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The first appearance of animals during the Ediacaran is arguably related to an increase in oceanic oxygenation
during this time. However, there is considerable ambiguity in the global record of Ediacaran oxygenation,
making it difficult to assess the potential links between oxygen and metazoan evolution. Here, we examine the
earliest Ediacaran Nuccaleena Formation cap dolomite and basal Brachina Formation of the Adelaide Superbasin,
South Australia, to determine the redox landscape in which these units were deposited. Red shales are present at
the base of the Brachina Formation (lower Moolooloo Siltstone Member) over much of the Adelaide Superbasin
but these transition laterally into green shales in the north, correlating with a facies transition into a deeper water
setting.

Fibrous dolomite cements within sheet cavities of the Nuccaleena Formation cap dolomite display evidence of
a primary marine origin. Cathodoluminescence microscopy and laser ablation ICP-MS trace element analysis of
these marine dolomite cements indicates a transition from an oxic environment in the south (with low Fe, Mn,
and a Ce anomaly) to an anoxic (ferruginous) setting in the north (with high Fe, Mn and no Ce anomaly). This cap
carbonate trace element geochemistry is spatially consistent with the overlying red to green shale transition in
the basal Brachina Formation. Together, these data suggest the existence of a deep-water chemocline in this
basin, separating an oxic upper water column from a ferruginous deeper water mass. This oxic interval directly
post-dates the end-Cryogenian Marinoan Glaciation and is synchronous with an earliest Ediacaran oxygenation
event previously described from South China.

This evidence from the Adelaide Superbasin provides direct evidence for an earliest Ediacaran oxic water mass
penetrating to a substantial paleodepth. The synchronous development of oxic intervals in both Australia and
South China supports the notion of a globally developed oceanic oxygenation event and is consistent with the
hypothesis that Ediacaran continental margin settings were periodically bathed in oxic water, conducive to the
evolution of metazoans.

1. Introduction

The oxygenation history of Earth’s atmosphere-ocean system is
dominated by three major episodes; the Great Oxidation Event (2.4-2.2
Ga), the Neoproterozoic Oxygenation Event (~800-540 Ma) and a mid-
Paleozoic oxygenation event (450-350 Ma) (Canfield and Teske, 1996;
Holland, 2002; Dahl et al., 2010; Wallace et al., 2017). The Neo-
proterozoic Oxygenation Event is particularly interesting because it is
associated with the appearance of the first metazoans during the Edia-
caran Period (635 to ~ 541 Ma) (e.g., Narbonne and Gehling, 2003).
However, the timing, nature and even existence of this Neoproterozoic
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rise in oxygen is often debated. Traditional models suggest a monotonic,
stepped rise in atmospheric oxygen (e.g., Holland, 2006; Shi et al.,
2022). A less linear rise, punctuated by multiple short-lived oxygenation
events has also been proposed (e.g., Lyons et al., 2014; Sahoo et al.,
2016; Tostevin and Mills, 2020). The timing of the initiation of Neo-
proterozoic oxygenation is also poorly constrained, with some evidence
suggesting a Tonian atmospheric oxygenation event (Cole et al., 2016).
However, it is likely that Neoproterozoic marine oxygenation was highly
temporally and spatially heterogeneous (Reinhard et al., 2016). It ap-
pears that dominantly anoxic shallow marine conditions persisted into
at least the Late Cryogenian (e.g. Hood and Wallace, 2015; O’Connell
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et al., 2020), and much of the deep oceans may have remained largely
anoxic well into the Phanerozoic (Sperling et al., 2015, Wallace et al.,
2017).

The evolutionary appearance of the Ediacaran biota has focussed
much attention on the Ediacaran record of oxygenation. Enrichment of
redox-sensitive metals in black shales in South China has provided evi-
dence for an earliest Ediacaran (post-Marinoan) oxygenation event
(Sahoo et al., 2012, 2016) and lends credence to the suggestion that
post-glacial weathering (with consequent marine phosphorus influx)
may have kick-started Ediacaran oxygenation and metazoan evolution
(Hoffman and Schrag, 2002; Planavsky et al., 2010; Sahoo et al., 2012).
In addition, widespread redbeds and various geochemical evidence is
suggestive of oxygenation in the mid-Ediacaran, just prior to the
appearance of the Ediacaran biota (e.g. Fike et al., 2006; Hardisty et al.,
2017; Song et al., 2017; Zhang et al., 2019). However, on some conti-
nents, there is a distinct lack of evidence for Ediacaran oxygenation
(Johnston et al., 2013; Kunzmann et al., 2015) and it has been suggested
that the South China data might be anomalous and not supportive of a
global, early Ediacaran oxygenation event (Johnston et al., 2013; Miller
et al., 2017). Therefore, there is significant ambiguity regarding Edia-
caran oxygenation and its effect on the evolution of multicellular
metazoans (Ostrander, 2023).

Objections to an earliest Ediacaran oxygenation event have been
largely based on the absence of evidence for this oxic episode globally
(Johnston et al., 2013; Kunzmann et al., 2015; Miller et al., 2017). More
generally, there is evidence from a variety of paleoredox proxies that
points to the Ediacaran deep oceans not being well oxygenated (Dahl
etal., 2010; Sperling et al., 2015; Wallace et al., 2017). Here, we analyse
the sedimentology, stratigraphy and geochemical composition of cap
carbonates and shale from the early Ediacaran Nuccaleena and Brachina
formations across the Adelaide Superbasin to constrain marine redox
conditions immediately following the Marinoan glaciation. This strati-
graphic interval was deposited in deep subtidal (but not abyssal) con-
ditions characterised by turbiditic and hemipelagic sedimentation. The
evidence presented here indicates a period of oxic continental margin
marine conditions following the end of the Marinoan glaciation.

2. Geological context

The Flinders Ranges of South Australia comprise the uplifted
northern part of the Adelaide Superbasin, historically known as the
Adelaide Geosyncline (Preiss, 1987; Fig. 1). This sedimentary succession
of Neoproterozoic to early Paleozoic mixed carbonates and siliciclastics
unconformably overlies the mid-Proterozoic crystalline basement.
Deposition began ca. 830 Ma, during the rifting that preceded the break-
up of Rodinia, and a nearly complete archive of Neoproterozoic sedi-
mentation is preserved (Coats and Blissett, 1971; Preiss, 1987). The
succession is exposed in a fold belt orientated north-south and the basin
is thought to have deepened both to the north and also to the southeast
(e.g., Preiss, 1987; McKirdy et al., 2001). The Adelaide Superbasin is
divided into several structural domains, with the North Flinders Zone,
Central Flinders Zone, and northern part of the Nackara Arc making up
the Flinders Ranges (Preiss, 1987). Neoproterozoic strata are divided
into four units: the Callanna Group and Burra Group, encompassing the
Tonian strata, the Umberatana Group, consisting of the Cryogenian
strata including deposits from both Neoproterozoic glaciations, and the
Wilpena Group, made up of the Ediacaran strata (Preiss et al., 1998).

