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ABSTRACT
Variations in the carbon isotopic composition (δ13C) of carbonate rocks can reflect climatic
and biological events throughout geologic time. However, a number of Neoproterozoic
carbonate-bearing successions show spatially reproducible negative shifts in δ13C which
reach as low as -12 ‰, a magnitude incompatible with current carbon cycle models. The
largest of these shifts is known as the ‘Wonoka Anomaly’ after the Ediacaran Wonoka
Formation in South Australia. This anomaly closely precedes the widespread appearance of
macroscopic multicellular life in the geologic record, suggesting a link between potential
changes in carbon cycle dynamics and the widespread rise of complex life in the Ediacaran.
Alternatively, spatially reproducible, negative δ13C shifts in Quaternary carbonate platforms
are known to result from diagenesis and can be demonstrated to be diachronous by
biostratigraphic constraints unavailable in the Neoproterozoic. This study investigates the
origin of the carbonate within the Wonoka Formation, to determine the marine and diagenetic
influences on its carbon isotopic composition. Sedimentological, petrographic and isotopic
analyses show the carbonate phase associated with anomalously negative δ13C values is a
carbonate cement of no obvious internal origin, while the return to typical marine δ13C values
is characterised by the appearance of identifiable marine carbonate grains. Isotopic analysis
of this cement reveals a strong linear co-variation between δ13C and δ18O, a characteristic
associated with meteoric diagenesis. Thus the Wonoka Anomaly is interpreted here as the
result of cementation by meteoric water in association with small-scale changes in sea level.
Given that meteoric water is depleted in δ13C by organic matter, the presence of meteoric
carbonate cement in the Wonoka Formation implies significant terrestrial photosynthetic life
in the late Neoproterozoic. Therefore the Wonoka Anomaly likely represents some of the
earliest development of the terrestrial biosphere, rather than whole ocean secular change.
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INTRODUCTION
Shifts in the carbon isotopic composition (δ13C) of seawater through geologic time can be
reconstructed from the δ13C values of well-preserved marine carbonates (Schidlowski et al.
1975). Due to the burial or oxidation of organic carbon, which is preferentially fixed with 12C
from atmospheric CO2 during photosynthesis (Hayes et al. 1999), a process which can be
generalised as: CO2 + H2O  CH2O + O2, the δ13C value of the ocean/atmosphere system is
altered. On the basis that δ13C values represent the result of processes intimately linked to
both oxygen and carbon dioxide production, the δ13C values of carbonate rocks have been
used to infer major climatic and biological events throughout the geologic record (Veizer &
Hoefs 1976, Garrels & Lerman 1981, Holland 1984, Knoll et al. 1986, Fike et al. 2006,
Halverson et al. 2010). If all photosynthetic fractionation of carbon ceased, the
ocean/atmosphere system is expected to gradually return to the bulk mantle value of -5 ‰
(Kump 1991). Based on our current understanding of the carbon cycle, this is the most
depleted value of δ13C capable of being maintained globally in the ocean/atmosphere system.

Carbon isotopic analysis of Neoproterozoic sedimentary successions show several extremely
negative fluctuations in δ13C which appear to be unique to this period of Earth history
(Halverson et al. 2005). The most pronounced of these reaches between -10 and -12 ‰
(Verdel et al. 2011), an extreme variation compared to the accepted mean value of seawater
of 0.4 ± 2.7 ‰ (Schidlowski et al. 1975). Commonly referred to as the ‘Wonoka Anomaly’,
after the Ediacaran Wonoka Formation in South Australia (Pell et al. 1993, Calver 2000),
similar shifts in δ13C in terms of amplitude and duration have also been identified in the
Shuram Formation, Oman (Burns & Matter 1993), the Johnnie Formation, USA(Corsetti &
Kaufman 2003, Kaufman et al. 2007) and the Doushantuo Formation, China (Condon et al.
2005, Jiang et al. 2007, McFadden et al. 2008). These four successions have been broadly
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correlated based on their distinct δ13C values (Condon et al. 2005, Halverson et al. 2005, Fike
et al. 2006, Grotzinger et al. 2011), and their stratigraphic position above Marinoan-aged (~
635 Ma) glacial deposits/cap carbonates and below undisputed Ediacaran macrofossils
(Grotzinger et al. 2011, Verdel et al. 2011). However, their coeval deposition has yet to be
independently established due to a lack of direct geochronological constraints (Le Guerroué
& Cozzi 2010).

The extreme δ13C excursions associated with these formations are widely interpreted to
represent unaltered seawater values and thus record unprecedented variation in the steadystate isotopic composition of an isotopically homogeneous surface ocean during the
Ediacaran (Condon et al. 2005, Le Guerroue et al. 2006, Kaufman et al. 2007, Johnston et al.
2012). This interpretation is based on the assumption that the negative shifts in δ13C in
broadly coeval successions in different sedimentary basins are synchronous, as well as the
utility of δ13C as a global stratigraphic signal in specific circumstances (Jenkyns & Wilson
1999) and 87Sr/86Sr and Mn/Sr values similar to those anticipated for seawater (Calver 2000).
This negative shift in δ13C also broadly coincides with indirect geochemical and
palaeontological evidence for increasing oxygen concentrations in the Neoproterozoic
(Canfield et al. 2007), leading some authors to attribute the depleted δ13C isotopic values to a
rise in atmospheric oxygen, resulting in the widespread oxidation of dissolved organic matter
in seawater (Rothman et al. 2003, Fike et al. 2006). Because animals require oxygen, this
perturbation of δ13C combined with the oxygenation of the atmosphere, has been proposed as
the catalyst for the explosion of macroscopic, multicellular life on Earth (Fike et al. 2006,
Canfield et al. 2007). However this interpretation has been met with some criticism. Studies
have shown that there is not sufficient organic carbon in seawater, nor oxygen to account for
a prolonged (>106 years) isotopic anomaly of this magnitude (Rothman et al. 2003, Melezhik
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et al. 2005, Bristow & Kennedy 2008). Despite the widespread interpretation of the Wonoka
Anomaly as a marine signal, no explanatory mechanism for an isotopic shift of this
magnitude and duration as a marine phenomenon has received widespread acceptance (Derry
2010).

In contrast to the Neoproterozoic, δ13C values of Quaternary carbonate platforms with similar
negative δ13C values are not considered to record the carbon isotopic composition of open
ocean seawater. These shifts in δ13C values show spatial reproducibility, however
biostratigraphic age constraints (not available in the Neoproterozoic) demonstrate they are
not synchronous (Swart & Eberli 2005, Swart 2008). These variations in δ13C are of similar
magnitude (+5 to -12 ‰), stratigraphic thickness and occur in similar sedimentary
successions, however the δ13C values are attributed to diagenetic alteration by meteoric
groundwater, infiltrated due to changes in sea level (Swart & Kennedy 2012) and are
demonstrably at odds with mean sea water values of 0.4 ± 2.7 ‰ (Schidlowski et al. 1975).

This presents an alternative hypothesis for the similarly negative δ13C values which define the
Wonoka Anomaly without violating the mass balance requirements of the global carbon
cycle. The effects of diagenesis can be identified by petrographic textural characteristics
which separate post-burial cements from carbonate particles precipitating in marine waters
(Taylor et al. 2000), and by comparing δ13C shifts against those of oxygen (δ18O), as strong
co-variation occurs as a result of meteoric diagenesis (Gross & Tracey 1966, Quinn 1991,
Marshall 1992). Currently, no mechanism has been identified capable of producing such covariance in a marine setting (Knauth & Kennedy 2009). However, a meteoric diagenesis
model requires a significant input of photosynthetic organic carbon to the water table. This
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has led to the proposal of an explosion of terrestrial photosynthetic communities during the
late-Neoproterozoic (Knauth & Kennedy 2009).

