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Late Neoproterozoic passive margin of East Gondwana: geochemical constraints
from the Anakie Inlier, central Queensland, Australia

Abstract

Development of the East Gondwana passive margin and when it occurred are constrained by the
composition of low grade mafic schists and U-Pb ages of detrital zircons in psammitic schists from the
Bathampton Metamorphics in the Anakie Inlier of central Queensland. These rocks show considerable
variation in light lithophile elements due to post-magmatic processes. They have flat heavy rare earth
element patterns, low-TiO2 (<2 >wt%) contents and their immobile element Ti, V, Y, La, Nb, Th and Zr
values, indicate that they have an NMORB- like magmatic affinity. However, they differ from N-MORB in
that they show light rare earth depleted patterns and lower incompatible trace element contents. Their
relative low abundance and association with metasediments suggest they formed in a magma-poor rifted
margin setting. They are associated with psammitic rocks with detrital zircon ages indicating probable
deposition in the late Neoproterozoic at ca 600 Ma. A magma-poor rifted margin in northeastern Australia
differs from the volcanic passive setting that occurred in southeastern Australia at this time. These
findings support development of the East Gondwana margin at 600 Ma that may have been related to
rifting of a microcontinent off East Gondwana well after the breakup of Rodinia at ca 750 Ma.
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Abstract

Development of the East Gondwana passive margin and when it occurred are constrained
by the composition of low grade mafic schists and U-Pb ages of detrital zircons in psammitic
schists from the Bathampton Metamorphics in the Anakie Inlier of central Queensland. These
rocks show considerable variation in light lithophile elements due to post-magmatic
processes. They have flat heavy rare earth element patterns, low-TiO, (<2 wt%) contents and
their immobile element Ti, V, Y, La, Nb, Th and Zr values, indicate that they have an N-
MORB-like magmatic affinity. However, they differ from N-MORB in that they show light
rare earth depleted patterns and lower incompatible trace element contents. Their relative low
abundance and association with metasediments suggest they formed in a magma-poor rifted
margin setting. They are associated with psammitic rocks with detrital zircon ages indicating
probable deposition in the late Neoproterozoic at ca 600 Ma. A magma-poor rifted margin in
northeastern Australia differs from the volcanic passive setting that occurred in southeastern
Australia at this time. These findings support development of the East Gondwana margin at
600 Ma that may have been related to rifting of a microcontinent off East Gondwana well
after the breakup of Rodinia at ca 750 Ma.
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1. Introduction

The development of the East Gondwana passive margin is unclear as to timing of rifting,
fragmentation and the number and identity of continents that formed the conjugate margin.
Some authors favour breakup at around 800 Ma on the basis of palaeomagnetic constraints,
the development of the 827 Ma Gairdner dyke swarm in the northeastern Gawler craton and
rifting in the Delamerian Orogen, which includes the Adelaide Rift Complex, of South
Australia (Fig. 1; Wingate et al. 1998; Pisarevsky et al. 2003). Other authors argue that
continental fragmentation and passive margin development for East Gondwana was around
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560 Ma consistent with a 400 m.y. cycle of supercontinent agglomeration and fragmentation
(Veevers et al. 1997; Veevers 2000). A volcanic passive margin is now recognised in
southeastern Australia after continental fragmentation at around 600 Ma (Direen & Crawford
20034, b). Igneous activity included a mildly alkaline volcanic succession in the Wonominta
Block of western New South Wales, and eruption of tholeiitic rocks in western Victoria and
western Tasmania (Crawford et al. 2003; Direen & Crawford 2003a, b; Meffre et al. 2004).

Evidence for passive margin development should be elsewhere in East Gondwana such as
in the Thomson Fold Belt of Queensland and in the Transantarctic Mountains of East
Antarctica (Fig. 2). In the central Transantarctic Mountains, the Beardmore Group represents
extension, magmatism and sedimentation at ca 670 Ma based on a zircon U-Pb age on the
Cotton Plateau Gabbro (Fig. 2; Goodge et al. 2002, 20044a). In the Ross Orogen siliciclastic
deposits dominated during the Cambrian and were sourced from an active convergent margin
that developed over the older rifted and passive margin at ca 580 Ma (Goodge et al. 2002,
20044, b). Thus the passive margin and associated minor mafic igneous rocks formed at least
ca 70 m.y. earlier than in southeastern Australia.

In central Queensland, the Anakie Inlier includes an older succession (ca 600 Ma)
containing mafic schist, amphibolite and siliciclastic metasedimentary rocks and a younger
succession of metaclastic rocks with an age of ca 500 Ma (Fergusson et al. 2001, 2007a).
Reconnaissance geochemical data indicate that the mafic schists and amphibolites have
MORB-like magmatic affinity within the Bathampton Metamorphics west of Clermont and
another suite with an alkaline mafic affinity in the same unit north of Rubyvale (Fig. 3;
Withnall et al. 1995). Mafic schist and amphibolite with MORB and alkaline magmatic
affinities also occur in the northern equivalents of the Anakie Inlier metamorphic succession
in the Charter Towers Province of the northern Thomson Fold Belt (Hutton et al. 1997;
Withnall et al. 1997, 2002, 2003; Fergusson et al. 2007a, b).