The Nuccaleena and Brachina formations make up the lower part of
the Ediacaran Wilpena Group (Fig. 2) (Dalgarno and Johnson, 1964).
These units overlie the Elatina Formation of the Yerelina Subgroup,
which is the uppermost unit of the Umberatana Group, and represents
the Marinoan glaciation in the Central and Northern Flinders Ranges.
The age of the Marinoan glaciation and onset of cap deposition is poorly
constrained in the Adelaide Superbasin but estimated to be approxi-
mately 636 Ma from correlation to the Marinoan glacial deposits in
Tasmania, Australia (Calver et al., 2013). This estimate is derived from
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Fig. 1. General map of the Adelaide Superbasin region. Green area represents
distribution of Neoproterozoic strata. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

an age of 636.41 + 0.45 Ma that was obtained from U-Pb dating of
zircons within in the uppermost Marinoan Cottons Breccia in King Island
(Calver et al., 2013). The duration of cap carbonate deposition is
contentious, with estimates ranging from thousands to millions of years.
Shorter estimates are made based on the high sedimentation rates
assumed for the original Snowball deglaciation model, whereas longer
estimates are from paleomagnetic data recording magnetic reversals in
the Marinoan cap carbonates in Brazil, Oman and Australia (e.g., Hoff-
man and Schrag, 2002; Trindade et al., 2003; Kilner et al., 2005; Raub
et al., 2007; Hoffman and Li, 2009; Font et al., 2010; Fairchild et al.,
2023). Very few age constraints exist for the overlying Ediacaran strata
in the Flinders Ranges. Samples from the Brachina Formation have been
dated as 601 + 68 Ma using the Rb-Sr system, though it has been
determined that this date has been partially reset (Webb, 1981). The
mid-Ediacaran Bunyeroo Formation hosts a horizon of ejecta from the
Acraman Impact, the age of which is loosely estimated as ca. 593 + 32
Ma by Rb-Sr shale dating (Compston et al., 1987).

The Nuccaleena Formation marks the base of the Ediacaran Period
and beginning of post-glacial transgression, overlying the Marinoan
glacial deposits of the Elatina Formation (Knoll et al., 2006). The Elatina
Formation typically appears as a pink-red pebbly sandstone, and usually
has a relatively sharp contact with the overlying cap carbonate (Preiss,
1987). The Nuccaleena Formation is described as a thin, pink-yellow
laminated dolomite, ranging in stratigraphic thickness from less than a
metre to 33 m (Preiss, 1987). It is laterally continuous throughout nearly
the entire Flinders Ranges. The Nuccaleena Formation contains features
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Fig. 2. Generalized stratigraphy of the Neoproterozoic succession in the Flinders Ranges.

typical of Marinoan cap carbonates globally including graded beds,
sheet cavities with fibrous cements, antiformal structures—which are
referred to as teepees or giant wave ripples—and flute marks (Kennedy,
1996; Rose and Maloof, 2010; Wallace et al., 2019). This formation also
preserves a negative carbon isotope excursion at its base, which is var-
iably expressed across the Adelaide Superbasin (Rose and Maloof,
2010).

The Brachina Formation conformably overlies the Nuccaleena For-
mation cap carbonate in the southwestern and central Flinders Ranges
(Preiss, 1987). The transition between these units is characterized by an
interval of interbedded nodular dolomites and shales, where carbonate
content gradually decreases upwards. The Brachina Formation is
composed mostly of thinly bedded siltstones with minor shale and fine-
grained sandstone and is typically over a kilometre in stratigraphic
thickness. The unit gradually coarsens upwards and is overlain by the
ABC Range Quartzite in the central Flinders Ranges. The Moolooloo
Siltstone Member at the base of the Brachina Formation is described in
its type section in the Central Flinders Ranges at Moolooloo Station as

approximately 500 m of olive-green siltstone overlying 100 m of red
siltstone (Dalgarno and Johnson, 1964; Leeson, 1970; Plummer, 1978a;
Preiss, 1987). The equivalent of the Brachina Formation in the northern
Flinders Ranges is named the Ulupa Siltstone and is described as green,
grey, and locally purple shales (Mirams, 1964). The Ulupa Siltstone also
occurs in the eastern and southeastern parts of the Nackara Arc.

3. Methods

Stratigraphic sections of the Nuccaleena and Brachina formations
were measured from twelve localities across the Central and Northern
Flinders Ranges, South Australia (Fig. 3). Sheet cavities with fibrous
dolomite cements were collected from seven localities of the Nuccaleena
Formation, with attempts to target the thickest cement crusts. Brachina
Formation shale and siltstone samples were collected from twelve lo-
calities throughout the Central and Northeastern Flinders Ranges, with
sampling intervals of 1.5 to 3.0 m. Shales were collected only from areas
with consistent lateral coloration and minimal indications of post-
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Fig. 3. Map of shale colour at contact between Nuccaleena Formation and
Brachina Formation. Map modified from Rose and Maloof (2010) and Preiss
(2000). Sampled localities are marked: EG = Emu Gap; PG = Parachilna Gorge;
IQ = Ivy Queen Mine; CG = Mount Chambers Gorge; DH = Dunbar Hut; NG =
National Park Gate; WN = Wortupa Well North; CC = Crowbar Spring Creek; IC
= Idninha Creek; KC = Korrowilya Creek; LG = Lame Horse Gully.

depositional alteration (e.g., non-stratigraphic colour changes, recent
weathering, veining, faulting). Stratigraphic sections were measured
using a Jacob’s staff through the basal red unit-where present-and
several tens of metres into the overlying olive-green unit. Four sheet
cavity cement localities were chosen for high-resolution geochemical
analysis, with two locations from the central Flinders Ranges (Mount
Chambers Gorge: CG and Ivy Queen Mine: IQ), where the Nuccaleena
Formation is overlain by red shales, and two from the northern Flinders
Ranges (Korrowilya Creek: KC and Lame Horse Gully: LG), where it is
overlain by green shales (Fig. 3).

Cathodoluminescence microscopy was undertaken at the University
of Melbourne using a Nuclide ELM2B Cathodoluminoscope attached to a
Wild M400 Photomacroscope operating at 8-10 kV with a ~ 0.6 mA
beam current. Laser ablation analyses were carried out on 100-200 pm
thick sections that were cut from the same blocks that thin sections were
made. Trace element concentration measurements were done by laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at
the University of Melbourne, using a Helex 193 mn ArF excimer laser
ablation system is connected to Agilent 7700x quadrupole ICP-MS. Prior
to analysis, all samples were observed under cathodoluminescence to
avoid diagenetic alteration, microfractures, etc. Following laser abla-
tion, the samples were examined to determine if the ablation spot was
correctly located.

Operating conditions for laser ablation analysis included a laser
repetition rate of 10 Hz and an ablation time of 60 s with spot size of 100
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pm. Data were reduced by Iolite Software (Paton et al., 2011) using the
Trace Elements Data Reduction Scheme (Woodhead et al., 2007). Cal-
cium was used as an internal standard element, using the calculated
stoichiometric concentration for dolomite. Outliers were rejected at the
=+ 2 SD level. Limits of detection for the rare earth elements and yttrium
(REEYs) were typically in the sub-ppb range. Internal precision (2-sigma
error) for samples was generally less than &+ 10 %. External reproduc-
ibility is reported as less than + 1.6 % (2SD, n = 44) based on repeated
NIST SRM612 standard measurements.

REE data are normalized to Post-Archean Australian Shale (PAAS;
McLennan, 1989). The Eu anomaly was calculated as Eugy/Eu*gy = (2*
[Eulsn) / ([Smlsy + [Gdlsy) (McLennan, 1989). The Ce anomaly is
quantified as Cegn/Ce*sy = [Celsn / (([Pr]SN)Z/ [Nd]sn) (Lawrence et al.,
2006). Middle rare earth element (MREE) enrichment is expressed as the
ratio Sm,/Yb, and light rare earth element (LREE) enrichment is
expressed the ratio of Nd,/Yb,,.

