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Abstract

The paper deals with geodynamic reconstructions of Australia and Antarctica (using the GPlates program)
79, 68-61, 48, 44, and 40 Ma based on the comparison of conjugate single-age magnetic anomalies. The relevance
of the present study is determined by the increased scientific interest in the problems of Gondwana break-up and
the influence of lithospheric block tectonics on the processes of riftogenesis and ocean opening. The early stage of
oceanic opening between Australia and Antarctica is characterised by a series of distinct linear magnetic anomalies.
Oceanic spreading occurred in an ultra-slow to slow regime with rates of 20-26 mm/year between 330 and 21u
anomalies (80-48 Ma) and 40 mm/year between 21u and 180 anomalies (48-40 Ma). According to the studies, there
is a clear correlation between the change in spreading rate and the position of the rotation poles. Between 80 and
48 Ma, the rotation pole was located to the west, in the Kerguelen Plateau region, and Australia shifted westward
relative to Antarctica. About 48 million years ago, the rate of seafloor spreading almost doubled (from ultra-slow to
slow), and Australia began to migrate northwards. The rotation pole was near the southern edge of Tasmania and
continued to move southeast towards the Pacific Ocean. The separation of Australia and Antarctica was associated
with the advance of the spreading axes of the Indian and Pacific oceans towards each other, with orthogonal inter-
section of the ancient lithospheric blocks of the two continents, and was determined by the geometry of the marginal
rift structures.
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Introduction

Until the end of the Late Cretaceous, Australia and Antarctica constituted a single continent
within the East Gondwana [1], which included the areas of the Archean cratons, Proterozoic-
Palaeozoic orogens [2-7]. During the break-up of the Australo-Antarctic continent, rifting and
subsequent oceanic spreading crossed all tectonic provinces (Fig.1), including the ancient Archean
cratons with high lithospheric strength. Synchronous processes of advancing spreading axes
from the Indian and Pacific oceans towards each other are responsible for the continuous
separation [2, 8].

The aim of this study is to investigate the interaction of two counteracting spreading axes from
the Pacific and Indian Oceans during the period 80-40 Ma and the influence of this interaction on the
process of oceanic opening with the break-up of the Australo-Antarctic Palaeoplate, which took place
in the regime of ultra-slow and unstable spreading [9-11]. The study is based on a series of palaeore-
constructions of Australia and Antarctica constructed by combining conjugate single-age-band
(spreading) magnetic anomalies.

The position of Australia relative to Antarctica within a single lithospheric block and the early
history of continental break-up are still debated [12]. The plate reconstructions proposed for the litho-
spheric rifting of the Australo-Antarctic continent around 80 Ma do not fully agree with the boun-
daries between the continental and oceanic crusts (hereafter referred to as the continent-ocean boundary)
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Fig.1. Main structural-tectonic elements of the south-eastern part of the Indian Ocean.
Based on the map of the gravity field (reduction in free air) obtained from satellite altimetry data [13].
The Archean cratons and Proterozoic-Palaeozoic orogens are shown on the continents [14]; on the continental margin of Australia,
the sedimentary basins Bight, Otway, Sorell, Gippsland, Bass [2, 15]; on the continental margin of East Antarctica, the
Adelie Rift Block (ARB) [16, 17]; near Tasmania Island are the East Tasmanian Rise (ETR) and the South Tasmanian Rise (STR)

1 - oceanic crust; 2 — shelf; 3 — amagmatic rises of oceanic crust; 4 — spreading axis;
5 — transform faults; 6 — seismic profile

inferred from geophysical data [3, 5, 6]. There are several models of the mutual position of Australia
and Antarctica before spreading, and all the reconstructions proposed so far indicate the mismatch of
the continent-ocean boundaries, with a gap in the central part of the divided Australo-Antarctic con-
tinent and an overlap in its western and eastern parts [4-6] (Fig.2).

