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Abstract

The late Tonian sequences of the Adelaide Superbasin were witness to the birth of the
proto-Pacific Ocean during the breakup of Rodinia. Understanding the sedimentology
and provenance of these rocks from across the basin is key to understanding both their
deposition over ~70 million years, the local palaeogeography, and leads to a better
understanding of the early development of the proto-Pacific Ocean. While the
sedimentology of the Burra Group is well studied in most areas, provenance studies on
these sequences using detrital zircon have been limited in scope and lack both spatial
and temporal diversity. In this study we begin to address this knowledge gap. Samples
were taken from across the Adelaide Superbasin to understand both spatial and
temporal related changes in provenance. Our findings highlight the necessity of this
approach by uncovering both subtle, and abrupt significant changes in detrital zircon
spectra for coeval samples from across the basin, and up-sequence in local areas. Our
results highlight significant changes in provenance c. 790 Ma in the north of the basin,
and c. 740 Ma in the south of the basin. This suggests a southward propagation of the
rift basin, gradually opening to southerly sediment supply. Additionally, we posit the
existence of an unrecognised source of c. 1000-900 Ma zircon to the north or northeast
of the basin to account for latest Stenian to earliest Tonian detrital zircon in the Myrtle
Springs Formation.

1 Introduction

The mid to late Tonian was a critical time in Earth’s history, the breakup of the
supercontinent Rodinia was well underway (Li et al. 2008; Merdith et al. 2017),
numerous large igneous provinces were emplaced (Ernst et al. 2008), and the climate
began to show hints of the oncoming pan-global glaciations of the Cryogenian
(MacLennan et al. 2020). The record of this time is preserved in the many Tonian
palaeo-rift sequences globally (Merdith et al. 2019). One of the most completely
preserved successions laid down in the Tonian is that of the Adelaide Superbasin (Lloyd
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et al. 2020) in South Australia [Figure 1, Figure 2]. The primary rift sequences in the
basin, the Callanna and Burra Groups, are key to understanding the evolution of the rift
system and the basin’s position within Rodinia. Compressive tectonic stresses (Foden et
al. 2006; Foden et al. 2020; Hall 2018; Lubiniecki et al. 2020; Mackay 2011) have
folded, uplifted and dismembered the sequences of the basin, and salt tectonics has
significantly influenced the later depositional sequences of the basin (Heysen
Supergroup, Moralana Supergroup) and disrupted many of the early rift sequences in
the process (Counts et al. 2019; Mackay 2011; Mount 1976; Rowan et al. 2019). These
factors, along with the vast size of the basin and the hundreds of millions of years since
deposition, have made it difficult to understand the nuanced evolution of the basin as a
whole. Numerous studies over many years have made great advances on understanding
the evolution of the basin through time (e.g., Armistead et al. 2020; Betts et al. 2018;
Counts & Amos 2016; Howchin 1904; Jago et al. 2018; Keeman et al. 2020; Lechte &
Wallace 2015; Lloyd et al. 2020; Mackay 2011; Mancktelow 1979; Mawson 1947,
Mawson & Sprigg 1950; Mount 1976; Murrell 1977; Preiss 1987; 2000; Rose et al.
2013; Sprigg 1952; Stueken et al. 2019; Toteff 1977; Uppil 1980; Virgo et al. 2021;
Williams, GE et al. 2008). However, detrital provenance studies, until recently (Keeman
et al. 2020; Lloyd et al. 2020), had been small scale (Ireland et al. 1998; Job 2011;
Shahin 2016), or specifically targeted (Rose et al. 2013). Detrital zircon studies provide
supplementary, but particularly useful insight into the palaeo-tectonic/geographic
evolution of a basin through time by investigating the change in source of robust detrital
material. To date, limited, or very targeted detrital zircon data exists (Keeman et al.
2020; Lloyd et al. 2020; van der Wolff 2020) for the Burra Group, with key sequences
(e.g., Myrtle Springs Formation) having no data. This has hindered attempts to
understand the late Tonian evolution of the Adelaide Superbasin, and its place within
Rodinia. Here we present detrital zircons from the Burra Group [Figure 3], with
additional but limited data presented from the Yerelina Subgroup (representing the
Marinoan glaciation) and Pound Subgroup (the uppermost sequences of the Adelaide
Rift Complex). Due to the extensive literature available (e.g., Counts & Amos 2016;
Counts et al. 2016; Le Heron 2012; Le Heron et al. 2011; Lloyd et al. 2020; Preiss 1993;
2000; Rose et al. 2013; Williams, GE et al. 2008) on the Yerelina and Pound Subgroups,
and limited detrital zircon data presented for those subgroups in this study, we primarily
focus on the provenance and evolution of the Burra Group. Notably, this study presents
the first detrital zircon data that compares upper Emeroo Subgroup time equivalent
sequences across the North Flinders Ranges (east-west) and additionally lays the
framework for better understanding the north-south evolution of the basin during
deposition of the Burra Group.
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Figure 1 — Map showing surface geology distribution of the Neoproterozoic sequences of the Adelaide Rift Complex,
Stuart Shelf, and Coombalarnie Platform. Sample sites from this study are indicated by diamonds. For GPS coordinates
of the sample sites see data availability. Inset map shows location of main map relative to the Australian landmass as
colour shade map overlain on hill shaded GMTED2010 7.5s digital elevation model, publicly available from the United
States Geological Survey (Danielson & Gesch 2011).
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Figure 2 — Left: Subdivisions of the Adelaide Superbasin. Greys are the Neoproterozoic basins; greens are the Cambrian basins.
Right: Geographic divisions of the Adelaide Superbasin referred to in text. Abbreviations: MLR-Mount Lofty Ranges, FR-
Flinders Ranges (N=North, S=South); NA-Nackara Arc; BR-Barrier Ranges; KB-Koonenberry Belt

2 Geological Background

2.1 Adelaide Superbasin

The Adelaide Superbasin (Lloyd et al. 2020) is a large, Neoproterozoic to middle
Cambrian sedimentary system at the southeast margin of Proterozoic Australia, which
formed as a result of the breakup of the supercontinent Rodinia. The Adelaide
Superbasin consists of several named basins and sub-basins [Figure 2] that span the
Neoproterozoic to early Cambrian (Lloyd et al. 2020). The largest and oldest of these is
the Adelaide Rift Complex, which is contiguous with the relatively undeformed rocks of
the Torrens Hinge Zone, Stuart Shelf (Sprigg 1952), and Coombalarnie Platform (Callen
1990). Two Cambrian basins, the Arrowie Basin, and the Stansbury Basin, are also
considered as part of the Adelaide Superbasin (Lloyd et al. 2020; Preiss et al. 2002).
Deposition within the Adelaide Superbasin spans over 300 million years of Earth’s
history and stretches from the northernmost regions of South Australia, narrowing in the
South Mount Lofty Ranges at the Fleurieu Peninsula and extending onto Kangaroo
Island. The basin began as an intracontinental rift system that successfully progressed
to a passive margin basin in its southeast region, yet remained a failed rift in the north
(Lloyd et al. 2022b, preprint). Deposition within the basin ceased during the Delamerian
orogeny c. 514-490 Ma (Drexel & Preiss 1995; Foden et al. 2006; Foden et al. 2020;
Preiss 2000). Whilst present day exposure of the sedimentary basin is approximately
600 km north to south, the basin spans over 1,100 km from central Australia through to
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Kangaroo Island. The stratigraphy of the Adelaide Superbasin is divided into three
supergroups (Lloyd et al. 2020; Preiss 2000), two for the Neoproterozoic sequences and
the third for the Cambrian sequences, with numerous group and subgroup level
divisions. In the Neoproterozoic, the Warrina Supergroup is comprised of the Callanna,
Burra, and Poolamacca Groups, and the Heysen Supergroup contains the Umberatana,
Wilpena, Torrowangee, and Farnell Groups. Each of these groups are further divided into
numerous subgroups. The reader is referred to Preiss (1987), Preiss (2000), Counts
(2017), Lloyd et al. (2020), Cowley (2020) and references therein for further detail on
the geological history of the Adelaide Superbasin.
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Figure 3 — Stratigraphic table showing supergroup (SG), group (G), and subgroup divisions of the Neoproterozoic successions of the
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2.1.1 Burra Group

