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Abstract

Records of Australian climate during Marine Isotope Stages 5 and 7 (130-71 and 243-191 ka)
are rare, preventing detailed assessments of long-term climate, drivers and ecological responses across
the continent over glacial-interglacial timescales. This study presents a geochemistry-based
palaeoclimate record from Fern Gully Lagoon on North Stradbroke Island (also known as Minjerribah) in
subtropical eastern Australia, which records climates in MIS 7a—c, MIS 5 and much of the Holocene, in
addition to MIS 4 (71-57 ka), and parts of MIS 6, MIS 3 and MIS 2 (191-130, 57-29 and 29-14 ka).
Indicators of inorganic sedimentation from a 9.5 m sediment core — focussed on high-resolution
estimates of sediment geochemistry supported by x-radiography, inorganic content and magnetic
susceptibility — were combined with a chronology consisting of six radiocarbon (**C) and thirteen single-
grain optically stimulated luminescence (OSL) ages. Hiatuses occurred at ~178-153 ka, ~36-21 ka and
~7-2 ka and likely result from the wetland drying. Low values of locally sourced aeolian materials
indicate a wet MIS 7a—c and early MIS 6 before a relatively dry MIS 5. Inorganic flux during the Holocene
was up to four times greater than during MIS 5, consistent with long-term interglacial drying observed in
other regions, most notably in central Australia. This study highlights the importance of employing a
combination of multiple dating approaches and calibrated geochemical proxies to derive climate

reconstructions and to identify depositional complexities in organic-rich wetland records.
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1. Introduction

Reliable reconstructions of past interglacial climates are important for providing analogues of
future climate change, as well as for better understanding ecosystem responses that are likely to
accompany increases in global temperature (Turney and Jones, 2010; Harrison and Bartlein, 2012).
Records of interglacial climates are similarly required to understand the long-term evolution of
Australian biota including past extinction events (Kershaw et al., 2003; Miller et al., 2016; van der Kaars
et al., 2017). At present, the usefulness of Australian palaeoclimate records for either of these purposes
is relatively limited, as most only extend to the Last Glacial Maximum (LGM) ~20 thousand years ago (ka)

(Petherick et al., 2013; Reeves et al., 2013).

Records of Australian climate during the past three interglacials are limited, but include Lynch’s
Crater and the nearby ODP 820 marine record (Kershaw et al., 2007a; Moss and Kershaw, 2007) in the
north-east; Lake Eyre, Lake Woods and central Australian streams and lakes (Bowler et al., 1998; Nanson
et al., 2008; Cohen et al., 2015; Fu et al., 2017); and the Naracoorte Caves, Lake Selina, Lake Wangoom
and Caledonia Fen in the south-east (Ayliffe et al., 1998; Colhoun et al., 1999; Harle et al., 2002; Kershaw
et al., 2007b). The distribution of available records is limited in geographical scope, and does not
currently include equatorial or subtropical Australian localities. Additionally, while these records infer
past climate from proxies such as pollen, charcoal and palaeoshorelines, there is not as yet an Australian

interglacial record utilising uXRF geochemical analysis.

Climate records derived from geochemical studies of wetland sediments have experienced a
boom in the past decade, with the advent of relatively cheap, reliable, reproducable uXRF analysis
(Croudace and Rothwell, 2015). Wetland geochemical records represent invaluable archives for

palaeoclimatology reconstructions, providing constraints on climate change at local (e.g. Eggenberger et



al., 2018; Vegas-Vilarrubia et al., 2018; Burrows et al., 2016) and regional scales (e.g. Field et al., 2018;
Pleskot et al., 2018; Profe et al., 2018), and enabling a greater understanding of internal wetland

processes (e.g. Burrows et al., 2016; Kienel et al., 2017; Vegas-Vilarrubia et al., 2018).

Here we present a multi-proxy ~209 kyr record of subtropical climatic variability from Fern Gully
Lagoon focussing on past interglacials. This study is the foundation for future studies of regional climate
change based on Fern Gully Lagoon sediments and assesses the validity of the site as a palaeoclimate
archive. We use calibrated uXRF Itrax scanning to infer locally-derived aeolian inorganic sedimentation

and assess the suitability of OSL and *C to date the complex, organic-rich sediment sequence.

2. Background

2.1 Global climate changes during recent interglacials

A recent review of global interglacial climates has demonstrated some important differences
between marine isotope stage 7 (MIS 7), MIS 5 and the Holocene (Berger et al., 2015). Specifically, the
MIS 7 interglacial complex was characterised by higher average global temperatures than the MIS 5
interglacial complex but had a lower temperature peak in MIS 7e than that in MIS 5e (Lisiecki and
Raymo, 2005; Parrenin et al., 2013; Berger et al., 2015). The lower MIS 7e temperature is likely due to
the greater difference between MIS 5e summer and winter insolation, while insolation during MIS 7e
was more evenly distributed over the seasons due to lower obliquity of the Earth’s orbit (Berger et al.,
2015). In contrast to the warmer MIS 5e, the warmer climates of the MIS 7a—c sub-complex relative to
the MIS 5a—c sub-complex are reflected in extended periods of reduced ice volume (Lisiecki and Raymo,
2005; Elderfield et al., 2012), higher sea levels (Rohling et al., 2009) and higher atmospheric CO,
concentrations (Kéhler et al., 2017). MIS 7a—c represents a rare ~20 kyr period of relatively stable,

warm, mean global climate (Berger et al., 2015).



Sea surface temperature records from the West Pacific Warm Pool (WPWP) can be used to
guide understanding of globally-linked, regional changes in eastern Australian climate that occurred
during the previous three interglacials (Zhang et al., 2017). In particular, sea surface temperatures in the
WPWP (Fig. 1) can dictate climate variability in the wider region, including the central-eastern Australian
coast and the Tasman Sea (Martinez et al., 2002; Bostock et al., 2006; Pelejero et al., 2006). WPWP sea
surface temperatures indicate that MIS 5e had the warmest SSTs of the last ~250 kyr (Tachikawa et al.,
2014), but that the MIS 7 interglacial complex and the Holocene were/are warmer than the MIS 5

interglacial complex by an average of ~1 — 2°C (Lo et al., 2017).

2.2 Australian climates during past interglacials

The available Australian MIS 7 data permits insights into broad-scale climatic trends. During late
MIS 7, Lakes Eyre and Woods in central Australia, which are predominantly fed by monsoonal rains,
were full, in contrast to their present mostly dry state (Bowler et al., 1998; Fu et al., 2017). Meanwhile,
wet climates and open water were present in Lynch’s Crater in ENSO-dominated north-eastern Australia
(Kershaw et al., 2007a; Moss and Kershaw, 2007). Similarly, the speleothem record from the Naracoorte
Caves in south-eastern Australia, which primarily reflects southern westerly wind-dominated rainfall,
indicates wet climates, with pronounced periods of calcitic growth between ~220 and 155 ka (Ayliffe et
al., 1998). These few available records indicate that Australia was wetter during late MIS 7 than the
Holocene, with a more active Australian Monsoon in the north and stronger or more northerly southern

westerly winds.

Central Australia was also wet during MIS 5 (Bowler et al., 1998; Cohen et al., 2015), though the
average precipitation:evaporation ratio was lower than during late MIS 7. North-eastern Australian

records indicate wet climates during MIS 5, but greater climate variability than during MIS 7 (Kershaw et



al., 2007a; Moss and Kershaw, 2007). The pattern in the south-east of the continent is in general
agreement with north-eastern records, with generally wet climates observed during MIS 5 (Edney et al.,

1990; Ayliffe et al., 1998; Colhoun et al., 1999; Harle et al., 2002).