Geological and geophysical knowledge

Australo-Antarctic continent is composed of regions with different lithospheric rheological
properties, and their break-up during ocean opening occurred under different geodynamic conditions.
In the western part of the Australo-Antarctic continent, the area of Precambrian basement develop-
ment consists of Archean cratons and, between them, Proterozoic orogens (see Fig.1). At least from
the Early Palaeozoic to the mid-Late Cretaceous, the Australo-Antarctic continent was a single litho-
spheric block that was part of Gondwana [18, 19], with a thick and relatively cold lithosphere that
provided increased resistance to destructive processes leading to supercontinent collapse.

The break-up of the Australo-Antarctic continent began with continental rifting, which
lasted for a long time, 75-80 Ma. Rifting between Australia and Antarctica began in the
west at 160-150 Ma and later in the east at 150-145 Ma [2]. As a result of the long continental
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Fig.2. Models of the mutual position of Australia
and Antarctica at the time of lithospheric break-up between
Australia and Antarctica: a — from [4]; b — from [5]; ¢ — from [6]

\ :"‘ ﬂ 1 — Archean cratons; 2 — Middle Proterozoic orogen;
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3 — Late Proterozoic-Palaeozoic orogen;
4 — oceanic crust; 5 — gap; 6 — overlap
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rifting, extremely wide (300 to 500 km) conjugate amagmatic margins characterised by
mantle exhumation were formed (Fig.3) [20-22]. The age of rifting has been determined
from drilling data and analysis of seismic profiles in the Bight Basin (southwestern
Australia) [21-23].

It is probably the high strength of the ancient, relatively cold lithosphere that determined the
ultra-slow rates of continental rifting and subsequent oceanic spreading within the ancient part of the
Australo-Antarctic plate.

The weaker Late Proterozoic-Palaeozoic orogen developed to the east of the Australo-
Antarctic continent along the Pacific margin and had a blocky structure. Previously, the unified
folded region was wider and included Zealandia, Lord Howe Rise, Chatham Rise and the Campbell
Plateau [2] to the east of the region under discussion. The main rheological difference of this
lithosphere was its structural heterogeneity and hotter upper mantle compared to the relatively
monolithic upper mantle of the Archean-Middle Proterozoic. During the Early-Middle Cretaceous,
a zone of the proto-Pacific subduction zone developed here until the Chatham Rise began to
separate from Antarctica during the peri-period of normal polarity of the magnetic field (90-83 Ma)
[25-27]. Later, the Campbell Plateau separated from the Antarctic margin (83-79.1 Ma) [28, 29].
Thus, by the time the Australo-Antarctic palaeocontinent began to break up at 80 Ma, there was
intense an separation of small terranes within the Palaeozoic orogen on the Pacific Ocean side, and
long-term slow continental rifting within the Archean-Middle Proterozoic lithosphere on the Indian
Ocean side.

The onset of ocean spreading between Australia and Antarctica was preceded by exhumation
of the continental lithospheric mantle of serpentinised peridotites. On the continental margin of
Wilkes — George V Land and in the waters of the Great Australian Bight, the zones of mantle
stripping have been identified, which are clearly manifested in the gravity field and anomalous
magnetic field by positive long wave anomalies [21]. The magnetic anomaly over the mantle
unroofing zone, extending over 1500 km, was previously identified as a C34-band magnetic anomaly
of spreading origin [9]. The gravity anomaly above the exhumed lithospheric mantle confirms this
conclusion, indicating the increased density of the exhumed mantle relative to the surrounding
blocks of continental crust [21].
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Fig.3. Location of 330-180 band magnetic anomalies corresponding to the early stage of opening
of the south-eastern Indian Ocean in Australia (a) [9] and Antarctica (b) [21, 24].
Based on the gravity field (free air reduction) map obtained from satellite altimetry data [13]

1 — gravity anomaly [21] associated with mantle exhumation;
2 — continent-ocean boundary; 3 — band magnetic anomalies

