phase-1 relationships, the post-rift sequence is
thinner (1-2 km), displacements on the faults are smaller so that the syn-rift
topography is flatter, and the faults are more closely-spaced (Fig. 9a, b, c). Phase-2
faults are dominantly planar and appear to sole out at the Moho or lower crustal
detachments (e.g. Fig. 8b). This style of faulting implies extension of weaker crust
compared to that in which the Phase-1 border faults developed. Stretching factors in
the Phase-2 rift are typically p>5 (Fig. 5b, c). Consistent with this, our crustal
thickness grid, like those of Brown et al. (2003) and Kusznir (2009). shows that the

Phase-2 faults are all located within crust that is < 7.5 km thick (Fig. 5a, 5c).

Phase-2 structures lie seaward of a ~50-100 km wide zone just basinwards of the shelf
edge over which the crustal thickness changes from > 25 km to < 15 km (Fig. 5a). The
recognition that Phase-2 faults are spatially segregated into a region of thinner crust
implies an important change in the evolution of the Australian-Antarctic rift. This
change might be attributed to crustal stretching that accompanied or post-dated the
development of Phase-1 faults at 165-140 Ma, but is challenged by the discrepancy
between the stretching accommodated by total crustal thinning and the stretching
accommodated on these faults and faults within the zone of maximum crustal
thickness change. Alternatively, or additionally, 1D pseudo-well analysis has revealed
sediment accumulation in the period 110-100 Ma (Totterdell et al. 2000; Brown et al.

2001), which might be attributed to ongoing or renewed stretching related to the onset
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of the new Phase-2 rift. Existing seismic data are not adequate to constrain a possible
diachronous start to this rifting episode, nor can they differentiate between a range of
models that might account for the discrepant stretching estimates (e.g., Totterdell et
al. 2000; Totterdell & Bradshaw 2004; Brown et al. 2001; Gurnis et al. 1998; Brown

et al. 2001; Gurnis et al. 2003; Angelo 2011; Williams et al., 2011).

5 Integrative Interpretations

5.1 Continent Ocean Transition and Continent Ocean Boundary

For the following, we define the Continent-Ocean Transition Zone (COTZ) as a
region of laterally variable crustal composition and density structure, across which
either a large volume of igneous material has been intruded, or where stretched
continental crust is juxtaposed to lower crustal rocks, exhumed continental mantle
peridotites, and/or mafic igneous rocks (Fig 6). This zone therefore forms the
transition between crustal zones of continental and oceanic affinity. The Continent-
Ocean Boundary (COB) presented here is a simplified tectonic line that delineates the
landward edge of unequivocal oceanic crust, defined by high seismic reflectivity,
irregular basement with isolated seamounts, unfaulted post-rift sedimentary strata, and
identifiable magnetic anomalies (e.g., d'Acremont et al. 2005; Autin et al. 2010). In
the sometimes large gaps between seismic profiles, we use the gravity data products

to identify mafic crust, buried seamounts, and segment boundaries (Figs. 3-5).

Recently published COB and plate reconstruction models differ in part owing to the
key observations and assumptions used to define the first ocean crust (Direen et al,
2012; Williams et al. 2011; Whittaker et al. (2013). These differences lead to distinct

differences in the interpretations of rates and timing of rifting and rupture, as well as
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basin subsidence history, which we summarise for the cited studies and compare to
our new results in Tables 2 and 3. For these tables, we measured the total margin
width based on identifications of a Rift Deformation Zone (RDZ), which is defined by
observations of basement-involved faults with stratigraphic evidence for rift-related
extension (Table 2a) and alternatively using mapped landward boundaries and COBs
in our study and that of Direen et al. (2012). Owing to the presence of the Antarctic
ice shelf, it is only possible to give minimum widths on that margin. Table 2c
summarizes the along-strike length of the five studied margin segments. The major
boundaries that define these segments are interpreted using a combination of
observations from the tilt derivative grids (Fig. 4b) and Euler solutions (Fig 4c)
following our regional interpretations of the seismic data and the calibrated potential
field data. Segment boundaries were determined based on (i) consistent changes in the
orientation of interpreted faults and or mafic bodies; (ii) the interpretation of any
strong obliquely trending anomalies or the lateral termination of anomalies and (iii)

discrete changes in the texture of the gravity anomalies

Table 3 makes use of simple geometric fits of the COBs in this study and that of
Direen et al. (2012) when rotating within the plate kinematic schemes of Williams et
al. (2011) and Whittaker et al. (2013), in order to derive estimates of breakup ages
(Table 3a), duration of COTZ extension (Table 3b) and extension rates (Table 3c) for
the two COTZs. To do this we assumed overlap of the COBs to indicate extension
within the COTZ, and underlap to indicate separation of the COBs by seafloor

spreading processes.

Direen et al.’s (2012) COB and COTZ interpretation is based largely on interpretation
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of conjugate margin profiles, using similar criteria as described above. Plate
kinematic models define a COTZ less explicitly, on the basis of their identifications of
coherent magnetic anomalies that are taken to mark the onset of seafloor spreading
and the landward edge of oceanic crust. However, in the Williams et al. (2011) model,
the crust interpreted as exhumed lithospheric mantle or magmatic intrusives is
considered “new crust”, rather than part of a COTZ. Consequently, when comparing
the width of the total margin constrained by the limit of rifting marked by the Rift
Deformation Zone (Fig 6) the margin widths of Direen et al. (2012) and this study are
significantly wider (Table 2a) than those in the models presented by Whittaker et al.
(2013) and Williams et al. (2011). Table 2 also shows how the widths of the margins
and COTZs vary along strike. The timing of continental breakup is quite similar in
those models that interpret a COTZ which could be interpreted as identifying the
point of lithospheric breakup. But older in models that are based on the first magnetic
isochron identification or the assumption that mantle exhumation forms “new crust”
created after crustal extension, which perhaps should be more akin to identifying the
timing of crustal breakup (Whittaker et al. 2013; Williams et al. 2011). True
distinctions are currently poorly constrained but the application of these different
interpretations could impact palaeo-heat flow and subsidence modelling implications

of along the Australian and Antarctic margins.