Holocene hydroclimate in Australia was drier than MIS 5 and MIS 7 in most regions. Lake Eyre
and Lake Frome, which were full during MIS 5, became dry and ephemeral (Cohen et al., 2015), while
speleothem growth largely ceased in the Naracoorte Caves (Ayliffe et al., 1998) suggesting weakening or
more southerly south westerly winds. However, there is uncertainty about whether the Holocene was
drier than MIS 5 in south-east Australia and the Wet Tropics of north-eastern Australia within each
record (Edney et al., 1990; Colhoun et al., 1999; Kershaw et al., 2007a; Kershaw et al., 2007b).
Uncertainty within records combined with geographical separation makes it difficult to determine

climate change at a continental scale. As such, additional records from new locations are required.

2.3 Study site

North Stradbroke Island is a sand island located along the eastern coast of Australia (Fig. 1). The
Island is part of the world’s oldest and largest coastal dune system (Patton et al., 2019) and lies on an
aeolian dust pathway from central and south-central Australia (McGowan et al., 2008; Petherick et al.,
2009). The Island is a strategic location for understanding palaeoclimate, as it is situated in the
subtropics (Fig. 1), with a contemporary climate that is strongly influenced by the El Nifio — Southern
Oscillation (ENSO) (Barr et al., 2019) and preserves the highest density of wetlands with sediment dating
to the LGM in Australia (Tibby et al., 2017). As such, it has been the focus of several detailed
palaeoenvironmental reconstructions (e.g. Moss et al., 2013; Barr et al., 2017; Petherick et al., 2017;

Cadd et al., 2018), the longest of which extends to ~130 ka (Cadd et al., 2018). There is evidence for



human occupation of the island from at least 20 ka at Wallen Wallen Creek (Fig. 1), with a Holocene

increase in human occupation peaking at ~1 ka (Neal and Stock, 1986).
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Figure 1: A: Modified Képpen climate zones (BOM, 2005), location of Australian interglacial climate
records and the approximate current positions of the west Pacific warm pool (WPWP, mean annual SST
>28°C) boundary (pink shading; (Gagan et al., 2000)), the East Australian Current (EAC) and the Tasman
Front (TF) (Bostock et al., 2006). B: North Stradbroke Island, with the four climate/archaeological record
sites (black circles) and local towns (white circles), mentioned in the text. C: Fern Gully Lagoon combined
topographic map and satellite image, indicating the coring location, locations of modern geochemistry
samples, outflows and the height of surrounding dunes (m ASL).



Fern Gully Lagoon (27.417°S, 153.460°E, 39 m ASL) is an approximately 0.8 km? perched,
palustrine wetland (Leach, 2011) that lies within a shallow bow! of vegetated dunes at the north-
western end of North Stradbroke Island. The wetland has two above-ground outflows, the largest
being to the eponymous Fern Gully (Fig. 1c). The limited catchment area and highly permeable sandy
soils mean the delivery of fluvially transported material to the wetland is limited. Single-grain OSL
dating of a reconnaissance core from Fern Gully Lagoon determined a preliminary basal age of

~208.4 + 32.5 ka (Tibby et al., 2017) at a depth of 9.25 meters.

3. Methods

3.1 Core collection and correlation

In 2015, two ~9 m-long cores were extracted from the approximate centre of Fern Gully
Lagoon (27.4174°S, 153.4600°E) using a modified Bolivia corer, itself a modification of the
Livingstone-square-rod piston-sampling method (Wright, 1967). The two cores were offset by one
metre horizontally and 50 cm vertically, in an attempt to provide a continuous sequence. Cores were
extracted in black-painted PVC pipe and stored in black plastic sleeves, to eliminate light
contamination and ensure the sediments would be suitable for luminescence dating. The first core
(FG15-1) was chosen as the master core and was sampled for single-grain OSL and **C dating. The
second core (FG15-2) was used to fill gaps in the FG15-1 record and to provide additional sediment

for 1C and conventional wave dispersive x-ray fluorescence analyses.

Cores were aligned using CPLSlot sequence slotting software (Clark and Hounslow, 2009)
using the eight elements with highest Itrax counts per second: silicon, titanium, zircon, potassium,

calcium, iron and bromine. The correlation allowed the cores to be placed on a common depth scale.



Figure 2: Relative position of FG15-2 to FG15-1 using the seven elements exhibiting the highest

counts per second.
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Moisture and organic content were determined on 930 one cubic centimetre samples
following Heiri et al. (2001). This record was used to target optimum OSL sample locations (i.e.,
locate areas with highest inorganic content, and presumably quartz content) and to calculate
average water content and sediment densities for luminescence dose rate calculation (See

supplementary materials).

3.2 Itrax pXRF, magnetic susceptibility and X-radiography

To determine changes in sediment geochemistry, Itrax second-generation micro X-ray
fluorescence (uXRF, Croudace et al., 2006) scanning of both cores was undertaken at the Australian
Nuclear Science and Technology Organisation. Itrax scanning utilised a molybdenum x-ray tube at 30
kV and 55 mA, with a 20 second exposure time, generating a record of elemental response (counts
per second) for thirty-five elements at 2 mm intervals. An X-radiograph record using the same tube

at 45 kV at 30 mA and a magnetic susceptibility record were also developed.

Micro XRF data must be normalised to mitigate the closed-sum effect (Weltje and Tjallingii,
2008; Lowemark et al., 2011). However, despite an increasing number of uXRF studies (Croudace
and Rothwell, 2015), there is no standardised method for normalisation. To identify all recently
published methods, we undertook a review and synthesis of uXRF in the Scopus

(https://www.scopus.com/home.uri) and Web of Science (http://www.webofknowledge.com)

databases. The results of this review were used to identify which normalisation methods have been
utilised in recent uXRF studies, along with what (if any) validation and calibration methods were
used (e.g. conventional XRF, inductively coupled plasma mass spectrometry (ICP-MS)). Further
details of the database review methods and results, along with a discussion of recent uXRF

methodologies are provided in the supplementary material.

The eight most common normalisation methods identified in our review were assessed to

determine the best method for normalising the Fern Gully Lagoon uXRF record. These were: total
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counts per second normalisation (Bouchard et al., 2011; Martin et al., 2014), centred log-ratio
normalisation (Weltje and Tjallingii, 2008; Weltje et al., 2015), aluminium normalisation (Brumsack,
2006; Lowemark et al., 2011), titanium normalisation (Vegas-Vilarribia et al., 2018), silicon
normalisation, zircon normalisation, normalisation using incoherent scattering (Compton scattering)
and the ratio of incoherent to coherent scattering (Rayleigh and Compton scattering) (e.g. Guyard et

al., 2007; Kylander et al., 2011; Marshall et al., 2011; Berntsson et al., 2014).

The normalised uXRF data were compared to quantitative conventional XRF analyses at
twenty locations from core FG15-2, following a similar method to recent studies (e.g. Hahn et al.,
2014; Falster et al., 2018; Profe et al., 2018). The conventional XRF sample locations were chosen to
represent the broadest range of uXRF-derived concentrations, but where there was little within-
sample variability in uXRF readings. The latter consideration was important since due to the high
sediment organic content, it was necessary to sample up to 1 cm of the core to ensure sufficient
material for XRF. Conventional XRF analysis was undertaken at the Commonwealth Scientific and
Industrial Research Organisation in Adelaide, South Australia, using lithium-borate fusion of sample
material. The glass discs created from the fusion procedure were subsequently analysed on a
PANalytical Axios Advanced wavelength dispersive XRF (WD-XRF) system using an in-house silicates

calibration program.