We have made a detailed geochemical study of the tholeiitic suite to the west of Clermont
in the Anakie Inlier (Fig. 3) that tests the proposed volcanic passive margin setting of East
Gondwana inferred from rock assemblages in southeastern Australia (Direen & Crawford
2003a,b; Crawford et al. 2003). We also explore the implications of these data for the
reconstruction of the East Gondwana passive margin.

2. Regional Geology
2.1 Thomson Fold Belt and Anakie Inlier

The Anakie Inlier contains exposure of the Thomson Fold Belt in central Queensland.
Further west and southwest late Palaeozoic to Cenozoic sedimentary rock cover the basement,
but aspects are known from deep basement cores recovered by petroleum companies, deep
seismic sections, and gravity and magnetic data (Finlayson 1990; Murray 1994; Wellman
1995). The Thomson Fold Belt mostly contains low-grade siliciclastic metamorphic rock,
with steeply dipping bedding, intruded by granites and overlain by various volcanic rocks
(Murray 1986, 1994). The Anakie Inlier has an older metamorphic basement, called the
Anakie Metamorphic Group, with several units within the southern part (Withnall et al.
1995). These rocks record K-Ar ages of ca 500 Ma indicating metamorphism in the Late
Cambrian, as also occurs in the Delamerian Orogen of southeastern Australia (Withnall et al.
1996). In the southern Anakie Inlier (Withnall et al. 1995), the metamorphic basement
contains foliated granitic rocks of probable Early Ordovician age. The Anakie Metamorphic
Group is faulted against the Fork Lagoons beds, a unit of slate, quartz-rich and lithic
sandstone, Upper Ordovician limestone, mafic igneous rocks, and serpentinite. The basement



succession is intruded by Devonian granitic rocks and unconformably overlain by Devonian
volcanic and sedimentary successions.

2.2 Anakie Metamorphic Group

West of Clermont, the Anakie Metamorphic Group includes several units (Fig. 4; Withnall
et al. 1995). The basal Bathampton Metamorphics consist of psammitic schist, quartzite,
pelitic schist, mafic schist, amphibolite, serpentinite, and calc-silicate rocks, and are overlain
by the Rolfe Creek Schist and in turn by the Monteagle Quartzite and then the Wynyard
Metamorphics consisting mainly of psammitic schist derived from lithic sandstone. The ages
of these units are inferred from U-Pb ages of detrital zircons contained within metaclastic
rocks. The Bathampton Metamorphics contain psammite with abundant 1000-1300 Ma zircon
ages and a cluster of five grains with a range of 615-665 Ma from two samples indicating a
minimum late Neoproterozoic depositional age of ca 600 Ma (Fergusson et al. 2001, 2007a).
The Wynyard Metamorphics are much younger as one detrital zircon sample gives a range of
510-600 Ma and another sample with detrital monazites gives common ages of ca 540 and
580 Ma. The K-Ar ages on metamorphism and the detrital zircon ages place these rocks as
Late Cambrian (Fergusson et al. 2001).

The Anakie Metamorphic Group is strongly deformed with the main foliation S; flat-lying
over much of the region (Withnall et al. 1995; Green et al. 1998). In the west, the main
foliation dips steeply westwards. Deformation is intense with transposition of layering
subparallel to S,. S; is only preserved in microlithons and F; fold hinges at lower
metamorphic grades in the central to eastern area west of Clermont. Metamorphic grade
ranges from lower greenschist facies in the east to lower amphibolite facies (andalusite-
garnet-staurolite) to the west.

2.3 Bathampton Metamorphics

The Bathampton Metamorphics in the study area west of Clermont consist mainly of
psammitic schist and siliceous, pelitic schist in addition to prominent marker horizons of
quartzite and mafic schist. Quartzite and mafic schist units outline map-scale F, and F3 folds
(Withnall et al. 1995; Green et al. 1998). Small masses of serpentinite occur within the
Bathampton Metamorphics along with marble and calc-silicate rocks too small to show on
Fig. 4. Nearly all the mafic schist units occur in the low grade, eastern part where greenschist
facies assemblages dominate. They show at least one main foliation (S;) and in places two
foliations (S; and S). Primary textures are rare with outlines of altered plagioclase crystals
present in some samples and rare ghost outlines of microlites in others. Ellipsoidal pods in
strongly foliated parts of mafic schists (cf. Bell & Hammond 1984) were mistakenly referred
to as pillow lavas in prior studies (Murray 1986 and references therein). Most mafic schists
consist of actinolite, chlorite, albite, calcite, quartz, titanite, magnetite and epidote in various
combinations and quantities. Muscovite may occur as an additional phase in metasomatised
samples.

2.4 Equivalents of the Anakie Metamorphic Group

Equivalents of the Anakie Metamorphic Group are exposed in the Charters Towers
Province in the northern-most Thomson Fold Belt and in the Greenvale Province of the
southeastern Georgetown Inlier (Fig. 1; Hutton et al. 1997; Withnall et al. 1995, 1997,
Fergusson et al. 2007a, b, c). The Charters Towers Province includes a metamorphic
basement of the Cape River Metamorphics in the southwest that is dominated by quartzo-



