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ABSTRACT

Quantitative records of past temperature variability in arid environments are crucial for
validating climate models and their ability to capture the full range of the Earth’s
surface. However, arid region temperature reconstructions are rare, particularly in the
Southern Hemisphere, including Australia. The recently developed clumped isotope
thermometer provides a novel approach to potentially address this demand by allowing
the estimation of carbonate precipitation temperature independent of environmental
water isotopic composition. Two types of carbonate materials offer potential for
clumped isotope temperature reconstructions in arid central Australia: fossil mollusc
shells deposited within the shoreline sediments of now dry lakes, and tufa deposits
formed in springs fed by continuous discharge of Great Artesian Basin groundwater.
Clumped isotope analysis was conducted for a suite of tufas from central Australian
mound spring deposits in addition to a series of lake shells from the same region.
Micro-XRF mapping was used to evaluate sample quality and heterogeneity, alongside
XRD analysis. In addition to benefitting clumped isotope analyses, these data may
improve the data quality and success of U-series dating of mound spring tufas. Air
temperatures inferred from tufa As7 measurements suggested temperatures ~5°C cooler
than modern-day conditions during the early Holocene, which supports previous
palaeoclimate models for central Australia. Palaeotemperatures ~17°C cooler than
present were inferred from shells during 70-35 ka, with two warmer periods coinciding
with lake filling episodes during ~48 and ~33 ka. Carbonate 5'80 appeared largely to
have been driven by changes in water 630 for lakes but not mound springs, reflecting
different hydrological controls on the two water sources. Agreement between
temperatures and palaeoclimate models suggest clumped isotope analysis may function
as a valuable quantitative palaeotemperature proxy in central Australia. Analysis of
additional tufa and shell samples should be prioritised, in addition to further studies into
the genesis of different tufa.
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1. INTRODUCTION

Detailed palaeoclimate records are valuable for the development and validation of
climate models, which have important consequences for predictions of future climate
change. Efforts have been made to refine estimates of palaeoclimate changes through
the Last Glacial Maximum (LGM) to better constrain climate sensitivity to changes in
CO; and establish a reference point for climate models for future climate scenarios
(Uemura et al., 2012; Fitzsimmons et al., 2013; Srivistava et al., 2015). Most
palaeoclimate records worldwide are sourced from marine or near-marine proxies, with
a scarcity of palaeoclimate data from semi-arid and arid environments and a distinct

latitudinal bias to temperate or cooler climates in broader climate reconstructions
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(Nanson et al., 2008; Reeves et al., 2013; Gilganic et al., 2014; Miller & Fogel, 2016).
There is therefore a need for new temperature reconstructions from arid landscapes that

span large scale shifts in the Earth system.

This is particularly a problem for Australia, where the extent and intensity of global
climate cycles remains poorly defined during and prior to the LGM for approximately
half of Australia’s landmass (Fitzsimmons et al., 2013). Of particular interest are
quantitative estimates of past air temperature, which remain poorly reconstructed for

central Australia, despite their importance for climate modelling.

The recently developed ‘clumped isotope’ carbonate thermometer applied to calcium
carbonates presents a potential solution to the need for quantitative palaeotemperature
estimates in central Australia. The clumped isotope carbonate palaeothermometer
exploits the correlation between mineralisation temperature and the frequency of
bonding between *C and 20, due to the greater thermodynamic stability of the 13C—
180 bond at lower temperatures (Ghosh et al., 2006; Eiler, 2007). Unlike
palaeotemperature inferences using single element isotope geochemistry (e.g. 5'20)
(Kim & O’Neil, 1997), clumped isotope estimations of mineralisation temperature are
independent of environmental water isotopic compositions, which are often unknown in
terrestrial settings for carbonates such as calcareous spring deposits, speleothems, and
soil carbonates (Eiler et al., 2007; Spencer & Kim, 2015). Clumped isotope analysis
also enables inferences of environmental water 50, which is valuable for

reconstructing palaeohydrology (Eiler et al., 2007).
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Calcareous spring deposits are widespread in central Australia, resulting from
groundwater discharge from the Great Artesian Basin (GAB) (Keppel et al., 2011). Tufa
samples have been collected and dated with U-series by Priestley et al. (2018), with the
spring carbonate record extending back to ~500 ka. During this window, periods of
coeval spring deposition have been interpreted to reflect periods of regionally high
precipitation and groundwater discharge. To date, no clumped isotope analyses of
mound spring tufas have been reported, which in turn raises several questions regarding
the integrity of both the isotope geochemistry as well as geochronology of such
deposits. Consequently, it is important to be able to characterise the nature of carbonate
deposition alongside isotope geochemical analyses, including the identification of
possible primary and secondary carbonate, as well as different discrete depositional

units.

Palaeoshorelines of central Australian playa lakes are iconic archives of the central
Australian hydrological record (Cohen et al., 2012; Fitzsimmons et al., 2013), providing
the only direct proxy for previous water depths. Carbonate mollusc shells are also
widespread in central Australian playa lake shorelines. A suite of mollusc shells from
lakes Callabonna and Eyre previously been studied by Cohen et al. (2012, 2015, in
prep.), with the organisms growing within these lakes dating back to 70 ka. Mollusc
shells have previously been used for clumped isotope analysis (Henkes et al., 2013;
Wang et al., 2016, 2021; Falster et al., 2019), although no clumped isotope studies have

been conducted for central Australian lake shells.
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This paper describes the application of clumped isotope analysis for a suite of
previously dated central Australian tufas and lake molluscs to reconstruct central
Australian palaeotemperature during the last ~340 ka. Micro-XRF mapping of tufa
samples was used prior to clumped isotope analysis to screen for secondary carbonate
precipitation or contamination, which could potentially affect U-series and clumped
isotope data quality. These data will be used to test the hypothesis that palaeoclimate
model simulations provide realistic estimates of cooler LGM temperatures and attempt
to validate previous proxy temperature estimates for the region. The relationships
between inferred temperature and 380 for source water and bulk carbonate will be
tested and used to describe the environments in which carbonate precipitated. Due to the
general dearth of palaeoclimate data from arid and semi-arid zones globally, this
investigation provides an important case study towards increasing our understanding of

climate change in desert regions worldwide.

2. BACKGROUND

2.1 Central Australian palaeoclimate

The Australian mainland is situated distally from primary glacial-interglacial amplifiers
of climate change, such as ice sheet-albedo feedback effects. This, in conjunction with
generally flat topography, means that the continent acts as a passive record for large-
scale climate and should directly reflect global climate changes (Miller et al., 1997;
Gimeno et al., 2010). Approximately half of Australia’s landmass consists of arid or
semi-arid environments (Figure 1), with the continental interior experiencing
considerable climatic fluctuations during the Quaternary (Bolwer, 1976; Hesse et al.,

2004; Gilganic et al., 2014). Within this region, reliable natural climate variability
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records over glacial-interglacial timescales have been pursued for decades to provide a
framework for better understanding the climate system in central Australia (Miller et al.,
1997). However, despite increasing attention in recent years, these past climatic changes
remain poorly defined in terms of both intensity and time (Hesse et al., 2004;
Fitzsimmons et al., 2013). Complications pertaining to arid and semi-arid Australian
palaeoclimate records generally relate to the poor preservation potential for organic
matter, such as charcoal and pollen (Hesse et al., Gilganic et al., 2014). Consequently,
most palaesoenvironmental reconstructions for the continental interior rely heavily on
discontinuous and qualitative geomorphic archives with relatively large chronological
uncertainties, such as dunes and playas, which presents obvious difficulties in

quantifying palaeoclimate change in the region (Fitzsimmons et al., 2013; Treble et al.,

2017).
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Figure 1: Map of the distribution of rainfall seasonality for the Australian mainland. The transition
from semi-arid to arid climate is indicated by a thick black line, while major playa lakes are also
indicated in black. The large catchments of the Lake Eyre Basin (LEB) and Murray-Darling Basin
(MDB) are shown in grey, along with the associated major watercourses. Modified from
Fitzsimmons et al. (2013).

Recent progress has been made into better understanding environmental change in
central Australia, principally through the development of palaeoclimate proxies such as
geochemical data from soil carbonates, eggshells, pollen, microbial lipids, and plant
phytoliths (Pearson et al., 2001; Miller et al., 2005, 2016; Bray et al., 2012;
Fitzsimmons et al., 2013), improvements in the density and accuracy of dates, and
better integration of different palaeoclimate reconstruction techniques (Fitzsimmons et
al., 2013). However, conflicting evidence persists for low-latitude cooling and
hydrological change during the Last Glacial Maximum (LGM), and quantitative climate
records beyond ~50 ka remain elusive (Miller et al., 1997; Gilganic et al., 2014; Treble

etal., 2017).

Early LGM palaeotemperature estimates in Australia were largely restricted to
mountainous regions due to their reliance on proxies such as snowline and treeline
depressions and certain diagnostic periglacial features (Galloway, 1965; Singh &
Geissler, 1985; Colhoun & Fitzsimmons, 1990). Unfortunately, these temperature
reconstructions rely on assumptions about past precipitation, conflict strongly with sea
surface temperature (SST) reconstructions, and cannot be applied for the low-elevation

Australian interior (Miller et al., 1997; Treble et al., 2017).
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The most notable proxy of central Australian palaeotemperature has been amino acid
racemisation in emu eggshell fragments (Miller et al., 1997). The temperature-
dependent rate changes in amino acid racemisation have been used to infer cooling of
millennial-scale air temperatures by at least 9°C during 45-16 ka BP, relative to those
after 16 ka BP, reflecting global-scale cooling processes during this period (Miller et
al., 1997). Alternative estimates of central Australian climate changes can be estimated
using climate model hindcasts, as synthesised in the PaleoView model (Fordham et al.,
2017). However, the absence of local data prevents validation or the identification and

correction of biases for these palaeoclimate models.

