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Abstract

The Neoproterozoic record of sedimentary carbonates preserves > 20%o of variability in carbon-isotope
(6C) values that dwarfs the ~4%o variability recorded in Phanerozoic marine carbonates known to record
changes in the Earth’s carbon cycle through time. When interpreted as primary seawater values, large magnitude
6'3C swings in Neoproterozoic strata are commonly interpreted to reflect significant changes to the biosphere
that are causally related to the oxygenation of the Earth’s atmosphere, global-scale glaciations and the evolution
of complex metazoan life. This thesis considers each of the key isotopic features used to define the 6'*C record of
Neoproterozoic seawater to identify the potential for local sedimentary controls on 6'3C variation versus global
secular change by focussing on the origin of the host carbonate phases from which the §3C values are recorded.

The expected bias toward shallow-water intracratonic basins preserved in the Precambrian record predicts
that intervals of the record are particularly susceptible to hydrologic restriction and physical isolation from marine
connections. The Bitter Springs Formation of the Amadeus Basin in central Australia records a positive-negative-
positive stratigraphic §"*C trend in its upper Gillen Member. This 6'*C excursion has been termed the Bitter Springs
Anomaly and is routinely used as a global stratigraphic tie point at ~800 Ma. A detailed sedimentological study of
the Wallara-1 and BRO5 drill cores and two field sections in the Amadeus Basin reveal that two distinctly different
facies associations occur, a lower unit of cyclic-bedded microbial and grainstone marine limestones and an upper
unit of red beds and dolostones interbedded with evaporites and characterised by evidence of subaerial exposure
and desiccation. The abrupt decline in recorded 6C values from +6%o to -4%o and the following recovery back
to +6%o occurs across the stratigraphic transitions between the evaporative lacustrine and shallow-marine
carbonate intervals. Positive 6'*C values occur exclusively in the evaporative lacustrine facies and were likely
modified locally by evaporative processes in a highly restricted sabkha-type basin, indicated by interbedded
and nodular anhydrites, halite pseudomorphs and karstic dissolution. Where local facies changes to subaqueous
cyclic stromatolitic facies are preserved, 6'C values abruptly fall to -4%o producing the binary isotopic shift that
defines the Bitter Springs Anomaly here. The recurrence of this stratigraphic and isotopic association across the
basin suggests that changes to local depositional conditions resulting from periodic hydrological restriction and
evaporation explain the Bitter Springs Anomaly here rather than global isotopic change in a seawater value that
should be decoupled from changes in local sediment composition.

The Trezona Formation in the South Australian Flinders Ranges records a -18%o decline in 8C values
stratigraphically below Marinoan-aged (~635 Ma) glacial deposits that is used to argue for a link between carbon
cycle perturbations reflected in seawater DIC and global glaciation. A high resolution sedimentary study of 9
field sections across the Flinders Ranges shows that the lower Trezona Formation records evidence of deposition
at or near base level, indicated by a sequence boundary at its base described by palaeosols and trough cross
bedded channelised sandstones, and mud cracks and channelised siliciclastic (fluvial) deposits throughout. The
upper Trezona Formation records an uninterrupted sequence of microbial and grainstone carbonates with little
evidence of emergence. The vertical recovery from §C values of -9%o towards modest values of -2%o begins
across the facies change between lower Trezona Formation interbedded mudstones and limestones and upper
Trezona Formation microbial limestones in each section examined, regardless of variations in the stratigraphic
thickness of each unit. Indicators of shallow water and exposure coupled with the limited aerial distribution of
the Trezona Formation describes a water body that was physically isolated during sea level fall and may have
periodically supported phases of non-marine deposition. Here, the dominance of meteoric fluids bearing negative
6"C values over seawater exchange allowed for a -9%o carbonate phase to be precipitated that is likely primary,
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but is unrepresentative of coeval seawater chemistry. This value then systematically recovered to -2%o with
changing sediment composition as local basinal conditions developed along a deepening trend, inconsistent with
the shoaling upward trend toward glacial lowstand proposed by previous studies and obscuring the interpreted
causal link between isotope values and the onset of glaciation.

The stratigraphic reproducibility of Neoproterozoic 6"3C profiles of similar age within and between basins
provides a principal line of evidence supporting their utility as global chronological tie points and monitors of
whole-ocean change. The upper Andrée Land Group of NE Greenland records a shift in §'3C values from +6%o to
variable negative values of -4%o to -10%o, before recovering to +6%eo stratigraphically below Sturtian-aged (~720
Ma) deposits interpreted as glaciogenic in origin, and is termed the Islay Anomaly. The upper platform to slope
transition that precedes the onset of diamictite deposition was studied on Ella @ in NE Greenland and compared to
a lateral section on Kap Weber that was calibrated along two regionally traceable sequence boundaries, providing
time-significant surfaces along which spatially disparate '3C profiles can be compared. In both sections, platform
carbonates comprising dolomitised stromatolites, pisolitic limestones, and laminated microsparites exclusively
record positive 6*C values of ~+6%o while dolomite-bearing siltstones, mudstones and carbonate debrites
associated with slope deposition record negative values of -4%o to -10%o0. On Kap Weber, a return to positive
6"3C values follows slope-mudstone deposition coincident with a return to platform carbonate deposition that
is absent on Ella @, which instead records negative §C values into the base of Sturtian-aged glacial diamictites
with no unconformity, confirmed by interbedding and soft sediment deformation across the facies transition. This
disparity in terminal 6'*C values at the base of the glaciogenic Ulvesg Formation suggests that the most negative
6"C values recorded in the basin (-10%o) occur broadly synchronous with values of +6%o, but are related to local
sediment composition and the dominant process by which carbonate was precipitated on the platform versus
the slope. Further, the onset of diamictite deposition occurs asynchronously across the basin, with a correlative
conformity at the base of the Ulvesg Formation on Ella @ corresponding to erosion and subaerial exposure on Kap
Weber. Elemental mapping of slope mudstones shows that the carbonate phase that records the negative 6'*C
values that define the Islay Anomaly here is a rhombic dolomite phase that is unsorted with surrounding sediment
and associated with clays, organic matter and euhedral pyrite, supporting an authigenic origin associated with
bacterial sulphate reduction that is not expected to constrain marine water-column &'3C variation.

The Neoproterozoic §"*C record in general preserves a positive ‘background’value of approximately +6%o
that is punctuated by negative excursions. When interpreted in the same way as Phanerozoic deep-ocean records,
sustained 6'C values of +6%o implies significantly elevated rates of global carbon burial as photosynthetic
biomass, inconsistent with the low oxygen conditions during the Neoproterozoic. While Cenozoic deep-marine
pelagic sediments record §C values as positive as +2.5%o, a compilation of coeval platform carbonates shows
values as positive as +6%o attributed to photosynthetic effects under hydrologically restricted conditions. Positive
6'3C values from eight different Neoproterozoic sections from Australia, NW Canada, East Svalbard and NE
Greenland, including six intervals that preserve analogous carbonate platform sedimentation as thick packages of
microbial and grainstone carbonates, karstic features, desiccation cracks and dolomitisation, are compared with
these modern data and are shown to largely plot within the < +6%o0 range of 8C variation. As the majority of
Neoproterozoic carbonate successions are known to have accumulated above carbonate platforms and ramps, in
inland seas, and in other cratonic and transitional-marginal environments, it is proposed that some portion of the
positive background 6'C value reflects the inherent bias in Neoproterozoic stratigraphy towards these types of
depositional conditions.

-V-






Declaration

| certify that this work contains no material which has been accepted for the award of any other degree or diploma
in my name in any university or other tertiary institution and, to the best of my knowledge and belief, contains no
material previously published or written by another person, except where due reference has been made in the
text. In addition, | certify that no part of this work will, in the future, be used in a submission in my name for any
other degree or diploma in any university or other tertiary institution without the prior approval of the University
of Adelaide and where applicable, any partner institution responsible for the joint award of this degree.

| give consent to this copy of my thesis, when deposited in the University Library, being made available for loan
and photocopying, subject to the provisions of the Copyright Act 1968.

| also give permission for the digital version of my thesis to be made available on the web, via the University’s
digital research repository, the Library Search and also through web search engines, unless permission has been
granted by the University to restrict access for a period of time.

Robert M. Klaebe

-Vii-






Acknowledgements

First and foremost | would like to thank my supervisor Prof. Martin Kennedy for his guidance over the last few
years. Martin’s encouragement, honesty, clarity of thought and both academic and financial support has been
critical throughout the term of my candidature and this work and the great opportunities I've had would not have
been possible without him. His commitment to pursuing the scientific method in its purest form has undoubtedly
made me a better scientist and for that | am especially grateful.

Thanks also to my co-supervisor Prof. lan Fairchild for his ongoing support, discussion and feedback of my work.
In particular | am indebted to lan for providing the opportunity to participate in a 5 week field season on Ella @
in remote East Greenland in 2012; this was indeed a life-changing experience. Very special thanks go to Prof. Paul
Smith who generously volunteered to act as my informal supervisor and field assistant for the duration of this field
trip, | could not have asked for a better mentor to have stepped in and | am extremely grateful. Thanks to GAINS
and the rest of the Ella @ field team: Carl Stevenson, Edward Fleming, Michael Hambrey and Mike Petronis, John,
Jon and Sarah the fossil hunters, Frederick in particular for keeping us alive on the fjords, as well as the Sirius guys,
all of whom enriched such a wonderful experience.

Thanks to the Sprigg Geobiology centre for their comradery and discussion of all things geological, in particular
Lisa Baruch and Stefan Lohr for their support, advice and ongoing help with analyses. Special thanks go to Alex
Corrick for his many weeks helping out in the field, often at a single day’s notice, Mark Rollog for his time spent
helping collect my isotope data, and Tony Hall for solving just about every problem | presented him with. | thank
all the other Adelaide University academic and professional staff and fellow postgraduate students for making
my time here memorable. | acknowledge and thank my examiners Prof. Paul Knauth and Prof. Peter Swart who
provided valuable advice and comments that improved this thesis greatly.