Before the profound implications for global carbon cycle models and the proposed origins of
multicellular life associated with an open marine interpretation for the Wonoka Anomaly are
accepted, the isotopically anomalous carbonate should be demonstrated to be consistent with
a marine origin. Mechanisms of carbonate formation in the Precambrian can broadly divided
into three potential end members: (1) carbonate precipitated from marine water as grains
(allochems) e.g. ooids and peloids; (2) direct precipitation of carbonate mud (micrite) from
seawater, also known as ‘whitings'; and (3) precipitation from diagenetic fluids. This study
presents a combination of petrographic, sedimentological and geochemical evidence to
investigate the origin of the Wonoka Anomaly by identifying the mechanisms of carbonate
precipitation in the Wonoka Formation to assess the viability of the carbonate phases
preserving marine δ13C values.
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REGIONAL GEOLOGICAL SETTING
The Adelaide Geosyncline
The Adelaide Geosyncline (Fig. 1A) comprises a major north-south trending zone of
Neoproterozoic to Cambrian, syn- to post-rift margin sediments in South Australia (Preiss
1987, 2000). The stratigraphy can be divided into three unconformity-bound supergroups: (1)
the Neoproterozoic Warrina Supergroup, comprised of early rifting sediments; (2) the
Neoproterozoic Heysen Supergroup, comprised of glacial, interglacial and post-glacial
sediments; and (3) the Moralana Supergroup, comprised entirely of Cambrian sediments
(Preiss 1987, 2000). Stratigraphically, the Wonoka Formation forms part of the Wilpena
Group, in the Heysen Supergroup (Fig. 2) and is excellently exposed in the Flinders Ranges,
where it is exposed as a series of plunging anticlines and synclines due to deformation during
the Cambrian-Ordovician Delamerian Orogeny (Rutland et al. 1981, Clarke & Powell 1989,
Drexel et al. 1993, Preiss 2000).
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Figure 1: Locality diagram of (A) Adelaide Geosyncline with subdivisions for the Northern, Central and Southern Flinders Zones (NFZ, CFZ and SFZ respectively)
modified after Giddings et al. 2010. Inset in the CFZ marks the location of Fig.1B. (B) Geological map of the Wilpena Group at Bunyeroo Gorge in the Heysen
Range (CFZ) with Wonoka Formation subdivisions (table I), modified after Haines (1987).
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Wilpena Group Stratigraphy
The Wilpena Group (Fig. 2) consists of two broadly shallowing-upward cycles (Dibona
et al. 1990, Drexel et al. 1993, Preiss 2000). The first cycle, and base of the Wilpena
group is defined by the transgressive Nuccaleena Formation (Drexel et al. 1993, Calver
2000, Preiss 2000), the Global Stratotype Section and Point (GSSP) for the base of the
Ediacaran period (Knoll et al. 2007), and cap dolostone correlated to Neoproterozoic
successions worldwide marking the termination of the Marinoan or ‘snowball’ Earth
glaciation (Hoffman & Schrag 2002). The Nuccaleena Formation grades into the
siltstones and fine sandstones of the Brachina Formation (Drexel et al. 1993), which
shallows-upward to the deltaic ABC Range Quartzite (Jenkins & Gostin 1983, Preiss
1987, Drexel et al. 1993). The second cycle is defined by flooding at the base of the
silty shales of the Bunyeroo Formation, conformably overlying the ABC Range
Quartzite. Originally defined as part of the Bunyeroo Formation, a thin but persistent
dolomite layer, known as the ‘Wearing Dolomite’ marks the redefined base of the
Wonoka Formation (Jenkins & Gostin 1983, Preiss 1987, Drexel et al. 1993, Preiss
2000), which then broadly shallows-upward towards exposure and intertongues with the
shales and sandstones of the Bonney Sandstone (Haines 1987). The medium grained
sands of the Rawnsley Quartzite, famous for its Ediacara member, which hosts softbodied metazoan fossil assemblages (Calver 2000, Preiss 2000), unconformably
overlies the Bonney Sandstone and marks the top of the Wilpena Group and the end of
the Neoproterozoic record in the Adelaide Geosyncline (Preiss 1987, Drexel et al. 1993,
Preiss 2000).
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Figure 2: Stratigraphic nomenclature and succession of the Adelaide Geosyncline and Wilpena
Group, modified after Dibona et al. (1990). Terminology and division of supergroups after Preiss
(1987, 2000). The incised Wonoka canyons are restricted to the Northern Flinders Zone (NFZ).
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Wonoka Formation
The Wonoka Formation is a lithologically variable, storm-dominated succession
constituted largely by mixed carbonate/siliciclastic facies shallowing-upwards to typical
carbonate platform facies. Deposition has been estimated at ~570-550 Ma based on δ13C
correlation to better dated successions (Walter et al. 2000), however the formation itself
is only broadly constrained by underling Marinoan glacial deposits (~630 Ma) and
overlying Ediacaran macrofossils/Cambrian boundary (542 Ma) (Grotzinger et al. 2011,
Verdel et al. 2011). Haines (1987) previously subdivided the formation in the central
Flinders Zone (CFZ) into 11 informal subunits (summarised in table 1) based on the
Bunyeroo Gorge reference section (Fig. 1B, Fig. 3). These units describe the mixed
carbonate/siliciclastic intervals (units 3-7) of the Wonoka as silty/fine sandy limestones
and limestone. Haines (1987, 1988) interpreted Wonoka deposition on a stormdominated carbonate shelf given the abundance of hummocky cross stratification (HCS)
and attributed the carbonate phase in the mixed carbonate/siliciclastic intervals to the
direct precipitation of micrite from seawater, primarily during the deposition of units 5
and 7.

16

Figure 3: Currently established reference section of the Wonoka Formation at Bunyeroo Gorge
(CFZ) after Haines (1987) in which units 3-7 are considered calcareous siltstones, silty/sandy
limestones and limestone (Table I). Isotope data attached to the stratigraphy after Calver (2000)
based on reported stratigraphic heights of collected samples.
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Table I: Summary of the informal lithological subdivisions of the Wonoka Formation in the CFZ as
defined by Haines (1987) based on the 700 m thick reference section through Bunyeroo Gorge.
Units
Unit 1

Description
Rhythmical dolomicrites and shales, dolomicrites frequently reworked into intraclastic breccia.

Unit 2

Alternating fine-grained arkosic sandstones and coarse siltstones with maroon calcareous
shales. Patchy calcite cement varies up to 30%. Structures include potential turbidites, HCS,
flute casts, soft sediment deformation and fluid escape structures such as sand volcanoes.

Unit 3

Unit 4

Finely laminated reddish calcareous silty shale with packets of thinly bedded micrite and
calcareous siltstone.

Alternating thinly bedded green silty-fine sandy limestones, calcareous siltstones and fine
sandstones, interbedded with green shale, packets of brown calcareous siltstone, pink limestone
and maroon shale.

Unit 5

Medium to thickly bedded green silty to fine sandy limestones like those observed in thinner
beds in unit 4.

Unit 6

Medium to thickly bedded brown and minor red fine grained calcareous sandstones interbedded
with brown and grey shale. Common structures include HCS and wave ripples.

Unit 7

Grey-green argillaceous and silty micritic limestone and lesser red sandy and glauconitic
limestone with very little interbedded shale. Stylonodular texture affects up to 80% of greygreen limestones. Common structures include planar laminations, HCS, climbing and
interference ripples and soft sediment deformation.

Unit 8

Thinning upward sequence of medium to thin-bedded grey limestones, interbedded with grey
and green calcareous shales and siltstone. Common structures include planar laminations, HCS,
algal laminations.

Unit 9

Grey and black limestone with wavy or undulose bedding. Cyclic alternation between thinner,
algal laminated grey limestone and the thicker black peloidal limestone which is rarely cross
bedded.

Unit
10

Entirely siliciclastic sequence. Cannot be differentiated from certain facies of Bonney
Sandstone in the absence of unit 11. Wavy green siltstone and interbedded fine sandstones
which coarsen to rippled and cross-bedded yellow-greenish sandstones, minor siltstone and red
sandstone.

Unit
11

Grey micritic and black peloidal limestone with stromatolites and rare algal laminations.
Coarsening upward beds of ooids and peloids. Capped by dolostone overlain by the green
siltstones of the basal Bonney Sandstone. Common structures include cross bedding, wavy
bedding, wave ripples and desiccation cracks.

18

While the Rawnsley Quartzite is famous for hosting some of the best Ediacara fossil
assemblages in the world, a number of fossils are reported within the Wonoka
Formation. Jenkins (1984) reported a potential frond-like fossil within Unit 10 at
Bunyeroo Gorge, while Zang (1997) identified poorly preserved carbonaceous ChuariaTawuia fossil assemblages from drill hole samples and Haines (1987, 2000) described
fossils (Fig. 4) which bear superficial resemblance Palaeopascichnus delicatus Paliji,
which has been identified in several other Ediacaran assemblages (Fedonkin 1977,
Narbonne et al. 1987). The fossils of Palaeopascichnus represent the first indisputable,
non-stromatolite, macroscopic biology in the Ediacaran (Haines 2000), further
suggesting a relationship between the Wonoka Anomaly and the appearance of
multicellular life in the geologic record.

Figure 4: (A) Hand specimen of Palaeopascichnus fossil from Bunyeroo Gorge, visible section of
ruler for scale is 11 cm long. (B) Palaeopascichnus fossils collected from a bedding plane within
unit 8 at Parachilna Gorge, CFZ by Haines (2000). Highlighted by etching with dilute (10%) HCl.
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Several sequence boundaries have been proposed within the Wonoka Formation, given
that shallowing to exposure would have resulted in time breaks in the isotopic signal as
well as interaction with meteoric fluids in the water table, potentially altering the δ13C
values of existing carbonate sediments, determination of sequence boundaries is crucial
to understanding the Wonoka Anomaly. Three potential sequence boundaries have been
proposed within the Wonoka Formation: (1) at the base of unit 2, based on regional
facies discontinuities (Christieblick et al. 1990); (2) within unit 3 or the top of unit 4,
associated with incised canyons ≥ 1 km deep in the NFZ, although the correlative
erosional surface remains unidentified outside the canyons (Haines 1987, Christieblick
et al. 1990, Christieblick et al. 1995) and their origin remains enigmatic (current canyon
incision models are summarised and assessed in table II); and (3) the contact between
units 7 and 8, associated with ca. 200 m deep incised canyons in the NFZ (Christieblick
et al. 1990) and a widespread stromatolitic horizon in the CFZ which may have been
locally exposed (Haines 1987, Haines 2000). The δ13C values of the Wonoka Formation
begin to shift towards typical marine values in unit 8 (Calver 2000), suggesting a
change in the depositional environment or a break in the isotopic record may exist
across this sequence boundary. Similarly, desiccation cracks within units 10 and 11
imply shallowing to exposure (Haines 1987), but have not been considered regional
sequence boundaries.
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Table II: Comparison of the proposed models of Wonoka Formation canyon incision modified after
Preiss (2000) with advantages and disadvantages relating to the proposed hypotheses for the origin
of the Wonoka Anomaly.
Canyon model