The Burra Group is the first widely preserved and exposed series of rocks in the
Adelaide Rift Complex of the Adelaide Superbasin. The group is comprised of a
generally thick sequence of siliciclastic and carbonate rocks [Figure 4] and is divided
into four subgroups (Preiss 1987; 2000; Preiss & Cowley 1999). It is known to
unconformably overlay the Callanna Group near the margins of the basin but the true
stratigraphic contact between the two groups in areas of a more complete sequence of
Callanna Group is not known (Preiss 1987). Circumstantial evidence has been used to
infer a regional unconformity (e.g., Murrell 1977). The Burra Group unconformably
overlies basement in the southern area of the basin (South Mount Lofty Ranges). It is
unconformably overlain by the Umberatana Group, with the termination of the Burra
Group occurring at the boundary between the Tonian and Cryogenian periods, marking
the start of the Sturtian glaciation in South Australia. The basal Emeroo Subgroup is the
oldest subdivision and is made of primarily arenaceous rocks with minor dolomitic rocks
and mafic volcanics [Figure 4]. The base of the Burra Group is defined as the first influx
of coarse clastic material after the Curdimurka Subgroup of the Callanna Group (Preiss
1993). In the south of the basin the Emeroo Subgroup remains as coarse clastic rocks,
but in all other areas it transitions to finer clastic and carbonate sequences before
transitioning back to coarser clastic rocks. The top of the Emeroo Subgroup is marked
by a widespread series of laterally correlative quartzites/sandstones (e.g., Copley
Quartzite, Wortupa Quartzite) that conformably transition into the primarily dolomitic
sequences of the Mundallio Subgroup (e.g., Skillogalee Dolomite, Montacute Dolomite).
Minor volcanism is known to occur within the Skillogalee Dolomite c. 790 Ma and is
believed to be responsible for mineralisation (Preiss et al. 2009) at the closed Burra
Copper Mine, which produced ~2.7 million tonnes of copper ore during its lifetime
(Drexel 2008). A significant amount of variation is present within the lithologies of the
Skillogalee Dolomite and its equivalents, but sedimentary magnesite and abundant
dolostones characterise this subgroup (Counts 2017; Preiss 1987; 2000; Uppil 1980;
Virgo et al. 2021). Geochronology supports correlation of the Boucaut Volcanics to the
volcanics occurring within the Skillogalee Dolomite c. 790 Ma (Armistead et al. 2020;
Preiss et al. 2009). After deposition of the mostly paralic sedimentary sequences of the
Mundallio Subgroup, the conformably overlying Bungarider Subgroup sees a return to
increasingly clastic deposition (Counts 2017; Preiss 2000; Virgo et al. 2021), with
subsequent sourceward-shifting to basinward-shifting facies tracts [Figure 4]. Only
present in the south and east of the basin, the Belair Subgroup is still poorly
understood, but shows greater lithological similarity to the underlying Bungarider
Subgroup than it does to the overlying Umberatana Group (Counts 2017). At its base,
the Belair Subgroup consists of coarse grained quartzites, with an overall sourceward-
shifting facies tract to the upper, predominantly shale sequences [Figure 4]. Very rare
lonestones in the uppermost Mintaro Shale allow for the possibly of minor shore ice
(Preiss 2000).
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Figure 4 — Generalised stratigraphic columns with correlation lines of the Burra Group from the south and north of the basin with
corresponding, high level, tectonic sequence stratigraphy facies. Tectonic successions follow terminology of Matenco and Hagq (2020),
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Stratigraphic logs compiled from Preiss (1987; 1997); Preiss and Cowley (1999); Uppil (1980); Virgo et al. (2021), and GM Virgo (pers. comm).
For location references, refer to the map figures.
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2.1.2 Umberatana Group

The Umberatana Group disconformably overlies the Burra Group, and is further divided
into the Yudnamutana, Nepouie, and Yerelina Subgroups. The Yudnamutana Subgroup
is made up of glaciogenic rocks attributed to the Sturtian glaciation, dominated by
globally significant, characteristic diamictites of the Sturt Formation (Lloyd et al. 2022d,
preprint). The overlying Nepouie subgroup marks the first basin-wide flooding event,
signified by the ubiquitous Tapley Hill Formation (Preiss 1987; 1993; 2000). Further
detail on the stratigraphy of Yudnamutana and Nepouie Subgroups is found in Preiss
(1987; 2000) and Lloyd et al. (2022d, preprint). The Yerelina Subgroup overlies the
Nepouie Subgroup and is detailed further here.

2.1.2.1 Yerelina Subgroup

The Yerelina Subgroup is the uppermost division of the Umberatana Group and
represents the Marinoan (Elatina) glaciation in South Australia. The equivalent
subgroup in New South Wales is thought to be the Teamsters Creek Subgroup (Cooper &
Tuckwell 1971; Fitzherbert & Downes 2015; Preiss 1987; Sheibner & Basden 1998). In
the far north-eastern (North Flinders Ranges) and southeast to east of the basin (North
Mount Lofty Ranges, Nackara Arc), the Fortress Hill Formation is the lowermost
formation in the subgroup and represents the onset of glacial conditions, marked by the
presence of small drop stones and occasional boulders within laminated siltstones
(Lindsay 1973; Preiss et al. 1998). The abundance of clasts increases toward the top of
the formation, and the presence of crossbedding and sinuous ripple marks are
suggested to indicate overall shallowing of the formation (Lindsay 1973). Overlying the
Fortress Hill Formation is the Mount Curtis Tillite, and Gumbowie Arkose. Along with the
Pepuarta Tillite (conformably overlies the Gumbowie Arkose), the Mount Curtis Tillite is
believed to represent the glacial maximum during this time. These units are thought to
be deposited under high-energy, shallow-water conditions (Preiss et al. 1998) with clear
glacial origin indicated by faceted and striated boulders within the diamictites (Williams,
GE et al. 2011). These in turn are overlain by the deglacial Balparana Sandstone,
Grampus Quartzite and Ketchowla Siltstone. In the far south (Adelaide area), central
(South and North Flinders Ranges) and west (Stuart Shelf) of the basin, the Elatina
Formation and Whyalla Sandstone are the correlatives of the aforementioned units, with
the exception of the Fortress Hill Formation. The Elatina Formation is much thinner at its
maximum, attaining up to ~300 m in thickness (Rose et al. 2013), compared to the
correlative Mount Curtis Tillite and Balparana Sandstone ~1000 m (Preiss 1993). The
Elatina Formation contains significant variation in lithology from glaciofluvial to deltaic
and shallow marine sandstones, glaciomarine diamictites, siltstones and mudstones
with ice-rafted drop stones, and tidal rhythmites (Le Heron 2012; Le Heron et al. 2011;
Preiss 1993; 2000; Rose et al. 2013; Williams, GE et al. 2008). The Whyalla Sandstone
as currently defined contains a characteristic peri-glacial aeolian sandstone (Williams,
GE et al. 2008; Williams, GE & Tonkin 1985) with fluvial to deltaic and marine variations
(McAvaney et al. 2016; Tonkin & Wallace 2021). The Yerelina Subgroup is overlain by a
distinct cap carbonate in almost all areas, marking the end of the Marinoan (Elatina)
glaciation. This cap carbonate is globally ubiquitous and dated at c. 635 Ma (Calver et
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al. 2013; Rooney et al. 2015).

