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[1] Despite decades of study the prerift configuration and early rifting history between
Australia and Antarctica is not well established. The plate boundary system during the
Cretaceous includes the evolving Kerguelen–Broken Ridge Large Igneous Province in the
west as well as the conjugate passive and transform margin segments of the Australian
and Antarctic continents. Previous rigid plate reconstruction models have highlighted
the difficulty in satisfying all the available observations within a single coherent
reconstruction history. We investigate a range of scenarios for the early rifting history
of these plates by developing a deforming plate model for this conjugate margin pair.
Potential field data are used to define the boundaries of stretched continental crust on a
regional scale. Integrating crustal thickness along tectonic flow lines provides an estimate
of the prerift location of the continental plate boundary. We then use the prerift plate
boundary positions, along with additional constraints from geological structures and large
igneous provinces within the same Australian and Antarctic plate system, to compute
“full‐fit” poles of rotation for Australia relative to Antarctica. Our preferred model
implies that the Leeuwin and Vincennes Fracture Zones are conjugate features within
Gondwana, but that the direction of initial opening between Australia and Antarctica
does not follow the orientation of these features; rather, the geometry of these features
is likely related to the earlier rifting of India away from Australia‐Antarctica. Previous
full‐fit reconstructions, based on qualitative estimates of continental margin overlaps,
generally yield a tighter fit than our preferred reconstruction based on palinspastic
margin restoration.
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Australian‐Antarctic margins, Tectonics, 30, TC6012, doi:10.1029/2011TC002912.

1. Introduction

[2] The prerift configuration and early rifting history
Australia and Antarctica has been debated for decades; the
lack of consensus partly reflects the difficulty to reconcile
geological and geophysical constraints from the eastern and
western end of the plate boundary system using rigid plate
models. Relative motion between Australia and Antarctic
during the Late Jurassic (∼160–140 Ma) with an early phase
of continental rifting followed by thermal subsidence
[Totterdell et al., 2000]. These authors studied wells and
pseudo wells from basins along the Australian southern
margin and identified relatively mild thermal subsidence until
∼100 Ma, followed by accelerated subsidence until conti-
nental breakup. The rapid subsidence phase is tentatively
attributed to predominantly lower crustal stretching due to the
lack of seismic evidence for upper crustal extension until

immediately prior to breakup [Totterdell et al., 2000]. Con-
tinental breakup and the commencement of very slow sea-
floor spreading (∼10 mm/yr half rate) occurred at ∼83.5 Ma.
[3] Despite clear evidence for the onset and progression of

Australian‐Antarctic continental rifting, relatively few pub-
lications have addressed these earliest plate tectonic
motions. Full‐fit Euler poles are presented by Powell et al.
[1988], and Royer and Sandwell [1989]. These two mod-
els differ predominantly in the direction of motion pre-
scribed to pre‐96 Ma motion. Powell et al. [1988] and
Veevers [1987] proposed that prebreakup continental rifting
and extension was oriented NNE‐SSW based on the pattern
of faulting in the Bass and Gippsland Basins (Figure 1) while
Royer and Sandwell [1989] alternatively proposed a NW‐SE
azimuth based on transfer faults interpreted from seismic data
from the Great Australian Bight. These differences can be
seen in the flow lines plotted in Figure 2. Powell et al. [1988]
restore 360 km of continental stretching across the conjugate
margins, estimated using bathymetric, seismic, and magnetic
data, along a north‐northeast azimuth. Royer and Sandwell
[1989] use the deflection of the vertical satellite gravity
signal to interpret full‐fit boundaries to undo Australian‐
Antarctic prebreakup continental stretching.
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[4] More recent studies addressing the early opening
between Australia and Antarctica [Royer and Rollet, 1997;
Tikku and Cande, 1999, 2000; Whittaker et al., 2007] use
updated magnetic anomaly data sets; however, none of the
revised models go back further than ∼96 Ma and so do not
attempt to compute full‐fit reconstructions. Full‐fit Australia‐
Antarctica Euler poles have also been published as part of
global compilations including Schettino and Scotese [2005],
Müller et al. [1997, 2008], and Torsvik et al. [2008]. Of these
global compilations, only Müller et al. [1997] use a previ-
ously published Euler pole (the full‐fit pole of Royer and
Sandwell [1989]), while all the other compilations use their
own poles, but with no methodological explanation. Hence,
the question remains as to whether we can improve on pre-
vious models for the rifting of Australia and Antarctica in the
context of the recently revised reconstructions at the onset of
seafloor spreading, and newly available constraints on the
crustal structure of the passive margins.
[5] In this paper we investigate full‐fit reconstructions for

the breakup of Australia and Antarctica (Figure 1). The best

fitting model depends on both the amount of closure between
the two plates and their lateral configuration prior to and
during rifting. To constrain the likely amount of closure,
we use estimates of the crustal thickness in the conjugate
extended continental margins. We then use palinspastic res-
toration (where geological features are restored taking into
account changes in their geometry) of the extended continental
crust within the conjugate margins to derive restored continent
ocean boundaries (RCOBs). The estimated location of the
RCOBs depend on the direction of initial opening between
Australia and Antarctica, which in turn depends on the lateral
juxtaposition of the plates during the rifting. To constrain the
lateral configuration, we match major geological structures
between the conjugate Australian and Antarctic margins.

2. Candidate Models for Australia‐Antarctica
Rifting

[6] A plate‐scale model of rifting needs to satisfy several
criteria: (1) The implied plate motions should be reasonably

Figure 1. Map of free‐air satellite gravity [Andersen et al., 2010] illustrating major tectonic features of
the Australian Southern Ocean. Br, Bremer Basin; GAB, Great Australian Bight Basin; Ot, Otway Basin;
So, Sorell Basin; Ba, Bass Basin; Gi, Gippsland Basin.
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consistent with the basin‐scale extension directions recorded
within the conjugate margins, (2) the reconstructions should
satisfy interpreted correlations between conjugate features
on the rifted continents, (3) the reconstruction at the end of
rifting needs to be consistent with constraints (isochrons,
fracture zones) for the earliest phase of seafloor spreading,
and (4) the amount of closure between the plates needs to be
consistent with observations from the extended continental
crust in the conjugate margins. The restoration of extended
continental margins is discussed in detail in section 3. In this
section we discuss the first three listed items in the context
of the Australia‐Antarctica rifting.
[7] The majority of the available structural data comes

from the Australian margin, which has been studied in much
more detail than the conjugate Antarctic margin. Temporal
and spatial variations in basin‐scale structural trends make it
difficult to reconcile structural information with the exten-
sion directions implied from a single Euler pole for a given
time interval. At 130°E along the Australian southern mar-
gin a well‐documented change in the strike of offshore‐
stepping normal faults occurs, from predominantly NE‐SW
to the west to predominantly NW‐SE to the east [e.g., see
Totterdell and Bradshaw, 2004, Figure 2]. If taken at face
value, explaining the observed Australian margin structural
trends from a regional plate tectonic modeling perspective
is virtually impossible, as it would imply relative motion
between the western and eastern halves of Australia, for
which there is no evidence. In fact, many authors have argued
that the changing structural trends across the Australian
passive margin are the result of preexisting basement trends
that controlled the locations and orientations of structures
on the extended passive margin [Totterdell et al., 2000;
Totterdell and Bradshaw, 2004; Willcox and Stagg, 1990].
In addition, stress modeling studies [e.g., Dyksterhuis and

Müller, 2008] show that inherited basement structure can,
at basin scales, significantly affect the direction and strength
of deformation stresses that at more regional scales are rel-
atively uniform. Nevertheless, we find that even though a
wide variety of structural trends are observed along the
Australian southern margin, the majority of these structural
trends support NW‐SE to N‐S extension directions during
the continental rifting phase of breakup, consistent with our
proposed NNW‐SSE continental rifting direction.
[8] Along the western half of the Australian passive

margin, structural trends are consistent with a NW‐SE to
NNW‐SSE direction. In the Bremer subbasin, E‐ENE strik-
ing en echelon rift border faults that are offset to the south-
west support a NW‐SE to NNW‐SSE extension direction
[Totterdell and Bradshaw, 2004]. In the Eyre subbasin,
immediately to the west of the 130°E boundary line, NE‐ENE
striking extensional faults that are offset to the southeast are
consistent with interaction between a NW‐SW to NNW‐SSE
extensional direction and E‐W trending basement structures
[Totterdell and Bradshaw, 2004].
[9] At the western end of the Australian and Antarctic

margins are three prominent structures, commonly referred
to as fracture zones despite the fact that they occur in
extended continental crust. The Vincennes Fracture Zone is
located at the eastern edge of the Bruce Rise, Antarctica,
while the Leeuwin and Naturaliste Fracture Zones are located
at the eastern and western edges of the Naturaliste Plateau,
Australia (Figure 1). Alternative interpretations exist for
the alignment of major features on the Australian margin and
Antarctica margins (Figure 1) at ∼83.5 Ma. Tikku and Cande
[1999] align the Vincennes fracture zone on the Antarctic
margin with the Leeuwin fracture zone, whereas Whittaker
et al. [2007] align the Vincennes Fracture zone with the
Naturaliste Fracture Zone. These different interpretations

