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Abstract 

Climates during past interglacials may be an analogue for future climate change. Robust 

reconstructions of past interglacial climates are important for providing these analogues, as well 

as for better understanding ecosystem responses that are likely to accompany an increase in 

global temperatures. Records of interglacial climates are similarly required to understand the 

influence of long-term Australian climates on biota, including past extinction events, as well as 

long-term (~200 thousand year; kyr) patterns in Australian climate drivers. However, records of 

Australian palaeoclimates beyond the Last Glacial Maximum (~20 ± 2 thousand years ago; ka) 

are rare, limiting detailed analysis of long-term climate patterns and associated responses. 

This thesis presents a review of Australian climate records beyond the last glacial stage 

and a new late-Quaternary multi-proxy climate record from Fern Gully Lagoon, North 

Stradbroke Island (Minjerribah), through the following components: 

• A review and synthesis of hydroclimate data from 40 Australian marine isotope 

stage 3 (MIS 3; 57 – 29 ka) records, allowing a continental record of moisture 

availability to be created, and moisture availability during peak Australian 

megafauna extinction to be identified (Chapter 2). 

• A chronology for a new wetland sediment record from subtropical Fern Gully 

Lagoon, using radiocarbon (14C) and optically stimulated luminescence age 

determination as well as estimated hiatus locations as priors for Bayesian age-

depth modelling (Chapter 3). 

• Scanning micro-X-ray fluorescence geochemical analysis of Fern Gully Lagoon 

sediments, enabling a record of inorganic dust flux to be created and regional 

moisture availability for subtropical eastern Australia to be inferred for the past 

~210 kyr (Chapter 3). 

• Pollen, stable carbon isotope and lipid biomarker records as indicators of wetland 

vegetation assemblages during recent interglacial complexes and the Holocene, 

allowing reconstruction of relative moisture availability, changes in fire 

frequency and approximate mean annual air temperatures (Chapters 4 and 5). 



ix 
 

Relatively high average Australian moisture availability for mid-MIS 3 indicates that 

continental climate change is unlikely to be a major driver of Australian megafauna extinction. 

As such, human impact rather than climate change is more likely to have driven peak megafauna 

loss at ~45 ka. 

Fern Gully Lagoon records of aeolian flux, indicative of wind deflation, provide a record 

from which regional moisture availability can be inferred. Regional (pollen and charcoal) and 

local (stable carbon isotope and lipid biomarker) climate records were then used to refine the 

overall multi-proxy record, as well as determine changes in regional temperatures, fire regimes 

and local wetland evaporation. Along with findings related to vegetation succession and climate 

proxy recovery methods, the multi-proxy record indicated relatively similar moisture availability 

at Fern Gully Lagoon during MIS 7a–c and early MIS 5, but notably drier climates during the 

Holocene. 

The Fern Gully Lagoon palaeoclimate record supports an interpretation of drier Holocene 

climates in subtropical Australia compared to recent interglacials, with increasing El Niño – 

Southern Oscillation variability a possible cause. As such, this study indicates that records of 

Australian climates during recent interglacials provide invaluable analogues of possible future 

climates not available during the Holocene. 
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Chapter 1 – Introduction and thesis aims 
 

1.1 Introduction 

This thesis presents a new, discontinuous ~210 kyr climate record from Fern Gully 

Lagoon, a freshwater palustrine wetland on North Stradbroke Island, subtropical eastern 

Australia, and a review and synthesis of Australian climates during Marine Isotope Stage 3 (MIS 

3; 57 – 29 ka). The ~210 kyr climate record, covering the MIS 7a–c and MIS 5 interglacial 

complexes as well as the Holocene, was established using multiple climate proxies for moisture 

availability including inorganic sediment flux, pollen relative abundances, stable carbon isotope 

ratios and lipid biomarkers. Interpretation of this new climate record was focussed on 

comparison of interglacials – recent warm periods in Earth’s climate history – with the 

Holocene.  

The work was undertaken with the goal of producing the first reconstruction of 

interglacial climates from the Australian subtropics and determining the relative influence of 

major Australian climate drivers during recent interglacials and the Holocene. This then 

facilitated the identification and exploration of differences between Holocene and recent 

interglacial subtropical climates. 

1.2 Research context 

Records of past climate change play a role in the prediction of future climate at local and 

regional scales (e.g. monsoonal rainfall patterns (Mohtadi et al., 2016), drought cycles (Allen et 

al., 2011)), and are used in the fine-tuning of global climate models (Stute et al., 2001; Cronin, 

2009; Otto-Bliesner et al., 2017), contributing to understanding what changes are likely to 

accompany increasing global temperatures (Turney and Jones, 2010; Harrison and Bartlein, 

2012). 

Interglacial-glacial cycles in Earth’s climate have been observed in benthic foraminifera 

records beginning at approximately 2.6 Ma, with low amplitude ~40 kyr cycles moving to 

stronger ~100 kyr cycles between ~1.2 – 0.6 Ma (Fig. 1.1; Lisiecki and Raymo, 2005; Berger et 
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al., 2015). Analysis of recent interglacial climates can be used to inform predictions of future 

climate change (e.g. equilibrium sea level rise (Dutton et al., 2015), or changes in major climate 

drivers (Harrison and Bartlein, 2012)) due to warmer mean global temperatures than current 

Holocene climates (Berger et al., 2015; Yin and Berger, 2015). However, orbital parameters 

during recent interglacials (for which the greatest number of palaeoclimate records are available) 

are not directly comparable to those during the Holocene, making identifying relative changes in 

climate complex (Yin and Berger, 2015). In addition, interglacial climate modelling combining 

relative changes in insolation with ice-core records of atmospheric CO2 and CH4 concentrations 

indicate that pre-industrial Holocene climates differ from those during recent interglacials 

(Claussen et al., 2005; Yin and Berger, 2015). Current modelling of interglacial climates is also 

complicated in some cases by an overestimation of subtropical precipitation and vegetation cover 

(Goosse et al., 2010; Yin and Berger, 2015). As such, robust subtropical interglacial 

palaeoclimate reconstructions are required to help bridge the gap between modelling of past 

climates and predictions of future climate change, as well as understand long-term changes in 

global climate (Turney and Jones, 2010). 

Subtropical palaeoenvironmental records play an important role in the study of global 

climates, as the subtropics act as a link between major high and low latitude climate drivers (e.g. 

the Southern Westerly Winds (SWW) and the Australian summer monsoon; Chiang, 2012). 

Subtropical climates are affected by changes in the South Pacific Convergence Zone (SPCZ) and 

Hadley Cell migration (Chiang et al., 2014; Atwood et al., 2020), thus allowing past changes in 

major tropical climate drivers to be inferred from subtropical palaeoclimate records. For 

example, changes in El-Niño Southern Oscillation (ENSO) variability have been studied in depth 

in subtropical records (e.g. Barron et al., 2003; Barr et al., 2019). Coastal subtropical climate 

records can also be influenced by ocean current heat transfer between the warm tropics and 

cooler high latitudes, such as via the East Australian Current (EAC; Bostock et al., 2006), 

allowing changes in heat transfer to be tracked in some cases. 

Australian continental palaeoclimate records are limited both spatially and temporally 

(Petherick et al., 2013; Reeves et al., 2013b). The most common form of climate records – those 

based on sedimentary archives – require locations with sufficient water for regular sedimentation 

and preservation of sequences to occur (Lowe and Walker, 2014). Australian sedimentary 
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climate records are therefore sparse in the arid interior where there is limited rainfall, but are 

more common along the south-eastern, eastern and north-eastern margins of the continent 

(Reeves et al., 2013a). As such, determining Australian palaeoclimates can be challenging and 

must sometimes rely on approximations based on distant records, such as those from Antarctica 

(e.g. Johnson et al., 2016). Many Australian records detailing climates prior to ~50 ka (the 

approximate current limit of radiocarbon dating) are also limited by chronological uncertainty, 

complicating study of interglacial periods (e.g. Colhoun et al., 1999; Longmore and Heijnis, 

1999; Harle et al., 2002). In addition, the majority of Australian climate records do not extend 

beyond the Last Glacial Maximum (LGM) at ~20 ± 2 thousand years ago (ka) (Petherick et al., 

2013; Reeves et al., 2013a). 

There are approximately 20 published Australian climate records detailing climates 

during Marine Isotope Stage 5e (MIS 5e; ~124 – 119 ka), the peak of the previous interglacial 

complex, but records for MIS 7a–c (~220 – 200 ka) are more limited. These include those from 

Lynch’s Crater (Kershaw et al., 2007a), and nearby ODP 820 (Moss and Kershaw, 2007) in the 

wet tropics of north-eastern Australia; Lake Eyre (Cohen et al., 2015; Fu et al., 2017), Lake 

Woods (Bowler et al., 1998) and arid-land streams (Nanson et al., 2008) in central Australia; the 

Naracoorte Caves (Ayliffe et al., 1998) and Lake Wangoom (Harle et al., 2002) in the south-east; 

Caledonia Fen (Kershaw et al., 2010) in the Australian highlands, and Lake Selina (Colhoun et 

al., 1999) in Tasmania. As yet, there are no published records of Australian subtropical climates 

beyond mid-MIS 5. 

Studies of long-term Australian hydroclimates (e.g. Edney et al., 1990; Bowler et al., 

2001; Kershaw et al., 2003; Fu et al., 2017) have concluded that much of the continent became 

progressively drier over the past ~250 kyr. Current hypotheses infer that greater ENSO 

variability and reduced WPWP influence on Australian summer monsoon activity during the 

Holocene, compared to recent interglacials, likely led to relatively dry climates (Moss and 

Kershaw, 2007; Nanson et al., 2008). However, gradual interglacial drying (with a drier MIS 5 

than MIS 7a–c) is generally only inferred for central and south-eastern Australia (Ayliffe et al., 

1998; Nanson et al., 2008; Fu et al., 2017), regions dominated by the Australian summer 

monsoon and the SWW. Records of interglacial climates in eastern Australia, dominated by the 

Australian summer monsoon and ENSO activity, instead indicate similar conditions during MIS 
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7a–c and MIS 5 (e.g. Kershaw et al., 2007a; Kershaw et al., 2007b). A new record of Australian 

subtropical interglacial climates is required to address possible sources of long-term Australian 

drying by providing additional records of ENSO variability and possible EAC activity separate 

from notable Australian summer monsoon or SWW influence. 

 
 
Figure 1.1: A summary of key palaeoclimate records for the past 800,000 years, with interglacials 
highlighted in red. Records included are December insolation at 30°S (Berger and Loutre, 1991); an 
Antarctic CO2 stack (Bereiter et al., 2014); the LR04 benthic δ18O stack (Lisiecki and Raymo, 2005); 
Antarctic mean annual air temperature reconstruction (MAAT) stack (Parrenin et al., 2013) and Global 
sea level (Red Sea; m compared to present; Grant et al., 2012). The interglacial numbering scheme 
follows Railsback et al. (2015). 
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In addition to the complexities involved in determining the nature of climate drivers 

during interglacials, understanding changes in Australian climates during MIS 3 is difficult due 

to limited hydroclimate records (Reeves et al., 2013a). The possible causes of Australian 

megafauna extinction during MIS 3, as well as the relationship between climate and the timing of 

human occupation have been a hotbed for scientific debate for over a century (e.g. Bird et al., 

2013; Allen and O'Connell, 2014; Hamm et al., 2016). Studies have attempted to determine the 

exact sequence of events; whether megafauna extinction was driven by human impact in 

Australia (e.g. Saltré et al., 2016; van der Kaars et al., 2017), or whether a change in climate was 

a major factor (e.g. an increase in aridity after Cohen et al. (2015)) or some combination of the 

two (e.g. Bird et al., 2013). While approximately 40 Australian climate records cover part of MIS 

3, no major continental synthesis of this data as has been achieved beyond ~35 ka (e.g. Petherick 

et al., 2013; Reeves et al., 2013a), and most studies of Australian megafauna extinction are 

limited to climate records of single regions (e.g. van der Kaars et al., 2017). The absence of 

climate syntheses, in combination with the small number of studies relative to the area of the 

continent, means that it has not yet been possible to provide adequate continental climate context 

to the extinction debate. 