The COB presented in this study suggests that breakup processes were diachronous
along the Australian and Antarctic margins, indicating some propagation or obliquity
of opening (Table 3). In detail, our tabulated results suggest, but do not prove, that
rifting propagated eastwards within the transform margin with breakup not occurring

until 65-52 Ma within the eastern sector of this study where the Bight and Otway
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basins meet (Fig. 5).

Finally we estimate, based on the inferred COTZs presented here and by Direen et al.
(2012), what the likely extension rates were assuming steady extension between the
inferred initiation of the COTZ and first breakup (Table 3b). These estimates are
tested within the plate kinematic models of Whittaker et al. (2013) and Williams et al.
(2011). The late-rift stage extension rates of the Whittaker et al. (2013) model are 18-
25 mm/yr within the centre of the Australian-Antarctic plates (Table 3c). Rates of this
order are observed in magmatic rifts near rupture (e.g., Vigny et al. 2006; McClusky
et al. 2010), but are as yet undocumented for amagmatic or weakly magmatic
margins. Using the kinematic model of Williams et al. (2011) COTZ extension rates
are estimated at 5-11 mm/yr, within the range of rates associated with mantle
exhumation, whereas the faster rates suggest a mean melt thickness on the order of 3—
5 km across the Australian and Antarctic margins assuming a mantle potential
temperature of 1300 C (Pérez-Gussinyé et al. 2006). Within all the current extensional
models the extension rate was greatest within the centre of the Australian-Antarctic
margin, and significantly slower to the east. Further discussion of the extension rates,

magmatic presence and the timing of extension is considered below.

5.2 Rift localization by melt supply

Many ‘recent papers follow the seismic and 2-D gravity and magnetic model
interpretations of Sayers et al. (2001) and argue for the presence of a basement ridge
of unroofed serpentinized peridotites in the distal parts of the rift zone. Although not
uniquely possible from the data over those parts of the rift zone, this interpretation is

consistent with the dredging of mantle peridotites and basalts from the Diamantina
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Zone to the west (Fig. 1; Nicholls et al. 1981; Chatin et al. 1998; Beslier 2004) and of
where serpentinized peridotites, dolerites, gabbros and crustal rocks were returned
from the Terre Adélie Ridge to the southeast (Fig 1: Tanahashi et al. 1997; Yuasa et
al. 1997). Owing in part to the absence of basement samples from the central sector
of the margin, multiple interpretations of 2-D seismic reflection and gravity profiles
have suggested the presence of gabbroic intrusions, volcanic complexes, and blocks
of continental crust alongside that of serpentinised peridotite (Eittreim & Smith 1987,
Eittreim 1994, Sayers et al. 2001; De Santis et al. 2003; Colwell et al. 2006; Direen et

al. 2007; Direen et al. 2011; Direen et al. 2012).

We use the seismic and magnetic calibrations of 3D products of merged marine and
onshore gravity data to provide an integrated model of margin formation. Our
methods differ from those based solely on magnetic anomaly patterns, in that
additional conditions are required to confirm the onset of seafloor spreading. We use
the spatial distribution and shapes of basement highs, the presence or absence of high
density bodies on one or both margins, and their correlation with large offset or
cannibalized sequences. As outlined below, our preferred interpretation of the
integrated seismic reflection, gravity and magnetic data is that, 10-20 million years
prior to breakup, a significant number of magmatic bodies were emplaced or intruded
within a narrow zone across both the Australian and Antarctic margins. As well as
these magmatic intrusives, we allow for the possibility of zones of serpentinized
peridotites within the COTZ in view of the variety of observable features in our
integrated data set (Figs. 8 and 9). In Fig. 9a, we present our interpretations using a
~54 Ma reconstruction using the Euler rotation (25.06° about a pole at 36.0°E,

9.01°N) of Whittaker et al. (2007).
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The opaque basement bodies in seismic reflection data crossing the distal margin are
not stratigraphically bound, having no obvious bases. Our new seismic mapping of the
distribution of bodies shows that they mostly occur between the interpreted landward
boundary of the COTZ and the COB (Fig. 9a), with the exception of a few seismically
defined bodies (e.g. Fig 10). Throughout the COTZ the crust is <10 km thick (Fig.
5a) and dominantly populated by Phase-2 faults (Figs. 5a, 6, 11b), which are observed
to be closely related to many of the individual opaque bodies (Fig. 8a, 9b, c, d, 10).
The seismic reflection observations of opaque bodies is mapped as a subset of higher
confidence mafic body identifications. In addition we also interpret a less confident

subset based on potential field data attributes alone.