For colorimetry analysis, shale samples of the Brachina Formation
were drilled on a fresh surface to acquire enough powder to evenly coat
a 6.25 cm diameter tray. Colour measurements were performed on the
powdered sample using a Konica-Minolta Chroma-Meter CR-410 color-
imeter, which provides measurements of the absorbance of light (L*),
the absorbance of red (a*) and the absorbance of yellow (b*). Positive
values of a* represent red colours and negative values represent green
colours. The absorbance of red (a*) can be used as a qualitative estimate
of the hematite content of the sample.

4. Results
4.1. Distribution of sheet cavities

Sheet cavities are not always present within the Nuccaleena For-
mation but were observed at several localities across the Flinders Ranges
(Ivy Queen Mine, Dunbar Hut, Mount Chambers Gorge, Crowbar Spring
Creek, Idninha Creek, Korrowilya Creek, and Lame Horse Gully) (Fig. 3).
Rose and Maloof (2010) also recorded sheet cavities at their Billy
Springs locality in the Mt. Fitton region of the northern Flinders Ranges.
Only four localities from this study had fibrous cements that were well
preserved and thick enough for laser ablation analysis. From south to
north, these four localities are Ivy Queen Mine (IQ), Mount Chambers
Gorge (CG), Lame Horse Gully (LG) and Korrowilya Creek (KC) (Fig. 3).

Sheet cavities observed in this study are erratically distributed across
the central and northern Flinders Ranges. The most laterally expansive
outcropping of sheet cavities documented in this study occurs in Lame
Horse Gully to Korrowilya Creek localities in the Northern Flinders,
where the sheet cavities appear to be well developed over a significant
lateral extent (kilometers). However, the Ivy Queen Mine locality in the
Central Flinders has the most intense development of sheet cavities with
the thickest fibrous cements. At this locality, sheet cavity development is
restricted to the immediate vicinity (within 500 m) of the Oratunga
Diapir. Away from the diapir, sheet cavities are completely absent
within the Nuccaleena Formation. At Chambers Gorge, sheet cavities
and fibrous cements of the Nuccaleena Formation are well-developed
over a lateral distance of several kilometers, however, sheet cavity
development is not uniform. At this locality, the cavity systems and
fibrous cements appear to be better developed where the cap dolomite is
thinner and more condensed. At Dunbar Hut, sheet cavities are similarly
better developed where the Nuccaleena Formation is thinner.

4.2. Cement petrology

The sheet cavities in the Nuccaleena Formation are limited to the
lower part of the unit, as is the case globally (Kennedy, 1996; Hoffman,
2011). The cavities are parallel to bedding, typically millimetres to
centimetres thick, and can extend laterally for decimetres to metres.
They are generally lined with isopachous crusts of fibrous dolomite
cement up to a few millimetres thick. The final phase of cements consists
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of either coarsely crystalline carbonate or silica, which directly overlie
fibrous dolomite cements. Internal sediments of fine-grained dolomite
are commonly present and such sediments may occur at the base of
cavities underlying the fibrous cements or may overlie fibrous dolomite
cements (e.g. Fig. 4C).

The fibrous cements that fill the cavities in the Nuccaleena Forma-
tion generally have a radial-fibrous texture with straight extinction and
rhombic crystal terminations (Hood and Wallace, 2018). The IQ samples
are mainly radial-fibrous but also contain some fascicular-optic cements.
All of the fibrous cements are optically length-slow. Some sheet cavities,
particularly at the Chambers Gorge locality (CG), have fibrous cements
which are strongly zoned in plain light. The cements are typically rich in
inclusions but contain some inclusion-poor bands that follow the
rhombic crystal growth. Cements from the southern localities (IQ and
CG) tend to be more inclusion-rich than those in the north (KC and LG).

Cathodoluminescence (CL) microscopy shows that there are signifi-
cant differences in luminescence character between sheet cavity ce-
ments from the four localities. Bright luminescence is characteristically
indicative of high Mn content, whereas Fe quenches luminescence and,
consequently, cements with high concentrations of Fe are typically
expressed as dull-luminescent (Barnaby and Rimstidt, 1989).

The IQ fibrous cements variably show a thin zone of red lumines-
cence along the cavity margin or in the early part of the cement crust
(Fig. 5D). This red luminescent cement commonly has a diffuse or
mottled character, but occasionally it is characterized by several thin
bright-luminescent zones. Following this, the majority of fibrous ce-
ments are uniformly non-luminescent (Fig. 5D). The latest generation of
fibrous cements are brightly luminescent with a mottled appearance.
Fractures in the cements also appear bright red luminescent.

The Mount Chambers Gorge (CG) sheet cavities are generally either
brightly- or non-luminescent and display strong zonation (Fig. 5B).
Some cements from this locality have a patchy mottled luminescence.
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The Lame Horse Gully (LG) and Korrowilya Creek (KC) cements have a
similar character. Both sample sets can have well-developed sheet cav-
ities lined with crusts of fibrous dolomite cement (Fig. 4B). The crusts
are typically several millimetres thick. The cements show non- to bright-
cathodoluminescence zoning, with KC samples often having a slightly
more mottled appearance.

4.3. Contamination and alteration

Due to the low concentrations of trace elements in marine carbon-
ates, the primary marine geochemical signature can be easily eclipsed by
any silicate or oxide detrital material that may be present. By using
fibrous dolomite cements of the Nuccaleena Formation, rather than
detrital sediment, this detrital contamination can be largely avoided. In
addition, the cements were examined under cathodoluminescence to
identify the least-contaminated and least-altered areas, which were then
targeted for geochemical analysis. Concentration cutoffs of Al (<100
ppm), Th (<0.5 ppm), and total rare earth element concentration: REEo
(<10 ppm) were used to screen out measurements that were likely to
have been contaminated with non-carbonate material (Fig. 6).

Cathodoluminescence microscopy of the fibrous cements showed
that fine-scale compositional zonation has been preserved (Fig. 5B),
which serves as an indication that the cements have not undergone
significant alteration or recrystallisation. Furthermore, the rare earth
elements are a relatively robust paleoproxy and are unlikely to be
altered during diagenesis, particularly when the Fe and Mn zonation (e.
g. visualised under CL) has not been affected (Banner and Hanson,
1990).

4.4. Major and trace element concentrations

The fibrous cements of the Nuccaleena Formation vary

Fig. 4. Sheet cavities in the Nuccaleena Formation. A: Outcrop photograph at Mount Chambers Gorge (CG). B: Outcrop photograph at Lame Horse Gully (LG). C:
Thin section photomicrograph in cross-polarized light of a sheet cavity from Ivy Queen Mine (IQ). IS = internal sediment. D: Thin section photomicrograph in plane

polarized light.
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Fig. 5. Plane polarized light (PL) and cathodoluminescence (CL) photomicrographs of sheet cavity cements of the Nuccaleena Formation. White arrows in A and C
indicate growth direction of the cements; perpendicular line at base of arrows marks the margin of the cavities. A: PL, Mount Chambers Gorge. B: CL, Mount
Chambers Gorge, showing finely zoned cements near the centre of the sheet cavity and more mottled cements near the margin. C: PL, Ivy Queen Mine. D: CL, Ivy

Queen Mine.

geochemically from south to north, across the Flinders Ranges (Fig. 7).
Metal concentrations are generally lowest in the Ivy Queen (IQ) locality
compared to higher values in more eastern localities (CG) and highest in
northern localities (KC and LG). The lowest Fe concentrations occur in
IQ samples (n = 38), with a mean value of 842 + 688 ppm (Fig. 7). Fe
increases slightly at CG (n = 28; mean 1315 + 676 ppm), and is highest
at KC (n = 7) and LG (n = 36) (means of 2400 + 472 ppm and 2883 +
2450 ppm, respectively).