The development of a new >200 kyr Australian subtropical climate record would help 

address current spatial and temporal gaps in understanding Australian hydroclimates during MIS 

3 and allow further discussion of Holocene climates relative to those of recent interglacials. Due 

to the large range of available analytical tools, a sedimentary source is ideally required to provide 

a robust multi-proxy climate record. Wetland sediment palaeoclimate records, including lakes, 

bogs, mires and marshes, have been instrumental in understanding climate on a global scale, 

including inter-hemispherical teleconnections (e.g. Turney et al., 2004; Muller et al., 2008) and 

large-scale drivers of Australian climates such as ENSO (e.g. Turney et al., 2004; Donders et al., 

2007; Barr et al., 2019) and Southern Westerly Winds (e.g. Colhoun et al., 1999; Kirsten et al., 

2018). 

A new synthesis of continental MIS 3 Australian moisture availability records, and the 

development of a new record of Australian subtropical interglacial climates, as detailed in this 

thesis, provides a climate context for current scientific debates. The new synthesis of Australian 

MIS 3 hydroclimate addresses the lack of spatial climate context for the megafauna debate by 



Chapter 1  Introduction and thesis aims 
 

6 
 

creating a framework where MIS 3 climates can be estimated for much of the continent. 

Reconstruction and validation of the first multi-proxy record of Australian subtropical climates 

during recent interglacials covers both spatial and temporal gaps in Australian climate history. 

This new subtropical wetland record allows further investigation of Australian Holocene 

climates as compared to recent interglacials, and identification and discussion of long-term 

climate drivers for Australian subtropical hydroclimates. 

1.3 Methods for recording past climates  

Palaeoclimate change can be inferred from variation in the properties of wetland 

sediments and preserved climate proxies (Table 1.1; Cronin, 2009). Multiple lines of 

palaeoclimate evidence are usually combined, allowing greater confidence in the final 

palaeoclimate interpretation. For example, increased inorganic flux may be due to drier 

conditions via reduced vegetation cover (e.g. McGowan et al., 2008), or may instead arise due to 

wetter climate with increased erosion and transport of sediment (e.g. Kemp and Rhodes, 2010). 

Similarly, increased charcoal flux may be due to greater fuel loads driven by wetter climates (e.g. 

Harrison and Sanchez Goñi, 2010), but could also be due to an increase in flammability during 

drier conditions (e.g. Bradstock, 2010). Comparison with a record of regional vegetation change 

would act as a secondary indicator of moisture availability in both these situations, and allow 

greater confidence in the final palaeoclimate interpretation (e.g. Kershaw et al., 2007a). 

 

Table 1.1: A summary of common climate proxies examined in wetland sediments, with example 
references. *: Climate proxies utilized in this study. 
 
Method/Proxy Major application(s) and example reference(s) 

Palynology* Past vegetation assemblages (pollen), spores and other microfossils 
(algae, fungi etc.) as indicators of regional moisture availability, 
temperature and fire impact (Traverse, 1988; Kershaw et al., 
2007a). 

Scanning µXRF* Records of changing inorganic element and oxide input due to 
changing aeolian flux, catchment erosion etc. in sediments – 
indicators of drying and weathering (Croudace and Rothwell, 2015; 
Burrows et al., 2016). 
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Stable isotope analysis 
(bulk sediment*, 
compound specific etc.) 

Changing ratios of stable isotopes fractionated by environmental 
conditions directly or indirectly (e.g. vegetation type or stress, 
available nutrients). Common stable isotopes are oxygen (δ18O), 
carbon (δ13C), hydrogen (δ2H) and nitrogen (δ15N) (Leng, 2006; 
Diefendorf, 2010; Diefendorf et al., 2015). 

Loss on ignition* (LOI) Approximate changes in the proportion of organic and inorganic 
material and carbonates in sediment. Can be used to infer changes 
in catchment and wetland vegetation (Heiri et al., 2001). 

Lipid biomarkers* (n-
alkanes, GDGTs etc.) 

Determination of the relative quantities of differing organic 
materials deposited in a wetland (e.g. terrestrial-aquatic ratio). 
Reconstruction of mean temperatures via the relative abundance of 
glycerol dialkyl glycerol tetraether (GDGT) branches (Ficken et al., 
2000; Peterse et al., 2012). 

Charcoal* (micro- and 
macro-charcoal) 

Local and regional fire frequency, and a secondary indicator of 
vegetation assemblages and fuel availability (Mooney et al., 2011; 
Leys et al., 2017) 

Diatom analysis Diatom species identification to identify changes in past lake water 
including salinity, nutrient concentration and pH (Barr et al., 2014; 
Johnson et al., 2018). 

Sedimentary flux  Determination of changes in wetland productivity and catchment 
erosion as indicators of moisture availability (Kokfelt et al., 2010; 
Newby et al., 2017) 

Plant macrofossils 
(seeds etc.) 

Characterisation of local vegetation assemblages as an indicator of 
climate (Birks, 2002; Cadd et al., 2018) 

Chironomids (non-
biting midge larva) 

Palaeotemperature reconstruction using the relative abundance of 
taxa. Taxon identification via preserved head capsules (Velle et al., 
2010; Eggermont and Heiri, 2012) 

Trace elements – via 
XRF, ICP-MS or ICP-
OS 

Identification of sources of aeolian flux via geochemical signature 
(fingerprinting). Used to identify changes in wind patterns or 
identify tephra layers (Petherick et al., 2009; Peti et al., 2019) 

Pigments  Biochemical markers used to infer past wetland state. Can 
determine the relative abundance of green algae, cyanobacteria, 
diatoms, chlorophyll etc. (Leavitt and Hodgson, 2002; Cadd et al., 
2018) 

 

Robust age-depth models are required to place palaeoclimate changes in a temporal 

context, to identify periods of interest, and for record comparison. To determine the extent of 

long climate records, previous research used either correlation-based approaches (e.g. δ18O or 
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pollen stratigraphy (Lowe et al., 1996; van der Kaars and De Deckker, 2002)) or radiometric 

methods with large uncertainties (e.g. uranium-thorium dating of highly organic sediments 

(Heijnis and Van der Plicht, 1992; Longmore and Heijnis, 1999)). Developments in 

luminescence-based age determination has allowed sediment ages to be determined with 

increasing accuracy (Aitken, 1985; Aitken, 1998), facilitating greater chronological certainty 

(e.g. English et al., 2001; Rieser and Wüst, 2010). However, a large degree of error in 

determining the age of sediments is unavoidable in many longer records. For example, 

radiocarbon samples near the upper dating limit (Hogg et al., 2013), or optically stimulated 

luminescence (OSL) age determinations based on small grain sample sizes (Bronk-Ramsey, 

2015) have inherently large age uncertainties. As such, determination of robust age-depth 

chronologies for many wetland sediment records (with a high likelihood of radiocarbon sample 

contamination and limited mineral content) almost always requires Bayesian modelling (Bronk-

Ramsey, 2015; Blaauw et al., 2018). Recent advances in Bayesian modelling (e.g. Bronk-

Ramsey, 2009; Blaauw et al., 2018) and single-grain OSL (e.g. Arnold et al., 2012; Arnold et al., 

2014) allow notably more robust age-depth chronologies to be generated than were possible less 

than a decade ago (Blaauw et al., 2018). 

1.4 Aims of the study 

In recognition of the limited nature of MIS 3 climate records in Australia, the first aim of 

this study was originally to develop a new record of continental climate during MIS 3 (57 – 29 

ka), thereby providing additional climate context for human settlement in Australia and peak loss 

of Australian megafauna. The second aim was to develop a new subtropical record of Australian 

climates during MIS 3 as well as during past interglacial complexes. To generate a new climate 

record, two sediment cores were extracted from Fern Gully Lagoon, a perched, oligotrophic, 

palustrine wetland on North Stradbroke Island (NSI), eastern subtropical Australia. To ensure a 

robust chronology I undertook detailed radiocarbon and OSL analysis to generate priors for 

Bayesian age-depth modelling. Combining multiple climate proxy records with a robust 

chronology allowed interglacial climates at Fern Gully Lagoon to be inferred, allowing an 

assessment of subtropical Australian Holocene climates relative to the previous two interglacials. 
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Specifically, the major aims of this study were to: 

i) Construct a record of Australian continental climate change during MIS 3. 

ii) Create a new, high resolution, discontinuous multi-proxy subtropical Australian climate 

record of at least two glacial cycles. 

With the objectives of: 

1. Creating a robust Bayesian age-depth model for the Fern Gully Lagoon record. 

2. Extracting a coherent proxy signal for both regional and local climate change. 

3. Comparing the climate record from Fern Gully Lagoon with other long records of climate 

change in Australia to determine the influence of differing Holocene climate drivers and, 

if possible, identify shared long-term climate trends. 

1.5 Thesis outline 

1.5.1 A shift in focus 

The original focus of this thesis was to investigate climate change during the period of 

initial human colonisation of Australia, when much of the Australian megafauna became extinct 

(MIS 3). My work on the subject was to consist of a literature review, followed by the generation 

of a new Australian MIS 3 climate record from Fern Gully Lagoon. The new record would be 

compared to groups of other MIS 3 climate records in north-eastern and south-eastern Australia 

and add to current discussions of subtropical climates during MIS 3. 

Initial radiocarbon and OSL dating indicated that MIS 3 was largely missing from the 

Fern Gully Lagoon sedimentary record. As it was no longer possible to develop a new 

subtropical climate record for MIS 3, the focus of this thesis moved to cover the second aim in 

greater detail. My Bayesian age-depth model placed the base of the Fern Gully Lagoon core at 

209.3 ± 28.4 ka (2σ). As there are a very limited number of Australian climate records reaching 

beyond 150 ka, a new >200 ka subtropical climate record detailing conditions during three 

separate interglacial complexes (MIS 7a–c, MIS 5 and the Holocene) represented a rare 

opportunity to investigate long-term drivers of Australian interglacial climates, and the nature of 

Holocene climates compared to recent interglacials. Thankfully, the synthesised Australian MIS 

3 moisture availability record remained a useful addition to the thesis, as it allowed an estimate 
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of regional moisture availability in the subtropics during a hiatus in the Fern Gully Lagoon 

record to be made. 

1.5.2 Chapter 2 

In this chapter I present a review of 40 published Australian MIS 3 hydroclimate records 

and provide a continental synthesis to examine temporal and spatial hydroclimate variability 

during this key period of Australia’s prehistory (Fig. 1.2). There were notable differences in 

moisture availability between regions dominated by the Australian summer monsoon and the 

Southern Westerly Winds, with SWW-dominated regions remaining relatively wet compared to 

contemporary climates until the end of MIS 3. Australian climates during peak megafauna 

extinction at ~45 ± 5 ka (Roberts et al., 2001; Saltré et al., 2016) were relatively wet compared to 

modern climates, implying that human impact, rather than climate change, played a major role in 

the extinction of much of the Australian megafauna. The review of Australian MIS 3 climate 

records and synthesis of a continental record of moisture availability was published in 

Quaternary Science Reviews (Kemp et al., 2019). Minor modifications from this publication 

(included in Appendix E) have been made for clarity and consistency. 