Many thanks to the DENR, Flinders Ranges pastoralists, the Yellow Footed Rock Wallaby Preservation Association
and of course the traditional owners of the Flinders Ranges region, the Adnyamathanha people, for land access
during field work in South Australia. Jane and Bill from Gum Creek Station, Kaz Herbst, Jim Kennelly, Kym Groves
and the Coulthard family are thanked in particular. Thanks to the NTGS and the staff at the Alice Springs core
library, and to Ross River Station for access to samples and their hospitality respectively during my work in central
Australia.

I'd like to acknowledge and dearly thank my family and friends who showed limitless patience and support for me
over the years. In particular Mum, Dad, James and Jess with whom I've grown with my entire life, | dedicate all of
my accomplishments to you. Finally, words cannot express my gratitude to Katie who supported me through all
the ups and downs, late nights, weekends in the lab and months away in the field over the last few years, | cannot
imagine having done this without you.

-ix-






Chapter 1







Introduction and theoretical framework

1. Introduction

The Ediacaran period marks the abrupt appearance of
complex multicellular life on Earth following 3 billion
years of simple single-celled organisms as the Earth’s
only inhabitants (Knoll, 2004). The evolution and rapid
diversification of complex life is thought to be triggered
by changes to the Earth’s biosphere. The nature of this
environmental change represents a fundamental ques-
tion in geobiology and is a topic of vigorous debate in
the scientific community (Knoll and Carroll, 1999; Hoff-
man and Schrag, 2002; Grey et al., 2003; Narbonne and
Gehling, 2003; Kennedy et al., 2006). Coupled with the
first physical evidence of complex animals in the geo-
logic record is the increase in atmospheric oxygen re-
quired to support their radiation (Runnegar, 1982; Knoll
et al., 2006; Payne et al., 2009; Kump et al, 2011), and a
series of climatic events of interpreted global influence
(Kirschvink, 1992; Hoffman et al., 1998; Sohl et al., 1999;
Abbot et al., 2011), that at face-value describe a highly
dynamic and systematically different Earth-system that
changed into the Ediacaran (Figure 1). As the oxygen-
ation of the Earth’s atmosphere and oceans, prolifera-
tion of complex metazoan life, and the movement of
carbon between Earth’s surface reservoirs are processes
thought to be intrinsically linked, understanding past
changes in the Earth’s carbon cycle is fundamental in
interpreting the environmental conditions that lead to
the most significant evolutionary step in Earth history.

Changes in the carbon isotopic (6*C) composition of
marine carbonate-bearing sediments directly inform
our understanding of the state of Earth’s carbon cycle
through time. Following the observation of isotopic
fractionation of carbon during photosynthesis (Urey,
1948), the balance of *C to '2C (expressed as §'*C in per
mil [%o0] compared to VPDB [Vienna Pee Dee Belem-
nite]) in the ocean-atmosphere system has been used
to monitor the movement of carbon between Earth’s
surface reservoirs through time. As the synthesis of pri-
mary organic matter through photosynthetic pathways
preferentially selects the light isotope of carbon (2C),

generated organic biomass is significantly depleted in
13C relative to dissolved inorganic carbon (DIC) in sea-
water. The burial and storage of organic carbon in sedi-
mentary rocks effectively removes from the Earth's sur-
face environment. The carbon isotope mass-balance of
the Earth’s surface reservoir can thus be expressed as:

613‘Cin = 513(: f + 613Ccarb('I - forg)

org” org

6"C, = surface reservoir inputs
6‘3C0rg = organic carbon burial flux

61C

carb

= inorganic carbon burial flux

f,, = fractional burial of organic versus inorganic car-

ort

bon

Where (6‘3Cin) is the isotopic value of the input flux of
carbon to the Earth’s surface reservoirsand 6 C__ /6"
G, are the values for the burial fluxes of organic carbon
as biomass and inorganic carbon as calcium carbonate
respectively into sedimentary archives. In the modern
Earth system, the carbon input flux (6" C ) includes
the outgassing of mantle carbon, return of carbon as
CO, from the subduction and metamorphism of ocean-
ic carbon reservoirs, and the weathering of carbonate
and organic matter on the continents, carrying an aver-
age 8"C value of ~-5%o (Kump, 1991; Kump and Arthur,
1999). Organic carbon carries §C values of around
-25%o, the burial of which balances the Earth’s surface
carbon inputs to approximately 0%o for much of the
Phanerozoic (Hayes et al.,, 1999; Zachos et al., 2001).
Where marine carbonate has precipitated in equilibri-
um with seawater DIC, variations in the fractional buri-
al of organic carbon relative to carbonate carbon (forg)
should be expressed in the marine carbonate record
through geologic time.

This framework guides the interpretation of §C vari-
ations recorded by marine carbonates as a monitor for

-13-



Chapter 1

Introduction and theoretical framework

o

0.5 1 1.5
1 I 1

Age (Ga)
2

25 3 35 -
| | | 1

Phanerozoic Neo- Meso-

Paleoproterozoic

Archean

Cambrian Radiation
Ediacaran Biota
Oxidative Photosynthesis (Cyanobacteria)

Great O:-.'y'ge nation Event

Oldest Microfossils
(Allwood et al. 2006)

Eukaryote fossils

Evidence of terrestrial life

Fungi fossils

EEmsEssssssssEsEssEsEsEES Jimmnn

Metazoans

!

Bioturbation

|

Calcification & Predation

(Rasmussen et al. 2008)

SIS SIS SREERE NSRS EEEEE P ¢

(Retallack 2001;
Strother at al. 2011;
Yuan 2005)

(Brain et al. 2012)
(Martin et al. 2000)
(Clites et al. 2012)

e
| Vascular Plants (Dahl et al. 2010)
+5—
£ PV
U 0 Mg e ? Sty e
w0 . N
-5 (Halverson et al. 2005)
{Campbell and Allen 2008)
] —
=
a 0.5
o
(Canfield 2005)
(Berner et al. 2003)
0.0

Figure 1. Summary of the major evolutionary and biospheric events in the Earth System after Kennedy (2013). A) Puta-

tive fossil evidence (solid lines) and possible examples and/or predicted ranges of major evolutionary events (dashed

lines). The first evidence of complex metazoan life occurs during the late Neoproterozoic and is quickly followed by oc-

currences of more advanced biological developments such as calcification. These changes are superimposed over inter-

preted evidence for pan-glaciation (blue panels), extreme §*C variability (B) and the calculated increase in atmospheric

pO, (C). B) The synthesised 6"3C record of the past 4 billion years. Phanerozoic values from marine carbonate show

significantly less variability compared to the Neoproterozoic record that preserves 6"*C ranges > 20%o. Data prior to the

Neoproterozoic is scarce and often altered through metamorphism. C) Estimates of atmospheric oxygen concentration

through Earth history. Two major increases in O, concentration are identified at 2.2 Ga and during the Neoproterozoic.

changes in the ocean-atmosphere system throughout
Earth’s history. Cenozoic §*C records preserve §'*C var-
iability of ~2%o0 as multi-million year trends recorded
in deep-ocean carbonate archives that reflect steady-

state changes in the global rates of organic carbon bur-
ial versus rates of carbon liberation through oxidative
continental weathering (Zachos et al., 2001). The mag-
nitude of §3C variability increases to 0 £ 4%o in marine
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sedimentary records older than the Mesozoic (Veizer
et al, 1999), that in part reflects major evolutionary
events such as the proliferation of terrestrial plants that
periodically increased the volume of terrestrial biomass
and thus net burial of organic carbon and is expressed
as elevated &'C values in late Palaeozoic sedimentary
records (Broecker, 1970). §"3C variability increases dra-
matically in the Precambrian sedimentary record where
6"3C values as high as +10%o and as low as -12%o are
documented and shifts of > 10%o0 between anomalous
values are common (Shields and Veizer, 2002). As global
trends in ocean-atmosphere §'*C are intrinsically linked
to the burial of organic carbon, satisfying anomalous
values of the observed magnitude in atmospheric
equilibrium requires a fundamental reorganisation of
the Earth’s carbon cycle that is at odds with present un-
derstanding of the Earth’s carbon and oxidant budgets
(Bristow and Kennedy, 2008). As the 6C value of the
Earth's surface reservoir carbon inputs is approximately
-5%o, values on the order of -12%o that persist for mil-
lions of years at steady-state (Le Guerroue et al., 2006)
are challenging to explain (Melezhik et al., 2005; Bris-
tow and Kennedy, 2008). While non-steady state pro-
cesses such as methane destabilisation and release are
shown to produce excursions in seawater to negative
6"3C values during the Phanerozoic, these are transient
excursions of -2%o to -3%o and are orders of magnitude
shorter in duration than those interpreted in the Ne-
oproterozoic (eg. Dickens et al., 1995). Models offered
by previous authors such as the collapse of all photo-
synthetic productivity (Hoffman et al., 1998) the oxida-
tion of a large reservoir of suspended organic carbon
in the oceans (Fike et al., 2006), and the slow oxidation
of a large methanogenic pool in deep-ocean sediments
(Bjerrum and Canfield, 2011) rely on catastrophic per-
turbations to the biosphere and/or hypothetically ex-
panded carbon reservoirs that are difficult to confirm
using primary geological evidence. In contrast, under
the basic framework discussed above sustained 6'*C-
carb values > +5%o imply a staggering increase in the
global rates of organic carbon burial and/or a signifi-
cant decrease in rates of continental oxidative weath-
ering (Knoll et al., 1986; Kump et al,, 2011). Either of

these changes should lead to a significant net increase
in atmospheric oxygen which is at odds with current
calculations and geologic evidence of Precambrian
oxygen availability which was limited in the Neoprote-
rozoic compare to the modern atmospheric levels (Cat-
ling and Claire, 2005; Lyons et al., 2014). The difficulty
in resolving large magnitude binary swings in Precam-
brian §™C records under our current understanding of
global carbon-cycle dynamics indicates that a level of
complexity may exist in these records that is routinely
overlooked.