Advantages

Disadvantages

Submarine
incision by
down-slope
currents (von der
Borch et al.
1982, Haines
1987, Preiss
1987, Giddings
et al. 2010)

1. Explains incision within canyons while
apparently continuous deposition is
occurring in intervening areas
2. Potential to preserve open ocean δ13C
values
3. Does not necessitate canyon formation
in successions correlated by δ13C

1. Unlikely to produce channels of such
great depth
2. Does not explain upward-deepening
but initially shallow-water fill

1. Explains deep incision within canyons
while apparently continuous deposition is
occurring in intervening areas
2. Potential to preserve open ocean δ13C
values
3. Does not necessitate canyon formation
in successions correlated by δ13C

1. Unlikely to produce channels of such
great depth
2. Does not explain upward-deepening
but initially shallow-water fill
3. Difficult to explain meandering form
of some channels

Submarine
incision by mass
wasting (Coats
1964)

Subaerial
incision due to
uplift (Eickhoff
et al. 1988)

1. Explains meandering form of some
channels
2. Explains shallow-water facies of lower
canyon fill
3. Potential to preserve open ocean δ13C
values
4. Potential to expose succession to 13Cdepleted meteoric groundwater

Subaerial
incision due to
evaporative
draw-down in a
restricted,
Messinian-style
basin
(Christieblick et
al. 1990)

1. Explains meandering form of some
channels
2. Explains shallow-water facies of lower
canyon fill
3. Explains upward-deepening facies of
canyon fill as sea re-enters the basin
4. Highly negative δ13C composition of
an isolated basin is feasible with current
carbon cycle models

1. There is no obvious regional erosional
surface away from the canyons
2. Does not explain upward-deepening
facies of canyon fill
3. The Central Flinders Zone,
representing a shelf environment, does
not show any regional stripping that
would be expected from uplift
4. Similar shifts in base level not
recognised in other successions
correlated by δ13C, perhaps with the
exception of the Johnnie Formation,
which contains ~ 120 m incised canyons
(Clapham & Corsetti 2005)

1. There is no obvious regional erosional
surface away from the canyons
2. There is little evidence of evaporates
in the Wonoka Formation to record the
onset of hypersalinity, although (Calver
1995) reported local gypsum crystals
3. No mechanism to explain the
formation of a barred basin of oceanic
depth has been proposed
4. No mechanism to explain apparent
δ13C correlation to other Ediacaran
successions
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METHODS
To determine the origin of the carbonate phases in the Wonoka Formation,
representative intervals within the formation at Bunyeroo Gorge (Fig. 1B) were selected
for detailed analysis based on previously reported δ13C values, variations in the
carbonate phase and stratigraphic position with respect to previously proposed sequence
boundaries. Stratigraphic sections were logged using the Jacob’s Staff method after
Compton (1985) and sampled for geochemical and petrographic analysis. To determine
the composition of representative lithologies, thin sections were prepared and analysed
using a petrographic microscope under both plane-polarised (PPL) and cross-polarised
light (XPL). Based on this analysis, specific samples were then polished and carbon
coated for backscatter electron analysis with an XL20 scanning electron microscope
(SEM) to determine representative sections for elemental mapping with a CAMECA
SXFive Electron Microprobe at Adelaide Microscopy. Fresh surfaces of samples were
drilled for ca. 300 mg of rock powder to determine carbonate content using the pressure
calcimeter method after Sherrod et al. (2002), as well as δ13C and δ18O analysis using a
Fisons Optima Isotope Ratio Mass Spectrometer (IRMS). Isotope data is presented in
per mil (‰) variation from the Vienna PeeDee Belemnite (VPDB) standard. Maximum
accepted error range was ± 0.20 ‰ and ± 0.40 ‰ for δ13C and δ18O respectively based
on the repeat analyses of standards. See Appendix A for detailed description of
methods.
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OBSERVATIONS AND RESULTS
Lithostratigraphic Unit 5
A total of 30 m of stratigraphy corresponding to the uppermost section of Wonoka unit
5 was selected for detailed analysis (Fig. 5), as this section provides an excellent
example of the carbonate phase of the mixed carbonate/siliciclastic facies containing
anomalously negative δ13C values and has previously been interpreted as a region of
direct precipitation of micrite from seawater during deposition (Haines 1987, 1988).
The section is comprised of thin shale beds which shallow to arkosic sandstone forming
metre-scale parasequences. The sandstones are highly resistant, forming an easternfacing cliff through the gorge (Fig. 6A) and commonly contain sedimentary structures
such as hummocky cross stratification (HCS), characteristic of deposition above stormwave base, as well as other structures typical of deposition in shallow water under the
influence of wave action and/or traction currents such as climbing ripples, wavy
bedding and tabular cross beds (Fig. 6B). Ball and pillow structures and stylonodular
bedding (described in Unit 7 results), also occur in brief intervals. Sandstones are
comprised of well sorted, sub-angular to sub-rounded, coarse silty to fine sand-sized
(ca. 30-65 μm) grains of quartz and feldspars (40-50%) in equal proportions, 80-200 μm
long tabular grains of biotite (ca. 10 %) which commonly align to form mm-spaced
laminations, and trace (< 5%) amounts of angular, euhedral (< 20 μm diameter)
dolomite grains. Despite the typical characteristics of a siliciclastic succession, the
majority (40-60 %) of the sandstone is carbonate, present as an interstitial micritic
cement (Fig. 6C), identifiable by its sharp texture compared to the sub-rounded
siliciclastics (Fig 6D). No rounded carbonate grains or organic shapes were identified
throughout this pore-filling carbonate phase. The extensive cementation has reduced
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grain contacts, and in some cases isolated finer grains completely (Fig. 6D). Shale
interbeds consist of an indeterminable mix of fine silty siliciclastics (> 50 %), coarse
silty to fine sandy, sub rounded quartz grains (ca. 20%) and tabular biotite grains which
align to form laminations (< 5%), the only sedimentary structure visible in the shales,
suggesting deposition during periods of lower energy, or deeper water. Fissility of the
shales appears inversely proportional to carbonate content (which varies laterally from
0-39 %), although averages ca. 25 % of the rock mass. The δ13C values of this cement
range from -6.7 to -7.2 ‰ across this section, while δ18O values are highly negative,
ranging from -9.9 to -12.0 ‰ (Fig. 5).
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Figure 5: Observations and
results from 30 m
stratigraphic section within
unit 5 of the Wonoka
Formation at Bunyeroo
Gorge. Stratigraphic
section of lithologies and
structures is shown in the
far left panel. X-axis
corresponds to grain size
(Wentworth grain scale):
mud (M), silt (S), fine sand
(FS) and medium sand
(MS). Carbonate content is
shown in the mid-left
panel, where the x-axis
corresponds to %
carbonate and the y-axis
corresponds to height in
the stratigraphic section.
Stable isotope data is
shown in the mid-right
panel, where the x-axis
corresponds to δ13C
(bottom axis) and δ18O (top
axis), y-axis corresponds to
height in the stratigraphic
section. Legend is shown in
the panel on the far right.
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Figure 6: Outcrop-scale view of sandstones and interbedded shales in the upper regions of unit 5
of the Wonoka Formation. Direction of maximum dip is into the cliff face (NNW). (B) Tabular
cross beds within the Wonoka unit 5 sandstone, where laminations are defined by alignment of
biotite grains. (C) Cross-polarised photomicrograph of the Wonoka unit 5 sandstone, showing
quartz and feldspars with lesser biotite supported by an extensive micritic cement. (D) Electron
microprobe elemental maps of the unit 5 sandstone. Left image shows Ca distribution,
highlighting the pore filling carbonate cement in red, minor dolomite grains are green and
siliciclastic phases are black. Right image shows the distribution of siliciclastic phases across the
same area as the Ca map. Quartz grains appear red, feldspars appear yellow and biotite appears
green. Scale bar (μm) and colour legend (counts) for both Ca and Si are shown below the images.
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Lithostratigraphic Unit 7
A total of 10.5 m of stratigraphy corresponding to the lower section of Wonoka unit 7
was selected for detailed analysis (Fig. 7) based on the previous interpretation of the
unit involving carbonate precipitation directly from seawater (Haines 1987), and the
distinct negative δ13C values, which begin to shift towards typical marine values in the
overlying unit 8, the contact of which has been proposed as a sequence boundary
(Christieblick et al. 1990). Similar to the section described in unit 5, the interval is
almost entirely composed of arkosic sandstone, although with less interbedded shale.
Carbonate cementation is more extensive in unit 7, with the micritic cement typically
constituting 50-70 % of the rock mass in sandstones and 40 % in shales (Fig. 7).
Shallow water sedimentary structures resulting from traction currents such as HCS (Fig.
8A), wavy bedding and planar cross bedding remain present in unit 7, as well as parallel
laminations and soft sediment deformation. The majority of depositional textures across
the section have been replaced by stylonodular texture (Fig. 8B). Stylonodular texture
or ‘bedding’ is a secondary fabric attributed to pressure dissolution (Flügel 1982), in
which ovoid lenses of carbonate are separated by sheets of stylolaminite (Fig. 8C). At 89 metres into the section (Fig. 7), cemented sandstones extensively altered with
stylonodular texture grade into two laterally variable sections of structureless grey
micrite. The top of the upper micrite section is reworked into clasts forming an
overlying intraclastic breccia (Fig. 8D), suggesting that a period of low energy
deposition was followed by high energy, turbulent wave action. The matrix of this
breccia is comprised of fine sandy quartz grains and micrite (Fig. 8E), which elemental
mapping shows contains increased Fe content compared to the clasts (Fig. 8F). δ13C
values across the section remain negative, ranging from -3.5 to -5.4 ‰ while δ18O
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values remain highly negative, ranging from

-7.6 to -10.0 ‰. Although a widespread

stromatolite horizon indicative of shallowing to the photic zone is reported towards the
top of unit 7 at a number of localities (Haines 1987), it does not occur in Bunyeroo
Gorge.

