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Abstract | The Tonian to Cryogenian (ca. 1000-635 Ma) marks a crucial turning point in Earth’s history, where tectonic
reorganisation and fluctuating oceanic and atmospheric geochemistry plunged the globe into icehouse conditions. This
was followed by a postglacial warming period that delivered large volumes of nutrients to the oceans and stimulated
eukaryotic evolution. The Adelaide Superbasin in South Australia hosts a thick repository of Neoproterozoic and lower
Cambrian sedimentary successions that preserve the depositional conditions during this unique time. In this study,
detailed sedimentological data were collected from over 8,350 m of measured section at seven locations across the
northern Flinders Ranges. Tonian deposits reveal a carbonate platform setting, where deposition was controlled by
basin geometry and proximity to uplifted source areas. In the early Cryogenian, sedimentary successions were affected
by the Sturtian glaciation, characterised by two glacial advance-retreat phases that coincide with climatically driven
regression. The end of the Sturtian glaciation was marked by basin subsidence and widespread transgression into a more
distal subaqueous environment. Despite the lithostratigraphic and sequence stratigraphic similarity between Tonian—
Cryogenian successions globally, their correlation remains contentious. The influence of local tectonic regimes during
the Tonian created a potential oceanic restriction between developing basins, which challenges the chemostratigraphic
correlation between these deposits. Further, limited geochronological ages and opposing interpretations of glacial
cyclicity puts into question the timing and extent of the Sturtian glaciation. Conversely, the post glacial transgression
appears to be the most globally consistent as it results from climatically controlled sea level rise that was driven by
melting ice sheets.

Lay summary | This study establishes a sequence stratigraphic framework and facies architecture for between ca. 800
and 650 Ma in the northern Flinders Ranges, South Australia. Seven major stratigraphic sequences were characterised
and coincide with changes in tectonic regimes, climate, eustacy and sediment input into the basin. Deposition in car-
bonate platform environments during the Tonian was largely controlled by basin geometry and proximity to sediment
sources. Two glacial advance-retreat cycles recorded in syn-glacial successions correspond to climatically driven chang-
es in eustacy in a glaciomarine setting. Fine-grained post-glacial successions represent a widespread transgression to
more distal subaqueous settings associated with melting of continental ice sheets following the Sturtian glaciation.
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1. Introduction events. These include a supercontinent cycle, with the

breakup of Rodinia and amalgamation of Gondwana (Li
The Neoproterozoic (ca. 1000 to 539 Ma) was one of the et al,, 2008; Merdith et al., 2017; 2019; 2021); evolution
most dynamic eras in Earth's history and is marked by from a prokaryote- to a eukaryotic-dominated biosphere
significant tectonic, biological, atmospheric, and climatic  (Butterfield, 2011; Lenton et al., 2014; Brocks et al., 2017);
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the Neoproterozoic Oxygenation Event (Shields-Zhou &
Och, 2011); and vast low-latitude glaciations that have
been referred to as “Snowball Earth” (Kirschvink, 1992;
Hoffman et al., 1998; 2017b). These global shifts facilitated
the development of a suite of depositional settings under
vastly contrasting conditions, from warm shallow carbon-
ate-rich seas to cold, ice-covered continents (Hoffman
et al., 1998; 2017b; Halverson et al., 2009; Brocks et al.,
2017). Palaeoenvironments varied not only on a global
scale, but also at a local level within the confines of
sedimentary basins. The Adelaide Superbasin in South
Australia (Lloyd et al., 2020), preserves thick successions
of these Neoproterozoic sedimentary rocks, recording
the temporal and spatial variability and distribution of
environments through the Tonian (ca. 1000-720 Ma),
Cryogenian (ca. 720-635 Ma), Ediacaran (ca. 635-539 Ma),
and Cambrian (ca. 539-485 Ma).

Literature from early studies in South Australia provide
a foundation for the stratigraphy and tectonic evolution
of the Adelaide Superbasin (e.g., Howchin, 1929; Segnit,
1939, Mawson & Sprigg, 1950; Preiss, 1987; Preiss et al.,
1993), while contemporary sedimentological research
presents more detailed analyses of specific formations
and locations within the basin (Hill & Walter, 2000; McKirdy
et al., 2001; Frank & Fielding, 2003; Giddings et al., 2009,
Giddings & Wallace, 2009a, 2009b; Preiss et al., 2009, 2011;
Fromhold & Wallace, 2011, 2012; Grey et al., 2011; Hood
etal., 2011, 2016, 2018; Hood & Wallace, 2012, 2014, 2015;
Le Heron et al,, 2011, 2011a, 2014; Busfield & Le Heron,
2014; Lechte & Wallace, 2015, 2016; Wallace et al., 2015;
Counts et al., 2016; Cox et al., 2018; Corkeron & Slezak,
2020; O'Connell et al., 2020; Virgo et al., 2021). In addition,
advances in understanding the chronostratigraphy and
provenance of the superbasin have established a firmer
temporal framework and tectonic setting for the evolving
basin (Cox et al., 2018; Armistead et al., 2020; Lloyd et
al., 2020; 2022). Although these studies have contributed
immensely to our understanding of Neoproterozoic
palaeoenvironments and stratigraphic evolution through
this time, they have not captured the wider facies architec-
ture across the basin. In particular, basin-scale architecture
within the context of sequence stratigraphic changes
related to active rifting and climatically driven sea level
fluctuations, which resulted from the breakup of Rodinia
and the Cryogenian glaciations.

Further, there have been a number of notable studies
through Neoproterozoic strata at other sites globally,
including Namibia (Frimmel et al, 1996, Hoffman &
Halverson, 2008; Le Heron et al., 2013; Miller, 2013; Hood
et al., 2015; Lechte & Wallace, 2016; Hoffman et al., 20173;
2021; Lamothe et al., 2019), northern Ethiopia (Alene et
al., 2006; Avigad et al., 2007; Miller et al., 2009; 2011;
Swanson-Hysell et al., 2015; Park et al., 2020), Scotland
(Spencer & Spencer, 1972; Glover & Winchester, 1989,
Smith et al., 1999; Anderson et al., 2013; Stephenson et al.,
2013; Fairchild et al., 2017; Ali et al., 2018), Svalbard (i.e.,
Norway, Halverson et al., 2004; 2011; 2017; 2022; Maloof
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et al., 2006; Hoffman et al., 2012; 2017a; Kunzmann et al.,
2015; Fairchild et al., 2016; 2016a; Millikin et al., 2022),
western USA (Link et al., 1994; Crittenden et al., 1983;
Lund et al., 2003; Fanning & Link, 2004; Link & Christie-
Blick, 2011; Keeley et al., 2012; Balgord et al., 2013,
Busfield & Le Heron, 2016; Le Heron & Busfield, 2016;
Le Heron et al., 2020; Nelson et al., 2020; 2021), northern
Canada (Chartrand & Brown, 1985; Park & Jefferson,
1991; Eisbacher, 1985; Narbonne et al., 1994; Narbonne
& Aitken, 1995; Batten et al., 2004; Long & Turner, 2013;
Milton et al., 2017) and south China (Wang & Li, 2001; Li et
al., 2003; Zhang et al., 2008; Zhang et al., 2011; Lan et al.,
2015; Lan et al., 2015; Busigny et al., 2018). These studies
have investigated the lithostratigraphic variation across
each respective basin, and the subsequent relationship
with shifting climate and tectonic regimes. Although many
of these changes are local, global climatic fluctuations
and tectonic reorganisation could also be responsible for
the major temporal and spatial variability in stratigraphy,
potentially providing a platform from which these sections
may be correlated globally.

In this study, we use detailed sedimentological data
collected from multiple sites across the northern Flinders
Ranges to construct a sequence stratigraphic framework
and correlate facies across the width of the Adelaide
Superbasin during the Neoproterozoic. This is achieved
through extensive analyses of grain sizes, sedimentary
structures, bedding thicknesses, and palaeocurrent direc-
tions, followed by lithostratigraphic correlations and the
interpretation of sequence stratigraphic boundaries and
palaeoenvironmental settings. The temporal and spatial
distributions of depositional environments can subse-
quently be correlated to other basins across the globe
in order to better differentiate local vs. global influence
in tectonic and palaeoclimatic regimes during the Tonian
and Cryogenian. As one of the most well-preserved
and understudied Precambrian basins in the world, the
Adelaide Superbasin therefore provides a window into an
important and unique time in Earth’s past.

2. Geological setting

The Adelaide Rift Complex (Figure 1) lies within the
Adelaide Superbasin and forms a thick repository of
sedimentary rocks that preserve a record of Earth surface
systems throughout the Neoproterozoic and early
Cambrian. The northern part of this ~750 km north-south
trending basin started as a half graben fault-controlled
rift basin that initiated during the breakup of Rodina as
Laurentia rifted from Australia-east Antarctica (Merdith et
al., 2019). The basin then developed into an aulacogen
(continentward of a passive margin) during the late
Proterozoic (Lloyd et al., 2022). Tonian sediments were
transported into the basin from the surrounding rift
shoulders, which were focused at the time along a NW-SE
rift valley that formed the present day Willouran Ranges
(Figure 1; Preiss, 2000; Lloyd et al., 2020). The start of the
Cryogenian was characterised by widespread erosion
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Figure 1| Geological map of Neoproterozoic lithostratigraphic groups in the Adelaide Rift Complex, northern Flinders Ranges, South
Australia. Insert shows position of Adelaide Rift Complex within Australia. Satellite images of fieldwork locations overlain by stratigraphic
formations. Black line denotes the location of the section measured. (i) TH = Termination Hill (i) NC = North Copley, SC = South Copley
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across the basin during the Sturtian glaciation, followed
by a second period of sedimentation focused in the north-
west and sourced from the reactivated rift shoulders (Lloyd
et al., 2020). Deposition was terminated at the onset of
the Delamerian Orogeny (ca. 514 Ma; Preiss, 2000; Foden
et al., 2006; 2020), and the subsequent folding, uplift and
erosion exposed the Neoproterozoic rocks as the modern
Flinders Ranges of South Australia (Figure 1).

The Neoproterozoic sedimentary rocks are divided litho-
stratigraphically into the Callana, Burra, Umberatana, and
Wilpena groups (Thomson et al., 1964; Preiss et al., 1998;
Preiss & Cowley, 1999; Preiss, 2000; Preiss et al., 2011; Lloyd
et al., 2020), where deposits of the Tonian and Cryogenian
periods correspond to the Burra and Umberatana groups,
respectively (Figure 1; Mawson & Sprigg, 1950; Thomson
et al., 1964, Lloyd et al., 2020). Formation nomenclature
varies across the basin and largely arises from the locally
derived classification of type sections (Preiss & Cowley,
1999). Overall, the Burra Group in the northern Flinders
Ranges can be subdivided into three units. There is a basal
quartzite, which has several designations that corresponds
to the location of the measured sections and reflects an
overall deltaic environment (Preiss, 1987). This transitions
into the Skillogalee Dolomite, a carbonate (magnesite
and dolomite) dominated succession with minor clastic
interbeds that is interpreted to represent a paralic/
marginal marine setting (Belperio, 1990; Frank & Fielding,
2003). The top of the Burra Group in the northern Flinders
Ranges is marked by the Myrtle Springs Formation, a
dominantly fine-grained clastic unit with minor carbonate
interbeds, which reflect deposition in a subtidal to marginal
marine environment (Preiss, 1987, 2000). The base of the
Umberatana Group corresponds to the Sturtian glaciation
and is represented by diamictite successions that are
separated by finer-grained clastic beds that represent
an overall glaciomarine setting (Link and Gostin, 1981,
Young & Gostin 1988; 1990; 1991). Several of these diam-
ictite successions have tillite nomenclature that are in
the process of being synthesized and reclassified to the
Sturt Formation (Lloyd et al., 2023). This is overlain by the
Wilyerpa/Lyndhurst Formation, which defines the onset
of deglacial conditions and is dominated by fine-grained
clastic lithofacies that are dropstone rich, reflecting
deposition in a proglacial setting. This is succeeded by
an extensive post-glacial carbonate and shale unit that is
termedthe Tapley Hill Formation and represents a shift to a
slope to basinal environment (Preiss, 1987). This formation
includes a basal shale member, Tindelpina Shale Member,
which directly overlies glaciogenic rocks (Thomson et al.,
1964, Preiss, 1987). The Tapley Hill Formation and its basal
member are widespread and were deposited not only in
the northern Flinders Ranges but across the basin.

Chronostratigraphic constraints are provided by U-Pb
zircon ages from tuffs and volcanic units as well as from
the youngest zircons preserved in detrital successions.
Age constraints on the Tonian succession are provided
by a maximum depositional age (MDA) of 893 + 9 Ma
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from the basal sequence in the Callana Group (Lloyd et
al., 2022). This complements the 802 + 10 Ma depositional
age of the Rook Tuff in the Willouran Ranges (Fanning
et al., 1986), which sits stratigraphically below the Burra
Group (Preiss et al., 2009; Lloyd et al., 2020). Igneous
zircon grains from the base of the overlying Burra Group
have been dated and provide depositional ages of 788 =
6 Ma (Boucaut Volcanics, Armistead et al., 2020) and 794
+ 4 Ma (Kooringa Member, Preiss et al., 2009). These are
stratigraphically equivalent to the base of the Skillogalee
Dolomite Formation in this study (Lloyd et al., 2020). In
the Cryogenian, a new in-situ Rb-Sr age of 684 +/- 37 Ma
dates deposition of the interglacial shales within the Sturt
Formation (Lloyd et al. 2023). The Wilyerpa Formation of
the Umberatana Group is constrained from a precise tuff
age of 663.03 + 0.76 Ma (zircon U-Pb CA-ID-TIMS; Cox
et al., 2018) collected from the South Copley section. The
base of the Wilpena Group is constrained by an MDA
of 654 = 11 Ma (Seacliff Sandstone, van der Wolff, pers.
comms., 2020) from the Southern Mount Lofty Ranges,
which is stratigraphically equivalent to the “cap carbonate”
(Nuccaleena Formation) of the Marinoan glaciation in the
northern Flinders Ranges (Lloyd et al., 2020). Up-section,
an MDA of 630 +/- 16 Ma (ABC Range Quartzite, Lloyd et
al., 2020) collected from the Willouran Ranges defines the
middle of the Wilpena Group.