The early stage of oceanic opening between Australia and Antarctica is characterized by a se-
quence of distinct linear magnetic anomalies [21, 30, 31]. Oceanic spreading occurred in an ultra-
slow to slow regime with rates of 20-26 mm/year between 330 and 21u anomalies (80-48 Ma) and
40 mm/year between 21u and 180 anomalies (48-40 Ma) [9, 21]. Studies show that in the Australian
sector (Bight Basin) and in the conjugate section along the Antarctic margin, the average spreading
rate between anomalies 31 and 27 (68-61 Ma) decreases significantly and is less than 6.0 mm/year
with a possible complete cessation of ocean opening [9, 21, 32].

In Australia, the uplift system is called the Diamantina Zone, which is fairly well studied.
The morphology of the oceanic crust in the Diamantina Zone consists of a series of alternating
ridges and troughs of sublatitudinal strike length. It is 200 km wide and extends east to 120° E in
the eastern part. Most of the ridges represent exposed basement and even in the troughs the sedi-
mentary cover is thin (first hundreds of metres) and fragmentary. The southern boundary of the
Diamantina Zone with the Australo-Antarctic Basin is represented by a sharp decrease in depth
from 6000-6500 to 4500-5000 m and a change in the morphology of the basement to a less con-
trasting one [33].

In the Antarctic Davis and Mawson seas, linear rises are not expressed in seafloor relief struc-
tures, but are clearly observed on seismic sections and from satellite altimetry data [21]. Large
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contrasting uplifts of the seafloor basement with amplitudes of up to 2.5 km and more can be traced
west of 110° E, where they correspond to a chain of isolated oval gravity field anomalies with ampli-
tudes of 30-40 mGal [21]. The identified uplifts are amagmatic segments of palaeoridges composed
of gabbro and/or serpentinised peridotites to varying degrees [21, 33]. These rocks were dredged in
the eastern part of the Diamantina fault zone [33].

Based on the analysis of magnetic anomalies in the area of the amagmatic rises, extremely low
(less than 1.0 mm/year) rates of ultra-slow spreading are assumed. Along both the Antarctic and Aus-
tralian continental margins, the two chains of amagmatic palaeoridges begin at the convergence of
31 and 27 magnetic anomalies. This has allowed us to suggest that their formation is associated with
the critical drop in spreading velocities at 68-61 Ma [9]. The possibility of the formation of such
bottom relief structures as a result of a temporary cessation of ocean spreading has been confirmed
experimentally [32].

The linearity of the magnetic anomalies is broken in some places, which is probably related to
an in-sufficiently dense observing system and/or a complex, unstable opening of the ocean resulting
in jumping of the mid-ocean ridge axes or temporary stopping of spreading [9, 21, 30]. The instability
of the open-ing was suggested in a number of papers [9, 20] and later confirmed experimentally [32].
After the 18 magnetic anomaly, the modern stable and symmetric ocean spreading was established,
operating in a me-dium-rate opening regime — about 40 mm/year [9, 30].

In Aptian-Albian time, rifting faults (later transformed into oceanic spreading axes) were laid on
the thinnest and weakest parts of the lithosphere from the Pacific Ocean side within the Australo-
Antarctic continent [33], enveloping the stronger terranes of the continental crust. The processes of
rifting and subsequent ocean opening generally moved to the northwest — from the Pacific Ocean
deep into the Australo-Antarctic continent [34].

North of Tasmania, the Otway and Gippsland basins opened towards each other and experienced
two phases of rift extension at 115-100 and 91-80 Ma [35]. The opening of the Gippsland and Otway
basins started the separation of the Tasmanian block from Australia in the Bass Strait, but the conti-
nental crustal break-up in the Bass Strait never occurred [35]. About 80 Ma, the Sorell Rift Basin
began to form west of Tasmania [13]. Compressional and torsional deformation has been interpreted
in Palaeogene sediments on the abyssal in the Sorell Basin [35].