Figure 7: Observations and results from 10.5 m stratigraphic section within unit 7 of the Wonoka
Formation at Bunyeroo Gorge. Stratigraphic section of lithologies and structures is shown in the
far left panel. X-axis corresponds to grain size (Wentworth grain scale): mud (M), fine sand (FS),
coarse sand (CS) and conglomerate (C). Carbonate content is shown in the mid-left panel, where
the x-axis corresponds to % carbonate and the y-axis corresponds to height in the stratigraphic
section. Stable isotope data is shown in the mid-right panel, where the x-axis corresponds to δ13C
(bottom axis) and δ18O (top axis), y-axis corresponds to height in the stratigraphic section. Legend
is shown in the panel on the far right.
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Figure 8: (A) Hummocky cross stratification (HCS) within a carbonate cemented sandstone bed in
Wonoka unit 7. (B) Stylonodular texture within carbonate cemented sandstone in Wonoka Unit 7.
This secondary texture partially or completely replaces depositional textures. (C) Cross-polarised
photomicrograph of stylonodular texture in carbonate cemented sandstone in Wonoka unit 7.
Carbonate occurs in ovoid nodules separated by sheets of stylolaminate (very fine sandy grains of
quartz and feldspars). (D) Micritic intraclastic breccia between 8 and 9 m into the section described
in Wonoka unit 7 (Fig. 7). Micrite clasts are sourced from the underlying bed. Camera lens for
scale is ca. 10 cm in diameter. (E) Plain-polarised photomicrograph of the micritic intraclastic
breccia between 8 and 9 m into the section described in Wonoka unit 7. Clasts are composed of >
95% micrite with rare silt to very fine sandy quartz grains. Matrix is composed of micrite (ca. 80%)
and fine sandy quartz (ca. 20%).
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Lithostratigraphic Unit 8
A total of 18 m was selected for detailed analysis (Fig. 9) within stratigraphy
corresponding to Wonoka unit 8 as it marks the onset of δ13C slowly shifting to typical
seawater values (Calver 2000), and lies above a proposed sequence boundary at/near the
contact with unit 7 (Christieblick et al. 1990). The base of the section is marked by a 10
cm thick, micritic intraclastic breccia (Fig. 10A), followed by wavy and/or parallel
laminated green/grey shales largely comprised of an optically indeterminable mix of
fine silty quartz and feldspars (50-60%), sub-rounded, euhedral, fine sandy (ca. 65 μm)
quartz grains (ca. 20 %), trace amounts of biotite and muscovite (< 5%). Interstitial
carbonate cement typically forms < 25 % of the shale, although it can be concentrated
around packets of coarser quartz grains, resulting in areas with 40-45% carbonate (Fig.
10B). At ca. 1-1.5 m, two 4 cm thick beds of peloidal limestone occur, marking the
lowest point in the Wonoka Formation in which carbonate grains (or allochems) which
may be considered marine have been reported. This limestone can be classified as a
pelsparite, consisting of recrystallised peloids 100 to 200 μm in diameter, supported by
a sparry calcite matrix (Fig.10C) between stacked stylolites. Sandstones 4-8 cm thick
are frequently interbedded within the shale, typically consisting of > 60% interstitial
carbonate cement and < 40 % sub-rounded to rounded quartz grains 50 to 200 μm in
diameter (Fig. 10D), although these interbeds become increasingly siliciclastic up
section. Ripples (Fig. 10E) and cross bedding occur, defined by the quartz grains
indicating shallow water influenced by wave action or traction currents during
deposition. Clean cross-section surfaces of the carbonate cemented interbeds reveal a
prominent brown zonation (Fig. 10F) which is not defined by mineralogy or major
mineral forming elements (See Appendix B for all elemental maps). δ13C varies from -
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1.6 ‰ (the most negative δ13C value in the section) within the brown zonation to -0.3 ‰
in the grey ‘core’. Across the section δ13C ranges from a maximum of +0.5 to -1.6 ‰,
while δ18O shows increased variability, ranging from -6.2 to -11.2 ‰.

Figure 9: Observations and results from an 18 m stratigraphic section within unit 8 of the Wonoka
Formation at Bunyeroo Gorge. Stratigraphic section of lithologies and structures is shown in the
far left panel, where the X-axis corresponds to grain size (Wentworth grain scale): mud (M), fine
sand (FS), coarse sand (MS) and conglomerate (C). Carbonate content is shown in the mid-left
panel, where the x-axis corresponds to % carbonate and y-axis corresponds to height in the
stratigraphic section. Stable isotope data is shown in the mid-right panel, where the x-axis
corresponds to δ13C (bottom axis) and δ18O (top axis), y-axis corresponds to height in the
stratigraphic section. Legend is shown in the panel on the far right. Large crosses indicate covered
outcrop (although the top of the section is also covered by modern caliche).
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Figure 10: (A) Micritic intraclastic breccia at the base of the section measured in Wonoka unit 8
(Fig. 9). Clasts are tightly stacked sub-parallel to bedding. Visible section of ruler for scale is 17.5
cm long. (B) Cross polarised photomicrograph of extensive carbonate cementation around fine
sand-sized quartz grains between silt-sized siliciclastics in the green/grey shale of Wonoka unit 8.
(C) Plane-polarised photomicrograph of recrystallised peloids supported by sparry calcite cement
(pelsparite) from a ca. 4 cm thick bed 1 m into the section (Fig. 9). (D) Plane-polarised
photomicrograph of sand-sized quartz grains in a carbonate cemented sandstone interbed in
Wonoka unit 8. Extensive cementation has resulted in the complete isolation of quartz grains. (E)
Carbonate cemented sandstone bed within the Wonoka unit 8 green/grey shale. Sandy interbed
preserves an oblique view of ripple laminations defined by quartz grains now largely suspended in
micrite cement. (F) Brown zonation observed in carbonate cemented interbeds in Wonoka unit 8.
This zonation is not defined by variability in mineralogy or major mineral forming elements,
however the outer zone contains δ13C values 1.3 ‰ lower than the preserved ‘core’ of the sample (0.3 to -1.6 ‰).
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Lithostratigraphic Unit 9
Stratigraphy corresponding to the transition from the unit 8 shales to the limestone of
unit 9, and the contact with the siliciclastic shales and sandstones of unit 10 was
selected for detailed analysis (Fig. 11) as it demonstrates the continuing positive shift in
δ13C values and increasing proportion of identifiable carbonate grains towards the top of
the section. Unit 8 continues to consist of carbonate cemented sandy beds and green
shale as previously described, before a brief interval of red/brown siltstone marks the
end of the lithological unit. No beds of peloidal limestone occur in the ca. 6 m
preceding the sharp contact with unit 9. Unit 9 is ca. 1 m thick (Figs. 12A, 12B), with a
basal contact defined by an abrupt increase in carbonate (Fig. 11). The basal contact
consists of a micrite matrix (ca. 50 %) supporting and often isolating sub-rounded, < 1065 μm, moderately sorted quartz (ca. 20 %) and feldspar (ca. 20 %) grains. Lesser
constituents include euhedral dolomite grains 40-60 μm in diameter (ca. 5 %), 50-100
μm, tabular grains of biotite and muscovite (<5 %), and trace amounts of sub-rounded,
<10-60 μm grains of pyrite (<5 %). Following this brief mixed interval, carbonate
content increases to > 90 % (Fig. 11). This interval comprises most of unit 9, and can be
classified as pelsparite, consisting of large aggregate grains (peloids) commonly ca. 500
μm in diameter (Fig. 12C), although grains > 1000 μm occur. Peloids show extensive
replacement by the supporting sparry calcite matrix (Fig.12C), although relict grains are
identifiable as regions of low Mg (Fig. 12D). Structures associated with shallow water
such as wavy bedding and cross bedding occur in this peloidal interval. The transition to
unit 10 is marked by the return of siliciclastics and decreasing carbonate content (Fig.
11), although extensive recrystallization occurs (Fig. 12E). The contact with unit 10 is
abrupt and carbonate content drops to < 15 % in shales before the completely
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siliciclastic overlying sandstones (Fig. 11). Before the contact the δ13C values of unit 8
are slightly negative, ranging from -0.1 to -1.9 ‰ but rapidly shift to positive values in
unit 9 to between +0.3 to +1.3 ‰, before dropping back to -2.2 ‰ before the transition
to unit 10 and complete loss of carbonate. δ18O varies from -9.2 to -11.8 ‰ across the
section, showing a rapid negative shift across the unit 8-9 boundary before slowly
increasing across the unit 9 and decreasing rapidly towards unit 10 (Fig. 11).
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Figure 11: Observations and results from a 10 m stratigraphic section from unit 8, across unit 9
and into unit 10 of the Wonoka Formation at Bunyeroo Gorge. Stratigraphic section of lithologies
and structures is shown in the far left panel, where the X-axis corresponds to grain size
(Wentworth grain scale): mud (M), fine sand (FS), coarse sand (CS). Carbonate content is shown in
the mid-left panel, where the x-axis corresponds to % carbonate and y-axis corresponds to height in
the stratigraphic section. Stable isotope data is shown in the mid-right panel, where the x-axis
corresponds to δ13C (bottom axis) and δ18O (top axis), y-axis corresponds to height in the
stratigraphic section. Legend is shown in the panel on the far right.
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Figure 12: (A) Outcrop-scale photograph of Wonoka unit 9 between units 8 and 10. (B) Wonoka
unit 9 outcrop, stratigraphic way up is towards the top of the image, camera lens for scale is ca. 10
cm in diameter. Lithology transitions from carbonate cemented siliciclastics at the basal contact to
peloidal limestone (pelsparite). (C) Plane-polarised photomicrograph of a typical large aggregate
grain (peloid) within Wonoka unit 9. The grain has been extensively replaced by the surrounding
sparry calcite cement. (D) Elemental map of Mg distribution (in counts) in the unit 9 peloidal
limestone/pelsparite. Relict peloids appear as areas of low Mg, although local highs exist in
fractures. (E) Recrystallised carbonate in the uppermost section of unit 9 before the contact with
unit 10. Pen lid for scale is 4 cm long.
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Lithostratigraphic Unit 11
Stratigraphy corresponding to the transition from the siliciclastic unit 10 to the unit 11
carbonates which define the top of the Wonoka Formation and transition to the Bonney
Sandstone was selected for detailed analysis (Fig. 13), as it marks the top of the carbon
isotope profile, contains the highest reported δ13C values in the Wonoka Formation
(Calver 2000) and is comprised almost entirely of identifiable carbonate grains. The
base of unit 11 is defined here by the reappearance of carbonate following the
sandstones and shales of unit 10 (Fig 13). The initial 2 m after the unit 10-11 contact
consists of micrite mixed with sandy quartz and feldspar grains, initially containing 40
% carbonate, which rapidly increases towards > 70 % (Fig 13). Following this, unit 11
is composed of largely of black peloidal limestone and grey micrite (Fig. 14A).
Structures include tabular cross beds, wavy bedding and starved ripples (Fig. 14A),
consistent with deposition in shallow water. Reverse graded beds of ooids and peloids
(peloosparite) occur from 8-15 m (Fig. 14B), with columnar stromatolite interbeds (Fig.
14C), indicating deposition shallowed to the photic zone, although previous analysis has
reported dessication cracks indicative of exposure (Haines 1987). Euhedral peloids
range from ~100-1500 μm in diameter, while tabular grains can reach > 1cm (Fig. 14B).
Peloids consist of low-Mg (ca. 3-4 Wt %) calcite (Fig 14D) and show varying levels of
replacement by the sparry calcite matrix (Fig. 14E) which consists of ca. 0 Wt % Mg
(Fig 14D). Following the reverse graded beds until the contact with the Bonney
Sandstone, unit 11 is composed of black peloidal limestone and grey micrite with
intraclastic breccia interbeds ca. 10 cm thick, composed of micrite reworked into
randomly oriented, tabular clasts up to 9 cm long (Fig. 14F). The top of unit 11 and the
Wonoka Formation is defined clearly by decreasing carbonate content (Fig. 13), before
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the sharp contact with the green fissile shale (ca. 20 % carbonate) of the Bonney
Sandstone, which after 6.5 m is overlain by dark red/brown sandstone (0 % carbonate).
Samples analysed show δ13C values ranging from -0.437 to +1.641 ‰ and δ18O values
of -9.8 to -6.2 ‰. However, this is based on low resolution analysis and δ13C values
reported by Calver (2000) suggest δ13C ranges from -2.04 to +2.36 ‰.