1.5.3 Chapter 3 

In this chapter I present the chronology and age-depth model for Fern Gully Lagoon and 

a record of regional climates based on inorganic flux (Fig. 1.2). The chapter also includes a 

review of micro-X-ray fluorescence normalisation methods. 

Bayesian modelling utilising 20 radiocarbon and 17 single-grain OSL ages as priors, 

combined with possible hiatus locations determined via change-point analysis, was used to 

generate a robust age-depth model for Fern Gully Lagoon. Modelling found basal sediments 

were deposited at 209.3 ± 28.4 ka (±2σ), in agreement with a reconnaissance core (Tibby et al., 

2017), and that the sediments were deposited in four separate sedimentary phases, covering most 

of the Holocene as well as interglacial complexes MIS 7a–c and MIS 5. 

As inorganic material in NSI wetland sediments is generally an indicator of regional 

vegetation density driven by regional hydroclimates, regional moisture availability can be 

inferred from inorganic flux (McGowan et al., 2008; Petherick et al., 2017). As such, a record of 

regional moisture availability was estimated from inorganic oxides present in Fern Gully Lagoon 
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sediments. Selected methods for identifying inorganics within Fern Gully Lagoon sediments 

included estimation of inorganic mass via loss on ignition (LOI) and micro-X-ray fluorescence to 

identify individual oxides. 

The inorganic flux record indicated that regional climates during the MIS 5 interglacial 

complex were marginally drier than during MIS 7a–c, but that Holocene climates were notably 

drier than in MIS 5, with up to three times greater inorganic flux. The chronology and inorganic 

flux record, a detailed review of µXRF normalisation methods and the palaeoclimate 

interpretations have been published in Palaeogeography, Palaeoclimatology, Palaeoecology. 

Minor modifications from this publication (included in Appendix E) have been made for clarity 

and consistency. 

1.5.4 Chapter 4 

In Chapter 4 I present an extension to the regional climate record from Fern Gully 

Lagoon. Pollen and charcoal records were utilised to identify changes in regional moisture 

availability and identify any links between long-term vegetation density (hence inorganic flux) 

and fire frequency. 

Pollen analysis allowed a record of vegetation assemblages to be established, and an 

approximate record of relative changes in regional moisture availability to be inferred, mainly 

via shifts in the relative abundance of rainforest taxa (after Kershaw et al. (2007a) and Moss et 

al. (2013)). The charcoal record allowed changes in fire frequency on NSI to be identified, as 

well as any changes due to dominant vegetation assemblages or human impact. 

The pollen and charcoal studies indicated that Holocene climates on NSI were notably 

drier than climates during early MIS 5, consistent with climate records from north-eastern and 

south-eastern Australia (Kershaw et al., 2007a; Kershaw et al., 2010). They also identified a lack 

of rainforest taxa recovery during late MIS 2 and the early Holocene, possibly due to human 

impact on regional fire regimes after the LGM. Similar vegetation assemblages during MIS 5 

and MIS 7a–c indicated that drying of subtropical Australia over the past two glacial-interglacial 

cycles is unlikely. The pollen and charcoal studies, along with discussion of possible drivers, 

were detailed in a manuscript submitted to the Journal of Quaternary Science in December 2019, 

which was resubmitted with changes after review in May 2020. 
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Figure 1.2: Thesis conceptual model. 
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1.5.5 Chapter 5 

Chapter 5 details the use of bulk sediment δ13C and lipid biomarkers to generate a record 

of local wetland conditions based on changes in wetland vegetation composition and water 

stress. Organic material was determined to be mostly wetland-derived by overlap with δ13C and 

C:N values of contemporary NSI vegetation, as well as by the presence of peat indicator 

biomarker C3117α21β(H) – homohopane in most samples. 

Wetland moisture availability inferred from bulk sediment δ13C and lipid biomarker 

records supported the climate interpretations of inorganic flux and vegetation studies: Holocene 

climates were relatively dry compared to recent interglacials, independent to the impact of 

human occupation on regional vegetation. 

Glycerol dialkyl glycerol tetraether (GDGT) biomarker analysis was used to establish a 

palaeotemperature record for Fern Gully Lagoon, allowing comparison of interglacial mean 

annual temperatures. Unfortunately, GDGT calibrations used to determine interglacial 

temperatures at Fern Gully Lagoon were found to be unreliable, with higher temperatures 

inferred during glacials than during interglacials. Stable isotope and lipid biomarker analysis, as 

well as research detailing the local evolution of Fern Gully Lagoon and inferred local moisture 

availability is detailed in Chapter 5 and submission to the Journal of Quaternary Science is 

planned for July 2020. 

1.5.6 Chapter 6 

In Chapter 6, I summarise the key MIS 3 climate synthesis and Fern Gully Lagoon 

climate record findings, including how each of the objectives were addressed. Possible directions 

for further research are also outlined, summarising identified gaps in current knowledge and 

possible methods which could be used to address these gaps. 
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2.2 Preamble 

This chapter details Australian climate during marine isotope stage 3 (MIS 3; 57 – 29 

ka), a warmer period between the MIS 4 and MIS 2 glacials. Founded on the literature review 

undertaken before the main focus of the project changed, this chapter was to be the stepping-off 

point for discussing the extinction of much of the Australian megafauna in a continental context. 

Due to the discovery of a sedimentary hiatus within the Fern Gully Lagoon climate which 

eliminated much of MIS 3, this chapter is instead used to provide continental climate context for 

the subtropical climate record during that period. 

This chapter was published as: 

Kemp, C.W., Tibby, J., Arnold, L.J., Barr, C., 2019. “Australian hydroclimate during Marine 

Isotope Stage 3: A synthesis and review”. Quaternary Science Reviews 204, 94-104. 

https://doi.org/10.1016/j.quascirev.2018.11.016 

I have re-formatted the published article as a thesis chapter, with only minor changes to 

the original text (see Appendix E). However, notation associated with figures, tables and 

equations has changed, being instead prefaced by the chapter number, e.g. Figure 1 is now 

Figure 2.1. The supplementary material associated with the published work is included in this 

thesis as Appendix A. 

2.3 Abstract 

Improved reconstructions of Australia’s climate during Marine Isotope Stage 3 (MIS 3) 

are important for understanding the environmental context of widespread human settlement of 

the continent and the extinction of a wide range of megafauna by 45 ± 5 thousand years ago (ka). 

To better understand spatial and temporal climate trends during this period, we present a 

synthesis of hydroclimate data from 41 Australian MIS 3 records. Hydroclimate records were 

evaluated and weighted by a scoring system developed to evaluate dating and proxy quality and 

resolution before inclusion into the synthesis. Our analysis reveals that Australia experienced 

spatially variable climates from ~57–49 ka before becoming predominantly wet from ~49–40 ka. 

After ~40 ka increasingly dry climates dominated MIS 3. Records from monsoon-influenced 

regions indicate a rapid drying from ~48 ka to the end of MIS 3, while there was a wetter period 

https://doi.org/10.1016/j.quascirev.2018.11.016
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from ~50–40 ka in Southern Westerly Wind-influenced records. The implications of our findings 

are discussed in relation to other proxy records, outlining a significant relationship with regional 

fire history, but little correlation to atmospheric CO2 concentration or global sea level. 

2.4 Introduction 

Marine Isotope Stage 3 (MIS 3: 57–29 thousand years ago (ka) (Lisiecki and Raymo, 

2005)) represents an important period in Australian Quaternary history as it encompasses the 

widespread colonisation of the continent by humans and the extinction of an ecologically diverse 

range of megafauna (Bird et al., 2013; Allen and O'Connell, 2014; Hamm et al., 2016). Whether 

human impact, climate change or a combination of the two led to the extinction of Australian 

megafauna has been debated for over a century. Humans arrived on the continent by 59 ka 

(Clarkson et al., 2017) and widespread coastal and interior settlement appears to have taken place 

by 45 ka (Turney et al., 2001; Bowler et al., 2003; Hamm et al., 2016; Tobler et al., 2017). 

The 50–40 ka period overlaps with broad ecological and environmental changes that have 

been attributed to human agency either directly, as a result of changed fire regimes, or indirectly, 

due to loss of megafauna and subsequent reduced grazing pressures (Rule et al., 2012; Miller et 

al., 2016). The peak loss of Australian megafauna species occurred at 45 ± 5 ka (Roberts et al., 

2001; Cosgrove et al., 2010; Saltré et al., 2016), with evidence for human-megafauna overlap 

ranging from ~4 kyr (van der Kaars et al., 2017) to ~20 kyr (Clarkson et al., 2017). While many 

authors have argued that megafaunal extinction occurred independently of climate change (Rule 

et al., 2012; Saltré et al., 2016; van der Kaars et al., 2017), there is evidence to suggest that large 

portions of the Australian continent experienced rapid climate change at 48 ± 2 ka (Cohen et al., 

2015) and, furthermore, that human activities may not have changed fire regimes beyond the 

limits of natural variability during MIS 3 (Mooney et al., 2011; Bird et al., 2013). 

The MIS 3 climate of Australia was also influenced by extensive southern hemisphere 

millennial-scale temperature variability (EPICA-Members, 2006; Jouzel et al., 2007). Ocean 

cores from south of Australia indicate millennial-scale sea surface temperature variation of 

around 2oC during late MIS 3 (De Deckker et al., 2012). A compilation study of Australasian 

charcoal records has attributed millennial-scale variability in biomass burning to Dansgaard–

Oeschger cycles (Mooney et al., 2011), while variability in biogenic silica has been attributed to 
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Heinrich events (Muller et al., 2008) and variability in peat humification and charcoal to D-O 

cycles (Turney et al., 2004) at Lynch’s Crater in north-east Australia. 

Several studies have concluded that there was a gradual aridification of Australia in the 

second half of MIS 3, albeit with differing hypotheses as to the cause (Chen et al., 1995; 

Kershaw et al., 2007a; Petherick et al., 2011). Fluvial activity in central Australia strongly 

reflects this pattern, with a decrease in discharge and lake filling events from ~48 ka onwards 

(Nanson et al., 2008; Cohen et al., 2011; Cohen et al., 2015). Increased dune formation 

interpreted to be indicative of aridification is evident from ~35 ka in the southern half of 

Australia (Fitzsimmons et al., 2013). A record of continental dust deposition indicates an abrupt 

period of aridity, along with a change in the source of aeolian sediment at ~30 ka, suggesting a 

change in atmospheric circulation during the peak aridity phases (Petherick et al., 2008). As the 

climate dried in the lead up to the LGM, a marked change in vegetation was also noted in 

multiple eastern and southern Australian records (Petherick et al., 2013; Reeves et al., 2013). 

Elsewhere, increased fluvial activity has been reported in late MIS 3 from ~35 ka onwards in the 

Murray-Darling Basin, in the south east of the continent (Fig. 2.1), with 5–10 times higher 

discharge than today (Page et al., 1996; Kemp and Rhodes, 2010). However, instead of 

indicating increased rainfall, this increased flow may be due to decreased evaporation resulting 

in deeper winter snow pack and elevated spring runoff from alpine regions. 

Large scale spatial and temporal Australian hydroclimate patterns are likely due to major 

changes in climate drivers affecting the Australian continent. These include the El Niño-

Southern Oscillation (ENSO), the Australian monsoon, and the southern westerly winds. ENSO 

variability affects rainfall across much of Australia (Risbey et al., 2009; Brown et al., 2016; 

Freund et al., 2017), while the Australian monsoon dominates the hydroclimate in central and 

northern Australia (Godfred‐Spenning and Reason, 2002). The position of the southern westerly 

winds strongly influences hydroclimate in Tasmania, southern Victoria and South Australia (Fig. 