3. Methods

This study encompasses several field sites located across
the northern Flinders Ranges (Figure 1). Site selection
was based on previous geological mapping (Coats,
1973), access to site location, geographic spread, and
stratigraphic thickness. Coordinates for each section were
recorded with a handheld GPS and the stratigraphy was
measured bed by bed at approximately one metre-resolu-
tion using a tape measure. Detailed descriptions of grain
size, sedimentary structures, bedding thicknesses and
palaeocurrent direction were recorded (Supplementary
Figures 1-7).

Sedimentarylogs producedin the field were digitised using
EasyCore software and palaeocurrent data were analysed
with the software Stereonet. Lithofacies were classified
based on grain size and sedimentary structures (Table 1).
The lithofacies were then grouped into facies associations
(Table 2), which were determined by the stacking pattern
of facies. Each facies association represents multiple
depositional processes in a genetically related interval
(Catuneanu, 2006). All these elements were used together
to interpret the depositional environments throughout
each section. Lithofacies, facies associations and inter-
preted depositional environment are presented within the
sedimentary logs in Supplementary Figures 1-7.

The spatial and temporal distribution of depositional
environments across the northern Flinders Ranges
was incorporated into a sequence stratigraphic model
based on lithofacies stacking patterns and stratigraphic
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Lithofacies Descriptions Depositional Processes Occurrence
LF1 Laminated  Fresh medium grey to dark brown/blue; weathered red, pink, purple, blue Fine grained material - settled out of suspension, lower flow regime, slow SC, NY, SY,
mudstone green and white; planar and wavy laminated (mm to cm scale); occasional sedimentation rate (Boggs, 2014; Yawar & Schieber, 2017); ice-rafted debris - VGR

inverse grading, mud to very fine silty mud; occasionally dolomitic (SY, VGR);  transported in floating ice and deposited as rainout (e.g., Link & Gostin, 1981;
rare crude laminations (mm scale) to massive (SC, SY); rare dropstones (gravel ~ Young & Gostin, 1988; 1991; Powell, 2002; Eyles et al., 2007; Preiss et al., 2011;
to cobble clasts), soft sediment deformation (convolute, simple load cast and ~ Boggs, 2014; Le Heron et al., 2013; 2014; 2021; Le Heron & Busfield, 2016); soft
flame structures), subcritical (15° climb) climbing ripples (~20 cm stoss, 5 cm sediment deformation - liquefaction induced from rapid sedimentation (Postma,
foresets) (SC) 1983; Stromberg & Bluck, 1998; Moretti et al., 2001); convolute laminations -
bottom current reworking (Shanmugam, 1997), earthquakes (Shanmugam, 2017),
or submarine slumping (Stow & Mayall, 2000; Strachan, 2008); simple load casts
and flame structures - formed in response to differential sediment densities or
lateral loading during liquefaction (Owen, 2003); subcritical climbing ripples
- deceleration of turbulent current activity and net deposition (high sediment
supply and rapid sedimentation rate), stoss-side erosion and bedform migration
(Ashley et al., 1982; Young & Gostin, 1988; Baas et al., 2000; Jobe et al., 2012;
Boggs, 2014; Le Heron & Busfield, 2016; Maciaszek et al., 2019)
LF2 Laminated  Fresh light grey/blue/purple to dark brown; weathered white, yellow, orange,  Fine grained material - same as LF1; soft sediment deformation — same as LF1; All sections
siltstone pink, red; planar and wavy laminated (mm to cm scale); occasionally crude gravel lag - winnowing unidirectional flows, high sediment supply and rapid
planar laminated (mm scale) and massive; occasional normal and inverse deposition (Boggs, 2014); connected branches and polygons - subaqueous
grading, silt to very fine sandy silt; occasionally dolomitic; soft sediment shrinkage of cohesive sediment caused by compaction during burial, filled with
deformation (convolute, load and fold and drag structures) (SC, VGR); rare overlying coarse sediment (Plummer & Gostin, 1981; Tanner, 1998; Pflueger,
gravel lags in base of bed (SC); rare shrinkage cracks, connected branches 1999; McMahon et al., 2017); breccia — gravitational debris flow (Thomson et al.,
and polygons (NC); debrite breccia, randomly orientated angular boulder 2014; Wallace et al., 2015; Thorie et al., 2020)
clasts of well-laminated silt
LF3 Rippled Light grey/purple to green; very fine silt; thin laminations (mm to cm scale), Hummocky and swaley cross stratification - suspended load, decreasing flow SC, NC,
and cross- occasionally black minerals (VGR); occasionally dolomitic (NC, SY, VGR); regime (storm activity), waning combined unidirectional and oscillatory flow ML, SY,
stratified concave-down (hummock) and concave-up (swale) ripple cross laminations (1 (Nottvedt & Kreisa, 1987; Arnott & Southard, 1990; Cheel, 1991; Duke et al., VGR
siltstone cm to 15 cm scale foresets), cross sets marked by curved erosional surfaces, 1991; Cheel & Leckie, 1993; Dumas & Amott, 2006; Reading, 2009; Basilici et
occasionally bimodal (SY); occasional reactivation surfaces (SY, VGR) and mud  al., 2012; Boggs, 2014); bimodal ripple cross lamination — lower flow regime,
drapes (SY); rare supercritical (60° climb) climbing ripples (~3 cm stoss, 5 cm unidirectional tidal flow, downcurrent migration of small sinuous and catenary
foresets) (NC); rare straight crested symmetrical ripples (cm scale wavelengths) ripples (Ashley, 1990; Colquhoun, 1995; Chakrabarti, 2005; Reading, 2009;
(VGR), and shrinkage cracks, connected branches and polygons (NC), and Daidu, 2013; Davis, 2013; Boggs, 2014; Thomson et al., 2014; Momta et al.,
branching spindles (VGR) 2015; Jorissen et al., 2018); reactivation surfaces — foreset erosion due to
changing flow conditions (Mowbray & Visser, 1984; Daidu, 2013; Davis, 2013);
mud drapes - settle out of suspension during slackwater (Reineck & Wunderlich,
1968; Bhattacharya, 1997; Daidu, 2013; Davis, 2013; Boggs, 2014); supercritical
climbing ripples — same as LF1, stoss-side preservation, increasing rate of
suspension sedimentation and decreasing bedform migration (Jobe et al., 2012);
symmetrical ripples - traction transport as bedload, lower flow regime, oscillatory
flow (Reading, 2009; Boggs, 2014; Counts et al., 2016); connected branches and
polygons - desiccation during exposure (Plummer & Gostin, 1981; Boggs, 2014);
branching spindles — same as LF2 (Donovan & Foster, 1972)
LF4 Fresh light grey/yellow/brown; weathered white, orange, purple to dark Bedload and suspended load, alternating high and low energy flows, rippled SY, VGR
Heterolithic brown/red/black; feldspathic and quartzitic; normal and inverse grading, silt sand deposited from energetic turbulent flow, mud drapes settle out of
siltstone and and fine sand; bifurcated wavy connected and disconnected mud flasers, suspension during slackwater (Reineck & Wunderlich, 1968; Bhattacharya, 1997;
sandstone mm thickness (flaser bedding), concavely and convexly bowed, fill sand Daidu, 2013; Davis, 2013; Boggs, 2014; Maciaszek et al., 2019); flaser bedding
ripple troughs and overlie sand ripple crests (CQ), both curve crested current - highest energy flows, unidirectional and bidirectional (tidal and wave currents);
ripples and bidirectional ripples (SY); mud layer drapes complete sand ripples  wavy bedding — moderate energy flows, unidirectional (tidal current); lenticular
(wavy bedding) (SY, VGR); mud layer drapes discontinuous and continuous bedding - lowest energy flows, bidirectional and unidirectional (tidal and wave
bidirectional sand ripples, cm thickness (lenticular bedding) (VGR); mud layer  currents); partially connected branches and polygons — same as LF3
drapes connected unidirectional sand ripples, up to 3 cm thickness (SY); rare
shrinkage cracks, partially connected branches and rectangular to hexagonal
polygons, multiple generations (SY, VGR)
LF5 Laminated  Fresh light grey/yellow/brown; weathered white, orange, green, purple to Planar laminated - traction transport as bedload, upper flow regime, All sections
sandstone dark brown/red/black; feldspathic and quartzitic; normal and inverse grading,  unidirectional laminar flow (Cheel, 1990; Bridge, 2009; Boggs, 2014; Jorissen et
very fine to fine sand; planar and wavy laminated (mm to cm scale), occasional al., 2018); wavy laminations - bedload and suspended load, lower flow regime,
thin black laminations (NC); occasional crude laminations to massive; rare unidirectional flow (Colquhoun, 1995; Bridge, 2009; Boggs, 2014; Momta et al.,
small (5 cm to 15 cm scale) scour and fill structure (SY, VGRY); rare dropstones 2015; Jorissen et al., 2018); scour and fill structure - erosion from high velocity
(pebble to boulder clasts) (SY, VGRY); soft sediment deformation (convolute, flow, filled by coarse material during waning stage of flow (Fielding, 2006; Bridge,
simple load cast structures) (VGR); rare gravel lags in base (VGR); rare 2009; Boggs, 2014); ice-rafted debris — same as LF1; soft sediment deformation
shrinkage cracks, partially connected branches (VGR) —same as LF1; gravel lags - same as LF2; partially connected branches - same
as LF3
LFé Rippled Light grey/yellow/orange/brown to dark brown; weathered white, orange, Hummocky and swaley cross stratification — same as LF3; ripple cross lamination ~ SC, NC, SY,
and cross- purple to dark brown/red; feldspathic and quartzitic; normal and inverse and mud drapes — same as LF3; trough - bedload and suspended load, lower VGR
stratified grading, very fine to coarse sand; occasional thin black laminations (NC, flow regime, unidirectional flow, downcurrent migration of small scale ripples
sandstone SY, VGRY); concave-down (hummock) and concave-up (swale) ripple cross (Ashley, 1990; Bridge, 2009; Boggs, 2014; Momta et al., 2015); tabular - traction
laminations (10 cm foresets), cross sets marked by curved erosional surfaces, transport as bedload, lower flow regime, unidirectional flow, downcurrent
occasional mud drapes on foresets (10 cm foresets) (NC, SC, VGR); occasional  migration of straight crested dunes (Ashley, 1990; Bridge, 2009; Boggs, 2014;
small trough cross stratification (cm scale foresets), occasionally bimodal (NC,  Momta et al., 2015); symmetrical ripples — same as LF3; straight to bifurcating
SY, VGR); occasional sand lenses (cm scale), rare tabular cross stratified (40 and terminating crests - decreasing flow velocities (Nelson & Voulgaris, 2014);
cm foresets) (VGR); rare symmetrical rippled (~10 cm scale wavelengths) and interference ripples - lower flow regime, bidirectional and unidirectional flow
shrinkage cracks (SY, VGR); rare interference rippled (cm scale wavelengths), (Colquhoun, 1995; Bridge, 2009; Boggs, 2014; Momta et al., 2015; Jorissen et
symmetrical and asymmetrical (SC) al., 2018), two sets of current directions intersecting at high angles (Gough, 2020)
LF7 Massive Light grey/yellow/brown/blue to dark red; quartzitic; occasionally immature, Hyperconcentrated debris flows, rapid deposition; normal grading - high density  SC, NC,
sandstone lithics, angular to sub-rounded, fine sand to gravel; massive; occasional thin turbidity current (Lowe, 1982; Kneller, 1995; Shanmugam, 2000; Winsemann et TH, NY, SY,
planar and wavy laminations; rare normal and inverse grading, very fine to al., 2009; Talling et al., 2012; Le Heron & Busfield, 2016), inverse grading - kinetic VGR
coarse sand; rare scoured base (SC); rare thin, heavy mineral trough cross- sieving (Legros, 2002; Talling et al., 2012; Le Heron et al., 2014); scoured base
laminations (SC); rarely dolomitic with silty matrix (TH) - same as LF5; cross-laminations — same as LF3 OR low density turbidity current
(Shanmugam, 1997; Talling et al., 2012)
LF8 Ortho- Fresh light grey/brown/grey/green/blue, weathered dark grey/blue/black; Subaqueous hyperconcentrated debris flows, rapid deposition, non-cohesive, SC, NC, NY,
conglomerate  clast supported (50% to 80% clasts); very coarse sand to cobble clasts (sub- laminar flows (Lowe, 1982; Kneller, 1995; Shanmugam, 2000; Winsemann et al., SY, VGR
angular to well-rounded), granite/quartzite/carbonate boulders, quartzite 2009; Talling et al., 2012; Le Heron & Busfield, 2016); scoured base — same as LF5
cobbles, carbonate pebbles; medium to coarse sand matrix; massive, inverse
and normal grading; occasionally interlaminated or interbedded with silt (SY,
NY); occasionally pierces top surface (SC); rare scoured base (SY)
LF9 Stratified Light blue/purple/green/brown/red; thin (cm scale) planar laminations; silt Subaqueous sediment gravity flow (Young & Gostin, 1988; Anderson, 1989; Eyles  SC, TH, NY,
diamictite to fine sand matrix; often clast-poor (<15% clasts); quartzite/carbonate/ etal., 2007; Le Heron et al., 2013; 2014); stratification - sorting through clast SY, VGR

conglomerate boulder, quartzite/carbonate/basaltic cobbles and quartzite/
sand gravel, casts; occasionally clast-rich (30-60% clasts), granite/quartzite
boulders/cobbles, carbonate pebbles and sand pebbles/cobbles, casts (SC,
NY, VGR); rare inverse and normal grading (SC, VGR); rare scoured base (NY,
SY); rarely carbonaceous (TH)

settling (Anderson, 1989) OR current reworking (Boggs, 2014); scoured base —
same as LF7