2. Carbon-isotope chemostratigraphy in the Neo-
proterozoic

Despite the origin of anomalous Precambrian 6'*C val-
ues being unresolved and it being uncertain wheth-
er they record comparable oceanographic processes
to those active in the Phanerozoic, the §'3C record of
Neoproterozoic carbonates is increasingly utilised as
a stratigraphic tool to support the correlation of sed-
imentary successions between basins (Kaufman and
Knoll, 1995; Halverson et al., 2005). This is particularly
true for Precambrian sedimentary archives where radi-
ometric ages and other independent time constraints
such as high resolution biostratigraphic records used
to confirm stratigraphic correlations in the Phanero-
zoic are absent. The correlation of 6C stratigraphic
records between Precambrian successions often relies
on fragments of carbonate-bearing stratigraphy that
are pieced together based on similarities in the shape,
magnitude and inferred duration of vertical 6*C pat-
terns. These patterns are broadly calibrated by associ-
ations with other interpreted time significant features
such as deposits associated with glacial environments
thought to represent discrete global ice ages, post-gla-
cial cap carbonate sequences, and radiometric ages
where ash-beds or other suitable igneous deposits are
present. The construction of these records provide a
continuous history of §*C variation through time that
is interpreted to be representative of secular changesin
the seawater §'3C composition (Halverson et al., 2005;

-15-



Chapter 1

Introduction and theoretical framework

Shields-Zhou et al.,, 2012) that increasingly constrains
the chronology of the Neoproterozoic Era, even pro-
viding criteria for the ratification of geological time at a
period-level (Knoll et al., 2004).

This method of stratigraphic correlation of Neoprotero-
zoic sedimentary successions is supported by a recur-
ring tripartite motif of isotopic and sedimentological
features that is interpreted to have been emplaced
globally in response to the Earth’s most severe climatic
events (Hoffman et al., 1998; Sohl et al., 1999; Fairchild
and Kennedy, 2007). Abrupt excursions in §C values
to ~-10%o recorded in carbonate sedimentary rocks
are commonly overlain by diamictite and interpreted
glaciomarine facies that are further overlain by distinc-
tive ‘cap carbonate’ deposits. This recurring sequence
is documented at similarly-aged stratigraphic intervals
on nearly all continents (eg. James et al., 2001; McK-
irdy et al., 2001; Halverson et al., 2002; Halverson et al.,
2004; Caxito et al., 2012), leading to the interpretation
of a series of climatic events of global extent termed
‘Snowball Earth’ climate states (Kirschvink, 1992; Hoff-
man et al.,, 1998; Hoffman and Schrag, 2002; Schrag
et al,, 2002). Because they directly precede glaciogen-
ic deposits, stratigraphic negative 8C excursions to
values of -10%o are thought to be intimately linked
to the onset of pan-glaciation. While two episodes of
glaciation are established as the Sturtian and Marino-
an glacial epochs (Kennedy et al., 1998) at ~720Ma and
~635Ma respectively, the scale and duration of these
events remains speculative (Hoffman et al., 1998; Eyles
and Januszczak, 2004; Abbot et al., 2011). Regardless,
the recurring appearance of pre-glacial negative excur-
sions and post-glacial cap-carbonates provides a gen-
eral framework by which &C records can be broadly
calibrated and supports their interpretation as a glob-
al-scale phenomenon. This interpretation however ap-
proaches circularity where the motif of negative 6C
values that precede glaciogenic deposits is considered
globally coeval as it is thought to equally record the
same biospheric event that these very features funda-
mentally establish.

3.The case for diagenesis

The &3C value of any given carbonate mineral phase
fundamentally records the isotopic balance of the
precipitating fluid. As such, &C variations are also
used as a monitor for a range of other processes that
are not necessarily of global influence. A growing
body of literature now exists that challenges whether
large-magnitude 6C excursions recorded in the Neo-
proterozoic stratigraphic record are representative of
past ocean-water chemistry, preferring an alternative
interpretation of post-depositional alteration of an
originally marine carbonate phase (Knauth and Ken-
nedy, 2009; Derry, 2010; Frimmel, 2010; Swart and Ken-
nedy, 2011; Schrag et al., 2013). All marine carbonate is
initially precipitated as metastable carbonate minerals,
most commonly calcite and aragonite. In the Phanero-
zoic the bulk of this carbonate is secreted as shells by
marine organisms while the majority of Precambrian
carbonate is likely to be microbially mediated. Dur-
ing lithification, primary carbonate precipitates are
dissolved and recrystallise into more stable mozaics
of calcite and/or dolomite spar through early diage-
netic reactions, where mixing and re-equilibration is
achieved between the mineral phases and ambient
pore fluids (Land, 1986). These types of early diagenetic
reactions are well understood in the Phanerozoic to be
capable of altering and overprinting primary isotop-
ic values and producing negative §*C excursions of
similar magnitude and stratigraphic thickness to those
observed in Neoproterozoic records (Melim et al., 2002;
Swart and Eberli, 2005), and have been directly com-
pared (Swart and Kennedy, 2011). In these examples,
meteoric fluids are incorporated into shallowly-buried
marine sediments across the continental shelf as surfi-
cial outflows and through groundwater discharge that
mix with marine fluids in the pore space of unlithified
or semi-lithified carbonate sediment. Meteoric fluids
are characteristically depleted in their oxygen-isotopic
composition (§'®0) and are capable of acquiring 6'3C
values of DIC on the order of -25%o that are derived
from the oxidative degradation of organic carbon (Ir-
win et al., 1977; Fogel and Cifuentes, 1993). The mixing

-16-



Chapter 1

Introduction and theoretical framework

of meteoric waters with marine pore fluids can drive
the precipitation of carbonate phases that carry neg-
ative 6"*C and 6'0 values over hundreds ofmetres of
stratigraphy, producing a vertical stratigraphic trend of
similar magnitude and shape to many Neoproterozoic
negative §'3C excursions that is seemingly unrelated to
original seawater chemistry (Swart and Kennedy, 2011).
This process is best demonstrated in Pleistocene-aged
sediment cores taken on the Great Bahama Bank where
a well-documented stratigraphic excursion in §'C
from anomalously enriched values as high as +6%o is
shown to gradually decline to a minimum of -10%o in
carbonate precipitates that were bathed in meteoric
waters during sealevel drawdown and subaerial expo-
sure (Swart and Eberli, 2005; Swart and Kennedy, 2011).
Subsequent fluid-rock interactions between lithified
carbonates and high pCO, burial fluids that carry nega-
tive 6*C values of DIC have also been shown capable of
producing or enhancing large magnitude negative 6'3C
excursions (Derry, 2010). While tests for a dominantly
diagenetic influence on preserved 6™C values is stand-
ard practice in chemostratigraphic studies of Neoprote-
rozoic carbonate successions, actual diagnostic param-
eters for or against a diagenetic origin for these values
are vague and often rely on the subjective interpreta-
tion of cryptic petrographic textures and trace-element
ratios as proxies for recrystallisation. More often, the
reproducibility of a discrete 6'3C signal within and be-
tween basins globally is cited as unequivocal evidence
for a primary whole-ocean origin (Husson et al., 2015).

4, Comparisons with the Cenozoic record

The construction and use of synthetic §'*C records as
monitors for global changes in the Earth’s biosphere
fundamentally relies on the assumption that the car-
bonate precipitates recording anomalous &C values
mineralised in equilibrium with atmospheric CO, and
therefore reflect changes in this reservoir. In Cenozoic
marine records, 8"*C values are predominantly derived
from deep-water accumulations of carbonate shells
that were secreted by planktonic organisms in the well-

mixed surface waters of the open ocean (Zachos et al.,
2001). These types of deposits are ideal recorders of
seawater 6'*C variations as they accumulate beyond
the influence of subtle variations in sea level as well as
terrestrial clastic and fluid inputs, can be precisely cal-
ibrated along a number of other independent proxies
and chronostratigraphic frameworks, and provide a rel-
atively uninterrupted record of sedimentation. Further,
mechanisms such as‘vital effects’that can influence the
recorded &'3C values in secreted calcareous shells can
be accounted for (Grossman, 1987; Weiner and Dove,
2003; Ziveri et al., 2003) to ensure that the controlling
function on &'C variation that is recorded is atmos-
pheric exchange. The dominant mechanisms that con-
trol 6C variability in Precambrian carbonate-bearing
successions are more ambiguous as the prevailing
mode of carbonate accumulation is necessarily differ-
ent. First, the pelagic flux of biogenic carbonate secret-
ed by marine planktonic organisms does not exist prior
to the Cambrian where the appearance and radiation
of marine calcifiers is first apparent. The vast majority
of Precambrian carbonate was therefore directly pre-
cipitated by microbial, evaporative and diagenetic pro-
cesses under often cryptic palaeoenvironmental condi-
tions. Second, all Precambrian carbonate accumulated
in marginal marine basins, intracratonic seaways and in
non-marine basins above continental crust. There are
no deep-ocean records older than the Mesozoic as they
have since been subducted. In the absence of the ma-
rine skeletal flux that dominates carbonate deposition
in modern offshore environments, the deepest-water
(generally outer slope) marine carbonate sediment
that is preserved in the Neoproterozoic record exists
either as detrital grains eroded and swept from land-
ward shallow-water environments of enigmatic pala-
eoenvironmental origin during storms, as authigenic
and/or diagenetic phases in organic-rich, fine-grained
sediment, or as cryptic inorganic carbonate muds and
whitings.
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5. Palaeoenvironmental constraints on Neoprotero-
zoic 6"*C excursions