2.1; Hendon et al., 2007; De Deckker et al., 2012). 

To compare MIS 3 climate with Australian megafaunal extinction history, previous 

studies have relied on a high-resolution Antarctic temperature record (Johnson et al., 2016), 

and/or palaeoclimate model experiments (Saltré et al., 2016). To better understand the climatic 

context of megafaunal extinctions in MIS 3 requires improved spatial and temporal 
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reconstructions of MIS 3 climate dynamics derived from palaeoenvironmental records. We have 

synthesised data from 41 Australian hydroclimate records that span MIS 3 and use a range of 

archives – including lake sediments, river systems, and offshore sediments – to evaluate spatial 

and temporal trends in hydroclimate. 

 
 
Figure 2.1: Location of study regions in Australia (green shaded areas) and the location of sites within 
those regions (grey dots). Average MIS 3 coastline courtesy of Phillip Arnold (pers. comm.). Numbers 
refer to records in Fig. 2.2. 
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2.5. Methods 

For this MIS 3 synthesis study we have selected records from continental Australia and 

ocean cores within 100 km of the modern Australian coastline (to limit the influence of far-

travelled pollen and dust). Forty Australian palaeoclimate MIS 3 records were located using 

Scopus (https://www.scopus.com/home.uri) and Web of Science, 

(http://www.webofknowledge.com) and separated into regions (Fig. 2.1, Supplementary Table 

ST1) 

Radiocarbon (14C) ages were re-calibrated in OxCal 4.2.4 (Bronk-Ramsey, 2009, 2016). 

Terrestrial records were recalibrated using SHCal13 (Hogg et al., 2013), while marine records 

were recalibrated using MARINE13 (Reimer et al., 2013). The re-calibrated radiocarbon ages are 

available in the supplementary material (Table A2). The 14C ages presented in this study refer to 

calibrated ka before present, where present is 1950 CE. For each record, a timeline of 

hydroclimate as inferred in the original studies was produced (Fig. 2.2).  

 
A rating scheme was developed to weight each study. Our scheme is conceptually similar 

to that developed to assess the quality of Australian Pleistocene fossil ages (Rodríguez-Rey et al., 

2015), but uses a larger set of variables to assess the records. Specifically, the record quality 

rating scheme evaluates: (i) dating quality and resolution; (ii) proxy quality and resolution; (iii) 

record continuity through MIS 3; and (iv) corroborative evidence from the same region (as 

defined in Fig. 2.1). The overall record quality rating method is outlined in Table 2.1, with the 

method for assessing dating quality – a component of the quality rating – further detailed in 

Table 2.2. While the weighting and score assignments used in this scheme may incorporate an 

element of subjectivity, our approach has the advantage of being able to discriminate between 

high and low reliability hydroclimate records in a semi-quantitative and internally consistent 

manner. An example using Redhead Lagoon (Williams et al., 2006) is available in the 

supplementary materials. 

 

 

https://www.scopus.com/home.uri
http://www.webofknowledge.com/
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Table 2.1: Record quality scoring system for Australian MIS 3 studies. The final score for each record is 
calculated as follows: dating quality (0-1) + proxy quality (0-1) + record continuity (0-0.5) + validation 
(0-0.5) = final score (0-3). The detailed scoring for each record is provided in the supplementary table A1. 
 

Record quality score breakdown Score 

Dating quality  

1. For the period 57 ka to 45 ka (early MIS 3). Scoring: 0.1 if an age estimate has been 
provided within this time period up to a maximum 0.2 (2 ages), 0.1 if an age has been 
provided for the 10 kyr period prior to the beginning of MIS 3 (acting as a maximum 
age constraint), and 0.1 for a spread of more than 10 kyr between the oldest and 
youngest ages (a measure of the temporal coverage of age control within early MIS 3).  

0–0.4 

2. For the period 45 ka to 29 ka (late MIS 3). Scoring: as above, replacing the 0.1 score 
awarded for a maximum constraining age with an equivalent score for a minimum 
constraining age during the 10 kyr period following the end of MIS 3. 

0–0.4 

3. Dating method (suitability of dating material and type of age control) used within the 
MIS 3 period. See Table 2.2. Value taken from the highest scoring dating method where 
more than one technique has been used. 

0–0.2 

Maximum subtotal: 1 

Proxy quality  

4. Resolution of climate proxy/ies in MIS 3. Scoring: 0 = 1–5 samples; 0.1 = 6–15 
samples; 0.2 = 16–30 samples, 0.3 = 31–60 samples; 0.4 = > 60 samples. The highest 
score is generally limited to very high-resolution proxies (e.g. micro-XRF core scans). 

0–0.4 

5. Number of proxies. Each additional proxy increases the score by 0.1 up to a maximum 
score of 0.3. 

0–0.3 

6. Responsiveness between proxy and hydroclimate. A fast responding proxy such as 
geochemical evidence of rainfall (e.g. speleothem geochemistry) or flood deposits score 
0.3. Indirect or slower responding proxies such as pollen data score 0.2. Hydroclimate 
changes inferred from changes in charcoal score 0.1. 

0–0.3 

Maximum subtotal: 1 

Record continuity  

7. Presence of a hiatus in MIS 3. A continuous record has a maximum score of 0.3. Each 
hiatus reduces this score by 0.1. 

0–0.3 

8. Hiatus above and/or below the MIS 3 record. Such occurrences introduce dating 
uncertainty to inferred MIS 3 ages. Each hiatus reduces the score by 0.1 from a 
maximum of 0.2. 

0–0.2 

Maximum subtotal: 0.5 
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Validation  

9. Comparable results are reported from another site in the same region (green shaded 
areas in Fig. 2.1) or from other proxies at the same site. Scoring: 0.1 for each additional 
published study from the same site detailing use of additional proxies, up to a maximum 
of 0.2. A score of 0.1 is assigned for each additional regional site finding discussed in 
relation to the new findings, up to a maximum of 0.3. 

0–0.5 

Maximum subtotal: 0.5 

 

Table 2.2: Dating methods considered in this review and their quality scores. The latter are based on the 
suitability of dating material for MIS 3 records, and whether the dating technique provides a direct 
numerical age or age-equivalent constraint on the palaeoclimate sequence. 
 

Dating method Dating subtype Type of age 
constraint 

Sample source Score 

Radiocarbon Dating AMS or conventional 
radiocarbon (14C) dating 

Numerical age Bulk sediment 
Disseminated fine 
organics and/or the 
isolated charcoal 
fraction, carbonate 
samples. 
Complete or identified 
organics (e.g. plant 
macrofossils, seeds and 
pollen) 

0.1 
0.15 
 
 
 
 
0.2 
 

Luminescence 
Dating 

Optically Stimulated 
Luminescence (OSL) or 
Thermoluminescence 
(TL) dating 

Numerical age Small sample size (<50 
single grain equivalent 
dose (De) values or <20 
multigrain aliquot De 
values per sample) 
Large sample size (≥50 
single grain De values or 
≥20 multigrain aliquot De 
values per sample) 

0.1 
 
 
 
 
0.2 

Exposure dating Cosmogenic 10Be 
exposure dating 

Numerical age Selected boulder surface 
samples 

0.2 
 

Oxygen isotope 
stratigraphy 

O16/O18 isotope ratio of 
foraminifera 
 

Relative age / age-
equivalence 

Shell calcite 
Pre-treated, etched shell 
calcite 

0.1 
0.15 
 

Magnetics Palaeomagnetic 
inclination 

Relative age / age-
equivalence 

Bulk sediment 0.05 
 

Uranium-Thorium Uranium-thorium 
disequilibrium method  

Numerical age Bulk sediment 
carbonates 
Speleothems 

0.05 
 
0.2 

Amino acid dating Amino acid racemization Relative age / age-
equivalence 

Bulk organics and egg 
shells 

0.1 
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2.5.1 Hydroclimate classification scheme 

There are 30 Australian records spanning MIS 3, with an additional 10 records covering 

only the latter parts of the period (Fig. 2.2 and Supplementary Table A1). To enable further 

analyses of continental hydroclimate, we have used a method similar to Harrison and Digerfeldt 

(1993) and Herzschuh (2006), and classified indicators of dry or wet climate into four classes 

before weighting by the record score, as follows:  

1. We assigned hydroclimate classes to each record in 1000-year time slices. Each time slice 

was classed as follows; 1 = dry climate; 2 = moderately dry; 3 = moderately wet and 4 = 

wet climate. Dryland Australian lakes and river systems were scored on a binary scale, with 

1 representing the absence of water and 4 representing the presence of water. 

 

2. To generate an average hydroclimate record for each 1000-year time slice, the hydroclimate 

class for each record was first weighted by its record score. The collection of these 

weighted classes for each time slice was then averaged to determine the mean continental-

scale hydroclimate (Equation 2.1). In this way, higher quality records have greater weight 

in the final synthesis.  

 
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑤𝑤𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡

=
∑ (𝑤𝑤𝑤𝑤𝑟𝑟𝑟𝑟𝑤𝑤𝑟𝑟 𝑠𝑠𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟𝑡𝑡𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟 × ℎ𝑎𝑎𝑟𝑟𝑤𝑤𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑦𝑦𝑤𝑤𝑤𝑤𝑤𝑤 𝑟𝑟𝑎𝑎𝑤𝑤𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡,𝑟𝑟𝑡𝑡𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟)𝑛𝑛
𝑟𝑟𝑡𝑡𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟=1

∑ 𝑤𝑤𝑤𝑤𝑟𝑟𝑟𝑟𝑤𝑤𝑟𝑟 𝑠𝑠𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤𝑟𝑟𝑡𝑡𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟𝑛𝑛
𝑟𝑟𝑡𝑡𝑙𝑙𝑐𝑐𝑟𝑟𝑟𝑟=1

 

 
Equation 2.1: Average weighted mean equation for the moisture availability for each record at each time 
slice. The equation weights each record’s hydroclimate class by its record score before inclusion in the 
synthesis. 

 

To illustrate spatial hydroclimate variability, the classes for all records were used to 

create ‘surface’ maps of Australia at 5000-year time steps (based on the modal hydroclimate 

class for each record). The mapping was undertaken using the Inverse Distance Weighted (IDW) 

interpolation tool in ArcMap 10 (Dangermond, 2015) which was chosen because the method 

reduces to the overall mean value at a distance from known values (Shepard, 1968), reducing 

possible error due to interpolation artefacts. The IDW power was set to four, providing a drop-
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off in record weighting at a short distance and reducing the influence of individual records that 

may record localised hydroclimate trends. 

To investigate the influence of large-scale climate drivers on Australian hydroclimate, 

records were synthesised from two subsets of the 41-record database: records influenced by 

monsoonal variation (9 records) or variation in the southern westerly winds (SWW; 13 records). 

Defining a subset to determine MIS 3 ENSO variability was not undertaken due to a lack of 

unambiguously ENSO-dominated records. However, the effect of ENSO on Australia’s 

hydroclimate during MIS 3 is detailed in the discussion. Inclusion of records in the SWW or 

monsoon-influenced subsets was determined by a combination of published Quaternary (e.g. 

monsoon records from central Australian lakes (Magee et al., 2004; Fitzsimmons et al., 2012)) 

and modern relationships between rainfall and remote climates drivers (Hendon et al., 2007; 

Fletcher and Moreno, 2011). To assess the influence of low scoring sites on the Australian 

average, a hydroclimate record was created using only the ten highest quality records. 

Finally, to provide comparison with contemporary climate, an average climate state was 

derived from studies that reported the modern hydrological state. These were assigned a score 

between 1 and 4, as described above. Where no modern condition was described, or where 

landscape clearing and/or grazing has altered the study site, the record was excluded from this 

analysis. 