Table 1] Lithofacies and their subsequent characteristics and depositional processes and occurrence throughout the measured section.
LF = lithofacies. SC = South Copley, NC = North Copley, TH = Termination Hill, ML = Mount Lyndhurst, NY = North Yankaninna, SY =
South Yankaninna, VGR = Vulkathunha-Gammon Ranges.
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LF10 Massive  Light grey/green/yellow/brown/red; matrix to clast supported (<5% - 60% Slow deposition directly from the ice as melt-out (Link & Gostin, 1981; Young All sections
diamictite clasts); quartzite/granite/carbonate/sandstone boulders (up to 1.5 m), & Gostin, 1988; Preiss et al., 2011) OR cohesive debris flows, moderate to high

quartzite/carbonate/sandstone/granite cobbles/pebbles, conglomerate strength (Talling et al., 2012); rapid deposition (Young & Gostin, 1988; Anderson,
fragments, and casts; mud to fine sand matrix; inverse and normal grading; 1989; Eyles et al., 2007; Le Heron et al., 2013; 2014), kinetic sieving during flows
occasionally dolomitic (VGR, TH) (Legros, 2002; Talling et al., 2012; Le Heron et al., 2014)
LF11 Massive  Fresh brown/blue/grey, weathered white/yellow/pink/red; elephant skin Authigenic precipitation from the water column, due to chemical, salinity or SC, NC,
dolostone weathering style; occasional laminated weathering style (NC, TH, SY); rarely temperature fluctuations (Tucker, 1982; Tucker & Wright, 2009; Fliigel, 2010) OR  TH, SY,
ferruginous (SY); rare shrinkage cracks, multiple generations (NC) syn-sedimentary dolotimisation (mimetic replacement), carbonates retain primary  VGR
textures and water column geochemical signatures (Hood et al., 2011; 2018;
Hood & Wallace, 2012; 2014; Shuster et al., 2018); shrinkage cracks — same as
LF3
LF12 Fresh light yellow/brown/blue/grey, weathered white/yellow/orange/pink/ Dolostone material — same as LF11 OR secondary diagenetic recrystallisation All sections
Laminated red; fine crystalline texture; elephant skin weathering style; normal and inverse (non-mimetic replacement), poorly preserves original carbonate textures (Tucker
dolostone grading, thinly (mm to cm scale) planar laminated with fine (mud to silt) clastic & Wright, 2009; Fligel, 2010); interlaminated clastic material - transported as
material; occasionally wavy laminated and massive; small (cm scale) tepee suspended load, low energy tidal currents (O'Connell et al., 2020) or higher
structures, chert and breccia fills space under tepee crests (SC, VGR); rare thin  energy storm activity (Hoffman, 1976; Wanless et al., 1988; Tucker & Wright,
black laminations (VGR); occasional soft sediment deformation (convolute 2009; Jahnert & Collins, 2012; Chiarella et al., 2017; Kunzmann et al., 2019;
structures) (VGR) O’Connell et al., 2020); tepee structures - fracturing/crustal cracking, periods of
desiccation (Asserto & Kendall, 1977; Kendall & Warren, 1987; Belperio, 1990;
Frank & Fielding, 2003; Tucker & Wright, 2009; O’Connell et al., 2020); soft
sediment deformation — same as LF1
LF13 Rippled Grey/blue/black, weathered white/yellow/brown; thinly wavy laminated; fine Dolostone material — same as LF11 and LF12; heterolithic stratification — same SC, NC,
and cross crystalline texture; elephant skin weathering style; occasional dolostone layer  as LF4; symmetrical ripples — same as LF3; ripple cross-laminations — same as ML, SY,
stratified drapes discontinuous and complete unidirectional sand ripples, cm thickness  LF3; soft sediment deformation — same as LF1; partially connected branches and ~ VGR
dolostone (lenticular and wavy bedding) (SY, VGR); rare large (8 cm wavelength, 3 cm polygons — same as LF3; sinuous and curlicue cracks — same as LF2 (Gehling,
height) (NY) and small (3 cm wavelength, 1 cm height) (NC) symmetrical 2000)
ripples; rare ripple cross-laminations (5 cm foresets), obliquely stacked in
opposing directions (NC, SC, ML); rare soft sediment deformation (convolute
and buckled structures) (VGR); shrinkage cracks, partially connected branches
(SY) and polygons (NC); shrinkage cracks, sinuous and curlicue cracks
deposited in troughs of straight ripple sets (NC, VGR)
LF14 Massive Fresh light blue/grey, weathered white/yellow/purple; crystalline texture; Dolostone material — same as LF12; interlaminated clastic material — same as SC, NC,
dolostone normal and inverse grading, fine to very coarsely crystalline; occasional LF12; shrinkage cracks — same as LF2 TH, ML, SY,
thin (cm) planar laminated weathering style (SC, NC, ML); occasional faint VGR
wavy laminations (VGR); occasionally quartz rich and brecciated (VGR); rare
concretions (nodular anhydrite?) (VGR); rare shrinkage cracks (NC)
LF15 Layered Fresh light blue/grey/yellow, weathered white; thin (mm to cm scale) Microbial material - precipitated in-situ (authigenic) (Tucker, 1982; Tucker & All sections
microbialite stratiform and undulating dolomite laminations, interlaminated mud; rare thin ~ Wright, 2009; Fliigel, 2010); clastic material - trapped and bound by microbial
black laminations (SY); occasional (1 cm to 10 cm scale) tepee structures (SY, material (Wright, 1984; Tucker & Wright, 2009; O'Connell et al., 2020); stratiform
TH, ML, VGR), brecciated material and chert replacement fills space under microbialite - suspended load, low flow regime, gentle current action (Hoffman,
tepee crests (SC); occasional soft sediment deformation (convolute) (VGR), 1976; Wanless et al., 1988; Tucker & Wright, 2009; Jahnert & Collins, 2012;
small (1 cm) load and flame structures (SC); occasional ripple cross-stratified Chiarella et al., 2017; Kunzmann et al., 2019 O’Connell et al., 2020); small tepee
and buckled (SY, ML); rare pseudocolumnar structures (SC); rare inverse structures — same as LF12; large tepee structures - crystallisation expansion
grading, very finely to medium crystalline (SC, SY) in carbonate-supersaturated subaqueous conditions (Shinn, 1969; Kendall &
Warren, 1987; O'Connell et al., 2020); soft sediment deformation — same as LF1;
ripple cross-laminations — same as LF3
LF16 Fresh light blue/grey to white/yellow; thin (cm scale) columnar and Microbial material — same as LF15; clastic material — same as LF15; microbialite SC, NC, ML
Microbialite domical dolomite laminations, interlaminated (mud to silt) clastic material; buildup - suspended load, higher energy storm activity (Hoffman, 1976; Wanless
buildup hemispherical (SC, NC, ML), bulbous (ML) and nodular (SC, NC, TH, ML) et al., 1988; Tucker & Wright, 2009; Jahnert & Collins, 2012; Chiarella et al., 2017;
domical buildup, cm scale; occasional domical and columnar bioherms (SC); Kunzmann et al., 2019 O’Connell et al., 2020)
rare columnar buildup, cm scale (SC); rare convex conical buildup (SC, ML),
cm scale; rare brecciated material and chert replacement in domical buildups
(SC); rarely mottled (SC, NC); rare inverse grading, very finely to medium
crystalline (SC)
LF17 Light grey/cream to white; micritic; massive to laminated (cm scale); rare small  Magnesite material - precipitated in-situ, evaporative magnesium-rich water SC, TH
Magnesite (cm scale) tepee structures (SC); rare soft sediment deformation (convolute) column (Mur & Urpinell, 1987; Warren, 1990; Melezhik et al., 2001); small tepee —
mudstone (TH) same as LF12; soft sediment deformation — same as LF1
LF18 Light grey/cream to white; massive to crudely laminated (cm scale); Magnesite material — same as LF17; conglomerate - reworked sedimentary SC, TH
Intraclastic occasionally conglomerate (clast-rich), sub-angular to rounded clasts, mud to  magnesite (Uppill, 1980; Belperio, 1990; Preiss, 2000; Frank & Fielding, 2003;
magnesite sand sized matrix; normal and inverse grading, gravel to very coarse-grained;  Counts, 2017); soft sediment deformation — same as LF1

rare undulating top surfaces and soft sediment deformation (convolute) (SC)

Table 1| (Continued)

relationships. Interpretations were then made as to the
controls on sedimentary architecture within the basin
(e.g., variations in accommodation and sediment input,
driven by fluctuations in tectonism (i.e., subsidence or
uplift), eustacy, and sediment supply; Catuneanu, 2006).

4. Results
4.1. Sedimentary logs

Summary graphic sedimentary logs for each of the
measured sections are presented in Figure 2 and have a
collective total stratigraphic thickness of 8,360 m. There
are considerable variations in stratigraphic thicknesses
and lithologies across the northern Flinders Ranges
(Figure 2). However, the base of the measured sections
was arbitrarily chosen, so thicknesses of the pre-glacial

rocks do not reflect complete thicknesses of preserved
stratigraphy.

On the western margin of the basin, the measured
Skillogalee Dolomite intervals at Termination Hill (TH) and
South Copley (SC) sections are 380 m and 925 m thick,
respectively. This is represented by a carbonate-domi-
nated succession of magnesite, dolomite and microbial
lithologies with interbedded clastics. In the north-central
zone of the basin at Mount Lyndhurst (ML), the stromato-
lite-dominated Skillogalee Dolomite unit is 48 m thick. In
the east of the basin, in the Vulkathunha-Gammon Ranges
(VGR), the 1040 m thick Skillogalee Dolomite unit records
a shift to clastic-dominated deposition, characterised by
siltstone and sandstone with minor dolostone and micro-
bial carbonates. The overlying Myrtle Springs Formation
varies in thickness from 80 m, 502 m, 966 m, 103 m, 21
m, and 848 m between the Termination Hill (TH), North
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Figure 2 | Generalised sedimentary logs through Tonian-Cryogenian sections across the northern Flinders Ranges, South Australia.
Coloured panels indicate correlation of stratigraphic formations between sections. TH = Termination Hill, NC = North Copley, SC = South
Copley, ML = Mount Lyndhurst, NY = North Yankaninna, SY = South Yankaninna, VGR = Vulkathunha-Gammon Ranges.

Copley (NC), South Copley (SC), Mount Lyndhurst (ML),
North Yankaninna (NY) and South Yankaninna (SY) sections,
respectively. These are characterised by a suite of clastic
and carbonate lithofacies, including siltstone, sandstone,
dolostone and microbialites. In the Vulkathunha-Gammon
Ranges (VGR), the Myrtle Springs Formation is marked by
477 m of interbedded siltstone and sandstone with minor
dolostone lithofacies towards the top.

The measured syn-glacial successions unconformably
overlie Tonian rocks and represent the true stratigraphic
thicknesses throughout the region. The syn-glacial interval
in the Vulkathunha-Gammon Ranges is divided into
the 413 m thick Fitton Formation and 424 m thick Bolla
Bollana Tillite, which is comprised of coarse-grained litho-
facies, including diamictites with sandy and conglomeratic
interbeds. In the south-central part of the basin, North
Yankaninna (38 m) and South Yankaninna (256 m) sections
are characterised by diamictites with mudstone and silt-
stone interbeds. At the Mount Lyndhurst section, towards
the north-east, the equivalent Merinjina Tillite is incredibly
thin (~5 m), and records only diamictite lithofacies. On the
western margin, the Bolla Bollana Tillite thins towards the
south from 324 m at Termination Hill, through 126 m at
North Copley to 112 m at South Copley. These sections are
represented by diamictites with thin siltstone, sandstone

and conglomerate interbeds. The overlying Wilyerpa
Formation consists of interbedded shale, siltstone and
sandstone with frequent dropstones, and demonstrates
the same pinching geometry to the south, from 57 m at
Termination Hill, to 52 m at North Copley, to 44 m at South
Copley.

The post-glacial intervals are lithologically consistent
across the basin, recording deposition of fine clastic
and carbonate lithofacies. A cap carbonate is exposed
in the Termination Hill, Mount Lyndhurst and North
Yankaninna sections. Conversely, the North Copley, South
Copley, South Yankaninna and Vulkathunha-Gammon
Ranges sections do not appear to have a carbonate
cap but instead are clastic-dominated at the base of the
post-glacial succession. This shale-dominated interval
represents the Tindelpina Shale Member of the Tapley Hill
Formation. The measured sections only capture the base
of Tapley Hill Formation (between 30m and 400 m thick),
while the entirety of this formation can reach stratigraphic
thicknesses over 2000 m in the northern Flinders Ranges
(Preiss, 1987).
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Facies Association Constituent lithofacies

Depositional environment

Carbonate Platform

A = Inner platform

Major: LF2, LF5, LF12, LF13, LF14, LF15
Minor: LF3, LF4, LFé6, LF7, LF17, LF18

A1 - Supratidal to intertidal
A2 — Intertidal to subtidal

B — Outer platform Major: LF2, LF12, LF16

Minor: LF1, LF5, LF13, LF14, LF15

B1 — Shallow subtidal

B2 — Platform margin reef

C - Slope to basin Major: LF1, LF2, LF12, LF13

Minor: LF3, LF11, LF14

C1 - Slope
C2 - Basin

Glaciomarine

D — Ice-margin Major: LF10

Minor: LF9

D1 - Terrestrial to grounding zone

D2 - Proximal subaqueous

E — Proximal proglacial

Minor: LF3, LF8, LF9

Major: LF2, LF5, LF6, LF7, LF10

E1 - Subaqueous glacial outwash

E2 — Subaqueous channel

F - Distal proglacial Major: LF1, LF2, LF14

F1 - Subaqueous fan

Minor: LF5, LFé, LF7, LF8, LF9, LF10, LF12

Table 2 | Facies associations and their constituent lithofacies and depositional environments. LF = lithofacies.

4.2. Lithofacies descriptions

Eleven clastic and seven carbonate facies were classified
resulting in a total of 18 lithofacies (Table 1). The pre-gla-
cial successions encompass a mix of both clastic and
carbonate lithologies, while the syn-glacial successions
comprise exclusively clastic lithofacies. The post-glacial
sequences characterise a shift to interbedded clastic
and carbonate lithologies. Three carbonate platform
and three glaciomarine facies associations were inter-
preted (Table 2). Photographic excerpts from each facies
association are presented in Figures 3 — 8, detailing the
key lithofacies and sedimentary structures. Depositional
processes within facies associations were used to identify
eleven specific depositional environments throughout the
section (Table 2; see also Supplementary Figures).