Palaeohydrological reconstructions in central Australia have proven more productive
than palaeotemperature and in some cases may provide an indirect means of inferring
past temperatures in the region (Treble et al., 2017). Carbonate deposition from springs
in the western GAB appears to occur episodically across multiple locations, which has
been used to infer regional palaeohydrological controls (Priestley et al., 2018). Periods
of high rainfall have been inferred for the large GAB recharge zone during 515-415 Ka,
390-350 ka, 350-320 ka, 285-240 ka, 195-175 ka, 160-150 ka, 110-100 ka, and the last
30 ka (Priestley et al., 2018). These periods of increased discharge are supported by
periods of higher effective precipitation in central Australia, as inferred from
speleothem growth (Ayliffe et al., 1998), pollen records (Kershaw, 1994), ostracod
valves (De Deckker et al., 2011), increased fluvial activity (Nanson et al., 2008), higher
lake shorelines (Cohen et al., 2012, 2015; May et al., 2015), and stable isotopes from

avian eggshells (Miller & Fogel, 2016).
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Stable isotope analysis of speleothem records from the Flinders Ranges, South
Australia, suggest a relatively wet climate between 18.9-15.8 ka, with a rapid transition
to arid conditions at 15.8 ka (Treble et al., 2017). This aridification is consistent with
southward migration of Southern Hemisphere mid-latitude westerly winds (Denniston et
al., 2013; Treble et al., 2017) and is supported by regional geomorphic evidence
(English et al., 2001; Turney et al., 2004; Denniston et al., 2013). This shift in
palaeoaridity coincides with the large shift in average air temperatures interpreted for

the region (Miller et al., 1997; Treble et al., 2017).

Palaeoshorelines of ephemeral lakes have been used to reconstruct continental aridity
and moisture source changes in central Australia and filling histories for Lakes Mega-
Frome (the combination of Lakes Blanche, Callabonna, Frome, and Gregory) and
Mega-Eyre extending back to ~105 ka (Cohen et al., 2012, 2015). Palaeoshoreline age
distributions for Lake Mega-Frome suggest multiple filling episodes of variable
magnitude through the last glacial cycle, with the oldest recorded filling episode at 96 +
7 ka, supported by regional geomorphology and accelerated speleothem deposition at
Naracoorte and Kangaroo Island (Ayliffe et al., 1998). Additional filling episodes
occurred during 65 + 2.6 ka and 50-40 ka, with the two mega-lake systems last

connected during the latter period (Cohen et al., 2012).

Filling episodes are also interpreted during 33-31 ka, 17.6-15.8 ka, and 13.2 + 0.8 ka
(Cohen et al., 2012), supporting previous records of wet intervals punctuated by
episodic arid conditions (De Deckker et al., 2011). Conflicting filling records between

Lake Mega-Frome and Lake Mega-Eyre raise the prospect of different water sources for

10
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the two mega-lakes, which may require further hydrological modelling to adequately
explain. Further examination of active moisture sources by Cohen et al. (2012)
suggested palaeolake filling and drying phases in central Australia were at least partially
driven by shifts in Southern Ocean circulation and tropical moisture sources, with

Southern hemisphere insolation a poor indicator of filling episodes.

2.2 Clumped isotopes

The carbonate clumped isotope thermometer is a novel technique for inferring
palaeotemperature, which exploits the preferential binding of heavy carbon (**C) and
oxygen (20 and '70) isotopes. Rare, heavy isotopes of oxygen and carbon tend to
increasingly “clump” together within a single molecule at lower temperatures, due to
the greater thermodynamic stability of the 3C—*0 bond. (Ghosh et al., 2006; Eiler,
2007). Higher entropy with increasing temperature prevents this preferential bonding,
resulting in more random distributions of heavy isotopes (Ghosh et al., 2006). Unlike
the traditional stable oxygen isotope (5'80) paleothermometer, carbonate clumped
isotope thermometry (quantified as A47) is independent of source water isotopic
composition, enabling application for a broader range of carbonate deposits (Eiler,

2007).

As A47 cannot be directly measured within calcium carbonate matrices, samples are
dissolved in phosphoric acid, with the produced CO reflective of the carbonate isotopic
signature and measured with high-precision analyses (Huntington et al., 2009). A47 is

used to represent CO> clumped isotope composition, which is defined by Equation 1:

R4-7 R4-6 R4—5
Ayy= KRT - 1> - (R%* - 1> - <R45* - 1)] x 1000  (Eq.1)

11
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where R is the actual abundance ratio of CO, with mass i relative to the mass 44
(*?C®0,) and R™ reflects the expected ratio of mass i relative to mass 44 for a stochastic
distribution, whereby heavy isotopes are randomly distributed (Eiler, 2007; Huntington

et al., 2009).

Analytically measuring mass 47 CO, (3*C*0*0) is incredibly challenging and requires
highly sensitive mass spectrometry and the development of sophisticated purification
techniques (Kocken et al., 2019). Advancements in clumped isotope analytical methods
have enabled the use of reduced sample sizes without loss in precision (Meckler et al.,
2014; Muller et al., 2017). An absolute reference frame using carbonate standards
(Dennis et al., 2011), pressure baseline corrections (Meckler et al., 2014), the use of
new parameters (Brand et al., 2010; Daéron et al., 2016; Schauer et al., 2016), and
optimisation of carbonate standards (Kocken et al., 2019) have also been invaluable

developments for clumped isotope research.

Unfortunately, interlaboratory discrepancies persist for clumped isotope studies (Daéron
et al., 2016; Kocken et al., 2019). The exact cause for these differences is unknown,
although possible causes include differences in standardisation schemes (gas versus
carbonate standards), phosphoric acid preparation, Kinetic effects during carbonate
precipitation, or different mass spectrometry methods (Kocken et al., 2019). The choice
of parameters and data treatment processes is insufficient for explaining interlaboratory
discrepancies (Petersen et al., 2019), although the likelihood of interlaboratory

differences can be assessed by measuring identical sample material at each laboratory.

12
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The InterCarb carbon dioxide equilibrium scale (“I-CDES”) has also been developed by
Beransconi et al. (2021) as a thermometer calibration for a broad range of sample types
including tufas and travertines but may not be suitable for rapidly precipitating mollusc
samples. The I-CDES calibration has been previously demonstrated to fit for naturally
precipitating tufas and travertines with calcite, aragonite, and mixes of these two
carbonate types, with the aragonite regression statistically similar to that of calcite
samples. As yet, statistical agreement between dolomite and calcite regressions remains
inconclusive (Anderson et al., 2021), although separate calibrations have been

developed for dolomite samples (Bonifacie et al., 2017).

Clumped isotope studies are complicated by solid-state reordering of C—O bonds in
carbonate minerals (Passey & Henkes, 2012), as small degrees of reordering can cause
large errors in temperature estimates (Staudigel & Swart, 2016). Clumped isotope
compositions appear highly susceptible to aragonite reordering for moderate heating
scenarios, such as early diagenesis or heating during drilling (Staudigel & Swart, 2016;
Chen et al., 2019; Guo et al., 2019). Typically, temperature offsets from aragonite
reordering are less than would be expected for daily or seasonal-scale temperature
variations in most surface waters, with trends able to be interpreted if offsets are shared

by all data (Staudigel & Swart, 2016).

2.3 Mound spring carbonates

Calcium carbonate is commonly deposited at mound springs from the degassing of CO>
from groundwater that is saturated or supersaturated with dissolved carbonate minerals

(Crossey et al., 2006; Faccenna et al., 2008), as indicated by Equation 2:

13
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Ca®* (g + 2HCO™ (44 = COy(gy + H,0 + CaCOy (Eq.2)

(aq
Degassing of the carbonate-rich groundwater is largely influenced by decreased fluid
pressure, fluid flow turbidity, and biological activity (Chafetz & Folk, 1984). These

calcareous freshwater deposits form over a broad range of climatic conditions and often

have very restricted lateral extent (Ford & Pedley, 1996; Keppel et al., 2011).

Spring carbonates are often divided into two forms: travertines and tufas. Travertine
generally refers to hydrothermal deposits, which invariably lack in situ animal and
macrophyte remains, while tufa is usually applied to describe those formed near
ambient conditions, which can include plant and invertebrate remains (Ford & Pedley,
1996; Hancock et al., 1999). Identification can be complicated by interlayering of tufa
and travertine, such as where cooling in distal areas of thermal flow has enabled
colonisation by macro- and microphytes (Ford & Pedley, 1996). The term ‘mound
spring carbonates’ will be used to refer to either travertine or tufa deposits precipitated

from groundwater springs.

Mound springs are widespread in central Australia, resulting from GAB groundwater
discharge (Keppel et al., 2011; Priestley et al., 2018). The GAB is Australia’s largest
groundwater basin, spanning approximately 1.7 million km?, with recharge
predominantly from the Great Dividing Range and to a lesser extent from the GAB’s
northern, western, and south-western margins (Love et al., 2013), with recharge zones
encompassing multiple climatic regions (Radke et al., 2000). Groundwater is discharged
by the region’s primary confined aquifer, frequently referred to as the J Aquifer, which

outcrops along the GAB’s western region (Love et al., 2013). Groundwater migration is

14
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slow, with most J Aquifer water the product of Pleistocene and early Holocene recharge
during periods of wetter climate than present (Torgersen et al., 1991, 1992; Mahara et

al., 2009; Love et al., 2013).

The GAB’s western margin receives annual rainfall of 130-230 mm/yr and mean
relative humidity levels of approximately 40% (Love et al., 2013), along with monthly
mean maximum temperatures of approximately 28.8°C. Discharged groundwater at
active springs is undersaturated in calcite, with carbonate mainly deposited as plant or
microbial tufa (Keppel et al., 2011). Tufa deposits can gradually migrate and coalesce
into larger-scale tufa platforms that are preserved up to 25 m above modern-day ground

surfaces (Figure 2) (Keppel et al., 2011).