See Appendix B for all electron microprobe elemental maps and Appendix C for tables
of sample numbers, descriptions and quantitative results.
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Figure 13: Observations and results from a 35 m stratigraphic section from unit 10 of the Wonoka
Formation, through unit 11 to the Bonney Sandstone. Stratigraphic section of lithologies and
structures is shown in the far left panel, where the X-axis corresponds to grain size (Wentworth
grain scale): mud (M), fine sand (FS), coarse sand (CS) and conglomerate (C). Carbonate content is
shown in the mid-left panel, where the x-axis corresponds to % carbonate and y-axis corresponds
to height in the stratigraphic section. Stable isotope data is shown in the mid-right panel, where the
x-axis corresponds to δ13C (bottom axis) and δ18O (top axis), y-axis corresponds to height in the
stratigraphic section. Legend is shown in the panel on the far right.
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Figure 14: (A) Grey (micrite) and black (peloidal) limestone typical of Wonoka unit 11. Here the
black limestone has forming starved ripple laminations draped by micrite. Hammer for scale is ca.
17 cm wide. (B) Reverse graded bed of peloids and ooids which dominate from 8-15 m in the
described section across unit 11 (Fig. 13). Stratigraphic way up is towards the top of the page. (C)
Columnar stromatolites in Wonoka unit 11. Black bands are densely packed micrite while white
bands are sparry calcite. Visible section of pen for scale is 10 cm long. (D) Elemental map showing
the distribution of Mg (in wt %) of peloids in the reverse graded beds in Wonoka unit 11. Peloids
consist of ca. 3-4 wt % Mg, while the surrounding cement contains ca. 0 wt % Mg. (E) Plane
polarised photomicrograph of Wonoka unit 11 peloids from reverse graded beds from 8-15 m.
Peloids are largely replaced by the sparry calcite which forms the surrounding cement. (F) Micritic
intraclastic breccia at 19.5 m into the section across Wonoka unit 11 (Fig. 13). Visible section of pen
for scale is 10.5 cm long.
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DISCUSSION
The carbon isotope values defining the Wonoka Anomaly precede the rapid expansion
of metazoans in the fossil record, a pivotal event in Earth’s history of life and
development of the biosphere. Because carbon isotopes have the potential to provide an
intrinsic record of the carbon cycle, this anomaly is often taken as providing insight into
environmental processes such as oxygen cycling linked to the explosion of multicellular
life (Fike et al. 2006, Canfield et al. 2007). Thus the origin of the carbonate in the
Wonoka Formation is critical to understanding the δ13C values defining the isotope
anomaly. If the carbonate was precipitated from seawater as carbonate particles, the
shift in δ13C may preserve seawater values and this provide a constraint on the global
carbon cycle through the carbon isotope mass balance of the ocean/atmosphere system.
However, carbon isotopic shifts of similar magnitudes can also result from postdepositional alteration or formation of carbonate cements from groundwater and burial
fluids. These values provide no information about the ocean/atmosphere system, nor
provide a global constraint on the carbon cycle. Characteristics associated with these
diagenetic Quaternary successions are also present in the Wonoka Formation. It is thus
important to determine the origin of these carbonates to understand the implications of
these values.

The Wonoka Formation is a thick (ca. 700 m), lithologically heterogenous succession
(Haines 1987, 1988), which hosts several unconformities and sequences of valley
incision and fill of up to 1.5 km in thickness (Christieblick et al. 1990). The formation is
siliciclastic, with high percentages of carbonate (ca. 20-60%) resulting from
cementation. Carbonate abundance is greater in the top stratigraphic units, with unit 11
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containing oolite shoals (Fig. 14B) and stromatolites (Fig. 14C) reflecting a typical
Precambrian carbonate platform environment. The Wonoka Formation thus contains
two distinct types of carbonate lithologies, interstitial cement and carbonate components
deposited as allochems in shallow water environments.

Haines (1987) previously described Wonoka units 3-7 as calcareous siltstones,
silty/sandy limestones and limestone (Fig. 3 and table I), proposing that micrite
precipitated directly from seawater, primarily during the deposition of units 5 and 7.
However, the dominant carbonate phase throughout units 3-7 (and much of unit 8) is an
interstitial micritic cement (Fig. Fig. 6C, 6D) which preferentially occurs within
siliciclastic facies of higher primary porosity and permeability, such as the sandstones in
unit 5 which systematically consist of more carbonate than the interbedded shales (Fig.
5). While micron-scale floccules of micrite may settle from suspension to form discrete
thin beds (<10 cm) of carbonate mud which can be later reworked into intraclastic
breccias like those widely spaced in some portions of the siliciclastic succession (Figs.
8D, 10A), these micritic beds comprise an insignificant fraction of the Wonoka
Formation as a whole and were likely dispersed from distal mud forming stromatolite
banks during storms and later settled from suspension in still water.

The vast majority of the carbonate within the thick and dominant fine to medium
grained sandstones comprising units 5-7 was not deposited with the sandstone as
depositional grains. This can be determined on the basis of grain size sorting. The well
sorted sands within these intervals were deposited into bedforms by traction from strong
currents demonstrated by the abundance of cross bedding (Fig. 6B) and HCS (Fig. 8A)
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throughout units 5-7. HCS forms from combined flows typical of storms which involve
significant sorting, restricting HCS formation to coarse silts and fine sands (Harms et al.
1975), while finer grains and lower density sediments are deposited from suspension
when the turbulent energy is reduced (when the storm ends). The difference in settling
velocity (in cm/s) which applies to the coarse silts/fine sands and micrite observed in
units 5 and 7 can be calculated using the relationship between particle radius (r) and
settling velocity (Vs) defined by Gibbs et al. (1971):

√

Assuming a constant gravitational acceleration (g) of 981 cm/s, dynamic viscosity (η) of
8.90x10-3 Pa∙s and fluid density (Pf) of 1.0 g/cm3, this equation calculates the settling
velocity for a quartz grain (radius of 25 μm, density (Ps) of 2.66 g/cm3) at 1.002 cm/s,
approximately sixty times the required settling velocity for micrite (radius of 2 μm,
density of 2.711 g/cm3) at 0.017 cm/s (Fig. 15).
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Figure 15: Logarithmic plot of settling velocity (cm/s) vs. particle radius (μm), based on the
equation after Gibbs et al. (1971) assuming a fluid density of 1.0 c/cm3 and dynamic viscosity of 8.90
x 10-3 Pa∙s. The weight of the suspension/deposition line encompasses the relationship between
settling velocity and particle radius for both quartz (density of 2.66 g/cm3) and calcite (density 2.77
g/cm3).