2.1.3 Wilpena Group

The Wilpena Group is the uppermost division of the Neoproterozoic sequences of the
Adelaide Superbasin and is broadly divided in to two broad, upward shoaling
sequences. The first of these corresponds to the Sandison Subgroup, which is the
lowermost stratigraphic subdivision of the Wilpena Group. This subgroup begins with
the Nuccaleena Formation (the cap carbonate of the Marinoan glaciation) which is
generally overlain by, but partially coeval to the Seacliff Sandstone. These units are in
turn overlain by the Brachina Formation and its equivalents, predominantly shales and
siltstones that shallow upward into the ABC Range Quartzite (Counts 2017; Preiss
1987; 2000). As currently defined, the Aruhna Subgroup (Bunyeroo Formation and
equivalent Yarloo Shale) overlies the Sandison Subgroup, and is then overlain by the
Depot Springs Subgroup (Wonoka Formation, Wearing Dolomite). The Aruhna and Depot
Springs Subgroup divisions remain conjectural and are likely unwarranted (Preiss 2000).
The Bunyeroo Formation and Yarloo Shale are thought to have been deposited under a
cold-water, generally deep-marine setting in an overall transgressive sequence (Young
1995). Notably, the Bunyeroo Formation and Yarloo Shale contain a distinct layer
interpreted as a bolide impact debris layer related to an impact site at Lake Acraman
(Gostin et al. 1986). The Wonoka Formation has been subject to numerous studies (e.g.,
Eickhoff et al. 1988; Giddings et al. 2010; Haines 1987; Retallack et al. 2014; Urlwin
1992) owing to the presence of deeply incised canyons and a strongly negative 63C
anomaly known as the Shuram-Wonoka excursion (Williams, GE & Schmidt 2018). The
overlying Pound Subgroup is the uppermost division of the Wilpena Group, and the last
of the Neoproterozoic sequences in the Adelaide Superbasin. It contains three
formations, the basal Bonney Sandstone and the Rawnsley Quartzite (Counts 2017).
Both formations are replaced by the Billy Springs Formation in the far northeast Flinders
Ranges (Counts & Amos 2016; Sheard 2012). The Bonney Sandstone primarily consists
of fine to medium grained, reddish quartz arenites to feldspathic sandstones but is
occasionally coarse grained. It is interpreted to have been deposited in a tidally
influenced marginal marine environments, with some support for a tidal-estuary system
(Gehling 1983; Preiss 1987). However, a more recent study in the type area did not
determine conclusive evidence for tidal influence, instead suggesting a fluvially
dominated deltaic sequence, with only a small contribution from waves and tides
(Counts et al. 2016). Both studies concur that Bonney Sandstone is a shallowing upward
sequence. One formal member is defined for the Bonney Sandstone, the carbonate rich
Patsy Hill Member (Preiss 1999). The Bonney Sandstone disconformably underlies the
Chace Quartzite Member of the Rawnsley Quartzite, whilst also being incised by the
Ediacara Member locally (Gehling & Droser 2012). Overall, the Rawnsley Quartzite is
made up of cleaner sandstones than those of the Bonney Sandstone and is thought to
be deposited as a shallow marine, wave and tide reworked deltaic succession (Gehling
2000; Gehling & Droser 2012). The Rawnsley Quartzite is most famous for the Ediacara
Member that preserves fossil casts of the Ediacaran fauna (Gehling & Droser 2012),
Earth’s first confirmed animals (Bobrovskiy et al. 2018).
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3 Methods

Methodology is that of Lloyd et al. (2022b, preprint) with a summary provided here.

Rock samples were prepared for detrital zircon analysis by crushing, sieving, panning
and, where necessary due to low zircon yield, heavy liquid separation. Any grain that
remotely resembled a zircon was picked to minimise human bias, an issue highlighted
by Slama and Kosler (2012) and Dréllner et al. (2021). Where permitted by zircon yields,
at least 300 zircons were picked per sample, otherwise all zircons in the sample were
picked. Cathodoluminescence images were obtained on either a FEI Quanta 600
scanning electron microscope (for zircon analysed in 2020) or a Cameca SXFive
Electron Microprobe (for zircon analysed in 2021). The zircons were using Laser
Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) to obtain a suite
of elemental data for U-Pb geochronology and rare earth element (REE) analysis. All
zircons were analysed using a Resonetics M-50 (193 nm ArF excimer) laser ablation
system coupled with an Agilent 7900x inductively coupled plasma mass spectrometer.
All analytical instruments used are housed at Adelaide Microscopy, University of
Adelaide, Australia.

GJ-1 (Horstwood et al. 2016; Jackson et al. 2004), was used as the primary calibration
standard for U-Pb ratios and NIST610 (Jochum et al. 2011) was used as the primary
calibration standard for Pb isotope ratios and trace element data. The internal standard
for trace element data was set to **Zr with a value of 431,400 ppm (43.14 wt%)
assigned to unknowns. PleSovice (Horstwood et al. 2016; Slama et al. 2008) and 91500
(Horstwood et al. 2016; Wiedenbeck et al. 1995; Wiedenbeck et al. 2004) were used as
validation standards. Unknowns were bracketed by two analyses of GJ-1, followed by a
combined two to three analyses of PleSovice and 91500, and two analyses of NIST610
every 20-30 unknowns. A 30 second gas blank followed by either a 40 second or 30
second ablation (session on 2021-03-30) time was used with a laser repetition rate of 5
Hz. A spot size of 29 um and a nominal fluence of 2 Jcm 2 was used for zircon, and a
spot size of 43 um using a nominal fluence of 3.5 Jcm2was used for NIST610. Data
were processed using LADR (Norris & Danyushevsky 2018), version 1.1.06 and output
as “Full Analytical Uncertainty”. No common Pb corrections were applied to the data.
Reference material ratios for GJ-1, PleSovice, and 91500 were set to the Chemical
Abrasion Isotope Dilution Thermal Ionisation Mass Spectrometry (CA-ID-TIMS) values
(uncorrected for thorium disequilibria and common-Pb) of Horstwood et al. (2016).
Weighted averages and dispersion statistics for all standards are available from the link
in data availability.

Statistical analysis of the zircon U-Pb data follows the method of Lloyd et al. (2020).
Data are considered concordant if within £ 10%, and a “meaningful” age if the 20
uncertainty is <10%—if a datum satisfies both parameters it is termed a Filtered Age.
Maximum depositional ages are determined from a stricter 2% concordance filter and
use the older age of the three isotope ratios (?°’Pb/?35U, 20¢Pb /238U, 207Ph/296Pb) for a
conservative estimate of the youngest single concordant grain. All ages are quoted with
20 uncertainty. Kernel density estimates (KDEs), and multidimensional scaling plots
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(MDS) were generated using IsoplotR (Vermeesch 2018). Key zircon trace element data
are presented graphically using methods following Verdel et al. (2021) and additionally
lanthanoid data are represented using violin plots and lambda representation
(Anenburg 2020; O’Neill 2016).

Metadata for the LA-ICP-MS sessions, data for all analyses, cathodoluminescence
images, and R code used to generate plots are available from the links in data and code
availability.

4 Results

Fifteen samples from the Burra Group (FR1_003_01, FR1_006_03, FR2_002_01,
FR2_004_01, FR2_005_01, FR2_396, FR3_010, FR3_035, FR3_036, FR3_082a,
FR3_123, FRX_001, FRX_002, ML_008, & SF1), three samples from the Umberatana
Group (FR3_088a, FR3_089a, & FR3_111a), and three samples from the Wilpena
Group (058, 319, & FR3_095a) were analysed for detrital zircon geochronology and
provenance. Several samples had naturally low zircon yields (FR1_006_03, FR3_035.
FR3_036,FR3_088a, FR3_089a, FR3_111a, & FRX_001). Additional zircon analyses on
samples 058 and 319 from Lloyd et al. (2020) were run during this study. The youngest
grains quoted here for the Minburra Quartzite Member and Billy Springs Formation are
too young to be reliable ages, particularly as maximum depositional ages, this is
attributed to be an artefact of concordance determination outlined in the methods
section, and mostly likely a result of minor Pb-loss post crystallisation. This highlights
the need to use a conservative and strict method for determining maximum
depositional ages when using youngest single grains, as is outlined in the method
section by using a stricter 2% concordance filter, and the oldest of the three derived
ages for a grain.

4.1 Burra Group

A total of 89 zircons were analysed from sample FR2_396, Opaminda Formation, with

66 passing filtering parameters. Grain ages range from 3164 + 32 Mato 1117 + 17 Ma,
with a primary population peak c. 1590 Ma. Subordinate population peaks are present
c. 3130 Ma, c. 2640 Ma, c. 2480 Ma, ¢. 1760 Ma and c. 1410 Ma [Figure 5].