4.2.1. Inner platform

Inner platform deposits are characterised by mixed
siliciclastic and carbonate lithologies, including laminated
siltstone (LF2), laminated sandstone (LF5), laminated
dolostone (LF12), cross-stratified dolostone (LF13) and
massive dolostone (LF14), and layered microbialites
(LF15). There are also minor cross-stratified siltstone (LF3),
heterolithic strata (LF4), cross-stratified sandstone (LF6),
massive sandstone (LF7), and micritic magnesite (LF17)
and conglomeratic magnesite (LF18). Laminated beds
are planar to wavy and range from millimetre- to centi-
metre-scale thicknesses. Shrinkage cracks are commonly
recognised on bedding surfaces for both clastic and
carbonate lithofacies, represented by partially connected
branches, polygons (Figure 3A), branching spindles, and
sinuous and curlicue cracks in ripple troughs (Figure
3B). Rippled beds are represented by straight-crested
symmetrical (Figure 3B) and interference ripples while
cross-stratified beds are represented by small (1 cm to 15
cm foresets) hummocky swaley cross-laminations, large (40

cm foresets) tabular cross-stratification, supercritical (60°
climb angle) climbing ripples, and unimodal and bimodal
ripple cross-laminations with rare reactivation surfaces
and mud drapes. Heterolithic strata are marked by flaser,
wavy and lenticular bedding that deposited bidirectional
and unidirectional ripples (Figure 3C). Many carbonate
lithofacies present tepee structures (Figure 3D; 1 cm to
10 cm) that occasionally comprise brecciated material
and chert replacement in the space under tepee crests.
Microbialite lithofacies are characterised by thin (mm- to
cm-scale) stratiform and undulating laminations with rare
pseudocolumnar structures. Intraformational conglom-
eratic magnesite beds (Figure 3E) are frequently graded
(inverse and normal). Some of these beds show undulating
top surfaces. Further, these inner platform lithofacies are
also characterised by rare scour and graded fill structures
with intraclasts, and soft sediment deformation structures
expressed as convolute bedding, simple load casts and
flame structures.

4.2.2. Outer platform

Laminated siltstone (LF2), laminated dolostone (LF12) and
microbialite buildup (LF16) dominate the outer platform
facies association. Minor lithofacies include laminated
mudstone (LF1), laminated sandstone (LF5), cross-strat-
ified dolostone (LF13), massive dolostone (LF14) and
layered microbialite (LF15). The frequent thinly (mm to
cm thick) laminated lithofacies are commonly planar with
minor wavy laminae (Figure 4A), forming both inverse and
normally graded beds. Occasionally, these beds contain
soft sediment deformation (convolute) structures (Figure
4B). Microbialite lithofacies are frequently represented
by domical (hemispherical, bulbous, nodular) buildups
(Figure 4C), domical and columnar bioherms (Figure 4D),
with rare columnar and conical (convex) buildups (Figure
4E and 4F). These beds, as well as massive dolostone
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Figure 3 | Key lithofacies and sedimentary structures in inner platform setting. (A) Laminated siltstone, LF2. Polygonal shrinkage cracks on
bedding surface. North Copley section. (B) Rippled dolostone, LF13. Bedding surface with curlicue shrinkage cracks deposited in troughs
of straight ripple sets. North Copley section. (C) Heterolithic siltstone and sandstone, LF4. Lenticular bedding with discontinuous and
continuous sandstone ripples. South Yankaninna section. (D) Layered microbialite, LF15. Undulating dolomite and mudstone laminations
with tepee structures. Mount Lyndhurst section. (E) Intraclastic magnesite and laminated dolostone, LF18 and LF12. Crudely (convolute)
interbedded carbonate layers. South Copley section.

successions, are commonly inverse graded, coarsening  4.2.3.Slope to basin

from a fine to coarse crystalline texture.
Slope to basinal successions are mainly comprised of lami-
nated mudstone (LF1), siltstone (LF2), dolostone (LF12)
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Figure 4 | Key lithofacies and sedimentary structures in outer platform setting. (A) Laminated siltstone, LF2. Very thinly (mm scale)
planar laminated. South Copley section. (B) Laminated siltstone, LF2. Convolute soft sediment deformation. South Copley section. (C)
Stromatolitic microbialite, LF16. Hemispherical domical buildup. Mount Lyndhurst section, (D) Stromatolitic microbialite, LF16. Domical
bioherm. South Copley section. (E) Stromatolitic microbialite, LF16. Columnar buildup. South Copley section. (F) Stromatolitic microbialite,

LF16. Columnar buildup and convex conical buildup. Mount Lyndhurst section.

and cross-stratified dolostone (LF13). Cross-stratified
siltstone (LF3), massive dolostone (LF11) and laminated
dolostone (LF14) occur as minor lithofacies. Ripple
cross laminations (Figure 5A) and small (15 cm foresets)
hummocky swaley cross laminations (Figure 5B) are

common in cross-stratified successions. Slope packages
are also characterised by convolute beds (Figure 5C) and
associated rare breccia beds of randomly oriented, boul-
der-sized angular blocks comprising well-laminated rocks
(Figure 5D. Fine-grained deposits are massive (Figure 5E)
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Figure 5 | Key lithofacies and sedimentary structures in slope to basin setting. (A) Cross stratified siltstone, LF3. Unidirectional ripple cross
lamination. Vulkathunha-Gammon Ranges section. (B) Cross stratified siltstone, LF3. Hummock (concave-down) and swale (concave-up)
ripple cross lamination. South Copley section. (C) Laminated siltstone, LF2. Convolute soft sediment deformation. Vulkathunha-Gammon
Ranges section. (D) Laminated siltstone, LF2. Debrite breccia with randomly oriented angular boulder clasts of well-laminated siltstone.
Vulkathunha-Gammon Ranges section. (E) Massive dolostone, LF11. South Copley section.

or planar to wavy laminated at millimetre to centimetre  4.2.4.lce margin
scale.

Massive diamictite (LF10) lithofacies dominate the
grounded ice-margin facies association, with minor
deposition of stratified diamictite (LF9). Both diamictite
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Figure 6 | Key lithofacies and sedimentary structures in ice-margin setting. (A) Massive diamictite, LF10. Clast-rich diamictite with rounded
quartzite bounder in mudstone matrix. South Yankaninna section. (B) Massive diamictite, LF10. Clast-rich diamictite with carbonate cobble
from underlying bed. Termination Hill section. (C) Massive diamictite, LF10. Clast-rich diamictite with pebble to cobble sized clasts in
mudstone matrix. Vulkathunha-Gammon Ranges section. (D) Massive diamictite, LF10. Clast-rich diamictite with pebble sized clasts
in mudstone matrix. South Yankaninna section. (E) Massive diamictite, LF10. Clast-poor diamictite with angular quartzite boulder in
mudstone matrix. Vulkathunha-Gammon Ranges section. (F) Stratified diamictite, LF9. Clast-poor diamictite with quartzite cobble. South
Copley section.

lithofacies are inverse and normally graded. The massive  boulder-sized clasts. These include sandstone, quartzite,
diamictites are matrix supported (<5% to 20% clasts), carbonate, granite and conglomerate fragments (Figure
incorporating sub-angular to well-rounded pebble to  6A-E). The matrix is mudstone to fine-grained sandstone
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Figure 7 | Key lithofacies and sedimentary structures in proximal proglacial setting. (A) Cross stratified sandstone, LF6. Unidirectional
trough cross laminations. Vulkathunha-Gammon Ranges section. (B) Massive sandstone, LF7. Graded bed with angular to sub-rounded
clasts. South Copley section. (C) Laminated sandstone, LF5. Rounded boulder dropstone downwarping underlying sandstone laminations.
Vulkathunha-Gammon Ranges section. (D) Laminated siltstone and orthoconglomerate, LF2 and LF8. Interbedded laminated siltstone
with gravel conglomerate with scoured bases. Vulkathunha-Gammon Ranges section. (E) Laminated siltstone and orthoconglomerate,
LF2 and LF8. Interbedded massive siltstone with clast-rich conglomerate and coarse sandstone beds. South Yankaninna section.

and occasionally dolomitic. Stratified diamictite beds 4.2.5.Proximal proglacial

are often clast-poor (<15% clasts), comprising gravel to

boulder-sized clasts in a siltstone to fine sandstone matrix ~ Proximal proglacial deposits are characterised by lami-
(Figure 6F). nated siltstone (LF2), laminated sandstone (LF5), ripple and
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Figure 8 | Key lithofacies and sedimentary structures in distal proglacial setting. (A) Laminated mudstone, LF1. Convolute soft sediment
deformation. South Copley section. (B) Laminated mudstone and laminated sandstone, LF1 and LF5. Simple load cast and flame structure
soft sediment deformation at contact between sandstone and underlying mudstone bed. South Copley section. (C) Laminated mudstone,
LF1. Very angular cobble dropstone that punctures and deforms the underlying mudstone laminations. South Copley section. (D) Laminated
mudstone, LF1. Sub-rounded dropstone that downwarps the underlying mudstone laminations and is draped by the overlying mudstone
laminations. South Copley section. (E) Laminated mudstone, LF1. Subcritical unidirectional climbing ripples. South Copley section.

cross-stratified sandstone (LFé), massive sandstone (LF7)
and massive diamictite (LF10). Minor lithofacies include
cross-stratified siltstone, orthoconglomerates (LF8) and
stratified diamictites (LF9). Unidirectional, small (<5 cm
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foresets) ripple cross-stratification is representative of the
cross-stratified lithofacies (Figure 7A), where foresets are
often comprised of dark, heavy minerals. Massive sand-
stone beds are frequently graded (inverse and normal) and
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immature, characterised by angular to sub-rounded fine
sandstone to gravel (Figure 7B). Diamictite lithofacies are
marked by frequent clast-poor (<5% to 15%) beds, incor-
porating sand, quartzite, carbonate and granite gravel to
boulder-sized clasts in a siltstone to fine sandstone matrix
(Figure 7C). These diamictite beds occasionally have
scoured bases. Clast-supported (40% to 80%) orthocon-
glomerates comprise medium sandstone to boulder-sized,
sub- to well-rounded sand, quartz, carbonate and granite
clasts. These orthoconglomerate beds are occasionally
thinly interbedded with siltstone (Figure 7D, E), graded
(inverse and normal), and/or have scoured bases.

4.2.6. Distal proglacial

Fine-grained lithofacies dominate the distal proglacial
facies association, including laminated mudstone (LF1),
laminated siltstone (LF2) and massive dolostone (LF14).
There is a suite of more minor lithofacies, including lami-
nated sandstone (LF5), cross-stratified sandstone (LF6),
massive sandstone (LF7), orthoconglomerate (LF8), strat-
ified (LF9) and massive (LF10) diamictite, and laminated
dolostone (LF12). A number of fine- and coarse-grained
distal proglacial deposits fine-up within beds and in
packages. Laminated lithofacies comprise millimetre
to centimetre-thick planar and wavy laminations, where
mudstone and siltstone are commonly interlaminated.
Mudstone beds occasionally contain soft sediment defor-
mation structures, including convolute bedding (Figure
8EA), simple load casts and flame structures (Figure 8B).
There are also rare dropstones (Figure 8C, D), ranging from
sand, quartzite, carbonate and conglomeratic gravel to
boulders, and subcritical (15° climb angle) climbing ripples
(Figure 8E). Cross-stratified sands are represented by
thin, heavy mineral ripple cross-stratifications. Diamictite
lithofacies are commonly clast-poor (<20%), with minor
laminated successions in siltstone to very fine-sandstone
matrices. Rare orthoconglomerate beds, comprised of
up to 70% very coarse sandstone to cobble clasts, pierce
overlying fine-grained beds.

5. Discussion
5.1. Facies Association A: Inner platform
5.1.1. Sedimentary processes

The presence of minor wave action is evidenced by the
deposition of symmetrical ripples, which were likely
deposited from lower flow regime oscillatory flows
(Reading, 2009; Boggs, 2014; Counts et al., 2016). Small
hummocky and swaley cross-laminations provide evidence
for combined waning unidirectional and oscillatory flow
(Nottvedt & Kreisa, 1987; Arnott & Southard, 1990; Cheel,
1991; Duke et al., 1991; Cheel & Leckie, 1993; Dumas &
Arnott, 2006; Reading, 2009; Basilici et al., 2012; Boggs,
2014). The suite of unidirectional cross-stratified struc-
tures represents downcurrent migration of small sinuous
and catenary crested ripples and straight crested dunes

Neoproterozoic facies architecture in the Adelaide Superbasin

from low and high-energy flows, respectively (Ashley,
1990; Colguhoun, 1995; Chakrabarti, 2005; Bridge, 2009;
Reading, 2009; Daidu, 2013; Boggs, 2014; Thomson et
al., 2014; Momta et al., 2015; Jorissen et al., 2018). The
presence of bimodal cross-stratified foresets, reactivation
surfaces and mud-drapes indicate tidal influence (Ashley,
1990; Colguhoun, 1995; Reading, 2009; Daidu, 2013;
Boggs, 2014; Momta et al., 2015). Further, the presence of
heterolithic strata deposited as bedload and suspended
load during alternating high and low energy flows are also
tidally induced structures (Reineck & Wunderlich, 1968;
Bhattacharya, 1997; Daidu, 2013; Boggs, 2014; Maciaszek
et al.,, 2019). Microbialite material likely reflects authigenic
precipitation and/or capture, where clastic material was
transported under low energy flow regimes, then trapped
and bound the microbial layers (Wright, 1984; Tucker &
Wright, 2009; O'Connell et al., 2020). This in-situ precipita-
tion could also have been responsible for the accumulation
of magnesite mudstone, although developing in more
of an evaporative magnesium-rich water column (Mur &
Urpinell, 1987; Warren, 1990; Melezhik et al., 2001), and
graded, intraformational conglomeratic magnesite beds
were likely reworked by secondary current processes
(Uppill, 1980; Belperio, 1990; Preiss, 2000; Frank & Fielding,
2003; Counts, 2017). Tepee structures are common in
carbonate lithofacies, likely resulting from expansion-re-
lated fracturing due to mineral precipitation in peritidal
conditions (Asserto & Kendall, 1977; Kendall & Warren,
1987, Belperio, 1990; Frank & Fielding, 2003; Tucker &
Wright, 2009; O'Connell et al., 2020). Other desiccation
features include branching and polygonal shrinkage
cracks (Plummer & Gostin, 1981; Boggs, 2014). However,
other branching, polygonal, curlicue, sinuous and spindle
cracks were likely developed from subaqueous shrinkage
of cohesive sediment caused by compaction during burial
(Donovan & Foster, 1972; Plummer & Gostin, 1981; Tanner,
1998; Pflueger, 1999; Gehling, 2000; McMahon et al., 2017).