Given these considerations, an alternative explanation
exists for many Neoproterozoic §C excursions and is
the subject of this thesis. As the Neoproterozoic strati-
graphic record is expected to be biased toward mar-
ginal and intracratonic environments, it is expected to
be inherently sensitive to minor variations in sea level.
Where deep-ocean environments are largely insen-
sitive to sea-level rise or fall of a fewmetres, in coeval
shallow-water marginal environments shorelines are
capable of migrating hundreds of kilometres leading
to abrupt changes in local palaeoenvironmental con-
ditions. The records of §C change preserved within
this archive should first be considered under these
constraints before global correlations and biospheric
models can be confidently established. Modern ana-
logues of marine, restricted marine, and terrestrial en-
vironments that accumulate carbonate routinely show
significant spatial gradients in 6'3C that are unrelated
to global values (Figure 2). The degree of 6*C decou-
pling between cratonic and open-ocean settings in the
Cenozoic appears to rely largely on their connectivity,
terrestrial hydrologic regime, and rates of primary pro-
duction. The influence of these effects is diluted in the
open ocean, but have increasing influence as a basin
becomes increasingly hydrologically restricted. For ex-
ample, a comparison of deep-ocean sediment cores
with surface sediment and drill core from the shallow
Great Bahama Bank shows a systematic increase in
6"3C in aragonitic bank-top sediments of up to +6%o
(Melim, 2001; Swart and Eberli, 2005) compared to pre-
cisely correlated pelagic equivalents (Miller and Katz,
1987; Shackleton, 1987; Zachos et al., 2001). Further, as
sea level fell across the platform, meteoric fluids carry-
ing depleted 6"Crepeatedly bathed the unlithified
sediment and altered these values to as low as -10%so,
producing a binary 6C signal resulting from modest
sea-level variation and entirely unrelated to changes in
whole-ocean chemistry (Swart and Eberli, 2005). Maxi-
mum &8'3C values of +5.5%o0 and +4.5%o are preserved in
other marginal basins in both skeletal and non-skeletal

allochems, on the modern Belize-Yucatan platform and
Kuwait ramp in the Persian Gulf respectively (Gischler
and Lomando, 2005; Gischler et al., 2007). In both cases,
these shallow-marine carbonate sediments that accu-
mulate primarily under subaqueous conditions are up
to 6%o more enriched compared to coeval deep-water
pelagic sediments and thus do not record open-ocean
and atmospheric §'C values. In the Persian Gulf, §3C
can vary by ~5%o over just 15 km laterally (Gischler and
Lomando, 2005). In more restricted environments, or
basins that are physically isolated from marine connec-
tions during sea-level fall, the capacity of §"*C values to
decouple from seawater increases significantly.

The nature of 6'*C data allows two directions of change
compared to seawater values of ~0%o. Positive §3C
values in poorly-connected marine basins and in iso-
lated terrestrial environments are largely the product
of evaporation rates and local photosynthetic fraction-
ation versus marine mixing and/or freshwater influx.
Evaporating brines are shown to be enriched in §C
compared to marine and meteoric waters due to the
fractionation of '>C during evasion of Co, (Stiller et al.,
1985). Other isolated (lacustrine) environments return
comparable values in DIC ranging from +5%o to as high
as +26.4%o resulting from a combination of enhanced
evaporation, photosynthetic effects, and pore-fluid
methanogenesis (Talbot and Kelts, 1986; Valero-Garces
et al.,, 1999; Lamb et al., 2000; Gu et al., 2004; Rosqvist
et al., 2007; Zhu et al., 2013). The decline of §*C values
in unaltered carbonates under hydrologically restrict-
ed conditions is largely controlled by meteoric mixing
where organic matter degradation is a major source of
DIC or by in-situ organic matter degradation. As pho-
tosynthetically-fractionated carbon is depleted with
respect to '3C, locally depleted waters are often asso-
ciated with the input of detrital organic carbon or dis-
solved organic acids (Talbot, 1990; Knauth and Kenne-
dy, 2009). Under these conditions, 6'*C values of -30%o
have been reported while values ~-10%o are common
(Talbot, 1990; Bade et al., 2004). While comparable
non-marine deposits are largely under-represented in
the Neoproterozoic literature, they comprise a signifi-
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cant proportion of depositional environments that ac-
cumulate carbonate in the modern Earth (Figure 2).

The assessment of §"*C records as a chronostratigraphic
tool and monitor of carbon cycle perturbations unique
to the Neoproterozoic relies on an intimate under-
standing of each &3C feature in isolation and in the
context of the local palaeoenvironmental conditions
that may have influenced it. Where the reproducibility
of Neoproterozoic 6"*C patterns is commonly taken as
primary evidence for their coeval and global extent, the
internal systematic variation between different isotopic
systems and palaeoenvironmental parameters should
be diagnostic of a local control on §C (Kaufman and
Knoll, 1995). As all Neoproterozoic carbonate is ex-
pected to accumulate within the influence of sea-level
variation that can be tectonically or climatically driven,
with the possible exception of carbonate phases pre-
cipitated during later burial, abrupt variations in water
depth and the migration of shorelines is expected to be
tracked by local variations in various geochemical pa-
rameters as local basin hydrology opens to marine con-
nections or is restricted behind connecting sills and un-
dergoes transient restricted to non-marine conditions.
Analogous studies of Silurian-Ordovician aged intrac-
ontinental seaways show systematic time-significant
lateral gradients in 6'3C related to the relative influence

of various local-scale carbon cycling processes, varia-
tions in which may be forced by variations in relative
base-level (Melchin and Holmden, 2006; Panchuk et al.,
2006; Fanton and Holmden, 2007). A negative covaria-
tion between §C and §**Ca values and a co-occur-
rence of isotopic inflection points and major litholog-
ical reorganisations during the Hirnantian Glaciation
event indicate that these parameters can be forced by
base-level in a hydrologically-restricted intracratonic
basin (Holmden et al., 2012). Other indicators of seawa-
ter decoupling include covariant trends between §C
and &0 that are linked to residence time effects under
hydrologically closed basinal conditions and common
in modern palaeolimnological studies (Talbot, 1990). In
these examples, stratigraphic variations in 6'*C are con-
sidered in the context of the host palaeoenvironment
where anomalous isotopic values can be linked to pro-
cesses of basinal rather than global influence, and are
confirmed with biostratigraphic data. It is possible that
these types of processes also impart a first-order con-
trol on many Neoproterozoic 6'*C excursions.

Non-Marine

Run-off 705, -30 to +25%o

—j\ oM degraldation

)

e

Freshwater Phreatic -20%o0

Restricted Marine Open Marine

-10 to +6%o0 0 + 4%o0

Evaporation

Photosynthesis

Figure 2. Summary of processes that contribute to lateral §'3C gradients in shallow-water carbonate depositional envi-

ronments. While these processes are diluted in the open ocean, they impart a significant effect on the §*C values record-

ed by precipitating carbonate mineral phases where complete mixing with marine waters is not achieved.
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6. Project aims
The aims of this project are:

1. To investigate the influence of palaeoenviron-
mental conditions that are isotopically decoupled from
contemporaneous seawater on the construction of syn-
thetic Neoproterozoic-aged carbon-isotope records.

2. To provide geological context to a number of
the major carbon-isotopic features that characterise
the Neoproterozoic stratigraphic record.

3. To test chemostratigraphic timelines using in-
dependent physical frameworks in order to investigate
whether carbon-isotopic patterns between individual
sections in Neoproterozoic strata can be shown to be
coeval.

7.Thesis outline

Chapter 2 examines the Bitter Springs Anomaly 6'C
excursion as it is preserved in its type section in cen-
tral Australia. While previous interpretations of the
Bitter Springs Formation is that much of its deposition
occurred under non-marine, hyper evaporative condi-
tions, the Bitter Springs Anomaly is widely considered
a robust stratigraphic marker and indicator of carbon
cycle perturbations that is notably unrelated to Neo-
proterozoic glaciation. Paired sedimentological and
stable-isotopic (§3C and 6'®0) data show that the iso-
topic variability that defines the Bitter Springs Anomaly
is facies-dependent. The inflection points from positive
(+5%0) to negative (-4%o) 6"C values that define the
excursion occur systematically with major lithofacies
changes from evaporative lacustrine environments to
restricted marine carbonates respectively. This study
highlights the ease by which a simple binary 6"C sig-
nal can be produced in an isolated basin as a direct re-
sponse to variations in base-level that act to sever ma-
rine connections and decouple ambient DIC from that
of seawater.

Chapter 3 re-interprets the depositional environ-
ment of the Trezona Formation in the South Australi-

an Flinders Ranges and considers the observed strati-
graphic 6'3C variation (the Trezona Anomaly) in terms
of changes in local basinal conditions. An unconformity
documented at the base of the Trezona Formation, cou-
pled with it's restricted spatial distribution and physical
evidence of shallow-water to exposure as mud cracks
and fluvial deposits indicates that §C values of -9%o
recorded as the Trezona Anomaly accumulated under
highly restricted and periodically lacustrine conditions.
As the basin opened, a reproducible facies change from
calcareous muds and intraclastic carbonate to micro-
bial mats and oolitic shoals is tracked by a recovery in
6"3C values from -9%o to as high as -2%o. As internally
systematic §3C variability tracks changes in lithofacies,
the Trezona Anomaly in its type section in South Aus-
tralia is more consistent with a record of local carbon
cycling processes than whole ocean change, where
sea-level fall behind a connecting sill periodically iso-
lated the basin from marine connections.