Figure 2. Flow lines resulting from the plate tectonic models of Powell et al. [1988], red; Royer and
Sandwell [1989], yellow; Tikku and Cande [1999]; and Whittaker et al. [2007], blue.
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result in the Naturaliste Plateau being reconstructed either to
the north, or to the east, of the Bruce Rise. For both alter-
native alignments, it is possible to interpret additional, though
more debatable, conjugate structures on the Antarctic margin,
to the west of the Bruce Rise for the Leeuwin alignment and
along the Wilkes Land margin for the Naturaliste alignment
[e.g., Whittaker et al., 2007].
[10] Using these different scenarios as starting points, we

test different candidate models for the direction of relative
plate motions during rifting, and examined RCOB locations
implied by various stage poles. In each case the stage
poles are derived from different finite poles of rotation for
Australia relative to Antarctica at both the assumed onset
of rifting (160 Ma [Totterdell et al., 2000]) and around the
time that seafloor spreading began between the Bight Basin
and Wilkes Land (83.5 Ma).
[11] The basic assumptions underlying the Leeuwin model

are that (1) the Leeuwin and Vincennes Fracture Zones are
conjugates, and that (2) motion from the onset of continental
rifting (∼160 Ma) until breakup at ∼83.5 Ma is recorded by
the trend of these structures. This model implies that
the major change in direction of relative motion between
Australia and Antarctica occurred at ∼chron 34 time (83.5 Ma),
roughly coinciding with the onset of seafloor spreading.
[12] The basic assumptions underlying the Naturaliste

model are that (1) the Naturaliste and Vincennes Fracture
Zones are conjugates, and that (2) motion from the onset
of continental rifting (∼160 Ma) until breakup at ∼83.5 Ma
is recorded by the trend of these structures.
[13] The basic assumptions underlying the hybrid model

are that (1) the Naturaliste and Vincennes Fracture Zones are
conjugate features, and that (2) motion from the onset of
continental rifting (∼160 Ma) until breakup at ∼83.5 Ma is
not recorded by the trend of these structures.
[14] As a comparison to these three candidate models, we

tested the model of Powell et al. [1988], which predicts
a NE‐SW opening direction that is significantly different
from that implied by the three models described above.

3. Methods

3.1. Previous Work on Full‐Fit Reconstructions

[15] Bullard et al. [1965] presented an early attempt to
derive quantitative full‐fit reconstructions of the conjugate
Atlantic margins, testing different bathymetric contours
and finding the 500 fm contour to yield the best fit.
Many subsequent plate tectonic studies have used potential
field data to approximate the position of the unstretched,
prerift plate boundaries. Lawver et al. [1998] used the
“major free‐air gravity anomalies,” while Schettino and
Scotese [2005] used the “horizontal gradient of gravity
anomalies.” Although these authors describe these features
as mapping palinspastically restored continent‐ocean bound-
aries, the precise rationale for their approaches and their
methods are unclear. A quantitative approach to deriving
“nonrigid” plate reconstructions is described by Dunbar and
Sawyer [1987, 1989] who used total tectonic subsidence
analysis to estimate crustal thickness from sediment thickness
maps of the Gulf of Mexico and North Atlantic, and so derive
more robust plate reconstructions for phases of continental
rifting. Dunbar and Sawyer [1989] used the results of palin-
spastic restoration of continental margins to reassess the

amount of closure required to fit the prerift configuration of
two conjugate plates, thus modifying the angle of rotation
about an existing Euler pole. While the analysis presented here
shares some similarities with these authors, we adopt an
approach that allows us to derive new, statistically robust fits
using a combination of constraints from both restoration of
stretched continental crust and other structural features.

3.2. Prerequisites for Regional Palinspastic Restoration

[16] To properly account for the deformation along con-
tinental margins during rifting, the spatial extent of the
extended passive margin must be delineated, and the thick-
ness of the extended crust across these continental margins
estimated. As illustrated in Figure 3, we need to define (1) the
boundary between stretched and unstretched continental
crust, which we refer to throughout the rest of this text as
the Unstretched Continental Crust Limit (UCCL); (2) the
boundary between the stretched continental and oceanic crust
(commonly known as the continent‐ocean boundary, COB);
and (3) the spatial variation in thickness of the extended
continental crust between these two boundaries.
[17] A variety of geophysical data sets are available to

assist in this process. We have used potential field data,
combined with insights from seismic profiles where avail-
able, as a primary means to define the crustal configuration
in a way that extends continuously along the full length of
the conjugate Australian and Antarctic continental margins.
3.2.1. Magnetics
[18] Magnetic anomaly data are taken from the NGDC

World magnetic anomaly map [Maus et al., 2009]. The most
recent version, referred to as EMAG2, describes the total
magnetic intensity of the crustal field on a 2 arc min grid at
4 km above the geoid. Our reconstructions use chron 34y
magnetic anomaly picks for the southern ocean from Tikku
and Cande [1999] and Whittaker et al. [2007], in con-
junction with additional data described in the text, to con-
strain the relative position of Australia and Antarctica at the
end of continental rifting. The chron 34y magnetic anoma-
lies are located on a basement ridge complex, interpreted to
be composed of exhumed continental mantle within the
continent‐ocean transition. For this reason their interpreta-
tion is somewhat controversial [Tikku and Direen, 2008;
Whittaker et al., 2008a]. However, recent studies have shown
that conjugate linear magnetic anomalies within the exhumed
mantle are generated by reversals in the Earth’s magnetic
field in a similar way to those observed in oceanic crust, and
so are related to the temporal evolution of this material and
can be used to reconstruct relative plate motions [Sauter et al.,
2008; Sibuet et al., 2007].
3.2.2. Gravity
[19] We generate gravity derivative maps using the

DNSC08GRA model derived from satellite altimetry for
marine areas [Andersen et al., 2010]. We calculated a Bouguer
correction [e.g., Blakely, 1995] using the GEBCO global
bathymetry compilation grid [General Bathymetric Chart
of the Oceans, 2008]. To study the gravity effect of the
sediments along the Australian and Antarctic margins we
require gridded total sediment thickness. The NGDC global
sediment thickness map for the oceans [Divins, 2004] provides
minimum thickness estimates for these areas, but seismic data
indicate large areas where the actual sediment thickness on
these margins is much greater than that shown by the global
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minimum thickness grid. We compute a new regional 5 min
resolution sediment thickness grid for the Australian Southern
Ocean (Figure 4b) using sonobuoy‐derived sediment thick-
nesses for the Great Australian Bight and Wilkes Land mar-
gins (generated by Geoscience Australia and described by
Kusznir [2009]), merged with sediment thickness data from
Géli et al. [2007] for the deep ocean basin areas. Values from
the NGDC global sediment thickness grid [Divins, 2004] were
used for areas not covered by the other data sets.
[20] To map the discrete, regionally pervasive changes in

crustal thickness and/or density we upward continued the
Bouguer gravity data and calculated the total horizontal
gradient. We calculated an additional gravity map in which
we attempted to strip away the effect of large sediment
thickness variations. Using the grids of sediment thickness
generated for the Australian and Antarctic conjugate mar-
gins, we estimated the gravity effect of the sediments with
the aim of more clearly isolating the gravity signal due to
variations in thickness and/or density of the crust underlying
the sediments. We estimated the gravity effect of the sedi-
ments using Fourier domain forward modeling methods
[Blakely, 1995; Parker, 1973] and assuming densities of
2.4 g/cc for the sediments and 2.8 g/cc for the underly-
ing basement rocks. The gravity effect of the sediments
was then used as a correction to the Bouguer gravity, and
new derivative maps generated from the sediment‐corrected
gravity anomaly to assist in qualitative interpretation.
3.2.3. Crustal Thickness
[21] Our primary constraints on crustal thickness across

the conjugate Australian‐Antarctic margins are crustal thick-
ness grids derived from gravity inversion by Kusznir [2009].