Mafic bodies were identified in the seismic data solely on the basis of reflection
character and associations. On both margins, these bodies are identified from regions
of opaque or chaotic seismic reflectivity that occur in close association with Phase-2
faults (e.g. Figs. 8a, b, 9c). Figs. 8 and 9 show that these bodies generally correlate
with positive anomalies in the tilt derivative and local increases over the background
free-air anomaly. In detail, Figs. 8 & 9 reveal more detail within this scheme. Some
closely spaced seismically-opaque bodies appear only as single peaks in the tilt
derivative. Elsewhere, some larger and deeper bodies are only vaguely identifiable
(e.g. Fig. 8b) or only identifiable only from tilt derivative peaks at their tips, perhaps
because they present smaller density contrasts with their surroundings than shallower
examples (e.g. Fig. 8c). Despite the limitations of data resolution, we are able to
extrapolate a number of these interpreted seismic-gravity bodies out into the gravity

data set where no seismic data exist. Finally, a number of the seismic bodies also
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correlate with parts of the magnetic anomalies that have previously been interpreted

as magnetic isochrons (e.g. Tikku & Cande 1999).

Based on these observations, we generated a regional interpretation of the distribution
of mafic bodies in the Phase-2 rift zone by selecting parts of the potential field data
sets that can be traced to a seismically-defined opaque body and that meet at least one
or two of the following criteria: (1) an identifiable (positive or negative) magnetic
anomaly, (2) Euler solutions delineating marked fault or step and (3) a strong positive
tilt derivative anomaly. Given its focus on potential field data, we expect this scheme

of extrapolations to be biased to shallower mafic bodies.

As introduced above, most of the interpreted opaque bodies lie within the MQZ (Fig.
9a). This is particularly obvious within the eastern sectors and is dominant along the
Antarctic margin, eastwards of the isochron interpretations of Tikku & Cande (1999;
Fig. 9a). Others span the MQZ boundary, correlating with anomalies 34y, 330, 27y
and-240-of Tikku & Cande (1999). The presence of oblate bodies with similar
seismic and gravity signatures each side of the MQZ boundary suggests that the
interpretations of Tikku & Cande (1999) may be over-simplified. Similar correlations
of features in extended continental crust with apparent magnetic isochrons were
proposed by Sibuet et al. (2007) for the Newfoundland-Iberian rift and by Sayers et

al. (2001) for the Australian margin.

Totterdell & Bradshaw (2004) and Schofield & Totterdell (2008) argued that the

presence of overmature organic material including coke from the Echidna-1 well (Fig.

10) was sufficient evidence that the well was drilled close to a large magmatic
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intrusion. Large unconformities are identified within the seismic data suggest uplift
and erosion has occurred making it difficult to constrain the exact timing of the
intrusion. The deformation of the Bronze Whaler (140-107 Ma) and Blue Whale (107-
98.5 Ma) lead us to suggest that the intrusive body (Fig 10) was emplaced and/or
intruded close to ~100-93.5 Ma. The younger age constraint is derived from the
presence of the Tiger sequence (93.5-84 Ma) tentatively interpreted above the
observed unconformity (Fig. 10). Regarding the possible arrival age of magmatic
bodies this interpretation does not contradict our regional mapping of other
seismically defined opaque basement bodies. Assuming the magnetic isochron
interpretations (e.g. Tikku & Cande 1999) can be used as pseudo-chrons the fact that
some bodies lie landward of chron 34y and the MQZB suggests that they are older
than 83.5 and 95 Ma respectively (Figs. 9a, b, c, €). This assumed relationship does
not however provide an absolute first arrival date for potential magma within the
Australian-Antarctic rift, this remains poorly constrained. Within the constraints of
the data available to us we suggest that possible magmatic bodies first arrived at
~100-93.5 Ma as rifting localized and strain re-organised between Australia and

Antarctica.

Structural and stratigraphic patterns suggest that magmatic intrusion may have
occurred multiple times in some sectors and with distinct along-strike diachroneity
after the initial pulse at 100-93.5 Ma. An eastward-younging pattern is proposed
through the interpretation of sequential faulting and the formation of new border
faults- deforming older basin sequences (Fig 6). The variations in geophysical
signatures imply differences in composition and/or emplacement (Figs. 8, 9 & 10).

The acoustically-opagque bodies have no consistent relationship with Phase-2 faults.
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Locally, Phase-2 faults in attenuated crustal blocks appear to sole out on the upper
surfaces of opaque bodies below them (Fig. 8b, 8c). These opaque bodies are
therefore interpreted as gabbroic intrusives (e.g., Thybo & Nielsen 2009), or
alternatively as upper mantle rocks or serpentinite beneath embrittled lower crust
(White et al.1987; Ebbing et al. 2006; Osmundsen & Ebbing 2008; Mjelde et al.
2009; Lundin & Doré 2011). Fig. 9c shows an example of a mafic body that intruded
or was exhumed along the footwall of a Phase-2 border fault. Fig. 8c may show
serpentinized mantle emplaced by low angle shear at the base of a local detachment
upon which large Phase-2 border faults detach. Other mafic bodies are located within
the hanging walls of Phase-2 border faults, where they cross-cut pre-Tiger strata (i.e.
older than 94 Ma) and so are interpreted as intrusives (Fig. 8a, 9b, 9d; 9e); others still
are located at depth within the attenuated crust (Figs. 8b, 8c). Elaborating this picture
of variability, some of the bodies exhibit smooth upper surfaces (Fig 8b, c), leading to
hypotheses that emplacement occurred locally along low-angle faults, whereas others

have rugged tops more suggestive of volcanic construction (Fig 8a).

Within the limitations of the data used to make them, therefore, our observations
suggest that prolonged breakup processes along the Australian-Antarctic margins may
have involved magma intrusion episodes without large volume eruptions leading to
the formation of seaward-dipping volcanic sequences. Moreover, it is possible that
melt products first appeared in the older, hitherto essentially amagmatic, rift system at
approximately 100 Ma, at least 10-20 My before even the oldest estimates for the
onset-of seafloor spreading. The mapped mafic structures are individually up to 60 km
long and changes in their orientations demarcate a 300-400 km scale segmentation of

the COTZ (Fig. 9a; Table 2c). This pattern is similar to that observed along the
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eastern North American continental margin, where it is attributed to variability in melt
supply to the COTZ by small-scale convection above the mantle transition zone (Behn

& Lin 2000).