5.1.2. Environmental interpretations

The mixed carbonate and clastic lithofacies reflect depo-
sition under dominant tidal influence with minor wave
energy, and show evidence for evaporative carbonate
precipitation and periodic exposure, which is consistent
with deposition in an inner carbonate platform (A) setting
(Figure 9; e.g., von der Borch & Lock, 1979; Uppill, 1980;
Belperio, 1990; Frank and Fielding, 2003). These inner
platform deposits can be further classified into packages
reflecting deposition in more of a subaerial or subtidal
environment based on the presence of desiccation and
current features, respectively. Packages comprised of
magnesite mudstones, tepee structures and desiccation
cracks are interpreted to have been deposited in the
supratidal to intertidal zone (A1), while units dominated by
current reworking, undisturbed laminations and soft-sed-
iment deformation are characteristic of deposition in the
intertidal to subtidal zone (A2), (Figure 9; Belperio, 1990;
Powers & Holt, 2000; Frank & Fielding, 2003; Thomson et
al., 2014; Kunzmann et al., 2019).
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5.2. Facies Association B: Outer platform
5.2.1. Sedimentary processes

Thinly laminated siltstone and mudstone intervals were
likely deposited in the lower flow regime, settling out of
suspension with a slow sedimentation rate (Boggs, 2014;
Yawar & Schieber, 2017), while planar laminated sandstone
beds represent deposition under upper flow regime condi-
tions (Cheel, 1990; Bridge, 2009; Boggs, 2014; Jorissen et
al., 2018). Convolute soft sediment deformation structures
could have developed from seismic activity (Shanmugam,
2017). Less crystalline dolomitic material in dolostone
lithofacies likely preserve primary carbonate textures and
therefore reflect authigenic precipitation or syn-sedimen-
tary dolomitisation (mimetic replacement). Conversely,
more crystalline lithofacies likely reflect secondary
diagenetic recrystallisation (non-mimetic replacement)
that resulted in the destruction of these primary textures
(Tucker, 1985; Tucker & Wright, 2009; Fligel, 2010). Planar
and cross-stratified interlaminated clastic material was
likely transported as suspended load and deposited from
low-energy tidal currents (O'Connell et al., 2020) and
higher energy storm activity (Hoffman, 1976; Wanless et
al., 1988; Tucker & Wright, 2009; Jahnert & Collins, 2012;
Chiarella et al., 2017; Kunzmann et al., 2019; O'Connell et
al., 2020), respectively. The same mechanisms were likely
responsible for microbialite lithofacies, where microbialite
buildups, previously identified as Baicalia burra (Preiss,
1973; Belperio, 1990), reflect deposition under lower
energy conditions (Hoffman, 1976; Tucker & Wright, 2009;
Jahnert & Collins, 2012; Kunzmann et al., 2019).

5.2.2. Environmental interpretations

The deposition of both low-energy fine-grained lithofacies,
and higher-energy, inverse-graded carbonate lithofa-
cies are consistent with a setting that experiences both
quiescent, subtidal conditions and energetic shoaling
(Gémez-Pérez et al., 1999, Grotzinger & James, 2000;
Pomar, 2001; Chatalov et al., 2015; Wilmsen et al., 2018;
Thorie et al., 2020). This facies association is interpreted
as an outer platform (B) (Figure 9), and more specifically a
shallow subtidal zone (B1) below fair-weather wave base
(e.g., Belperio, 1990; Jahnert & Collins, 2012; Milli et al.,
2013; Thomson et al., 2014; Wilmsen et al., 2018; Thorie et
al., 2020), and a platform margin reef (B2) where there is
evidence for stromatolitic buildups (Figure 9; e.g., Gémez-
Pérez et al., 1999; Grotzinger & James, 2000; Pomar, 2001;
Chatalov et al., 2015; Thorie et al., 2020). The presence
of stromatolitic buildup lithofacies (B2) likely corresponds
to a high-relief carbonate platform geometry (Grotzinger,
1988; 1990, 2012; Grotzinger & James, 2000), while outer
platform deposits with only shallow subtidal zone lithofa-
cies (B1) may characterise ramp style carbonate platforms
(Grotzinger, 1989; Grotzinger & James, 2012).

Neoproterozoic facies architecture in the Adelaide Superbasin

5.3. Facies Association C: Slope to basin
5.3.1. Sedimentary processes

Soft sediment deformation structures, in particular convo-
lute bedding and load structures, likely resulted from
submarine slumping (Stow & Mayall, 2000; Stracchan,
2008) or lateral loading during liquefaction (Postma, 1983;
Stromberg & Bluck, 1998; Moretti et al., 2001, Owen,
2003), respectively. Brecciated beds are likely deposited
as a debrite from gravitational collapse on an unstable
and steep slope (e.g., Talling et al., 2012; Thomson et al.,
2014; Wallace et al., 2015).

5.3.2. Environmental interpretations

The prevalence of fine-grained lithofacies, storm
reworking, soft sediment deformation and debrite
breccias are consistent with a slope to basinal (C) setting
(Figure 9; Gomez-Pérez et al., 1999; Grotzinger & James,
2000; Thomson et al., 2014; Wallace et al., 2015; Corkeron
& Slezak, 2020). Slumped beds and brecciated beds
are consistent with rapid deposition from turbidity and
debris flows on an unstable slope (C1) (Talling et al., 2012;
Thomson et al., 2014Thorie et al., 2020). From previous
literature on slope lithofacies in the north-western Flinders
Ranges, the brecciated beds could be forereef debrites
that were eroded and transported from a regional reef
escarpment (e.g., Giddings & Wallace, 2009a; Hood &
Wallace, 2012; Wallace et al., 2015; Corkeron & Slezak,
2020) or resulted from more locally derived topography
including those on the margins of minibasins and salt
domes (Counts et al., 2016). Conversely, well-laminated
fine-grained beds support deposition in more of a basinal
(C2) environment under very low energy conditions (Figure
9: Thomson et al., 2014; Kunzmann et al., 2019).

5.4. Facies Association D: Ice margin
5.4.1. Sedimentary processes

The massive, ungraded diamictites of the grounded
ice-margin facies association were likely deposited rapidly
from meltwater directly from the ice sheet (Link & Gostin,
1981; Young & Gostin, 1988; Preiss et al., 2011). Stratified
diamictites and normally graded beds could reflect slower
deposition and sorting through clast settling (Anderson,
1989), while inverse grading likely indicates kinetic sieving
during flows (Legros, 2002; Talling et al., 2012; Le Heron et
al., 2014).

5.4.2. Environmental interpretations

From previous literature, these thick diamictite successions
have been interpreted as melt-out at the ice margin (D),
(Figure 9; e.g., Link & Gostin, 1981; Young & Gostin, 1988;
1991; Preiss et al., 2011; Le Heron et al., 2014). Massive
diamictite packages support deposition as ice-contact
till in the terrestrial and/or grounding zone (D1) (Young
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Figure 9 | Depositional models for the two key settings during the
Tonian-Cryogenian in the northern Flinders Ranges, with represen-
tative sedimentary logs for each depositional environment. Carbonate
platforms in this study have been interpreted with both high relief and
ramp-style geometries. A high relief carbonate platform model is shown
here to demonstrate the platform margin reef (B2). Carbonate platform
environments are interpreted for the pre-glacial and post-glacial succes-
sions, and glaciomarine environment is interpreted for the syn-glacial
succession. Legend for symbology in depositional model and sedimen-
tary logs.
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& Gostin, 1988; 1991; Virgo et al., 2021), while packages
with evidence for reworking (i.e., sorting and stratification)
are more closely associated with subaqueous deposition
as proximal proglacial till (D2) (Figure 9; Young & Gostin,
1988; 1990; 1991; Anderson, 1989; Eyles et al., 2007,
Boggs, 2014; Busfield & Le Heron, 2013; 2016; Le Heron et
al., 2013; 2014; Fleming et al., 2016).

5.5. Facies Association E: Proximal proglacial
5.5.1. Sedimentary processes

Upper plane beds and ripple cross-stratification are likely
deposited from a similar process to that outlined in the
inner platform setting (Ashley, 1990; Reading, 2009; Boggs,
2014). However, the unimodal current orientation of flows
could indicate deposition from low-density turbidity
currents rather than a tidal source (Lowe, 1982; Kneller,
1995; Shanmugam, 1997, 2000; Bridge, 2009; Winsemann
etal., 2009; Talling et al., 2012; Momta et al., 2015; Jorissen
et al., 2018). High-density turbidity currents could have
deposited graded sands and orthoconglomerates with
internal structure, while more massive beds could reflect
deposition from hyperconcentrated debris flows (Lowe,
1982; Kneller, 1995; Shanmugam, 2000; Winsemann et
al., 2009; Talling et al., 2012; Le Heron & Busfield, 2016).
Similarly, stratified diamictite beds are more consistent
with rapid deposition from subaqueous sediment gravity
flows (Young & Gostin, 1988; Anderson, 1989; Eyles et al.,
2007; Le Heron et al., 2013; 2014), and massive diamic-
tites could indicate moderate to high strength, cohesive
debris flow deposits (Talling et al., 2012). Bed forms with
rare, scoured bases likely indicate high-velocity flows that
eroded the substrate and subsequently filled any new
topography during the waning stage of the same flow
(Fielding, 2006; Bridge, 2009; Boggs, 2014).

5.5.2. Environmental interpretations

The mix of structured and massive lithofacies was likely
deposited in a subaqueous environment from turbidity
and debris flows, respectively (Lowe, 1982; Kneller, 1995;
Shanmugam, 1997; 2000; Bridge, 2009; Talling et al,
2012; Boggs, 2014). This is consistent with a proximal
proglacial setting (E), (Figure 9; e.g., Powell & Domack,
2002; Winsemann et al., 2009; Le Heron et al., 2013; 2014;
Busfield & Le Heron, 2013; 2016), which can be further
classified based on the abundance of specific lithofa-
cies and the stratigraphic relationship between them.
Immature and massive sands, gravels and diamictites are
interpreted to represent deposition from debris flows as
glacial outwash (E1), (e.g., Young & Gostin, 1988; 1991;
Powell & Domack, 2002; Le Heron et al., 2014; Le Heron &
Busfield, 2016), while graded beds with scoured bases and
unidirectional structures represent subaqueous turbidite
channel deposits (E2), (Figure 9; e.g., Lowe, 1982; Reading
& Richards, 1994; Le Heron et al., 2014).

Neoproterozoic facies architecture in the Adelaide Superbasin
5.6. Facies Association F: Distal proglacial
5.6.1. Sedimentary processes

Low-density turbidity currents were likely responsible for
depositing fine-grained sediments (Talling et al., 2012;
Tinterri et al., 2016). Convolute laminations were likely
deposited from bottom current reworking (Dzuynski &
Smith, 1963; Shanmugam, 1997), while simple load casts
and flame structures reflect liquefaction in response to
differential sediment densities or lateral loading (Owen,
2003). Dropstones that deform underlying beds provide
evidence for ice-rafted debris that were likely deposited
as rainout (e.g., Link & Gostin, 1981; Young & Gostin, 1988;
1991, Powell & Domack, 2002; Eyles et al., 2007; Preiss et
al.,, 2011; Boggs, 2014; Le Heron et al., 2013; 2014; 2021, Le
Heron & Busfield, 2016). Subcritical climbing ripples within
siltstone beds provide further evidence for decelerating
turbidity currents, net deposition and bedform migration
(Ashley et al., 1982; Young & Gostin, 1988; Baas et al,,
2000; Jobe et al., 2012; Boggs, 2014; Le Heron & Busfield,
2016; Maciaszek et al., 2019).

5.6.2. Environmental interpretations

The repeated emplacement of fine-grained turbidite
successions, transitioning from massive sandstone,
rippled, cross-stratified and convolute sandstone and
siltstone, to laminated mudstone, along with ice-rafted
dropstones, have been interpreted as distal proglacial
deposits (F), (Figure 9; e.g., Eyles et al., 1983; Powell &
Domack, 2002; Le Heron et al., 2014; Busfield & Le Heron,
2016). More specifically, a subaqueous fan (F1) could have
provided the large sediment supply and facilitated the
slope instability necessary for the development of these
turbidity currents (Figure 9; e.g., Bouma, 1964; Middleton
& Hampton, 1976; Lowe, 1982; Shanmugam, 1997; 2000;
Powell & Domack, 2002; Talling et al., 2012; Boggs, 2014;
Le Heron et al., 2014).

5.7. Regional correlation
5.7.1.Sequence 1
5.7.1.1. Sequence 1.1

The base of the Termination Hill section in the north-west
corner of the basin is marked by a 350 m thick succession of
supratidal to subtidal magnesite and dolostone with minor
microbial carbonate, siltstone and sandstone (Sequence
1.1; Figure 10). Although this distinct unit was not logged
in the North Copley section, it has been recorded near
this location from previous studies (i.e., Frank & Fielding,
2003). Sequence 1.1 can be further traced to the South
Copley section (Figure 10), increasing in stratigraphic
thickness up to 485 m. Deposition of sedimentary magne-
site in the northern Flinders Ranges is restricted to the
western margin, extending discontinuously across a strike
length of ~130 km.
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Neoproterozoic facies architecture in the Adelaide Superbasin

1 Figure 10 | Fence diagram with correlation panels between sections across the northern Flinders Ranges. Stratigraphic columns and
panels show temporal and spatial distribution of depositional environments. Semi-transparent panels indicate correlations with uncer-
tainty. Thick black lines indicate major sequence boundaries, dashed lines indicate minor sequence boundaries. TH = Termination Hill,
NC = North Copley, SC = South Copley, ML = Mount Lyndhurst, NY = North Yankaninna, SY = South Yankaninna, VGR = Vulkathunha-

Gammon Ranges.