feldspathic, psammitic rocks associated with mafic schist, amphibolite and intruded by
gneissic granitoids of the Fat Hen Creek Complex. This unit was mainly derived from a 1000-
1300 Ma igneous source which was possibly an eastward extension of the Musgrave Block of
central Australia (Fergusson et al. 2007a). Geochemical data from mafic igneous rocks in the
Cape River Metamorphics suggest a MORB affinity (Hutton et al. 1997). In the northern
Charters Towers Province, another basement metamorphic unit, the Argentine Metamorphics,
contains an older unit of siliciclastic metasedimentary rocks, derived from a 1000-1300 Ma
mainly igneous source, as well as amphibolite and mafic schist. A younger Late Cambrian
unit with quartzite, psammite and mafic schist is present (Fergusson et al. 2007a, b). The
available geochemical data indicate that the mafic igneous rocks of the Argentine
Metamorphics consist of a suite with MORB affinity and one of alkaline affinity (Hutton et
al. 1997; Withnall et al. 2002, 2003). Metamorphic rocks from the Greenvale Province
include metasedimentary and meta-igneous rocks that are mainly of Late Cambrian to Early
Ordovician age and some metasedimentary rocks of late Neoproterozoic age (Fergusson et al.
2007c).

3. Geochemistry
3.1 Methods

The study area was mapped in detail at 1:25 000 scale to delineate diverse rock types such
as quartzite, psammitic schist and mafic schist (Fig. 4). Samples were selected for
geochemical analysis on the basis of minimal alteration although metamorphism and
deformation pervade the Bathampton Metamorphics and all samples are altered to some
extent. Interpretation of the magmatic affinities of these rocks is therefore based on the
immobile elements.

Rock chips were ground to powders in a Tema mill with both tungsten carbide and chrome
steel crushers to avoid contamination of some trace elements. Major elements were
determined by standard X-ray fluorescence (XRF) methods at the Australian National
University and trace elements were determined by a combination of XRF and instrumental
neutron activation analysis (INAA) techniques at the Australian National University and
Becquerel Laboratories, Lucas Heights, New South Wales, respectively. Seven samples were
reanalysed for selected trace elements (Li, Be, Sc, V, Cr, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Zr,
Nb, Mo, Cd, Sh, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Th, Gd, Dy, Ho, Er, Yb, Lu, Hf, Ta, W, Pb,
Th, U) by N. Pearson at the Department of Earth and Planetary Sciences, Macquarie
University by inductively coupled plasma-mass spectrometry (ICP-MS). Major and trace
element data are given in Table 1.

3. 2 Results

The major and trace element compositions, particularly the light lithophile elements (LILE)
are highly variable owing to the intense deformation, alteration and recrystallisation the
samples have undergone (Table 1). Much of the variability in major element concentrations is
due to variation in content of the high Si-bearing (e.g. quartz, albite) and high CaO-bearing
(e.g. calcite, epidote, actinolite) minerals. The high loss on ignition (LOI) recorded in many
samples is related to the high content of calcite and mafic (OH)-bearing minerals such as
epidote and chlorite that have totally replaced the magmatic minerals. However, despite these
effects, consistent and distinctive patterns emerge when immobile elements only are used
(Figs. 5 to 8). Further, when a variety of discrimination diagrams involving these immobile



elements are applied generally only one particular tectonic setting emerges as subsequently
discussed.

Except in Figs. 5 and 6, all data have been plotted on individual diagrams (Figs. 7 to 10). In
the former, the data were split into the Yan Can unit (Yan Can Greenstone Member of
Withnall et al. 1995), the serpentinite unit (Fig. 4) and all other mafic schists outside the Yan
Can and serpentinite units (called herein the main unit, Table 1). This division allows for
easier interpretation of the diagrams and to ascertain whether the mafic rocks caught up in the
serpentinite differ from those in the main and Yan Can Groups.

Zr/TiO, and Nb/Y ratios (Zr/TiO, = 0.003 — 0.008; Nb/Y = 0.4 — 0.22; Winchester & Floyd
1977; Pearce 1996) clearly indicate that all of the mafic rocks were derived from sub-alkaline,
basaltic protoliths. The protoliths resemble low-Ti basalts as Ti/Y values are <400 and Zr/Y
values <6 (Erlank et al. 1988). TiO, is generally <2 wt%. Further, most samples show
moderately low MgO/MgO+FeQ" ratios (0.18 — 0.47), Ni (42-154 ppm) and Cr (112-450
ppm) contents (Table 1).

All samples show similar light rare earth element (LREE) depleted patterns with (Ce/Yb)n
varying from 0.45 to 0.96 (x = 0.61; n = 20), (La/Sm)y from 0.43 to 0.68 (Fig. 5) and have
flat heavy rare earth element (HREE) patterns ([Sm/Lu]n = 0.85-1.33; x = 1.04; n = 11).
Rock/MORB patterns show highly variable LILE concentrations but more consistent high
field strength element (HFSE) concentrations (Fig. 6). The variability in LILE reflects the
mobility of these elements during deformation, alteration and metamorphism. High Th
contents appear in some samples (PCW25, PCW28, PCW34, PCW36, PCW38, PCW39,
PCW40) but may be unreliable as a value of <1 quoted for many samples analysed by XRF,
was taken as 0.99 when constructing rock/MORB figures and using discrimination diagrams
(Table 1; Figs. 6, 8). A similar problem arises with Nb where XRF values are quoted as <2.
Thus interpretations of patterns incorporating Th and Nb determined by XRF needs caution. If
only the HFSE are considered, the patterns are MORB-like.

Application of the discriminant diagrams proposed by Shervais (1982), Cabanis and
Lecolle (1989) and Wood (1980) reveal that most samples plot in the N-MORB fields and a
few in the volcanic arc basalt field or weakly enriched E-type MORB (Figs. 7, 8). In the Nb/Y
- Zr/Y diagram of Fitton et al. (1997), the majority cluster around average N-MORB, the
minority are either adjacent to mean lower crust (LC) or within the Icelandic array (Fig. 9).