The data are freely available to download at https://www.ga.
gov.au/products/servlet/controller?event=GEOCAT_
DETAILS&catno=68656. The methodology used to compute
these grids involves stripping away the estimated gravity
effect of bathymetry and the sedimentary section across
each margin, and estimating the long‐wavelength gravity
signature due to temperature changes within the lithosphere.
The remaining gravity signal is assumed to be due to varia-
tions in the depth to Moho, and a grid of this depth is
determined using an iterative inversion scheme.
[22] The gravity inversion results of Kusznir [2009] include

assumptions of crustal density, initial crustal thickness, the
ages for the onset of rifting and oldest reliable isochron, and
the type of margin (“volcanic,” “normal,” or “magma poor,”
in each case implying different parameters for modeling of
the melt addition within the stretched crust [see Kusznir,
2009]). A further uncertainty is the sediment thickness
across the conjugate Australian‐Antarctic margins. Kusznir
[2009] used both minimum and maximum estimates for the
sediment thickness for each margin and generated a range
of crustal thickness grids based on different values for the
parameters described above used in different combinations
for the gravity inversion. This array of possible output models
is narrowed down based on criteria such as the correlation
of the estimated Moho depth with Moho depths determined
from seismic refraction experiments. The final array of crustal
models presented by Kusznir [2009] comprises four models of
crustal thickness for both the Australian and Antarctic mar-
gins. These grids form the starting point for our own analysis.
[23] The gravity inversion method includes an analysis

of the crustal thickness in the unstretched crust adjacent to

Figure 3. Schematic cartoon of rifted margins, illustrating the concepts of UCCL, COB, and RCOB
(see text for definitions).
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Figure 4. Reconstructions of the conjugate Australian‐Antarctica margins at ∼47.9 Ma, in a fixed‐
Antarctica reference frame. (a) Total magnetic intensity (EMAG3 [Maus et al., 2009]); (b) estimated
sediment thickness, with dots showing locations of data used to derive the regional grid; (c) crustal
thickness derived by gravity inversion, with estimates of the prerift plate boundary location; (d) total
horizontal gradient of the 1 km upward continued Bouguer gravity; and (e) same as Figure 4d but cal-
culated for a gravity anomaly with the estimated gravity effect of the sediments removed. Locations of
peridotite ridges [O’Brien and Stagg, 2007; Sayers et al., 2001] are shown by red lines in Figures 4a–4c
and white lines in Figures 4d and 4e. Dashed lines show landward and oceanward limits of “certain”
stretched continental crust used to derive prerift plate boundary locations.
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each margin, with the results tied to available seismic
refraction data. The preferred values for the crustal thickness
beneath Australia and Antarctica adjacent to the conjugate
margins were 42.5 km and 37.5 km, respectively [Kusznir,

2009]. We have used these values as the thickness of
unstretched crust when calculating the length of restored
crust after the crustal thickness integration. The beta factors
implied by these crustal thickness are given by b = tc0/tcnow

Figure 4. (continued)
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where tc0 is the thickness of unstretched crust and tcnow is
the present‐day crustal thickness.
[24] Kusznir’s [2009] crustal thickness grids do not extend

across the full extent of the stretched margin, in particular on
the Antarctic margin. To fill the gaps we have merged these
grids with the crustal thickness for the Antarctic margin
from the CRUST2 model [Bassin et al., 2000]. On the
Australian margin, the crustal thickness grids were extrap-
olated using the scattered crustal thickness estimates from
seismic refraction from Brown et al. [2003]. In the case of
a “normal” type margin, Kusznir [2009] assumes that melt
is added to crust thinned beyond a certain critical thinning
factor (in this case 0.7). We recalculated the extent of melt
addition to the crust for these expanded grids. An example
of the resulting set of crustal thickness grids is shown
in Figure 4c.
3.2.4. Interpretation of COB and UCCL
[25] For both the Australian and Antarctic margins the

Bouguer gravity anomaly shows a regional transition from
low values over the continents to high values over the
oceans, mirroring the deepening of the Moho beneath the
continents. The total horizontal gradient of the Bouguer
gravity anomalies (Figure 4d) shows a ∼100 km wide zone
of high gradient that extends along the south Australian
margin. When a correction for the gravity effect of the
sediments is incorporated, the resulting gradient map
(Figure 4e) is broadly similar with the exception of the areas
around the thick sediment accumulations in the Bight Basin,
where the strong gravity gradient lies significantly further
landward of the high‐gradient zone across the same part of
the margin in Figure 4d. Grids of crustal thickness derived
from gravity inversion (e.g., Figure 4c) suggest that the
majority of crustal thinning takes place within the same

>100 km wide zone of high‐gravity gradient (as we would
expect since the inversion result is based on the same gravity
data). On this basis, we define the landward limit of stret-
ched crust to lie at the landward margin of the regional
gravity gradient shown in Figure 4e. The total horizontal
gradient maps show a distinct linear trend along the location
of the peridotite ridge. Oceanward of this, there is little
evidence for major, laterally continuous changes in crustal
type and/or thickness. Hence we define our oceanward limit
of the “certain” stretched continental crust to follow the
gravity and magnetic trends delineating the peridotite ridge.
[26] The analysis of the conjugate Antarctic margin is

less certain than for the Australian margin. The difficulty
in acquiring geophysical data close to the Antarctic coast
means that the data sets needed to constrain the Bouguer and
sediment thickness corrections are less complete for this
margin. For this reason, our landward limit of stretched
continental crust for this margin is based largely on that
presented by O’Brien and Stagg [2007]. In common with the
Australian margin, the total horizontal gradient of Bouguer
gravity maps show a linear trend following the peridotite
ridge (Figures 4d and 4e). We use this trend to define the
oceanward boundary of “certain” stretched continental crust
for our plate reconstruction calculations, although other
authors have interpreted some continental crust oceanward
of the ridge [Colwell et al., 2006].

3.3. Palinspastic Restoration of the COB

[27] We assume that the regional‐scale direction of
extension should match that defined by stage rotations, which
differ for different candidate plate motion models. Candidate
stage poles for the relative motion between Antarctica and
Australia during the period of continental rifting define small

Figure 4. (continued)
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Figure 5
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circle paths across either margin, which we take to represent
the direction of motion of crust within the extending regions
relative to the parent plate. For a given stage pole we generate
a series of small circle paths across the extended continental
crust between the present‐day COB and the present‐day
UCCL (Figure 5). These paths are then treated as profiles
along which a two‐dimensional palinspastic restoration is
performed (Figure 3c). For each path, we extract the crustal
thickness along each profile, then integrate the crustal
thickness along the profile and calculate the length of this
crust prior to extension assuming conservation of cross‐
sectional area and uniform crustal thickness prior to rifting.
The point that lies at the same distance from the UCCL along
the small circle path as the restored profile length is taken as
the RCOB location for that profile. Applying this process to
a series of paths along the margin yields a RCOB line.
[28] The workflow in section 3.3 has much in common

with the work of Dunbar and Sawyer [1989]. The process
relies on having poles of rotation to define the stage pole
paths during the continental rifting and hence the position of
the RCOBs. For their analysis of the North Atlantic and
Labrador Sea, Dunbar and Sawyer [1987, 1989] used
existing poles of rotation for the period of continental rifting
(well constrained by transform margin segments) to derive
their small circles, then modified the angle of closure
between the conjugate plates. The difference here is that we
do not rely on existing models of the relative plate motions,
but rather test different scenarios and examine their con-
sequences for the full‐fit reconstruction.
[29] For Australia‐Antarctica, we used the procedure

described above to generate results for different candidate
plate reconstruction model using the COB and UCCL lines
defined earlier. We used the small circle paths for different
models to derive RCOBs for each of the four “preferred”
crustal thickness grids presented by Kusznir [2009]. These
grids comprise crustal thickness estimates derived using
different estimates of sediment thickness (“thick” and “thin”)
and magmatic addition (“magma poor” and “normal”). Of
these four possibilities, the model that assumes the presence
of thick sediments and normal volcanic input during rifting
results in a minimum width of the prerift continental margins.
The gravity inversion model that assumes thin sediments
and no volcanic addition to the crust results in a maximum
width of the prerift continental margin. We then determined
the mean RCOB location of the innermost and outermost
estimates generated along each small circle. These points
are then used as input data for the Euler pole computation
procedure, along with additional constraints, discussed in
section 3.5.

3.4. Computation of Euler Poles

[30] Euler poles are computed using two different meth-
ods. The first is a visual‐fitting technique where all the
available data, RCOB locations and structural trends, are fit

interactively using GPlates software [Boyden et al., 2011].
Models used in this paper are provided as GPlates‐
compatible files from http://www.earthbyte.org/people/
simon. This approach was used for the computation of
Euler poles for the Naturaliste and Leeuwin models. Due to
the poor fits at least one section of the conjugate plate pair
we did not compute 95% confidence errors for either the
Naturaliste and Leeuwin models.
[31] For our preferred hybrid model we compute all finite

rotation poles using the least squares fitting method of
Hellinger [1981] and Royer and Chang [1991]. Constraints
on the relative lateral positions of the plates come from
matching of the Vincennes Fracture Zone with either the
Leeuwin and Naturaliste fracture zones (this varies for
the different candidate models), trend of fracture zones in
the Labuan Basin and conjugate features in Broken Ridge.
[32] For the 83.5 Ma reconstructions, we assign less

weight (see Table 2) to the chron 34y identifications of
Tikku and Cande [1999] and Whittaker et al. [2007] when
computing both the visual‐fit and least squares derived
Euler poles for the 83.5 Ma reconstructions. For the least
squares methodology we assign a higher degree of uncer-
tainty to the chron 34y identifications in our statistical cal-
culations. Continental rifting in the conjugate Tasmania–
Cape Adare margins was predominantly complete by ∼90Ma
prior to the onset of spreading in the Tasman Sea [Gaina
et al., 1998; Hegarty et al., 1988], so our reconstructions
treat these conjugate COBs approximately as a transform
margin until final separation some 40–60 million years later,
The Euler poles, and their errors, resulting from our analysis
are presented in Tables 1 and 2.
[33] For the full‐fit reconstructions the RCOB lines for

each margin are used as inputs to the geometric fitting, in a
way that is analogous to how magnetic isochrons picks
are used to reconstruct periods of seafloor spreading. The
use of differing RCOB locations, based on different gravity
inversions, resulted in better fits for the alternative models.
We used RCOBs computed using the gravity inversion grids
of Kusznir [2009], (1) the Normal, Thick gravity inversion
for the Naturaliste model, (2) the Poor, Thin gravity inver-
sion for the Leeuwin model, and (3) the midpoint between
the Normal Thick and Poor, Thin gravity inversions for the
hybrid model. Use of the midpoint between the two extreme
estimated RCOB locations allowed us to compute individual
errors for the location of the COB for the least squares Euler
pole computation, in the hybrid case.