Figure 2: a) Beresford Hill mound spring site, consisting of a tufa platform capping a 45 m high
hill. b) Dalhousie Springs actively flowing tail delta at the modern-day ground elevation. c) Tufa
platform at Dalhousie Springs, currently situated 10 m above the current ground elevation. d)
Banded feeder vein carbonate at Dalhousie Springs.
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No seasonal variation in spring discharge has been observed for active springs, with
groundwater insufficiently saturated in calcium carbonate to enable precipitation upon
emergence (Keppel et al., 2011). An excess of CO2 must be degassed before carbonate
precipitation can occur, implying that surface waters are at ambient conditions when
tufa precipitation occurs (Keppel et al., 2012). Tufa morphology suggests deposition in
mostly shallow, sluggish waters with abundant microbial organisms and aquatic plants,
which are important mediators for carbonate precipitation (Lu et al., 2000; Keppel et

al., 2011).

A series of central Australian mound spring deposits were dated by Priestley et al.
(2018) using U-series, which exploits the greater solubility of uranium in groundwater,
relative to thorium, and the decay of uranium isotopes to daughter thorium isotopes
within a closed system to determine carbonate material ages (Cheng et al., 2000;
Mallick & Frank, 2002). Studied tufas were deposited episodically during the last ~500
ka, with coeval deposition across different locations indicative of regionally controlled
spring discharge due to increased recharge and groundwater flow rates (Priestley et al.,
2018). Some samples dated by U-series returned unrealistic U/Th isotope ratios
consistent with open-system behaviour. These samples were excluded, raising concern
about both the overall validity of chronologies and the success of future tufa dating, as
well as the prospect that clumped isotopes could be undermine by diagenetic alteration

and precipitation of secondary carbonates.

Traditional stable oxygen isotope thermometry cannot be applied for mound spring

carbonates as source water 630 values are usually unknown, particularly due to spring
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water evaporation (Kim & O’Neil, 1997; Kato et al., 2019). However, A47 thermometry
can be applied on mound spring deposits, as it is independent of environmental water
5180 (Ghosh et al., 2006; Eiler, 2007). Previous clumped isotope data collected from
modern tufa and travertine samples demonstrate a strong correlation with temperature,
while As7-signatures appear to be independent of parent solution pH, mineralogy, and
precipitation rate (Kele et al 2015; Kelson et al., 2017; Bernasconi et al., 2021).
Importantly, no significant difference was observed between calcite and aragonite A4z

values (Kele et al., 2015; Winkelstern et al., 2016; Guo et al., 2019).

2.4 Lake mollusc shells

As well as demarking the extent of ancient lakes, and thus past hydrology, lake
palaeoshorelines preserve carbonate fossils, presenting an opportunity to apply A4z
thermometry for past lake waters and infer past air temperatures. These data can be
combined with the hydrological record to further unravel the interplay between past
climate and hydrology in what is now an arid landscape. Mollusc samples for this study
were taken from palaeoshorelines at Lakes Callabonna and Eyre, which have previously

served as a proxy record of continental water balance, as described in Section 2.1.

The prosobranch gastropod genus Coxiella is abundant within palaeoshorelines of
Lakes Callabonna and Eyre. The genus is endemic to Australia, although live specimens
have not been recorded in either lake (Williams & Mellor, 1991). Coxiella ecology is
poorly understood, although the duration for which ephemeral lakes hold water and
inundation periodicity are likely important factors for their distributions (Williams &
Mellor, 1991). Ephemerality has been suggested as the reason for Coxiella’s modern-

day absence from most of central Australia, although sub-fossil deposits indicate it was
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once abundant (De Deckker & Last, 1988). Coxiella are not homogenously distributed
throughout some lake bodies, with adults observed at depths above 6 m and juveniles at
depths of up to ~25 m in Lake Bullenmerri, Victoria, which has been speculated to
reflect downward migration of juveniles following reproduction in shallow regions
(Timm, 1976). Different distributions for adults and juveniles are not apparent for all
modern lakes, including the shallow and ephemeral Lake Tallinga, South Australia
(Williams & Mellor, 1991). For most ephemeral lakes, Coxiella are more abundant near
the shore, implying active movement and/or passive shell displacement (Williams &

Mellor, 1991).

3. METHODS

3.1 Sample collection and dating

The tufa carbonates that were used for this study were collected from nine sample sites
in the western GAB (Figure 3), with samples used for clumped isotope analysis sourced
from Sulphuric Spring and Dalhousie Springs. Information for individual samples can
be found in Appendix A. Samples were collected from both active and extinct mound
spring deposits and platforms, and mostly sourced from primary mound barrage
structures surrounding the spring vents (Figure 2) (Keppel et al., 2011). Tufa samples
were collected during field campaigns in 2006 and 2009, which were dated previously
by U-series at the Radiogenic Isotope Laboratory, University of New Mexico (for

further details, refer to Priestley et al., 2018).

A suite of mollusc shells excavated from ancient shorelines from Lakes Eyre and

Callabonna (during which Lake Callabonna was part of Lake Mega-Frome) were also
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selected for this study (Figure 3). Mollusc samples are predominantly Coxiella sp., with
an unknown bivalve genus also studied (Appendix A). These samples were previously
dated at the University of Wollongong through radiocarbon dating of shell carbonate
and optically stimulated luminescence (OSL) and thermoluminescence (TL) dating of

lake core sediments (for further details, refer to Cohen et al., 2012, in prep.).
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Figure 3: Map of central Australian sample locations in the western region of the Great Artesian
Basin. Lake mollusc shell samples for this study were sourced from Lake Callabonna (Cohen et al.,

2012) and the southern portion of Lake Eyre North (Cohen et al., in prep.).
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3.2 Tufa microfacies analysis

High resolution chemical microfacies maps were made upon a subset of 25 previously
dated tufa samples with the aim of validating U-series dating sites and to identify
potential contamination within the spring carbonates. Of particular interest was the
potential for establishing a correlation between U-series data quality and the
concentrations of different elements within a sampled region. XRF analysis was
conducted with a Bruker M4 Tornado micro-XRF spectrometer at Adelaide
Microscopy, with XRF data collected from 75 um sample spots and with a collection
time of 35 ps per sample spot. The method for determining U-series quality can be

found in Appendix B.

Semi-quantitative elemental concentrations were calculated for selected regions within
XRF maps. The software used for quantification assumes selected areas are
homogeneous and consists of one mineral phase. Hence, mineral inclusions were
avoided where possible as they are not accounted for in the corrections used to calculate
elemental concentrations. This method precludes the determination of mineral phases
for elements that could occur both within the carbonate lattice (e.g. FeCO3) and as
inclusions from other minerals. Principal component analysis (PCA) and non-metric
multidimensional scaling (NMDS) analysis were applied for statistical analysis of XRF
data. Both PCA and NMDS were performed using the vegan package for R (Oksanen et

al., 2013).

X-ray diffraction (XRD) analysis was conducted in the Mawson Analytical

Spectroscopy Services (MASS), University of Adelaide, to determine tufa mineralogy.
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Samples were analysed using a Bruker D8 ADVANCE Powder X-ray Diffractometer
with powders sprinkled on silicone wafers. XRD methodology is described further in

Appendix B.

3.3 Sample preparation

Tufa samples were prepared for clumped isotope analysis using a dental drill to obtain
~50 mg of powder for each sample, sampling from the same layers as for U-series.
Whilst aragonite concentrations within the tufas is believed to be low (Keppel et al.,
2011), and the degree of A47 alteration due to reordering is likely to be small, drilling
was conducted in intervals of less than ~15 seconds at a time interspersed by pauses in
drilling of roughly equal duration to minimise heating and potential conversion of

aragonite to calcite (Staudigel & Swart, 2016).

Mollusc shells were selected and manually cleaned with a fine brush and reverse
osmosis (RO) water before treatment with pH 8 buffered 18% H>0O- solution for 30
minutes to remove any organic matter (Figure 4) (Falster et al., 2018; Roberts et al.,
2018; Zhang et al., 2020). Treated shells were then rinsed four times with ultrapure 18
MQ milli-Q water and oven-dried overnight at 40°C. Cleaned shells were finely ground
into a homogenous powder with an agate mortar and pestle. Multiple individuals (n =1
to 15) of a single taxon were combined to obtain sufficient powder for clumped isotope
analysis, with the homogenous powders representing the average isotopic compositions

for the shells within a sample layer.
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Figure 4: Effects of sample preparation process on individual lake shells after a) no treatment; b)
manual cleaning; c) H202 treatment for 15 minutes; and d) H20: treatment for 30 minutes.

3.4 Clumped isotope analysis

Powdered samples were run for clumped isotope analysis with a Nu Instruments
Perspective-1S stable isotope ratio mass spectrometer coupled to a Nu Carb sample
preparation system at the University of Adelaide (UoA) and at the University of
Melbourne (UoM), with identical sample preparation and methodology at both
laboratories. Detailed analytical methods are provided in Appendix B. Briefly, ortho-
phosphoric acid was introduced to powdered sample carbonate to produce CO> gas at a
temperature of 70°C. This CO, gas was then purified through a Porapak™ Q trap before
a dual inlet mass spectrometer was used to measure A4z, 5°C, and 880 for purified

sample gas relative to a working gas of known isotopic composition.
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Raw sample A47, were calculated using Equation 1, with R values were derived from
the measured 6 values for each isotopologue in the sample gas, relative to the working

gas:

(R
§i = [SLlamplesa®) _ 4151000  (Eq.3)

Ri (working gas)

Uncertainty is reported as standard error:

(Eq.4)

Oz =

B

where n is the number of replicates.