5.3 Basement influences on rifting and breakup

Six regional crustal profiles (Fig. 11a-f) built from the reconstructed ~53 Ma gridded
datasets (bathymetry, sediment thickness and crustal thickness) reveal the crustal
architecture and along-strike variability of margin morphology. The most striking
features are the asymmetrical COTZs and sediment thicknesses, and the apparently
thinner crust of the Antarctic margin profile, which terminates at the ice shelf. The
steeper predicted Moho beneath the Australian margin indicates how, according to our
model, crustal thinning there was focussed into a narrower zone than for Antarctica.
Considering that the Antarctic margin continues beneath the ice sheet, the comparison
also demonstrates that our modelled Antarctic COTZ is broader than its Australian
counterpart. It is also apparent that this asymmetry increases eastwards within the
Adélie Rift sector, as was also identified by Colwell et al. (2006) and Close et al.

(2007).

Within the distal margins we delineate five first-order segments originating within the
transitional crust delineated by the Phase-2 faults and mafic bodies, summarised from
west to east here in the reference frame of the Australian margin (Figs. 6, 9). Two
segments with W-E and NE-SW trends lie between 112°-124°E. A third, central,
segment at 124°-130°E, is wide and correlates with a broad W-E trending gravity
anomaly on both margins. The fourth segment (127.5°E-135°E) hosts both W-E and

NE-SW trending structures. The change from W-E to dominantly NW-SE structural
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trends of both Phase-1 and Phase-2 faults corresponds to the landward projection of
the western boundary of this fourth segment, which roughly coincides with the border
of the Gawler-Mawson Craton, Australia. The fifth, easternmost segment is
dominated by NW-SE trends and its eastern border coincides with projections of the
eastern margin of the Gawler—Mawson Craton and of the Spencer Fracture Zone (Fig.
1). Within segments four and five, a NW-SE trending line of Euler solutions and tilt
derivative anomaly (A4) occurs near the projected southern boundary of the Gawler-
Mawson Craton (Fig. 4b, c). It is possible therefore that this NW-SE trend is inherited
from the Gawler-Mawson Craton, or it is derived from the early rifting process of the
Gawler-Mawson Craton. Mechanical heterogeneity at the edge and within the
Gawler-Mawson Craton may have dictated the location of a broad accommodation

zone in the Phase-2 rift and ensuing South East Indian Ridge (SEIR).

At the sector scale (> 300-400 km), along-axis segmentation of the COTZ may have
been controlled by pre-rift lithospheric mechanical and compositional heterogeneities
(Fig. 9a; Table 2c). Finally we find no evidence for faults of large displacement or
density contrasts highly oblique to the rift trend, arguing against the initiation of
transform fault boundaries at segment terminations during Phase-1 or Phase-2 rifting.
The absence of a transform signal suggests that changes in the relative motion of
Australia and Antarctica occurred following the breakup of the Bight-Wilkes sector of
the Australian-Antarctic margins. Based on our interpretations this would be possible
at 50 Ma but not before. This observation is in agreement with the plate kinematic

model of Williams et al. (2011).

6.0 Discussion
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Fault populations delineated across the Australian margin show that strain was first
localized along large offset border fault systems on the shallow shelf, and along the
shelf edge. The spatial offset in the crustal thinning oceanward of the Phase-1 border
faults suggests progressive thinning along deeply-buried faults and/or lower crustal
flow occurred in response to stretching and surface loading. Seaward of the sharp
change from > 25 km-thick crust to < 15 km thick crust lies a younger, Phase-2 rift,
suggesting a distinct localization of strain for a period prior to the onset of seafloor
spreading, which occurred diachronously along the length of the Australian-Antarctic
margins. Phase-1 basins are overprinted by structures of the younger rift (Phase-2).
Multiple lines of evidence support temporally and spatially distinct phases of

magmatism in this late-stage basin.

Previous studies using 2-D seismic profiles have focussed on the inferred symmetry
or asymmetry of the margins, and assumed that initial rift stage detachments remained
the locus of strain throughout rifting (e.g. Sayers et al. 2001; Direen et al. 2011; 2012,
Espurt et al. 2012). Our interpretations, instead, indicate that a new system of faults
formed late in the rift history; these faults may therefore penetrate an earlier
detachment surface and even re-use local detachments at the base of the evolving
crust. Although the presence of oblate mafic bodies along some of the later stage

faults suggests that these faults probably penetrate the entire brittle crust.

In the west, the margins are documented to be asymmetric between the Naturaliste
Plateau and Bruce Rise sector (Borrisova, 2002). In the east, the Otway-Adélie sector
also appears to be highly asymmetric (Stagg & Reading 2007; Direen et al. 2012).