4. Discussion
4.1 Geochemistry

The moderately low MgO/MgO+FeQ" ratios, Ni and Cr contents and moderate TiO,
contents, imply that fractional crystallization has played a role in determining the composition
of the mafic rocks (Table 1). In addition, many show an N-MORB signature (Figs. 5, 6, 7, 8)
and a few exhibit volcanic arc basalt field characteristics (Fig. 8). However, these samples
along with the remaining samples, plot in the MORB/back-arc basin/continental basalt field
of Shervais (1982; Fig. 7), based on their Ti and V contents, confirming their MORB
signature.

Although these rocks are MORB-like they are not strictly mid ocean ridge basalts. They
have chondrite normalized patterns, (Sm/Lu)y and (La/Sm)y values similar to volcanic
passive margin basalts (Ludden & Dionne 1992; Fitton et al. 1998; Fitton et al. 2000).
Further, most have lower incompatible trace element contents than N-MORB (e.g. Zr, Nb), a
feature of basalts erupted at the onset of continent rifting and sourced from hot oceanic mantle
(Ludden & Dionne 1992). They are also associated with meta-sediments of pelitic, psammitic,



siliceous and calcareous composition (Withnall et al. 1995) which are absent in a mid-ocean
ridge setting. These observations suggest that the mafic rocks now exposed in the Clermont
area of the Anakie Inlier have come from MORB-like protoliths that have erupted in a
strongly attenuated crustal margin setting. However, in contrast to mafic volcanics in volcanic
passive margin sequences, they have a restricted extent and have moderately low
MgO/MgO+FeO" values. These features do not support a volcanic passive margin setting but
rather a magma-poor rifted margin where melt generation is minimal (e.g. Goban Spur, White
1992; Err and Platta nappes, eastern Central Alps, Schaltegger et al. 2002).

4.2 Source

The incompatible element ratios, concentrations and patterns provide a clear indication of
the source. They all exhibit LREE depletion indicating a depleted mantle source, while the
flat HREE patterns suggest residual garnet was absent in the source. Also, ANb (ANb =
1.74+log (Nb/Y)-1.92log(Zr/Y): Fitton et al. 1997) is <0 for most samples (0.08-0.12; n=2;
range=-0.03 to -0.41; n=16; x=-0.19; sd=-0.11), suggesting a N-MORB mantle source. The
source may be mixed lithospheric-asthenospheric mantle according to the Nb/La - La/Yb
diagram of Abdel-Rahman (2002; Fig. 10). This may be true for most of the samples but three
lie within the Iceland array suggesting that they had a plume source.

The high Sc contents and Zr/Sc ratios (range=4.16-0.97; x=1.88; sd=0.67; n=19) are
consistent with their derivation from a spinel Iherzolite source that has undergone 10-20%
melting (Fitton et al. 1998) and the Ce/Yb ratios and Ce contents (range=1.7-3.46; x=2.19;
sd=0.48; n=11) indicate depths of melt segregation between 10 and 50 km (Ellam 1992).
These features suggest that the mafic rocks in the Bathampton Metamorphics represent former
basaltic melts derived from a depleted mantle source that were segregated within the spinel
Iherzolite stability field.

4.3 The East Gondwana margin in northeastern Australia

In northeastern Australia, the East Gondwana passive margin has commonly been located
along the Tasman Line of Veevers (1984, 2000), which marks the southward termination of
gravity and magnetic anomalies associated with the Palaeo-Mesoproterozoic Mt Isa Inlier
(Fig. 1). Mesoproterozoic detrital igneous zircons, however, are abundant in late
Neoproterozoic metasedimentary units in northeastern Australia, which implies that this
boundary may be the northern margin of an eastern continuation of the central Australian
Mesoproterozoic Musgrave Complex (Figs. 1, 2; Fergusson et al. 2001, 2007a). Thus the
Thomson Fold Belt could overlie Mesoproterozoic crust. This is supported by S-wave seismic
data indicating that thick Precambrian crust extends well to the east of the so-called Tasman
Line in western Queensland (Kennett et al. 2004). The southern extent of the Thomson Fold
Belt is commonly depicted along curving gravity and magnetic anomalies in northern New
South Wales that possibly mark the boundary with the Palaeozoic accretionary Lachlan Fold
Belt (Glen et al. 2007).

Late Neoproterozoic and Early Palaeozoic metasedimentary and meta-igneous units of the
Anakie Inlier and the Charters Towers Province are affected by intense deformation and low
(greenschist facies) to high (amphibolite facies) grade metamorphism (Fergusson et al.
2007b). This masks the broad depositional environment, although the abundance of
psammitic and pelitic rocks and the presence of small pods of marble are consistent with a
marine environment. The original large-scale geometry of the continental margin, however,
must have lain close to the present Anakie Inlier and Charters Towers Province.
Reconstructions of eastern Australia implying major growth of oceanic complexes in



northeastern Australia in the Early Palaeozoic are incorrect (cf. Veevers 1984, 2000; Cawood
2005).