4. Results

[34] Figure 5 shows RCOBs derived for the Australian
and Antarctic margins. The results are presented for three
candidate plate reconstruction models and for the poles of
rotation presented by Powell et al. [1988]. For each of the
plate tectonic models tested four sets of RCOBs are derived

Figure 5. Satellite gravity [Sandwell and Smith, 2005] downward continued to the seafloor [Whittaker et al., 2008b]
overlain with the outline of stretched continental crust (white dashed lines), small circle paths showing relative plate motions
(white solid lines), and locations of restored continental extent based on integrating alternative gravity inversion models of
crustal thickness [Kusznir, 2009]. Each plot shows results for one of the alternative models of the plate reconstruction
history described in the text for the conjugate (a) Australian and (b) Antarctic margins. Insets show the amount of restored
extension along each plotted small circle path.
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from the alternative crustal thickness grids of Kusznir [2009].
The underlying image in Figure 5 is the free air gravity
downward continued to the seafloor [Whittaker et al., 2008b],
which should help to identify the regional structural grain in

bathymetric or crustal features in the extended crust of the
margin. Note for example how the small circles for different
rotation models compare to the orientation of the Leeuwin
fracture zone.

Figure 5. (continued)
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[35] For the COBs along the margins of the Otway Basin
and the George V Land section of the Antarctic margin,
results are only shown for the hybrid model. The Naturaliste
and Leeuwin models both imply plate motions at a highly
oblique angle to the margins in this area during the time
period during which the majority of extension in the Otway
Basin occurred [Hegarty et al., 1988]. Hence, small circle
paths beginning from seed points on the present‐day COB
along the Otway margin run almost parallel to the margin
itself and so it is impossible to derive meaningful values
for the integrated crustal thickness between the COB and
UCCL. The insets in Figure 5 illustrate the amount of exten-
sion restored along each small circle path for each candidate
reconstruction model and crustal thickness grid. The amount
of restored extension on each margin typically lies in the 150–
250 km range. The hybrid and Powell models produce less
along‐strike variability than in the restored extension than the
Naturaliste and Leeewin models, which yield restored exten-
sion values increasing to the west for both margins.
[36] Our alternative configurations of Australia and Ant-

arctica at 83.5 Ma and full fit are shown in Figures 6 and 7,
respectively. The Euler poles computed using the visual
fitting are shown in Table 1, while the Euler poles and their
associated errors are shown in Tables 2 and 3.
[37] The Leeuwin model achieves a very good fit for the

RCOBs from crustal thicknesses derived using gravity
inversion [Kusznir, 2009] (Figure 7). By design, the model
results in NW‐SE relative motion from onset of continental
rifting (∼160 Ma) until ∼83.5 Ma that matches the trend of
Leeuwin and Vincennes fracture zones and the trend of the
strike‐slip boundary marking the edges of western Tasmania
and Cape Adare (Figure 6). Much further to the west, the
NW‐SE motion is also roughly parallel with the NW‐SE
trends observed in the oceanic Labuan Basin. The correla-
tion can be observed through comparison of flow lines
computed using this model’s Euler poles and the fracture
zone traces interpreted from satellite gravity (Figure 8).
There is a good fit between the flow lines and the Natur-
aliste, Leeuwin and Vincennes fracture zones.
[38] The Naturaliste model results in a reasonable fit for

the RCOBs from the gravity inversion–derived crustal
thickness. The model results in NW‐SE relative motion
from onset of continental rifting (∼160 Ma) until ∼50 Ma
that matches the trend of the Naturaliste and Vincennes
fracture zones and the trend of the strike‐slip boundary
marking the edges of western Tasmania and Cape Adare
(Figure 8). Similar to the Vincennes model, the NW‐SE
relative motion implied for the Labuan Basin is roughly
parallel with the NW‐SE basement trends observed in this
basin—again illustrated by the correlation between com-
puted flow lines and signatures observed in satellite gravity
data (Figure 8). The model gives a good fit between flow
lines and fracture zones along the western Tasmanian mar-

gin and the Cape Adare margin. There is also good fit
between flow lines and fracture zones for the Naturaliste
and Leeuwin fracture zones, while a slight angular differ-
ence is observed between computed flow lines and the
Vincennes fracture zone.
[39] The Powell et al. [1988] model is based on the poles

of rotation published by Powell et al. [1988], the estimates
of RCOB locations are used only to modify the angle of
closure between the Australian and Antarctica plates in an
way that minimizes the misfit between the conjugate RCOB
lines. This approach results in a reasonable fit in the area of
the Bight Basin (Figure 7) but large overlaps are produced
between the western margin of Tasmania and Cape Adare.
The full‐fit configuration implies that the Naturaliste frac-
ture zone is conjugate with the western margin of the Bruce
Rise—the Leeuwin and Vincennes fracture zones have no
obvious features.
[40] The hybrid model restores Australia‐Antarctica to the

Leeuwin full‐fit position that results in the best fit of the
RCOB locations. Then, rather than force NW‐SE relative
motion following the prominent fracture zone trends, this
model invokes N‐S to NNW‐SSE relative motion from full‐
fit to chron 34y time that allows a good fit to be obtained for
the Tasmanian–Cape Adare conjugate margins. This model
results in two major changes in the direction of relative
motion, first at ∼83.5 Ma and then again at ∼50 Ma. Flow
lines computed for this model show a good correlation with
structural trends in both the Labuan Basin and the eastern
segment of the plate pair (Tasmania–Cape Adare).

5. Discussion

5.1. Uncertainties in Restoring the Continental
Margins

[41] The RCOBs shown in Figure 5 illustrate that the
results for different candidate plate reconstruction models
are very similar. The different plate models imply different
small circle paths for the crustal thickness integration, but
the results for each margin are relatively insensitive to even
significant changes in these paths (e.g., compare the oblique
small circles from the Naturaliste and Leeuwin models with
the broadly margin perpendicular small circles implied by
the hybrid model). The crustal thickness grids derived from
gravity inversion are relatively smooth, so small circles
starting from the same point on the COB aren’t likely
to sample significantly different crustal thickness profiles.

Table 1. Euler Poles for the Naturaliste and Leeuwin Models

Model Chron
Age
(Ma)

Latitude
(deg)

Longitude
(deg)

Angle
(deg)

Naturaliste c34y 83.0 −0.49 36.76 −26.98
Naturaliste full fit 160.0 −13.71 38.88 −31.57
Leeuwin c34y 83.0 6.49 39.58 −27.11
Leeuwin full fit 160.0 −3.33 38.99 −30.51

Table 2. Hybrid Model Euler Poles for Australia–East Antarctica
(Antarctica Fixed)a

Chron
Age
(Ma) Latitude Longitude Angle r (km) �̂ dF N s

34y 83.0 0.89 36.69 −26.64 540.50 0.17 92 103 4
Full fit ∼160 −3.91 37.90 −30.86 131.75 1.04 137 148 4

aFinite rotations were computed following the methods of Hellinger
[1981] and Royer and Chang [1991]. Parameters are r, misfit; �̂, esti-
mated quality factor; dF, degrees of freedom; N, number of data points; s,
number of great circle segments. The uncertainty assigned to fracture zone
identifications are s = 5.0 km following Müller et al. [1991], and magnetic
anomaly identifications is s = 5–10 km for chrons 20–33 and s = 15.0 km
for chron 34. The uncertainty assigned to the full‐fit identifications are half
the total distance between our minimum and maximum. Ages are after
Cande and Kent [1995] timescale.
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A more detailed crustal thickness grid with more sudden
variations could give a larger disparity between the results
for different small circles. However, the main consequence
of the different models is not in the location of the RCOB
locations calculated for each individual margin—rather,
the difference between the models is the quality of the
fit achieved when we try to fit the conjugate RCOB lines
together. The results described above are dependent on
our interpretation of the landward and seaward limits of
extended continental crust in the conjugate margins. Other
interpretations of these boundaries are possible. Likewise,
other crustal thickness grids could be used. We now inves-
tigate the how these factors affect the RCOB locations.

[42] To test the influence of COB and UCCL interpreta-
tions, we have collated these alternative interpretations,
together with other constraints such as bathymetry and
onshore surface geology maps, to derive lines representing
the most landward and most oceanward locations of the
crustal boundaries for both margins (Figure 9). We then
used these boundaries to derive alternative RCOB locations
to understand how sensitive our results are to the interpreted
locations of the boundaries.
[43] On the Australian margin, the most oceanward pre-

vious interpretation for the extent of continental crust comes
primarily from seismic reflection profiles and forward
modeling of potential field data [Borissova, 2002; Direen

Figure 6. Alternative plate tectonic reconstructions for Australia‐Antarctica at 83 Ma. (top) Naturaliste
model, (middle) Leeuwin model, and (bottom) hybrid model. Colored dots show chron 34y picks (red,
Antarctic plate; green, Australian plate); solid black lines represent plate boundaries; solid pink and blue
lines show major fracture zones on Australian and Antarctic margins; pink polygons show the extent of
large igneous provinces [Coffin and Eldholm, 1994]; pale brown shows extent of extended continental
crust; and dotted lines show flow lines for the relative plate motions from 160 to 83.5 Ma implied by
each model.