Although these calculations are subject to minor errors arising from the assumption of
spherical particles and differences in seawater density and dynamic viscosity related to
salinity and temperature variations, the principal remains that micron-scale floccules of
micrite could not be deposited during current velocities capable of forming the
sedimentary structures found in the sandstones in Wonoka units 5-7. Thus this
carbonate represents a post-depositional phase, consistent with its petrographic pore
filling properties (Fig. 6D). Therefore the Wonoka Formation can be more accurately
defined as a carbonate cemented siliciclastic succession which shallows to a typical
carbonate platform across a proposed sequence boundary (Fig. 16).
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Figure 16:
Generalised
reference section
for the Wonoka
Formation at
Bunyeroo Gorge
with revised
lithologies based on
the findings of this
study. Units 3-7,
previously defined
as calcareous
siltstones, fine silty
limestones, sandy
limestones and
limestone (Fig. 3,
table I) are
considered here as
carbonate
cemented
siliciclastics
shallowing towards
the proposed
sequence boundary
(SB) at the contact
between units 7
and 8
(Christieblick et al.
1990). Sequence
boundary between
Unit 3 and the top
of Unit 4
corresponds to the
hypothesised
correlative surface
to the Wonoka
incised canyons in
the NFZ.
(Christieblick et al.
1990, Christieblick
et al. 1995)
Carbonate content
is shown in the
middle panel and
isotope values
across the entire
succession from
Calver (2000) in
the right panel.
δ13C is highly
negative from the
onset of carbonate
cementation (unit
3) and begins to
recover in unit 8,
which contains the
first carbonate
grains which can
be considered of
marine origin
within the
succession.
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For the Wonoka Anomaly to record marine δ13C values, the interstitial carbonate
cement of units 3-7 must be sourced from carbonate grains that precipitated from the
water column, rather than from pore fluids or groundwater. This requires a closed
system for the stratigraphic integrity of the isotope signal to be meaningful, in which
case carbonate is required to be derived from the dissolution of marine carbonate grains
and subsequent reprecipitation as cement with only minor migration. The alternative is
an open system, in which carbonate saturated fluids passed through the sediments
resulting in the precipitation of pore filling cement. In the latter case, the δ13C values
would not represent seawater. No relict marine-sourced carbonate grains are recognised
throughout units 1-7, with the exception of thin, widely spaced and volumetrically
insignificant micrite beds. From the previously discussed hydrodynamic calculations,
these micrite floccules could not be included with the sandstones and based on the
detailed petrographic study of these intervals revealing a lack of marine allochems,
there is no viable internal source for this cement. This makes a marine origin for the
δ13C values very unlikely from a sedimentological perspective. Therefore, the
anomalous portion of the carbon isotopic composition of the Wonoka Formation, which
houses δ13C values of -12 to -6 ‰ is likely the result of post-depositional, carbonate
saturated fluids and does not represent an oceanographic signal.

Carbonate grains of marine origin are recognised in units 8, 9 and unit 11 where they
are dominant (> 90%) (Figs. 10C, 12C, 14B, 14E). However, these intervals show δ13C
values that are not anomalous compared to the expected value of marine waters of
between 0.4 ± 2.7 ‰ (Schidlowski et al. 1975). This progressive increase in carbonate
grains from units 8 to 11 correspond with progressively isotopically heavier cement,
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resulting in a broad trend of increasing δ13C values upward through units 8-11 (unit 10
being siliciclastic). This is interpreted here as the mixing of two end members: (1)
relatively 13C-enriched marine phases and (2) diagenetic fluids with highly negative
δ13C and δ18O. The thin micrite beds within units 1-7 also show isotopic depletion,
which is attributed to re-equilibration with the aforementioned diagenetic fluid.

Alteration of δ13C and δ18O can result from the infiltration of meteoric groundwater
(Gross & Tracey 1966, Quinn 1991, Marshall 1992) and from the infiltration of fluids
associated with burial (Derry 2010). Comparison of δ13C and δ18O values of this study,
in addition to those reported by Calver (2000) and Kennedy (Unpublished) show a
distinct linear co-variation (r2 = 0.926) across Wonoka units 1-7 (Fig. 17), the interval
associated with the interstitial carbonate cement with anomalously negative δ13C values.
This strong co-variation is lost in the upper intervals of the Wonoka Formation (units 811), where δ13C returns to expected marine values.

The strong co-variation between δ13C and δ18O provides further evidence for a
diagenetic origin likely sourced from meteoric water (Gross & Tracey 1966, Quinn
1991, Marshall 1992). In marine waters, carbon and oxygen isotopic systems do not
covary (Knauth & Kennedy 2009), however, they do covary in meteoric water as
isotopically lighter water (enriched in 16O) is preferentially evaporated from the oceans
to form meteoric water, while the organic carbon dissolved in meteoric water is
preferentially enriched in 12C from photosynthesis (Farquhar & Lloyd 1993), resulting
in isotopically lighter compositions of both oxygen and carbon.
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Figure 17: Cross plot of δ13C (‰ VPDB) and δ18O (‰ VPDB) values across the Wonoka Formation
in Bunyeroo Gorge supplemented with isotope values reported by Calver (2000) and Kennedy
(Unpublished). Supplemented data values are divided into the informal subunits of the Wonoka
Formation based on reported stratigraphic height of collected samples with respect to the reference
section through Bunyeroo Gorge by Haines (1987). Unit 11 samples (average is values are circled)
represent typical marine carbonate δ13C values (marine carbonate end member) and do not plot
along the meteoric / marine co-variance mixing line. The most depleted values are considered here
to represent a meteoric diagenesis carbonate end member.

Co-variation of δ13C and δ18O does not support infiltration of fluids associated with
deep burial, as temperature resetting results in an array of δ18O values which leads to a
poor linear correlation with δ13C (Knauth & Kennedy 2009). Previous authors
(Kaufman et al. 1991, Kaufman & Knoll 1995, Halverson et al. 2005) have concluded
that Neoproterozoic successions with negative δ13C values are capable of preserving
relatively unaltered δ13C values despite petrographic evidence of alteration (like
cements) based on the assumption that a high concentration of carbon deposited from a
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marine source can buffer against significant alteration from meteoric fluids with
extremely negative δ13C values. These authors interpret that δ13C cannot be significantly
altered in successions like the Wonoka Formation by post-depositional meteoric fluids.
However, this argument should not apply in the Wonoka units 3-7, because there was
no initial marine phase to act as a buffer. It likely applies in unit 11, given it is
comprised of marine phases totalling > 90 % of the rock volume.

The extensive interstitial cement in the Wonoka Formation likely resulted from
meteoric fluids passing through the siliciclastic sediments. In this model, units 1-7 of
the Wonoka Formation were deposited in shallow water consistent with sedimentary
structures such as HCS (Fig. 8A) and tabular cross bedding (Fig. 6B) and small-scale
changes in sea level, such as those related to the formation of the metre-scale
parasequences in Unit 5, resulted in the migration of vadose and freshwater phreatic
zones (Fig. 18). Studies of modern submarine groundwater flows have shown that the
output of freshwater from groundwater discharge to the ocean can exceed riverine
output (Moore et al. 2008) and enrich coastal waters in a number of elements, including
carbon (Willard 1996). This model of cyclic migration of the water table would have
resulted in Wonoka Formation sediments being repeatedly bathed in meteoric water,
enriched in 12C from dissolved organic matter and progressively cementing the
siliciclastic succession cycle-by-cycle, as well as at the sequence boundary proposed at
the unit 7-8 contact and during the incision of the canyons in the NFZ if they are the
result of subaerial incision from a drop in sea level as opposed to submarine canyons.
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Figure 18: Meteoric cementation model for the Wonoka Formation involving cyclic small-scale
changes in sea level. (A) During relative high sea level, although still within storm wave base
(SWB), the water table or phreatic zone is above regions of sedimentation. (B) During relative sea
level falls to within wave base (WB) or exposure related to sequence boundary development the
resulting migration of the vadose and phreatic zones led to Wonoka Formation sediments being
bathed in isotopically depleted meteoric groundwater, resulting in extensive cementation. This
cyclic, small-scale changes in sea level progressively cemented units 3-7 (and likely unit 8).
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Although diagenetic in origin, the Wonoka Anomaly has profound implications with
respect to the evolution of the biosphere. The lack of a viable marine source for the
carbonate cement, coupled with the strong co-variation between δ13C and δ18O is
consistent with a meteoric origin, which requires a significant input of organic carbon,
to produce carbonate with such negative carbon isotope values. Therefore, the Wonoka
Anomaly likely records some of the earliest evidence of widespread terrestrial
photosynthetic communities as proposed by Knauth and Kennedy (2009), a crucial
development in the evolution of the terrestrial biosphere, which likely facilitated the rise
in oxygen necessary for the expansion of multicellular life.