For both tufa and lake shell samples, 10 aliquots of 500 + 25 pg carbonate samples were
prepared and analysed. ETH standards 1-3 were used to correct data for pressure
baseline (PBL) effects (Bernasconi et al., 2013; Meckler et al., 2014; Petersen et al.,
2019) and to normalise raw A47 measurements into the absolute reference frame (Dennis
et al., 2011) through a carbon dioxide equilibration scale (Daéron et al., 2021), with the
I-CDES (Anderson et al., 2021; Bernasconi et al., 2021) scale used for tufas and CDES
used for lake shells (Petersen et al., 2019). ETH-4 was excluded in favour of additional
ETH-3 standards to increase sample A47 precision (Kocken et al., 2019). Conversion of
raw measurements to the absolute reference frame was necessary to allow inter-
laboratory comparison of results (Dennis et al., 2011; Bernasconi et al., 2018). An acid
fractionation factor of +0.062%o was used to adjust sample A47 values for the acid

reaction temperature of 70 °C (Defliese et al., 2015).
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The As7, 8C, and 580 values were calculated as the arithmetic mean average of the 10
aliquots for each sample, excluding any contaminated aliquots. All mollusc samples
were analysed at the UoA, while all tufa samples used in this study were analysed at the
UoM. Carbonate 580 and §:°C values are reported relative to the Vienna Pee Dee

belemnite standard (VPDB).

Once converted to the absolute reference frame, formation temperatures for each sample
were calculated using the calibrations of Bernasconi et al. (2018) (Equation 5) for lake

shells and Anderson et al. (2021) (Equation 6) for tufas:

10°
A4;= (0.0449 £+ 0.001) X Tz +(0.167 + 0.01) (Eq.5)

106
A,,= (0.0391 + 0.0004) x -7 + (0.154 + 0.004) (Eq.6)

where T is the temperature in Kelvin for both calibrations.

In modern lakes, surface water temperature is consistently higher than mean annual air
temperatures (MAAT). To correct for this effect in the palaeo-context, tufa and mollusc
carbonate precipitation temperatures (T47) were converted to MAAT using the transfer
function of Hren & Sheldon (2012), which is independent of latitude, elevation, the size
of the water body, and annual climatic conditions:

MAAT = —0.0318 X T2 por + 2.195 X Typgrer — 12.607 (Eq.7)

where Twater IS the mean annual water temperature and both MAAT and Twater are in °C

(R? = 0.96).
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Calcite-water oxygen isotope fractionation was calculated with the equation of Kim et

al. (1997) using Ta7:

103
1000acqcie-water = 18.03 X =—— 3242 (Eq.8)

Ay7

with environmental water 20 values then calculated for mineral formation:

_ Rcalcite
Xcaicite—water =

(Eq.9)

Rwater

where R represents the ratio of 20 to %0 isotopes. Reatcite is measured directly during
clumped isotope measurements, enabling calculation of Ruater and thus water 5'20.
Environmental water 5'20 values are reported relative to Standard Mean Ocean Water

(SMOW).

4. OBSERVATIONS AND RESULTS

4.1 Microfacies analysis

XRD analysis for the tufa samples revealed a complete absence of aragonite for all
samples that were used for XRF mapping and/or clumped isotope analysis, except for
those sampled from Sulphuric Spring (SUL 1a-f). Sulphuric Spring samples used for
clumped isotope analysis consisted of ~15-70% aragonite, with the remaining portion
composed of calcite (and trace concentrations of chalcopyrite for SUL 1a). Most
samples consisted predominantly or entirely of calcite (including sample DAL 4C).
Small traces of quartz were detected in most samples. Dolomite was detected in 6 out of

the total 21 tufa samples for which XRD analysis was performed.

XRF mapping was conducted for 25 tufa samples (including all XRD samples),

covering a broad range of depositional ages and palaeoenvironments. Different mineral

26



Fletcher Clancy Nixon
Clumped isotope palacotemperatures for Australia’s arid interior

phases are identifiable for most samples (Appendix C), supporting the XRD results.
Dolomite-bearing tufa samples feature > 5 wt.% magnesium, while aragonite-bearing
samples from Sulphuric Spring (Figure 5) can largely be distinguished by > 3 wt.%
strontium, compared to < 1 wt.% strontium in most other samples. All samples
containing dolomite were poorly dated by U-series. Several different morphologies can
be seen from the XRF maps, including laminated structures, lithic contaminants, and
secondary precipitation of calcite or dolomite. Examples of the various tufa
morphologies are shown in Figures 5-8, with further examples shown in Appendix C.
Overall, reliably dated tufas were high in calcite or aragonite, with low amounts of lithic

contaminants and magnesium.

Sample SUL 1 (Figure 5), for which clumped isotope analysis was conducted,
demonstrated very small variation in calcium and low iron, magnesium, and silicon
concentrations. Strontium and titanium concentrations are higher than for most other
well-dated tufa samples. A hiatus in deposition can be inferred immediately before and
after ~20 ka (layer a). Later deposition at the rate of ~0.5cm/kyr can be seen from ~12.3
to ~11.5, with another hiatus shown by a darker, strontium-rich layer. More recent
carbonate precipitation was more rapid, with an average of ~2.7 cm/kyr during 9.7-9.3
ka. Carbonate for this period is more depleted in strontium than for older layers and

becomes increasingly depleted in strontium after ~9.7 ka.
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Figure 5: Tufa sample SUL 1 from Sulphuric Spring, showing a) sample layers and associated ages
and XRF maps for b) calcium; c) iron; d) magnesium; e) silicon; f) strontium; and g) titanium.
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Figure 6: XRF map for well-dated tufa sample DAL 1A from Dalhousie Springs, showing a)
calcium; b) iron; ¢) magnesium; d) silicon; e) strontium; and f) titanium. The bulk of the tufa is
lithic-dominated, with relatively high abundances of silicon and iron.
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Figure 7: XRF map for poorly-dated tufa sample JER 3 from Jersey Spring, showing a) calcium; b)
iron; ¢) magnesium; d) silicon; e) strontium; and f) titanium. Many of the layers are secondarily
precipitated dolomite, including the dated sample layer, which features high magnesium, iron,
silicon, and strontium, relative to the calcite layers.
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Figure 8: XRF map for poorly-dated tufa sample DAL 5 from Dalhousie Springs, showing a)
calcium; b) iron; c) magnesium; d) silicon; ) strontium; and f) titanium. Small detrital grains can
be seen in the tufa matrix, as indicated by high intensities of iron, silicon, and titanium, along with
very low calcium concentrations. Dolomite is absent for this sample.

Semi-quantitative elemental abundances within sampled layers were calculated from
micro-XRF, with 14 well-dated and 11 poorly-dated sample layers analysed (Appendix
C). Elemental compositions of subsampled material were compared to previous
estimates of the quality of U-series dates, with a view to better understanding sample
selection for geochronology. PCA was conducted for tufa elemental concentrations

(Figure 9) to better visualise variation within the multivariate dataset. Poorly-dated tufa
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samples bearing dolomite differ significantly from other dated tufa samples in the PCA
plots, while poorly-dated tufas without dolomite could not be completely differentiated
by PCA, even when excluding dolomite-bearing samples (Figure 10). As with PCA,
NMDS is only able to differentiate poorly-dated tufa samples for which dolomite is

present (Appendix C).
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Figure 9: Principal component analysis for XRF data from central Australian mound spring tufas.
Well-dated tufas are indicated by the green shading, with poorly-dated tufa samples separated in
dolomite-bearing (red) and dolomite-absent (blue) subgroups.
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Figure 10: Principal component analysis for XRF data from central Australian mound spring tufas,
with dolomite-bearing samples excluded. Well-dated tufas are indicated by the green shading, with
poorly-dated tufa samples shown in blue.

4.2 Isotope data

Due to technical constraints, clumped isotope analysis could only be conducted for a
restricted number of carbonate samples, with 7 tufas and 6 lake molluscs analysed.
Sample material information, including locations, elevation, and shell counts for
mollusc samples, can be found in Appendix A. Isotope data (A7, §*%0, and §**C) and
estimated environmental water temperature and §'80 values are summarised for tufas

and lake shells in Table 1 and Table 2, respectively.
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Table 1: Clumped isotope and stable isotope data for central Australian mound spring carbonates.

Sample ID Sample Area Corrected s1C 8180 Agr Error*  Estimated water  Error® S8 0water Error?
Age (corrected) temperature
ka cal BP %0 VPDB %o VPDB %o (I-CDES) °C %0 SMOW
SUL 1b Sulphuric Spring 9.32 (0.08) -2.24 -5.29 0.5342 0.0050 48.0 21 1.42 0.49
SUL 1c Sulphuric Spring 9.69 (0.08) -2.57 -5.61 0.5846 0.0048 28.5 1.7 -2.53 0.40
SUL 1d Sulphuric Spring 11.57 (0.06) -2.22 -5.93 0.5976 0.0049 24.0 1.7 -3.75 0.39
SUL 1e Sulphuric Spring 12.28 (0.05) -2.28 -6.04 0.5821 0.0048 294 17 -2.79 0.38
SUL 1f Sulphuric Spring 12.38 (0.07) -2.12 -6.31 0.5886 0.0051 27.1 1.8 -3.51 0.42
SUL la Sulphuric Spring 20.3 (1.6) -2.20 -5.10 0.5632 0.0048 36.3 1.8 -0.50 0.44
DAL 4C Dalhousie Springs 334 (15) -8.40 -6.08 0.6064 0.0051 21.1 1.7 -4.50 0.39
2errors reported as +1 standard error (s.e.)
Table 2: Clumped isotope and stable isotope data for central Australian lake shells.
Sample ID Sample Area Corrected N 580 Ay Error*  Estimated water ~ Error? 58 0uater Error®
Age (corrected) temperature
ka cal BP %0 VPDB %0 VPDB %o (CDES) °C %0 SMOW
LCP10.8 Lake Callabonna 33.4(2.9) 0.14 2.37 0.7069 0.0076 15.2 20 2.72 0.46
LCP20.85 Lake Callabonna 39.6 (0.9) -0.92 4.65 0.7123 0.0066 13.8 17 4.69 0.38
LCP1 0.96 Lake Callabonna 40.2 (1.0) -4.02 0.93 0.7248 0.0116 10.6 2.9 0.25 0.65
CSP11.0 Lake Callabonna 48.4 (4.2) 0.29 3.08 0.7050 0.0065 15.7 1.7 354 0.36
CSP1 1.05 Lake Callabonna 51 (1.5) 0.31 3.61 0.7140 0.0088 134 23 3.55 0.53
WPLE P4B Lake Eyre 70.8 (2.8) -0.60 1.96 0.7193 0.0117 12.0 3.0 1.60 0.65

derrors reported as +1 standard error (s.e.)