In the Late Cretaceous, the Adelie Block was adjacent to the Sorell Basin to the west, which is
now part of the East Antarctic rift margin. The Adelie Block is separated from Antarctica by a rift
branch that was actively developed during the 82-67 Ma interval. The basement of this block has
been strongly altered by extension, mantle intrusion and basic magmatism, and the lower structural
floor of the Adelie Block sedimentary cover has been folded (Fig.4) [21, 36-38]. The separation of

Adelie rift block

Fig.4. Seismic profile through the Adelie rift block with deformed lower structural stage of the sedimentary
cover (after [21, 36], with additions). The position of the profile is shown in Fig.1
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the Adelie Block from the East Antarctic continental margin probably occurred as a result of the
jumping of the crustal extensional focus (rift axis) from south to north during the Palaeocene. Later,
the oceanic space between Tasmania and Antarctica began to open along this new direction about
44 Ma ago [2, 37].

Methods

Palaeoreconstructions of Australia and Antarctica were made using GPlates lithospheric plate
tectonics software, which allows modelling of palaeogeographic features in the geologic past [39].
Magnetic anomalies [9] for the Australian margin and [24] for the Antarctic margin were used as
input data. The rigid plate model underlying the reconstruction method in the GPlates software does
not allow us to obtain a reliable configuration of the Australo-Antarctic palaeocontinent for ages
older than 80 Ma. As mentioned above, the problem is the mismatch of geological and geophysical
information in the western and eastern parts of the Australo-Antarctic Palaeoplate and the presence
of a false broad continental crustal gap in the central part. In this respect, the comparison of
Australia and Antarctica in the geological past has been based primarily on the coincidence of the
same age conjugate band magnetic anomalies of oceanic origin, whose geometry has not changed
significantly since their formation. In the present study, reconstructions were made for the period
from 33 anomalies (the onset of ocean spreading) to 18 anomalies (the transition to the present
mode of spreading).

Results and discussion

Reconstructions of the break-up of Australia and Antarctica have been compiled for the
boundaries of 79 Ma (chron 330), 68-61 Ma (chrons 31u-270), 48 Ma (chron 21), 44 Ma
(chron 20) and 40 Ma (chron 18), reflecting the major stages of the early opening of the southeastern
Indian Ocean.

The 330 spreading anomaly is the oldest in the eastern Indian Ocean between Australia and
Antarctica. The coincidence of the conjugate 330 anomalies (Fig.5) requires a 2° clockwise rotation
of Australia relative to the modern orientation of the continent (the position and orientation of
Antarctica remained unchanged in the construction of the palaeoreconstructions).

In the western part of the forming ocean,

Australia . a space is observed between the conjugate
- continent-ocean boundaries. This space between
. the continental margin and the 330 anomaly is

composed of serpentinised peridotites formed by
exhumation of the upper mantle of the rifting

& continent.
/";fm Oy, o oo In the eastern part of the Australo-Antarctic
Indian o g \, Bass continent, oceanic opening had not yet begun
Ocean N 79 Ma ago. This area is composed of continental

B9 . . . .
%, pacific crust that is undergoing intense stretching. To

ocean  align the conjugate continent-ocean boundaries

X between Tasmania and southeastern Australia on

" (fixed position) ~ the one hand, and Adelie Land and George V

BN B2 3 B4 5 6 E7 =8 Land on the _other, the continental blocks were
_ _ _ _ rotated and shifted.