CONCLUSIONS
The observations presented in this study show the highly negative δ13C values
associated with the Wonoka Formation occur within interstitial carbonate cements
consistent with meteoric diagenesis associated with changes in sea level. The gradual
shift to typical marine isotopic conditions towards the top of the formation occurs
following the appearance and subsequent increase in recognisable carbonate grains
consistent with a marine origin, suggesting the shift from negative to positive δ13C
values is the result of mixing between marine and meteoric carbonate end members,
rather than global variation in the isotopic composition of a homogenous ocean. Thus
the anomalously negative δ13C values are inconsistent with a marine origin and do not
constrain the global carbon cycle mass balance. However the presence of meteoric
cements within late-Neoproterozoic stratigraphy implies significant terrestrial
phytomass. Therefore, rather than a record of secular variation in open ocean chemistry,
the Wonoka Anomaly provides some of the earliest evidence of the development of the
terrestrial biosphere.
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APPENDIX A: DETAILED METHODOLOGY
Field Methods:
Stratigraphic sections were measured using the Jacob’s Staff method after Compton
(1985). Using a compass and clinometer, the dip and strike of the beds was determined.
Then the clinometer was mounted on a 1.5 m monopod (referred to from hereon as the
Jacob's staff) and tilted in the direction of maximum dip until the angle matched the dip
of the beds. The part of the stratigraphy sighted from the top of the Jacob's staff from
this angle marks 1.5 m (true thickness) of the stratigraphy from the base of the Jacob's
staff. Each 1.5 m interval was then systematically described and if appropriate, sampled
for further petrographic and geochemical analyses.

Sample Collection:
Samples were chipped from exposed outcrops using a chisel and geological hammer.
Labelled with a permanent marker and stored in plastic, zip-lock bags.

Thin Section Preparation:
Samples were cut into blocks appropriate for mounting on a 25.4 x 76.2 mm glass
microscope slide using diamond saws, and abraded using zinc lapping discs coated in
240 grit (coarse) powder followed by manual polishing on a wet glass plate using 600
grit (fine) aluminium oxide powder. Each sample was left to dry out on a hot plate (in
this case a Selby’s 240 V, 50 Hz, 1200 W hot plate) for ~ 1 hour to remove moisture
before mounting to a microscope slide.
Sail Brand 25.4 mm x 76.2 mm x 1 mm clear glass microscope slides being used were
then briefly abraded (or ‘frosted’) using 240 grit powder on a zinc lapping disc to
provide a rougher surface for the epoxy resin to attach to slide. Then using a mixture of
1 part EpoxiCure® Epoxy Hardener to 5 parts ExpoxiCure® Epoxy Resin by weight,
the sample blocks were then attached to microscope slides and clamped for 24 hours to
allow the resin to harden.
Once the sample block was firmly attached to the microscope slide, the majority of the
sample block was removed from the slide using a diamond saw with a mounted guide,
thereby reducing the thickness of the sample on the slide to ~1 mm. At which point
samples would be thinned further using zinc lapping discs and abrasive powders. This
continued until the sample was thin enough to allow light to pass through the slide and
sample to produce the appropriate birefringence colours under cross-polarised light
when being assessed with a standard optical microscope. For samples to be analysed
using the electron microprobe, an additional polishing stage will then be conducted
using 1-KD-C3 grade Kemet Diamond Compound on Struers DP-U4 cloth lap.

Thin sections will then be analysed using a standard optical microscope under planepolarised (PPL) and cross-polarised (XPL) light.
Stable Isotope and Pressure Calcimeter Analysis Preparation:
For each sample a fresh face was exposed, using either a diamond saw or dentist drill
with a diamond bur. Approximately 300 mg of powder was drilled from each sample
onto a piece of weight paper, which was then transferred to a plastic micro-centrifuge
tube.

Pressure Calcimeter Analysis:
200 mg of rock powder from each sample was dissolved in 25 millilitres of dilute (10%)
hydrochloric acid, in a sealed vial and left for react for 1 hour. Pressure was then
recorded using a barometer. Weights varying from 10 mg to 250 mg of > 99.95%
CaCO3 were used as standards to determine the relationship between carbonate content
and resulting pressure of each sample.

Stable Isotope Mass Spectrometry
δ13C and δ18O values were obtained using a Fisons Optima Isotope Ratio Mass
Spectrometer (IRMS) at the University of Adelaide. Data was calibrated to an in-house
standard (ANUP3; δ13C (VPDB)= 2.24 ‰; δ18O (VPDB)= -0.30 ‰ ). Only samples
with a variation of ± 0.2 ‰ for δ13C and ± 0.4 ‰ for δ18O between repeated standards
were accepted.

Electron Microprobe Elemental Mapping
Specific samples selected for elemental mapping using a CAMECA SXFive Electron
Microprobe at Adelaide Microscopy were polished using cloth lapping discs and carbon
coated. Samples were than analysed using an XL20 scanning electron microscope
(SEM) to determine a suitable representative mapping area. Based on the size of the
mapping area and detail required, the electron microprobe was calibrated to map for
approximately 1.5-2 days per sample.

APPENDIX B: ELECTRON MICROPROBE ELEMENTAL MAPS

Figure 1: Unit 8 zoned carbonate concretion showing no variation in major elements across the
zonation boundary. (A) Sr distributions. (B) Si distribution. (C) Fe distribution. (D) S distribution.
(E) P distribution. (F) Ca distribution. (G) Na distribution. (H) Mn distribution. (I) Al distribution.
(J) Mg distribution. (K) K distribution. (L) Ti distribution.
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Figure 2: Wonoka Unit 5 sandstone electron microprobe imagery. (A) Mg distribution. (B) Na
distribution. (C) Ca distribution. (D) Si distribution. (E) S distribution. (F) Ti distribution. (G) K
distribution. (H) P distribution.
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Figure 2 (cont): Wonoka unit 5 sandstone electron microprobe imagery. (I) Al distribution. (J) Mn
distribution. (K) Fe distribution. (L) Ti distribution.

Fig. 3: Wonoka Formation unit 7, red
intraclastic breccia electron
microprobe imagery. (A) Fe
distribution. (B) Ca distribution. (C) Al
distribution. (D) Si distribution. (E) Mg
distribution.

Figure 4: Wonoka Formation unit 7 stylonodular texture microprobe imagery. (A) Si distribution.
(B) Ca distribution. (C) P distribution. (D) Al distribution. (E) Mg distribution. (F) K distribution.

Fig 5: Wonoka
Formation unit 9
lower mixed
carbonate/silicicl
astic interval
electron
microprobe
imagery. (A) Si
distribution. (B)
K distribution.
(C) Na
distribution. (D)
Fe distribution.
(E) Mg
distribution. (F)
Ca distribution.
(G) Al
distribution.

Figure 6: Wonoka unit 9 peloids microprobe imagery. (A) K distribution. (B) Ca distribution. (C)
Mg distribution. (D) Si distribution. (E) Mn distribution.

Figure 7: Wonoka unit 11 peloids microprobe imagery. (A) Ca distribution (broad). (B) Mg
distribution (broad). (C) Ca distribution. (D) Mn distribution shows zonation. (E) Mg distribution
shows zonation. (F) Fe distribution shows zonation.

APPENDIX C: SAMPLE NUMBERS, DESCRIPTIONS, % CARBONATE AND STABLE ISOTOPE VALUES
Table I: Sample numbers, descriptions, stratigraphic height relative to the base of the section and results from described section from Wonoka Unit 10 to the
Bonney Sandstone.
SAMPLE PREFIX

SAMPLE #

DESCRIPTION

AC-2-05-2012-

1

Unit 10 - No HCl reaction

AC-2-05-2012AC-2-05-2012-

2
3

1.6

Unit 11 - 10cm thick calcareous bed

3.8

?

4

Unit 11 - Laminations (fragile - sample = individual beds) – sample missing

5

Unit 11 - From 10cm thick bed in laminated carbonate phase

AC-2-05-2012AC-2-05-2012AC-2-05-2012AC-2-05-2012AC-2-05-2012AC-2-05-2012AC-2-05-2012-

7
8
9
10
11
12
13

2.5

10.7

3

38.4

3.5

59.0

Unit 11 - Grey carbonate phase

4

71.4

Unit 11 - Interval 4 boundary (grey calc)

6

75.3

Unit 11 - Ooids (nope! = Peloids)

7.2

95.8

Unit 11 - Stromatolites

9.2

88.0

Unit 11 - Orange/brown clast (possibly recrystallised?)

9.8

77.0

Unit 11 - Stromatolites

10.5

87.9
96.4
70.9

Unit 11 - Fissile beds
Unit 11 - Laminations (less fissile)

AC-2-05-2012-

14

Unit 11 - Cross cutting veins

11.5

AC-2-05-2012-

15

Unit 11 - Dolomitic section

16

AC-2-05-2012-

16A

Unit 11 - Dolomitic section

16

AC-2-05-2012-

16B

Unit 11 - Dolomitic section

16

AC-2-05-2012-

17

Unit 11 - Possible laminations (grey and black when clean)

AC-2-05-2012AC-2-05-2012AC-2-05-2012-

18
24
25

17.5

89.1

Unit 11 - Orange sections with white rim (grey country rock)

22

97.9

Unit 11 - Laminations (int. 16)

24

78.6

27.2

21.5

Unit 10 - Fissile shale (transition to Bonney Sandstone)

δ13C

δ18O

4.4

2

Unit 11 - Calcareous interbed before contact (transitioning)

AC-2-05-2012-

6

% CaCO3

1.2

AC-2-05-2012AC-2-05-2012-

HEIGHT (m)
0

-0.4

-9.8

1.6

-7.5

-0.4

-6.2

SAMPLE PREFIX

SAMPLE #

DESCRIPTION

AC-2-05-2012-

26

Unit 11 - Bonney Sandstone? (two sample 26?)