Similarly, Mn concentrations are lowest in IQ samples, with a mean
of 242 + 228 ppm, but are notably higher in CG samples with a mean of
961 + 702 ppm. KC and LG have Mn concentrations of 504 + 188 ppm
and 691 + 767 ppm, respectively. Co concentrations show covariance
with Mn concentrations (Fig. 8), and are highest in CG (mean of 3.9
ppm), followed by IQ (mean of 1.0 ppm), then lowest in KC and LG
(means of 0.4 and 0.5 ppm, respectively).

The chalcophile elements-Zn, Pb, and Cd-are, on average, lowest in
IQ samples (southernmost locality) with means of 16.8 ppm, 1.16 ppm
and 0.22 ppm, respectively. Mean concentrations for these elements are
variably higher in the more northern localities. Ba and Sr concentrations
are both significantly lower in IQ and CG samples when compared to KC
and LG, with the difference being more pronounced in Ba. The mean Ba
concentrations in IQ and CG are 4.0 + 3.6 ppm and 1.7 + 0.4 ppm,
respectively, and in KC and LG are 9.0 £+ 4.9 ppm and 21.7 + 6.8 ppm
respectively.

U concentrations are highest in IQ samples (Fig. 8), with a mean
concentration of 0.9 + 0.4 ppm. CG, LG, and KC have means of 0.3 +
0.3 ppm, 0.4 + 0.2 ppm, and 0.5 + 2 ppm respectively.

4.5. Rare earth element geochemistry

Shale-normalised rare earth element profiles of the Nuccaleena
Formation are quite variable between localities (Fig. 9). Variability is
also recorded within individual samples, with REE profiles of the fibrous

cements showing gradual changes from earliest cements along the cavity
margin, towards later cements in cavity centres (Fig. 10). The average
Ivy Queen normalised cement profile (4 samples, 21 spots analysed)
shows LREE depletion, a negative Ce anomaly (mean Ce/Ce* = 0.80)
and a positive Y/Ho ratio. Moving through the cement crust from the
cavity margins, IQ shows a progressive depletion in REE concentration,
relative enrichment in MREE (mean Sm/Yb = 2.26 + 1.24) and gradual
depletion in HREE. Strongly negative Ce anomalies are only present in
the earliest cements.

The Mount Chambers Gorge average normalised profile (5 samples,
19 spots) shows enrichment in MREE (mean Sm/Yb = 2.52 + 1.24), a
slight positive Ce anomaly (mean = 1.11) and a high Y/Ho anomaly. The
Y/Ho ratio is highest in the earliest cements and decreases through the
cement crust. Additionally, the HREE become progressively depleted
moving inward from the margins.

The shale-normalised REE profiles of Korrowilya Creek (KC) (2
samples, 8 spots analysed) and Lame Horse Gully (LG) (5 samples, 27
spots analysed) are very similar. Both average profiles appear relatively
flat with only a minor MREE enrichment (mean Sm/Yb = 0.87 + 0.62
and 1.39 + 0.80 respectively), but with pronounced Eu (mean = 1.394
and 1.348) anomalies and strong Y/Ho ratios. The LG cements become
more REE depleted and show progressive HREE depletion and a weaker
Y/Ho ratio through the later parts of the cement crust.

4.6. Shale colour distribution

The transition from the Nuccaleena Formation to the Brachina For-
mation is characterised by gradually increasing shale content and
decreasing carbonate content. This transitional shale, and the lower
shale and silt of the Brachina Formation is consistently red-coloured in
the Central Flinders Ranges. The stratigraphic thickness of the red shale
decreases to the north and becomes grey-black or more commonly
green-coloured in the Northern Flinders Ranges (Fig. 3). The lithology of



K.G. Lamothe et al.

10° -
f o e e e — = e
' m A
) I i T
10 3 ":.
F P e
00 | ¥
— 3 * |
£ i :
(=3 [ = KC 0%
& 103 k ..;3 :
< E | A LG o
- F ’A !
0 | | *CO :
g ° X
e |Q :
10-5 I I I : L
10° 103 10* 10* 10°
Al (ppm)
10
A *
91| =kKe
8 | A g
A LG
7 o
* &
% 6 | G ‘-.’ o *
| ] 3 *
mos |l et
e 4 ° . ot
i Be™ ¢
3} AR e
2 - ﬁ A
i T7\"
N A.A4.§O<§ .
°. . A Fy AL
0 L ] .h‘ﬁ otet ..
0.0 0.5 1.0 15 2.

Ce/Ce*

Precambrian Research 409 (2024) 107433

10? -
1
[ ! e
10! bo-mmmmmm oo 4 iy Y
F * R:
[ '
10° f * N N :
— . g ]
E 101 3 ..~ :
Q F ° !
2 102 | = KC o :
w i s
w | 4 LG ° '
e 103 |
E | » CG '
104 | :
[ ] |Q '
1
10° 103 101 10! 10°
Al (ppm)
10*
= KC
A *
100 F| 4 LG
A
+ CG o °n
_ ° L
£ 2L e m ¢
s 10 1Q . L < . [
2 - . "z:gﬁ
_— L] Ly T
< e © Se .ﬁ: o ..
10' ¢ %o Lo
R o & o
° *
100 L L L
0.0 0.5 1.0 1.5 2.0
Ce/Ce*

Fig. 6. Th vs. Al, REEt vs. Al, REEr vs. Ce anomaly, and Al vs. Ce anomaly for Nuccaleena Formation marine cement analyses. Th vs. Al and REEy vs. Al show
contamination cut-off thresholds; data points above these thresholds were not used. REEr vs. Ce anomaly and Al vs. Ce anomaly plots show no covariance,
demonstrating that Ce anomalies seen in the data set are unlikely to be related to contamination. CG = Mount Chambers Gorge; LG = Lame Horse Gully; IQ = Ivy

Queen Mine; KC = Korrowilya Creek (see Fig. 3).

this interval also varies from south to north, with the southern localities
having abundant thin siltstone-fine sandstone beds. These coarser beds
gradually disappear northwards, with the northernmost localities being
dominated by shales (also observed by Plummer, 1978a).

The red coloured shale or siltstone at the base of the Brachina For-
mation has been defined as the lower portion of the Moolooloo Siltstone
Member (Leeson, 1970). Its thickness is variable, being documented as
approximately 100 m in its type section at Bitter Springs Creek (Preiss,
1987). Sections measured in this study show the red unit to be gradually
thinning to the north until it ultimately disappears (Fig. 3). In addition to
the red unit thinning, the measured redness of the unit (a*) systemati-
cally decreases moving northward (Fig. 11). This red/green transition
can also be observed regionally on satellite imagery (Fig. 12).

One section from the northern Flinders Ranges (NP) did not precisely
follow this pattern, showing a thin red shale unit approximately 10 m
thick overlying the Nuccaleena Formation (Fig. 11). However, this lo-
cality, National Park Gate (NP), is located on the eastern side of the
major Paralana Fault, where it is likely that significant sinistral
displacement has occurred (Preiss, 1987).