Chapter 4 provides a stratigraphic test for the timing
and reproducibility of the pre-Sturtian Islay Anoma-
ly 6C excursion in ramp and slope carbonates in the
North-East Greenland Caledonides, as well as inves-
tigates the sequence of basinal sea level events that
lead in to the Sturtian Glaciation at this locality. Here,
sustained enriched 6™C values of +6%o are recorded
in shallow-water marginal limestones and dolostones
that precede a negative excursion to 6*C values as low
as -10%o (the Islay Anomaly) and interpreted glacio-
genic sediments correlated as Sturtian in age. The onset
of the Islay Anomaly in NE Greenland corresponds to a
major flooding event that drowned the carbonate ramp
and superimposed slope-facies calcareous mudstones
carrying highly-depleted &C values above enriched
platform sediments. The mineralogy that hosts deplet-
ed 8"C values is preserved as an authigenic dolomitic
phase that is best interpreted as catalysed by bacterial
sulphate reduction of organic carbon under anoxic con-
ditions in the sediment column and is thus unrelated
to seawater chemistry. Further, a conformable contact
between terminal carbonate-bearing sediment and the
base of the Sturtian-aged Ulvesg Formation presents a
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situation where either the recorded 6'3C signal, onset
of (interpreted global) diamictite deposition, or both,
are strongly diachronous across the basin, a geologic
and geochemical condition that is inconsistent with a
global origin of §"3C values.

Chapter 5 compiles several thousand published and
newly generated §*C and §'®0 data in order to assess
the influence of typical shallow-water carbonate plat-
form variability on the construction of Neoproterozoic
6"3C curves. These data demonstrate that the enriched
background &'C values recorded through much of the
Neoproterozoic carbonate record plots largely within
the range of §*C values common to modern carbonate
platforms and ramps. In the closest Cenozoic analogues
to Neoproterozoic marginal carbonate deposits, 6'*C
values are decoupled with coeval deep-ocean car-
bonate accumulations that sample the surface waters of
the open ocean, indicating that bank top enrichment of
non-skeletal carbonates occurs artificially under poorly
circulated marine waters influenced by enhanced au-
totrophic fractionation and evaporation. While many of
the Neoproterozoic data considered fall within this do-
main, values > +6%o0 may have been further influenced
by the effects on §3C during the transformation of pri-
mary aragonite and calcite to diagenetic dolomite or
in extreme cases, may have been periodically isolated
entirely from marine connections.

Chapter 6 offers concluding statements and some im-
plications for the major findings of this project.
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Palaeoenvironmental controls on the Bitter
Springs Anomaly carbon-isotope excursion

Abstract

Large magnitude (>10%o) carbon isotope (6'3C) excursions in carbonate-bearing sediments are increasingly used
to constrain the chronology of the Neoproterozoic stratigraphic record and as a monitor of changes in the Pre-
cambrian biosphere. The Tonian aged Bitter Springs Anomaly shows a 9%o &'3C excursion in carbonate rocks in
the Amadeus Basin of central Australia that is used as a test case of a marine origin for large-magnitude §C
excursions because it meets the most stringent tests of secular change offered ; it is regionally reproducible, and
6"C values in organic carbon covary with §C of inorganic carbon arguing against a secondary diagenetic origin.
We show that §3C values defining the excursion coincide with palaesoenvironmental shifts from restricted marine
conditions to alkaline lacustrine settings and terrestrial environments indicated by binary changes in lithofacies.
The stratigraphic §'3C pattern in both organic and carbonate carbon is reproducible across the basin, but in each
case is controlled by sea level fall restricting or isolating silled sub-basins in a broad, shallow intracratonic setting
rather than whole-ocean secular change. As the shallow intracratonic setting of the Bitter Springs Formation is
typical of other Neoproterozoic successions used to establish the present 6'*C seawater record and thus changes
in the exogenic cycle, it highlights the need to not only identify diagenetic influence, but also local palaeoenviron-
mental controls on stratigraphic §'>C variation.

1. Introduction al., 2012). The basis for the correlation of §'3C values re-

The carbon-isotope (8C) record of carbonate-bear- lies on the assumption that marine carbonates precip-

ing sediments has assumed an important role in inter- itate in equilibrium with an isotopically homogenous

preting environmental evolution through time (Derry, oceanic carbon pool that changes through time in re-

2010b; Hoffman et al., 1998; Knauth and Kennedy, 2009; sponse to the Earth’s exogenic cycle. Carbonate succes-

Knoll et al., 1986), and as a stratigraphic tool to support
the correlation of sedimentary successions between
basins (Halverson et al., 2005; Kaufman and Knoll,
1995). This is particularly true in the Precambrian where
there are few radiometric ages and other independent
time constraints such as biostratigraphic records of suf-
ficient resolution. Composite §'C stratigraphic records
are assembled from Precambrian successions by piec-
ing together fragments of sections based on similarities
in isotopic patterns in association with other potential-
ly time significant features such as lithologically distinct
units (eg. cap carbonates), deposits associated with gla-
cial environments thought to represent discrete global
ice ages, and radiometric ages where present, in order
to provide a continuous history of global 6'*C change
through time (Halverson et al., 2005; Shields-Zhou et

sions thus record this changing value between isolated
basins as a signal that is widely considered to be time
significant (Knoll et al., 1986). Precambrian stratigraph-
ic sections contain particularly large-magnitude 6'C
excursions of up to 18%o that are readily recognisable
and are commonly used as tie-points to support corre-
lations.

The persistence of 6"3C values as depleted as -12%o or
enriched as +10%o through tens to hundreds of metres
of stratigraphy implies that the Precambrian carbon cy-
cle was capable of supporting a range of marine 6'*C
> 20%o over extended periods of time (Le Guerroue et
al., 2006), likely to reflect steady-state conditions rather
than singular rapid perturbations or adjustments in the
ocean-atmosphere system. This contrasts with the ob-
served < 4%o range of variability in the comparatively

-31-



Chapter 2

Bitter Springs Anomaly

well constrained Cenozoic pelagic record and has yet to
be reconciled with a carbon isotope mass balance that
has a theoretical lower limit of the Earth’s < -5%o0 man-
tle value (Bristow and Kennedy, 2008; Kump and Arthur,
1999; Melezhik et al., 2005). In interpreting anomalous
negative &'3C values from Precambrian strata, present
debate surrounds the question of whether 6C excur-
sions do represent secular change in seawater (John-
ston et al,, 2012), or a secondary signal derived from
mixtures of marine and meteroric values (Knauth and
Kennedy, 2009) or burial fluids (Derry, 2010a) in the di-
agenetic environment.

Alternatively, anomalous Neoproterozoic values could
simply record the natural spatial 6"3C variability com-
mon in Phanerozoic-aged shallow, restricted, and
non-marine environments where systematic, large
scale (>15%o) 6'3C stratigraphic patterns (Swart and
Kennedy, 2011) are demonstrably at odds with coeval
open marine (pelagic) records available from deep sea
cores (Swart and Eberli, 2005). This spatial variability in
6'3C values is controlled by local processes occurring in
shallow depositional environments such as platforms
(Gischler et al., 2007; Patterson and Walter, 1994; Swart
and Eberli, 2005), lakes (Bade et al., 2004) and intracra-
tonic basins (Holmden et al., 1998; Panchuk et al., 2006).
In these settings, drivers such as input/output water
composition, local productivity, and evaporation con-
trol the 83C balance of ambient waters and can lead to
abrupt shifts in 6'*C with a change in these local palae-
oenvironmental conditions.

The Bitter Springs Anomaly is considered a robust ex-
ample of secular change in 8C recorded as a global
excursion because a) the excursion has a similar mag-
nitude over comparable stratigraphic thickness to ex-
cursions recorded in other Tonian-aged strata from
NW Canada (Halverson, 2006; Macdonald et al., 2010),
Svalbard (Halverson et al.,, 2007), Ethiopia (Alene et
al., 2006) and Scotland (Prave et al., 2009) and b) §C
values derived from organic matter (613Cmg) have been
shown to covary with carbonate 6*C (Swanson-Hysell
etal, 2010) arguing against diagenetic exchange. Here
we address the influence of local carbon-cycling pro-

cesses that result from restriction and isolation, versus
a continuous open marine record reflecting secular
change of a global seawater signal, on the §C values
defining the Bitter Springs Anomaly in cores and out-
crop from the Bitter Springs Formation. We show that
major facies changes coincide with the 6*C inflection
points that define the Bitter Springs Anomaly, and that
these lithology changes are a function of local palae-
oenvironments, as changes in base level periodically
isolated sub-basins from marine connections.

2. Geological Setting

The Bitter Springs Formation comprises > 1500 metres
of evaporites, dolomitic marls, siltstones, and micro-
bial carbonates deposited in the Amadeus Basin, one
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Figure 1. a) Map of the Centralian superbasin after (Mun-
son et al,, 2013). Tasman line indicates the eastern extent
of Proterozoic cratonic Australia. b) Map of the Amadeus
Basin after Lindsay and Korsch (1989). Field and drill core
localities are indicated by black points. Regional sub-ba-
sins are shaded to highlight the limited distribution of
sedimentation in the basin.
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of a series of broad (~800 km) interconnected basins .

located on cratonic central Australia (Figure 1a). The Aralka Formation :Z(')Zsi >4 Ma

absolute age of the Bitter Springs Formation is poorly Areyonga Formation

constrained to a window of 400 million years (Figure \% :

2); it is variably truncated by an angular unconformity S Jcohnl?ys
5 ree

beneath glacial sediments of the Areyonga Formation g g _ beds

inferred as Sturtian in age (Hill and Walter, 2000), con- "‘3 é é

. ) o >3

strained by Re-Os > 657 + 5 Ma (Kendall et al., 2006), % 52 == 800 Ma (indirect)

and unconformably overlies intrusive rocks of ca. 1070 @ ..[...I...'..]‘( Sm-Nd

Ma (Schmidt et al., 2006). The Bitter Springs Anomaly, ;“;’ Cillen Memb —= 1811 Ma (indirect)
[aa]

which comprises a ~200 m interval of the Bitter Springs men Member 205Pb-23U

Formation is inferred as ~811 Ma that relies on §'3C cor-
relation with better-constrained strata (Macdonald et
al., 2010) and comparison of #Sr/%Sr values of 0.7057
to 0.7063 taken to reflect the seawater composition of
that age (Shields-Zhou et al., 2012). Thus, the 6*C in-
flection points that bracket the excursion provide the
primary stratigraphic tie-point that global correlatives
are calibrated to.