4.2.1 Stable isotope compositions

Tufa §'80 values range from —6.31%o (~12.38 ka) to -5.10%0 (VPDB) (~20.3 ka), whilst

513C values range from —2.57%o to —2.12%o (VPDB) for Sulphuric Spring samples with

a single 8*3C value of —8.40%. for Dalhousie Springs (Table 1). Lake shell §'80 (5'80c)

values vary from +0.93%o to +4.65%0 (VPDB), whilst §*3C values range from —4.02 to

+0.31%o (VPDB) (Table 2). Environmental water 20 (5'®0w) values calculated from

estimated water temperature range from —4.50 + 0.39%o to +1.42 + 0.49%0 (SMOW) for

tufas and from —0.25 + 0.65%o t0 +4.69 + 0.38%0 (SMOW) for lake shell samples.
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For tufas, no statistical correlation (p > 0.05) was observed between 580, and either
313C or T4z, whilst 5180y correlates with Ts7 (p < 0.05, R? = 0.9777) and with &80 (p <
0.05, R? = 0.7049) (Figure 11). By contrast, for lake shells, no statistical correlation was
observed between 580y, and T47 (P > 0.005), while 580 correlates with 580 (p <
0.05, R? = 0.9495) (Figure 12). As with the tufa samples, no statistical correlation was

observed between 8'80; and either 8*3C or T47.
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Figure 11: Relationship between isotopic compositions and temperature estimates from clumped
isotope analyses on central Australian tufas. Sulphuric Spring samples are indicated by filled
circles, with the Dalhousie Springs sample (DAL 4C) is indicated by a triangle symbol.
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Figure 12: Relationship between isotopic compositions and temperature estimates from clumped
isotope analyses on central Australian lake shells. Lake shells from lake filling episodes are
indicated by triangle symbols, as interpreted by Cohen et al. (2012).

4.2.2 Clumped isotope compositions

Tufa A47 values range from 0.5342 + 0.0050%. to 0.6064 £ 0.0051%. (I-CDES). For
Sulphuric Spring, two of the six water temperature estimates (T47) are notably high
(36.3 £ 1.8°C at ~20.3 and 48.0 + 2.1°C at ~9.32 ka), whereas the remaining four water
temperature values range from 24.0 + 1.7°C to + 29.4 £ 1.7°C. These four samples
suggest relatively consistent water temperatures of ~28°C, and MAAT estimates of
~24°C during 12.4-9.7 ka (Table 3). A47 values were compared to Sr/Ca, with the two

anomalous samples coinciding with the lowest Sr/Ca. However, As7 (and thus, T47) does
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not appear to correlate with Sr/Ca (Figure 13). The single Dalhousie Springs sample

suggests a water temperature of 21.1 + 1.7°C and MAAT of 19.5 + 1.9°C for ~334 ka.
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Figure 13: Sulphuric Spring tufa A4z and Sr/Ca records.
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Lake shell As47 values range from 0.7069 + 0.0076%o to 0.7248 + 0.0116%. (CDES),

with T47 between 10.6 £ 2.9°C and 15.7 + 1.7°C during 51-33 ka. Water temperature of

12.0 + 3.0°C was inferred for Lake Eyre (~71 ka), with most Lake Callabonna T4z

values within this range throughout 51-40 ka (Table 1). Estimated MAAT values range

from 7.0 £ 4.6°C to 14.1 + 2.0°C for Lake Callabonna, with a single Lake Eyre MAAT

of 9.1 £ 4.1°C at ~71 ka (Table 3).

Table 3: Clumped isotope and stable isotope data for central Australian carbonate samples.

Sample ID Sample Area Corrected Age Estimated water Error® MAAT Error®
temperature
ka cal BP °C °C
SUL 1b Sulphuric Spring 9.32 (0.08) 48.0 21 19.5 55
SUL 1c Sulphuric Spring 9.69 (0.08) 285 17 241 21
SUL 1d Sulphuric Spring 11.57 (0.06) 24.0 17 21.7 19
SUL 1e Sulphuric Spring 12.28 (0.05) 29.4 1.7 244 21
SUL 1f Sulphuric Spring 12.38 (0.07) 27.1 1.8 235 21
SUL 1la Sulphuric Spring 20.3 (1.6) 36.3 18 25.2 2.7
LCP10.8 Lake Callabonna 33.4(2.9) 15.2 2.0 13.4 24
LCP20.85 Lake Callabonna 39.6 (0.9) 13.8 1.7 116 21
LCP10.96 Lake Callabonna 40.2 (1.0) 10.6 29 7.0 4.6
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CSP11.0 Lake Callabonna 48.4 (4.2) 15.7 1.7 141 2.0
CSP11.05 Lake Callabonna 51 (1.5) 134 2.3 11.0 2.9
WPLE P4B Lake Eyre 70.8 (2.8) 12.0 3.0 9.1 41

DAL 4C Dalhousie Springs 334 (15) 21.1 1.7 19.5 1.9

2errors reported as +1 standard error (s.e.)

5. DISCUSSION

5.1 Microfacies analysis of tufa samples

Clumped isotope analysis of U-series dated mound spring tufas offers tremendous
potential to develop quantitative climate records built on absolute chronologies.
However, to have confidence in either the isotope analysis or the dating, it is necessary
to screen the samples for contaminants, and to understand the potential for secondary
alteration and remineralisation of the carbonate. To this end, micro-XRF mapping
provides a valuable means of screening tufa samples to assess the validity of samples

for past and subsequent geochemical analyses.

Micro-XRF mapping reveals several different tufa mineralogies, which are interpreted
as largely reflective of different modes of deposition and varying lithic contamination.
Tufas generally feature layered textures with lithic contaminants concentrated in
discrete regions, suggesting variable amounts of dust entering the springs. Changes in
deposition rate for Figure 5 are reflective of varying groundwater discharge rate, with
strontium abundance lower for periods of greater carbonate precipitation rate. The
presence of elements associated with detrital grains, such as aluminium, iron, and
titanium, do not appear to negatively influence dating quality, contrary to the hypothesis

of Priestley et al. (2018).
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Micro-XRF scanning and associated XRD analyses indicated that several of the samples
previously used for U-series dating contained dolomite, rather than the intended calcite
or aragonite. These dolomite-bearing tufa samples, characterised by higher magnesium
concentrations, appear to correspond with U-series dates that had been previously
classified as unreliable (Priestley et al., 2018). Dolomite-bearing tufa samples differ
significantly in XRF from samples for which dolomite is absent, suggesting that XRF
scanning may serve as a potential tool for assessing sample quality prior to future U-
series dating of mound spring carbonates. Dolomite may correspond to poor ages due to
secondary, and therefore younger, dolomite precipitation overprinting or replacing the
original carbonate (Figure 7). Poorly dated samples lacking dolomite (Figure 8) may
result from fluid mobilisation and secondary alteration or remineralisation of carbonate

resulting in open-system behaviour within tufa.

Whilst PCA and NMDS could not completely differentiate tufas with differing U-series
date qualities, clustering of most poorly-dated samples suggests some elemental
concentrations may be used to increase the probability of success for U-series ages.
High magnesium carbonates should be avoided, with Mg/Ca ratios below 0.05

appearing to provide a reliable age for the tufas analysed in this study.

5.2 Tufa clumped isotope data

The data produced in this paper represents the first attempt to use clumped isotope
analysis from central Australian mound spring carbonates to infer past water and air
temperatures. Sulphuric Spring MAAT values inferred from T47 are realistic and within
error of PaleoView (Figure 14), except for two outliers (discussed below). MAAT

values are also within error of air temperatures predicted by previous central Australian
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palaeotemperature studies (Miller et al., 1997; Treble et al., 2017). This suggests that
clumped isotopes for tufas are a viable proxy for central Australian MAAT, which may
be utilised for verifying palaeoclimate models and should continue to be explored as a
novel proxy for palaeotemperature. This also supports the use of PaleoView for

exploring ecological responses to palaeoclimate, at least for the early Holocene.
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Figure 14: Comparison of central Australian tufa clumped isotope mean annual air temperatures
(black circles) with modelled central Australian temperatures, as reconstructed by PaleoView (ver.
1.5.1) (blue line). The light blue lines indicate + 1 s.e. uncertainty for the PaleoView model.

Several potential explanations can be put forward to explain the two tufa samples with
anomalously high Ta7, including aragonite reordering, tufa precipitation in
disequilibrium with spring water, and hydrothermal heating. XRD implies that the
outlier samples have sufficient aragonite concentrations to facilitate reordering of such
magnitude (> 25% conversion of aragonite to calcite), although drilling duration should
have been insufficient to enable reordering (Staudigel & Swart, 2016). Additionally, the

characteristic decrease in §*80c values (typically > 0.5%o) common to previous
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experiments on aragonite reordering (Staudigel & Swart, 2016; Guo et al., 2019) is

absent when comparing §'80. with previous analyses (Appendix D).

Whilst the two outliers show distinctly low strontium concentrations, Sr/Ca does not
appear to correlate with A47 (Figure 13), implying that Sr/Ca is not a clear indicator of
aragonite reordering. It is possible that As47 variability for all tufa samples is due to
variable aragonite reordering, with the tufas representing varying degrees of either
contamination or alteration. The poor correlation of Sr/Ca and As7 seems to refute this,
although it cannot be completely discounted without knowing initial Sr/Ca prior to
possible reordering. Thus, aragonite reordering cannot be discounted as a cause of

elevated T4z, either from drilling or occurring naturally prior to sampling.