The basal-Ediacaran red beds are not the first red beds to occur in the
Adelaide Superbasin. The Angepena Formation in the northern Flinders
Ranges, deposited during the Cryogenian interglacial interval, is a very
consistently red-coloured unit that records an oxic peritidal depositional
environment influenced by flooding by ferruginous seawater (Preiss,
1987; O’Connell et al., 2020). The Amberoona Formation in the

northeastern Flinders Ranges, also deposited during the Cryogenian
interglacial interval in a subtidal (but still shallow) marine environment,
is typically grey-green in colour but has localized red-coloured facies
(Preiss, 1987). Therefore, though Cryogenian red sediments are present
in the Adelaide Superbasin, they tend to be either deposited in
nearshore-shallow environments or more localized. In comparison the
red shales at the base of the Brachina Formation are widespread across
the Central Flinders Ranges, thinning to the north (Fig. 3).

5. Discussion
5.1. Origin of sheet cavities and fibrous dolomite cements

Sheet cavities or “sheet cracks” that are partially filled by fibrous
dolomite cements have been described from many Marinoan cap dolo-
mite successions globally (e.g. Plummer, 1978b; Kennedy et al., 2001;
Jiang et al., 2006; Corkeron, 2007; Hoffman and MacDonald, 2010). The
fibrous dolomite cements from the Nuccaleena Formation are radial
fibrous and optically length-slow, consistent with a primary dolomite
mineralogy (Hood and Wallace, 2012, Hood and Wallace, 2018). Pre-
served primary growth zonation within the cements under cath-
odoluminescence (most striking at Mount Chambers Gorge locality,
Fig. 5B) also suggests that the primary chemistry has been preserved.
The observation of dolomite internal sediments that overlie the fibrous
cements (e.g. at the Ivy Queen locality, Fig. 4C) suggests precipitation
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within the marine environment (Wallace et al., 2019).

Several origins have been suggested for the sheet cavities found in
Marinoan cap dolomites globally. Kennedy et al. (2001) proposed that
the sheet cavities, breccias, and tepees of Marinoan cap dolomites were
related to methane-associated cold-seep facies (Kennedy et al., 2001;
Jiang et al., 2003). Jiang et al. (2006) similarly suggested that sheet
cavities from the Doushantuo Formation cap dolomite were formed by
gas or fluid injection into a low permeability cohesive sediment. In
contrast, Hoffman and MacDonald (2010) suggested that the sheet
cavities were a result of pore fluid overpressure produced by sea level
fall that was associated with ice-sheet collapse. With a similar
regression-related scenario, Zhou et al. (2010) proposed that some cap
dolomites had been exposed subaerially and that cavities in the cap
dolomites were partially the result of karstification. Developing this
hypothesis further, Gan et al. (2022) suggested that sheet cavities in the
Doushantuo cap carbonate were entirely produced by karstic dissolu-
tion. Wallace et al. (2019) instead proposed that the sheet cavities may
be produced by marine cementation and the force of crystallization
during dolomite precipitation, causing de-lamination in partially-
cemented carbonates.

In terms of the suggested origins of the fibrous dolomite cements
globally, some earlier researchers suggested a cold-seep/methane
related origin for the fibrous cements (Jiang et al., 2003; 2006; Wang
et al., 2008). However, this was contradicted by later work indicating
that the light carbon isotope signature of some cap carbonates was
produced by a later hydrothermal/late diagenetic overprint (Bristow
et al, 2011). Shields (2005) suggested that dolomitization and

cementation of cap dolomites may have been related to a meltwater
plume (plumeworld hypothesis). However, with the advent of more
detailed petrological and geochemical work, there is now an emerging
consensus on the synsedimentary marine origin for many Neo-
proterozoic fibrous dolomite cements (e.g., Hood and Wallace, 2018;
Wallace et al., 2019; Hu et al., 2023). This interpretation is based on
(Hood and Wallace, 2018):

1. The fibrous and inclusion-rich nature of the cements is similar to
many Phanerozoic marine cements,

2. The observation of internal sediments overlying cements,

3. The length-slow optical character of the cements, which is consistent
with precipitation as primary dolomite,

4. The preserved primary cathodoluminescence growth zonation
within the cements.

Rose and Maloof (2010) categorized the sheet cavity-bearing dolo-
mites of the Nuccaleena Formation as being related to a particular facies
(silt ribbons and sheet crack cement facies). They suggested that the
sheet cavity facies is restricted to the Northern Flinders Ranges. How-
ever, here we have documented that well-developed sheet cavities also
occur within the central Flinders Ranges, as observed at the Ivy Queen
mine and Mount Chambers Gorge localities. Though sheet cavities have
previously been documented mainly in the north, it appears more likely
that local sedimentological factors control the development of sheet
cavities within the Nuccaleena Formation. From fieldwork, it appears
that the presence of local paleohighs is correlated with greater
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Mount Chambers Gorge; LG = Lame Horse Gully; IQ = Ivy Queen Mine; KC =
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development of sheet cavities. This observation is particularly evident at
the Ivy Queen Mine, where sheet cavities are only developed in close
proximity to the Oratunga Diapir. The Oratunga Diapir has evidence of
synsedimentary activity during the Cryogenian-Ediacaran (Lemon,
1988) and this may suggest that there was a local paleohigh in the vi-
cinity of the diapir. At other localities, sheet cavities tend to be better
developed where the Nuccaleena Formation is thinner (e.g. more
condensed), again consistent with the presence of a local paleohigh.
Hence, sheet cavities may be better developed where there is a

paleohigh that leads to condensation of the cap carbonate and slower
sedimentation rates. Slower sedimentation rates would be more
conducive to marine cementation and displacive crystallization (Wal-
lace et al., 2019).

5.2. South-North Paleodepth-Redox gradient

Beginning in the Late Cryogenian, there is a general paleogeographic
trend of deepening to the north and to the southeast within the Adelaide
Superbasin (Preiss, 1987; Fromhold and Wallace, 2012; McKirdy et al.,
2001; Rose and Maloof, 2010). The south to north deepening trend is
recorded in the central to northern Flinders Ranges. The late Cryogenian
Etina Formation of the Central Flinders Ranges is a shallow subtidal
carbonate unit (Preiss, 1973) that also displays evidence of deposition
within a tidal setting (Lemon, 1988). This unit is generally agreed to be a
lateral equivalent of the deeper subtidal Amberoona Formation of the
Northern Flinders Ranges (Preiss, 1987; Fromhold and Wallace, 2012).
Similarly, the Ediacaran ABC Range Quartzite of the Central and
Southern Flinders Ranges commonly contains herringbone cross-
stratification and mudcracks, indicative of shallow subtidal and inter-
tidal conditions (Preiss, 1987). The lateral equivalent of the Brachina
Formation and ABC Range Quartzite in the Northern and Eastern Flin-
ders Ranges is the Ulupa Siltstone, which consists of olive-green silt-
stones and has been interpreted as being deposited in a deep subtidal
setting (Preiss, 1987).

This south to north deepening trend is also consistent with the basal
lithologies observed in the Moolooloo Siltstone Member. The gradual
disappearance of siltstone and fine-sandstone beds in this unit north-
wards suggests a more basinward setting for the Northern Flinders
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Fig. 10. PAAS-normalised REE profiles of fibrous dolomite cements of the
Nuccaleena Formation at the IQ, CG and LG localities (Fig. 3).