For normalisation methods without internal XRF calibration (all but centred log-ratio), uXRF
counts per second were compared to absolute concentrations using simple linear regressions. The
normalisation method with the highest coefficient of variation was used to identify the most suitable
normalisation method for Fern Gully Lagoon sediments. For centred log-ratio, we used a Matlab
script after Grant et al. (2017) to produce a multivariate centred log-ratio corrected dataset. This XRF

calibration was then used to calculate the approximate mass of oxides for the composite record.
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The commonly utilised uXRF incoherent/coherent scattering ratio was also evaluated as a
gualitative indicator of sediment organic content (e.g. Guyard et al., 2007; Jouve et al., 2013; Field et
al., 2018; Woodward et al., 2018). uXRF water content corrections were also calculated after Boyle

et al. (2015), as the sediments have a high water content that is likely to affect uXRF readings.

3.3 Identification of the aeolian component in the Fern Gully Lagoon uXRF record

McGowan et al. (2008) demonstrated that the inorganic component of wetland sediments
on North Stradbroke Island (NSI) is derived from two main sources; the local silicon-rich and trace
element-depleted sands, and far-travelled dust, which is more clay-rich. Petherick et al. (2009)
expanded on that study, analysing source material from 149 sites in central and eastern Australia to
geochemically fingerprint far-travelled dust deposited in Native Companion Lagoon (Fig. 1b). High
guantities of scandium, gallium, thallium and nickel characterise the clay-rich, far-travelled
sediment, contrasting with the Island’s rare earth element-depleted silicon-rich quartz sands
(McGowan et al., 2008; Petherick et al., 2009). While scandium, gallium and nickel were identified in
the uXRF scan, their concentration was too low to be accurate, and they were not considered

further.

We derived a high-resolution record of calibrated uXRF silicon. Higher silicon input into
wetlands is indicative of drier climate on NSI, which reduces protective vegetation cover (McGowan
et al., 2008; Petherick et al., 2009). This effect is amplified by the sandy soils of NSI, which are
generally loose and very dry due to their high permeability (Leach, 2011), which also restricts

overland flow.
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Regressions of known quantities

of oxides and elements via WD-XRF versus
corrected uXRF data with methods ranked

first in order of coefficient of
determination then by number of p values

< 0.05 (in bold). n = 20 for all r2 values.
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To identify the main directions of variation in the Fern Gully inorganic data, a principal
component analysis (PCA) was performed using the vegan package (Oksanen et al., 2018) in RStudio
(Team-RStudio, 2015; Ihaka and Gentleman, 2016). A subset of seven normalised elements
comprising those with the highest counts per second (silicon, iron, calcium, bromine, zircon,
potassium and titanium), along with LOI estimated organic content were used. A broken stick model
was used to estimate the number of significant components in the uXRF record (Fig. S2) (Baczkowski,
2000). The PCA vectors were scaled by the species scores before being divided by the standard
deviation of each element and multiplied by an equalising constant. In this way, element vectors

were centred and standardised so that the relative variance of each element could be compared.

To characterise possible local sediment end members, samples were taken from the

following locations:

e The surface of modern dunes ~30 m from the edge of Fern Gully Lagoon and ~30 m from the
edge of nearby Welsby Lagoon.

e Sand three meters below the surface of dunes surrounding Fern Gully Lagoon.

e The surface of outflow one at Fern Gully Lagoon (Fig. 1c).

e Local rock outcrops (Point Lookout rhyolite and Dunwich sandstone).

e Anindurated layer representing the B horizon of material below each of the two lagoons.

These endmember samples were scanned using Itrax uXRF and placed on the PCA using the

vegan predict model (Oksanen et al., 2018).
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3.4 Dating

A preliminary age obtained from Fern Gully Lagoon exceeded the radiocarbon dating limit of
~50 ka (Tibby et al., 2017). As such, we employed two dating methods to examine different depths
of the core in this study: **C dating for sediments to a depth of 288 cm, and single-grain OSL dating
from 171 cm to the base of the core. Four paired OSL and '*C samples were collected between 171

and 288 cm, to assess age agreement.

14C dating was performed on 18 macrofossil samples, including seeds, leaf material, and bark
and charcoal > 3 mm diameter. Six paired *C samples were collected from different materials to
identify any offset due to material properties, including absorption of humic acids and alteration by
ground water residence time (Hofmann et al., 2019). Sample preparation was undertaken at the
Australian Nuclear Science and Technology Organisation, where each of the samples was dissected
under a stereoscope. Any identified root fragments or other foreign objects were removed. Each
sample then underwent an Acid-Base-Acid (ABA) pre-treatment to remove humic acids, following
Brock et al. (2010) and were freeze-dried before graphitisation and AMS measurement. After
correction for isotopic fractionation using measured 8%3C values, the conventional **C ages were

calibrated using the Southern Hemisphere Calibration Curve (SHCal13; Hogg et al. 2013).

Single-grain OSL dating was performed on 19 quartz samples collected from core sections
with the highest inorganic content. The sediment samples were extracted under filtered and
subdued red LED lighting, where ~12 g of bulk sediment (dry weight) was retained from the exposed
core face and margins for beta and gamma dose rate determination and beta dose rate water
correction (after oven drying at 100°C). Additional bulk sediment was collected from the overlying
and underlying 10 cm depth of each OSL sample position for gamma dose rate determination and
gamma dose rate water content correction. Single-grain equivalent dose (De) measurements and

environmental dose rate assessments were made using the experimental procedures described by
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Demuro et al. (2013; 2015). Further details of the OSL methodologies employed in this study,
including SAR suitability assessments (dose recoveries) and quality assurance criteria, are included in

the supplementary materials.

The age-depth model for Fern Gully Lagoon was constructed from the *C and OSL
likelihoods using a Bayesian Poisson process depositional model in OxCal v4.2.4 (P_Sequence model:
Bronk-Ramsey, (2009); Bronk-Ramsey and Lee, (2013)), which allows for randomly variable
deposition rates through the age-depth profile. The P_Sequence ko base rigidity parameter, which
controls the ability of the model to respond to variations in the prior and likelihood data, was set to
a single event per 1 cm of sedimentation but was allowed to vary between 0.01 to 100 events per
centimetre to accommodate any major fluctuations in deposition rate. This additional flexibility is at
the expense of precision in the final age model and results in a liberal estimate of uncertainties

inherent in the data.

As part of the assessment of modelling priors, we used a common method for identifying
change in linear records: pruned exact linear time (PELT) multi-changepoint analysis (Killick and
Eckley, 2014). PELT was performed on the sediment inorganic content record and the uXRF Si, Ti, K
and Zr data to identify any statistically significant changes in deposition mode, including potential
sedimentation hiatuses (see supplementary material for further details and results). These
independently assigned changepoint locations were used to identify separate depositional units in
the OxCal modelling framework (Fig. 3, S3), each of which was represented by a separate
P_Sequence with delineating start and end boundaries, nested within a master Sequence according
to stratigraphic priors. Posterior dated events were automatically calculated at 1 cm intervals
throughout the sequence. Further details of the Bayesian age-depth modelling method are included

in the supplementary materials.
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4. Results

4.1 Core correlation

Sequence slotting revealed that the top of the two cores were vertically offset by ~¥97 cm,
rather than the 50 cm planned (Fig. 2). The unplanned offset meant that a total of 15 cm of sediment
located at the end of several core drives was not recovered, with the largest contiguous gap being 4

cm. These lost sections did not coincide with the boundaries defined using change-point analysis.

4.2 uXRF normalisation and calibration

Eight of the twelve elements from the uXRF Fern Gully Lagoon sequence had significant
correlations (at p < 0.05) with the WD-XRF samples when normalised by total counts per second,
with the four best correlated elements returning a coefficient of determination of r2> 0.8, p < 0.05
(Table 1, Fig. S1). Normalisation via titanium, silicon or zircon was largely unsuccessful (r?< 0.5). Of
the remaining 21 recorded elements not included in WD-XRF regressions, 14 could not be
considered representative of elemental concentration either due to low mean counts per second
(Striberger et al., 2010; van der Bilt et al., 2015) or having >5% of data with zero values (Sdez et al.,

2009).

