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ABSTRACT

Variations in the carbon isotopic composition (8*3C) 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 5**C which
reach as low as -12 %o, 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 widesgread rise of complex life in the Ediacaran.
Alternatively, spatially reproducible, negative §°C 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 5°C values is a
carbonate cement of no obvious internal origin, while the return to typical marine 5"*C values
is characterised by the appearance of identifiable marine carbonate grains. Isotopic analysis
of this cement reveals a strong linear co-variation between §°C and §*20, 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 5°C 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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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). ......ccoovveviiiiiiieienie e 12

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 FIINers Zone (NFZ)........coo oot 14

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..............ccccueene.e. 16

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.........ooi e 18

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 5°C (bottom axis) and 520 (top axis), y-axis corresponds to height in the
stratigraphic section. Legend is shown in the panel on the far right..........c.cccooviieiieiiiinnn, 24

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 (um) and colour legend (counts) for both Ca and Si are
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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 8*3C (bottom axis) and 5'20 (top axis), y-axis corresponds to height
in the stratigraphic section. Legend is shown in the panel on the far right................c..cc......... 27

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
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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 83C (bottom axis) and §'°0 (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
DY MOAErN CAlICNE). .....ueiuieiice e et ns 30

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 8*3C values 1.3 %o lower than the preserved ‘core’ of the sample (-0.3 to -1.6
) LRSS 31



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 83C (bottom axis) and 5'°0 (top axis), y-axis
corresponds to height in the stratigraphic section. Legend is shown in the panel on the far
[0 PSPPSR 34

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. .........ccocovevviiinennen, 35

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 *3C (bottom axis) and §'%0
(top axis), y-axis corresponds to height in the stratigraphic section. Legend is shown in the
panel 0N the Tar MGNT. ..o s 38

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. ...39

Figure 15: Logarithmic plot of settling velocity (cm/s) vs. particle radius (im), based on the
equation after Gibbs et al. (1971) assuming a fluid density of 1.0 c/cm® and dynamic viscosity
of 8.90 x 10°® 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/cm®) and
CalCite (AENSILY 2.77 GICM®) ...ttt ee ettt 43
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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. §"°C 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. ..vtttesiesteste ettt et e s et et st e b e b s b e bt e bt e st e s e bbb e e b e e bt e bt b e bt e st et et e e be s b e e b e e beebeeneene e 44

Figure 17: Cross plot of §*C (%0 VPDB) and 520 (%0 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 8*>C 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
00 0 0=T 001 T OSSPSR 47

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 UNIT8). ..c..ooviiiiiiii 49

Table I: Summary of lithological subdivisions of the Wonoka Formation in the CFZ
previously determined by Haines (1987) based on the 700 m thick reference section through
BUNYEIOO GOTO. 16
Table 1I: 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. 19
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