Our data from the southern Anakie Inlier and reconnaissance geochemical studies from
mafic meta-igneous rocks in the Charters Towers Province (Withnall et al. 1995, 2002, 2003)
suggest the East Gondwana margin formed as a magma-poor rifted margin at ca 600 Ma. This
accounts for mafic rocks in the Bathampton Metamorphics with a well defined N-MORB-like
chemical signature, low (La/Sm)y values and little contamination by continental crust,
features characteristic of igneous rocks in passive margin settings. The age of these rocks is
bracketed by psammitic rocks containing detrital zircons with the minimum depositional age
of ca 600 Ma and by a younger succession with a depositional age of 500-510 Ma indicated
by U-Pb detrital zircon ages and K-Ar ages on the timing of metamorphism (Fergusson et al.
2001, 2007a).

4.4 The East Gondwana margin in East Antarctica and southeastern Australia

The reconstruction of the late Neoproterozoic East Gondwana passive margin is helped by
limited exposures in the Transantarctic Mountains and by volcanic and marine units in
southeastern Australia (Goodge 2002, 2004a; Direen & Crawford 2003a, b). Most of East
Antarctica is covered by ice apart from coastal exposures and outcrop in the central
Transantarctic Mountains. There the passive margin succession is minor compared to the
voluminous Cambrian siliciclastic rocks derived from the 500 to 580 Ma active continental
margin (Goodge et al. 2002, 20044, b) and consists mainly of shoreline and shelf sedimentary
rocks derived from the East Antarctic shield (Goodge et al. 2004a). Rare intrusive rocks in the
succession with the U-Pb zircon age of 668 + 1 Ma on the Cotton Plateau Gabbro provide the
only age constraint (Goodge et al. 2002).

In southeastern Australia, late Neoproterozoic successions occur in the Wonominta Block
of western New South Wales, in the Glenelg Zone of western Victoria, on King Island in
western Bass Strait and in western Tasmania (Figs. 1, 2). A volcanic succession of mildly
alkaline affinity dated at 586 + 7 Ma is associated with marine sedimentary rocks in the
Wonominta Block of western New South Wales (Crawford et al. 1997). As well a younger
succession of calcalkaline affinity dated at 525 + 8 Ma occurs in the Wonominta Block but is
substantially younger than the inferred passive margin (Crawford et al. 1997). In western
Victoria, poorly dated but possibly late Neoproterozoic pillowed rift tholeiitic to transitional
alkaline basalts are found in drill core to the north of the exposed Glenelg Zone (Direen &
Crawford 2003b; Crawford et al. 2003). On King Island, mafic volcanic rocks linked with
marine sedimentary rocks are exceptionally thick (>900 m) and are tholeiitic basalts and
picrites that have an Nd-Sm isochron age of 579 + 16 Ma (Meffre et al. 2004). Lavas and
dykes with transitional alkaline to rift tholeiitic chemistry are widespread in western
Tasmania and have latest Neoproterozoic ages of 580-650 Ma (Crawford & Berry 1992;
Direen & Crawford 2003a, b).

These mafic volcanic successions are probably far more extensive than their present
occurrences would indicate, as they are associated with gravity and magnetic anomalies that
are widely developed in Bass Strait, western Victoria, southeastern South Australia and
western New South Wales (Direen & Crawford 2003a, b). The major anomalies along the
eastern margin of the Delamerian Orogen were assigned to the convergent margin that formed
in the Cambrian along the East Gondwana margin (Finn et al. 1999). Direen and Crawford
(20034, b) and Meffre et al. (2004) interpreted these features as part of a Late Neoproterozoic
volcanic passive margin of East Gondwana. They emphasised the presence of picrites and
olivine-rich basalts as support for the volcanic passive margin setting.



The contrast between the East Gondwana passive margin in East Antarctica and eastern
Australia probably reflects the lack of data from East Antarctica. The age of rifting in East
Antarctica hinges on one U-Pb zircon age and is at least 70 m.y. older than the known timing
of rifting for eastern Australia. Magmatism in the restricted exposures in the central
Transantarctic Mountains is also relatively minor and the passive margin, in contrast to
southeastern Australia, has been interpreted as a rifted passive margin (Goodge et al. 2004a).
This arrangement is reminiscent of the Palaeogene North Atlantic Ocean where well
developed volcanic margins adjoining Greenland, Scotland and Norway give way southwards
to an older non-volcanic margin with some outlying volcanic regions (Geoffroy 2005).

4.5 East Gondwana margin formation related to Australian intracratonic basins

In the western two thirds of Australia, the Precambrian craton is overlain by many
sedimentary basins that include Neoproterozoic to early Palaeozoic successions. These basins
help to constrain the Neoproterozoic breakup and formation of the East Gondwana passive
margin. Subsidence patterns from these intracratonic basins indicate continent-wide
extensional episodes at 900 Ma and at 600 Ma (Lindsay et al. 1987), with the younger episode
at 600 Ma being related to breakup of a Neoproterozoic continent in Laurentia (Bond et al.
1984). This is also consistent with the proposed development of a passive margin in eastern
Australia.