A lack of correlation between the incoherent/coherent scattering ratio and measured water
content (r? = 0.05, p < 0.05, n = 804) indicated that it was not possible to correct the uXRF record for
water content (see Boyle et al., 2015). However, calibration of the uXRF record by conventional XRF
accounts for any offset due to water content. Inorganic content estimated by the
incoherent/coherent scattering ratio, as used in many recent studies (e.g. Guyard et al., 2007; Jouve
et al., 2013; Burrows et al., 2016; Mackenzie et al., 2017), had a very weak relationship (r? = 0.09, p <
0.05) to inorganic content estimated by LOI, possibly due to the very high organic content of the

core sequence.
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Figure 3: Fern Gully Lagoon sediment stratigraphy, visible wavelength photography (brightened to
show colour variation), sediment bulk density, water content, magnetic susceptibility, X-radiograph
derived relative density, inorganic content and uXRF derived SiO, content. The four depositional
boundaries used in the age model were derived from silicon uXRF counts per second (cts/s, section
2.4 and supplementary material)
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4.3 Fern Gully Lagoon sediment composition

Fern Gully Lagoon sediments are black, finely grained and highly organic, with some
macrofossils, such as roots and wood fragments. They have an average of only ~8% inorganic
material by dry mass (Fig. 3). Water content is also high, at 36-93% of wet sample weight. Sediment
density and water content remained relatively constant down core, with no overall monotonic trend
(Fig. 3), demonstrating that there is little compaction of the sediments with increasing overburden

pressure.

Both inorganic content and uXRF-derived silicon content exhibit several peaks and a plateau
of ~10% inorganic content from ~170-270 cm (Fig. 2). Lower zircon levels in this part of the record
likely indicate smaller average grain size (Cuven et al. 2010). There was a strong correlation (r? =
0.70, p < 0.05) between the LOI inorganic content and uXRF-derived silicon, indicating quartz sand is
the major inorganic component of the sediment. While the magnetic susceptibility and X-radiograph
records indicate variability in the lower part of the record, aligning with photographed banding (Fig.
3), the inorganic content and the pXRF silicon records indicate very little change, with largely

consistent low quantities of inorganic material present.

4.4 “C dating

The AMS C ages have a large amount of scatter (Table 2, Fig. 4). In general, the **C ages
obtained from identifiable terrestrial macrofossils (gum nuts, seeds, leaves and bark fragments) are
stratigraphically consistent over the uppermost 2 m of the core (n = 7) (Table 2). Three samples
collected from below one metre yield very young outliers: sample RC-3 from 115 cm has a modern
14C age, and samples RC-7 and RC-14 from 159 cm and 215 cm, respectively, produced ages of <2 cal.
ka. These three samples were originally identified as reed stalk segments but were subsequently
inferred to be root fragments. This re-interpretation was based on roots being identified during
further sampling in the same core sections. Additional evidence for localised root penetration is
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apparent from some of the single-grain OSL D. distributions (section 4.5). Encouragingly, there is a
broad agreement between the paired radiocarbon ages obtained at the same depths using
terrestrial seeds and terrestrial leaf fragments (Table 2). However, there is an age offset of ~6 kyr for
the replicate bark and reed stalk samples collected from a depth of 79 cm. This offset could again be

attributed to misidentification of root material at this depth.

Calibrated 4C

95.4%
Lab ID Depth pMC Conventional 14C
Sample ID Sample Type 613C (%o) probability
(ANSTO) (cm) (%) Age (14C yr BP)

range (cal. yr

BP)
Fern Gully Core 1 (FG15-1)
FG15RC-1 0zU189 Terrestrial gum nut 34.5-35.5 -26.0+0.2 87.83+0.31 1,040 + 30 803 -960
FG15 RC-2 0ZU190 Terrestrial leaf fragment 34.5-35.5 -26.2+0.1 90.62+0.28 790 + 30 655-730
FG15RC-11 0zU792 Terrestrial bark fragment 78.5-79.5 -246+0.1 24.52+0.13 11,290 + 40 13036-13211
FG15 RC-12* 0zU793 Reed stalk segment 78.5-79.5 -24.92 46.07 £0.18 6,225+ 35 6952-7238
FG15 RC-3* 0zu191 Reed stalk segment 114.5-115.5 -25.7+0.1 128.18+0.61 Modern Modern
FG15 RC-4 0zU192 Terrestrial seed 134.5-135.5 -241+0.1 1546+0.11 15,000 + 60 17966-18366
FG15 RC-5 0zU193 Terrestrial leaf fragment 134.5-135.5 -22.6+0.1 16.49+0.11 14,480 + 60 17392-17849
FG15RC-13 0zZU79% Terrestrial bark fragment 158.5-159.5 -25.0+0.2 13.16+0.10 16,290 + 60 19422-19870
FG15 RC-14* 0zZU795 Reed stalk segment 158.5-159.5 -25.0 78.69 +0.27 1,925+ 30 1736-1896
FG15 RC-6* 0zZU194 Charcoal 174.5-175.5 -285+0.1 2.94+0.04 28,330 £ 120 31637-32682
FG15 RC-7* 0zZU195 Reed stalk segment 214.5-215.5 -22.1+03 97.97+0.55 165+ 50 Modern-281
FG15 RC-8* 0zZU196 Charcoal 224.5-225.5 -26.7+0.1 0.70+0.03 39,880 £ 330 42916-44192
FG15 RC-15** 0zZU796 Terrestrial bark fragment 227.5-228.5 -246+0.1 0.71+0.07 39,730 £ 810 42343-44960
FG15 RC-16* 0zU797 Charcoal 227.5-228.5 -26.5+0.3 0.35%0.06 45,400 + 1,500 46377-¢
FG15 RC-9* 0zU197 Charcoal 234.5-235.5 -27.2+0.1 0.25+0.02 48,200 + 750 46815-49875
FG15 RC-10* 0ZU198 Reed stalk segment 274.5-275.5 -23.42 2.27 £0.07 30,420 £ 240 33945-34803
FG15RC-17* 0zZU798 Charcoal 287.5-288.5 -264+0.1 0.41+0.04 44,110 + 850 45785-49430
FG15 RC-18* 0zZU799 Reed stalk segment 287.5-288.5 -26.32 0.96 + 0.04 37,300 £ 360 41178-42297

Table 2: AMS Radiocarbon ages. * denotes an age excluded from the age-depth model due to
material type, while ** denotes an age eliminated from the final Bayesian model as it was identified
as a major statistical outlier during initial modelling and prevented successful convergence. ? §3C
values without associated uncertainty due to a limited number of determinations. ® §*3C is assumed -
measured value was not available. *Maximum value beyond calibration range. **C ages have been
calibrated using the SHCal13 curve (Hogg et al. 2013) in OxCal v4.2.4. The calibrated age range
shown is the 95.4% probability range (combining two or more potential calibration ranges, where
they exist). All §™C values relate solely to the graphite derived from the fraction that was used for
the radiocarbon measurement and have been derived using EA-IRMS. Uncalibrated *C ages have
been corrected for isotopic fractionation using their measured §3C values and are quoted with their
1o errors.
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OxCal v4.2.4 Bronk Ramsey (2013); r:5 SHCal13 atmospheric curve (Hogg et al 2013)

FG15 RC-1 35 cm Gum nut (T) ‘
FG15 RC-2 35 cm Leaf fragment (T) H
FG15 RC-11 79 cm Bark fragment (T) i
FG15 RC-12 79 cm Reed stalk segment* 1
FG15 RC-3 115 cm Reed stalk segment *
FG15 RC-4 135 cm Terrestrial seed (T)

e

FG15 RC-5 135 cm Leaf fragment (T)

tep=

FG15 RC-13 159 cm Bark fragment (T)

T

FG15 RC-14 159 cm Reed stalk segment *

FG15 RC-6 175 cm Charcoal *

[p

FG15 RC-7 215 cm Reed stalk segment * ]
FG15 RC-8 225 cm Charcoal *

FG15 RC-15 228 cm Bark fragment (T)
FG15 RC-16 228 cm Charcoal *

FG15 RC-9 235 cm Charcoal * —
FG15 RC-10 275 cm Reed stalk segment *

FG15 RC-17 288 cm Charcoal *

T,

FG15 RC-18 288 cm Reed stalk segment *

p

56000 40000 30000 20000 0000
Calibrated date (cal yr BP)

Figure 4: Calibrated radiocarbon age probability distributions with calibrated 68.2% and 95.4% age
ranges. * denotes an age excluded from the age-depth model due to material type. (T): a terrestrial
source.