HEIGHT (m)

% CaCO3

34.5

δ13C

0.3

Table II: Sample numbers, descriptions, stratigraphic height relative to the base of the section and results from Wonoka Unit 5 section
SAMPLE PREFIX
AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012-

SAMPLE #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

DESCRIPTION
Laminated sandstone(?) - carb cemented
Fissile shale interbed
Laminated cemented ss(?)
Massive carb cemented siliciclastic
Heavily cemented bed
Laminated and some cross beds
Piece of interval. 8-9(12-13.5 m)
Fissile shale interbed
Massive sandstone bed
Laminated sands (now quite calcareous)
Fissile shale interbed
Fissile shale interbed
Sandstone (carb cemented)
Possible ball and pillow structure
Country rock around previous sample
Carbonate from erosive fill in int.15-16
Laterally variable fissile shale (sampled heavily cemented bit)
Slightly calcareous highly fissile shale (v. thin sample)
Big piece of calcareous sandstone in int. 18
Calcareous sandstone
Calcareous sandstone
Laminated sandstone - carb cemented

HEIGHT (m)
0
3.2
5.2
6.5
9.8
11.5
12.5
12.9
12.2
17
17.2
18.1
19
19.8
19.8
23
24.5
24.7
25.2
25.5
25.5
26

% CaCO3
62.2
39.2
44.4
53.4
47.5
42.5
23.5
26.6
30.4
35.5
38.5
-0.8
49.0
22.2
22.1
47.7
37.1
12.3
61.4
32.9
46.5
71.0

δ13C
-6.8
-6.9
-7.1
-7.0
-7.1

δ18O
-11.7
-11.7
-11.9
-12.0
-11.9

-6.5
-6.0
-6.9

-9.9
-7.5
-11.4

-7.0
-6.8
-7.0
-6.6
-6.8
-6.7

-11.8
-11.9
-11.5
-10.6
-11.6
-11.6

δ18O

SAMPLE PREFIX
AC-3-05-2012AC-3-05-2012AC-3-05-2012-

SAMPLE #
23
24
25

DESCRIPTION
Laminated sandstone truncated at top
Sandstone (carb cemented)
Fissile shale interbed (just below int. 20)

HEIGHT (m)
28
28.5
29.5

% CaCO3
43.5
24.7
20.2

δ13C

δ18O

δ13C

δ18O

Table III: Sample numbers, descriptions, stratigraphic height relative to the base of the section and results from Wonoka Unit 8 section.
SAMPLE PREFIX
AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-3-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012-

SAMPLE #
26
27
28
29
30
31
32
33
34A
34B
34C
1
2
3A
3B
3C
4A
4B
5A

DESCRIPTION
Carbonate rip ups
Shale
Cemented and laminated – Sample contains first recognisable allochems
Green fs or shale in creek bed
Heavily carbonate cemented bed
Green layer (glauconite?)
Thick cemented layer with laminations (b/w int.2-3)
Thick cemented layer with laminations (50cm below sample 32) (green zonation)
Bed with possible % carb changes
Bed with possible % carb changes
Bed with possible % carb changes - average
Fissile shale int.0-1
Fissile shale fragments
1st thick cemented layer (general samples)
1st cemented layer (inner unaltered sample)
1st cemented layer (outer - diagenetic front?)
2nd thick cemented layer
2nd thick cemented layer
thick cemented layer

HEIGHT (m)
0.5
0.7
1
1.2
1.5
3
4
3.7
?
?
?
7.7
7.8
7.9
7.9
7.9
8.4
8.4
8.8

% CaCO3
83.1
21.4
90.9
40.0
89.8
26.5
72.4
70.0

-1.4

-7.6

-0.3
-1.6

-9.7
-11.2

34.1
0.3
0.2
64.3

68.8
63.7
69.0

SAMPLE PREFIX
AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012-

SAMPLE #
5B
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

DESCRIPTION
thick cemented layer
Cemented layer
Cemented layer
Fissile shale
Fissle shale
Fissile shale (where becomes largely shale w/o cemented bits)
Thick(ish) more siliciclastic layer in int. 4-5
Start of carbonate cemented (Modern Caliche?)
10cm thick sandy bed
thin (30cm) shale occurs again
Conglomerate – Caliche (modern)
Conglomerate – Caliche (modern)
Conglomerate - Caliche (modern)
Conglomerate - Caliche (modern)
Conglomerate - Caliche (modern)
Conglomerate - Caliche (modern)

HEIGHT (m)
8.8
9.5
10
10.1
10.5
11.5
14.5
15.6
14.5
?
17
17
17
17
17
17

% CaCO3
70.3
58.4
67.0
45.4
8.1
26.0
14.6
55.9
1.3

δ13C

δ18O

0.5

-9.5

-1.6

-6.2

Table IV: Sample numbers, descriptions, stratigraphic height relative to the base of the section and results from Wonoka Unit 7 section.
SAMPLE PREFIX
AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012-

SAMPLE #
21A
21B
22
23
24
25
26

DESCRIPTION
Parallel laminations (int.0-1)
Parallel laminations (int.0-1)
Stylonodular texture
Stylonodular texture
Blocky sandstone bed
Fissile shale
Laminated sandstone

HEIGHT (m)
0
0
1
1
1.5
1.6
2
2.2

% CaCO3
59.6
59.7
58.1
55.3
60.0
39.4
81.1

δ13C
-3.5
-3.6

δ18O
Bad Std
Bad Std

-4.1

-7.6

SAMPLE PREFIX
AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012-

SAMPLE #
27
28
29
30
31
32
33
34
35
36
37
38
39

DESCRIPTION
Cross bedded sandstone
Cross bedded sandstone
Wavy laminations in ss
Laminated? Fissile shale
Laminated ss (green in the creek bed)
Semi-stylonodular carbonate cemented sandstone
Green/grey calc ss (before red/brown intraclastic breccia
Intraclastic Breccia in iron rich limestone
Intraclastic Breccia in iron rich limestone
Sandstone (carb cemented)
Sandstone (carb cemented)
Parallel laminations (int.6-7)
Parallel laminations (int.6-7)

HEIGHT (m)
2.3
2.3
3
3.2
4.8
6.5
8.2
8.8
8.8
9.5
9.5
10.2
10.2

% CaCO3
58.6
54.9
70.5
50.6
53.1
67.6
88.8
83.6
76.9
22.2
22.7
64.4
59.4

δ13C

δ18O

-3.8

Bad Std

-4.5

-7.9

-4.3

-8.2

-4.0

Bad Std

-5.4

-10.0

Table V: Sample numbers, descriptions, stratigraphic height relative to the base of the section and results for Wonoka Units 8-10 section.
SAMPLE PREFIX
AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 -

SAMPLE #
20
21
22
23
24
25
26
27
28
29
30

DESCRIPTION
Unit 8 - Carbonate cemented bed
Unit 8 - Shale
Unit 8 - Carbonate cemented bed
Unit 8 - Shale
Unit 8 - Shale (pinkish? Jutted out further)
Unit 8 - Shale
Unit 9 - limestone
Unit 9 - limestone
Unit 9 - limestone
Unit 9 - limestone
Unit 9 - limestone

HEIGHT (m)
0
1.8
3.2
4.5
6.2
6.5
6.6
6.7
6.8
7.2
7.4
7.5

% CaCO3
56.7
12.2
69.7
13.9
11.0
4.6
61.8
52.7
65.3
72.7
89.8

δ13C
-1.2
-1.7
-0.1

δ18O
-10.5
-9.9
-11.0

-1.9

-9.9

1.2
0.3
0.7
1.1
1.3

-11.8
-10.7
-11.1
-9.8
-9.2

SAMPLE PREFIX
AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 AC 28/6/12 -

SAMPLE #
31
32A
32B
33
34

DESCRIPTION
Unit 9 - More calcarenite (sandy limestone)
Unit 10 - (above contact)
Unit 9 - (below contact U9-10)
Unit 10
Unit 10

HEIGHT (m)
7.8
8.6
8.5
9
9.3

% CaCO3
94.9
13.6
69.7
0.6
-0.1

δ13C
0.9
-2.2
-2.2

δ18O
-9.6
-10.6
-11.0

Table VI: Sample numbers, descriptions, stratigraphic height relative to the base of the section and results for Wonoka Unit 3
SAMPLE PREFIX
AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012AC-4-05-2012-

SAMPLE #
40A
40B
41
42
43
44
45

DESCRIPTION
Possible HCS/interference ripples and micrite
Possible HCS/interference ripples and micrite
Micrite beds or increasing carbonate in shale
Rhythimic unmixing in unit 3
Siltstone and possible micrite layer
Micrite base with overlying siltstone
Micrite and shale (BIG sample)

HEIGHT (m)
0.2
0.2
0.5
1.6
1.7
2
2

% CaCO3
15.5
54.4
20.2
68.5
30.5
64.7
39.0

δ13C

δ18O