Alternatively, several researchers have considered the complex rift history of the
intracratonic Adelaide Rift Complex to infer formation of the East Gondwana passive margin.
For example, Powell et al. (1994) and Preiss (2000) favoured an East Gondwana passive
margin at ca 700 Ma. A long history of rifting in the Adelaide Rift Complex includes at least
five major episodes between 827 Ma and 525 Ma (Powell et al. 1994; Preiss 2000). The ca
700 Ma rift event is associated with the fourth major rift episode in the Adelaide Rift
Complex during the Sturtian glaciation, before the first major transgression onto the Gawler
Craton, which is regarded as a sag phase of sedimentation following the rift event (Preiss
2000). The only definitive evidence, however, for connection to an ocean to the east is
indicated by kilometre-deep erosion channels in the Wonoka Formation (ca 570-580 Ma;
Preiss 2000); these were interpreted as submarine canyons by von der Borch et al. (1982).
These palaeo-canyons are preserved relatively high in the succession and allow for much later
formation of the East Gondwana passive margin than often considered (e.g. Pisarevsky et al.
2003; Li et al. 2008).

In contrast to the evidence for rifting in the Australian craton at 700-900 Ma, such as in
the Adelaide Rift Complex, no sign of passive margin development in this interval is known
in northeastern Australia. No detrital zircon ages occur in the range 700-900 Ma whereas
older and younger detrital zircons abound in the metasedimentary units in northeastern
Australia (Fergusson et al. 2001, 2007a). Additionally, no compelling evidence for
sedimentation in the interval 650 to 900 Ma occurs in northeastern Australia although some
successions, such as the predominantly metaclastic rocks of the Cape River Metamorphics are
very poorly constrained in age (Fergusson et al. 2007a).

4.6 Formation of the East Gondwana margin and the breakup of Rodinia

The breakup history of Rodinia was long and complicated with widespread rifting
associated with episodic plume events between ca 825 Ma and 740 Ma (Li et al. 2008). The
first major breakup event was as early as 750 Ma along the western margin of Laurentia that
followed superplume breakout at 780 Ma, as shown by the Gunbarrel event in western
Laurentia (Harlan et al. 2003). A wide ocean developed between Australia-East Antarctica



and South China by ca 720 Ma. Much emphasis has been placed on the inferred superplume-
related magmatism and subsequent continental fragmentation as constrained by available
palaeomagentic data (Li et al. 2008).

In contrast to the ca 825 Ma to 740 Ma timing, earlier analyses of the western Laurentian
passive margin and the continental record of extension in Australia favoured fragmentation at
ca 600 Ma during the breakup of Rodinia (Bond et al. 1984; Lindsay et al. 1987). Breakup at
ca 600 Ma to form a passive margin in East Gondwana is supported by the geochemistry of
the greenstones in northeastern Australia as well as the widely preserved mafic volcanic
successions in southeastern Australia (Direen & Crawford 2003b) and by the occurrence of
Late Neoproterozoic (Sm-Nd; 562+22Ma), ultramafic-mafic rocks in the Marlborough
terrane, New England Orogen, that geochemically suggest an ocean basin setting (Bruce et al.
2000).

Of course, both approaches may be consistent as earlier Rodinian fragmentation at 825-
740 Ma may have preceded a later rifting event at ca 600 Ma that calved off a microcontinent;
a process that is well documented for the Tethyan Ocean (Metcalfe 1996). This would
reconcile the evidence for rifting and mafic volcanism at ca 600 Ma in eastern Australia with
the absence of evidence for the earlier rifting event. If rifting had occurred earlier, for
example at 750 Ma as favoured by Li et al. (2008), and was followed by separation of a
microcontinent at a younger inboard rift, then the earlier rift-related margin would have been
removed as part of the microcontinent and not be preserved in eastern Australia. The fate of
the microcontinent after rifting off the East Gondwana margin is unknown. It was possibly a
relatively narrow and thin microcontinent (Fig. 11) similar to the Lord Howe Rise and
Norfolk Ridge in the Southwest Pacific Ocean that formed with the Tasman Sea. Further, it is
possible that the thinner parts of the microcontinent have been subducted and the thicker parts
have been dispersed to other parts of the Pacific rim such as China and West Antarctica.

5. Conclusions

Mafic schists in the late Neoproterozoic (ca 600 Ma) Bathampton Metamorphics of the
Anakie Inlier in central Queensland, have low TiO; (<2%), and incompatible trace element
contents. They have depleted LREE and flat, HREE, chondrite normalised patterns.
Discrimination diagrams involving immobile elements show that most samples have an N-
MORB-like affinity.

The N-MORB magmatic affinity, LREE depleted patterns, low incompatible trace
element contents and association with metasedimentary rocks suggest the mafic schists were
formed in a magma-poor rifted margin setting. Reconnaissance geochemical data from mafic
schist and amphibolite elsewhere in the Anakie Inlier and Charters Towers Province in
Queensland also indicate N-MORB and alkaline magmatic affinities supporting this
interpretation