Five 14C samples were single >3 mm charcoal fragments. 14C dating of charcoal can
underestimate sample age in organic-rich wetlands unless prepared using a specific method to
remove humic acid contamination (Nilsson et al., 2001; Turetsky et al., 2004; Brock et al., 2011).
Contamination is particularly an issue for old samples where small concentrations of humic acid can
produce large underestimations (e.g. 1% modern carbon contamination can cause a 15 kyr
underestimation in a 50 ka sample) (Brock et al., 2011). As the charcoal samples from Fern Gully
Lagoon were prepared using ABA, the resultant ages may have been inadvertently affected by humic
acid contamination (Brock et al., 2010). Indeed, there is some evidence to suggest this might be the
case for the three charcoal samples collected from depths of 228, 235 and 288 cm, which have

statistically indistinguishable 2o calibrated age ranges (Fig. 4, Table 2).
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4.5 OSL dating

The single-grain OSL dating results are summarised in Table 3, with representative single-
grain D. distributions shown as radial plots in Figure 5. The OSL samples from Fern Gully Lagoon
exhibit a broad range of D. distribution characteristics, indicative of spatially and temporally variable
bleaching and mixing conditions at the site (e.g., Arnold and Roberts, 2009; Arnold et al., 2007, 2008,
2012). Full discussions of the single-grain D. distributions and statistical age models used to derive

representative burial dose estimates for each sample are provided in the supplementary materials.

The final OSL ages exhibit good stratigraphic consistency for thirteen of the nineteen
samples (Table 3). The remaining six samples (FG15 OSL-1, -8, -8-2, -9, -10 and -16) yield very young,
outlying and inverted ages of between 6.69 + 2.0 ka to 21.2 + 2.6 ka for the lowermost 7 m of the
core sequence. These outlying ages in the lowermost 7 m of the core are in keeping with the
complex D, distribution characteristics observed for the six samples, which are characterised by very
high overdispersion values (53—119%) and multiple discrete dose components (Fig. S7). These
multimodal D. datasets are interpreted as reflecting the presence of locally intruded young grain
populations. These populations could potentially be the result of sporadic lake desiccation and the
formation of deep surface cracks (a process that is visible today in analogous peat-rich wetlands on
NSI) and, or, downward grain transportation via root penetration into older sediments, as has been
found previously (e.g. Bateman et al., 2007; Brill et al., 2012). These interpretations are consistent
with the presence of modern or near-modern organic remains at depths >1 m in the 4C study

(section 4.4).

Assuming that the multiple discrete dose components of FG15 OSL-1, -8, -8 2, -9, -10 and -16
can be explained by localised post-depositional mixing, it follows that the bulk (sample-average)
dose rate of these six samples may not be entirely representative of that experienced by either dose

component during burial. Owing to the impracticalities of retrospectively deriving a component-
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specific dose rate for the multiple identified components, these samples are not considered suitable
for dating. The ages shown for these samples in Table 3 are included for indicative purposes only and

have not been included as likelihood estimates in the Bayesian age model.
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Figure 5: Example single-grain D. distributions shown as radial plots and frequency histograms with
ranked plots of De versus standard error. (a) Samples FG15 OSL-3 (813—832 cm depth), which was
considered suitable for dating using the central age model (CAM). The grey bar on the radial plot is
centred on the CAM D, value used to derive the final burial dose of this sample; (b) Sample FG15
0OSL-9 (326—335 cm depth), which was not considered suitable for dating because it contains
multiple discrete dose populations, as identified by the finite mixture model (FMM). The two dose
components identified by the FMM are shown by the light and dark grey bands in the radial plot.
Individual De estimates are presented with their 1o error ranges, which are derived from a random
uncertainty term arising from photon counting statistics for each OSL measurement, an empirically
determined instrument reproducibility uncertainty of 2.5% (following the approach outlined in
Jacobs et al. (2006)) and a dose-response curve fitting uncertainty determined using 1000 iterations
of the Monte Carlo method implemented in Analyst (Duller, 2015).
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Sample Water Environmental dose rate (Gy/kyr) bdef Equivalent dose (De) data
Depth | Content Overdisper Final age

Beta dose Gamma dose Internal Cosmic Total dose | No. of Age D. (Gy) f X
(core) (cm) (% dry sion (ob) (ka) %

rate rate doserate | doserate | rate grains " . Model &

weight) 2 (%)

FG150SL- | 171- 320/404/

0.03+0.005 0.03+0.0007 0.02+0.007 | 0.03+0.003 | 0.11+0.01 102 50.3%4.2 MAM-3 3.60£0.8 | 33.2+8.0
18 (1) 180 507
FG15 OSL- | 181- 342/361/

0.03+0.005 0.03+0.0009 0.02+0.007 | 0.03+0.003 | 0.12+0.01 52 50.945.8 CAM 9.08+0.7 | 77.7%9.2
17 (1) 190 497
FG15OSL- | 204- 386/344/

0.01+0.003 0.02+0.0006 0.02+0.007 | 0.03+0.003 | 0.09+0.01 117 39.5+2.9 MAM-3 14.3+0.6 | 128+15.3
162 (2) 213 484
FG15 OSL- | 204- 386/344/

0.03+0.006 0.027+0.001 0.0210.007 | 0.03+0.003 | 0.11+0.01 50 92.2+10.7 MAM-3 1.48+0.1 | 13.3x2.0
16 (1) 213 484
FG150SL- | 214- 336/363/

0.03+0.005 0.03+0.0009 0.02+0.007 | 0.03+0.003 | 0.12+0.01 96 41.343.6 CAM 11.4+0.5 | 95.5%9.73
15 (1) 223 477
FG150SL- | 235- 408/378/

0.02+0.003 0.03+0.0007 0.0240.007 | 0.03+0.003 | 0.09+0.009 | 33 34.5+5.4 CAM 12.7+0.9 | 135+16.3
14 (1) 244 468
FG15OSL- | 263- 406/399/

0.02+0.004 0.04+0.008 0.02+0.007 | 0.03+0.003 | 0.1+0.01 37 34.0%5.0 CAM 14.7+0.9 | 132+20.3
13 (1) 272 460
FG150SL- | 273- 362/402/

0.04+0.007 0.03+0.003 0.02+0.007 | 0.03+0.003 | 0.1+0.01 131 34.4%25 CAM 16.4+0.5 | 137+15.4
12 (1) 282 456
FG15 OSL- | 283- 446/426/

0.02+0.003 0.02+0.01 0.02+0.007 | 0.03+0.003 | 0.09+0.02 82 28.9+2.8 CAM 14.8+0.5 | 171+33.4
11(1) 292 456
FG15OSL- | 306- 545/433/

0.004+0.001 | 0.007+0.0003 | 0.02+0.007 | 0.03+0.003 | 0.06+0.008 | 63 33.243.7 CAM 13.8+0.6 | 179+22.4
102(2) 315 457
FG15 OSL- | 306- 545/433/