Fig.5. Palaeoreconstrug:ﬂon of A_ustralla—Antarctlca Tasmania was rotated 10° counterclockwise

by 33 magnetic anomalies (79 Ma) d shifted h ds A li duci h

1 - Archean cratons; 2 — Proterozoic orogens; and shifted north towards Australia, re ucmgt €

3 — undissected Precambrian continental crust; width of the present-day Bass Strait by a factor

4 — Late Proterozoic-Palaeozoic orogens;
5 — continental margin; 6 — exhumed mantle of serpentinised of 3. By the La_‘te CrEtace_ous (at_)OUt 9 Ma)’ the
peridotites; 7 — continental margin undergoing stretching; Otway and GIppS|and rift basins had already

8 — direction of drift of Australia away from Antarctica formed north of Tasmania. but the Bass Basin
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was still opening. The reconstruction shows an overlap of the conjugate continent-ocean boundaries
along the western margin of Tasmania. This overlap can be explained by the fact that the Sorell rift
basin, whose continental crust will be subject to strong extension, is still in its early stages of
formation along the western margin of Tasmania.

The Adelie rift block on the continental margin of George V Land at 79 Ma was still
part of the normal or weakly stretched continental crust of Antarctica [21, 37], so in the
reconstruction it was rotated clockwise by 7° and its width was reduced by 40 % relative to the
modern one.

By around 79 million years ago, Australia had rotated 3-4° anticlockwise and moved
slightly north-northwest relative to its position. The pole of rotation was located in the
Indian Ocean, near the Kerguelen hotspot. Continental stretching continued in the eastern
part of the still coupled Australia and

Antarctica. a Australia
From its position at 79 Ma, Tasmania under-
went a 4° clockwise rotation and moved away
from southeastern Australia through the opening \ :
of the Bass Rift Basin. ' ~ Bight
By 68-61 Ma (chrons 310-27u, Fig.6, a), e e T o
. . = I N B
the stretching of the continental crust was | o o S A
virtually complete and the Adelie block was Bz o % I
in a position almost identical to its present %)
one, but under local transpression stress associ- ' pacific
ated with the north-northeastward drift of \ ~ Ocean
: ‘ % Antarctica
AUStraI 1a. (fixed position)
At the turn of 48 Ma (chron 21u, Fig.6, b), i =
. Australia
most of the oceanic crust of the early ocean
opening between Australia and Antarctica was
formed. The Diamantina amagmatic rise zone
(along the Australian margin) and its associated
unnamed analogue (along the Antarctic margin) _

. . . Gippsland
formed around this time. Compared to the pre- : o © Bass
vious reconstruction (61 Ma), Australia expe- ndian o b \i i~
rienced a 4° counterclockwise rotation and con- | geean = 4 %,
tinued to move away from Antarctica. The
spreading axis advances from northwest to 4 ] F(’)acific
southeast towards the Pacific Ocean. The pole of X § oo
opening is between Tasmania and Antarctica. | . ~(fixed position)

The onset of ocean spreading between Antarctica N EEC 3 Em4 5 IS
and Tasmania is indirectly indicated by seismic 7 EES EE9 =10 11 <12
pmﬁ“ng data (See_ Flg'4) — in the se_dlmentary Fig.6. Palaeoreconstruction of Australia — Antarctica:
cover of the Adelie Block, deformation of the a— by 31-27 magnetic anomalies (68-61 Ma):
lower part of the post-rift sediments has stopped, b — by 21 magnetic anomalies (48 Ma)
which can be explained by the cessation of local 1 Avehean cratans; 2 - Proteruzolc orogens:

. i o X — undissected Precambrian continental crust;
transpression in conditions of regional shear 4 — Early Proterozoic-Palaeozoic orogens;

. . . 5 — continental margin; 6 — exhumed mantle composed of
between _Austral ia and Antarc_tlca. Tasmam_a_and serpentinised peridotites; 7 — continental margin during extension;
the Adelie Block assumed their present positions o 8- newlxt/_for_med oceanicdcru]ft of thi_ln_dizn OC_Zartl_:t

. . . . . — amagmatic rises composea of serpentinised periaotites;
and spatial orientations relative to their parent 10 - direction of Australia's drift relative to Antarctica;
continents. 11 — direction of Australia's drift relative to Antarctica in the previous

reconstruction; 12 — left-lateral shear
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Australia ] In the mid-Eocene (about 44 Ma, chron 200,
' Fig.7, a), the spreading axis continues to move
eastwards, but the final separation of Australia
(Tasmania) and Antarctica has not yet occurred
‘ and there is still a bridge of stretched continental

- Gipsland | cryst between them.