Carbonate precipitation in disequilibrium with spring water is another possible
explanation for the two outliers, supported by higher precipitation rates for sample SUL
1b (Figure 5). Recent studies have explored simultaneously obtained A47 and Ass values
to identify and quantify biases in clumped isotope measurements due to reaction
kinetics during carbonate precipitation (Fiebig et al., 2019; Bajnai et al., 2020).
Unfortunately, the analytical method used in this study does not allow for the necessary
high precision Asg values required to assess possible kinetic processes in the samples.
Thus, the influence of precipitation kinetics cannot be determined from the obtained

clumped isotope data.

Hydrothermally heating may also be a cause for the two outlying samples. However,

this would require multiple tectonic shifts to allow for cooler (not hydrothermally
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heated) waters between 12.4-9.7 ka and for modern Sulphuric Spring. Whilst multiple
pauses in deposition and compositional changes can be seen within the tufa (Figure 5),

this explanation is the least probable of the proposed causes for the two outlies.

At present, no clear best explanation can be put forward to explain the two anomalies,
although aragonite reordering and reaction kinetics are the most probable causes. Data

from the two tufa outliers will be excluded from subsequent interpretation.

Changes in deposition rates, flow rates, water depth, biological activity, geothermal
heating, and the nature of the water body within the mound spring are potential causes
for changes in tufa deposition or environmental water temperature (Kele et al., 2011,
2015; Kato et al., 2019). Unfortunately, these factors are difficult to reconstruct and
microfacies analysis does not indicate any large shifts in depositional environment. The
tufas have been assumed to have precipitated in equilibrium with environmental water,
although disequilibrium could also explain unreliable A47 values (Fiebig et al., 2019).
As discussed above, Asg precision is insufficient to detect kinetic effects in the tufa
samples. Despite uncertainties regarding the nature of carbonate deposition and the
water bodies in which the tufas precipitated, in addition to the rarity of surface water
temperatures translating directly to air temperatures, inferred MAAT values should

serve as a more suitable approximation of central Australian palaeotemperature Ta7.

The single Dalhousie Springs sample (DAL 4C) represents the first surface

palaeotemperature value obtained for central Australia during ~330 ka, with no previous

guantitative data existing for comparison. Modern Dalhousie Springs waters are

42



Fletcher Clancy Nixon
Clumped isotope palacotemperatures for Australia’s arid interior

geothermally heated, although it is unclear to what degree geothermal heating may have
influenced T47 for DAL 4C, if any. During 334 * 15 ka, benthic marine 80 was
between 4-5%o, (SMOW), compared to 4.5-5%0 when the Sulphuric Spring tufa was
deposited (Lisiecki & Raymo, 2005). The uncertainty for the Dalhousie sample age,
puts the sample either within an interglacial or at the end of a glacial period terminating
at ~337 ka (Lisiecki & Raymo, 2005). In the absence of additional samples for this
period, caution is advised for the interpretation of this sample, although it appears that
MAAT appears to have been ~4°C cooler for ~334 ka than when the Sulphuric Spring

sample precipitated.

Mound spring 580, appears to be a more important driver of §'80. than T4z, although
the relationship between 580y and 580 is still relatively weak (Figure 11). Ta7
correlates strongly with $*80., which is consistent with the expected relationship
between 880y, and evaporation. This also suggests that initial spring waters have
relatively constant $*80, which is supported by low 580 variability along groundwater
flow paths (Radke et al., 2000). This is consistent with long residence times within the
GAB (Love et al., 2013) and the hypothesis that spring §*80 reflects the cumulative
effects of the climate during groundwater recharge, mixing and possible fractionation
during transport, and evaporation at the surface (Andrews, 2006). Consequently,
conventional 580 analyses can be more confidently interpreted as a proxy for palaeo-
evaporation, which appears strongly linked to water temperature. This may enable
future high resolution tufa 5'80; analyses as a proxy for temperature-driven spring
evaporation, which could serve as another novel proxy for central Australian

palaeoclimate.

43



Fletcher Clancy Nixon
Clumped isotope palacotemperatures for Australia’s arid interior

5.3 Mollusc clumped isotope data

Central Australian lake mollusc MAAT values suggest conditions during 70-33 ka that
were ~15-22°C cooler than modern maximum temperatures in the region. MAAT values
are supported by similar air temperature estimates (~11°C) during the same period, as
inferred from eggshell amino acid racemisation (Miller et al., 1997). Two samples
indicate relatively warmer conditions than other mollusc samples (~15°C), coinciding
with lake filling episodes at ~33 ka and ~48 ka (Magee et al., 2004; Cohen et al., 2012,

2015).

As with tufas, lake shell MAAT assumes carbonate precipitation at the surface.
However, geomorphic evidence suggests water depths of approximately 10 m prior to
the LGM and ~15 m during filling episodes at 65 + 2.6 ka and 50-40 ka, coinciding with
overflowing of Lake Mega-Frome into Lake Eyre (Magee et al., 2004; Cohen et al.,
2012, 2015). Most mollusc samples are Coxiella (5 out of 6 samples), which have been
observed reproducing and growing in the upper 6 m of modern lakes despite lake depth,
although this is challenged by some observed lake distributions (Timms, 1976;
Williams & Mellor, 1991). Mollusc samples are assumed to have lived at similar depths
despite varying lake volume, with T47 and MAAT trends reflecting regional
palaeoclimate. Whilst temperature estimates may be lower due to carbonate
precipitation at depth, this decrease is likely smaller than MAAT uncertainty (Haddout

etal., 2018).

It should be emphasised that the mollusc T4z and MAAT estimates represent analyses of

less than 15 individual shells per sample, with minimal shells favoured and one shell
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used where possible (Appendix A). Consequently, shell data captures
palaeoenvironmental conditions for the one-to-two-year windows during which the
organisms were living. In the absence of detailed ecological studies, both Coxiella and
bivalve samples are assumed to show similar seasonal cycles to modern permanent
lakes. Hence, molluscs are assumed to grow mostly in spring, due to greater algal
production and abundant food sources, with lake productivity generally decreasing in
summer, due to depleted nutrients and excessive temperatures and light causing
photoinhibition. It is entirely feasible that this was different for the LGM, but in the
absence of any other data, this is assumed to be the case. If so, mollusc T47 values are
possibly not dissimilar to mean annual temperatures, as modern spring temperatures are
typically similar to annual averages (Peeters et al., 2002; Haddout et al., 2018). Shell
taphonomy is also poorly understood, so isotopic compositions may be influenced by
post-depositional events such as dissolution, coating, and vertical movement within

sediment (Williams & Mellor, 1991).

Lake 80w appears to be the dominant driver of 18O, rather than lake temperature
(Figure 12). Unlike the tufas, inferred lake 580w does not correlate strongly with Ta7,
suggesting that the pre-evaporated lake water was not as constant as for the mound
springs and had more variable §'0y. Variable 5'0y can probably be attributed to
changes in lake volume, amount of precipitation, and precipitation 50 (Beuning et al.,
2002; Evans et al., 2018). Central Australia ephemeral lakes are characterised by large
degrees of evaporation, which impart a large signal on lake water 5'80. Variable §'80.
can also be attributed to lake water replenishment in seasonal pulses, rather than

constantly, as with mound springs.
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Despite limited samples, higher 80y, corresponds with higher T47, in agreement with
an expected relationship between temperature and evaporation (Schaffner & Swart,
1991; Koch, 1998; Srivastava et al., 2015; Miller & Fogel, 2016). However, this
relationship is not particularly strong, and two samples exhibit higher temperatures than
expected (Figure 12). A simple interpretation of these data would suggest that the lake
was warmer, yet lake water was less evaporated or more diluted by fresh rainwater.
Thus, a tentative interpretation could be that these two samples correspond with warmer
and wetter climates, as compared to warmer and dryer climates for the other samples.
This interpretation is supported by periods of lake filling during 33-31 ka and 50-40 ka
coinciding with these warmer samples (Magee et al., 2004; Cohen et al., 2012, 2015),

denoting periods of wetter climate.

5.4 Late Quaternary palaeoclimate implications

Whilst limited in number, palaeotemperature estimates produced in this study provide
valuable insight into the past climate of central Australia, for which local proxy data is
greatly required. This study provides the first clumped isotope estimates of central
Australian temperatures during the last glacial period (Figure 15), paving the way for

future work to extend this record in greater detail and length.
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Figure 15: Comparison of central Australian palaeoclimate records from this study with previous
palaeoclimate data. Clumped isotope proxy data for a) MAAT; b) water temperature; and c) water
8180 from this study. Mound spring tufa samples are indicted by black circles, while lake mollusc
samples are indicated by red triangles. d) Reconstructed shoreline elevation for Lake Mega-Frome
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(Cohen et al., 2012). e) “LR04” stacked (averaged) benthic 6'20 record (Lisiecki & Raymo, 2005). f)
Reconstructed temperature from ice core water isotopes at Dome Fuji, Antarctica (Uemura et al.,
2012).

Lake shells suggest a MAAT of ~12 + 3°C at ~71 ka, representing a palaeoclimate
~17°C cooler than modern climatic conditions. Central Australian MAAT appears to be
largely stable throughout the next ~35 ka, with two periods of warmer climate during
~48 ka and ~33 ka, coinciding with periods of increased lake depth (Figure 15d). These
two warmer periods correspond to periods of hydrological change in Lake Callabonna,

as implied by a poor correlation between lake water temperature and §'%0.