2.6. Results 

2.6.1 Continental trends in hydroclimate 

The average weighted hydroclimate conditions of all 41 records and subsets is illustrated 

in Fig. 2.3. Mean continental hydroclimates were wetter than modern climates between 57–40 

ka, with wettest conditions between ~49–40 ka. After ~40 ka, the climate became drier, 

accelerating to the end of MIS 3, reaching an average moisture availability ~30% lower than 

modern climate. Most sites recorded their driest conditions at the end of MIS 3 (Fig. 2.2). The 

ten high-quality records largely follow the Australian trend (Fig. 2.3), increasing confidence in 

the 41 record synthesis. The high-quality records indicate a slightly earlier commencement of 

drying at ~44 ka, at an increased rate compared to the continental average, indicating rapid 
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drying between ~41–39 ka. After ~39 ka, the high-quality records show continuing drying at a 

similar rate to the full Australian record until the end of MIS 3. 

 
 
Figure 2.2: MIS 3 hydroclimate at Australian sites. Shades of blue indicate relative water availability, 
with darker shades representing greater water availability. Numbers refer to locations shown in Fig. 2.1. 
Where records are incomplete for MIS 3, the basal age is shown. Lake levels are detailed where available, 
in metres. Ep.: ephemeral; De.: becoming deeper; F.: full; D.: dry; W.: wet; Sh.: shallow; Dr. drying. The 
ten highest scoring records are marked with an asterisk. m = records included in the Australian summer 
monsoon-influenced subset, s = records included in the Southern Westerly Wind-influenced subset. a = 
records where radiocarbon ages have been recalibrated.  Additional references from Fig. 2: (Dodson, 1975, 1977 ; Colhoun et al., 1982; Singh and Geiss ler, 1985; Colhoun and van der Geer, 1986; Chen, 1990; E dney et al., 1990; D’Costa et al., 1993; van De Geer et al., 1994; D 'Cos ta and Kershaw, 1995;  Page et al., 1996; Harle, 1997; Wende et al., 1997; Ayliffe et al., 1998;  Bow ler et al., 1998 ; Co lhoun et  al., 1999 ; Longmore and Heijn is, 1999; Eng lish et al., 2001; van der Kaars and De Deckker, 2002; Bowler et al., 2003 ; Black et al., 2006 ; Donders et al., 2006;  Will iams et al.,  2006 ; Kershaw et al., 2007a; Kershaw et al.,  2007b ; Maroulis et al., 2007; Moss and Kershaw, 2007;  Cook, 2009 ; Bourman et al., 2010; Ke mp and Rhodes, 2010; Croke et al., 2011; Fitzs immons et al.,  2012 ; Moss et al., 2013; A tahan et al., 2015 ; Cohen et al., 2015; Burrows et al., 2016) 
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There are notable differences between the MIS 3 hydroclimate records in the southern 

westerly wind and Australian summer monsoon-influenced regions (Fig. 2.3). The SWW-

influenced records are comparatively wetter than the monsoon-influenced records for all of MIS 

3. Records influenced by the SWW also appear to remain wet longer, with the onset of drying in 

mid-MIS 3 delayed until ~39 ka. The monsoon records indicate strong hydroclimate change at 

~48 ka, after which there is a gradual drying to the end of MIS 3. 

 
 
Figure 2.3: Australian MIS 3 hydroclimate anomaly at 1000-year intervals. 
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2.6.2 Spatial hydroclimate trends 

To provide a basis for understanding the veracity of climate inferences based on spatial 

trends during MIS 3, the location of palaeoclimate records and quality of those records is shown 

in Fig. 2.4. The highest record density is in (present day) temperate south-eastern Australia, 

while the high scoring records are widespread – their distribution does not overlap with any 

single major climate driver. The distance between records in inland Australia – especially inland 

Western Australia – is likely to result in less accurate hydroclimate inferences for those regions. 

 

 
 
Figure 2.4: A: Record density included in this synthesis. B: Interpolated surface of the record quality 
scores, with darker shading indicating areas where greater confidence can be attributed to results. 

 

Fig. 2.5 illustrates MIS 3 hydroclimate in six time periods. Between 57 ka and ~50 ka, 

central Australia was predominantly wet, though dry conditions were evident in the north-west. 

There were spatially variable climates in the eastern third of the continent. Between ~50–45 ka 

there is a trend towards a drier north-eastern Australia and generally moist climates in the 

southern-central and south-east parts of the continent. In the 45–40 ka period, central Australia 

became more arid while mildly wet conditions remained in much of the south-east of the 

continent. Widespread aridification of most of the continent is evident between ~40 ka and 29 

ka, with peak MIS 3 aridity evident between ~35 and 29 ka. Notable exceptions to the arid late-

MIS 3 climates are evident in scattered records in the south-east of the continent and Tasmania, 

which remained wet. 
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Figure 2.5: Continental-scale hydroclimate through MIS 3, showing quality score for each record. 
Records are only included when they have hydroclimate data pertaining to the period illustrated. The 
interpolated surface is limited to 750 km from the active records in each period. 
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2.7. Discussion 

2.7.1 Temporal patterns in the Australian MIS 3 hydroclimate record 

Several observations can be made about Australian climate during MIS 3 from 

comparison of the hydroclimate trends in Fig. 2.3. In the first half of MIS 3 the climate was 

wetter than present climate – as indicated by the highest-scoring records (n=10) and the 

continental average (n=41). After drying began at ~45 ka, the high-quality records indicate faster 

drying and remain drier on average to the end of MIS 3. In this context, it may be that small 

amounts of contamination by younger material in the lower quality records have resulted in these 

changes being inferred to occur later than in reality. Due to the lack of resolution in the source 

records, it was not possible to extract millennial scale variability with any accuracy. As such, 

assessment of the effect of Heinrich events or Antarctic isotope maxima, for example, was not 

possible. 

2.7.2 Drivers of spatial and temporal hydroclimate anomalies 

ENSO is a major driver of the modern hydroclimate for much of Australia, with the 

north-east of the continent most strongly influenced by ENSO state and variability (Risbey et al., 

2009). Fossil clam shell δ18O isotope records from Papua New Guinea indicate similar ENSO 

variability to the twentieth century at ~60 and ~40 ka (Driscoll et al., 2014), and a reduction in 

variability between 40–34 ka, in agreement with fossil corals from the same location (Tudhope et 

al., 2001). Recent ENSO modelling supports reduced ENSO variability in late MIS 3 from ~35 

ka (Merkel et al., 2010), similar to previous models of ENSO ‘strength’ (Clement et al., 2001). 

The drying observed in Australian hydroclimate at ~40 ka (Fig. 2.3) may have been in part 

driven by the initial effect of less variable ENSO. 

While clam shell δ18O records indicate fewer El Niño events during MIS 3 compared to 

the Holocene (12 vs. 18 per century) (Driscoll et al., 2014), peat decomposition (humification) in 

north eastern Australia indicates a period of more frequent El Niño events centred on ~40 ka 

(Turney et al., 2004). The observed period of rapid drying indicated by the mean hydroclimate 

~40 ka (Fig. 2.3) and multiple individual records (Fig. 2.5d–e) is likely associated with more 

frequent El Niño events. However, the MIS 3 hydroclimate record does not reflect a return to 

wetter climates associated with lower frequency of El Niño events after ~40 ka (Fig. 2.5e–f). 



Chapter 2         Australian hydroclimate during MIS 3 
 

39 
 

There is evidence that the influence of the Australian summer monsoon on continental 

hydroclimate may have been stronger during late MIS 3 than the present (Magee et al., 2004; 

Leduc et al., 2009), perhaps masking or modulating the effects of ENSO during this time (An et 

al., 2017). 

The fluvial archives of central and northern Australia are sensitive to Australian 

monsoonal hydroclimate as they drain a large proportion of northern Australia (Magee et al., 

2004; Fitzsimmons et al., 2012; Fitzsimmons et al., 2013). The wet climates evident in central 

and northern regions between ~50 and ~45 ka (Fig. 2.5c) are consistent with an intensified 

Australian summer monsoon during the insolation peak. Similarly, drying after ~48 ka (Fig. 2.6f) 

correlates with decreasing mid-latitude summer southern hemisphere insolation (Fig. 2.6a). This 

drying trend reflects the aridification of central Australia (Cohen et al., 2015) as well as the 

monsoon record inferred from Indonesian speleothems (Carolin et al., 2013). However, instead 

of a rapid decline in moisture availability after ~48 ka, the monsoon record indicates a more 

gradual, but continuous, drying of central and northern Australia. 

The southern westerly winds are significantly correlated with precipitation in southern 

temperate Australia (Hendon et al., 2007; Fletcher and Moreno, 2011). While continental drying 

was occurring in late MIS 3, comparatively wetter climates persisted in records influenced by 

SWW variability in southern Australia and Tasmania (Fig. 2.5f). This pattern is consistent with 

observations during the LGM, at which time the SWW were found to either have strengthened or 

moved further north (Fletcher and Thomas, 2010; Kohfeld et al., 2013). Early movement or 

increasing SWW strength in late MIS 3 is additionally supported by dust records from North 

Stradbroke Island, the central tablelands of New South Wales and the southern Pacific Ocean, all 

of which show increased dust transport prior to the end of MIS 3 (Hesse et al., 2003; Petherick et 

al., 2008; Lamy et al., 2014). 



Chapter 2                  Australian hydroclimate during MIS 3 

40 
 

 
 
Figure 2.6: A. MIS 3 January insolation at 30°S (Berger and Loutre, 1991); B. Antarctic CO2 record 
stack (Köhler et al., 2017); C. the age of last megafaunal fossil occurrences (Saltré et al., 2016); D. 
hydroclimate record for southern westerly wind influenced regions (this synthesis); E. Australian 
hydroclimate average (this synthesis); and F. hydroclimate record for Australian summer monsoon-
influenced regions (this synthesis); G. HadCM3 modelled rainfall anomaly for Australia with ± 1 sigma 
s.d. (grey envelope) (Saltré et al., 2016); H. Australia and New Zealand subtropical high pressure belt 
(25o to 45o south) biomass burning reconstruction (Z scores of transformed charcoal influx) with ± 95% 
bootstrap interval (grey envelope) (Mooney et al., 2011) and, I. Global sea level (Grant et al., 2012). 
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2.7.3 The effects of changing MIS 3 climate 

Human occupation of Australia, which is recorded at many sites in the the southern arid 

interior between ~49 and ~44 ka (Bowler et al., 2003; Allen and O'Connell, 2014; Hamm et al., 

2016; Clarkson et al., 2017; Tobler et al., 2017), occurred during comparatively wetter climates 

(Fig. 2.5c). Bass Strait was a barrier for human migration into Tasmania until ~43 ka, when 

receding sea levels created a land bridge (Lambert et al., 2008). The peak loss of megafauna 

occurred at 45 ± 5 ka (Fig. 2.6c) (Cosgrove et al., 2010; Saltré et al., 2016), during a period 

where the proxy data suggest generally widespread high effective moisture (Fig. 2.6e), albeit 

with drying conditions in the monsoon-sensitive region (Fig. 2.6f). 

Our synthesis indicates gradual continental drying from ~48 ka, which would likely have 

affected megafauna populations to a smaller degree than the rapid climate change indicated by 

the central Australian lake systems (Cohen et al., 2015). An absence of dramatic climate change 

corresponding to megafauna extinction has been suggested previously using modelled mean 

continental precipitation (Saltré et al., 2016). While our data largely support this overall 

conclusion, there is in fact little relationship between our mean continental hydroclimate record 

and modelled precipitation (Fig. 2.6e and g). The model predicts a gradually more arid MIS 3 

from 57 ka, reaching its driest state at ~40 ka, before rainfall increases to a peak at ~34 ka. The 

model then infers a rapid decrease in rainfall until the end of MIS 3. Notably, the only major 

peak in rainfall in the model is ~10 kyr later than observed in our synthesis, and much closer to 

the end of MIS 3. 