WILLIAMS ET AL.: AUSTRALIA‐ANTARCTIC RIFT RECONSTRUCTIONS TC6012TC6012

13 of 21



Figure 7. Alternative plate tectonic reconstructions at full fit (∼160 Ma). (top to bottom) Naturaliste model,
full‐fit model implied by modifying the amount of closure about the pole of rotation of Powell et al. [1988],
Leeuwin and hybrid models (the full‐fit configuration is the same for both these models), and alternative
illustration of the preferred hybrid model at full fit as a traditional “rigid” reconstruction, with continental
blocks represented with their present‐day extents, resulting in significant overlaps in the areas of subsequent
extension. Symbology as in Figure 6 except that colored dots represent innermost and outermost RCOB
locations (see Figure 5) for the Australian (green) and Antarctic (red) margins. Reconstructed positions of
East and South Tasman Rise, modified from Gaina et al. [1998], shown by dashed black outlines.
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et al., 2007; Espurt et al., 2009; Sayers et al., 2001;
Totterdell and Bradshaw, 2004]. Similarly on the Antarctica
margin, interpretations of the COB based on seismic data
[Stagg et al., 2005] place the COB more oceanward than our
interpretation. At the other extreme, we defined most land-
ward COB locations based on the stretching factors (beta,
derived from the gravity inversion results). We used the
contour for beta = 3.5 as a rough estimate of the stretching
factor that corresponds to significant melt generation and
the onset of seafloor spreading [cf. McKenzie and Bickle,
1988]—put another way, we are assuming that where the
crustal thickness is greater than ∼12 km that it is unlikely
to be oceanic.
[44] In contrast to COBs, the landward limit of extended

continental crust is not something for which other inter-
pretations have been proposed. We use the shelf break
determined from bathymetry data as the most oceanward
possible extent of unstretched continental crust, while the
most landward extent is defined by mapped outcrop of prerift
rocks. Basement outcrops on the Australian continent were
taken from the UNESCO world geology map [Bouysse,
2010], while outcrops on the Wilkes Land margin were
taken from images presented by Stagg et al. [2005] In the

case of the Australian margin, this strategy results in a UCCL
line up to several hundred kilometres inboard of the coast
over the Madura Shelf since there is no basement outcrop—
while this would be an extreme interpretation, it provides
a test case for situations where less data is available to con-
strain this boundary.
[45] To investigate the degree to which RCOBs may be

sensitive to the uncertainty in interpreted crustal boundaries,
we generated a series of additional results using the alter-
native crustal boundaries shown in Figure 9. We generated
results using crustal thickness from the global 2 degree
resolution CRUST2 model [Laske and Masters, 1998] in
addition to the two gravity inversion grids that give the most
landward and oceanward RCOBs from the four grids ana-
lyzed previously. Figure 10 summarizes the results of this
analysis for the Australian and Antarctic margins. Each
polygon defines the envelope of all RCOB locations for the
model and crustal thickness grid indicated using the four
possible combinations of most oceanward and most land-
ward COB and UCCL. Comparing different crustal thick-
ness models, the distance between innermost and outermost
RCOBs is clearly greatest for the CRUST2 model (some-
thing which may be related to the inherently lower resolu-
tion of this model). The crustal thickness in the region of the
various present‐day COB interpretations is typically greater
for the CRUST2 model. As Dunbar and Sawyer [1989]
pointed out, the uncertainty in the RCOB derived by inte-
gration of crustal thickness is much less than the uncertainty
in the present‐day COB itself—for example, a 10 km lateral
shift in the present‐day COB location results in corre-
sponding shift in the RCOB location assuming crust stret-
ched by a factor of 5 is 2 km. Following this logic, the
greater the crustal thickness predicted by a given model near

Table 3. Covariance Matrices for Finite Rotations in Table 2a

Chron K a b c d e f g

34y 0.17 6.65 −2.31 −5.81 9.11 −9.03 22.7 7
Full fit 1.04 2.85 −2.69 3.77 4.01 −6.93 13.8 6

aThe covariance matrix is given by the formula 1
�̂*

a b c
b d e
c e f

0
@

1
A × 10−g,

where the values of a–f are given in radians squared.

Figure 8. Flow lines resulting from our three alternative plate tectonic models: Leeuwin, white;
Naturaliste, orange; and hybrid, black.
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the COB, the more sensitive the RCOBs derived from
this model will be to lateral changes in the present‐day
COB definition. The gravity inversion method of Kusznir
[2009] prescribes that, for “normal” margins, crust thinned
beyond a thinning factor of 0.7 will include some melt
addition. Hence the residual continental thickness is reduced
compared to that expected at a “magma poor” margin, crust
thinned. As a result, the RCOB results for the “normal”

margin grids are less sensitive to the position of crustal
boundaries (Figure 10).
[46] It is worth reiterating that the range of results shown

in Figure 10 reflects the full range of RCOB locations
possible using the most extreme interpretations for the
UCCL and present‐day COB (Figure 9). Perhaps of greater
significance is the sensitivity of the results to the more
subtle differences between alternative, published, data‐driven

Figure 9. Interpreted locations of the COB and UCCL compared with innermost and outermost
interpretations of the COB and UCCL from the literature and alternative interpretation approaches.
(a) Southern Australian margin and (b) Antarctic Margin.
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interpretations of these boundaries. A major reason for the
ambiguity surrounding early Australian‐Antarctic relative
motions is the lack of a clear boundary between continental
and oceanic crust. The transition zones of these margins have
been described as continental crust [e.g., Colwell et al., 2006],
oceanic crust [e.g., Tikku and Cande, 1999; Whittaker et al.,
2007] and exhumed continental mantle [e.g., Beslier et al.,
2004]. We have chosen to use an interpretation of the COB
that is further landward than the limit of continental crust
proposed by several of these authors, since we only want to
restore crust that we are certain belonged to the continents
prior to rifting. In any case, the differences in these inter-
pretations are minor compared to the extreme interpretations
shown in Figure 9. Furthermore, cross sections shown by
various authors interpreting continental crust to extend further

oceanward than our definition in the Bight Basin indicate that
the continental thickness is typically <5 km [e.g.,Direen et al.,
2007; Espurt et al., 2009]. Hence, had we assumed that some
continental crust lay oceanward of our COB line for the
Bight Basin, the influence on the RCOB line would amount
to <10 km lateral difference.
[47] The Naturaliste and Leeuwin models both imply plate

motions at a highly oblique angle to the margins when the
majority of extension in the Otway Basin occurred (prior
to ∼90 Ma). The oblique opening direction is an issue for
applying our methodology to the Otway Basin. This issue
throws up a number of possibilities: (1) The limitation may
be the methodology—our small circle paths inherently
assume that the rifting can be described a single phase of
rifting in the direction implied by the relative plate motions,

Figure 10. Results from sensitivity analysis of how varying the COB, UCCL, and crustal thickness grid
used affect the restored position of the continental margin. All RCOBs are calculated using the small
circle paths implied by the hybrid model poles of rotation.
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whereas in a highly oblique transtensional setting such an
approach is inappropriate; (2) the Otway Basin could be
incorporated into a Tasmania Block that is allowed to move
relative to Australia, thus implying a different net direction
of rifting; (3) the extension in the Otway Basin could be
allowed to end at a much later time, in which case the
Leeuwin model would imply N‐S extension for some of
the rifting; and (4) the issue may simply highlight that the
Naturaliste and Leeuwin models show important incon-
sistencies with the available geological evidence.