By 12.4-9.7 ka, reconstructed central Australian climate was markedly warmer than
during 70-33 ka (Figure 15a), with MAAT values ~5°C cooler than modern climate
conditions. MAAT values during this period are supported by palaeotemperature values
predicted by PaleoView (Fordham et al., 2017) (Figure 14) and previous air temperature
estimates by Miller et al. (1997). Interpretation of palaeoclimate from tufa isotopic
compositions is complicated by uncertainty regarding the isotopic composition of GAB
groundwaters, although pre-evaporated spring water 5'80 appears to be consistent

during 12.4-9.7 ka.

The data demonstrate a major glacial-interglacial temperature shift of ~10-12°C (Figure
15a). This shift is comparable with many studies worldwide (Shakun & Carlsen, 2010),
although is greater than the global and Southern Hemisphere averages of ~4.0-3.5°C
during this period (Shakun et al., 2012; Tierney et al., 2020). Mollusc samples indicate
MAAT of 10-15°C, representing more significant cooling than models predict, although

the inferred glacial-interglacial temperature range is comparable to that of Antarctica
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(Petit et al., 1999; Uemura et al., 2012). Although subtle, there are two cooler shell
MAAT values that may correspond to Antarctic temperature minima (Figure 15f) and
lake emptying (Figure 15d) at ~70 and ~40 ka, suggesting that these samples may

reflect more short-lived cooling episodes.

The cooler climates suggested by mollusc samples may suggest processes inherent in
the large lake systems, which might act to lower spring/summer maximum temperatures
or have lost heat via evaporation. Lakes generate specific climate features and are
important for local weather formation due to the large difference in temperature
between lake water and the surrounding land (Haddout et al., 2018). Cloud cover could
have been greater due to increased moisture, resulting in lower temperatures (Kiem et
al., 2016; Formayer & Fritz, 2017). The role of temperature with regards to
evapotranspiration is debated in Australian, with water availability strongly coupled to
temperature dynamics (Murphy & Timbal, 2008; Teuling et al., 2013). However, as
noted by Kiem et al. (2016), our understanding of large-scale relationships between
temperature and water sources is in its infancy. This may suggest the possibility of a
bias in the perception of Australian glacial periods towards our modern view of the
continental arid interior, with cooler climates able to promote lower evaporation, and

thus the retention of water in the region.

The combination of warming and drying in central Australia could lead to exacerbated
temperature rise, and possibly therefore the larger than expected magnitude of warming
suggested by the data. Crucially, as the multitude of studies into Australian ecological

and climatic change are largely based on near-coastal reconstructions of palaeoclimate,
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dramatic changes in the arid interior due to the amplification of warming by drying may

have major implications for the effects of climate on ecosystems and habitability.

5.5 Future research

Whilst this study provides the first tentative steps for clumped isotope research on the
Quaternary carbonates of central Australia, several avenues of research must be pursued
to ensure the reliability of palaeoclimate inferences. Foremost is the need for additional
A47 analyses, especially for modern samples and during periods of overlap between tufa
and mollusc samples, thus enabling comparison between the two proxies and increasing
confidence in palaeoclimate shifts through time. Future mollusc studies should consider
analysing a greater number of shells per sample, to provide a more time-averaged
insight into palaeoclimate. As the term ‘climate’ is conventionally defined as the 30-
year average of weather conditions (Mach et al., 2014) and sampled organisms are
assumed to live for one year, sampling of > 30 individuals would be ideal for ensuring
relevant palaeoclimate data. Additional carbonate materials, such as pedogenic

carbonate and ancient soil biota, may also be explored in future studies.

Additional research into spring morphology and GAB groundwater flow may be
valuable for interpreting tufa A47. Studies into gastropod ecology and shell taphonomy
in the central Australian salt lakes may also be valuable for better understanding their
As7-inferred climatic conditions. If the depth at which Coxiella lived within central
Australian lakes can be inferred, a 1D water temperature model could be applied to

assess the potential difference between lake and air temperature (Haddout et al., 2018).
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Whilst A47 data from both laboratories have been represented on the same absolute scale
and are theoretically directly comparable, the possibility of instrument-specific effects
may generate offsets in calculated temperatures for the same sample of up to 10°C
(Dennis et al., 2011). Although, the same laboratory has been used for each sample type
(tufa or lake shell), interlaboratory differences must be assessed through the analysis of

identical samples at the UoA and other international laboratories, including the UoM.

Development of a method that allows the simultaneous high precision measurement of
A7 and Asg isotopologues would enable the assessment of kinetic effects during
carbonate precipitation, possibly alleviating concerns of tufa precipitation in
disequilibrium with spring water. Research into the relationship between carbonate
mineralisation rate and the incorporation of other elements or isotopes may be worthy of
exploration. XRF analysis may be aided by elemental quantification software that is
suitable for multiple mineral phases within tufa layers, although this is unlikely to fully

resolve the observed similarities in good and poor ages.

6. CONCLUSIONS

This study provides the first attempt to infer past temperatures and hydroclimate of
central Australia during the last glacial period using clumped isotope analysis of tufa
and shell carbonates. Firstly, the study demonstrated the value of using XRF mapping to
assess the nature and quality of tufa carbonate for U-series dating and clumped isotope
analysis, whereby the principal concern is the avoidance of high magnesium (possibly
dolomite) carbonate. Secondly, clumped isotope analysis of tufa and lake mollusc
samples demonstrates significantly cooler air temperatures during the last glacial period.

Despite the infancy of the work, this is arguably the most convincing and
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comprehensive estimate of last glacial temperatures for central Australia. MAAT values
are largely consistent with previous palaeotemperature reconstructions for the region,
with a glacial-interglacial shift of ~10°C similar to several other locations worldwide,
including Antarctica, although warming may have been exacerbated by the interplay
between global climate and regional water. These findings suggest that clumped isotope
analysis may serve as a novel quantitative proxy of past mean annual air temperatures in
central Australia. While additional analyses are needed to refine and reinforce the
findings of this thesis, the data highlight significant potential of the method, and raise
important questions about the magnitude of glacial-interglacial climate shifts in arid

central Australia.
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APPENDIX A: SITE DATA

Table A.1: Site location and type for mound spring carbonate samples

Sample ID Sample area Sample type Easting Northing Elevation
UTM GDA 53 (m) AHD?
BER 2 Beresford Spring Micrite 661,606 6,761,595 25
BLAN A Blanche cup Micrite (?) 680,265 6,740,444 Not Recorded
DAL A Dalhousie Springs Micrite (?) 546,426 7,070,973 135
DAL 1A Dalhousie Springs Micrite 549,896 7,077,885 120
DAL 2A Dalhousie Springs Micrite 546,363 7,074,457 126
DAL 4C® Dalhousie Springs Infilling 550,819 7,076,289 127
DAL 5 Dalhousie Springs Micrite 548,770 7,073,846 125
ELIZA Elizabeth Springs Micrite (?) 672,021 6,751,868 29
ELIZC Elizabeth Springs Infilling (?) 672,058 6,751,685 Not Recorded
ELIZD Elizabeth Springs Micrite (?) 671,755 6,751,228 5
Eliz Sp Elizabeth Springs Infilling 671,640 6,751,681 46
Gosse Gosse Spring Micrite 726,701 6,738,648 -7
JER 3 Jersey Spring Micrite (flow stone) 670,683 6,752,745 28
KEW 3 Kewson Hill Infilling 672,470 6,749,873 27
SUL 1a® Sulphuric Spring Infilling 733,407 6,722,980 3
SUL 1bP Sulphuric Spring Infilling 733,407 6,722,980 3
SUL 1c® Sulphuric Spring Infilling 733,407 6,722,980 3
SUL 1dP Sulphuric Spring Infilling 733,407 6,722,980 3
SUL 1e° Sulphuric Spring Infilling 733,407 6,722,980 3
SUL 1f° Sulphuric Spring Infilling 733,407 6,722,980 3
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WAR 1 Warburton Spring Micrite 662,324 6,760,351 29
WAR 5 Warburton Hill Micrite ~ eeeaaa--- Not Recorded - - - ------
WAR 7 Warburton Hill Micrite 662,735 6,760,221 45

2AHD — Australian Height Datum, equivalent to metres above sea level

bsamples used for clumped isotope analyses

Table A.2: Site location and type for mound spring carbonate samples

Sample ID Sample area Sample type Shells Used (n) Coordinates Elevation
(m) AHD?
LCP10.8 Lake Callabonna Coxiella sp. 15 S 29°56"22.45" E 140° 6'46.86" 10.4
LCP2 0.85 Lake Callabonna Coxiella sp. 10 S 29° 56"23.55" E 140° 6'56.12" 7.0
LCP10.96 Lake Callabonna Bivalve 1 S 29°5622.45" E 140° 6'46.86" 104
CSP11.0 Lake Callabonna Coxiella sp. 3 S 29°48'25.67" E 140° 4'19.69 15.4
CSP1 1.05 Lake Callabonna Coxiella sp. 2 S 29°48'25.67" E 140° 4'19.69 15.4
WPLE P4B Lake Eyre Coxiella sp. 10 S29°2'16.15" E 137° 37'45.31 Not Recorded

2AHD - Australian Height Datum, equivalent to metres above sea level

APPENDIX B: ADDITIONAL METHODS

B.1 XRF and XRD analyses

For the purposes of comparison of XRF data for tufas of varying U-series data quality,
tufa samples were classified as “Good Age” or “Poor Age” samples by using thorium
and uranium data from Priestley et al. (2018). Briefly, Z2°Th/2%*U and 23°Th/?*8U activity
ratios were used in conjunction with Z2°Th/2%*U or 2°Th/?%8U and 23*U/%8U activity
ratios to identify activity ratios that could not be attained through radioactive decay and
must have resulted from open-system behaviour (Kaufman et al., 1971; Burnside, 2010;

Priestley et al., 2018).