0.01+0.003 0.01+0.0005 0.02+0.007 | 0.03+0.003 | 0.08+0.009 | 86 53.316.1 MAM-3 1.65+0.1 | 21.2+2.6
10 (1) ¢ 315 457
FG15OSL- | 326- 380/450/

0.01+0.002 0.02+0.003 0.021+0.007 | 0.03+0.003 | 0.08+0.009 | 82 118.5+10.6 | MAM-4 1.59+0.1 | 20.0+2.8
9(1)k 335 455
FG15 OSL- | 405- 572/673/

0.009+0.002 | 0.02+0.0005 0.02+0.007 | 0.03+0.003 | 0.08+0.008 | 80 76.918.4 MAM-4 1.40+0.1 | 19.9+2.7
8(1)k 414 477
FG15 OSL- | 405- 572/673/

0.02+0.004 0.02+0.0005 0.02+0.007 | 0.03+0.003 | 0.08+0.009 | 51 94.8+10.5 MAM-4 1.48+0.1 | 17.5%¥2.3
82(2)k 414 477
FG15OSL- | 655- 629/666/

0.005+0.001 | 0.003+0.0002 | 0.02+0.007 | 0.02+0.002 | 0.05+0.008 | 37 39.245.7 CAM 12.6+0.7 | 248+40.6
5(1) 674 578

Table 3: Dose rate data, equivalent doses (De), overdispersion values, and OSL ages for lacustrine
samples from Fern Gully Lagoon, NSI. The final OSL age of each sample has been calculated by
dividing the De value by the total dose rate.

2 Long-term water contents used for beta / gamma / cosmic-ray dose rate attenuation, expressed as
% of dry mass of mineral fraction, with an assigned relative uncertainty of £10%. The final beta dose
rates have been adjusted for moisture attenuation using the average water content from the
midpoint of each OSL sample depth. The final gamma dose rates have been adjusted using the water
content determined separately for the gamma dose rate bulk sediment samples, which were
collected for each OSL sample depth, as well as for the overlying and underlying 10 cm depth. The
final cosmic-ray dose rates have been adjusted using the average water content measured from the
contiguous 1 cm? bulk sediment samples collected throughout the overlying core sequence.

b Beta, gamma and internal dose rates have been calculated on dried and powdered sediment
samples using ICP-MS and ICP-OES. The beta dose rates have been calculated on bulk sediment
samples collected from each OSL sample depth. The gamma dose rates have been determined
separately on bulk sediment samples collected for each OSL sample depth, as well as for the
overlying and underlying 10 cm depth of each OSL sample position, following De Deckker et al.
(2019).

¢ Radionuclide concentrations have been converted to alpha, beta and gamma dose rates using the
published conversion factors of Guérin et al. (2011), and allowing for beta-dose attenuation
(Mejdahl, 1979; Brennan, 2003) and long-term water content correction (Aitken, 1985).
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4 An internal dose rate of 0.02 + 0.007 Gy/kyr has been included in the final dose rate calculations of
all samples, based on ICP-MS U and Th measurements made on etched quartz grains from associated
aeolian deposits at Welsby Lagoon (Lewis et al., in prep) and an alpha efficiency factor (a value) of
0.04 + 0.01 (Rees-Jones, 1995; Rees-Jones and Tite, 1997).

¢ Cosmic-ray dose rates were calculated after Prescott and Hutton (1994), and assigned a relative
uncertainty of £10%.

fMean # total uncertainty (68% confidence interval), calculated as the quadratic sum of the random
and systematic uncertainties.

€ SG OSL = single-grain optically stimulated luminescence; MAM-3 = three-parameter minimum age
model (Arnold et al., 2009), MAM-4 = four-parameter minimum age model (Arnold et al., 2009);
CAM = Central age model (Galbraith et al., 1999). MAM-3 and MAM-4 D. estimates were calculated
after adding, in quadrature, a relative error of 25% to each individual De measurement error to
approximate the underlying dose overdispersion observed in an ‘ideal’ (well-bleached and unmixed)
sedimentary sample from this core (FG15 OSL-3), which is consistent with global overdispersion
datasets (Arnold and Roberts, 2009).

P Number of D. measurements that passed the SAR quality assurance criteria and were used for De
determination.

"The relative spread in the D. dataset beyond that associated with the measurement uncertainties
for individual De values, calculated using the CAM.

I Total uncertainty includes a systematic component of +2% associated with laboratory beta-source
calibration.

kSamples excluded from the Bayesian model as they contain multiple discrete dose populations
when fitted with the FMM (see section 3.5 for details).

4.6 Bayesian age-depth model

Thirteen single-grain OSL ages and eighteen *C ages were included in the Bayesian age
modelling procedure, separated by three depositional boundaries. A preliminary version of the
model tested using these 31 likelihood estimates failed to converge owing to the identification of
major statistical outliers. We excluded all potentially inaccurate charcoal and misidentified reed stalk
ages from the second model (see Table 2). The youngest charcoal *C sample (FG15 RC-6) had an age
that was consistent with the OSL sample collected at 175 cm depth (FG15 OSL-18) (see Section 4.2),
suggesting that it may not be affected by humic acid contamination. However, for the sake of
consistency, it was excluded from further consideration. These quality control measures resulted in
only seven of the original eighteen *C likelihood estimates being included in the second Bayesian
age model. A preliminary version of this model failed to converge owing to the identification of a
major statistical outlier (sample FG15 RC-15). It was, therefore, necessary to eliminate this **C

likelihood estimate in the final Bayesian model.
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Figure 6: Bayesian age/depth model for the Fern Gully Lagoon sequence obtained using a non-
continuous deposition scenario. The prior age distributions for the dating samples (likelihoods) are
shown in light blue. The modelled posterior distributions for the dating samples and unit boundaries
are shown in dark blue and grey, respectively. Likelihood and posterior ages are shown on a calendar
year timescale and expressed in years before 1950 AD. The 68.2% and 95.4% ranges of the posterior
probabilities are indicated by the light and dark shading.
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The Bayesian model for Fern Gully Lagoon has Amodel and Aoyeran Values of 62.3% and 64.6%,
respectively, marginally exceeding the minimum acceptance threshold of 60% and thus indicating a
valid model (Bronk Ramsey, 2009). The modelling results are summarised in Table S4 and illustrated
in Fig. 6. The final model indicates a basal age of 209.3 + 28.4 ka (+20) at 900 cm, in agreement with
the previously measured basal age of 208.4 + 32.5 ka on an adjacent preliminary core (Ad13069,
Tibby et al. (2017)). The model reveals four distinct sedimentation phases separated by hiatuses: a
late MIS 7 to early MIS 6 phase (209.3 + 28.4 ka to 177.5 + 25.4 ka, 930 — 288 cm), a late MIS 6 to
late MIS 3 phase (155.2 + 24.9 to 34.7 + 14.5, 288 — 166 cm), a mid-MIS 2 to mid-Holocene phase
(209+1.4kato6.5+5.6ka, 166 —52 cm) and a late Holocene phase (1.7 + 1.0 ka to 0.45 + 0.4 ka,
52 —0cm) (20, Table S4, Fig. 6). The average sedimentation rates of these four phases are (from

bottom to top) 0.20 m/kyr, 0.01 m/kyr, 0.08 m/kyr and 0.31 m/kyr.