Diamantina

\ %f;nfaBass Compared to its position 48 million years

Indian ~& ago, Australia has rotated 2° clockwise and the
CE % ] direction of its migration has changed to the
N north. The change in the direction of Australia's

ocean | Movement is related to the fact that, from 48 Ma,
‘ (f./iggﬁt.:ﬁﬁ) | the character of the oceanic space opening
o ~ between Australia and Antarctica began to be
Australia influenced by the young eastern segment of the
Indian Ocean.

At 40 Ma (chron 180, Fig.7, b), the early
stage of spreading between Australia and Antarc-
tica, characterized by an unstable mode of oce-
anic space opening and ultra-slow spreading
rates, ended. After 40 Ma, the eastern Indian
Ocean opened with moderate spreading rates
along the entire length of the conjugate continen-
Pacific | tal margins. At this time, an oceanic strait formed
Oceah | potween southwest Tasmania and Antarctica
(George V Land).

Indian

Antarctica
(fixed position)

. B2 3 4 5 6 Conclusion
N7 EEs EEO =10 11 <12 As a result of these studies, it has been
possible to clarify the history of the expansion
Fig.7. Palaeoreconstructlo_nofAustralla—Antarctlca: of the ocean floor between Awustralia and
a — by 200 magnetic anomaly (44 Ma); . . .
b — by 180 magnetic anomaly (40 Ma) Antarctica. The formation of the earliest
See the legend in Fig.6 oceanic crust began about 80 million years ago.

At that time, ultra-slow seafloor spreading
developed in the western part of the opening segment of the Indian Ocean, at a time when a
significant part of the eastern region of the Australo-Antarctic Palaeoplate (between modern
Tasmania and George V Land) was a single (undivided) massif of continental crust. The pole of
ocean opening in the period 80-50 Ma was to the west, in the area of the southern part of
the Kerguelen Plateau, and Australia was moving northwestwards relative to Antarctica.
At this time, in the eastern part of the Australo-Antarctic continent, the continental crust was
undergoing rifting extension, the rift axis south of the Adelie rift block was extinguished, and a
left-lateral shear was formed between Tasmania and the conjugate Antarctic continental margin
at about 65 Ma.

Between 80 and 48 million years ago, when Tasmania and Antarctica were still coupled, ultra-
slow sea-floor spreading (20-26 mm/year) occurred in the west. A critical drop in the spreading rate
between 68 and 61 Ma (C31-27) led to the formation of amagmatic ridges composed of serpentinized
peridotites (the Diamantine Zone and its conjugate analogue in Antarctica). This event coincided with
the extinction of the active rift axis to the south of the Adelie Block and the formation of a left-lateral
shear zone between Tasmania and Antarctica.
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Around 48 Ma (polarity chron 21), the oceanic rifting rate increased to 40 mm/year (slow
spreading mode). During 48-40 Ma (polarity chrons C21, C20, and C18), the oceanic rift continued
to advance eastward (from the Indian Ocean side) and northwestward (from the Pacific Ocean side),
although the break-up of Australia (Tasmania) and Antarctica was not yet complete. The pole of
opening at this time was near the southern edge of Tasmania and was moving further southeast
towards the Pacific Ocean. The change in the direction of motion of Australia relative to Antarctica
from north-northwest to northward resulted in a change in the geometry of the opening of the
southeastern Indian Ocean. The slow spreading of the early stage of opening of the southeastern part
of the Indian Ocean ended 40 Ma (polarity chron C18) with the transition to the present stable regime
of ocean opening times (70 mm/year).
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