Mafic volcanic units in the Anakie Inlier of northeastern Australia at ca 600 Ma are
considered to have formed in a magma-poor rifted margin in contrast to mafic volcanic
successions of equivalent age in southeastern Australia that developed in a volcanic passive
margin setting. This strengthens the suggestion that East Gondwana developed as a rifted and
volcanic passive margin in the late Neoproterozoic (Direen & Crawford 2003a, b). The rifting
that produced this margin possibly also calved off a microcontinental fragment from eastern
Australia and East Antarctica, occurred after the major breakup of Rodinia by as much as 120
m.y. (Li et al. 2008).
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Fig. 1. Map of the main geophysical and geological features of central and eastern Australia
related to the eastern Neoproterozoic to Early Palaeozoic margin of East Gondwana. The
Tasman Line is commonly regarded as the eastern boundary of Palaeoproterozoic—
Mesoproterozoic orogens (Mt Isa, Georgetown, Broken Hill) in eastern Australia (\Veevers
1984, 2000). Abbreviations: BHB = Broken Hill Block, GZ = Glenelg Zone, W = Wonominta
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Block. Delamerian Orogen includes Wonominta Block, Glenelg Zone and western Tasmania.
Unpatterned area is all post-Ordovician to Recent cover. The boundary between the Lachlan
and Thomson Fold Belts is poorly defined due to lack of exposure and commonly placed
within the curving gravity and magnetic trends in northern New South Wales.
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Fig. 2. Major basement units of East Gondwana (reconstructions after Muller et al. 2000;
Fitzsimons 2003; Boger & Miller 2004). Note reconstruction of Australia and East Antarctica
is tightly constrained by the 1.7 Ga metapelite marker in the Gawler Craton and the
metamorphic basement of King George V Land. Postulated eastern (subsurface) extension of
the Musgrave Complex is shown into northeastern Australia (Fergusson et al. 2007a).
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Withnall et al. (1996) and U-Pb age sites from Fergusson et al. (2001). BA = Blair Athol, R =

Rubyvale, S = Sapphire.
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main lithological units along with larger greenstone and quartzite subunits of the Bathampton
Metamorphics (modified on the basis of new mapping from Withnall et al. 1995). Sample
locations are given for mafic schist samples (see field numbers in Table 1).
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Fig. 5. Chondrite normalized rare earth patterns of samples. (a) Main group (see PCW
numbers in Table 1). (b) Serpentinite group. (c) Yan Can group. Note that all are LREE-
depleted. Normalizing values from Sun and McDonough (1989).
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Fig. 6. Rock-MORB normalization diagrams. (a) Main group (see PCW numbers in Table 1).
(b) Serpentinite group. (c) Yan Can group. Normalizing values from Sun and McDonough
(1989).
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Fig. 7. V-Ti diagram of Shervais (1982) showing that all but one sample plots in the MORB,
back-arc basin and continental basalt field. ARC-Arc tholeiite; OFB-Ocean floor basalt.
<50Ti/V>20-MORB/Back-arc basin/Continental flood basalt field; Ti/\VV> 50-Ocean-island
and alkali basalt field.
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Fig. 8. (a) Y/15-La/10-Nb/8 discrimination diagram of Cabanis and Lecolle (1989). 1-
Volcanic arc basalts; 2A-Continental basalts; 2B- Back-arc basalts; 3A- Alkaline basalts from
intercontinental rift; 3B, 3C E-type MORB (3B enriched; 3C weakly enriched; 3D-N-type
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MORB). Note: not all samples could be plotted because they had compositions similar to
those shown. (b) Hf/3-Th-Nb/16 discrimination diagram of Wood (1980). A - N-type MORB;
B-E-type MORB; C-Alkaline within plate basalts. D-volcanic arc basalts (Island arc tholeiites
plot in field D where Hf/Th >3).
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Fig. 9. Nb/Y-Zr/Y diagram of Fitton et al. (1997). Parallel lines define the upper and lower
bounds of the Iceland array. LC-lower crust; MC-middle crust; UC-upper crust. Note that the
majority of the samples cluster around NMORB. Two plot close to LC.
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Fig. 10. Nb/La - La/Yb diagram of Abdel-Rahman (2002). Note that because of overlap
problems not all data can be shown. Also note that the three samples that have Nb/La ratios
>1 have Nb values of <2 according to XRF analysis. A value of 1.99 has been used to plot
them on this diagram. This may be greater than the true value and therefore may indicate an
incorrect source. See text for discussion.
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Fig. 11. Reconstruction of the East Gondwana passive margin and the hypothetical
microcontinent at ca 560 Ma after rifting.

Table Caption

Table 1. Major and trace element analyses of mafic schists, Bathampton Metamorphics.
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Table 1
Sample number
Field Number
Rock Number
Units