5.2. Discussion of the Models

[48] A drawback of the Leeuwin model is that relative
motion following the trend of the Leeuwin and Vincennes
FZs, from a full‐fit position where the Naturaliste Plateau is
located to the north of the Bruce Rise, leads to severe fit
problems by chron 34y time (∼83.5 Ma), with substantial
continental overlap occurring between western Tasmania
and Cape Adare. To minimize this overlap, we can imple-
ment relative motion that results in continued, albeit very
slow, extension in the Central Kerguelen Plateau region
from 100 Ma until final separation of Broken Ridge from the
Kerguelen Plateau at ∼43 Ma [Tikku and Cande, 2000].
However, even with the implementation of continued
spreading beneath the Central Kerguelen Plateau excess
overlap between Cape Adare and Tasmania at 83.5 Ma can
only be minimized to ∼100 km. For comparison, if a static
plate boundary between Kerguelen and Broken Ridge is
assumed [e.g., Tikku and Cande, 1999, 2000] then the excess
overlap problem is resolved. The overlap problem is easily
observed through the poor match between the flow lines and
the fracture zones that curve around the eastern end of the
Wilkes Land margin. Tikku and Cande [2000] propose a
model in which the overlap problem is avoided by invoking
∼85 km of ENE‐WSW directed dextral strike‐slip motion
between Australia and Tasmania. The motion is proposed to
postdate chron 33o time (79.1 Ma). This timing would coin-
cide with the final phase of rifting in the Bass Basin described
in the tectonostratigraphic synthesis of Blevin [2003], who
do not describe any evidence for major strike slip motions
within the various geophysical data sets they analyzed. Cayley
et al. [2002] and Cayley [2011] emphatically rule out the
possibility of any significant lateral motion of Tasmania
since the Early Cambrian on the basis of modern magnetic
data and exposed Palaeozoic geology in southeast Australia.
[49] Of the models discussed here, the Naturaliste model

predicts the greatest obliquity of relative Australian‐Antarctic
motion toward the western end of the system. This ties in well
with the formation of the Diamantina Zone, a section of
particularly rough oceanic basement located at the western
end of the Australian southern margin and dissipates further
to the east, toward the Great Australian Bight section of the
margin. The roughness of newly formed oceanic basement
is related to spreading rate and spreading obliquity [Whittaker
et al., 2008b]. Hence the nature of the Diamantina Zone
supports the notion of early spreading in the western section
of the Australia‐Antarctica system that was extremely slow
(<10 mm/yr) and oblique to the axis of rifting.
[50] The Naturaliste model has clear fit problems for the

initial stages of the breakup history. If we assume that con-
tinental extension between the western margin of Tasmania
and Cape Adare occurred between 160 Ma and ∼83.5 Ma,

then in a “rigid” plate reconstruction we would expect the
present‐day extent of the stretched continental crust to
overlap. Instead, a gap of the order of 50 km exists between
these conjugate margins as they slide past each other from
160 Ma to the major change in relative plate motions at
(50 Ma). The gap becomes substantial when we consider
estimates for the restored boundaries of each plate. Note that
our model takes into account the estimated restored extents
of both the eastern and western segments of the South
Tasman Rise in their reconstructed positions after Gaina
et al. [1998]. One possibility, albeit remote, to explain this
“loose” fit is that an extensional episode affected this margin
region prior to the onset of Australian‐Antarctic motion.
It is not entirely unfeasible that this extensional event also
affected the Cape Adare–Tasmania region.
[51] The hybrid model avoids the fit problems of the

Leeuwin and Naturaliste models. However, the plate motions
during early the early stages of rifting do not (by design)
conform with the trend of the Vincennes, Naturaliste and
Leeuwin Fracture Zones. Our preferred NNW‐SSE conti-
nental rifting direction is oblique to the NW‐SE trends of
the prominent Nautraliste, Leeuwin and Vincennes Fracture
Zones. While these structures (that actually occur within
continental crust and are therefore not fracture zones) are
commonly interpreted to have formed due to relative motion
between Australia and Antarctica, we instead interpret
that they formed due to the NW‐SE motion of India away
from Australia and Antarctica. Evidence supporting this
interpretation includes the observation that these prominent
structural trends, that match the trend of true fracture zones
observed in the Perth Abyssal Plain, only occur at the very
western extent of the Australian‐Antarctic conjugate pair,
in the only portion of the system directly affected by Indian
rifting. Similar prominent structural trends are not observed
anywhere further east along either the Australian or Antarctic
passive margins. Additionally, Early Cretaceous volcanics cap
both the Bruce Rise [Guseva et al., 2007] and the Naturaliste
Plateau [Coffin et al., 2002] indicating a shared history related
to the rifting of India and early Kerguelen volcanism.
[52] In Figure 11 we analyze the along‐strike variation in

restored crustal thickness implied by our candidate models
and also other previously published models for the full‐fit
reconstruction of Australia and Antarctica [Powell et al.,
1988; Royer and Sandwell, 1989]. In each case we used
our interpretation of the UCCL and present‐day COB, and
plotted the envelope of results for different gravity inversion
crustal thickness estimates. The paths of the small circle
paths vary depending on the poles of rotation for each
model, the inset of Figure 11 shows small circle paths for
the hybrid model as an example. Note that to generate
Figure 11 we use the full‐fit pole of rotation exactly as given
by Powell et al. [1988], in contrast to the additional analysis
below where we attempt to modify this pole of rotation to
better match the constraints from restored crustal thickness.
The plot illustrates that the Leeuwin and hybrid models
imply a relatively smooth distribution of crustal thickness
along the Australia‐Antarctica boundary zone prior to rift-
ing. The Naturaliste model, as well as other previously
published models [Powell et al., 1988; Royer and Sandwell,
1989] imply much thicker restored crust and with greater
along‐strike variability in this thickness. This indicates that
these models imply an excess of closure between the two
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plates not supported by observations. Another possibility is
that we have included too much crust as continental in each
of the margins resulting in overly thick crust after it has been
restored. However, as discussed previously, our interpreta-
tions of the present‐day COB are actually landward of the
alternative interpretations based on recent seismic data so
this possibility is unlikely.

5.3. Comparison of the Hybrid Model With Structural
Data From the Australian Margin

[53] Our proposed NNW‐SSE direction of motion during
continental rifting may be more consistent with the observed
structural trends in Australian margin basins to the east of
130°E than the previously favored NW‐SE direction of
motion. Immediately to the east of the 130°E boundary line,
in the Ceduna Subbasin, a N‐S to NNW‐SSE extension
direction interacted with NW‐SE trending structural base-
ment fabrics to result in half‐grabens with E‐ENE trending
bounding faults. Further east, the Otway and Sorell Basins
are characterized by prominent N‐S basement faults intersected
by NW‐SE faults [Nayak et al., 2010]. A wide variety of
inferred directions have been proposed for the Otway basin,
ranging from NW‐SE [Boreham et al., 2002; O’Brien et al.,
1994; Willcox and Stagg, 1990], NE‐SW [Perincek et al.,
1994] and N‐S [Hill et al., 1994]. Hill et al. [1995] found
the large range was due to a number of factors including
overprinting, limited seismic control and interpretive bias.
[54] We have not attempted to address the causes for

individual basinal structural variation as it is clear that much

of the localized variation is due to structural inheritance.
A clear limitation of using crustal thickness data to restore
the extended continental crust is that we can only use these
data to make inferences about the plate configurations prior
to the onset of crustal extension. A more detailed model of
the rifting history describing changes in the rate and orien-
tation of plate motions prior to the onset of seafloor spreading
would require more detailed data sets and analysis. Our
results provide a single pole of rotation that describes the
overall plate motion for the rifting phase; since the RCOBs
are relatively insensitive to changes in the overall plate
motions, we can be confident that palinspastic restoration
incorporating multiple changes in the directions plate motion
over time would not imply significantly different RCOB
geometries. Hence, the regional Euler poles computed here
provide a starting point for more detailed analysis of the
rift phase and would be a useful input to stress modeling of
the Australian‐Antarctic continental margins.

6. Conclusions

[55] We have used geophysical data to estimate the extent
of stretched continental crust along the conjugate continental
margins of Australia and Antarctica. The interpreted crustal
boundaries, together with estimates of crustal thickness
from gravity inversion, form the basis for the calculation
of prerift plate boundary geometries along these margins. We
then introduce a new methodology to derive full‐fit plate
reconstructions that combines the palinspastically restored

Figure 11. Along‐strike variation in the average restored crustal thickness implied by different models
for the full‐fit configuration of Australia and Antarctica. Values are calculated along a series of small
circle paths that share the same seed point along the Antarctic hinge line between the Bruce Rise and
George V Land. The paths of the small circle paths vary depending on the poles of rotation used. The
inset shows small circle paths for the hybrid model as an example.
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continental margins with other geological constraints. We
explore a range of possible tectonic models for the breakup
history of Australia and Antarctica in the context of these
new constraints together the other available geological evi-
dence and so generate more robust full‐fit reconstructions
of Australia and Antarctica. Our development of an accurate
plate tectonic model describing the continental rifting and
breakup between Australia and Antarctica provides a frame-
work to develop a better understanding of the temporal tec-
tonic and thermal regimes influencing the basins of the
southern Australian margin from ∼160 Ma to ∼83.5 Ma. The
methodology developed here is broadly generic and can
potentially be applied for the reconstruction of any passive
margin pair, although adaptations are needed to accurately
model margins with multiphase rift histories and microblocks.

[56] Acknowledgments. The figures in this paper were created using
Wessel and Smith’s GMT software and ArcGIS. S.W. and R.D.M. were
supported by ARC grant FL0992245. J.W. would like to gratefully
acknowledge the support received from Statoil. The authors wish to thank
Alexey Goncharov and Jennie Totterdell of Geoscience Australia for
valuable discussion during the work presented in this paper. We thank
editor Todd Ehlers and Douwe van Hinsbergen and Gilles Borel for
constructive reviews. Key data used in this paper will be made available
at ftp://ftp.earthbyte.org/earthbyte/AustraliaAntarcticaReconstruction.

References
Andersen, O. B., P. Knudsen, and P. A. M. Berry (2010), The
DNSC08GRA global marine gravity field from double retracked satellite
altimetry, J. Geod., 84, 191–199, doi:10.1007/s00190-009-0355-9.

Bassin, C., G. Laske, and G. Masters (2000), The current limits of reso-
lution for surface wave tomography in North America, Eos Trans.
AGU, 81(48), Fall Meet. Suppl., Abstract S12A‐03.