5.7.1.2.Sequence 1.2

The overlying unit (Sequence 1.2) was only recorded at the
South Copley and Mount Lyndhurst sections (Figure 10),
ranging in thickness from 157 m and 33 m, respectively. It
is represented by platform margin stromatolitic reefs with
minor sandstone, dolostone and layered microbialite. It
appears to pinch out north-west towards the Termination
Hill section (Figure 10), where the magnesite interval
(Sequence 1.1) is directly overlain by Sequence 2. The
correlation of this stromatolitic unit to North Copley and
Yankannina is uncertain as this part of the stratigraphy
was not logged at these locations (Figure 10). However,
as stratigraphy appears to be continuous along strike
between the South Copley and North Copley sections, it
is likely that Sequence 1.2 was also deposited in North
Copley.

5.7.1.3. Sequence 1.3

Sequence 1.3is deposited in the South Copley section and
comprises slope to basinal cross-stratified siltstone (60 m
thick). Like Sequence 1.2, this interval was not logged in
the North Copley and Yankaninna sections, so correlation
to these locations is ambiguous (Figure 10). It is evident
that this deepwater unit pinches out further north towards
Termination Hill and Mount Lyndhurst and east to the
Vulkathunha-Gammon Ranges (Figure 10).

Towards the eastern margin of the basin, this sequence
totals 1084 m and is characterised by more siliciclastic
rocks, which are lithologically dissimilar to the carbon-
ate-dominated rocks along the western margin. At the
Vulkathunha-Gammon Ranges section, this interval is
represented by supratidal to intertidal clastic (siltstone
and sandstone) and carbonate (dolostone and micro-
bial carbonate) lithofacies, and lagoonal siltstone and
dolostone. Due to the variability of the lithologies and
depositional settings in the Vulkathunha-Gammon
Ranges, it is hard to correlate Sequence 1 with certainty
to the stratigraphically equivalent successions at other
locations in the central and western part of the northern
Flinders Ranges (Figure 10).

5.7.2. Sequence 2

At Termination Hill, Sequence 2 is represented by 30 m of
intertidal to subtidal dolostone and sandstone (Sequence
1.4; Figure 10). This can be traced along strike to North
and South Copley (Figure 10), where it becomes thicker
(139 m and 322 m) and includes more clastic lithofacies. In
South Yankaninna (Figure 10), Sequence 2 is 254 m thick
and includes supratidal layered microbialite and dolostone

lithofacies. Although this clastic-rich unit was not logged
in North Yankaninna, it has been mapped at this location
(Coats, 1973). Sequence 2 can also be correlated to the
Vulkathunha-Gammon Ranges (Figure 10), where it is char-
acterised by 476 m of intertidal to subtidal clastics with
minor dolostone.

5.7.3. Sequence 3
5.7.3.1. Sequence 3.1

The base of Sequence 3 is characterised by lagoonal
siltstone and dolostone (Sequence 3.1) and can be
traced across several sections in the northern Flinders
Ranges, with varying stratigraphic thicknesses (Figure 10).
It increases in thickness from 44 m at Termination Hill,
to 100 m at North Copley and 150 m in South Copley,
where it includes minor microbial carbonate lithofacies.
This lagoonal unit pinches out in the north-central part
of the basin at Mount Lyndhurst but can be correlated to
the south-central Yankaninna area (Figure 10). In South
Yankaninna, the deposition of Sequence 3.1 is consid-
erably thicker (545 m) and is represented by analogous
siltstone and dolostone lithofacies to those on the western
margin. Like Sequence 2, this interval was not logged in
North Yankaninna. However, the correlation is uncertain
as it cannot be constrained from the previous mapping.
Sequence 3.1 appears to pinch out towards the east in the
Vulkathunha-Gammon Ranges section, where Sequence
2 is directly overlain by the Sturtian glaciogenic deposits.

5.7.3.2. Sequence 3.2

The top of Sequence 3 is marked by a microbial-domi-
nated unit that is prevalent in the west and central parts of
the northern Flinders Ranges (Sequence 3.2; Figure 10). In
North Copley, this 264 m thick interval comprises intertidal
to subtidal siltstone, dolostone and microbial carbonates,
which can be traced along strike to a 197 m thick succes-
sion in South Copley with minor supratidal lithofacies
(Figure 10). The unit thins towards Mount Lyndhurst (103
m) and is characterised by comparable inner platform
lithofacies, including sandstone interbeds. Sequence
3.2 is the only pre-glacial stratigraphy logged in North
Yankaninna (Figure 10), recording a thin (21 m) interval that
can be correlated to a thicker (49 m) succession in South
Yankaninna.

5.7.4.Sequence 4
At the Termination Hill section, a thick (210 m) basal

diamictite unit (Sequence 4.1) with minor conglomeratic
interbeds is interpreted to reflect ice-contact till and
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proglacial outwash, respectively. Sequence 4 appears
to pinch out at the North Copley section, reappearing
again in a thinner interval (36 m) at the base of the
South Copley section (Figure 10). Similar lithofacies are
identified in South Copley but include additional melt-
water channel-graded sandstone interbeds. This basal
diamictite is the only glaciogenic unit deposited in Mount
Lyndhurst, represented by a thin (5 m), massive, graded
diamictite bed interpreted as proximal proglacial till. In
the Yankaninna sections, Sequence 4 reflects slightly more
proglacial deposition of proximal tills and fine-grained,
laminated and scoured meltwater channel interbeds. This
basal diamictite thickens towards the south from 22 m in
North Yankaninna to 116 m thick in the South Yankaninna
section (Figure 10). Towards the east, at the Vulkathunha-
Gammon Ranges section, Sequence 4 is much thicker (345
m), with frequent sandy interbeds. This marks the return
of interpreted ice-contact tills and proglacial outwash
analogous to the basal diamictite succession deposited
along the western margin.

5.7.5.Sequence 5
5.7.5.1.Sequence 5.1

The overlying heterogenous unit (Sequence 5.1) is
deposited in all sections along the north-western margin
of the basin, but with varying degrees of thickness and
representative lithologies (Figure 10). In the north, at
Termination Hill, the unit is 36 m thick and characterised
by glacial outwash sands and diamictites. These pass into
a 65 m thick succession in North Copley, which includes
meltwater channel cross-stratified sands. Along strike, at
the South Copley section, Sequence 5.1 is lithologically
similar but considerably thinner (20 m). The North and
South Yankaninna sections record a 17 m thick succes-
sion of turbidite channel deposits and a 77 m thick
succession of coarse-grained clastic glacial outwash and
meltwater channel lithofacies, respectively. Sequence
5.1 can be correlated east to the Vulkathunha-Gammon
Ranges section, represented by an 86 m thick succession
of comparable lithofacies to those deposited in the South
Yankaninna section.

5.7.5.2.Sequence 5.2

At Termination Hill, Sequence 5.2 is characterised by 77 m
of proximal proglacial massive and crudely stratified diam-
ictite till with proglacial outwash sandstone interbeds. At
the North Copley section, the unit is thinner (40 m) and
lithologically homogenous, depositing only proximal
proglacial massive diamictite facies. Along strike at the
South Copley section, Sequence 5.2 is 53 m thick and
marked by the return of interbedded proximal proglacial
sands, comparable to those deposited in the Termination
Hill section. This upper diamictite unit appears to pinch out
in the North Yankaninna section but can be traced to the
top of the South Yankaninna section (Figure 10). Like North
Copley, it is lithologically homogenous and represented

Neoproterozoic facies architecture in the Adelaide Superbasin

by a 50 m thick proximal proglacial diamictite. Deposition
of Sequence 5.2 can be correlated to a very thick (406 m)
succession over to the east at the Vulkathunha-Gammon
Ranges section, where it is similar to Termination Hill and
South Copley.

5.7.6. Sequence 6
5.7.6.1. Sequence 6.1

Sequence 6.1 appears to have more limited deposition,
accumulating only at the top of the sections along the
north-western margin of the basin (Figure 10). At the
Termination Hill section, this unit is characterised by a 57
m thick succession of proximal outwash sandstone and
diamictites, overlain by distal fan mudstone, siltstone and
sandstone. Sequence 6.1 is correlated to the North and
South Copley sections (Figure 10), where it is represented
by 45 m and 41 m thick successions, respectively. Although
this upper heterogenous unit was not identified in the
other sections, it has been recorded at locations in South
Yankaninna from previous studies (i.e., Young & Gostin,
1990; 1991), which were correlated to the sections on the
north-western margin of the basin (Figure 10).

5.7.6.2. Sequence 6.2

On the north-western margin in Termination Hill, the
bottom of Sequence 6.2 is marked by a 2 m thick dolo-
stone bed, followed by deposition of basinal siltstone
and carbonate. The North Copley and South Copley
sections are dominated by the deposition of basinal
mudstone, with thin (1 m) carbonate beds increasing in
number up-section. This succession in South Copley is
of particular significance because it contains a 3 cm tuff
layer that has provided an accurate geochronological
age for the end of the Sturtian glaciation (663.03 + 0.11
Ma, Cox et al., 2018). The cap carbonate recorded at
Termination Hill is also deposited in the north-central
Mount Lyndhurst section, represented by a 4 m thick bed
that grades into basinal mudstone with minor thin (1m)
carbonate interbeds. Sequence 6.2 in North Yankaninna
is the only carbonate-dominated interval, where 30 m of
basinal dolostone overlie glaciogenic rocks. The South
Yankaninna and Vulkathunha-Gammon Ranges sections
are comparable to those in Copley, with mudstone-domi-
nated deposition in the bottom, and increasing carbonate
deposition up-section.

5.8. Controls on basin architecture

The sequence stratigraphic architecture of the basin,
including the variations in depositional environments
and stratigraphic thicknesses recorded in this study,
results from the interaction of accommodation and sedi-
ment input and can be divided into systems tracts (e.g.,
Catuneanu, 2006; 2017; Embry, 2009; Catuneanu et al.,
2009; 2011; Vakarelov & Ainsworth, 2013; Kunzmann et
al., 2019; 2020). Accommodation and sedimentation rates
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are in turn largely controlled by variations in tectonics
(subsidence and uplift), eustasy, and climate. In addition,
salt tectonics played a critical role in the production of
syndepositional topography. This was largely through the
formation of salt withdrawal minibasins and diapirs, which
correspond to topographic lows and highs, respectively
(Rowan et al., 2020).

5.8.1. Sequence 1
5.8.1.1. Sequence 1.1

The distinctive magnesite succession (Sequence 1.1) is
interpreted to have been deposited during a slow trans-
gression (Figure 11) in an arid, low-energy, inner platform
environment that was sheltered from marine reworking by
barrier reefs (O'Connell et al., 2020). This is evidenced by
the limited clastic input and aggradation of shallow water
carbonate deposits (Figure 11). Eustatic sea level rise
was likely driving the increase in accommodation during
a time of relative tectonic quiescence, demonstrated by
the prevalence of fine-grained, carbonate-rich material
and lack of source area clastics (Figure 11; Preiss, 1987;
Catuneanu, 2006). Due to the tabular geometry of the
platform, minor fluctuations in sea level would result
in near instantaneous flooding (Preiss, 2000), and it is
marked by current-reworked intraclastic magnesite and
third-order flooding surfaces (Figure 11). Sequence 1.1 is
confined to the western margin of the northern Flinders
Ranges because it was restricted to a major rift shoulder
on this western boundary of the Adelaide Rift Complex
(Lloyd et al., 2020). This resulted in a littoral depositional
setting and higher relief relative to other parts of the basin.

5.8.1.2. Sequence 1.2

The stromatolitic buildup of Sequence 1.2 indicates
deposition as a platform margin microbialite reef during
a highstand systems tract (Figure 11), where the reefal
growth kept pace with the newly created accommodation
space. This accumulation of carbonate material was likely
facilitated by earlier transgressions that flooded the rift
shoulder platform margins, creating a sediment-starved
distal area relative to clastic source areas in the northwest
(Catuneanu, 2006; Lloyd et al., 2020). Deposition of these
Tonian reefs was recorded in the north-western margin and
north central part of the basin (Figure 11), and coincides
with the location of later Cryogenian reef complexes (e.g.,
Balcanoona Formation, Wallace et al., 2015; Corkeron
and Slezak, 2020). These likely correspond to long-lasting
topographic highs, which were influenced by normal faults
along the basin margin in the north-west (Preiss, 2000)
and large salt diapirs in Mount Lyndhursrt (Rowan et al.,
2020). Further, the deposition of Sequence 1.2 at Copley
and Mount Lyndhurst likely corresponds to carbonate
platforms with high relief geometries (Wallace et al., 2015),
while locations that do not record this sequence (e.g.,
Yankaninna) probably developed more of a ramp-style
geometry.

Neoproterozoic facies architecture in the Adelaide Superbasin

In contrast, the Vulkathunha-Gammon Ranges section
in the north-eastern part of the basin was likely depos-
ited under a very different set of conditions. The thick,
clastic-rich succession (Figure 11) is consistent with
fault-controlled deposition and proximity to uplifted
source areas at the rim of the basin. This is supported
by detrital zircon provenance data that demonstrates
restricted eastern detrital sources (Lloyd et al., 2020).
Deposition likely occurred during a highstand systems
tract (Figure 11), as the high supply of clastic material
prograded basinward into the high accommodation
area generated by tectonic subsidence. Not only could
these tectonics be related to the ongoing rifting in the
basin, but the nearby formation of the allochthonous salt
(e.g., Arkaroola and Tourmaline Hill diapirs) may have
also been responsible for the generation of uplifted
material and subsidence-induced accommodation. The
Arkaroola diapir to the east is defined by a gentler ramp
geometry, while the Tourmaline Hill diapir to the north is
very steep and continued into the overlying Umberatana
Group (Rowan et al., 2020). The latter would have created
significant topography and is likely, in part, responsible
for the generated uplift and subsidence recognised in the
deposition of this sequence in the Vulkathunha-Gammon
Ranges section.

5.8.1.3. Sequence 1.3

The deep-water siltstone succession of Sequence 1.3 was
likely deposited during rapid transgression (Figure 11),
resulting in the drowning of the carbonate platform and
the shutdown of carbonate productivity. This is repre-
sented by backstepping (retrogradational) geometries
and is capped by a major flooding surface (MFS; Figure
11). On the western margin, this unit pinches out towards
the north, suggesting a more distal setting in Copley
(Figure 11). Further, Sequence 1.3 was not deposited in
the north-central and eastern sections, supporting a more
proximal, shallow environment in these parts of the basin.