Grid reference

sioz
Tio?
Al 03
Fe203
MnO
Mgo
CaO
Naz0
K20
P20s
Rest

Total

Major and trace element analyses of mafic schists, Bathampton Metamorphics

Whole rock analyses of mafic rocks.
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PCW23  PCW24  PCW25 PCW20 PCW30 PCW33  PCW34 PCW28  PCW36  PCW37  PCW38  PCW39  PCW40  PCWAl  PCW42  PCW27  PCW31  PCW32  PCW35
AL2 AL7 A97 TG23 TG4 TG303 | TG405 A293 GOO1A Go11 G030 G0s5 G076 G092 Gl4a2A  A183*  TGI98 = TG259 TG54
R15530  R15531 = RI15532  R15536  R1S537 =~ R15540  R15541  R15535 R15543  R15544  R15545 ~R15546  R15547  R15548  R15549 R155817 R15538  R15530  R15542
Main Main Main Main Main Main Main Sep Sep Semp Semp Sep Semp Sep Sep YanCan YanCan YanCan YanCan
8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352- 8352-
451716 | 436723 468709 436699 430707 376715 370681 405648 369661 = 365650 368651 = 381660 395662 305655 379660 349685 398707 413718 379685
5178 4613 46.97 44.96 43.02 61.94 2411 21.80 2291 36.05 39.43 4025 29.37 4362 4725 48.66 4283 39.79 48.05
2.32 117 141 128 1.06 1.04 1.30 0.62 1.48 116 0.88 1.08 1.03 0.97 0.71 114 1.03 0.80 113
14.86 13.05 1385 14.63 12,07 12.32 14.13 5.75 17.68 15.39 12.37 12.88 12,61 13.75 10.97 15.43 1242 14.22 1554
14.03 10.81 11.43 11.68 9.08 7.56 12.04 5.93 11.93 11.43 8.77 10.96 10.16 9.26 7.37 10.24 9.75 7.49 10.53
0.15 015 017 0.14 0.14 0.12 021 0.26 0.20 025 0.16 0.17 0.22 0.12 014 0.15 0.15 0.13 0.14
3.32 6.76 3.93 5.14 552 457 6.02 5.20 6.83 179 7.50 5.22 219 6.87 315 8.65 5.49 2.82 5.40
5.19 8.37 16.88 7.37 12,92 6.46 14.94 3188 18.01 2329 13.86 12,61 16.15 11.73 1391 9.48 1218 18.73 18.11
4.47 3.27 171 373 334 4.06 255 133 0.25 163 3.00 393 0.79 2.44 235 318 263 218 0.43
0.63 0.08 0.12 0.81 021 014 014 0.03 255 015 061 0.63 0.42 0.15 167 0.13 023 124 0.04
0.25 0.10 017 0.16 0.08 0.09 0.16 0.16 0.19 035 0.10 0.09 015 0.10 0.09 0.10 0.10 0.11 011
0.16 018 0.18 0.18 0.15 011 0.18 0.08 0.24 017 0.18 0.16 0.17 0.23 015 0.16 0.12 0.13 0.14
2,01 971 3.46 9.70 13.26 175 5.5 27.59 18.49 9.67 13.46 1242 7.62 1111 12.74 3.18 1317 13.25 159
99.17 99.78 100.28 99.78 10085 10016 10123 10063 10076 10133 10032 10040 ~ 100.88 10035 10050 = 10050 ~ 100.10 = 10089 = 101.21
Trace elements
100 198 15 70 15 10 5 5 425 7.38 35 95 EY 608 264 10.7 4.99 151 4.99
10 3.83 3 40 16.1 2 1 1 49 178 17 17 34 8.60 79.1 15 12 472 0.99
89 58.9 207 66 1106 20 62 123 164 83.9 61 85 182 94.1 117.4 83 64 67.7 58
< 0.758 2 <2 115 <2 <2 4 26 0.663 2 2 8 204 5.92 0.73 < 0.746 2
1 0.89 0.99 0.28 <0.2 <0.2 0.99 0.99 3 <0.2 3 3 1 0.143 <0.2 <0.2 0.28 <0.2 <0.2
<1 0.06 <1 <1 0.045 <1 <1 <1 <1 0.10 1 1 <1 0.053 0.083 0.072 <1 0.09 <1
150 60 84 64 58 56 76 32 %8 56 56 50 62 50 28 58 56 60 54
8 12 2 2 1.09 2 2 2 20 2 2 2 1.93 0.94 15 2 14 2
35 255 30 28 221 14 26 18 32 32.7 20 19 21 19 186 26 20 254 20
4 167 2.22 153 1.18 2 6 253 8 2 4 2.14 1.20 2.23 1.72 15 1.39
15 5.69 5 5.81 5.16 3.41 20 675 15 10 6.33 352 5.99 5.16 491 3.88
114 1.02 143 115 0.72 1.23 0.962
6.40 6.39 5.59 4.22 7.88 6.04 413 6.61 4.80 5.33 4.22
2551 2.58 2.07 1.71 294 211 1.68 2.44 2.01 2,02 1.90
0.952 0.98 0.765 0.71 0.947 0.913 0.648 0.781 0.78 0.773 0.68
0.681 0.61 0.535 0.46 0.794 0.504 0.454 0.629 0.49 0.562 0.51
377 3.03 244 2.90 256 3510 3.16
453 355 531 3.240 3.04 4.170 381
1.01 0.96 0.795 0.69 1.20 0.707 0.691 0.923 0.76 0.867 0.72
295 232 356 2.00 207 2.650 252
2.68 2.87 214 2.09 338 1.83 2.07 2.350 2.31 2.28 2.14
0.377 0.44 0.311 0.32 0508 0.263 0.328 0332 0.35 0.331 0.32
36 317 46 36 30 28 42 12 58 29.2 30 50 26 356 288 3 34 319 35
310 203 330 268 234 156 256 110 382 443 216 290 258 218 211 245 260 268 278
144 287 284 350 211 224 444 112 212 152 450 284 274 335 138 415 178 219 266
66 106 112 134 75.7 76 142 62 144 90 154 84 % 89 421 98 52 50.6 66
54 315 16 58 139 40 80 30 8 54.8 100 a4 52 103 93.1 76.3 54 144 34
100 60.3 62 92 46 82 % 58 82 252 76 92 62 53.1 314 69.1 64 408 68
5 5 5 5 10 5 5.0 5
16 104 17 14 125 1 16 7 16 24 14 15 16 124 113 13.1 13 30 21
2 12 2 2 3 1 5 1 1 5
1.66 1.39 1.52 1.66 0.77 1.69 1.57 1.02 1.38
0.08 <0.2 <0.2 <0.2 <0.2 0.119 0.30 <0.2 <0.2 <0.2 0.43

Note: values in italics have been determined by ICPMS, those in bold by INAA. LOI-Loss on Ignition.
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