4.7 Identifying aeolian and autochthonous wetland sediment

Broken stick analysis revealed two significant principal components in the uXRF data (Fig.
S2), which combined reflect greater than 97% of the variance in the data. Co-varying silicon,
titanium, potassium and zircon defined much of PC1. PC1 is very similar to the local aeolian
signature identified by McGowan et al. (2008), and we, therefore, associate PC1 with local aeolian
input. PC2 was defined by iron and calcium and is likely associated with a secondary aeolian source
or internal wetland processes (Fig. 7). Unfortunately, the position of iron and calcium compounds
within the sediment may have been altered post-sedimentation, such as by changing redox,
rendering the identification of a source material difficult. Inorganic MIS 5 and Holocene sediments
from Fern Gully Lagoon are most similar to contemporary local dune surface and subsurface
samples, while the closest source material to MIS 7 inorganics is Dunwich sandstone, which contains

notable quantities of iron and calcium.
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Figure 7: PCA biplot of uXRF elements and organic content from Fern Gully Lagoon. Crosses indicate
the distribution mean and one standard deviation of the two principal axes of each distribution,
while the outer polygon indicates the extent of the samples. Local inorganic source materials are
indicated by grey points and grey arrows where these points lie outside the plot. Al.: aluminium; Ti.:
titanium; K.: potassium; Si.: silicon; Zr.: zirconium.

4.8 Inorganic sedimentation at Fern Gully Lagoon

The influx of aeolian inorganics was highly variable over the past 209 ka (Fig. 8). Aeolian
inorganic input during MIS 7a—c and early MIS 6 (209.3 + 28.4 ka to 177.5 + 25.4 ka) was low while
other inorganic sedimentation (represented by calcium and iron dominated inputs) gradually
declined. The earliest phase had a high rate of total sedimentation, but no notable inorganic peaks.
During the late MIS 6 to late MIS 3 phase (155.2 + 24.9 to 34.7 + 14.5 ka), there were aeolian
inorganic peaks at ~144 + 10 ka (LOI, magnetic susceptibility, PC1), ~100 * 8 ka (LOI, PC1) and ~52 +
11 ka (PC1). During the mid-MIS 2 to mid-Holocene phase (20.9 +0.8 to 6.5 * 2.8 ka), there were
some small inorganic peaks from ~14-11 ka. Aeolian inorganic sedimentation peaks during the late
Holocene, with ~95% inorganic sediments recorded at ~1.6 £ 0.5 ka (magnetic susceptibility, LOI,
PC1). While wetland desiccation and cracking during dry periods, indicated by OSL D. distributions,
may have displaced quartz sand grains from their original position in the sediment, it is unlikely that
this had more than a minor influence on the aeolian inorganic record, as most sediment would have

remained intact.
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5. Discussion

5.1 uXRF sediment analysis of highly organic wetlands

The most commonly used uXRF normalisation method (Table S4) — normalisation by total
counts per second — was the most suitable for calibrating inorganic elements in the highly organic
Fern Gully Lagoon sediments. However, raw counts per second had comparable or better
performance than most normalisation methods, indicating that raw data may be used in some
circumstances (Table 1). The best performing method for correcting uXRF data appeared to depend
on the element(s) under consideration. For example, centred log-ratio correction resulted in the best
correlation to WD-XRF particularly for magnesium, bromine and calcium (r>=0.85, r>=0.84 and r? =
0.78 respectively, where p < 0.05, n = 20 for all values), while multiple normalisation methods for
aluminium had similarly good r? values (0.62 — 0.69, Table 1). For uXRF analysis of highly organic
sediments, the optimal method may be to determine the most suitable normalisation method for
each element before calibration, rather than using a single normalisation method. If testing of
multiple normalisation methods is not possible, centred log-ratio normalisation will produce the best
results in the majority of cases, as it has been mathematically proven to counter the closed sum and
other distorting effects inherent in uXRF data (Weltje and Tjallingii, 2008; Croudace and Rothwell,

2015).

Several recent palaeoclimate reconstructions from wetland sediments have relied on uXRF
derived iron (e.g. Rees et al., 2015; Burrows et al., 2016; Stephens et al., 2018) or magnesium
(Foerster et al., 2018) records to infer, for example, waterlogged soils, redox conditions and detrital
input. However, our analysis indicates that these elements may not be accurately characterised by
MUXRF in highly organic sediment. Bromine was used as an indicator of organic content in the Paddy’s
Lake record (north-western Tasmania), supported by the incoherent to coherent ratio (inc/coh)
(Beck et al., 2017). However, while inc/coh and bromine correlate, neither correlated well with

organic content in our study (r? < 0.003, p = 0.132, n =804 and r? = 0.05, p < 0.05, n = 804
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respectively). Indeed, the use of inc/coh requires additional stages of calibration to accurately
indicate organic content (Woodward and Gadd, 2019). While some recent studies have validated the
use of the uXRF inc/coh for estimating organic content (e.g. Field et al., 2018; Woodward et al.,
2018), a number have not (e.g. Rees et al., 2015; Turner et al., 2015; Burrows et al., 2016; Pleskot et
al., 2018). Standardising normalisation and calibration of uXRF records as a minimum requirement
for uXRF derived climate studies would improve record precision and reduce uncertainty in future

work.

5.2 Dating wetland sediments

Reliable dating of Australian palaeoclimate sequences that span multiple past interglacial periods
has proved difficult, although luminescence dating offers a potentially useful means of filling
chronological gaps across a range of palaeoenvironmental contexts (Fu et al., 2017; Roberts et al.,
2018; De Deckker et al., 2019). This study highlights the complexities that can be encountered when
using single-grain OSL and *C dating in organic-rich peaty wetlands. By employing both techniques,
it has been possible to better diagnose complications related to material selection (e.g., root
fragments and charcoal), post-depositional mixing, and heterogeneous bleaching of sand grains.
While a relatively high proportion of the original dating samples were unsuitable for inclusion in the
final age model (i.e. 67% of the eighteen 1“C samples and 32% of the nineteen OSL samples), our
results highlight the general suitability of **C and OSL dating in this depositional context when
targeting optimal sampling materials, laboratory protocols and scales of analysis. Careful
consideration of dating quality control has proved critical for deriving a meaningful age-depth model
at Fern Gully Lagoon. There is good scope for using systematic single-grain OSL dating studies to

refine the chronology of other Australian interglacial records.
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5.3 Fern Gully Lagoon sediment hiatuses

Age-depth modelling indicates that there were three hiatuses in sedimentation at ~177 to
155 ka, ~34.7 to 20.9 ka and 6.5 to 1.7 ka. Palaeoclimate reconstructions from nearby wetland sites
on North Stradbroke and Fraser Islands have revealed sedimentary hiatuses during dry periods such
as the LGM (Donders et al., 2006; Woltering et al., 2014). Unfortunately, there are no nearby records
of sufficient age and resolution to allow comparison of pre-MIS 5 hiatuses at FGL. The timing of two
hiatuses in the Fern Gully Lagoon record during mid-MIS 6 and late MIS 3 to mid-MIS 2 are
consistent with drier climates observed in a number of Australian records, both in north-east
(Kershaw et al., 2007a; Moss and Kershaw, 2007) and central Australia (Fu et al., 2017). The start of
the mid-MIS 3 sedimentary hiatus in Fern Gully Lagoon aligns with the commencement of
widespread drying of Australia (Kemp et al., 2019), and occurs at the same time as drying in nearby
Welsby Lagoon (Cadd et al., 2018). The mid-Holocene hiatus at Fern Gully Lagoon has no equivalent
from Welsby Lagoon (Cadd et al., 2018), although Fern Gully Lagoon may be more hydrologically
sensitive due to its smaller catchment. Lower rainfall was noted at Swallow Lagoon after ~3 ka (Barr
et al., 2019), while mid-Holocene hiatuses or drier phases were recorded at Hidden Lake and Lake

Allom on nearby Fraser Island (Longmore, 1997; Donders et al., 2006).