A recent charcoal compilation for Australia and New Zealand from 25o to 45o degrees 

south (Mooney et al., 2011) – an area containing >70% of the records in our synthesis (Fig. 2.6h) 

– was compared to our hydroclimate synthesis. A linear regression indicated that ~33% of the 

variance in the charcoal record is associated with Australian hydroclimate from records south of 

25o (30 records) (r2 = 0.33, p < 0.005). The relationship suggests that decreasing charcoal influx 

is associated with increasing aridity over the period, potentially reflecting reduced fuel 

availability in response to reduced effective moisture. A possible complication is that the 

charcoal record synthesis contains fewer MIS 3 records than our synthesis (all 13 of the 

Australian MIS 3 charcoal records are included in the synthesis) and includes records from New 

Zealand (Mooney et al., 2011). 
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Increased continentality has been argued to contribute to dry Australian glacial climates , 

even in near-coastal records (Dodson, 1994). This effect has been observed during MIS 4 and is 

argued to have had a large impact on LGM water avaliability in coastal records (e.g. Donders et 

al., 2006; McGowan et al., 2008; Veth et al., 2017) compared to the Holocene and MIS 5. To 

assess the potential influence of continentality on hydroclimates of MIS 3, we performed a 

regression of global sea level (Grant et al., 2012) and mean hydroclimate in the 12 records within 

30 km of the coast. There was a very low r2 of 0.05 (p ≈ 0.27) suggesting it is unlikely that 

continentality during MIS 3 had a notable affect on hydroclimate. 

2.7.4 Future research 

The most fundamental problem in reconstructing Australian MIS 3 climate is the lack of 

data. While a number of published studies are available, they are restricted in two important 

ways: spatially, mirroring the location of wetland sediments that occur in a very small percentage 

of Australia’s land mass; and temporally, in that there are few sedimentary records beyond 40 ka 

(Tibby et al., 2017). The limited number of MIS 3 studies have either low resolution (an average 

of approximately one sample every 1000 years, see supplementary material), and/or they have 

imprecise chronologies, with an average of only four constraining ages during MIS 3. 

The problems of dating and proxy resolution could be partially addressed by resampling 

existing Australian palaeoclimate sites using improved dating methods with a focus on MIS 3. 

Re-analysis of older published records may also result in more detailed records due to new 

analytical and dating techniques. Additionally, increased focus on new sites, such as potential 

speleothem records in Nullarbor Plain cave systems (Lipar and Ferk, 2015; Heath et al., 2018), 

would help address spatial gaps (Fig. 2.4a). 

Recent advances in dating of palaeoclimate archives have the potential to improve the 

Australian MIS 3 climate record. Refined optically stimulated luminescence (OSL) dating has 

significantly improved the reliability of dating beyond the radiocarbon boundary. Key recent 

OSL methodological improvements include the advent of single-grain techniques (e.g. Arnold et 

al., 2012; Arnold et al., 2014), improved statistical analyses of equivalent dose (De) datasets 

(Galbraith and Roberts, 2012), the advent of the single-aliquot regenerative protocol (Murray and 

Wintle, 2000) and the development of extended-range luminescence techniques (e.g. Arnold et 
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al., 2015; Arnold et al., 2016). Age determination has also been improved by the introduction of 

Bayesian age modelling (e.g. Bronk-Ramsey, 2009; Blaauw et al., 2018). Furthermore, 

techniques such as Monte Carlo Empirical Orthogonal Function analysis (Anchukaitis and 

Tierney, 2013; Tyler et al., 2015) allow the extraction of shared variance between sites while 

considering the age uncertainties. 

Relatively new methods such as µXRF and hyperspectral core scanning allow for very 

high-resolution palaeoclimate inferences from sedimentary archives (e.g. Hahn et al., 2014; Sun 

et al., 2016). The introduction of new methods, which can determine past temperature from 

glycerol dialkyl glycerol tetraethers (GDGTs) (e.g. Tierney et al., 2008; Woltering et al., 2014; 

Atahan et al., 2015), chironomids (e.g. Larocque-Tobler et al., 2011; Eggermont and Heiri, 2012; 

Chang et al., 2015) and clumped isotopes (e.g. Affek et al., 2008; Zaarur et al., 2011; Saenger et 

al., 2012), and inferences of past precipitation from compound specific carbon or hydrogen 

isotopes from leaf waxes (e.g. Tierney et al., 2008; Feakins et al., 2014; Feakins et al., 2016), 

would greatly aid in the inference of Australia MIS 3 climate. 

2.8. Conclusions 

Analysis of Australian MIS 3 climate records reveals distinct hydroclimate trends. MIS 3 

began relatively wet, compared to modern climates, with peak moisture availability occurring 

between ~49 and ~40 ka. Thereafter, continental aridity increased for the remainder of MIS 3. 

Southern westerly wind-influenced records indicate high moisture availability throughout MIS 3, 

while Australian summer monsoon-influenced records indicate a gradual drying from ~48 ka, 

until the end of MIS 3. Predominantly wet conditions are evident in central and northern 

Australia between ~50 and ~45 ka, possibly reflecting the influence of both a predominantly La 

Niña-like climate and a stronger Australian summer monsoon. These wet conditions may have 

aided migration of people across the continent. Lastly, the peak loss of megafauna at 45 ± 5 ka 

occurred at a time of generally high moisture availability before a transition into the 

comparatively dry second half of MIS 3. 
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3.2 Preamble 

This chapter details initial work undertaken at Fern Gully Lagoon, North Stradbroke 

Island, presenting the first published interglacial palaeoclimate record for subtropical eastern 

Australia. A foundation for the next two chapters, this chapter includes considerable material on 

dating the record, age-depth modelling, analysis of the inorganic proportion of the wetland 

sediments and a discussion of other records of Australian climates during the Holocene, MIS 5 

and MIS 7. Comparison of Holocene climates to those during recent interglacials is discussed in 

relation to Holocene climate drivers, and the long-term pattern of Australian drying observed in 

central and south-eastern Australia. In addition to foundational work, this chapter also reviews 

recent advances in scanning micro-x-ray fluorescence (µXRF) and compares the large number of 

normalisation methods available for µXRF data using Fern Gully Lagoon sediments. 

This chapter was published as: 

Kemp, C.W., Tibby, J., Arnold, L.J., Barr, C., Gadd, P.S., Marshall, J.C., McGregor, G.B., 

Jacobsen, G.E., 2020. “Climates of the last three interglacials in subtropical eastern Australia 

inferred from wetland sediment geochemistry”. Palaeogeography, Palaeoclimatology, 

Palaeoecology 538. https://doi.org/10.1016/j.palaeo.2019.109463 

I have re-formatted the published article as a thesis chapter, with only minor changes to 

the original text (see Appendix E). However, notation associated with figures, tables and 

equations has changed, being instead prefaced by the chapter number, e.g. Figure 1 is now 

Figure 3.1. The supplementary material associated with the published work is included in this 

thesis as Appendix B. 

3.3 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 
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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 (14C) 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 

desiccation of the wetland and deflation. 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 multiple dating approaches and calibrated geochemical proxies to 

derive climate reconstructions and to identify depositional complexities in organic-rich wetland 

records. 

3.4 Introduction 

Reliable reconstructions of past interglacial climates are important for providing 

analogues of future climate change, and allow us to better understand 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 ± 2 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 regions. Additionally, while these records infer past climate from proxies such as 
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pollen, charcoal and palaeoshorelines, there is not as yet an Australian interglacial record 

utilising µXRF geochemical analysis. 

With the advent of relatively cheap, reliable, reproducable µXRF analysis, climate 

records derived from geochemical studies of wetland sediments have experienced a boom in the 

past decade (Croudace and Rothwell, 2015). Wetland geochemical records represent invaluable 

archives for palaeoclimatology reconstructions, providing constraints on climate change at local 

(e.g. Burrows et al., 2016; Eggenberger et al., 2018; Vegas-Vilarrúbia et al., 2018) 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-Vilarrúbia et al., 2018). 

Here we present a multi-proxy ~210 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 µXRF Itrax scanning to infer locally-

derived aeolian inorganic sedimentation and assess the suitability of OSL and 14C to date the 

complex, organic-rich sediment sequence. 

3.5 Background 

3.5.1 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 (Grant et al., 2012) and higher atmospheric CO2 concentrations (Köhler 
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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 (SST) 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. 3.1a) can influence climate variability for the central 

eastern Australian coast and Tasman Sea (Martinez et al., 2002; Bostock et al., 2006; Pelejero et 

al., 2006). MIS 5e had the warmest WPWP SSTs of the last ~250 kyr (Tachikawa et al., 2014), 

but the MIS 7 interglacial complex and the Holocene were/are warmer than the MIS 5 

interglacial complex by an average of ~1 – 2oC (Lo et al., 2017). 

3.5.2 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 summer 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). 
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Figure 3.1: A: Modified Köppen 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). 
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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 southern 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. 

 
3.5.3 Study site 

North Stradbroke Island is a sand island located along the eastern coast of Australia (Fig. 

3.1). 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. 3.1), with a contemporary climate that is strongly 

influenced by the El Niño – 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 21 ka at Wallen Wallen Creek (Fig. 3.1), with a Holocene increase in human 

occupation peaking at ~1 ka (Neal and Stock, 1986).  

Fern Gully Lagoon (27.417°S, 153.460°E, 39 m ASL) is an approximately 0.8 km2 

perched, palustrine wetland (Leach, 2011) that lies within a shallow bowl 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. 3.1c). 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. 
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3.6 Methods 

3.6.1 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 laterally 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 14C 

dating. The second core (FG15-2) was used to fill gaps in the FG15-1 record and to provide 

additional sediment for 14C 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. 

Moisture and organic content were determined on 930 samples of one cubic centimetre each 

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). 

3.6.2 Itrax µXRF, magnetic susceptibility and X-radiography 

To determine changes in sediment geochemistry, Itrax second-generation micro X-ray 

fluorescence (µXRF; 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.  
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Micro XRF data must be normalised to mitigate the closed-sum effect (Weltje and 

Tjallingii, 2008; Löwemark et al., 2011). However, despite an increasing number of µXRF 

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 µXRF 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 µXRF 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 µXRF 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 µXRF record. These were: 

total 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; Löwemark et al., 2011), titanium normalisation (Vegas-Vilarrúbia 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 µXRF 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 µXRF-derived concentrations, but where there was 

little within-sample variability in µXRF 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 

https://www.scopus.com/home.uri
http://www.webofknowledge.com/
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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), 

µXRF 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. 

The commonly utilised µXRF incoherent/coherent scattering ratio was also evaluated as 

a qualitative indicator of sediment organic content (e.g. Guyard et al., 2007; Jouve et al., 2013; 

Field et al., 2018; Woodward et al., 2018). µXRF water content corrections were also calculated 

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

readings.  

3.6.3 Identification of the aeolian component in the Fern Gully Lagoon µXRF 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. 3.1b). High quantities 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 µXRF scan, their concentration was too low to be accurate, and they were 

not considered further. 
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Table 3.1: Regressions of known quantities of 
oxides and elements via WD-XRF versus 
corrected µXRF 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. Titanium, silicon and zircon 
normalisation had r2 < 0.5, p > 0.05 in all cases 
and are not shown. cts/s: µXRF counts per 
second.  
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We derived a high-resolution record of calibrated µXRF silicon as a primary record of 

aeolian flux. 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. 