A total of 28 zircons were analysed from sample FR3_036, Humanity Seat Formation,
with 26 passing filtering parameters. Grain ages range from 2535 + 32 Mato 1017 + 18
Ma, with a primary population peak c. 1640 Ma, and a secondary population peak c.
2480 Ma [Figure 5].

A total of 40 zircons were analysed from sample FR3_035, Blue Mine Conglomerate,
with 38 passing filtering parameters. Grain ages range from 2978 + 32 Mato 1079 + 17
Ma, with a primary population peak c. 1710 Ma, and a secondary population peak c.
2480 Ma [Figure 5].

A total of 56 zircons were analysed from sample FR3_010, Wortupa Quartzite, with 56
passing filtering parameters. Grain ages range from 3239 + 59 Ma to 845 + 13 Ma, with
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a primary population peak c. 1720-1640 Ma, and a subordinate population peaks c.
3120 Ma, c. 2400 Ma, and c. 1000 Ma [Figure 5].
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Figure 5 — Kernel density estimates [KDEs] of detrital zircon populations from each sample. Coloured KDEs are from data collect in this study,
while grey KDEs are from published sources as denoted. Tick marks below each plot represent an analysis. n = filtered analyses / total
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A total of 122 zircons were analysed from sample FR3_123, Copley Quartzite
(Yankaninna area), with 118 passing filtering parameters. Grain ages range from 3152 +
27 Mato 864 + 16 Ma with a primary population peak c. 1720 Ma, and a subordinate
population peaks c. 2430 Ma, and c. 1620 Ma [Figure 5].

A total of 117 zircons were analysed from sample FR2_002_01, Copley Quartzite
(Copley area, base), with 112 passing filtering parameters. Grain ages range from 3254
+ 36 Mato 1195 * 20 Ma, with a primary population peak c. 1750 Ma. Subordinate
population peaks are present at c. 3050 Ma, c. 2720 Ma, and c. 2480 Ma [Figure 5].

A total of 120 zircons were analysed from sample FR2_004_01, Copley Quartzite
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(Copley area, top), with 117 passing filtering parameters. Grain ages range from 3252 +
33 Mato 838 + 13 Ma, with a primary population peak c. 1130 Ma. Subordinate
population peaks are present c. 2490 Ma, and c. 1690 Ma [Figure 5].

A total of 198 zircons were analysed from sample FR3_082a, Myrtle Springs Formation,
with 176 passing filtering parameters. Grain ages range from 3451 + 36 Mato 807 + 16
Ma, with a primary population peak c. 1000 Ma. Subordinate population peaks are
present c. 2490 Ma, c. 1800 Ma, and c. 1280 Ma [Figure 5].

A total of 171 zircons were analysed from sample SF1, Stonyfell Quartzite, with 164
passing filtering parameters. Grain ages range from 3122 + 35 Mato 1536 + 28 Ma,
with a prominent primary population peak c. 1840 Ma. Minor population peaks are
present at c. 2500 Ma, c. 2000 Ma, c. 1740 Ma, and c. 1590 Ma [Figure 5].

A total of 143 zircons were analysed from sample FRX_002, Saddleworth Formation
(Minburra Quartzite Member), with 83 passing filtering parameters. Grain ages range
from 2556 + 40 Ma to 692 + 15 Ma, with a primary population peak c. 1130 Ma.
Subordinate population peaks are present c. 2470 Ma, and c. 1540 Ma [Figure 5].

Sample FR1_006_03, Saddleworth Formation, had low zircon yield. In total only 11
zircons were analysed with 9 passing filtering parameters. Grain ages range from 2815
+ 38 Mato 1562 + 27 Ma. Due to the limited number of analyses and significant spread
in ages, the KDE forms a broad spectrum [Figure 5].

Sample FRX_001, a sample taken from a likely equivalent of the Gilbert Range
Quartzite, had low zircon yield. Only 23 zircons were analysed with 17 passing filtering
parameters. Grain ages range from 1682 + 31 Ma to 988 £ 17 Ma, forming a
predominant population peak at c. 1160 Ma [Figure 5].

A total of 113 zircons were analysed from sample ML_008, Mitcham Quartzite, with 93
passing filtering parameters. Grain ages range from 3746 + 41 Mato 726 + 13 Ma, with
a primary population peak c. 1080 Ma. Subordinate population peaks are present c.
1630 Ma, c. 1400 Ma, c. 930 Ma, and c. 740 Ma [Figure 5].

4.2 Umberatana Group

Sample FR3_111a, Fortress Hill Formation, had low zircon yield. This sample was
collected from a very fine sandy lithology within a formation of mostly siltstone. A total
of 19 zircons were analysed with 18 passing filtering parameters. Grain ages range from
2417 + 67 Mato 976 + 15 Ma. Due to the limited number of analyses and significant
spread in ages, the KDE forms a broad spectrum [Figure 5].

Sample FR3_089a, Mount Curtis Tillite, had low zircon yield. A total of 45 zircons were
analysed over two analytical sessions, with 34 passing filtering parameters. Grain ages
range from 2444 + 25 Ma to 986 = 18 Ma, with a predominant population peak c. 1160
Ma [Figure 5].

Sample FR3_088a, Balparana Sandstone, had extremely low zircon yield. A total of 9
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zircons were analysed over two analytical sessions, with only 6 passing filtering
parameters. Grain ages range from 1771 + 24 to 944 + 14 Ma. Due to the extremely
limited number of analyses and significant spread in ages, the KDE forms a broad
spectrum [Figure 5].

4.3 Wilpena Group

A total of 120 zircons were analysed for sample FR3_095a, Bonney Sandstone, with
102 passing filtering parameters. Grain ages range from 2752 + 48 Mato 610 + 9 Ma,
with a primary population peak c. 1120 Ma. Subordinate population peaks are present
c. 2310 Ma, c. 1590 Ma, and c. 790 Ma [Figure 5].

An additional 15 zircons (the remainder on the mount) from sample 319 (Lloyd et al.
2020), Rawnsley Quartzite, were analysed during this study to gain some geochemical
data for the zircons in this sample. All 15 passed filtering parameters with grain ages
range from 1215 + 14 to 949 + 15 Ma. Due to the extremely limited number of analyses
the KDE forms a broad spectrum with a central peak c. 1160 Ma [Figure 5].

An additional 96 zircons (the remainder on the mount) from sample 058 (Lloyd et al.
2020), Billy Springs Formation, were analysed during this study to gain some
geochemical data for the zircons in this sample. A total of 73 analyses passed filtering
parameters, with grain ages ranging from 2743 + 40 Ma to 527 + 8 Ma. A primary
population peak is present c. 1580 Ma, with a secondary population peak c. 660 Ma
[Figure 5].

4.4 Zircon trace element geochemistry

Most ana[yses resolved lanthanoid Violin plots of C1-chondrite normalised lanthanoid concentrations
concentrations that are typical for
zircons, with several orders-of-
magnitude increase in concentration +
from light to heavy elements, a slight
negative deviation in europium (Eu),
and a positive deviation in cerium (Ce)
[Figure 6]. Two analyses (FR3_095a -
032, and FR3_089a - 034) have
lanthanoid concentrations atypical of
zircon, with overall positive (based on
ionic radii) slopes (A, of +9.03, and
+3.72) due to highly elevated light L e P Nd Pm Sm fu od To Oy fo & Tmvbiu

10,000 +

100

Tonic Radii (A)
1+ 1.15

log, [Analysis ppm/CI Chondrite]
|
T

0.01 -+

lanthano!ds (La to Nd)' Overall, the Figure 6 — Violin plots of CI chondrite (O’Neill 2016) normalised
lanthanoid pattern for both analyses lanthanoids for all filtered zircon analysed in this study. X-axis is

have a concave-up shape (+)\2) with mid spaced by ionic radii (Shannon 1976) and ordered by atomic number.
Black lines across the fill of each plot represent the 0.25, 0.5, and 0.75

to heavy lanthanoid concentration quantiles. Bandwidth of the density estimates is calculated using the
increasing as would normally occur in Botev algorithm from the Provenance package (Vermeesch et al.
2016).