5.8.2. Sequence 2

The overlying sandstone succession (Sequence 2) is
consistent with a highstand systems tract and is capped
by a major regressive surface (MRS; Figure 11), reflecting
deposition in a proximal clastic-dominated setting with
high sediment input. This was likely in response to pulses
of rifting and newly uplift of source regions (Preiss, 1987),
which resulted in basinward progradation of clastics and
burial of the platform carbonates. The uplift interpreted
during the deposition of this unit may also have developed
from salt diapirism actively forming across the basin during
this time. Complex diapirism in the Willouran Ranges
(Hearon et al., 2015; 2015a; Rowan et al., 2020), may have
eroded areas close to the diapir (e.g., Termination Hill),
which in turn created the lateral thickness variation of
Sequence 2 along the western margin. The Burr diapir to
the west of the Yankaninnna Anticline formed an apparent
flat (Rowan et al., 2020), which would have created the
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high topography responsible for highstand deposition.
This succession is recorded across most of the northern
Flinders Ranges, exceptin the Mt Lyndhurst section (Figure
11). There are several possibilities as to why Sequence 2 is
not present in the north central portion of the basin. The
first is that these locations were too proximal and topo-
graphically high to be affected by the rise in base level.
The second possibility is that they were restricted from
the fluvial sources of sediment input. Thirdly, sediments in
these locations may have been subaerially exposed and
eroded during the subsequent drop in base level.

5.8.3. Sequence 3
5.8.3.1. Sequence 3.1

The widespread siltstone and dolostone unit (Sequence
3.1) that succeeds Sequence 2 is consistent with a low
energy, lagoonal outer platform setting deposited during
a transgression (Figure 11). This rise in base level creates a
backstepping geometry as the mixed clastic and carbonate
material retrograde over the underlying sandstone unit.
The increase in accommodation was largely tectonically
controlled (Preiss, 1987), but could also be in part eustatic
due to the prevalent deposition of fine-grained sediment
across the basin (Figure 11).

5.8.3.2. Sequence 3.2

The inner platform microbial succession at the top of
Sequence 3 represents deposition during a highstand
systems tract (Figure 11), where the accumulated sedi-
ment outpaced base-level rise and the carbonate platform
aggraded and prograded basinward (Catuneanu, 2006).
Like the rest of the pre-glacial succession, the trans-
gressive-regressive cycle likely formed due to pulses
of rift-related subsidence (Figure 11; Preiss, 1987). The
widespread deposition of this particular succession across
the basin could represent a eustatically driven fluctuation
in base level. Sequence 3.2 may not have been deposited
in the east in the Vulkathunha-Gammon Ranges section
because that area was physically separated from the rest
of the basin and dominated by the deposition of clastic
material (Figure 11).

5.8.4.Sequence 4

The basal diamictite in the bottom of Sequence 4 uncon-
formably overlies the pre-glacial successions, which is
represented by a sequence boundary (SB; Figure 11).
Sequence 4 could have been deposited during a lowstand
systems tract and would be capped by an MRS (Figure
11). This was likely driven by climatic fluctuations and
glacio-eustatic fall and marked by widespread deposition
across the basin during a glacial maximum. Although
sediment is typically eroded during drops in eustacy, the
predominance of climatic control on deposition during the
glaciation prompted a decrease in fluvial discharge and
resulted in glacio-fluvial aggradation (e.g., Blum, 1994;

Neoproterozoic facies architecture in the Adelaide Superbasin

2001; Catuneanu, 2006). Le Heron et al. (2014) suggests
that a tectonic mechanism for topography generation
may not have been required. However, the extreme
thickness variations of Sequence 4 across the basin
(Figure 11), and in particular across the Paralana Fault in
Arkaroola (Lloyd et al., 2022), suggests that faulting was
active during deposition and impacted the topography.
Combined glacial scour and coeval faulting was likely
the cause for these thickness and lithological variations
(Young & Gostin, 1991, Preiss, 2000). The considerably
thinner exposure of this unit at Mt Lyndhurst (Figure 11)
may have been influenced by contemporaneous uplift
of the Lyndhurst Diapir (Preiss, 1987), although Rowan
et al. (2020) suggested that allochthonous salt transport
was initiated later during the deposition of the overlying
Tapley Hill Formation. The complex geometry of this
diapir, where it displays evidence of both allochthonous
and thrust structures, makes it difficult to unravel both the
nature and timing of emplacement (Rowan et al., 2020).
On the western margin, a platform geometry may have
influenced the deposition of more proximal ice-contact
diamictites (Figure 11), where localised deposition in
Termination Hill and South Copley may correspond to
palaeovalleys that channelled ice flow (Young & Gostin,
1988, 1991). Further, the pronounced variability in deposi-
tional thickness between the South Yankaninna and North
Yankaninna sections (Figure 11) was likely due to topog-
raphy generated from contemporaneous faulting (Young
& Gostin, 1990) and/or allochthonous salt diapirism asso-
ciated with the Burr Diapir (Rowan et al., 2020). This diapir
occurred less than 10 km to the west within the underlying
Skillogalee Dolomite (Sequence 1), where the geometry
of its eastern extent was largely influenced by a pre-ex-
isting anticlinorium (Rowan et al., 2020), referred to in this
study as the Yankaninna Anticline. Uneven glacial incision
further to the east could have resulted from active tectonic
faulting that created uplift and increased glacial erosion
relative to other parts of the basin (Young & Gostin, 1991).

5.8.5.Sequence 5
5.8.5.1. Sequence 5.1

The overlying fine-grained unit (Sequence 5.1) is consis-
tent with deposition during a transgression (Figure 11),
which would similarly have been driven by eustacy and
climate. The implication of this sequence is that the
Sturtian glaciation likely reflects more of a “slushball”
than a hard “snowball” earth (Lewis et al., 2007). As the
grounded ice margin retreated, the increased fluvial
discharge from melting ice would have outpaced the rise
in sea level, resulting in fluvial erosion (e.g., Blum, 1994;
2001; Catuneanu, 2006). From palaeocurrent data, glacier
movement was from the south (Young & Gostin, 1991),
producing a backstepping geometry from the Termination
Hill section to the South Copley section (Figure 11).
Sequence 5.1, and subsequent glaciogenic units, are not
present in the north-central zone in Mt Lyndhurst (Figure
11). This was likely due to the topographic high in this area
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and the possible erosion during the subsequent glacial
advance. Coarse deposits included in this lower heteroge-
nous unit in South Yankaninna could reflect local uplift and
resedimentation of shedding material related to diapiric
movements (Young & Gostin, 1990). Areas that were
previously dominated by glacial scour, particularly those
in the east, received significant amounts of sediment and
resulted in thick deposition (Figure 11; Young & Gostin,
1991). Sequence 5.1 is exposed at the Vulkathunha-
Gammon Ranges section and is lithologically dissimilar
to other sections in the basin, likely due to its proximal
proglacial location where coarse material continued to
deposit despite the glacial recession.

5.8.5.2. Sequence 5.2

The ice proximal till of Sequence 5.2 represents deposi-
tion during a second basinward prograding package that
represents either a highstand and/or lowstand systems
tract, capped by an MRS (Figure 11). Like the lower diam-
ictite (Sequence 4), this coincides with a glacial advance
and an eustatic sea-level fall. However, this represents
slightly more distal, subaqueous deposition relative to the
first glacial advance (Young & Gostin, 1988; 1990; 1991).
This unit does not appear in the Mt Lyndhurst and North
Yankaninna sections (Figure 11). As these sections correlate
with a central high (horst) in the basin, Sequence 5.2 may
not have been deposited or was potentially eroded.

5.8.6. Sequence 6
5.8.6.1. Sequence 6.1

Like the lower heterogenous unit(Sequence 5.1), Sequence
6.1 is characterised by transgressive, fine-grained lithofa-
cies (Figure 11), although deposited during widespread
deglaciation rather than an ice retreat. This was probably
driven by climatic warming following the glacial maximum
and eustatic sea level rise, where fine-grained subaqueous
sediment backstepped and retrograded landward.
Sequence 6.1 is only recorded along the western margin
(Figure 11), which could correspond to the tabular geom-
etry here and subsequent susceptibility to flooding.

5.8.6.2. Sequence 6.2

The slope to basinal succession of Sequence 6.2 is consis-
tent with deposition during a widespread transgression
(Figure 11), where postglacial sediments backstepped
over the continental margin. Consequently, this succes-
sion is recorded on the adjacent Stuart Shelf in the west
and right over the Curnamona province to the Barrier
Ranges in New South Wales to the east (Preiss, 1987).
The predominance of fine-grained material (Figure 11),
and depositional spread and synchronicity across the
basin have been used to suggest that post-rift thermal
subsidence likely assisted the eustatic rise (Preiss, 1987,
Powell, 1994). Deglaciation delivered large amounts of
detritus into the marine environment, which resulted in
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considerable stratigraphic thicknesses of this postglacial
succession in the Adelaide Superbasin (Lloyd et al., 2020).
This has been hypothesised to have stimulated eukaryote
evolution through the flux of detrital bio-essential nutri-
ents (Brocks et al., 2017).

Carbonate rocks (“cap carbonates”) at the base of
Sequence 6.2 are recorded in the northern most sections
of this study (Figure 11), which could be due to their more
restricted setting relative to other locations in the basin.
These more restricted settings provide an optimal environ-
ment for cap carbonate precipitation due to the increased
effect of ocean stratification, low salinity, and greater
alkalinity production (Yu et al., 2020). This was likely due to
their relative proximity to continental weathering sources.

5.9. Global context
5.9.1. Stratigraphy
5.9.1.1. Pre-glacial

The pre-glacial succession in South Australia was marked
by active rifting that created topographic variability and
varying sediment supply across the basin. Subsurface
allochthonous salt movement during Skillogalee Dolomite
Formation (Sequence 1 and 2) times is also documented
to have a role in topography creation (Rowan et al., 2020).
This regional tectonic control during Tonian deposition
has been shown in other sections globally, including key
sites in Namibia, Canada, China, Svalbard, Scotland and
Ethiopia (Figure 12).

Namibia and northern Canada both underwent episodic
cratonic rifting during the Tonian (Figure 12; Narbonne &
Aitken, 1995; Frimmel et al., 1996; Hoffman & Halverson,
2008; Miller, 2013; Hood et al., 2015; Milton et al., 2017,
Lamothe et al., 2019). These were characterised by
deposition of up to 5800 m and 3500 m of coarse clas-
tics, evaporitic to subtidal carbonates, and deep water
shales, representing multiple regressive-transgressive
cycles (Chartrand & Brown, 1985; Park & Jefferson, 1991;
Narbonne & Aitken, 1995; Batten et al., 2004; Long &
Turner, 2013; Hood et al., 2015; Lamothe et al., 2019).
In South China, rifting was more consistently active
throughout the Tonian (Figure 12; Zhang et al., 2011; Lan
et al., 2015; Busigny et al., 2018), and resulted in 200 m to
3500 m thick (Zhang et al., 2008) successions character-
ised by fine-grained clastic turbidites and minor platform
carbonates (Wang & Li, 2001).

Conversely, Svalbard and Scotland appear to be in a post-
rift thermal subsidence phase during the Tonian (Figure
12; Smith et al., 1999; Maloof et al., 2006; Stephenson et
al., 2013; Halverson et al., 2017). This resulted in the depo-
sition of 1000 m of transgressive-regressive sequences in a
carbonate platform setting (Halverson et al., 2017) and up
to 15,500 m of cyclical clastics and carbonates in deep to
shallow water settings, respectively (Glover & Winchester,

Sedimentologika | 2023 | Issue 1

25



Virgo et al.

1989; Smith et al., 1999; Stephenson et al., 2013; Fairchild
et al., 2017).

The pre-glacial succession in northern Ethiopia developed
in an intra-oceanic back-arc basin (Figure 12; Alene et al.,
2006; Miller et al., 2009; 2011; Swanson-Hysell et al., 2015;
Park et al., 2020), where slab rollback followed by thermal
isostatic subsidence facilitated the deposition of up to 5
km of intertidal carbonate and siliciclastics and subtidal,
micritic carbonates, respectively (Alene et al., 2006; Miller
et al., 2009; 2011; Swanson-Hysell et al., 2015; Park et al.,
2020).

5.9.1.2. Syn-glacial

The syn-glacial succession in Australia is characterised by
two glacial advance and retreat cycles in a glaciomarine
setting, reflecting climatically driven eustatic changes in
base level, and coeval faulting that impacted the thickness
distribution of the glacial unit across the basin.

Sections in northern Canada (Eisbacher, 1985; Narbonne
et al., 1994), California (Busfield & Le Heron, 2016; Le
Heron & Busfield, 2016), Idaho and Utah (Crittenden et al.,
1983; Link & Christie-Blick, 2011) all preserve two diam-
ictite packages with interbedded carbonate and clastic
units, representing glacial advance and retreat phases
in glaciomarine environments, respectively. Although
there were significant climate-driven eustatic sea-level
fluctuations during the Sturtian glaciation, the deposition
of sections in USA and Canada were still largely fault
controlled in response to continental rifting (Figure 12;
Eisbacher, 1985; Link et al., 1994; Narbonne et al., 1994;
Fairchild & Kennedy, 2007; Link & Christie-Blick, 2011;
Keeley et al., 2012).

The <2000 m thick syn-glacial successions in South China
and Namibia have very thin (20 m and 30 m thick) intervals
of mudstone and sandstone between thicker diamictite
packages (Zhang et al., 2011; Le Heron et al., 2013; Lan et
al., 2015; Buechi et al., 2017; Hoffman et al., 2017a). These
have been interpreted as representing a sub-glacial to
glaciomarine environment, influenced by both fluctua-
tions in climate-controlled eustasy (Zhang et al., 2011; Le
Heron et al., 2013) and tectonic phases (Zhang et al., 2011;
Hoffman et al., 2017a; Busigny et al., 2018).