The absence of a hiatus at Welsby Lagoon during the late Holocene after ~3 ka may possibly
be due to a fire which burned Fern Gully Lagoon but not Welsby Lagoon. Loss of wetland peat due
to fire may exceed 50 cm in a single event (in which a peatland may burn for more than a month) —
high peat density and peat moisture content lower than 16% contribute to the loss of greatest
material (Ballhorn et al., 2009; Davies et al., 2013; Lukenbach et al., 2015). However, an initial study
of sedimentary charcoal did not indicate higher levels during this period (Kemp, unpublished data),
and there is no notable change in the calcium record (Fig. 2) which could indicate mineralisation

within the sediment as the result of a major peat fire (Smith et al., 2001). Therefore, it is more likely
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that Fern Gully Lagoon is more hydrologically sensitive than Welsby Lagoon, and drying led to a late-

Holocene hiatus, rather than loss of peat due to a major fire event.

5.4 Palaeoclimate interpretation and comparison with other records

We interpret increased aeolian inorganic sedimentation in Fern Gully Lagoon as indicative of
dry climates, as reduced vegetation cover increases local wind erosion (McGowan et al., 2008).
While changes in wind strength could also be a major source of changing inorganic flux, records of
terrestrial dust grain size from the Tasman Sea indicate that regional wind strength was secondary to
continental drying in explaining regional aeolian inorganic transport (Hesse and McTainsh, 2003).
Increased biomass burning on NSl is a possible additional driver for increased inorganic
sedimentation. However, macrocharcoal and the proportion of sediment inorganic matter are
uncorrelated at Fern Gully Lagoon (r? = 0.04, p > 0.05, n = 632 (Kemp, unpublished data)), a situation
similar to nearby Welsby Lagoon (Barr et al., 2017). Hence, it appears that increased biomass
burning did not play a large role in increasing wind erosion on NSI. Sea-level transgression does not
appear to drive inorganic flux to Fern Gully Lagoon as the major marine transgressions during late
MIS 6 and after the LGM do not coincide with increased inorganic flux (Fig. 8). However, the lack of
inorganic sediment immediately after the LGM may also be due to a change in the dominant

regional wind direction which deposited sands offshore as postulated by Walker et al., (2018).

We compared our results to the ~33 kyr inorganic flux record from Native Companion
Lagoon (McGowan et al., 2008; Petherick et al., 2008) (Fig. 8) and the ~37 kyr record from Tortoise
Lagoon (Petherick et al., 2017). The NCL record indicates that a dry phase occurred during the LGM
as well as an increase in inorganic sedimentation at ~3 ka (McGowan et al., 2008). While Tortoise
Lagoon records a similar LGM peak, there is no increase late-Holocene inorganic sedimentation
(Petherick et al., 2017). The LGM inorganic peak was not recorded at Fern Gully Lagoon due to a

hiatus, the LGM hiatus itself indicates that Fern Gully Lagoon was similarly dry.
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The Fern Gully Lagoon sequence recorded low aeolian sedimentation with low PC1 scores
and the lowest inorganic content (~3%), during MIS 7a—c, indicating that it was likely the wettest
interglacial of the past three in subtropical eastern Australia. This finding is similar to the record of
moisture availability from central Australia, where recorded lake levels reached their highest for the
past ~250 ka (Fu et al., 2017); Lynch’s Crater in north-east Australia, where there were wet climates
with open water present (Kershaw et al., 2007b), and Naracoorte caves in south-east Australia,
where pronounced periods of calcitic growth occurred (Ayliffe et al., 1998). In comparison, there was
greater aeolian input during MIS 5, indicating a drier local climate than in MIS 7a—c (Fig. 8; MIS 5
average ~0.24 kg/m?/kyr vs average ~0.14 kg/m?/kyr inorganics). The record also contains a notable
MIS 5 dry period at 100 % 15.6 ka. A similar comparatively drier mid-MIS 5b—d from ~110-90 ka has
been observed in other regions, most notably in tropical north-east Australia (Kershaw et al., 2007a).
Conversely, central Australian lakes maintained shallow to deep-water conditions during MIS 5

(Bowler et al., 1998, Fu et al., 2017), while calcite growth occurred after ~105 ka (Ayliffe et al., 1998).

During the Holocene, inorganic aeolian deposition at Fern Gully Lagoon averaged ~0.96
kg/m?/kyr, four times greater than during MIS 5 and almost seven times MIS 7 levels. Greater
inorganic flux, in combination with high PC1 scores, suggests the Holocene is the driest interglacial of
the last three for subtropical eastern Australia. A drier Holocene relative to MIS 7a—c and MIS 5 is
observed in several other Australian records, either via increased dry forest and herbaceous
vegetation (Harle et al., 2002; Moss and Kershaw, 2007) or lower flows and lake filling (Maroulis et
al., 2007; Nanson et al., 2008; Fu et al., 2017). Holocene drying has been attributed to increasing El
Nifio frequency compared to past interglacials (Moss and Kershaw, 2007), or to the extended period
of high sea levels during the Holocene limiting WPWP influence on monsoonal precipitation and the
warm East Australian Current (Nanson et al., 2008). Holocene inorganic sedimentation at Fern Gully
Lagoon may also be influenced by human-induced biomass burning. There is a long record of human

activity on the island (Neal and Stock, 1986) which may have also contributed to mobilisation of
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dune sands. However, the paucity of dated archaeology close to Fern Gully Lagoon currently

precludes an assessment of human influence on the Fern Gully record.

The pattern of increasingly dry interglacials observed at Fern Gully Lagoon since MIS 7 is
consistent with the few other Australian records covering this period, most notably in central
Australia (Bowler et al., 2001; Cohen et al., 2015; Fu et al., 2017), but also in the north (Bowler et al.,
1998) and south-east (Edney et al., 1990) of the continent. However, records from eastern Australia
— tropical Lynch’s Crater (Kershaw et al., 2007a) and alpine, temperate, Caledonia Fen (Kershaw et
al., 2007b) —indicate similar climates during the Holocene and MIS 5. Similar climates between the
north-eastern Lynch’s Crater and Fern Gully Lagoon may be explained by the behaviour of the East
Australian Current (EAC). SST records from the Tasman Sea, which record the passage of the EAC,
indicate similar temperatures for MIS 5e and the Holocene (Kawagata, 2001) as a result of more
southerly penetration of the EAC. The more southerly penetration of the EAC may, in turn, may have
driven convective rainfall in subtropical and temperate eastern Australia somewhat independent of

major continental climate drivers such as ENSO.

6. Conclusions

Analysis of a new discontinuous sedimentary record from Fern Gully Lagoon using **C dating,
single-grain OSL dating and uXRF core scanning has enabled the reconstruction of a regional
palaeoclimate sequence spanning the last three interglacial complexes. An evaluation of uXRF
normalisation methods indicated that normalisation by total counts per second was the best method

for Fern Gully Lagoon sediments.

The elemental signature of increased aeolian input to Fern Gully Lagoon, associated with
drier climates, was characterised by PCA. The record indicates a relatively wet MIS 7a—c and early
MIS 6 phase, a relatively drier MIS 5 interglacial complex, MIS 4 and MIS 3, and a wetter late MIS 2
which transitioned into a drier Holocene. There is general agreement between the Fern Gully Lagoon
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record and central Australian lake records fed by the Australasian monsoon and records from the
north- and south-east of the continent. Differences between ENSO driven north-eastern Australian

records, and Fern Gully Lagoon may be due to the influence of the East Australian Current.

The increasingly dry interglacials observed from Fern Gully Lagoon may be due to more
frequent El Nifio events. Understanding how ENSO changes during interglacials is important in
predicting future water availability due to climate change, as well as ecosystem response to
increasing global temperatures. However, due to limited climate records, further study is required.
The Fern Gully Lagoon record, which is sensitive to changing ENSO, may assist in answering some of

these questions.

It is difficult to isolate a detailed record of hydrological change without considering changing
vegetation types and biomass burning records. Ongoing analysis of multiple climate proxies such as
pollen, charcoal and stable isotopes from Fern Gully Lagoon will likely result in a greater

understanding of past interglacial climates and their drivers.
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