The intervening Wilkes-Bight sector has been proposed to be symmetrical (e.g.
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Sayers et al. 2001; Direen et al. 2012). Our analysis however reveals that the central
sector is also asymmetric. Along the strike of the central Wilkes-Bight basin, the
asymmetry is expressed in the variable widths of Phase-1 and Phase-2 rift zones. A
fundamental limitation is the paucity of data beneath the Antarctic ice shelf and sheet;
in particular, perched half-graben structures typical of many rifted margins are
nowhere identified on the Antarctic margin (e.g. Alves et al. 2006; Osmundsen et al.
2002; Unternehr et al. 2010; Zalan et al. 2011). Furthermore, the 3-D crustal
architecture shows that the magnitude of thinning varies along strike and along each
margin and that the crustal thinning gradients are steeper on the Australian margin.
Some of the along-strike changes in the orientations of major faults and depocentres,
as well as the locus of strain appear to be controlled by pre-rift lithospheric-scale
heterogeneities, such as the NW-striking structures along the southern margin of
Gawler-Mawson Craton. The along-strike change from a normal to a transtensional
margin was guided by the strong contrast in lithospheric properties across the
boundary of the Gawler Craton and eastern Phanerozoic fold belts. The slow
propagation of the ridge tip may indicate that the Gawler-Mawson Craton acted as a
barrier to ridge propagation. The propagation barrier to the ridge tip may have locally
enhanced the supply of decompressional melt (e.g. Franke 2012) or alternatively have
provided a mechanism for off-axis volcanism and magmatic activity during the early

(~83-50 Ma) propagation of the ridge tip between Australia and Antarctica.

What remains unclear in this new scheme is whether the older rift system was actively
extending up until the time of rift localisation. A relatively narrow zone of
pronounced crustal thinning broadly separates the two rifts, and so may date to 145-

100 Ma. Without tighter constraints on crust and upper mantle velocities and deeper
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imaging, one can only speculate on the mode(s) of extension within the mid- to lower
crust during rift evolution (e.g., Lavier & Manatschal 2006; Huismans & Beaumont

2008; Thybo & Nielsen 2009).

A close temporal relationship between strain localization and the initiation of
magmatism in a narrow, central rift zone indicates the increasing role of mantle
dynamics as rifting progresses to plate rupture (e.g., Keir et al. 2009; Keranen et al.
2009; Yamasaki & Gernigon 2009). Magmatism is not a pre-requisite to the
localisation of rifting (e.g. Cowie et al. 2005), but we suggest that heat and volatile
transfer from magmatic intrusions into the thinned crust approximately 60 My after
rifting initiated could have accelerated plate weakening (e.g., Buck 2004). In the
Bight basin, we also speculate that the Bight-Wilkes and northern Otway-Adélie
margin sectors may have experienced enhanced melt production from a fertile mantle
wedge following the subduction of the palaeo-Pacific lithosphere along the eastern

seaboard of east Gondwana, which ended at ~100 Ma (Gurnis & Muller 2003).

Significant along-strike variations in the breadth and asymmetry of margins and the
role of magmatism are observed in Earth's youngest rifted margins. The Salton
Trough-Gulf of California (e.g., Oskin et al. 2001; Lizarralde et al. 2007; and the Gulf
of Aden (d'Acremont et al. 2005; Autin et al. 2010) rift zones have profound along-
strike variations between sectors separated by large offset fracture zones. In the gulfs
of Aden and California the presence or absence of melt plays a vital role in how late
syn-rift strain is accommodated providing a mechanism whereby mantle exhumation
and magmatic segments occur in close proximity (Lizarralde et al. 2007; Leroy et al.

2010).
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Although we recognize the significance of magmatism during the late stages of
continental rifting contributing to a complex COTZ, magmatic products are
volumetrically minor, and so can only locally have accommodated significant
extension. Based on the estimated extension rates for the COTZ (Table 3c) within the
kinematic model of Williams et al. (2011) we predict 3-5 km of additional melt under
normal mantle conditions. The composition of the mafic bodies is not known from
sampling, but both this new view and previous ones can be supported by geophysical
interpretation and by analogy to comparable tectonic settings. Recent studies of the
Norwegian margin have challenged the widely accepted interpretation of the high
velocity lower crust as a gabbroic underplate, suggesting instead that it may be
serpentinized peridotite or intruded high-grade metamorphic rocks (White et al. 1987;
Ebbing et al. 2006; Osmundsen & Ebbing 2008; Mjelde et al. 2009; Lundin & Doré
2011). Along the Alpine-Tethys margins, magmatic arrival is estimated to precede
seafloor spreading by 12-17 Myr but post-date the onset of rifting by 55-60 Myr
(Manatschal & Muntener, 2008). Similarly magma is documented to have arrived ~16
Myr before seafloor spreading but 55-72 Myr after rift onset along the lberian-
Newfoundland margins (Whitmarsh et al. 2000; Boillot & Froitzheim 2001; Péron-
Pinvidic et al. 2007). Between Norway-Jan Mayen-Greenland multiple rift events
occurred over occurred 345-350 Myr yet magma is documented to have arrived only
5-6 Myr before seafloor spreading (Roberts et al.1999; Skogseid et al. 2000; Gaina et

al. 2009).

6.0 Conclusions
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Pre-rift reconstructions of the Australian and Antarctic plates and tectonic domains
mapped from our potential field studies show that the initial rift developed
preferentially within Proterozoic-Phanerozoic lithosphere, and its E-W trend was
deflected around the present day Gawler-Mawson Craton, leading to the development
of an_oblique rift zone. Between 165 and 145 Ma, regional extension led to the
development of a broad rift zone of numerous half graben, but with no evidence for
syn-rift magmatism. By ~100 Ma, a new localised rift zone developed within the most
extended part of the ever-broadening rift zone; new faults developed, producing a
late-rift stage along-axis segmentation, and over-printing older structures. By 93.5
Ma, strain within this narrower zone was accommodated by both mechanical
stretching and, we infer, localised magma intrusion in the attenuated crust. The new
weakly-magmatic rift developed rapidly in the E-W parts of the rift zone, but
propagation of breakup was protracted in the transtensional Otway-Adélie sector
where structures with NW-SE-striking structures during initial rifting. Propagation of
the young mid-ocean ridge appears to have been extremely slow in this oblique rift

sector.