Minerology was determined by XRD analysis conducted qualitatively using a Bruker
D8 ADVANCE Powder X-ray Diffractometer with a Cu-radiation source operating at
40KV and 40amps, scanning 2 theta from 5 to 65 degrees with sample rotation of 30

rotations per min. XRD was conducted in the Mawson Analytical Spectrometry
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Services (MASS) Facilities, University of Adelaide. Sample powdered were sprinkled
onto silicone wafers in a fine dusting over the centre of the wafer and loaded into

an XRD sample holder with vibration to minimise orientation. Data was processed
using Bruker DIFFRAC.EVA software and Crystallography Open Database reference

patterns for identifying mineral phases.

B.2 Clumped isotope analyses

The extremely high precision and accuracy required for clumped isotope analysis was
achieved through more extensive carbon dioxide purification than traditional stable
isotope analyses (Ghosh et al., 2006; Eiler et al., 2007; Kocken et al., 2019). CO, was
extracted from tufa and mollusc samples by digestion of carbonate with H3PO3 at a
constant temperature. CO- purification was performed through the vacuum line by a
combination of cryogenic and adsorptive means to remove possible contaminants, such

as water, Oz, N2, hydrocarbons, and halocarbons.

Clumped isotope analyses were performed at the University of Adelaide (UoA) (shell
samples) and the University of Melbourne (UoM) (tufa samples) using identical
methods. Samples were analysed using a Nu Instruments Perspective-1S stable isotope
ratio mass spectrometer, interfaced with the Nu Carb carbonate sample preparation
system. Sample aliquots of 475-525 ug of finely powdered carbonate material were
measured into individual sample vials and loaded into the Nu Carb sample carousel.
Sample digestion was achieved through the injection of ~120 pL of ~104 % H3PO3 at
70°C for 10 minutes, before the resulting carbon dioxide progressed into a water trap
held at -95°C. CO- gas was then passed through a trap packed with Porapak™ Q and

cryogenically cooled to -34°C (Petersen et al., 2016). Purified CO2 was then passed into
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a cryogenically cooled “frozen finger” and total gas yield was calculated using a
pressure transducer before being transferred to a sample cold finger in the mass

spectrometer’s dual inlet system.

Sample and reference gas were depleted at a constant rate during analysis, with active
vacuum pumping performed at 150°C for 25 minutes to remove any contaminants from
the adsorptive trap apparatus between each sample extraction. Measurement of purified
CO, samples was performed by three acquisitions of sample and reference gas. 20
cycles were performed for each acquisition, with initial beam set to 80 nA and depleting

to ~45 nA throughout an analytical session.

Following analysis, data was screened for unrealistic raw A47 measurements, with
potentially contaminated or erroneous data removed from further analysis. Conversion
into CDES and I-CDES reference frames was achieved through calibration of raw As7
measurements against measurements of ETH (distributed by S. Bernasconi from ETH
Zirich) and new Carrara marble (NCM) standards (Dennis et al., 2011; Meckler et al.,
2014; Bernasconi et al. 2018, 2021). An internal standard (P3) was also used for
calibration of sample 30 and 5*3C measurements. 10 aliquots of carbonate material
were measured for each tufa and mollusc shell sample. ETH standards were analysed in
aratio of 1:1:2 for ETH-1, ETH-2, and ETH-3, respectively, with ETH-4 excluded in
favour of additional measurement of other ETH standards to increase sample A4z
precision (Kocken et al., 2019). When converted to the CDES reference frame, ETH
standard A47 values varied from accepted values by less than £ 0.010%. for both UoA

and UoM. A correction of 0.062%0 was applied after conversion to the absolute
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reference frame, to project the data to an acid reaction temperature of 25 °C (Defliese et

al., 2015).

Carbonate precipitation temperatures and inferred water 5'0 values were calculated as

described in Section 3.4.
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APPENDIX C: XRF DATA

Table C.1: Semi-qualitative elemental abundances within sample powders for previously dated tufa

samples.

Sample ID Al Ca? Fe? Mg? Mn? P S Si Srt Ti Zn?
wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. % wt. %

Good Age

DAL 1A 0.162 96.604  0.152 2.284 0.026 0.043 0.241 0.357 0.120 0.005 0.006
DAL 2A 0.166 98.187  0.052 1.061 0.009 0.022 0.108 0.330 0.053 0.006 0.006

Eliz Sp 0.131 91.225 0.041 1.582 0.021 0.066 0.018 0.835 6.059 0.017 0.005
Gosse 0.251 91.144  1.156 6.367 0.060 0.039 0.080 0.646 0.230 0.021 0.006
KEW 3 0.075 98.952  0.114 0.572 0.026 0.048 0.065 0.091 0.048 0.005 0.004

SUL 1a° 0.231 95116  0.059 0.560 0.040 0.049 0.105 0.745 3.004 0.085 0.005
SUL 1b° 0.225 95304  0.057 0.447 0.030 0.043 0.110 0.691 3.049 0.035 0.009
SUL 1c° 0.161 95.833  0.050 0.000 0.012 0.038 0.064 0.632 3.184 0.022 0.005
SUL 1d° 0.392 94392  0.115 0.601 0.014 0.046 0.065 1.056 3.266 0.043 0.009
SUL 1e° 0.267 93.817  0.089 0.779 0.032 0.059 0.060 1.073 3.775 0.044 0.004

SUL 1f° 0.131 95.395  0.026 0.287 0.046 0.059 0.050 0.565 3421 0.016 0.006
WAR 1 0.316 91.374 2.128 3.718 0.053 0.021 0.728 1.193 0.441 0.023 0.005
WAR 5 0.177 92.606 4.394 1.791 0.163 0.038 0.087 0.634 0.090 0.013 0.006
WAR 7 0.247 97.243  0.409 1.244 0.030 0.023 0.187 0.500 0.101 0.013 0.004
Poor Age

BER 2 0.056 69.101  0.603 28282  0.020 0.015 0.098 0.606 1211 0.007 0.001
BLAN A 0.209 86.624  0.544 9.726 0.021 0.017 0.163 2.021 0.650 0.021 0.003
DAL A 0.115 97.754  0.103 1.409 0.059 0.036 0.102 0.343 0.071 0.003 0.004
DAL 5 0.231 95.818  0.342 1.886 0.055 0.021 0.164 1.382 0.086 0.012 0.004
ELIZ A 0.022 68.287  0.048 30.154  0.000 0.027 0.033 0.414 1.009 0.004 0.001

ELIZ Ca 0.057 80.967  0.017 17.898  0.009 0.030 0.073 0.180 0.759 0.008 0.003
ELIZ Cb 0.054 53.611  0.033 45.041  0.000 0.025 0.081 0.229 0.914 0.011 0.000
ELIZD 0.054 94.823  0.036 0.000 0.008 0.068 0.019 0.481 4.501 0.009 0.002
JER 3 0.090 61.039  0.064 37.041 0.014 0.033 0.082 0.703 0.917 0.014 0.002
WAR 7a 0.118 98.044  0.024 1177 0.010 0.025 0.109 0.184 0.301 0.002 0.006
WAR 7b 0.062 93.827  0.011 5.243 0.010 0.025 0.214 0.149 0.454 0.002 0.003

assumed to be part of XCO3; compounds
bsamples used for clumped isotope analysis
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Figure C.1: XRF map for the well dated single tufa sample from Gosse Spring, showing relative
abundances for a) calcium; b) iron; ¢) magnesium; d) silicon; €) strontium; and f) titanium. At least
three mineral phases can be identified, with the dated calcite layer more calcium-rich than the
magnesium and strontium-enriched phase. Material enriched in silicon and iron likely represents
detrital material in the tufa sample. The Mg-Sr phase has not been dated or undergone XRD
analysis, although it is likely a secondarily deposited dolomitic phase, which is supported by
infilling of the lower calcium-rich phase.
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Figure C.2: XRF map for the well dated DAL 2A tufa sample from Dalhousie Springs, showing
relative abundances for a) calcium; b) iron; ¢) magnesium; d) silicon; e) strontium; and f) titanium.
Detrital material in the sample can be identified by enriched silicon and iron, along with a slight
decrease in calcium abundance. Enriched strontium zones may represent changes in spring water
composition.
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Figure C.3: XRF map for the poorly dated DAL A tufa sample from Dalhousie Springs, showing
relative abundances for a) calcium; b) iron; ¢) magnesium; d) silicon; e) strontium; and f) titanium.
XRD analysis for the sampled layer indicated a composition of only calcite and quartz. Areas with
enriched silicon and low calcium are likely indicative of changes in height (void spaces) in the
sample, rather than lithic fragments. Enriched strontium zones may represent secondarily

precipitated carbonate.
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Figure C.4: XRF map for the poorly dated ELIZ C tufa sample from Elizabeth Springs, showing
relative abundances for a) calcium abundance with layers a and b labelled for reference; b) iron; c)
magnesium; d) silicon; e) strontium; and f) titanium. XRD analysis for Layer a indicated the
presence of calcite and dolomite. Layers of dolomite can be seen amongst calcite layers, as best
shown by the calcium and magnesium XRF maps, with dolomite (high Mg) veins also seen cutting
across the carbonate.
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Non-metric multidimensional scaling (NMDS) was applied to assess how elemental
compositions vary with respect to U-series dating quality (Figure C.5). NMDS
effectively condenses multidimensional data into two dimensions to enable visualisation
and interpretation (Faith et al., 1987; Minchin, 1987). As with PCA (Section 4.1),
NMDS is able to distinguish dolomite-bearing poorly-dated tufa samples, but is unable

to differentiate poorly-dated tufas for which dolomite is absent.
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Figure C.5: Non-metric multidimensional scaling analysis for XRF data from central Australian
mound spring tufas. Well-dated tufas are indicated by the green shading, with poorly-dated tufa
samples separated in dolomite-bearing (red) and dolomite-absent (blue) subgroups.
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APPENDIX D: ADDITIONAL ISOTOPE DATA
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Figure D.1: Comparison of tufa and lake shell 20 and 6'*C values, relative to previous analyses by
for tufas and lake shells (Cohen et al., in prep.). Tufa samples are shown as red circles, while lake
shells are shown as blue triangles. The black 1:1 line is included for reference.

70