zircon. Major element percentages,
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~13.25 wt% and ~18.57 wt% silicon, suggest these two analyses are zircon, and CL
images also support this. It is likely these two analyses have gone through complicated
zones of inclusions not visible on the CL images of the grain surfaces. Another
noticeable anomaly is present on Figure 7, where one Ce* c. 1700 Ma is significantly
greater than any other analysis. This analysis is FR3_036 — 016 and has a Ce* value of ~
230,000. This is anomalous as both La and Pr were below detection limit, and the zircon
has a low average lanthanoid concentration (Ao of -0.5495). As such, this Ce* value is
considered unreliable.
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5 Discussion

5.1 Zircon trace element geochemistry

Continental vs oceanic derived zircon plot

A simple U/Yb against Y plot can be 100

used to infer continental or oceanic i
affinity for zircon generation (Grimes 3000

et al. 2007; Grimes et al. 2015). Most g 2000
zircons analysed in this study are b - ¥ . l 1000

inferred to have been generated in
continental crust [Figure 8], with a
small number of younger zircons
suggestive of oceanic affinity. C1
chondrite normalised (O’Neill 2016)
concentrations of lanthanoids are
generally typical of zircon [Figure 6] ol
with a positive pattern slope
(increasingly negative A1 values)
from light to heavy lanthanoids, a

LOg‘O(naU/’DYb)

1+ 1 0.010 L | L } L
posVuye cerium anomaly, and ' x i 1009 o pon 9
negative europium anomaly (Hoskin Log(*¥)

& Ireland 2000; Hoskin & Figure 8 - Plot based on (Grimes et al. 2007) used as an indicator of

. zircon crustal origin. This plots Y against U/Yb, with the dashed
Schaltegger 2003)' Nearly all zircons reference line dividing the “oceanic” (below line) and “continental”

have a Th/U >0.07 and are generally  (above line) fields. Most data plot above the reference line, suggesting
inferred to be originally generated as 127 cTn sty st of ot i, oty
magmatic rather than metamorphic

zircon (Collins et al. 2004; Rubatto 2002). There are no significant trends in lanthanoid
pattern slope or curvature [Figure 7], denoted as A1 (linear slope), A2 (quadratic slope),
and A3 (cubic slope) (Anenburg 2020), with time or sample. Both Eu and Ce anomalies
(denoted by Eu* and Ce*) show a significant spread through time. However, an
increasing number of zircons c. 1000 Ma show low (i.e., deep) Eu* anomalies with
greater data spread. Additionally, sub 2000 Ma zircons show a minor trend towards
higher Eu*, and correspondingly lower Ce*, suggesting zircon growth in competition with
plagioclase, and not reflective of magma oxidation state (Verdel et al. 2021).

5.2 Provenance and maximum depositional ages

5.2.1 Maximum depositional ages (MDASs)

A summary of MDAs from this study and published literature is presented along with the
stratigraphic table in Figure 3. Sample locations are shown in Figure 1 with Figure 2
showing regional geographic areas. As highlighted in the results, maximum depositional
ages quoted here differ from the youngest grain quoted in the results section. A
conservative method is employed so that only high confidence (within 2% of
concordance) grain age determinations are considered, and the oldest of the three
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derived ages for an individual grain is quoted.

5.2.1.1 Burra Group

Several age constraints for the samples from the Burra Group exist. A limit defining the
oldest age possible for Burra Group rocks is 802 + 10 Ma from the Rook Tuff within the
upper Curdimurka Subgroup, although the reliability of this age is questioned (Lloyd et
al. 2022b, preprint). Within the Burra Group an age of 788 + 6 Ma has been determined
(Armistead et al. 2020) for the Boucaut Volcanics. While the exact stratigraphic position
of the Boucaut Volcanics remains unresolved (Lloyd et al. 2020), it lies within the lower
Burra Group, likely at the top of the oldest Emeroo Subgroup. This is based on the
similar age, 794 + 4 Ma (Preiss et al. 2009), obtained for a syndepositional volcanic
porphyry within the Skillogalee Dolomite of the overlying Mundallio Subgroup.
Additionally, an intrusive bimodal volcanic sequence only preserved in diapiric breccia
of the underlying Callanna Group, the Oodla Wirra Volcanics, has an age of 798 + 5
Ma/799 + 4 Ma (Fabris et al. 2005). The youngest limit for deposition of the Burra Group
is poorly constrained as no volcanogenic sequences have been found to date in the
upper Burra Group. The best constraint to date are MDAs c. 730 Ma obtained for both
the Gilbert Range Quartzite (Keeman et al. 2020; Lloyd et al. 2020) and Mitcham
Quartzite (van der Wolff 2020) of the Belair Subgroup. These MDAs, combined with
those of the Sturt Formation. c. 714 Ma and c. 666 Ma (Lloyd et al. 2022d, preprint),
closely align with the time band defined globally for the Sturtian glaciation (Lloyd et al.
2022d, preprint; Rooney et al. 2015). As such, it is likely the younger limit for timing of
deposition of the Burra Group is c. 714 Ma.

Emeroo Group samples the Humanity Seat Formation (FR3_036), Blue Mine
Conglomerate (FR3_035), Opaminda Formation (FR2_396), Wortupa Quartzite
(FR3_010), and Copley Quartzite (FR3_123, FR2_002_01, & FR2_004_01) were
deposited between 802 + 10 Ma and c. 790 Ma. The obtained MDAs for these samples
were 1558 + 35 Ma, 1081 £+ 19 Ma, 1374 £+ 21 Ma, 857 + 18 Ma, 892 + 33 Ma, 1218 +
31 Ma, and 838 + 13 Ma respectively. All of these MDAs are older than their expected
depositional ages (<802 + 10 Ma, >c. 790 Ma).

Bungarider and Belair Subgroup samples were deposited post Mundallio Subgroup, c.
790 Ma, and likely before c. 714 Ma, with the Belair Subgroup being the younger of the
two. The Myrtle Springs Formation (North Flinders Ranges) sample, FR3_082a, has an
MDA of 810 * 42 Ma (?°7Pb/?3°U), however both the 2°°Pb/238U and 2°7Pb/?°°Pb ages
agree at 807 + 16 and 807 + 37 Ma, respectively, which would be used by many as the
MDA (note that our definition is extremely conservative). The Saddleworth Formation
sample, FRX_002 (South Flinders Ranges), has an MDA of 956 + 16 Ma, and while data
is extremely limited, sample FR1_006_03 (North Mount Lofty Ranges), has an MDA of
1592 + 36 Ma. The MDA derived for sample FRX_002 is significantly older than the
youngest grain quoted in the results section above, this is due to the more conservative
criteria used here to define the MDA (i.e., within 2% of concordance). The final
Bungarider Subgroup sample is from the Stonyfell Quartzite, SF1 (South Mount Lofty
Ranges), and has an MDA of 1585 + 25 Ma. These are all older than expected
depositional ages for the Bungarider Subgroup rocks.
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Sample FRX_001 (South Mount Lofty Ranges) is from a sedimentary rock thought to be
equivalent of the Gilbert Range Quartzite. Zircon yield was low for this sample with an
MDA of 1101 + 17 Ma obtained. Gilbert Range Quartzite sample, FR1_003_01 (North
Mount Lofty Ranges), has an MDA of 869 + 14 Ma. The final Burra Group sample in this
study comes from the Mitcham Quartzite, sample ML_008 (South Mount Lofty Ranges).
This was a second run on the sample to add additional data and for verification
purposes of the MDA obtained in van der Wolff (2020). An MDA of 734 + 42 Ma
(297Pb/?35U) was obtained for the analyses in this study. Comparatively, the MDA quoted
by van der Wolff (2020) was 720 + 21 Ma (2°°Pb/?38U). The equivalent 2°6Pb/?38U age for
the grain in this study is 730 + 14 Ma and the 2°7Pb/2%Pb age is 732 + 41 Ma. The
calculated 2°7Pb /235U age from van der Wolff (2020) is 732 + 61 Ma and the 2°7Pb/2%Pb
age is 754 + 51 Ma.

5.2.1.2 Umberatana Group

The three samples from the upper Umberatana Group (Yerelina Subgroup) were
deposited during the onset (FR3_0111a, Fortress Hill Formation), maximum
(FR3_089a, Mount Curtis Tillite), and deglaciation (FR3_088a, Balparana Sandstone) of
the Marinoan glaciation. All samples had low zircon yield, with FR3_088a being
extremely low; the sample was a highly silicified very coarse sand arkose. The MDA for
sample FR3_0111ais 977 + 36 Ma, for sample FR_089a is 1032 + 36 Ma, and for
sample FR3_088ais 946 + 31 Ma.