Beslier, M. O., et al. (2004), A wide ocean‐continent transition along the
south‐west Australian margin: First results of the MARGAU/MD110
cruise, Bull. Soc. Geol. Fr., 175, 629–641, doi:10.2113/175.6.629.

Blakely, R. (1995), Potential Theory in Gravity and Magnetic Applications,
Cambridge Univ. Press, New York, doi:10.1017/CBO9780511549816.

Blevin, J. (2003), Petroleum Geology of the Bass Basin—Interpretation
Report, an Output of the Western Tasmanian Regional Minerals Program,
Geosci. Aust. Rec. Ser., vol. 19, 263 pp., Geosci. Aust., Canberra.

Boreham, C., J. Blevin, I. Duddy, J. Newman, K. Liu, H. Middleton,
M. Macphail, and A. Cook (2002), Exploring the potential for oil gener-
ation, migration and accumulation in Cape Sorell—1, Sorell Basin, off-
shore west Tasmania, APPEA J., 42, 405–435.

Borissova, I. (2002), Geological Framework of the Naturaliste Plateau,
Geosci. Aust. Rec., vol. 20, Geosci. Aust., Canberra.

Bouysse, P. (2010), Geological map of the world at scales 1:50,000,000
and 1:25,000,000, Comm. for the Geol. Maps of the World, Paris.

Boyden, J. A., R. D. Müller, M. Gurnis, T. H. Torsvik, J. A. Clark,
M. Turner, H. Ivey‐Law, R. J. Watson, and J. S. Cannon (2011),
Next‐generation plate‐tectonic reconstructions using GPlates, in Geoin-
formatics: Cyberinfrastructure for the Solid Earth Sciences, edited
by G. R. Keller and C. Baru, pp. 95–114, Cambridge Univ. Press,
Cambridge, U. K.

Brown, B. J., R. D. Müller, C. Gaina, H. I. M. Struckmeyer, H. M. J. Stagg,
and P. A. Symonds (2003), Formation and evolution of Australian pas-
sive margins: Implications for locating the boundary between continental
and oceanic crust, Spec. Pap. Geol. Soc. Am., 372, 223–243.

Bullard, E., J. E. Everett, and A. G. Smith (1965), The fit of the continents
around the Atlantic, in A Symposium on Continental Drift, Philos. Trans.,
vol. 1088, edited by P. M. S. Blackett, E. Bullard, and S. K. Runcorn,
pp. 41–51, R. Soc., London.

Cande, S. C., and D. V. Kent (1995), Revised calibration of the geomag-
netic polarity timescale for the late Cretaceous and Cenozoic, J. Geophys.
Res., 100, 6093–6095, doi:10.1029/94JB03098.

Cayley, R. A. (2011), Exotic crustal block accretion to the eastern Gondwa-
naland margin in the Late Cambrian–Tasmania, the Selwyn Block, and
implications for the Cambrian‐Silurian evolution of the Ross, Delamer-
ian, and Lachlan orogens, Gondwana Res., 19, 628–649, doi:10.1016/j.
gr.2010.11.013.

Cayley, R. A., D. H. Taylor, A. H. M. VandenBerg, and D. H. Moore
(2002), Proterozoic–early Palaeozoic rocks and the Tyennan Orogeny

in central Victoria: The Selwyn Block and its tectonic implications, Aust.
J. Earth Sci., 49, 225–254, doi:10.1046/j.1440-0952.2002.00921.x.

Coffin, M. F., and O. Eldholm (1994), Large igneous provinces: Crustal
structure, dimensions, and external consequences, Rev. Geophys., 32,
1–36, doi:10.1029/93RG02508.

Coffin, M. F., M. S. Pringle, R. A. Duncan, T. P. Gladczenko, M. Storey,
R. D. Müller, and L. M. Gahagan (2002), Kerguelen hotspot magma out-
put since 130 Ma, J. Petrol., 43, 1121–1137, doi:10.1093/petrology/
43.7.1121.

Colwell, J. B., H. M. J. Stagg, N. G. Direen, G. Bernardel, and I. Borissova
(2006), The structure of the continental margin off Wilkes Land and
Terre Adeélie coast, East Antarctica, in Antarctica: Contributions to
Global Earth Sciences, edited by D. K. Fütterer et al., pp. 325–338,
Springer, Berlin.

Direen, N. G., I. Borissova, H. Stagg, J. Colwell, and P. Symonds (2007),
Nature of the continent‐ocean transition zone along the southern Austra-
lian continental margin: A comparison of the Naturaliste Plateau, SW
Australia, and the central Great Australian Bight sectors, Geol. Soc. Spec.
Publ., 282, 239–263, doi:10.1144/SP282.12.

Divins, D. L. (2004), Total Sediment Thickness of the World’s Oceans and
Marginal Seas, http://www.ngdc.noaa.gov/mgg/sedthick/sedthick.html,
Natl. Geophys. Data Cent., Boulder, Colo.

Dunbar, J. A., and D. S. Sawyer (1987), Implications of continental crust
extension for plate reconstruction: An example from the Gulf of Mexico,
Tectonics, 6, 739–755, doi:10.1029/TC006i006p00739.

Dunbar, J. A., and D. S. Sawyer (1989), Patterns of continental extension
along the conjugate margins of the central and North Atlantic oceans and
Labrador Sea, Tectonics, 8, 1059–1077, doi:10.1029/TC008i005p01059.

Dyksterhuis, S., and R. Müller (2008), Cause and evolution of intraplate
orogeny in Australia, Geology, 36, 495–498, doi:10.1130/G24536A.1.

Espurt, N., J.‐P. Callot, J. Totterdell, H. Struckmeyer, and R. Vially (2009),
Interactions between continental breakup dynamics and large‐scale delta
system evolution: Insights from the Cretaceous Ceduna delta system,
Bight Basin, southern Australian margin, Tectonics, 28, TC6002,
doi:10.1029/2009TC002447.

Gaina, C., D. R. Müller, J.‐Y. Royer, J. Stock, J. Hardebeck, and P. Symonds
(1998), The tectonic history of the Tasman Sea: A puzzle with 13 pieces,
J. Geophys. Res., 103, 12,413–12,433, doi:10.1029/98JB00386.

Géli, L., J. Cochran, T. Lee, J. Francheteau, C. Labails, C. Fouchet, and
D. Christie (2007), Thermal regime of the southeast Indian Ridge
between 88°E and 140°E: Remarks on the subsidence of the ridge flanks,
J. Geophys. Res., 112, B10101, doi:10.1029/2006JB004578.

General Bathymetric Chart of the Oceans (2008), The GEBCO_08 Grid,
version 20100927, https://www.bodc.ac.uk/data/online_delivery/gebco/
gebco_08_grid/, Br. Oceanogr. Data Cent., Liverpool, U. K.

Guseva, Y. B., G. L. Leitchenkov, V. V. Gandyukhin, and S. V. Ivanov
(2007), Basement and crustal structure of the Davis Sea region (East
Antarctica): Implications for tectonic setting and continent to oceanic
boundary definition, U.S. Geol. Surv. Open File Rep., 2007‐1047,
doi:10.3133/of2007-1047.srp025.

Hegarty, K. A., J. K. Weissel, and J. C. Mutter (1988), Subsidence history
of Australia’s southern margin: Constraints on basin models, Am. Assoc.
Pet. Geol. Bull., 72, 615–633.

Hellinger, S. J. (1981), The uncertainties of finite rotations in plate tecton-
ics, J. Geophys. Res., 86, 9312–9318, doi:10.1029/JB086iB10p09312.

Hill, K., D. Finlayson, K. Hill, D. Perincek, and B. Finlayson (1994),
The Otway Basin: Predrift tectonics, in NGMA/PESA Otway Basin
Symposium, Melbourne, 20 April 1994: Extended Abstracts, Aust. Geol.
Surv. Organ. Rec., vol. 14, pp. 43–48, Canberra.

Hill, K., D. Finlayson, K. Hill, and G. Cooper (1995), Mesozoic tectonics
of the Otway Basin region: The legacy of Gondwana and the active
Pacific margin—A review and ongoing research, APEA J., 35, 467–493.

Kusznir, N. (2009), South Australia–Antarctica conjugate rifted margins:
Mapping crustal thickness and lithosphere thinning using satellite inver-
sion, GA Rep. 13722, Geosci. Aust., Canberra.

Laske, G., and G. Masters (1998), Surface‐wave polarization data and
global anisotropic structure, Geophys. J. Int. , 132 , 508–520,
doi:10.1046/j.1365-246X.1998.00450.x.

Lawver, L. A., L. M. Gahagan, and I. W. D. Dalziel (1998), A tight fit—
Early Mesozoic Gondwana, a plate reconstruction perspective, Mem.
Natl. Inst. Polar Res. Spec. Issue, 53, 214–229.

Maus, S., U. Barckhausen, H. Berkenbosch, N. Bournas, J. Brozena,
V. Childers, F. Dostaler, J. Fairhead, C. Finn, and R. von Frese
(2009), EMAG2: A 2°arc min resolution Earth Magnetic Anomaly Grid
compiled from satellite, airborne, and marine magnetic measurements,
Geochem. Geophys. Geosyst., 10, Q08005, doi:10.1029/2009GC002471.