Ranges (Plummer 1978a). The thin siltstone-fine sandstone beds of the
Moolooloo Siltstone Member, which are graded and contain flute casts,
have previously been interpreted as being deposited from traction cur-
rents (Plummer, 1978a). These event beds are now more logically
interpreted as thin-bedded turbidites deposited in a deep sub-wave base
setting. The disappearance of these beds northwards suggests a deeper
basinal setting (perhaps dominated by hemipelagic deposition) beyond
the reach of most turbidity currents for the Northern Flinders Ranges.
This deep water depositional setting for the Mooloolooo Siltstone
Member and Ulupa Siltstone is also consistent with stratigraphic and
sequence stratigraphic interpretations for the basal Wilpena Group
(Preiss, 1987; 2000; Dyson, 1992; 2002).

The very consistent south to north change in the colour of shales
overlying the Nuccaleena Formation directly correlates with the inter-
preted paleodepth gradient, with red shales being present in the
southern shallower turbidite facies and green/grey/black shales present
in the northern deep water facies. The colour change from red to green is
caused by the disappearance of finely dispersed hematite within the
shale in the northern facies. The simplest explanation for this correlation
between hematite presence/absence and paleodepth is the existence of a
Fe?" / Fe3* redox chemocline within the basin.

Below this redox chemocline, in the north, anoxic seawater condi-
tions mean that iron will be present as Fe?™ and remain in solution.
Above the chemocline, in the south, where more oxic conditions pre-
vailed, ferrous iron in the water column was oxidized to ferric iron
(Fe*") and precipitated as Fe oxyhydroxides, which can later convert to
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hematite. The absolute paleodepth of this interpreted chemocline is
difficult to estimate but must be in deep subtidal conditions, signifi-
cantly greater than storm wave base, as indicated by the total absence of
hummocky cross-stratification or any other oscillatory-flow-produced
structures (Harms et al., 1975), within the lower Moolooloo Siltstone
Member in the study area. The red/green shale transition occurs in the
Moolooloo Siltstone Member where it is dominated by shales and has no
turbiditic siltstone beds, suggesting that the chemocline was located
offshore from a turbidite fan and within a dominantly hemipelagic shale
facies. This observation further suggests a deep subtidal environment for
the Northern Flinders Ranges.

Major and trace element concentrations from the fibrous marine
cements of the underlying Nuccaleena Formation are also consistent
with a northward deepening trend across the basin. Iron concentrations
are lowest in the southern sections, IQ and CG, and increase to the north
in sections LG and KC. In shallower, more oxygenated environments
above the Fe?t / Fe®* redox chemocline, Fe is removed from solution as
Fe3™ and incorporated into Fe-oxyhydroxides precipitating from
seawater. In lower-O, environments, iron remains in solution as Fe?*
and becomes incorporated in marine carbonate precipitates. Hence, the
iron content of marine cements from the Nuccaleena Formation provides
direct evidence for the existence of a deep-water ferruginous water mass
overlain by a shallow oxic water mass.

The low levels of Mn and non-luminescent character of the marine
cements from IQ (southernmost locality) are also consistent with for-
mation in shallow oxic conditions where manganese is removed from
solution as Mn*" and precipitated as Mn oxyhydroxides.

At CG, high Mn concentrations together with strongly zoned bright
and non-luminescent cements indicates slightly less oxygenated condi-
tions around the Mn®* / Mn** boundary. The northern localities (LG and
KC) have moderate levels of manganese, indicating relatively reduced
marine redox conditions, where Mn2" is present in solution and can be
incorporated into carbonates.

Barium has significantly lower concentrations in the southern lo-
calities (IQ and CG). This observation is likely related to Ba reacting with
marine sulphate to form barite. Sulphate can be present under relatively
oxic conditions, again consistent with the shallower, more oxic setting
for the southern localities. The high Ba concentration in the northern
localities indicates an absence of dissolved sulphate, consistent with a
deeper water anoxic ferruginous setting. Sr concentrations behave
similarly to Ba concentrations, as Sr can also be incorporated into barite.

The significantly lower total REE concentrations found in the IQ
samples (southernmost locality) relative to the other three sample sets
further suggest that the Ivy Queen mine locality represents an oxic
environment where precipitating Mn-Fe oxyhydroxides have scavenged
REE (Fig. 6) (De Baar et al., 1988). This REE depletion is not seen in CG
samples, so it is likely that the Mount Chambers Gorge locality repre-
sents an environment much closer to the Mn redoxcline, where Mn-Fe
oxides are cycling between precipitation and dissolution. IQ and CG
(southern localities) also show an enrichment in Co that is consistent
with a shallow, oxic depositional environment (Fig. 8). This enrichment
is particularly strong in CG samples, which is consistent with CG being
near the Mn?"/Mn*" chemocline, as Co has a strong affinity for Mn
oxyhydroxides, seen by the covariance of these elements (Calvert and
Pedersen, 1993; Hood and Wallace, 2015). Uranium concentrations are
highest in IQ (southernmost locality), which is also consistent with an
oxic setting, as U is soluble in its oxidised state (VI) and insoluble in its
reduced state (IV) (Langmuir, 1978).

Zn, Pb and Cd have lower concentrations within cements from the
southernmost (IQ) locality and are generally higher in more northward
localities (being most elevated at CG). The distribution of these chal-
cophile elements somewhat follows Mn, and this may suggest that these
elements are associated with Mn oxyhydroxides, perhaps being released
to solution when Mn oxyhydroxides are dissolved below the Mn?*/Mn**
chemocline. The elevated values for these elements in the northern lo-
calities suggest that the seawater conditions were not euxinic, because
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these elements have a strong affinity for reduced sulphur and would
precipitate as sulphides if any were present. A comparison between
marine cement data from the Nuccaleena Formation and the Beck Spring
Formation of Death Valley, USA, which is interpreted as having depos-
ited in a euxinic environment, shows stark geochemical differences
(Fig. 13). The Beck Spring Formation shows low Fe and chalcophile
element (Co, Cu, Pb, Zn) concentrations, suggesting that precipitation of
sulfide minerals may have scavenged these elements from solution
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(Shuster et al., 2018). Nuccaleena Formation marine cements have
markedly higher Fe, Zn, and Cu concentrations, and appear geochemi-
cally similar to those from the Balcanoona Formation of the Cryogenian
interglacial interval in the Flinders Ranges, the depositional conditions
of which has been interpreted as suboxic to ferruginous.

Averaged REE profiles from all sheet cavity localities are also broadly
consistent with the degree of seawater oxygenation decreasing from
south to north (Fig. 9). The southernmost locality, IQ, shows an
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averaged normalised REE profile with a distinct negative Ce anomaly.
Unlike most other rare earth elements, Ce is redox-sensitive. When
oxidized to its tetravalent state, Ce becomes insoluble and is removed
from seawater, typically through adsorption onto Mn oxyhydroxides
(Moffett, 1994). This results in the Ce concentration of oxic seawater
being lower relative to the neighbouring REE, La and Pr (German and
Elderfield, 1990). A negative Ce anomaly in IQ marine cements is
therefore consistent with oxic seawater conditions. The cements from IQ
also have a depletion in light rare earth elements, and most closely (of
the cements studied here) resemble Phanerozoic REE profiles from oxic
marine water (Kamber, 2010).