In Scotland, the syn-glacial succession is ~1100 m thick,
depositing diamictites with interbedded clastics that
represent a glaciomarine environment (Ali et al., 2018;
Fairchild et al., 2017). This climatically dynamic succession
is interpreted to result from tectonic subsidence, eustatic
changes, ice loading and extreme seasonal fluxes (Ali et
al., 2018; Fairchild et al., 2017).

Conversely, the deposition of glaciomarine diamictites
with shale interbeds in Svalbard is incredibly thin (average
10 m) (Halverson et al., 2011; 2017; 2022; Hoffman et al.,
2012; Kunzmann et al., 2015; Fairchild et al., 2016). This
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was likely due to the decreased accommodation space
and/or erosion from reduced subsidence during deposi-
tion in the Cryogenian (Halverson et al., 2022), resulting in
an unconformity of approximately 10 million years (Millikin
et al., 2022).

The syn-glacial succession in northern Ethiopia is consis-
tent with a subglacial to glaciomarine setting (Park et al.,
2020). This is represented by ~750 m of massive diamictites
with interbedded sandstone, siltstone, micritic carbonate
and carbonate breccia (Park et al., 2020), which accumu-
lated during thermal subsidence (Alene et al., 2006). In
this scenario, the sediment was able to keep pace with
the increasing accommodation space (Park et al., 2020),
which maintained a relatively proximal setting.

5.9.1.3. Post-glacial

The post-glacial succession in Australia is represented by
widespread transgressive to basinal shales and carbon-
ates, a result of de-glacial eustatic sea level rise coupled
with thermal sag after rifting (Figure 12).

A transgression to deeper water argillite, carbonates and
turbidites has been recorded in North America, where
between 200 m and 1000 m of material accumulated in
northern Canada (Eisbacher, 1985; Narbonne et al., 1994),
California (Nelson et al., 2020; 2021), Idaho (Fanning &
Link, 2004; Lund et al., 2003; Link & Christie-Blick, 2011;
Keeley et al., 2012), and Utah (Crittenden et al., 1971,
Link & Christie-Blick, 2011; Balgord et al.,, 2013). The
accommodation space increase was likely controlled by
a combination of eustatic and tectonic factors associated
with the developing Pacific margin (Figure 12; Eisbacher,
1985; Narbonne et al., 1994; Link & Christie-Blick, 2011;
Keeley et al., 2012; Balgord et al., 2013).

Deep-water successions were also deposited after the
Sturtian glaciation in South China and Svalbard. Sections
in South China are 12-500 m thick, and deposit basinal
muddy clastics and carbonaceous shales (Zhang et al.,
2011), while Svalbard is characterised by up to 215 m of
offshore marine dolomitic shales and siltstones (Hoffman
et al., 2012; 2017a; Fairchild et al., 2016; 2016a). South
China was marked by persistent rift-induced subsidence,
and deposition transgressed into a restricted shelf setting
(Zhang et al., 2011). Conversely, Svalbard was already in
a post-rift setting (Figure 12) and exhibited no apparent
changes in relative sea level with the underlying diamictite
(Halverson et al., 2004; 2011).

Namibia and Scotland form a sharp contrast to the
aforementioned post-glacial successions, and record
deposition in much shallower settings. The <450 m thick
unit in Namibia is characterised by laminated dolostone,
turbidites and microbial carbonates, deposited in a shallow
water, platform environment (Hoffman et al., 2017a; 2021).
Meanwhile, the post-glacial unit in Scotland is repre-
sented by 350 m of shallow subtidal to intertidal clastics
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Figure 12 | Global plate models with evolving plate boundaries. Models were produced using G-Plates software and files from Merdith
et al. (2021). Each model corresponds to key time slice in Tonian or Cryogenian. 750 Ma = pre-glacial. 700 Ma = syn-glacial. 650 Ma
= post-glacial. Transform boundary = green line. Divergent boundary = blue line. Convergent boundary = grey line (arrows indicate
direction). Key sites marked by red circles. This study marked by red star. Cratons and continents labelled in grey. ANS = Arabian Nubian
Shield, Ant = Antarctica, A-Ant = Austral-Antarctica, Aus = Australia, Ava = Avalonia, Az = Azania, DML = Dronning Maud Land, Kun =
Kunlun, N-B = Nigeria-Benin, Qa = Qaidam, Lh = Lhasa, PP = Parana Panema, RDLP = Rio de la Plata, SF = Sao Francisco, Ta = Tarim,
WAC = West African Craton.
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and carbonates (Spencer & Spencer, 1972; Anderson et
al., 2013; Stephenson et al., 2013; Fairchild et al., 2017; Al
et al., 2018). The shallow platform setting in Namibia was
the result of active uplift during deposition at the edge
of the basin (Hoffman et al., 2017a; 2021), while Scotland
was experiencing steady subsidence that was balanced by
high sediment supply (Ali et al., 2018).

5.9.2. Correlation and significance
5.9.2.1. Pre-glacial

An overall increase in accommodation space and
deposition of marginal marine, interbedded clastic and
carbonate successions characterise Tonian deposits
globally, including those in Australia, Namibia, northern
Canada, South China, Svalbard, Scotland and Ethiopia.
The widespread extent of these comparable depositional
settings is likely to reflect global signatures, which were
then modified by local tectonically driven effects.

The abundant platform carbonates recorded at these
locations suggest that the climate during this time was
stable, and despite the variability in palaeolatitudes
(Figure 12), promoted deposition in warm, shallow seas
globally (MacLennan et al., 2020). Further, the correlation
of isotopic signatures recorded in these Tonian rocks has
often been used to justify that the basins developing
during this time were globally connected (Halverson et
al., 2005; 2010; Park et al., 2020). As the §"°C signature in
carbonates and organic-rich shales is used as a measure
of bioproductivity (Knoll et al., 1986; Schidlowski, 1988),
and the Proterozoic ocean is widely accepted to have
been stratified (i.e., oxic shallow water and anoxic deep
water; Preiss, 1987; Giddings & Wallace, 2009a; Hood &
Wallace, 2015; Counts, 2017), excursions in the isotope
record may correspond to shifts from bioproductive, oxic,
shallow water (positive §"*C values) to biologically inactive,
anoxic deep water (negative §"°C values). Consequently,
the preservation and correlation of negative excursions at
multiple sites globally could reflect widespread transgres-
sions that, on that scale, likely resulted from eustatic sea
level rise.

With that said, the development of basins during the
Tonian largely resulted from active tectonism associated
with the breakup of supercontinent Rodinia (Merdith et
al., 2021), and corresponds to a suite of local tectonic
conditions (e.g., rifting, subsidence and slab rollback) that
would have influenced the production of accommodation
space. These local tectonic controls may modify the litho-
stratigraphic trends recorded in Tonian successions, and
by extension, the chemostratigraphic record.

5.9.2.2. Syn-glacial
The Sturtian glaciation is recognised in the stratigraphic

record through the deposition of distinct diamictite inter-
vals capped by carbonate rocks, which, accompanied by

Neoproterozoic facies architecture in the Adelaide Superbasin

palaeomagnetic and geochemical data, facilitated the
correlation of these deposits globally (Hoffman & Schrag,
2002). However, the stratigraphic thicknesses of these units
and the presence or absence of finer-grained interbeds
have resulted in contention surrounding the extent and
cyclicity of the icehouse.

Although the glacial successions in North America appear
to record a very similar two-fold glacial advance-retreat
cycle to that in South Australia (Eisbacher, 1985; Link et al.,
1994), Le Heron et al. (2020) suggested that these instead
represent regional, diachronous glacial cycles. In fact, Le
Heron et al. (2020) makes a controversial suggestion that
because there have been no direct ages from the Sturtian
cryochron in Australia, just ages that bracket the glacial
rocks, then perhaps there was no glaciation in Australia
between ca. 716 and 663 Ma. However, recent laser Rb—Sr
dating of shales in the lower heterogenous unit (Sequence
3.2) in a borehole from the Stuart Shelf yields an age of
684 + 37 Ma (Lloyd et al. 2023), and instead suggests that
the Sturtian cryochron of South Australia had a ca. 58 Ma
time span, and represents two major ice advances, one
before ca. 684 Ma and a second between ca. 684 and 663
Ma. These data agree with the syn-glacial volcanic ages
from Idaho of Lund et al. (2003), demonstrating that the
glaciations in North America and Australia were likely
synchronous.

Like in Australia and North America, the glacial succes-
sions in South China and Namibia have been interpreted
as reflecting a glacial retreat phase between two glacial
advance episodes in a glaciomarine setting (Zhang et al.,
2011; Le Heron et al., 2013; Lan et al., 2015), which was
largely controlled by climatic sea level changes (Zhang et
al., 2011; Le Heron et al., 2013). However, these sections
have also been interpreted to reflect sub-ice deposition
during a singular glacial event (Lechte and Wallace, 2016;
Buechi et al., 2017; Hoffman et al., 2017a; Busigny et al.,
2018), with more emphasis on the influence of changing
tectonic phases (Figure 12; Zhang et al., 2011; Hoffman
et al., 2017a; Busigny et al., 2018). Further, the thick inter-
bedded diamictite and clastic successions in Scotland
have been interpreted to represent up to 28 glacial cycles
(Ali et al., 2018; Fairchild et al., 2017).

For these reasons, although age constraints and detailed
paleoenvironmental interpretations are improving, it is
still uncertain whether the Sturtian glacial cycle advances
were global (eustatically driven) or happening at different
times and at more local scales (tectonically driven).

5.9.2.3. Post-glacial

The transgression at the end of the Sturtian glaciation is
observed globally and is widely accepted to be a conse-
qguence of eustatic sea level rise driven by melting of
continental ice sheets (Kaufman et al.,, 1997; Kennedy et
al., 1998; Bold et al., 2016). Not only was there significant
eustatic sea level rise and climatic warming, but there is
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a notable tectonic shift to post-rift subsidence at almost
all the sites discussed above, which would further increase
accommodation in basins globally. Further, the distinct
carbonate cap unit that overlies glaciogenic rocks has
been documented at many localities and records a sharp
negative 3'°C excursion that has long been used as a
chemostratigraphictoolto correlate this horizon (Halverson
et al., 2005; 2010; Park et al., 2020). Consequently, the post
Sturtian-glacial interval is one of the most well constrained
and reliably correlated of the Neoproterozoic..

6. Conclusions

The Adelaide Superbasin was a dynamic basin influenced
by syn-sedimentary tectonics, and climate and environ-
mental changes throughout the Tonian and Cryogenian.
This study presents over 8,350 m of measured sedimentary
logs through seven sections in an approximately 150 km
east-west transect across the northern Flinders Ranges.
This includes sites in Termination Hill, Copley, Mount
Lyndhurst, Yankaninna and Vulkathunha-Gammon Ranges.
From these, 18 lithofacies, 6 facies associations and 11
depositional environments have been classified.

Facies and sequence stratigraphic analyses reveal depo-
sition in a carbonate platform setting for the preglacial
succession, where in the western margin a mixed
carbonate succession of dolostone and magnesite accu-
mulated under the influence of fluctuations in sea level. A
topographic high in the north central portion of the basin
at Mount Lyndhurst is characterised by a high-relief plat-
form margin microbialite reef. To the east, at Yankaninna,
the preglacial succession is represented by more equal
volumes of fine-grained clastic and carbonate facies that
were deposited in a ramp-style platform environment.
Further east again, clastic rocks dominate the succes-
sion. These were sourced locally from contemporaneous
fault-created topography, with some possible topography
created by salt tectonics. The syn-glacial sequence coin-
cides with a climatically driven regression. This succession
is represented by two tillite units and two fine-grained
heterogenous units, that represent glacial advance and
retreat phases, respectively. The platform geometry of
the western margin and subsequent susceptibility to
flooding promoted the deposition of ice-contact till and
distal fine-grained clastics. Conversely, the central part of
the basin was characterised by a number of topographic
highs and palaeovalleys, which were marked by a lack of
glacial deposition, and a mix of proximal proglacial till and
fine-grained sediment, respectively. On the eastern side
of the basin, thick tillites and coarse interbedded deposits
are interpreted to result from increased glacial erosion in
response to syn-depositional fault-created accommoda-
tion space and proximity to uplift source areas relative to
other parts of the basin. The post-glacial succession in the
northern Flinders Ranges is represented by a widespread
transgression following the Sturtian glaciation that was
driven by the large volume of melting ice. This promoted
the deposition of slope to basinal fine-grained siltstone
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and dolostone facies at all locations in the study area, with
varying proportions of clastic and carbonate deposits.

The lithostratigraphic and sequence stratigraphic correla-
tion of Tonian to Cryogenian successions globally provides
insights into the scale and impact of tectonic, eustatic and
climate conditions, highlighting whether these changes
were occurring on a local level or influencing the global
system. Tonian successions in Australia, Ethiopia, Namibia,
South China, Canada, Svalbard (Norway), and Scotland
are all represented by the deposition of marginal marine
clastics and carbonates, indicating stable climatic condi-
tions. Further, these sites have been correlated through
chemostratigraphy based on the shared record of carbon
isotope excursions, implying global connections between
these developing basins. However, the impact of tectonics
complicates this correlation, as local tectonic regimes
superimpose on litho- and chemo-stratigraphic signatures.
Locations in North America (northern Canada, California,
Idaho and Utah) are comparable to South Australia during
the Sturtian glaciation, as they also preserve two distinct
glacial advance-retreat cycles that were deposited during
faulting and rifting. However, uncertainty surrounding
the timing of these glaciations calls into question the
synchronicity of the Sturtian. Further, glacial cyclicity
at these sites ranges from one to several dozen, which
convolutes our understanding of the global extent of this
glaciation. Conversely, the post-glacial transgression is
more consistent globally. This interval is marked by distinct
litho- chemo- and sequence stratigraphic shifts to deep
water carbonates that record a negative carbon isotope
excursion and demonstrate the widespread nature of the
Sturtian deglaciation.

This comprehensive sedimentological and sequence
stratigraphic analysis presents a facies architecture and
stratigraphic framework for the Tonian to Cryogenian
across the Adelaide Rift Complex in the northern Flinders
Ranges. The study elucidates the temporal and spatial
distribution of depositional environments before, during
and after the global Sturtian glaciation, and correlates the
stratigraphic framework of this basin with others that were
developing across the globe during this unique time in
Earth’s history.
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