No firm radiometric age constraints have been determined from within the Adelaide
Superbasin on the Yerelina Subgroup representing the Marinoan Glaciation. Rose et al.
(2013) obtained an MDA of 641 + 5 Ma for the stratigraphically correlative Whyalla
Sandstone on the Stuart Shelf. Additionally, Re—Os ages have provided a minimum age
estimate for the interglacial Tapley Hill Formation of the Nepouie Subgroup c. 642 Ma
(Kendall et al. 2006), with a maximum constraint from detrital zircon of 654 + 13 Ma
(Lloyd et al. 2020). The Nepouie Subgroup is overlain by the Upalina Subgroup, which in
turn underlies the Yerelina Subgroup, as such there is likely a reasonable amount of
time between this constraint and the initial deposition of the Yerelina Subgroup.
Globally, the Marinoan glaciation is constrained to a younger limit c. 635 Ma (Calver et
al. 2013; Rooney et al. 2015), while the older limit is not well defined. As such, the
expected depositional age of the Yerelina Subgroup should be c. 645 to c. 635 Ma.

5.2.1.3 Wilpena Group

Sample FR3_095a is from the upper portion of the Bonney Sandstone. An MDA of 611 *
20 Ma was obtained for this sample. Previously an MDA of 579 + 32 Ma (Lloyd et al.
2020) was obtained for the Bonney Sandstone.

Additional zircons were analysed from samples 058 (Billy Springs Formation) and 319
(Rawnsley Quartzite) of Lloyd et al. (2020) in order to gain some trace element
geochemistry for these samples. Only a few zircons were remaining on sample 319,
with an MDA of 1091 + 22 Ma obtained from this limited data set. The MDA for sample
058 for this analytical session is 640 + 26 Ma. Previous MDAs for these formations are
570 + 23 Ma, and 564 + 25 Ma respectively. No grains younger than 640 + 26 Main
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sample 058 for this analytical session are within 2% of concordance and thus are not
considered reliable for MDA determination.

5.2.2 Provenance

Archaean zircons present in the detrital spectra [Figure 5] of all samples are consistent
with being derived from local sources within the Gawler Craton and recycling of detrital
material from the Willyama Supergroup of the Curnamona Province [Figure 9].
Numerous magmatic events occurred within the Gawler Craton c. 3250 Ma, 3150 Ma,
2820 Ma, and 2560-2470 Ma, and inherited/detrital zircon up to 3400 Ma are present
throughout the terrane (Fanning et al. 2007; Fraser et al. 2010; Fraser & Neumann
2010; Jagodzinski & McAvaney 2017; Jagodzinski et al. 2020; McAvaney 2012; Reid &
Jagodzinski 2011; Williams, MA & Reid 2021). The Willyama Supergroup in the
Curnamona Province contains detrital populations ca. 3000-2980 Ma, and ca. 2680-
2650 Ma (Page et al. 2005), while their initial origin may the North Australian Craton
(e.g., Barovich & Hand 2008). All but one zircon of Archaean age is feasibly attributed to
these local sources. One zircon present within the Mitcham Quartzite has an
Eoarchaean age of c. 3746 Ma. The time resolved analysis of this zircon revealed two
distinct zones of Pb and Pb/Th ratios, and REE concentrations. Both integration periods
resolve ages c. 3700 Ma, with the latter part of the signal (~10s) resolving a nearly
perfectly concordant measurement. Regardless of this complexity that is likely a result
of inclusions, the age of this zircon can be confidently resolved as being mid-
Eoarchaean. Zircons of this age are extremely rare throughout the sedimentary rocks of
the Adelaide Superbasin with few potential sources, none locally (Lloyd et al. 2020).

Palaeoproterozoic zircons are ubiquitous throughout all samples but become
increasingly less common up stratigraphy [Figure 5]. The first consistently recorded
population is late Archean to early Palaeoproterozoic, c. 2510-2400 Ma. These ages
correlate well with the Sleaford Orogeny of the Gawler Craton (Reid et al. 2014). The
most prominent Palaeoproterozoic zircon population occurs ¢. 1800-1600 Ma. Both the
Gawler Craton and Curnamona Province [Figure 9] record abundant zircon of this age
either as magmatic, metamorphic, or detrital components (Barovich & Hand 2008;
Belousova et al. 2009; Fanning et al. 2007; Fraser & Neumann 2010; Jagodzinski &
Fricke 2010; Jagodzinski & McAvaney 2017; Jagodzinski et al. 2020; McAvaney 2012;
Meaney 2012; 2017; Morrissey et al. 2019; Reid & Hand 2012; Reid & Jagodzinski
2011; Reid et al. 2019; Reid & Payne 2017; Swain et al. 2005). Another possible source
is the Yavapai-Mazatzal Province of Laurentia due to similarities in ages and proximity to
the Adelaide Superbasin within some Rodinia reconstructions (Brookfield 1993; Dalziel
1991; Goodge et al. 2008; Hoffman 1991; Karlstrom & Bowring 1988; Karlstrom et al.
1999; Moores 1991; Wingate et al. 2002).
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Figure 9 — A) Overlain KDEs of Tonian sequences of the Adelaide Superbasin (Burra Group; this study, Keeman et al.
2020; Lloyd et al. 2020; van der Wolff 2020), western Laurentia (Chaur, Uinta Mountain, middle Pahrump Groups-Buffalo
Hump Formation correlated rocks [ChUMP-B]; Brennan et al. 2021; Dehler et al. 2017) and the Western Tasmania
Terrane (Mulder et al. 2018a; Mulder et al. 2020). B) Non-metric multidimensional scaling plot of samples analysed (n >
40) in this study (blue coloured circles, pink circle) with data from underlying Adelaide Superbasin rocks (orange circles;
Brotodewo et al. 2021; Lloyd et al. 2020), potential correlative formations in Tasmania (magenta hexagons), western
Laurentia (red squares), and potential source regions for the Adelaide Superbasin rocks (black and grey circles and
triangles). This plot shows relative similarity of all data to each other and are intended as a visual guide. Points that closer
together suggest greater similarity. For data of the Adelaide Superbasin, the lightness of colour corresponds to
stratigraphic position, i.e., lighter shade are younger rocks. Axes are omitted as the algorithm used produces normalised
values with no physical meaning and can be safely removed. Produced using IsoplotR (Vermeesch 2018).