The spatial migration of rifting and the development of a new along-axis
segmentation superposed on early rift-stage structures argue against prolonged
extension having been localized along crustal and/or lithospheric detachments that
developed during the early stages of rifting. Instead, observations of the conjugate
Australian and Antarctic margins indicate that early syn-rift border faults were
abandoned during late-stage rifting when a new segmentation pattern developed.
Intrusive magmatism occurred in some of these late-stage rift segments, whereas in

others large offset faults sequentially accommodated strain, locally, possibly,
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exposing upper mantle peridotites, until seafloor spreading processes initiated. The
superposition of these processes and prolonged duration of rifting produced a broad
zone of heterogeneous, transitional crust. Through seismic and gravity calibrations of
the magnetic anomaly patterns, we interpret rift parallel magnetic anomalies as
evidence for shallow mafic bodies (exhumed mantle, intrusive bodies) into stretched
continental crust, with the first seafloor spreading anomaly as 34y (83.5 Ma) in the
west, and 240 (53 Ma) in the east, or Otway basin region. We argue that the first order
(Proterozoic and Palaeozoic) lithospheric heterogeneities coupled with the time-space
patterns of rift migration and W to E propagation, late-stage magmatism and
sequential faulting combine to produce variable marginal asymmetries along this

deepwater passive margin.
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List of Tables

Seismic

Seismic Record Region of

Seismic Survey | Imaging of Top
(seconds) Coverage
Basement

AP81 Moderate 9 Polda Trough
DH91; 92 Poor 6 Duntroon
HD95 Poor 6 Duntroon
DWGAB Good 10 Ceduna
HRGAB Variable/good 5 Ceduna
SHELL Variable/poor 13 GAB
065 Variable/poor 13 Recherche/Eyre
S199 Excellent 15 COTz
SA68;69 Poor 7 Ceduna
SA70W Variable 8 SE Ceduna
S137 Good 14 Otway

Table 1: Qualitative comparison of Geoscience Australia seismic reflection data used
to image upper crustal structure of the southern Australian margin. COTZ: Continent
Ocean Transition Zone. Data classified as poor have low signal to noise ratio and

poor depth penetration.
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Table 2a Width of Margin (including COTZ)

Madel/ region reviewed S1 S2 S3 S4 S5
This study: Australia 280 300-370  400-440  400-450 130-300
This study: Antarctica 410-420 410 350-380  390-400 450-520
Direen et al. (2012): Australia 330 340-370  430-440 420-450 250-320
Direen et al. (2012): Antarctica 450-480 440-500 360-420 410-440 470-530
Williams et al. (2011): Australia 230-270  260-340 320-340 320-350 130-300
Williams et al. (2011): Antarctica 230-260 290-300 250-270  320-350 400-480
Whittaker et al. (2013): Australia 250-270  280-320 340-350  370-430 140-300
Whittaker et al. (2013): Antarctica 170-250 250-270 200-220 220-260 300-350
Table 2b Width of COTZ (km)

Moadel/ region reviewed S1 S2 S3 S4 S5
This study:'Australia 50-70 70-90 100-120 130 30-80
This study: Antarctica 150-200 120-140 110-120 150-170  220-310
Direen et al. (2012): Australia 60 60-90 80-100 15-90 30-120
Direen et al. (2012): Antarctica 180-240 110-150 80-100 80-100 70-80

Length of Segment (along axis) km

Table 2c

Model/ region reviewed Sl S2 S3 S4 S5
This study: Australia 330 270 420 210 345
This study: Antarctica <240 260 330 250 350
Direen et al. (2012): Australia n/a n/a n/a n/a n/a
Direen et al. (2012): Antarctica n/a n/a n/a n/a n/a

Table 2: Geometry of the margin determined within various plate kinematic and
geophysical studies of the COTZs in five identified rift Phase 2 segments (S1-S5, Fig.
7). The ranges in the numbers represent the min-max width measured within the

Margin or COTZ.
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Table 3a Age of Break-up (Ma)

Model/ region reviewed S1 S2 S3 S4 S5

This study — Whittaker et al. (2013)

kinematic plate model 79-69 81-79 83-80 79-63 63-51

This study — Williams et al. (2011)

kinematic plate model 79-69 81-79 83-80 79-63 63-51
Direen‘et al. (2012): - Whittaker et al.

(2013) kinematic plate model 56-54 78-61 82-78 78-61 56-44
Direen et al. (2012): - Williams et al.

(2011) kinematic plate model 56-54 78-61 82-78 78-61 56-44

Williams et al. (2011) 100-95 100-96 112-95 95-93 80-54

Whitaker et al. (2013) 90-88 92-89 95-92 90-83 83-80
Table 3b COTZ formation Age

Model/ region reviewed S1 S2 S3 S4 S5
This study — Whittaker et al. (2013)

kinematic plate model 93-79 90-80 95-83 100-79 105-65
This study — Williams et al. (2011)

kinematic plate model 105-79 110-80 110-83 118-79 122-65
Direen et al. (2012): - Whittaker et al.

(2013) kinematic plate model 86-56 86-78 91-82 88-78 83-56
Direen et al. (2012): - Williams et al.