Both IQ and CG (southern localities) averaged REE profiles also show
enrichment in middle rare earth elements (MREE). Middle rare earth
element enrichment can be indicative of a transition to more reducing
seawater conditions, because under reduced conditions, Mn-Fe oxy-
hydroxides will dissolve and preferentially release MREE. This cycling
occurs around the Mn-Fe redoxcline where conditions shift from oxic to
anoxic (Bau et al., 1997). This explanation is consistent with Mn data
from CG which also showed Mn peak concentrations and strong bright-
non CL zonation, likely suggesting precipitation at the Mn?"/Mn**
redoxcline. The slightly positive Ce anomalies from CG are also consis-
tent with this locality being located close to the Mn?*/Mn** redoxcline.
In contrast, averaged REE profiles from the two northernmost sections,
LG and KC, show positive Eu anomalies and relatively flat REE profiles
(i.e. they are not light REE depleted). Release of Eu’" is a product of
feldspar alteration at high temperatures, and as a result is commonly
assumed to be associated with hydrothermal fluids (Bau, 1991). Eu is
redox sensitive and in oxic conditions will quickly be converted to its
trivalent form, Eu3+, and adsorb to Mn-Fe oxyhydroxides (Bau, 1991). In
anoxic waters, however, Eu?* can stay in solution and result in positive
Eu anomalies (Kamber and Webb, 2001). The presence of positive Eu
anomalies and lack of any Ce anomaly in the northernmost, deeper
sections is therefore consistent with the existence of an anoxic and fer-
ruginous deep water mass in this ocean basin. Overall, these deeper
water localities have REE profiles that resemble previously described
Tonian and Cryogenian marine profiles (e.g., Hood and Wallace, 2015;
Shuster et al., 2018).

The northwards deepening of the basin, and associated increase in
the extent of anoxic marine conditions is also reflected in the carbon
isotope signature of the Nuccaleena Formation. A compilation of carbon
isotope profiles through this unit throughout the Central and Northern
Flinders Ranges shows a general trend of 8'°C average composition
becoming slightly more negative to the north (Fig. 14) (data from Rose
and Maloof, 2010; Rose, 2012). In modern oceans, primary production
of organic matter in the photic zone preferentially extracts 2C from
marine water and this is later released into deeper waters when the
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Fig. 14. Carbon isotope data from Rose (2012). Sections are labelled with
nearest matching locality from this study, and were collected from the same
general region within a few kilometres.

organic matter is dissolved. This produces a 1-2 %o depth gradient in
5!3C in the well-oxygenated and mixed modern ocean (Kroopnick,
1985). This “biological pump” may explain the slight gradient observed
from south to north in the Nuccaleena Formation.

Sedimentological evidence from the many units in the Adelaide
Superbasin indicate that the depositional environment was deepening to
north during the early Ediacaran. Marine cement geochemistry from the
Nuccaleena Formation shows a distribution of redox-sensitive trace el-
ements, including Fe, Mn, U, Co, Cu, Zn, Pb, Ba, and Cd, and REE profiles
indicating that the southern sections were dominated by oxic environ-
ments, while the northern sections were anoxic (Fig. 15). The colour of
overlying Brachina Formation shales supports this interpretation, with
red, iron-oxide-rich shales in the south and green shales in the north.
Combining the sedimentological and geochemical evidence indicates
that the southern and northern localities were deposited in shallower
oxic and deeper anoxic-ferruginous settings, respectively.

5.3. Temporal variation in redox geochemistry

The spatial trends in lithology, REE patterns, trace elements, and
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(sub)oxic

Fig. 15. Summary of trace element concentrations by relative depth, as
controlled by redox conditions. See Fig. 3 for localities CG = Mount Chambers
Gorge; LG = Lame Horse Gully; IQ = Ivy Queen Mine; KC = Korrowilya Creek).

513C paint an overall picture of more oxygenated, shallow conditions to
south and anoxic-ferruginous, deeper conditions to the north. However,
there is also significant temporal variability in REE profiles within
cement crusts in individual samples (Fig. 10).

In the shallow, southern-most localities, IQ samples show the stark-
est change between early marine cement REE profiles and mid to late
parts of the fibrous marine cement crust. Early cement analyses show
normalised REE profile shapes similar to modern seawater (e.g.
compilation in Kamber, 2010), with a pronounced negative Ce anomaly
and positive Y anomaly, as well overall HREE enrichment. This result
suggests that the seawater these early cements precipitated from was
likely oxic. REE profiles of fibrous cements further into the cavities at
this locality show a strong MREE enrichment and the disappearance of
the Ce and Y anomalies. This MREE enrichment is most likely to be
related to Fe-oxyhydroxide dissolution, suggesting that the later fibrous
cements formed under less oxic fluid conditions than the earliest fibrous
cements.

The CG locality shows less drastic changes in shale-normalised REE
profiles, but with a similar trend to that seen at IQ. Early marine cements
show a slight negative Ce anomaly that is not present further into the
fibrous cement crust, suggesting an early, short-lived period of
oxygenation during precipitation. The Y anomaly becomes less promi-
nent in later fibrous cements as well, which could also be a function of
redox conditions. Ho is preferentially adsorbed onto Mn-Fe-
oxyhydroxides relative to Y, resulting in a higher Y/Ho ratio under
oxic conditions (Bau et al., 1997). Under anoxic conditions, when Mn-
Fe-oxyhydroxides begin to dissolve, relatively higher amounts of Ho
are released and the Y/Ho ratio will decrease (Bau et al., 1997; Wallace
et al., 2017).

In the deeper northern parts of the basin, the LG marine cements
show the Eu anomaly as more pronounced and Y/Ho as less pronounced
towards the centre of the cavity, which suggests a shift to increasingly
anoxic fluids during cementation. The absence of a negative Ce anomaly
even in the earliest cements suggests a comparatively less oxygenated
environment than the previous two localities. This interpretation is also
supported by the gradual decline in HREE enrichment moving from
early to later part of the marine cement crust.

There are two possible factors that could be contributing to the
apparent decline in oxidation state through the marine cement crusts
observed at all localities. The changes in REE profiles from margin to-
wards the centre of the sheet cavity cements at each locality could be
caused by either:

1) secular changes in seawater chemistry throughout the duration of
the cement growth.

2) increasing restriction in porosity and permeability as the cement
crusts grow and fill in the cavities leading to pore water anoxia.
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In either case, the earliest forming cements within the sheet cavities
are most likely to preserve a seawater signature representative of Nuc-
caleena Formation time. With progressive cementation, the cavities
have less space for fluids to flow through and may become restricted,
with cements then reflecting pore water rather than marine chemistry.
Additionally, the cavities will become progressively buried beneath
depositing sediment, which would further restrict fluid flow. However,
it is likely that most of the fibrous cements formed in relatively open
conditions, as large volumes of fluid flow are required for cements to
grow with the observed fibrous texture (Tucker and Wright, 1990).

Though increasing restriction cannot be ruled out as a contributing
factor for the changing geochemistry within the cement crusts, the
earliest cements, which represent unrestricted seawater, still show a
north-south redox gradient where IQ and CG cements were precipitated
from oxic seawater, and KC and LG from comparatively much less
oxygenated seawater.

The documented extent of the basal red unit of the Brachina For-
mation supports the hypothesis that changing seawater chemistry is the
most likely explanation for the observed trends in the marine cements
REE patterns of the Nuccaleena Formation. The systematic change in
distribution and thickness of the red unit is an indication that the
availability of O, in seawater was changing with time and depth. The
red-to-green transition in the Brachina Formation therefore serves as a
tracer of the Fe?" / Fe3" redox chemocline position during earliest
Ediacaran time, and its subsequent return to shallower depths later
during Mooloolooo Siltstone Member time (Fig. 16).