Mesoproterozoic zircon c. 1580 Ma forms a generally significant population [Figure 5] in
older samples from the far northeast of the basin [Figure 1], those in close proximity to
the Mount Painter Inlier. It also forms a significant component of the Belair Subgroup
samples in the far south of the basin [Figure 1]. These are feasibly attributed to local
derivation [Figure 9] from the Ninnerie Supersuite and Radium Creek Group (Armit et al.
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2014; Wade, CE 2011), with additional potential sources being the Gawler Range
Volcanics, Hiltaba Suite, and Barossa Complex of the Gawler Craton (Fanning et al.
2007; Meaney 2017). A second Mesoproterozoic zircon population is present c. 1100
Ma. While generally absent from the older stratigraphic units [Figure 5, Figure 1], it
becomes predominant in sample FR2_004_01 from the very top of the Copley Quartzite
in the transitional section to the overlying Skillogalee Dolomite. This is a notable change
in population spectra from sample FR2_002_01 [Figure 5, Figure 9], which was
sampled mid-Copley Quartzite in the same stratigraphic section. While Stenian zircon is
almost absent in the two additional Copley Quartzite samples from this study [Figure 5],
and from the samples presented in Lloyd et al. (2020), this is most likely as result of
stratigraphic height of sampling. This Stenian population is also present, but not as
predominant in the coeval Wortupa Quartzite. In the overlying Skillogalee Dolomite,
there are significant variations in the population spectra [Figure 5, Figure 9] dependant
on sample location. In the far northeast of the basin, the Calymmian population (c.
1580 Ma) remains the principal signature with a minor contribution from late
Mesoproterozoic zircon, while in the Willouran Ranges to the northwest, Stenian zircon
(c. 1100 Ma) are abundant. To the south, roughly in the middle of the basin, Stenian
zircon are almost entirely absent from the Kooringa Member of the Skillogalee Dolomite.
The Myrtle Springs Formation sample from the middle (west—east) of the North Flinders
Ranges [Figure 1, Figure 2] forms a single population peak centred on the Stenian-
Tonian boundary, with only minor but consistent contributions from older source
material [Figure 5]. In the south of the basin this influx of latest Mesoproterozoic zircon
occurs in a higher stratigraphic position, between the lower Bungarider Subgroup
(Stonyfell Quartzite) and Belair Subgroup (Mitcham Quartzite) [Figure 5]. The
Saddleworth Formation samples from the middle of the basin appear to reflect these
trends [Figure 5]. The rather significant changes in detrital zircon population spectrain
the mid to upper Burra Group [Figure 9] strongly suggest an increasingly restricted, but
more distal source region, the Musgrave Province (Howard et al. 2015; Smithies et al.
2008; Smithies et al. 2011; Smits et al. 2014; Wade, BP et al. 2008), as has been
inferred in past studies (Keeman et al. 2020; Lloyd et al. 2020). One alternate source is
the Albany-Fraser Orogen of Western Australia (Spaggiari et al. 2015). However, this
would require transport across the Gawler Craton at the same time as deposition was
occurring in the western Officer Basin (Zi et al. 2019). In addition, coeval, c. 750-720
Ma, uplift of the Musgrave Province has been interpreted to occur (Howard et al. 2015)
and, the abrupt up-sequence spectra change in the two Copley Quartzite samples
[Figure 5, Figure 9] from the Copley area [Figure 2] suggests that the Gawler Craton
somewhat shut off as a source region, effectively precluding the Albany—Fraser Orogen
as a source. Antarctic sources are also possible, where the late Mesoproterozoic/early
Tonian zircon in the Palaeozoic Lachlan Orogen is thought to be derived from (Squire et
al. 2006). A distinguishing feature of these Lachlan Orogen zircons is the significant
amount of <1050 Ma zircon, these are more characteristic of parts of East Antarctica
such as the Tonian Oceanic Arc Super Terrane (TOAST, Jacobs, Joachim et al. 2015;
Jacobs, J. et al. 2017) and the Rayner Complex (Fitzsimons 2000). The Myrtle Springs
Formation, Mitcham Quartzite, and Gilbert Range Quartzite samples appear to support
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this [Figure 5]. The South Tasman Rise is another possible source for Stenian zircon, c.
1120 Ma (Fioretti et al. 2005), as is the hypothesised Precambrian keel of Zealandia
(Turnbull et al. 2021).

Tonian zircon are almost entirely absent from the Emeroo Subgroup stratigraphy in the
north of the basin, and are absent from all Emeroo to mid-Bungarider Subgroup
stratigraphy in the far south of the basin near Adelaide [Figure 5, Figure 1] so far
reported (this study; van der Wolff 2020). The presence of Neoproterozoic zircon in
Burra Group sequences generally coincides with the introduction of Stenian zircon, the
exception being the Kooringa Member of the Skillogalee Dolomite [Figure 5] where
syndepositional magmatism is recorded (Preiss et al. 2009). For the most part, Tonian
zircons within the Burra Group sequences are c. 1000-780 Ma in age, with a minor
amount of zircon with ages 760-730 Ma in the Mitcham Quartzite [Figure 5]. Zircon c.
830-780 Ma is probably derived locally from the early magmatism recorded in the
Callanna Group, and lower Burra Group (Armistead et al. 2020; Fanning et al. 1986;
Preiss et al. 2009; Preiss et al. 2008; Wingate et al. 1998). Zircons with ages between c.
1000 Ma and 890 Ma, and c. 760-730 Ma are more enigmatic. While earlier zircon c.
1000 Ma may be attributable to the Musgrave Province where some bimodal
magmatism is recorded (Howard et al. 2015), the reasonably significant number of
concordant zircon between 980 and 900 Ma is much more difficult to reconcile with
current data from the Musgrave Province and these age determinations are not likely to
be an artefact of analytical or statistical techniques for determining ages. Zircon of
crystallisation age between c. 760-730 Ma found in Burra Group sedimentary rocks are,
to date, only found in the Mitcham Quartzite. While a few grains of these ages are in the
dataset for the Saddleworth Formation they are likely to be artefacts of radiogenic Pb
loss or inclusions impacting the U-Pb age determinations and are not considered
particularly dependable. Within Proterozoic Australia few sources of zircon c. 760-730
Ma are known to exist. Poorly constrained age determinations of c. 765 Ma were
obtained from mafic volcanics of the Polda Basin just to the west of the Adelaide
Superbasin via K-Ar dating of plagioclase (Flint et al. 1988). In the southwestern Pilbara
Region of Western Australia an age of 755 + 3 Ma was determined for the Mundine Well
Dolerite by U-Pb analysis of zircon and baddeleyite (Wingate & Giddings 2000), while
the Keene Basalt in the western Officer Basin has been dated at c. 754 Ma, and c. 752
Ma by 4°Ar/3°Ar determinations of plagioclase and pyroxene respectively (Zi et al. 2019).
An age of c. 731 Ma has been resolved from zircon of the Mud Tank Carbonatite in the
Strangways Range, Northern Territory (Black, Lance P. & Gulson 1978; Gain et al. 2019).
Mulder et al. (2020) summarised several Tonian magmatic ages from Tasmania, these
being c. 780 Ma, 775 Ma, 760 Ma, 748 Ma, and 733 Ma; however, in their model
western Tasmania is located at the south-eastern edge of East Antarctica. Given the low
abundance of these zircon in the Mitcham Quartzite, and lack of zircon of this age in
northern samples [Figure 5] it would suggest that they are not derived from the north-
westerly sources, and are more likely derived from either local, low volume magmatism,
or more distal southerly sources, potentially western Tasmania.

South China and Tarim contain magmatic records of Tonian zircon c. 1000 Ma to c. 700



668 Ma (Cawood et al. 2020; Cawood et al. 2018; Hui et al. 2021; Lan et al. 2015; Shu et al.
669 2021; Wu et al. 2021) and have both been previously invoked as “missing-link” models
670 within central Rodinia between Australia—Laurentia (Li et al. 2008; Li et al. 1995; Wen et
671 al.2017; Wen et al. 2018); however, we do not consider these to be viable source

672 regions for the Adelaide Superbasin for a number of reasons. A growing consensus of
673 researchers (Cawood et al. 2020; Eyster et al. 2019; Park et al. 2021; Wu et al. 2018;
674 Wuetal. 2021; Zhang et al. 2019; Zhao et al. 2021; Zheng et al. 2020; Zhou et al.

675 2021) have independently drawn conclusions that these two terranes are either on the
676 periphery of or detached from Rodinia. This is supported by multiple lines of geologic
677 evidence including palaesomagnetic studies, detrital zircon studies, and more wholistic
678 tectonic evolution models for these terranes involving multiple methods (e.g., Merdith et
679 al.2019).

680 Cryogenian to Ediacaran zircon are abundant in the Yerelina and Pound Subgroup

681 samples, and have been addressed in Lloyd et al. (2020). The results obtained in this
682 study, even though generally limited in number, conform to earlier results [Figure 5], and
683 the ultimate source of these zircon remains enigmatic aside from some local

684 magmatism c. 660 Ma (Cox et al. 2018) and c. 580 Ma (Black, L. P. 2007).