(2011) kinematic plate model 100-56 100-78 103-82 96-78 82-56
Table 3c Estimated COTZ Extension Rate (mm/yr)

Model/ region reviewed Sl S2 S3 S4 S5
This study — Whittaker et al. (2013)

kinematic plate model 16.79 21.00 18.30 13.80 7.50
This study — Williams et al. (2011)

kinematic plate model 9.40 10.50 7.33 7.25 5.00
Direen et al. (2012): - Whittaker et al.

(2013) kinematic plate model 9.00 25.60 20.00 14.00 5.56
Direen et al. (2012): - Williams et al.

(2011) kinematic plate model 10.80 10.25 6.00 3.50 2.50

Table 3: Table 2: Kinematics of the margin determined within various plate kinematic
and geophysical studies of the COTZs in five identified rift Phase 2 segments (S1-S5,

Fig. 7).
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Figure Captions

Fig. 1: Satellite derived free air gravity anomalies of the Australian-Antarctic passive
margins (Sandwell and Smith 1997; 2009). The conjugate margin is subdivided into
the Diamantina-Bruce Rise Sector, the Bight-Wilkes Margin Sector and the Otway-
Sorell-Adélie Sector which are characterised by distinct structural and stratigraphic
patterns. Exploration wells used in this study are marked by white crosses. Long
offset seismic reflection lines shown for the Australia and Antarctic margins. Yellow
markers indicate the sector and location of the seismic line that is used in the
respective figures. Black crosses: dredge samples, see text, and Borissova, (2002) for
more details. White solid line: Continent Ocean Boundary: COBWhite dashed line:
boundary between Indian and Pacific-type mantle (after Christie et al. 2004). IMM:
Indian (ocean) MORB Mantle (Isotopically defined); PMM: Pacific (ocean) MORB
Mantle (Isotopically defined) after Christie et al. (2004). AAD: Australian-Antarctic
Discordance; ARB: Adélie Rift Block; BS. Bass Straight; Bl: Bight Basin; BM:
Bremer Basin; D: Duntroon Basin; DZ: Diamantina Zone; CDS: Ceduna Delta
System; FZ: Fracture Zone; NP: Naturaliste Plateau; OT: Otway Basin; S: Sorell

Basin; SEIR: South East Indian Ridge; STR: South Tasman Rise; Projection: WGS84.

Fig. 2: Cartoon reconstruction of East Gondwana at ~500 Ma (after Fitzsimons 2003).
Between ca. 550-100 Ma eastern Gondwana was flanked by a long-lived accretionary
orogeny (Gurnis & Miller 2003). The light green polygons represent the basement
regions that indicate high mechanical strength (Simons & van der Hilst 2002). The
approximate palaeolatitudes are after Torsvik et al. (2001). Red circle: Jurassic

kimberlites (180 £ 3 Ma, Wyatt et al. 1993). Blue circles: Jurassic kimberlites (170-
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172 Ma, 164-174 Ma; Ferguson et al. 1979; Stracke et al. 1979). Yellow circle:
Kimberlitic pipe and dykes (260 Ma, Strake et al. 1979). Orange circle: Kimberlite
(260 Ma, Gaul et al. (2003). Blue area in eastern Antarctica and southern Australia:
Ferrar tholeiitic basalt province (183 Ma to 170 Ma; Hergt et al. 1991; Foden et al.
2002). Brown area in southern Australia: Alkali basalts (191 Ma and 187 £18 Ma;

Hergt et al. 1991; Foden et al. 2002; Elburg & Soesoo 1999).

Fig. 3: Reduced to Pole (RTP), magnetic anomalies for Australia and Antarctica. The
grids are rotated to the c240 (53 Ma) using the Euler pole of rotation from Whittaker
et al. (2007). Antarctica is held in present day position. Projection: Universal Polar
Stereographic (median longitude 130°E). Antarctic data is from Maus et al. (2009)
and it is merged with the Australian onshore-offshore data from the southern margin
of Australia (Petkovic et al. 1999a, b). Magnetic chron interpretations, light grey
dashed line (MQZB-c240) come from Tikku & Cande (1999). MQZB: Magnetic
Quiet Zone Boundary: Black solid line: COB Thick black markers indicate the sector

and location of the seismic line that is used in the respective figures

Fig. 4: (a) Bouguer gravity anomaly (b) Tilt derivative of the Bouguer gravity, in
radians (-n/2 to n/2); (c) Solutions from the Euler 3D deconvolution of the Bouguer
gravity. Structural index SI1=0.0 thought to represent a small fault or step. Within Fig.
4b the seismically defined border faults of rift Phase-1 (black fault traces) and rift
Phase-2 (orange fault traces). The Australian Euler solutions and tilt derivative grids
are rotated to the c240 (53 Ma) using the Euler pole of rotation from Whittaker et al.
(2007). Antarctica is held in present day position. Projection: Universal Polar

Stereographic (median longitude 130°E). Magnetic chron interpretations, light grey
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dashed line (MQZB-c240) come from Tikku & Cande (1999). MQZB: Magnetic
Quiet Zone Boundary: Black solid line: COB. Thick black markers indicate the sector

and location of the seismic line that is used in the respective figures

Fig. 5: Crustal thickness grids for Australia and Antarctica. The grids are rotated to
the c240 (53 Ma) using the Euler pole of rotation from Whittaker et al. (2007).
Antarctica is held in present day position. Projection: Universal Polar Stereographic
(median longitude 130°E). (a) Crustal thickness grid for Australia and Antarctica. The
grids are clipped to the COB interpretation presented in this study. Moho depths from
sonobuoy and seismic refraction experiments on the Australian and Antarctic margins
range between 11.5 and 26.5 km (e.g. Hawkins et al. 1965; Konig & Talwani 1977;
Talwani et al. 1978; Konig 1987; Childs & Stagg 1987; Clitheroe et al. 2000; Stagg et
al. 2005), (b) stretching factors computed from the crustal thickness grids in Fig. 5a.
Pre-rift crustal thickness is assumed to be 40km. (c) The red contours are crustal
thickness contours after Brown et al. (2003). Basement faults identified from seismic
reflection data and possible mafic bodies are overlain to examine the distribution of
faulting and crustal thickness. This is done to establish where the border faults of rift
Phase-1 (black fault traces) and rift Phase-2 (orange fault traces) are located in
relationship to the crustal thickness establishing a spatial relationship between bulk

crustal thinning and observed basement faults.