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 µXRF record (Fig. 

B2) (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:  

• The surface of modern dunes ~30 m from the edge of Fern Gully Lagoon and ~30 m from 

the edge of nearby Welsby Lagoon. 

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

• The surface of outflow one at Fern Gully Lagoon (Fig. 3.1c). 

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

• An indurated layer representing the B horizon of material below each of the two lagoons.  

These end member samples were scanned using Itrax µXRF and placed on the PCA 

using the vegan predict model (Oksanen et al., 2018). 
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3.6.4 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: 14C 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 14C 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 14C 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 δ13C values, 

the conventional 14C 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 100oC). 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 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. (Demuro et al., 2013; Demuro et al., 2015) 
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The age-depth model for Fern Gully Lagoon was constructed from the 14C 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 k0 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 µXRF 

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. 3.3, B2), 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. 

3.7 Results 

3.7.1 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. 3.2). 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.  
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 Figure 3.2: Relative position of 
FG15-2 (blue line, reversed 
vertical axis) to FG15-1 (black 
line) using the seven elements 
exhibiting the highest counts per 
second. 
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3.7.2 µXRF normalisation and calibration 

Eight of the twelve elements from the µXRF 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 3.1, Fig. B1). Normalisation via titanium, silicon or zircon was largely 

unsuccessful (r2 < 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 (Sáez et al., 2009). 

A lack of correlation between the incoherent/coherent scattering ratio and measured 

water content (r2 = 0.05, p < 0.05, n = 804) indicated that it was not possible to correct the µXRF 

record for water content (see Boyle et al., 2015). However, calibration of the µXRF 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 (r2 

= 0.09, p < 0.05) to inorganic content estimated by LOI, possibly due to the very high organic 

content of the core sequence.  

3.7.3 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. 3.3). 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. 3.3), demonstrating that there is little compaction of the sediments with 

increasing overburden pressure.  
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Figure 3.3: 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 µXRF derived SiO2 

content. The four 
depositional boundaries 
used in the age model 
were derived from silicon 
µXRF counts per second 
(cts, section 3.6.4 and 
supplementary material)  
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Both inorganic content and µXRF-derived silicon content exhibit several peaks and a 

plateau of ~10% inorganic content from ~170–270 cm (Fig. 3.2). Lower zircon levels in this part 

of the record likely indicate smaller average grain size (Cuven et al., 2010). There was a strong 

correlation (r2 = 0.70, p < 0.05) between the LOI inorganic content and µXRF-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. 3.3), the inorganic content and the µXRF silicon 

records indicate very little change, with largely consistent low quantities of inorganic material 

present. 

3.7.4 14C dating 

The AMS 14C ages have a large degree of scatter (Table 3.2, Fig. 3.4). In general, the 14C 

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 3.2). 

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 apparent from some of the single-grain OSL De distributions 

(section 3.7.5). Encouragingly, there is a broad agreement between the paired radiocarbon ages 

obtained at the same depths using terrestrial seeds and terrestrial leaf fragments (Table 3.2). 

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. 

 

 

 



Chapter 3         Climates of the last three interglacials 
 

75 
 

 

Table 3.2: 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. a δ13C values without associated uncertainty due to a 
limited number of determinations. b δ13C is assumed - measured value was not available.  c Maximum 
value beyond calibration range. 14C 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 δ¹³C values relate solely to the graphite derived from 
the fraction that was used for the radiocarbon measurement and have been derived using EA-IRMS, and 
are reported relative to the Pee Dee Belemnite reference standard. Uncalibrated 14C ages have been 
corrected for isotopic fractionation using their measured δ13C values and are quoted with their 1σ errors. 
 
 
 

Sample ID 
Lab ID 

(ANSTO) 
Sample Type 

Depth 

(cm) 
δ13C (‰) 

pMC 

(%) 

Conventional 14C 

Age (14C yr BP) 

Calibrated 14C 

95.4% 

probability 

range (cal. yr 

BP) 

Fern Gully Core 1 (FG15-1)          

FG15 RC-1 OZU189 Terrestrial gum nut 34.5–35.5 -26.0 ± 0.2 87.83 ± 0.31 1,040 ± 30 803 –960 

FG15 RC-2 OZU190 Terrestrial leaf fragment 34.5–35.5 -26.2 ± 0.1 90.62 ± 0.28 790 ± 30 655–730 

FG15 RC-11 OZU792 Terrestrial bark fragment 78.5–79.5 -24.6 ± 0.1 24.52 ± 0.13 11,290 ± 40 13036–13211 

FG15 RC-12* OZU793 Reed stalk segment 78.5–79.5 -24.9 a 46.07 ± 0.18 6,225 ± 35 6952–7238 

FG15 RC-3* OZU191 Reed stalk segment 114.5–115.5 -25.7 ± 0.1 128.18 ± 0.61 Modern Modern 

FG15 RC-4 OZU192 Terrestrial seed 134.5–135.5 -24.1 ± 0.1 15.46 ± 0.11 15,000 ± 60 17966–18366 

FG15 RC-5 OZU193 Terrestrial leaf fragment 134.5–135.5 -22.6 ± 0.1 16.49 ± 0.11 14,480 ± 60 17392–17849 

FG15 RC-13 OZU794 Terrestrial bark fragment 158.5–159.5 -25.0 ± 0.2 13.16 ± 0.10 16,290 ± 60 19422–19870 

FG15 RC-14* OZU795 Reed stalk segment 158.5–159.5 -25.0 b 78.69 ± 0.27 1,925 ± 30 1736–1896 

FG15 RC-6* OZU194 Charcoal  174.5–175.5 -28.5 ± 0.1 2.94 ± 0.04 28,330 ± 120 31637–32682 

FG15 RC-7* OZU195 Reed stalk segment 214.5–215.5 -22.1 ± 0.3 97.97 ± 0.55 165 ± 50 Modern–281 

FG15 RC-8* OZU196 Charcoal  224.5–225.5 -26.7 ± 0.1 0.70 ± 0.03 39,880 ± 330 42916–44192 

FG15 RC-15** OZU796 Terrestrial bark fragment 227.5–228.5 -24.6 ± 0.1 0.71 ± 0.07 39,730 ± 810 42343–44960 

FG15 RC-16* OZU797 Charcoal  227.5–228.5 -26.5 ± 0.3 0.35 ± 0.06 45,400 ± 1,500 46377– c 

FG15 RC-9* OZU197 Charcoal  234.5–235.5 -27.2 ± 0.1 0.25 ± 0.02 48,200 ± 750 46815–49875 

FG15 RC-10* OZU198 Reed stalk segment 274.5–275.5 -23.4 a 2.27 ± 0.07 30,420 ± 240 33945–34803 

FG15 RC-17* OZU798 Charcoal  287.5–288.5 -26.4 ± 0.1 0.41 ± 0.04 44,110 ± 850 45785–49430 

FG15 RC-18* OZU799 Reed stalk segment 287.5–288.5 -26.3 a 0.96 ± 0.04 37,300 ± 360 41178–42297 
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Figure 3.4: 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 confirmed 
terrestrial source. 
 

 

Five 14C samples consisted of 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 a particular issue in 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 2σ calibrated age ranges (Fig. 3.4, Table 3.2).  
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3.7.5 OSL dating 

The single-grain OSL dating results are summarised in Table 3.3, with representative 

single-grain De distributions shown as radial plots in Figure 3.5. The OSL samples from Fern 

Gully Lagoon exhibit a broad range of De distribution characteristics, indicative of spatially and 

temporally variable bleaching and mixing conditions at the site (e.g. Arnold et al., 2007; Arnold 

et al., 2008; Arnold and Roberts, 2009; Arnold et al., 2012). Full discussions of the single-grain 

De 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 3.3). 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 De distribution characteristics observed for the six samples, which are 

characterised by very high overdispersion values (53–119%) and multiple discrete dose 

components (Fig. B7). These multimodal De 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) 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 14C study (section 3.7.4). 

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-specific dose rate for the multiple identified components, these samples are not 

considered suitable for dating. The ages shown for these samples in Table 3.3 are included for 

indicative purposes only and have not been included as likelihood estimates in the Bayesian age 

model.  
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Figure 3.5: Example single-grain De 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 De value used to derive the final burial dose of this sample; (b) Sample FG15 OSL-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 1σ 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). 
 
 
 
 
 
 
 

   

  

 



Chapter 3         Climates of the last three interglacials 
 

79 
 

 
 
Table 3.3: 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.  
 

 
a 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 cm3 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).  

Sample 
Depth 
(cm) 

Water 
Content 
(% dry 
weight) a 

Environmental dose rate (Gy/kyr) b,c,d,e,f Equivalent dose (De) data 

De (Gy) f Final age 
(ka) f,j (core) Beta dose 

rate 
Gamma dose 
rate 

Internal 
dose rate 

Cosmic 
dose rate 

Total dose 
rate 

No. of 
grains h 

Overdisper
sion (σb) 
(%) i  

Age 
Model g 

FG15 OSL-
18 (1) 

171–
180 

320/404/
507 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 

FG15 OSL-
17 (1) 

181–
190 

342/361/
497 0.03±0.005 0.03±0.0009 0.02±0.007 0.03±0.003 0.12±0.01 52 50.9±5.8 CAM 9.08±0.7 77.7±9.2 

FG15 OSL-
16 2 (2) 

204–
213 

386/344/
484 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 

FG15 OSL-
16 (1) k 

204–
213 

386/344/
484 0.03±0.006 0.027±0.001 0.02±0.007 0.03±0.003 0.11±0.01 50 92.2±10.7 MAM-3 1.48±0.1 13.3±2.0 

FG15 OSL-
15 (1) 

214–
223 

336/363/
477 0.03±0.005 0.03±0.0009 0.02±0.007 0.03±0.003 0.12±0.01 96 41.3±3.6 CAM 11.4±0.5 95.5±9.73 

FG15 OSL-
14 (1) 

235–
244 

408/378/
468 0.02±0.003 0.03±0.0007 0.02±0.007 0.03±0.003 0.09±0.009 33 34.5±5.4 CAM 12.7±0.9 135±16.3 

FG15 OSL-
13 (1) 

263–
272 

406/399/
460 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 

FG15 OSL-
12 (1) 

273–
282 

362/402/
456 0.04±0.007 0.03±0.003 0.02±0.007 0.03±0.003 0.1±0.01 131 34.4±2.5 CAM 16.4±0.5 137±15.4 

FG15 OSL-
11 (1) 

283–
292 

446/426/
456 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 

FG15 OSL-
10 2 (2) 

306–
315 

545/433/
457 0.004±0.001 0.007±0.0003 0.02±0.007 0.03±0.003 0.06±0.008 63 33.2±3.7 CAM 13.8±0.6 179±22.4 

FG15 OSL-
10 (1) k 

306–
315 

545/433/
457 0.01±0.003 0.01±0.0005 0.02±0.007 0.03±0.003 0.08±0.009 86 53.3±6.1 MAM-3 1.65±0.1 21.2±2.6 

FG15 OSL-
9 (1) k 

326–
335 

380/450/
455 0.01±0.002 0.02±0.003 0.02±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 

FG15 OSL-
8 (1) k 

405–
414 

572/673/
477 0.009±0.002 0.02±0.0005 0.02±0.007 0.03±0.003 0.08±0.008 80 76.9±8.4 MAM-4 1.40±0.1 19.9±2.7 

FG15 OSL-
8 2 (2) k 

405–
414 

572/673/
477 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 

FG15 OSL-
5 (1) 

655–
674 

629/666/
578 0.005±0.001 0.003±0.0002 0.02±0.007 0.02±0.002 0.05±0.008 37 39.2±5.7 CAM 12.6±0.7 248±40.6 

FG15 OSL-
4 (2) 

777–
801 

438/477/
577 0.007±0.001 0.007±0.0003 0.02±0.007 0.02±0.002 0.06±0.008 85 32.5±3.0 CAM 11.6±0.5 206±29.4 

FG15 OSL-
3 (1) 

813–
832 

443/439/
572 0.004±0.001 0.008±0.002 0.02±0.007 0.02±0.002 0.05±0.008 66 26.7±3.2 CAM 10.8±0.4 201±30.4 

FG15 OSL-
2 (1) 

833–
857 

397/434/
567 0.008±0.001 0.007±0.0005 0.02±0.007 0.02±0.002 0.06±0.008 50 52.4±5.8 MAM-4 10.4±0.6 180±26.4 

FG15 OSL-
1 (2) k 

893–
926 

343/394/
561 0.009±0.001 0.006±0.0005 0.02±0.007 0.02±0.002 0.06±0.008 63 88.8±12.8 MAM-3 0.38±0.1 6.69±2.0 
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c 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). 
d 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). 
e Cosmic-ray dose rates were calculated after Prescott and Hutton (1994), and assigned a relative 
uncertainty of ±10%. 
f Mean ± total uncertainty (68% confidence interval), calculated as the quadratic sum of the random and 
systematic uncertainties. 
g 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 De 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). 
h Number of De measurements that passed the SAR quality assurance criteria and were used for De 
determination. 
i The relative spread in the De dataset beyond that associated with the measurement uncertainties for 
individual De values, calculated using the CAM. 
j Total uncertainty includes a systematic component of ±2% associated with laboratory beta-source 
calibration. 
k Samples excluded from the Bayesian model as they contain multiple discrete dose populations when 
fitted with the FMM (see section 3.7.5 for details). 
 