5.4. Implications

There has been substantial debate regarding the extent of marine
oxygenation during the Ediacaran and its influence on metazoan evo-
lution. Ediacaran oxygenation is a key part of the Neoproterozoic
Oxygenation Event and there has been significant research supporting
this (Canfield et al., 2007; Scott et al., 2008; Sahoo et al., 2012,2016;
Partin et al., 2013). However, there is now evidence to indicate that the
global oceans were not fully oxygenated until well into the Phanerozoic
(Dahl et al., 2010; Sperling et al., 2015; Wallace et al., 2017). In addi-
tion, several studies have now disputed the evidence for widespread
Ediacaran oxygenation (Johnston et al., 2013; Miller et al., 2017;
Ostrander et al., 2020; Ostrander, 2023), and therefore the links

1. LOWER NUCCALEENA FM DEPOSITION

Fig. 16. Summary of early Ediacaran deposition. The lower Nuccaleena For-
mation is deposited while the redoxcline is deepest (1), and the redoxcline
shallows over time as the Nuccaleena Formation finishes depositing and sedi-
mentation of the Brachina Formation begins (2).
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between oxygen buildup and metazoan evolution.

The oldest of the debated Ediacaran oxygenation events is the
earliest Ediacaran event (Ocean Oxygenation Event A) described by
Sahoo et al., (2012 and examined in this study. Multiple lines of evi-
dence from the Adelaide Superbasin indicate the existence of a post-
glacial oxic episode following the Marinoan Glaciation. Red shales are
regionally developed at this stratigraphic interval over the Adelaide
Superbasin (Fig. 11). The documented south to north paleodepth
gradient indicates that the Fe?*/Fe3* chemocline was in relatively deep
water (well below wave base-perhaps several hundreds of meters water
depth). In addition, the trace element geochemistry (Fe, Mn, Ba, chal-
cophile metals, REEs) from marine dolomite cements across this paleo-
depth profile are consistent with a deep chemocline beneath an oxic
water column. The elevated Fe and chalcophile element contents of
marine cements from deeper water paleodepths (in the north) indicate
the presence of a ferruginous-anoxic deep water mass.

These data provide direct evidence for an earliest Ediacaran oxic
water mass penetrating to a substantial paleodepth. Evidence from
South China (Sahoo et al., 2012; 2016) from a similar stratigraphic in-
terval is consistent with this scenario and supports the notion of a redox-
stratified Ediacaran ocean. Hence, while there is good evidence for a
weakly oxygenated Ediacaran ocean in which deep abyssal environ-
ments were anoxic, it is likely that continental margin settings were
periodically bathed in oxygenated water. This redox stratified scenario
allows the possibility that increasing levels of oxygen during the Edia-
caran were conducive to the evolution of metazoans, since it is likely
that early metazoans (and their precursors) did evolve in such shallow
marine settings. The lack of evidence for oxic marine settings in some
Neoproterozoic successions globally may be due to greater paleodepths
at these locations (as in North-West Canada, Johnston et al., 2013).
Paleoredox proxies like shale-hosted Mo and U that have been used to
monitor global oceanic redox (eg. Kunzmann et al., 2015, Miller et al.,
2017) may not be very sensitive to small degrees of oxygenation where
only the upper water column is oxygenated.

The ultimate cause of post-glacial oxygenation has previously been
related to Marinoan deglaciation. Deglaciation and associated increased
continental weathering may have caused a large influx of nutrients from
terrestrial runoff to the ocean, increasing primary productivity and
consequently increasing the rate of burial of organic carbon (Planavsky
et al., 2010). This burial would have the effect of increasing oxygen
levels following deglaciation and would provide an explanation for a
post-Marinoan oxygenation event.

Significantly, the earliest marine cements of the Nuccaleena For-
mation record the most oxic conditions. This observation is true of all
localities across the Flinders Ranges, and is most obvious in the shal-
lower paleoenvironments of the central Flinders Ranges (localities IQ
and CG). Furthermore, in the central Flinders localities, there is no
transition from reduced to oxygenated conditions detectable at the base
of the Nuccaleena Formation. In addition, the underlying Elatina For-
mation has a pink-red colour, suggesting that the marine environment
was already oxic at the onset of cap deposition and that the posited
oxygenation must have already begun during the Marinoan glaciation.
This observation could either mean that the Marinoan glaciation was
generally characterised by oxic environments, or that the later portion
(perhaps the deglacial interval) of the Marinoan glaciation was oxic. In
either case, the oxic episode recorded in the Nuccaleena and basal
Brachina formations likely began during the Marinoan glaciation.

A potential source of oxygen to seawater during glaciation (as
opposed to during deglaciation) is glacial meltwater. Glacial ice is partly
made up of compacted snow containing small bubbles of air which can
be released into meltwater as dissolved Oy (Brown et al., 1994). There is
evidence that even during the Snowball glaciations, meltwater from the
base of the ice sheets was mixing with seawater and creating oxic zones
near ice-shelf grounding lines (Lechte et al., 2019). It is therefore
possible that Nuccaleena-Brachina oxic episode represents the termi-
nation of a glacially-related oxygenation episode, rather than being
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related strictly to deglaciation. Regardless of the direct causes for
oxygenation following the Marinoan glaciation, there must have been
longer term carbon-cycle processes at work during the Ediacaran and
Early Paleozoic that were conducive to oceanic oxygenation.

6. Conclusions

Sedimentological and geochemical data from the basal Ediacaran
Nuccaleena and Brachina Formations of the Flinders Ranges, South
Australia, suggest an episode of oxygenation following the Marinoan
glaciation. A red shale interval is widely developed within the basal
Brachina Formation (Ediacaran Wilpena Group) of the central Flinders
Ranges and this transitions into green shales northwards. The red to
green shale transition corresponds with a facies change to a deeper
water setting in the north, suggesting the existence of a deepwater Fe?*/
Fe3* redox chemocline. The red-green shale transition and redox che-
mocline occurs in a succession dominated by shales of probable hemi-
pelagic origin, suggesting a deep marine setting that was deposited well
below storm wave base (likely several hundreds of meters depth).

The Nuccaleena Formation cap carbonate immediately underlies the
red/green shale interval and contains sheet cavities with primary ma-
rine fibrous dolomite cements. Cathodoluminescence microscopy and
trace element analysis of these marine dolomite cements indicates an
oxic setting in the central Flinders Ranges, with cements showing non-
luminescence, with low Fe-Mn concentrations and negative Ce anoma-
lies. In the north, the marine dolomite cements have high Fe and Mn,
and no Ce anomalies, indicating anoxic and ferruginous conditions. The
chemistry of these marine cements is consistent with the red-green shale
transition and indicates the earliest Ediacaran ocean was redox stratified
with oxic water penetrating to a substantial paleodepth. However, the
deeper water mass remained anoxic and ferruginous, with a chemistry
similar to earlier Tonian and Cryogenian marine water.

This paleoredox data from the Adelaide Superbasin is consistent with
previous studies indicating the presence of an earliest Ediacaran
oxygenation event in the aftermath of the end-Cryogenian glaciation
from South China. The evidence presented here suggests that, while
Ediacaran abyssal settings remained anoxic and ferruginous, continental
margin settings were periodically bathed in oxic waters that may have
helped to promote the evolution of metazoans.
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