Fig. 6: Basement fault map interpretation based on seismic reflection data. Fault
traces are simplified for simplicity. Black fault traces are interpreted to have a 165-
145 Ma age. Orange fault traces are identified to be younger with ages between 93.5-

50 Ma. The structural interpretations are rotated to the c240 (53 Ma) using the Euler

69



Ball, Eagles, Ebinger, McClay, Totterdell — Revised Manuscript — re-submitted to G-Cubed April 2013

pole of rotation from Whittaker et al. (2007). Antarctica is held in present day
position Projection: Universal Polar Stereographic (median longitude 130°E).
Onshore crustal elements after Shaw et al. 1996. Magnetic chron interpretations, light
grey dashed line (MQZB-c240) come from Tikku & Cande (1999). MQZB: Magnetic

Quiet Zone Boundary.

Fig. 7: Phase-1 rift basins: seismic line 199-09 shows an example of the half graben
structures from the Eyre Sub-basin, typical of the phase-1 rift structures (165 to ~145
Ma). Exploration well Jerboa-1 has been used to tie the seismic interpretation. It is
projected onto the seismic line by ~20km. The stratigraphic interpretation is derived
from Totterdell et al. (2000), modified by Mantle et al. (2009). This 2D seismic
profile is located at a right angle to the strike of the border fault. The basin [A] is 15
km wide and the estimated basin syn-rift fill is approximately 1 second (twt). The
basin [B] is 20 km wide and is characterised by a syn-rift fill of 1.25 seconds (twt).

For the location of the seismic images see Fig. 6.

Fig. 8: Phase-2 rift basins structural style and overprint of older Rift Phase-1 basins.
The observation of oceanwards migration of tectonic activity and structural
overprinting of interpreted Rift Phase-1 basins suggests that there was a re-
organisation of strain prior to breakup. (a) seismic profile: 199-01, (b) seismic profile:
199-07, (c) seismic profile: 228/24, modified from Colwell et al. (2006). Each seismic
example is accompanied by profiles: Free Air gravity anomalies (black); tilt
derivative (green) and Reduced to the Pole magnetic anomalies (red). As in Fig. 6 the
Phase-1 faults are marked in black (165-145 Ma) and the Phase-2 faults in orange

(93.5-50 Ma). For the location of the seismic images see Fig. 6. Magnetic chron
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interpretations, (MQZB-c240) come from Tikku & Cande (1999). MQZB: Magnetic

Quiet Zone Boundary.

Fig. 9: (a) Interpreted mafic bodies from the Australian and Antarctic margins, and
line locations for the seismic images 9b to 9e. The interpretations are rotated to the
c240 (53 Ma) using the Euler pole of rotation from Whittaker et al. (2007). Antarctica
is held in present day position. Projection: Universal Polar Stereographic (median
longitude 130°E); (b) seismic profile: N404-1. (c) seismic profile: N407-5, (d) seismic
profile: 199-11, (e) seismic profile: SDLS15-03, modified from Eittreim et al. (1985).
Each seismic example is accompanied by three profiles: Free Air gravity anomalies
(black); tilt derivative (green) and Reduced to the Pole magnetic anomalies (red). The
seismic example 9c has a combination of magnetic anomalies from Maus et al. (2009:
dashed) and Petkovic et al. (1999a, b solid). As in Fig. 6 the Phase-1 faults are
marked in black (165-145 Ma) and the Phase-2 faults in orange (93.5-50 Ma). See
fig.9a for the location of the lines. Onshore crustal elements after Shaw et al. 1996.
Magnetic chron interpretations, light grey dashed line within, Fig 9a, (MQZB-c240)

come from Tikku & Cande (1999). MQZB: Magnetic Quiet Zone Boundary.

Fig.10: (a) Seismic line dh91-255 with the exploration well Echidna-1 projected
~4km onto the line; The seismic example is accompanied by three profiles: Free Air
gravity anomalies (black); tilt derivative (green) and Reduced to the Pole magnetic
anomalies (red).The stratigraphic interpretation is derived from Totterdell et al.
(2000), modified by Mantle et al. (2009). For the location of the seismic images see
Fig. 6 and 9a. Magnetic chron interpretations, (MQZB-c200) come from Tikku &

Cande (1999). MQZB: Magnetic Quiet Zone Boundary:
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Fig.11: Regional crustal profiles (11a-11f) extracted from Australia and Antarctica
after the grids have been clipped and rotated to c240 (53 Ma) using the Euler pole of
rotation from Whittaker et al. (2007). Antarctica is held in present day position. The
profiles extracted from the following grids: gridded bathymetry (Sandwell and Smith
1997), sediment thickness (see text) and depth to Moho from gravity inversion (see
text). Inset map shows the location of the profiles. Major crustal interpretations have
been plotted on to the map delineating areas offshore interpreted as oceanic,
transitional and continental crust. Onshore crustal elements after Shaw et al. 1996.

Projection: Universal Polar Stereographic (median longitude 130°E).
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