A thick succession (up to 1350m) of salt deposited in the
basal Bitter Springs Formation Gillen Member subse-
quently modified depositional conditions of overlying
units through diapirism and salt withdrawal (Kenne-
dy, 1993) resulting in complex basin floor topography
(Figure 1b) in combination with regional sub-basins
interconnected across localised sills. Laterally variable
shallow water depositional conditions, evaporative fa-
cies, terrestrial deposits and exposure/karst surfaces in-
terpreted to be marine, restricted marine and lacustrine
intervals (Hill et al., 2000; Southgate, 1986, 1991) char-
acterise the upper Bitter Springs Formation that hosts
the Bitter Springs Anomaly. The Bitter Springs Anomaly
6'3C excursion is defined by abrupt 6'*C changes from
+5%o to -4%o and back to ~ +5%o in the Loves Creek
Member and informal Johnnys Creek beds of the For-
mation (Figure 3).

3. Analytical methods

All samples analyzed in this study were collected dur-
ing logging of the Wallara-1 and BR05-DDO01 drill cores
of the Northern Territory Geological Survey at the Alice

Heavitree Quartzite

A ~1070 Ma

Basement R~

Figure 2. General stratigraphy and radiogenic age con-
straints of the lower Neoproterozoic in the Amadeus Ba-
sin, central Australia. Adapted from Marshall et al. (2007)
and Haines et al. (2010). 1070 Ma age from Schmidt et al.
(2006) and 657.2 Ma age from Kendall et al. (2006). 811
Ma date is derived from NW Canada, based on 613C cor-
relation (Macdonald et al., 2010) and the 800 Ma date is
derived from dolerites in the Musgrave Province, central
Australia, that are geochemically similar to spillites inter-
bedding the Bitter Springs Formation (Zhao et al., 1994).

Springs Core Library, and logging of the Ellery Creek
field section in the Northern Territory, Australia. Sam-
ples were slabbed, and then powdered subsamples
were collected using a dentist drill. New stable isotope
(6C and 6180) measurements were performed on
~0.8mg powders using continuous-flow isotope-ratio
mass spectrometry. Measurements were made on an
Analytical Precision AP2003 (mean analytical precision
for 8C and 6180 is £ 0.03%o0 and + 0.07%o respective-
ly) and on a Nu Horizon CF-IRMS (mean analytical preci-
sion for §Cis + 0.1%o0). Samples were digested in 105%
phosphoric acid at 70°C and mass spectrometric meas-
urements were made on evolved CO, gas following the
method of Sp&tl and Vennemann (2003). Results were
normalised to the Vienna Pee Dee Belemnite scale us-
ing internal working standards.
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Figure 3. Stratigraphy and carbon isotope profiles of the Loves Creek Member and informal Johnnys Creek beds of the

Bitter Springs Formation, central Australia, that show the relationship between lithology and &C variation. Strati-

graphic sections and coupled 6"°C values (black diamonds) show that isotopic shifts correspond to lithological changes
in the host facies. Long dashed line indicates major facies transitions. a) NTGS BRO5SDDOT1 stratigraphic core. b) NTGS

Wallara-1 stratigraphic drill core, 63C values collated from Swanson-Hysell et al. (2010) and this study. c) Field transect

at Ellery Creek. AF=Areyonga Formation diamictites. Y-axes are in metres.

4. Results

4.1 Sedimentology of the Bitter Springs Formation

The base of the Loves Creek Member comprises a sin-

gle shallowing cycle of peloid and intraclast-grainstone

to microbial carbonate capped by an erosion surface.
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In the Wallara-1 core (Figure 3b), the erosion surface
is sharply overlain by ~ 20 m of mottled red-coloured
siltstone (Figure 4a) and interbedded grainstones and
laminated dolostone (Figure 4b), the same facies that
dominates the overlying Johnnys Creek beds (Figure
5a). Mottled red bed siltstones are variably comprised
of rhombic dolomite crystals, siliciclastics (rare quartz)
and up to 40% lathe and detrital anhydrite grains (Fig-
ure 4c, d) with ripple-cross lamination, scour surfaces,
mudflake conglomerates and desiccation cracks. These
red beds are punctuated by metre-thick resistant ridg-
es of peloidal, stromatolitic and laminated dolostone
with cm-scale gypsum rosettes (now replaced by chert)
and common desiccation features including mud chip
breccias and mud cracks. Carbonate beds are laterally
discontinuous over hundreds of metres and isolated
within the red beds (Southgate, 1991) indicating a lo-
cal facies mosaic dominated by red bed deposition.
Halite pseudomorphs (now chert) are preserved in the
carbonate facies (Figure 4e) while nodular anhydrite
occurs frequently in both facies (Figure 4f). Carbonate
beds also show well developed karstic dissolution fea-
tures in outcrop that are also evident in core. Karstic
dissolution penetrates up to 3 metres into underlying
strata and is filled by angular intraformational collapse
breccias (Figure 4b).

The red bed facies with strong evidence of exposure
and evaporative processes is in sharp contact with a
cyclic carbonate facies in all studied sections (Figure 3).
This facies is comprised of repetitive upward-shallow-
ing carbonate cycles beginning with ooid, peloidal and
intraclastic grainstones and passing upward through
domal to columnar stromatolites (Figure 4g), and bed-
ded dolostones with desiccation cracks (Southgate,
1989) and karstic features at cycle tops (Figure 5b). The
upper beds of each cycle often preserve nodular gyp-
sum pseudomorphs and bedded anhydrite indicating
that local conditions were increasingly restricted lead-
ing to exposure at the tops of shallowing cycles (Fig-
ure 4h, i). The regularity of 2-12 m thick parasequences
indicates the likely influence of fluctuating relative sea
level, which periodically falls below the sediment inter-

face allowing for desiccation, subaerial dissolution and
erosion.

Based on these observations, the red bed fa-
cies is interpreted as a system of isolated evaporative
alkaline lakes and ponds that periodically hosted mi-
crobial, grainstone and laminated carbonates. Multiple
karsts/erosive surfaces and salts indicate periodic dry-
ing-out of lakes under hyper-arid conditions, subaerial
erosion of anyhdrite, and redeposition by pluvial pro-
cesses. These pass laterally into clay pans, salt flats and
low relief playa systems preserved as evaporative and
desiccated red marls and bedded salts, where detrital
anhydrite occasionally dominates the composition of
red beds. Dolomite likely grew as rhombs in unlithified
sediment, while the minor siliciclastic fraction may be
largely wind-blown. These interpretations are consist-
ent with previous sedimentological and geochemical
studies of this formation (Corkeron et al., 2012; Hill et
al., 2000; Hill and Walter, 2000; Southgate, 1986, 1991).
In contrast, the cyclic microbial carbonates and do-
lo-grainstones are consistent with a series of shoaling
cycles in a shallow marine to restricted marine environ-
ment, indicated by exposure and evaporite precipita-
tion at cycle tops.

4.2 Carbon-isotope systematics

Detailed sampling across facies transitions allows the
more generalised 8"C curve previously published
(Swanson-Hysell et al, 2012; Swanson-Hysell et al.,
2010) to be placed into context with the palaeoenvi-
ronmental record identified by these facies (Figure 3).
Changes in 8™C values occur abruptly along the ma-
jor facies boundaries, with a shift to values of +7%o
preceding the excursion that coincides with an inter-
val of evaporative red beds and carbonates. Following
is an abrupt negative step of -3%o over 1 m that then
leads into the negative excursion (Figure 3). A +5%o
change over ~5 m occurs when the cyclical carbonate
facies abruptly changes back to the red bed facies.
While these transitions in 6'*C define the Bitter Springs
Anomaly (Swanson-Hysell et al., 2012) they also coin-
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Figure 4. Sedimentary and textural features of the Bitter Springs Formation a) Typical evaporative redbed mudstone,
Johnnys Creek beds, Ross River. Scale bar 2 cm. b) Karstic dissolution and collapse from the lower Johnnys Creek beds,
Ross River. Karst penetrates up to 3 metres into dolostone interbeds and is filled by an intraformational, angular col-
lapse breccia. Collapse breccia comprises angular chert and dolostone and is overlain by a finely laminated carbonate
interpreted as a cave-filling flowstone. Collapse breccia is laterally persistent for ~20 m and passes into typical car-
bonate deposition. Red dashed line indicates dissolution boundary which truncates bedding. Arrow indicates younging
direction of original bedding. Scale bar 0.25 m. c) Elemental map of red bed from Wallara-1 core at 1945.25 m depth.
Blue=dolomite, green=aluminosilicates, purple=anhydrite. Rhombic dolomite suggests early evaporative precipitation
in unlithified sediment. Anhydrite grains comprise ~40% of the sample volume. Scale bar 50 um. d) Polished slab of
typical evaporative mudstone showing wrinkled marl structure and disseminated anhydrite aggregates. Scale bar 0.5
cm. e) Putative silicified halite pseudomorphs in interbedded carbonate facies, Johnnys Creek beds, Ross River. Scale
bar 2 cm. f) Displacive nodular anhydrite textures in laminated carbonates from the upper Johnnys Creek beds, NTGS
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BROS5 drill core. Arrow indicates younging direction of core. Scale bar 2 cm. g) Typical columnar stromatolites in cyclic

microbial carbonate facies, Loves Creek Member. Scale bar 4 cm. h) Nodular sulphate pseudomorph (now chert) in cy-

clic carbonates. Scale bar 2 cm. i) Bedded anhydrites from the Loves Creek Member. Sulphate occurs in upper beds of

shallowing-upward cycles indicating isolation and evaporation. Vugs indicate partial dissolution of salt laminae. Scale

bar 2 cm.

cide with the abrupt facies changes. This pattern of
coincident change in 6*C and facies occurs across the
inflection point in the Wallara-1 and BRO5-DDO1 strati-
graphic cores (Figure 3a, b), and the Ellery Creek field
section (Figure 3c) producing a seemingly reproducible
excursion. When considered in stratigraphic context,
abrupt variations in recorded 6'*C values are defined
by shifts between two distinctive and isolated depo-
sitional environments that, given the local influence
on relative sea level of salt movement and tectonics,
are unlikely to be synchronous across the basin. These
environments have characteristic and consistent §C
values associated with them, enriched values of +3%o
to +7%o associated with evaporative lacustrine inter-
vals and depleted values of -4%o unique to the cyclic
carbonates of the Loves Creek Member (Figure 3). A
covariation between §C of organic carbon and 6™C
of carbonate carbon occurs because both facies have
undergone little diagenetic exchange between organic
and inorganic carbon during diagenesis, also support-
ed by the typical rhombic form of dolomite and exam-
ples of intercalation with lathe anhydrites (Figure 4c)
that suggests it precipitated pre-compaction.
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Figure 5. Generalised facies models for the red bed (left)
and cyclic microbial facies (right, after Southgate (1991)).
Variations of each facies motif comprise the entire thick-
ness of the Johnnys Creek beds and Loves Creek Member
of the Bitter Springs Formation respectively.