685 Interestingly, both the Skillogalee Dolomite samples (Lloyd et al. 2020) from the

686  Willouran Ranges and Myrtle Springs Formation sample have a considerable number of
687 sub 1030 Ma zircon, with the most predominant population peak c. 1000-990 Ma for
688 both samples [Figure 5]. Additionally, Mesoproterozoic zircon in the Myrtle Springs
689 Formation sample appears to not be reflect the typical bimodal (c. 1220-1150 Ma &
690 1090-1040 Ma) Musgrave Province signature (Howard et al. 2015; Johansson et al.
691 2022). While not precluding detritus derived from the Musgrave Province, it does

692 suggest an alternate source may have been involved. Given the consistency of zircon
693  populations in Emeroo to mid-Bungarider Subgroup in the very south of the basin (van
694  der Wolff 2020), and the lack of late Mesoproterozoic to early Tonian zircon in the
695  Skillogalee Dolomite from the North Mount Lofty Ranges [Figure 5], it effectively rules
696  out asoutherly source for these. This suggests an unrecognised source to the north or
697 northeast of the Adelaide Superbasin. Contrastingly, younger Pound Subgroup zircon
698 populations [Figure 5] are more easily reconciled as being primarily derived from the
699  Musgrave Province [Figure 9] with other additional sources, likely to the south,

700 accounting for Cryogenian to Ediacaran zircon populations (Lloyd et al. 2020).

701 5.3 Comparison to Tasmanian and Laurentian sequences

702  Along with North China and eastern Proterozoic Australia, both the Western Tasmania
703 Terrane (WTT) and western Laurentia are witness to the opening of the proto-Pacific
704  Ocean during the breakup of Rodinia (Brennan et al. 2021; Merdith et al. 2021; Mulder
705 etal.2020). As such, the stratigraphic sequences recorded in these rift basins are

706 crucial to better understanding the configuration of these continental blocks within the
707  heart of Rodinia. Mulder et al. (2020) suggest three potential positions for the WTT at c.
708 730 Ma, one against southeast East Antarctica, and two against western Laurentia. A
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comparison of the detrital zircon spectra of time-equivalent sedimentary sequences in
these terranes provides insights into their relative positions and links. The coeval
sedimentary sequences of the Burra Group in the WTT are the Wings Sandstone, Bowry
Formation, Keith Schist, Forest Conglomerate, Bird Phyllite, Success Creek Group, and
Oonah Formation (Mulder et al. 2018a; Mulder et al. 2020). In western Laurentia the
coeval sequences are the ChUMP-B (Chaur, Uinta Mountain, middle Pahrump Groups—
Buffalo Hump Formation) correlated rocks (Brennan et al. 2021; Dehler et al. 2017).
The more nuanced complexity of the geological history and detrital zircons of these
rocks from the WTT and western Laurentia are detailed in their respective publications.
The combined detrital zircon distributions of the late Tonian ChUMP-B, WTT, and Burra
Group rocks are overlain on the inset of Figure 9, and while they do show significant
similarities, some key differences appear. The most obvious differences are the position
of the latest Palaeoproterozoic peaks, the relative lack of earliest Mesoproterozoic
zircon in the WTT and ChUMP-B spectra, and the position of the latest Stenian to early
Tonian peaks. In the datasets available, WTT rocks show remarkable similarity to the
ChUMP-B populations, closely following the general trends, albeit in different relative
proportions. The combined spectra suggest, that overall, WTT has a stronger affinity
with western Laurentia than it does southeast Proterozoic Australia, but all terranes
share some similar aged sources. However, the individual WTT sequences plot (on an
MDS) with an inverse stratigraphic relationship relative to similarity of the western
Laurentian data—that is they become increasingly dissimilar up sequence [Figure 9].
The Oonah Formation and Forest Conglomerate are suggested (Mulder et al. 2020) to
recycle underlying Rocky Cape Group that is thought to correlate with the Unkar Group
in southwestern Laurentia (Mulder et al. 2018b). This is a sensible finding, given the
overall change to older detrital zircon population up sequence as would occur in an
unroofing scenario. However, additional, igneous and metasedimentary sources from
the Mawson Continent (Williams, MA et al. 2018) may also be involved as these closely
align with the zircon distributions recorded. This observation, combined with the
relative lack of Stenian zircon that are abundant in upper ChUMP-B rocks, would
suggest that the WTT remained on the western side of the proto-Pacific and would
allow for the late Tonian magmatism recorded in the WTT to be a potential source of the
rare, enigmatic c. 760-730 Ma zircons found in the Belair Subgroup of the Adelaide
Superbasin. Contrastingly, generally younger Burra Group rocks show greater similarity
[Figure 9] to the ChUMP-B strata; however, this is likely due to the greater Stenian zircon
populations present in the upper Burra Group derived from the Musgrave Province, and
a potentially intervening terrane to the north/northeast of the basin as discussed prior
rather than a shared source in the very latest Tonian.

Unfortunately, no detrital zircon data from the Burra Group rocks in the far east of the
basin have been obtained to date, and little is known of what lies beneath the
Warburton Basin to the north. This significantly hinders the ability to understand the
links between eastern Proterozoic Australia and western Laurentia or any intervening
terrane.
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5.4 Tectonic and palaeogeographic implications

It is evident that tectonics played a significant role during the deposition of the Burra
Group. Significant and rapid changes in thickness and lithology [Figure 4], both vertically
and laterally throughout the basin (Preiss 1987; 1993; 2000; Uppil 1980), suggest the
development of numerous half-graben depocentres, as do abrupt changes in detrital
zircon populations [Figure 9, Figure 5] up sequence. In the north of the basin there is
abrupt change in detrital zircon spectra [Figure 9, Figure 5] with significant decrease in
detrital zircon characteristic of the Gawler Craton and a corresponding increase in zircon
thought to be derived from the Musgrave Province. This transition in source occurs at
the Emeroo—Mundallio Subgroup boundary and suggests the uplift of rift shoulders c.
800-790 Ma. Interestingly detrital zircon ages shift to a latest Stenian to early Tonian
population in the Myrtle Springs Formation [Figure 5] of the Bungarider Subgroup.
Currently the source of these zircon is unknown but is likely to be from the north or
northeast. This is based upon the uniformity of equivalent strata in the south of the
basin reflecting purely local derivation from older Palaeoproterozoic to early
Mesoproterozoic sources (van der Wolff 2020), and the sequences in the middle of the
basin reflecting the same observation, with the addition of c. 790-780 Ma from local
sources.

The same abrupt transition in detrital zircon spectra [Figure 9, Figure 5] occurs much
later in the southern and middle areas of the basin during deposition of the upper
Bungarider Subgroup (Saddleworth Formation) to lower Belair Subgroup (Mitcham
Quartzite). These observations suggest a southward propagation of the rift system in the
Adelaide Superbasin, with main pulses of extension occurring c. 790 Ma in the northern
to middle areas (and likely eastern) of the basin, and sometime around 750-730 Ma in
the southern and middle areas of the basin. The older c. 790 Ma extension has a known
magmatic record within the Adelaide Superbasin (Armistead et al. 2020; Preiss 1987;
2000; Preiss et al. 2009), while the younger extension appears to be amagmatic thus
far. It is also likely that rift shoulders were well developed by ~750-730 Ma for the
entire Adelaide Rift Complex as Palaeoproterozoic and older zircon characteristic of the
Gawler Craton are only present in relatively minor amounts in the upper Burra Group
sedimentary rocks.

These findings are supportive of an overall southward progressing rift system along the
eastern margin of late Proterozoic Australia—East Antarctica, consistent with
palaeogeographic and tectonic models of Merdith et al. (2021) and Mulder et al. (2020),
and a likely continuation of the rift basin system under the modern day Trans-Antarctic
Mountains (Goodge 2020).

6 Conclusions

Detrital zircon spectra from the late Tonian sedimentary rocks of the Adelaide
Superbasin record a southward progressing rift system with abrupt changes in zircon
populations and the sedimentology of these sequences suggestive of tectonic controls
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on sediment input and the development of depocentres. Key outcomes of this research
are:

e Significant increase in the quantity and diversity of Burra Group detrital zircon
data—1392 analyses
e Additional contribution to Yerelina and Pound Subgroup detrital zircon data—
304 analyses
e Revised maximum depositional constraint on the Mitcham Quartzite and upper
Belair Subgroup—734 + 42 Ma
e Support for well-developed rift shoulders in the Adelaide Rift Complex by c. 730
Ma
e Southward propagation of the rift basin by extension in two main pulses
o €.790-780 Main the north and middle of the Adelaide Superbasin
o €.750-730 Main the south and middle of the Adelaide Superbasin
e Possibility of unrecognised source of c. 1000-900 Ma zircon to the north, or
northeast of the basin
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