McKenzie, D., and M. J. Bickle (1988), The volume and composition of
melt generated by extension of the lithosphere, J. Petrol., 29, 625–679,
doi:10.1093/petrology/29.3.625.

WILLIAMS ET AL.: AUSTRALIA‐ANTARCTIC RIFT RECONSTRUCTIONS TC6012TC6012

20 of 21



Müller, R. D., D. T. Sandwell, B. E. Tucholke, J. G. Sclater, and P. R.
Shaw (1991), Depth to basement and geoid expression of the Kane Frac-
ture Zone: A comparison, Mar. Geophys. Res., 13, 105–129.

Müller, R. D., W. R. Roest, J.‐Y. Royer, L. M. Gahagan, and J. G. Sclater
(1997), Digital isochrons of the world’s ocean floor, J. Geophys. Res.,
102, 3211–3214, doi:10.1029/96JB01781.

Müller, R. D., M. Sdrolias, C. Gaina, and W. R. Roest (2008), Age, spread-
ing rates and spreading asymmetry of the world’s ocean crust, Geochem.
Geophys. Geosyst., 9, Q04006, doi:10.1029/2007GC001743.

Nayak, G. K., M. P. Morse, G. M. Gibson, A. R. Stacey, and C. H. Mitchell
(2010), Structural architecture of the Otway and Sorell Basins derived
from potential field modelling, paper presented at the 21st Geophysical
Conference, Aust. Soc. of Explor. Geophys., Sydney, N. S. W., Australia,
22–26 Aug.

O’Brien, P. E., and H. M. J. Stagg (2007), Tectonic elements of the conti-
nental margin of East Antarctica, 38–164°E, in Antarctica: A Keystone
in a Changing World—Online Proceedings of the 10th International
Symposium on Antarctic Earth Sciences, edited by A. K. Cooper,
4 pp., U.S. Geol. Surv. Open File Rep., 2007‐1047.

O’Brien, G., C. Reeves, P. Milligan, M. Morse, E. Alexander, J. Willcox,
Z. Yunxuan, D. Finlayson, and R. Brodie (1994), New ideas on the rift-
ing history and structural architecture of the western Otway Basin: Evi-
dence from the integration of aeromagnetic, gravity and seismic data,
APEA J., 34, 529.

Parker, R. L. (1973), The rapid calculation of potential anomalies,
Geophys. J. R. Astron. Soc., 31, 447–455, doi:10.1111/j.1365-
246X.1973.tb06513.x.

Perincek, D., C. Cockshell, D. Finlayson, and K. Hill (1994), The Otway
Basin: Early Cretaceous rifting to Miocene strike‐slip, in NGMA/PESA
Otway Basin Symposium, Melbourne, 20 April 1994: Extended
Abstracts, Aust. Geol. Surv. Organ. Rec., vol. 14, pp. 27–33, Canberra.

Powell, C. M., S. R. Roots, and J. J. Veevers (1988), Pre‐breakup continen-
tal extension in East Gondwanaland and the early opening of the
eastern Indian Ocean, Tectonophysics, 155, 261–283, doi:10.1016/
0040-1951(88)90269-7.

Royer, J.‐Y., and T. Chang (1991), Evidence for relative motions between
the Indian and Australian plates during the last 20 m.y. from plate
tectonic reconstructions: Implications for the deformation of the Indo‐
Australian plate, J. Geophys. Res., 96, 11,779–11,802, doi:10.1029/
91JB00897.

Royer, J.‐Y., and N. Rollet (1997), Plate‐tectonic setting of the Tasmanian
region, Aust. J. Earth Sci., 44, 543–560, doi:10.1080/08120099708728336.

Royer, J.‐Y., and D. T. Sandwell (1989), Evolution of the eastern Indian
Ocean since the late Cretaceous: Constraints from Geosat altimetry,
J. Geophys. Res., 94, 13,755–13,782, doi:10.1029/JB094iB10p13755.

Sandwell, D. T., and W. H. F. Smith (2005), Retracking ERS‐1 altimeter
waveforms for optimal gravity field recovery, Geophys. J. Int., 163,
79–89, doi:10.1111/j.1365-246X.2005.02724.x.

Sauter, D., M. Cannat, and V. Mendel (2008), Magnetization of 0–26.5 Ma
seafloor at the ultraslow spreading Southwest Indian Ridge, 61°–67°E,
Geochem. Geophys. Geosyst., 9, Q04023, doi:10.1029/2007GC001764.

Sayers, J., P. A. Symonds, N. G. Direen, and G. Bernadel (2001), Nature of
the continent‐ocean transition on the non‐volcanic rifted margin in the
central Great Australian Bight, Geol. Soc. Spec. Publ., 187, 51–76,
doi:10.1144/GSL.SP.2001.187.01.04.

Schettino, A., and C. R. Scotese (2005), Apparent polar wander paths
for the major continents (200 Ma to the present day): A palaeomagnetic
reference frame for global plate tectonic reconstructions, Geophys. J. Int.,
163, 727–759, doi:10.1111/j.1365-246X.2005.02638.x.

Sibuet, J.‐C., S. Srivastava, and G. Manatschal (2007), Exhumed mantle‐
forming transitional crust in the Newfoundland‐Iberia rift and associated
magnetic anomalies, J. Geophys. Res., 112, B06105, doi:10.1029/
2005JB003856.

Stagg, H. M. J., J. B. Colwell, N. G. Direen, P. E. O’Brien, B. J. Brown,
G. Bernardel, I. Borissova, L. Carson, and D. B. Close (2005),
Geological Framework of the Continental Margin in the Region of the
Australian Antarctic Territory, Geosci. Aust. Rec. Ser., vol. 25, Geosci.
Aust., Canberra.

Tikku, A. A., and S. C. Cande (1999), The oldest magnetic anomalies in the
Australian‐Antarctic Basin: Are they isochrons?, J. Geophys. Res., 104,
661–677, doi:10.1029/1998JB900034.

Tikku, A. A., and S. C. Cande (2000), On the fit of Broken Ridge and Ker-
guelen plateau, Earth Planet. Sci. Lett., 180, 117–132, doi:10.1016/
S0012-821X(00)00157-6.

Tikku, A., and N. G. Direen (2008), Comment on “Major Australian‐
Antarctic plate reorganization at Hawaiian‐Emperor bend time,” Science,
321, 490, doi:10.1126/science.1157163.

Torsvik, T. H., R. D. Müller, R. Van der Voo, B. Steinberger, and C. Gaina
(2008), Global plate motion frames: Toward a unified model, Rev.
Geophys., 46, RG3004, doi:10.1029/2007RG000227.

Totterdell, J. M., and B. E. Bradshaw (2004), The structural framework
and tectonic evolution of the Bight Basin, in Eastern Australasian
Basins Symposium II, edited by P. J. Boult, D. R. Johns, and S. C. Lang,
pp. 41–61, Pet. Explor. Soc. of Aust., Adelaide, South Aust., Australia.

Totterdell, J. M., J. E. Blevin, H. I. M. Struckmeyer, B. E. Bradshaw, J. B.
Colwell, and J. M. Kennard (2000), A new sequence framework for the
great Australian Bight: Starting with a clean slate, APPEA J., 40, 95–117.

Veevers, J. J. (1987), The conjugate continental margins of Antarctica and
Australia, in The Antarctic Continental Margin: Geology and Geophysics
of Offshore Wilkes Land, Earth Sci. Ser., vol. 5A, edited by S. L. Eittreim
and M. A. Hampton, pp. 45–73, Circum‐Pac. Counc. for Energy and
Miner. Resour., Houston, Tex.

Whittaker, J. M., R. D. Müller, G. Leitchenkov, H. Stagg, M. Sdrolias,
C. Gaina, and A. Goncharov (2007), Major Australian‐Antarctic plate
reorganisation at Hawaiian‐Emperor bend time, Science, 318, 83–86,
doi:10.1126/science.1143769.

Whittaker, J. M., R. D. Müller, and A. Goncharov (2008a), Australian‐
Antarctic rifting, in Eastern Australasian Basins Symposium III,
pp. 271–274, edited by J. E. Blevin, B. E. Bradshaw, and C. Uruski,
Pet. Explor. Soc. of Aust., Sydney, N. S. W., Australia.

Whittaker, J. M., R. D. Müller, W. R. Roest, P. Wessel, and W. H. F. Smith
(2008b), How supercontinents and superoceans affect seafloor rough-
ness, Nature, 456, 938–941, doi:10.1038/nature07573.

Willcox, J., and H. Stagg (1990), Australia’s southern margin: A product
of oblique extension, Tectonophysics, 173, 269–281, doi:10.1016/0040-
1951(90)90223-U.

R. D. Müller, S. E. Williams, and J. M. Whittaker, EarthByte Group,
School of Geosciences, University of Sydney, Sydney, NSW 2006,
Australia. (simon.williams@sydney.edu.au)

WILLIAMS ET AL.: AUSTRALIA‐ANTARCTIC RIFT RECONSTRUCTIONS TC6012TC6012

21 of 21



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