5. Discussion

The Bitter Springs Anomaly as recorded in central Aus-
tralia has been used as an example where the observed
6"3C variation cannot be explained by a simple diage-
netic overprint as suggested for some other Precam-
brian excursions. It's lateral reproducibility across the
Amadeus Basin, similarity with sections of comparable
stratigraphic position in other basins, and covariation
between &'Ccarb and 613Corg’ argues against isotopic
exchange in sediments and, taken at face-value, sup-
ports proposed models of steady-state whole ocean
change. However, all three of these criteria are satis-
fied by locally developed palaeoenvironments that are
neither diagenetically altered nor reflective of secular
seawater variation (Figure 6). Recorded §'C values are
associated with particular lithofacies which are genet-
ically related to the local depositional environment as
are the 6C values that record alkaline lake or restrict-
ed marine palaeoenvironments. In the case of the Bit-
ter Springs Anomaly in central Australia, a shift from
cyclic stromatolitic carbonates to evaporative red beds
is accompanied by an abrupt shift in §"*C values from
-4%o to +5%o. Interbedding of these facies occurs as
restricted and non-marine environments develop with-
in sub-basins in response to rising and falling sea level
relative to local connecting sills. As with the binary na-
ture of the sediments (red beds or marine carbonates),
the 6"3C reflecting these environments (-4 %o or +5%o)
creates a binary stratigraphic isotope pattern. In the
same way that similar lithology does not form a basis
for global correlation because lithofacies are under-
stood to be diachronous, 6™C values that are genetical-
ly linked to a particular palaeoenvironment and record
the spatial limitation of that environment at any given
time are also unsuitable for global correlation.

The expression of the Bitter Springs Anomaly in non-ma-
rine intervals of the Bitter Springs Formation may have
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implications for correlative sections that record the ex-
cursion, as well as other examples of Precambrian 6*C
anomalies. This is particularly true for intervals where
6'3C values change systematically with lithofacies and/
or abruptly along sequence boundaries, flooding sur-
faces, and unconformities, such as the commonly cor-
related Bitter Springs Anomaly equivalent recorded in
Svalbard (Halverson et al., 2007) that shows abrupt var-
iation across unconformable stratigraphic boundaries.
Specific 6*C ranges need not be associated with litho-
facies identical to those described in the Bitter Springs
Formation, the Phanerozoic record illustrates that both
highly enriched and depleted values are common
across a range of environments. These include shelves
and inland seaways (+6%o to -10%o0 (Fanton and Holm-
den, 2007; Panchuk et al., 2006; Swart and Eberli, 2005)),
and lakes (-30%o0 to +13%o0 (Bade et al., 2004; Stiller et
al, 1985), all of which are typically shallow (<200m)
and thus particularly amenable to isolation and the
influence of sea level fall and the dominance of local
carbon-cycling processes. This model also potential-
ly addresses the up to 7%o variation in magnitude of
the interpreted excursion between some correlatives
(eg. Macdonald et al.,, 2010; Prave et al., 2009), the in-
consistency in shape of the excursion from basin to ba-
sin, and the different chemostratigraphic expression of
the onset and recovery of depleted §C values as both

abrupt and gradual within and between basins (Halver-
son et al., 2007; Macdonald et al., 2010; Swanson-Hy-
sell et al., 2012). While the sustained &'3C values of -2
to -4%o recorded in microbial-grainstone intervals in
the Bitter Springs Formation could faithfully record de-

pleted open-ocean §3C_ _ pool, precluding isotopically

DIC
enriched terrestrial phases from the §*C curve means
that the scale of §C variability observed becomes rel-
atively unremarkable and the critical inflection points
that anchor the global Bitter Springs Anomaly here be-

come ambiguous.

The Precambrian stratigraphic record may be particu-
larly prone to the influence of shallow water conditions
that are commonly dominated by local C-cycling ef-
fects, hydrologic restriction, and physical truncation of
isotopic signals. The subduction of almost all deep ma-
rine deposits that accumulated on oceanic crust have
left the Precambrian record biased toward shallow-wa-
ter basins formed on continental crust that are com-
monly within the range of eustatic variation. The chal-
lenge of separating lacustrine from marine sediments
in the absence of diagnostic fossils, coupled with the
obscuring effects of diagenetic recrystallisation on pri-
mary carbonate textures, means that the depositional
origin and timing of carbonate phases in many Neopro-
terozoic sections is more difficult to assign to an open
marine origin than the pelagic faunal records from the

Evaporative lacustrine
+5%o0

__/ Q
Freshwater Phreatic _20%/

Restricted/Open Marine
-4%o / 0%o0?

Figure 6. Simplified distribution of sedimentation across the Amadeus basin. Precipitation of isotopically-enriched do-

lomite is restricted to landward terrestrial environments dominated by evaporative conditions. Restricted-open marine

microbial carbonates accumulate in deeper-water marginal environments that migrate landward as the basin floods.
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Phanerozoic. Thus, the systematic variation of §*C val-
ues with changing lithology may provide a standard
test for determining the origin of the 6'*C signal in a
given section.

6. Conclusions

This study shows that large magnitude &C excursions
in Neoproterozoic strata can reflect local palaeoenvi-
ronmental controls rather than whole-ocean secular
change. While this may not be true for all Neoprotero-
zoic 83C values, the Bitter Springs Formation highlights
the ease by which a simple binary signal can be pro-
duced in an isolated basin as local conditions change, a
signal that is similar enough to other patterns globally
to be used as part of the seawater composite curve. This
interpretation does not downplay the role of the 6*C
record in palaeoenvironmental interpretation; rather it
stresses the need to assess the influence of restricted
or lacustrine intervals that do not provide a record of
the global carbon mass-balance and are not time sig-
nificant. This is particularly true in the broad, shallow,
intracratonic and marginal basins that are typical of
the Neoproterozoic record, where local topographic
controls and changes in relative sea level can lead to
regional isolation and restriction.
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The geologic context of the Trezona Anomaly
carbon-isotope excursion

Abstract

The carbon isotope (6'3C) record of Neoproterozoic marine sediments is central to interpretations of past envi-
ronmental change. The pre-Marinoan (~635 Ma) Trezona Formation records §'3C values on the order of -9%o that
constrain pre-glacial biospheric change commonly related to the theoretical Snowball Earth climate state, are
correlated as a time-significant oceanographic event, and has more recently been linked to metazoan evolution
that precedes the Ediacaran Period. A sedimentological study of 9 field sections across the Flinders Ranges in
South Australia reveals a basal sequence boundary indicated by palaeosols and fluvial deposits that separates the
Trezona Formation from underlying deep-water shelf siliciclastics. Field observations including fluvial sediments
and mudcracks indicate persistently shallow-water conditions dominated deposition of the lower Trezona Forma-
tion which records sustained &'*C values of -9%o. A gradual vertical increase in §'*C values from -9%o toward -2%o
occurs in each studied section synchronously with an abrupt change in lithofacies from interbedded mudstones
and limestones to stacked microbial and grainstone carbonates in the upper Formation, as do changes in Fe con-
centrations and ranges of Mn/Sr values. A positive linear covariation of §'*C and 630 values in the lower Trezona
Formation (r = 0.39 and 0.69) ceases across the same stratigraphic boundary. The recorded vertical trend in 6'*C
values is similar in shape and magnitude to Pliocene-aged carbonate platform sediments altered by meteoric flu-
ids during diagenesis, and with modern alkaline lakes, but is difficult to explain as a primary oceanographic signal.
The systematic variation of isotopic and trace metal data, indicators of shallow water to subaerial exposure, and
the limited spatial distribution of the Trezona Formation (< 200 km2) describes a restricted marine to non-marine
depositional environment that likely supported periodic lacustrine conditions. Thus, the Trezona Formation likely
records common &'C patterns of alteration of coastal or lacustrine carbonates responding to exposure and sea
level fall rather than a shift in global biogeochemical dynamics.

1. Introduction

A critical difference between the carbon-isotope (6'3C)
records of Cenozoic pelagic sediments and the syn-
thesised Precambrian §3C record is the water depths
under which each record accumulates. Robust Ceno-
zoic 8™C records able to constrain variations in glob-
al carbon-cycle dynamics rely on pelagic metazoan
shells that accumulate in deep-water basins continu-
ally through time (eg. Berger and Vincent, 1986; Mas-
lin and Swann, 2005; Ravizza and Zachos, 2003). These
special conditions allow a relatively uninterrupted sam-
pling and characterisation of the 6'*C chemistry of the
well-mixed surface waters of the open ocean as min-
eralising carbonates record the ambient 6C balance

of the ocean-atmosphere in equilibrium. Significantly,

this condition is absent from more ancient sedimenta-
ry records, in particular those older than the Phanero-
zoic, as the oceanic crust bearing deep-water pelagic
accumulations has since been subducted and pelag-
ic calcifiers had yet to evolve (Martin, 1995; Ridgwell,
2005). Thus, preservation of Precambrian stratigraphy
is predicted to be heavily biased toward marginal and
intracratonic sedimentary environments that deposit
sediment on continental crust where water depths are
typically < 200 m. Shallower still are the platforms and
ramps that likely accounted for the majority of marine
carbonate precipitation in the Precambrian, most of
which would have accumulated under tens of metres
of water. Where the influence of a few metres of sea-lev-
el change on deeper-water environments is relatively

minor with respect to the continuous accumulation of
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pelagic material, the shallow marginal settings typical
of Precambrian carbonate records are expected to be
highly sensitive to this type of variation that can lead
to the migration of shorelines, emergence of sediment,
depositional hiatuses, and abrupt hydrologic restriction
of local topographic lows. Where topography allows,
sea-level fall of a few metres across the shelf can even
lead to the severing of marine connections entirely
behind sills, where isolated water bodies may then un-
dergo significant periods of deposition under restricted
marine to non-marine conditions such as in the Medi-
terranean and the Black Sea. These considerations pose
the question: to what extent do shallow, restricted and
non-marine environments influence the construction
of synthetic Precambrian 6"C records?

Given the sensitivity of shallow marginal basins to re-
striction and exposure, it is critical to recognise exam-
ples where sedimentary processes and variations in
6"3C values occur in a systematic way. This implies a
common origin that is inconsistent with a globally-rep-
resentative signal (Kaufman and Knoll, 1995), where
sediment supply and ambient §3C values shift togeth-
er in response to sea level. Here we conduct a palae-
oenvironmental study on a succession housing one of
the most well established §'3C excursions recognised in
the Neoproterozoic stratigraphic record in order to de-
termine the influence of sea-level variation on recorded
6'3C values. The Trezona Formation contains a 6"*C ex-
cursion to values of -9%o termed the Trezona Anomaly
that lies stratigraphically below Marinoan-aged (~635
Ma) glaciogenic deposits related to models of Snowball
glaciation (Hoffman and Schrag, 2002) and serves as a
standard feature used to correlate between Neoprote-
rozoic successions in basins around the world (Halver-
son et al.,, 2005; McKirdy et al., 2001). Evidence of shal-
low water depths to periodic exposure throughout the
deposition of the Trezona Formation, abrupt shifts in
depositional mode, and a limited distribution focused
on localised diapir salt withdrawal basins, suggest that
the Trezona Formation is comprised of multiphase de-
posits that record restricted marine and carbonate lake
environments that are spatially confined to a discrete

sub-basin as a result of sea-level fall behind a connect-
ing sill. The systematic nature of 6"3C variations with
changes in lithofacies and the association with shal-
low-water sediments likely to be sensitive to hydro-
logical restriction indicates that local water-depth and
isotope values are linked, inconsistent with an inter-
pretation of global secular carbon-cycle change where
these parameters are predicted to vary independently.

2. Geological Setting

The Trezona Formation is preserved in the South Aus-
tralia Flinders Ranges (Figure 1) as a mixed siliciclastic
and carbonate deposit. It is well known for its distinc-
tive hieroglyphic limestone facies, interpreted by Doug-
las Mawson as mud clasts but recently reinterpreted
by Maloof et al. (2010) as early metazoan body-fossils
that potentially represent a period of deposition coeval
with pre-Ediacaran metazoan fauna. The Trezona For-
mation typically comprises a lower shale interval with
limestone mudclast storm beds and intraclastic shoals
that passes upwards into oolite shoals and microbial fa-
cies that are further capped by a siliciclastic red bed se-
quence in sections that crop out in the central Flinders
Ranges (Figure 2). These distinct phases of deposition
are distributed across a bulls-eye pattern with a max-
imum thickness of ~450 m focussed on the central
Flinders Ranges (Figure 1), with a sharp reverse-thick-
ness gradient away from this central zone that wedges
out laterally beneath overlying units. A complex history
of syn-depositional salt movement prevailed here prior
to and during the deposition of Trezona Formation sed-
iments (Lemon, 1988). Diapiric uplift is illustrated by lo-
cally developed karst surfaces and sediment thickness
variations around the diapirs attributed to syn-sedi-
mentary salt-withdrawal (Figure 1c¢), as well as extrud-
ed diapiric breccias (Lemon, 1988; McKirdy et al., 2001).

The Trezona Formation depositional environment has
been variably interpreted. Initially suggested as a la-
custrine basin based on its highly limited distribution,
shallow water depths, and evidence of local exposure
(Preiss, 1987), the Trezona Formation has previously
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Figure 1. a) Regional map b) Distribution of Trezona Formation carbonates (white) compared with Enorama Shale and
equivalents across the shelf and c) Isopachs of the Trezona Formation with adjacent diapirs indicated (dark grey) adapt-
ed from Preiss (1987). a-f correspond to measured sections in Fig 2 and Fig 6. d) Generalised stratigraphy of the central

Flinders Ranges capped by the base-Ediacaran Nuccaleena Formation (not to scale).

been reinterpreted as a shoaling sequence from the
underlying shelfal Enorama Shale to shallow carbonate
ramp facies (McKirdy et al., 2001) to, in part, outer shelf-
slope deposits (Rose et al., 2012). Further, its top con-
tact has been variably interpreted as erosive (McKirdy
et al.,, 2001) and conformable (Rose et al., 2012) with
overlying glacial deposits of the Elatina Formation. In
the central Flinders Ranges, 100 m of red bed silts and
sands overly carbonate sediments following interbed-
ding with carbonate facies in the upper Trezona Forma-
tion, are termed the Yaltipena Formation (Lemon and
Reid, 1998), and are further overlain by Marinoan-aged

glacial deposits.

3. Methods

All samples analysed in this study were collected during
stratigraphic logging of 9 stratigraphic sections of the

Trezona Formation in the central and equivalent units in

the northern Flinders Ranges, South Australia. Samples
of limestone and carbonate-cemented siltstones were
collected across all lithofacies, with limestones > 95%
calcite in composition used to construct 6'*C profiles
in Figure 2. Samples were slabbed, and then powdered
~15mg subsamples were collected from individual tex-
tures and laminations using a dentist drill. 50 thin sec-
tions were cut and analysed to assess sample quality.
New stable isotope (6'*C and 6'%0) measurements were
performed on ~0.8mg powders using continuous-flow
isotope-ratio mass spectrometry. Measurements were
made on an Analytical Precision AP2003 at the Universi-
ty of Melbourne (mean analytical precision for §*C and
6"0 is + 0.03%o0 and £ 0.07%o respectively) and on a Nu
Horizon CF-IRMS at the University of Adelaide (mean
analytical precision for §3C and 6'0 is + 0.1%o). Sam-
ples were digested in 105% phosphoric acid at 70°C
and mass spectrometric measurements were made
on evolved CO, gas following the method of Spétl and
Vennemann (2003). Results were normalised to the Vi-
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enna Pee Dee Belemnite scale using internal working
standards.

4. Results
4.1 - Sedimentology of the Trezona Formation

New field observations at the contact between the
Trezona Formation and underlying Enorama Shale
identifies a regionally traceable unconformity that sep-
arates up to 450 m of continuous deeper-shelfal shale
deposition from the first shallow-water carbonates of
the Trezona Formation. At Angorichina Station Sta-
tion, >75 m of continuous non-calcareous shales are
sharply overlain by a 10 m thick interval of laminated to
cross-stratified micaceous sandstones that are imme-
diately followed by the first concretionary carbonate
cements of the lower Trezona Formation (Figure 3a-b).
Similarly, at Enorama Creek an abrupt step to stroma-
tolitic carbonate and interbedded mudstones follows
continuous non-calcareous shale deposition (Figure
30). A third locality at Bulls Gap is characterised by a
distinctive 30 cm thick interval of massive, poorly-struc-
tured feldspathic and quartz coarse sand (Figure 3d).
Fragments of shale are incorporated into the matrix at
the base of the unit as tabular to elongate clasts up to
6 cm, and are aligned parallel to the original bedding
plane (Figure 3e). In some examples, tabular fragments
pass laterally into preserved lamination, indicating that
fragmentation took place in-situ, consistent with the
development of a soil horizon. These observations in-
dicate subaerial exposure of deeper-shelfal shales and
a depositional hiatus prior to Trezona Formation shal-

low-water deposition.

The Trezona Formation can be subdivided into two
distinctive stratigraphic intervals that vary in relative
thickness away from the central Flinders Ranges diapirs
(Figure 1¢, 2) and record conditions of shallow water, ex-
posure and local erosion. The lower Trezona Formation
comprises 150 to 200 m of laminated fissile mudstones
with ~5 to 15 cm bedding-parallel sparry calcite con-
cretions and discrete resistant beds of cemented silt-
stone often preserving 1 to 2 cm thick ripple cross-beds
(Figure 4a). Interbedded at a metre scale are 5to 15 cm

thick intraformational mudflake conglomerates, strom-
atolite mounds, red arkosic silts and sands, and rare oo-
litic packstones (Figure 4b-d). Mudflake conglomerates
are often confined to broad channels that thin laterally
over tens of metres, are sharp based, preserve clast-ro-
settes indicating sporadic high current velocity, and are
capped by 0.5 to 2 cm thick structureless micritic caps,
consistent with reworking of carbonate mud-chips dur-
ing storms (Figure 4b). The micritic caps themselves pre-
serve mud cracks in the Bunkers Range section (Figure
4e) that penetrate down into mudclast conglomerates,
indicating that mudflake debris accumulated at or near
base-level and was subsequently subaerially exposed
and desiccated. Locally, stromatolite mounds overlie
intraclastic and siliciclastic substrates and are typically
~30 cm thick domes or thin (~15 cm) laminites (Figure
4¢). Desiccation of this material