 
3.7.6 Bayesian age-depth model 

Thirteen single-grain OSL ages and eighteen 14C 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 3.2). The youngest charcoal 14C sample (FG15 RC-

6) had an age that was consistent with the OSL sample collected at 175 cm depth (FG15 OSL-

18) (see Section 3.7.4), 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 14C 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 14C likelihood estimate in the final Bayesian model. 
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Figure 3.6: 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 Aoverall 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 

B4 and illustrated in Fig. 3.6. The final model indicates a basal age of 209.3 ± 28.4 ka (±2σ) 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 (20.9 ± 1.4 ka to 6.5 ± 5.6 ka, 166 – 52 cm) and a late 

Holocene phase (1.7 ± 1.0 ka to 0.45 ± 0.4 ka, 52 – 0 cm) (±2σ, Table B4, Fig. 3.6). 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. 

3.7.7 Identifying aeolian and autochthonous wetland sediment 

Broken stick analysis revealed two significant principal components in the µXRF data 

(Fig. B2), 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 dust input. PC2 was defined by iron and calcium and is likely associated with a 

secondary aeolian source or internal wetland processes (Fig. 3.7). 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 3.7: PCA biplot of µXRF 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. 
 
 
3.7.8 Inorganic sedimentation at Fern Gully Lagoon 

The influx of aeolian inorganics was highly variable over the past 210 ka (Fig. 3.8). 

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 De 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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 Figure 3.8: A: Sedimentation rate (3 cm 
moving average), B: sediment density (X-
radiograph), C: inorganic content, D: 
magnetic susceptibility, E: calibrated µXRF 
aeolian input (silicon, potassium, zircon and 
titanium, PC1) and F: other calibrated µXRF 
inorganic sedimentation (calcium and iron, 
PC2). Records for comparison are G: Native 
Companion Lagoon (NCL) (Petherick et al., 
2009), H: an Australian dust record from the 
South Pacific (Lamy et al., 2014), I: a global 
sea level record from the Red Sea (Grant et 
al., 2012) and J: December mean insolation 
for 30 degrees south (Berger and Loutre, 
1991).  
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3.8 Discussion 

3.8.1 µXRF sediment analysis of highly organic wetlands 

The most commonly used µXRF normalisation method (Table B5) – 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 3.1). The best performing method for correcting µXRF 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 (r2 = 0.85, 

r2 = 0.84 and r2 = 0.78 respectively, where p < 0.05, n = 20 for all values), while multiple 

normalisation methods for aluminium had similarly good r2 values (0.62 – 0.69, Table 3.1). For 

µXRF 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 µXRF 

data (Weltje and Tjallingii, 2008; Croudace and Rothwell, 2015). 

Several recent palaeoclimate reconstructions from wetland sediments have relied on 

µXRF 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 µXRF 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 (r2 < 0.003, p = 0.132, n = 804 

and r2 = 0.05, p < 0.05, n = 804 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 µXRF 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 
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calibration of µXRF records as a minimum requirement for µXRF derived climate studies would 

improve record precision and reduce uncertainty in future work. 

3.8.2 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 14C 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 14C 

samples and 32% of the nineteen OSL samples), our results highlight the general suitability of 
14C 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. 

3.8.3 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 (Chapter 2; Kemp et al., 2019), 

and occurs at the same time as drying in nearby Welsby Lagoon (Cadd et al., 2018). The mid-



Chapter 3         Climates of the last three interglacials 
 

87 
 

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 recorded hiatus at nearby 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 (Chapter 4), and there is no notable change in the calcium record (Fig. 3.2) 

which could indicate mineralisation within the sediment as the result of a major peat fire (Smith 

et al., 2001). Therefore, it is more likely 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. 

3.8.4 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 NSI is a possible additional driver 

for increased inorganic sedimentation. However, macrocharcoal and the proportion of sediment 

inorganic matter are uncorrelated at Fern Gully Lagoon (r2 = 0.04, p > 0.05, n = 632 (Chapter 4; 

Kemp et al., submitted)), 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. 3.8). However, the lack of inorganic sediment immediately after the LGM 
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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 (NCL; Fig 3.8g; McGowan et al., 2008; Petherick et al., 2008) 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, but the hiatus itself indicates that Fern Gully 

Lagoon was similarly dry. 

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 wet 

climates with open water present were found (Kershaw et al., 2007b), and at 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 5e, indicating a drier local climate 

than in MIS 7a–c (Fig. 8; MIS 5e average ~0.24 kg/m2/kyr vs average ~0.14 kg/m2/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 Eyre and Woods 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/m2/kyr, four times greater than during MIS 5e and almost seven times MIS 7a–c 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 5e is observed in several other Australian records, either via increased dry forest 

and herbaceous vegetation (albeit influenced by human impact; Harle et al., 2002; Moss and 
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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 Niño 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 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 5e. 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). The southerly reach and hence strength of 

the EAC can be derived from the position of the Tasman Front (TF; Fig. 3.1), which can in turn 

tracked by changes in SST derived from the relative abundance of benthic and planktonic 

foraminifera in ocean sediments (Kawagata, 2001). SST records indicate similar temperatures for 

MIS 5e and the Holocene (at ~23°C for NGC100 and NGC99; Kawagata, 2001) as a result of 

similar TF position and hence EAC strength. A more southerly penetration of relatively warm 

EAC waters during interglacials likely drove higher rainfall in subtropical and temperate eastern 

Australia independently of major continental climate drivers such as ENSO. Similar to the  

influence of the Agulhas Current on regional rainfall in south-eastern Africa (Jury et al., 1993; 

Nkwinkwa Njouodo et al., 2018), the major driver of increased water availability in subtropical 

and temperate eastern Australia with a stronger EAC was likely the influence of warmer waters 

on regional convective rainfall. 
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3.9 Conclusions 

Analysis of a new discontinuous sedimentary record from Fern Gully Lagoon using 14C 

dating, single-grain OSL dating and µXRF core scanning has enabled the reconstruction of a 

regional palaeoclimate sequence spanning the last three interglacial complexes. An evaluation of 

µXRF normalisation methods indicated that normalisation by total counts per second was the 

most effective method for Fern Gully Lagoon sediments. 

The silicon-rich elemental signature of increased aeolian input to Fern Gully Lagoon, 

associated with drier climates, was characterised by PC1, which also reflected variation in 

potassium, titanium and zircon. 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 record and central Australian lake records fed by the Australasian summer 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 Niño events. Understanding how ENSO changes during interglacials is important in 

predicting future moisture 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 climate record may assist in answering some of these questions 

as it represents a new record of ENSO activity at interglacial time scales as well as adding to the 

list of palaeoclimate records used to validate and tune new climate models. 

It is difficult to determine 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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4.2 Preamble 

The inorganic record of regional climates presented in Chapter 3 relies on the assumption 

that vegetation density on North Stradbroke Island was driven by changes in moisture 

availability. Pollen and charcoal studies were undertaken to infer vegetation assemblages and fire 

frequency during past interglacial complexes as well as to address other possible drivers of 

vegetation density (e.g. fire frequency, vegetation shift from closed to open woodland, 

temperature etc.), and to assess findings of a comparatively dry Holocene. Chapter 4 details the 

methods used, construction and interpretation of these records and includes discussion of 

regional climate drivers based on record comparison with other Australian recent interglacial 

climate records. 

This chapter was submitted to the Journal of Quaternary Science in December 2019 as: 

Kemp, C.W., Tibby, J., Arnold, L.J., Barr, C. (in prep) “Climate, fire, and vegetation history 

from subtropical North Stradbroke Island (Minjerribah), eastern Australia during the last three 

interglacials”. 

The manuscript was resubmitted with changes after peer review in May, and again in 

October 2020. 

I have re-formatted the resubmitted article as a thesis chapter with only minor changes to 

the original text. However, notation associated with figures, tables and equations has changed, 

being instead prefaced by the chapter number, e.g. Figure 1 is now Figure 4.1. The 

supplementary material associated with the submitted work is included in this thesis as Appendix 

C. 

4.3 Abstract 

Records of Australian palaeoclimate beyond the last glacial cycle are rare, limiting 

detailed analysis of long-term climate trends and associated ecosystem responses. This study 

analyses a discontinuous pollen and charcoal record from Fern Gully Lagoon, North Stradbroke 

Island (Minjerribah), subtropical Queensland, Australia, which covers much of the last ~210 

thousand years. Climate variation is inferred from changes in vegetation, while analysis of 

micro- and macro-charcoal is used to infer fire activity. Vegetation assemblages consist of ~40% 
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rainforest taxa during marine isotope stage (MIS) 7a–c and early MIS 5. These are inferred to 

result from high rainfall in the Australian subtropics, which was also evident in north-east and 

central Australia. Three periods of increased fire activity at ~198, 188, and 182 ka were 

associated with a temporary reduction in rainforest taxa, and corresponding transient increase in 

sclerophyll taxa. The relative abundance of rainforest taxa on North Stradbroke Island declined 

to ~5% of the terrestrial sum in late MIS 2 and never recovered. Human impact after 21 ka likely 

supressed rainforest recovery to some extent. However, increased abundance of Poaceae and 

reduced representation of aquatic taxa indicates that the Holocene was the driest interglacial of 

the past ~210 kyr.  

4.4 Introduction 

Understanding both short- and long-term impacts of human-induced climate change 

requires both short duration records, such as from ecological monitoring, and long-term records 

of past environmental change as derived from palaeoenvironmental reconstructions (Fischer et 

al., 2018; Hoffman et al., 2017). Palaeoenvironmental inferences ideally need to draw from 

multiple, comparable periods of sea levels, atmospheric CO2 concentrations and global 

temperatures to separate global or continental-scale climate change from regional or local 

climate drivers (Harrison and Bartlein, 2012). Global mean climates during several of the past 

interglacial complexes were comparable to Holocene climates, with the most recent being early 

marine isotope stage 5 (MIS 5e) and MIS 7a–c (Berger et al., 2015). 

Relatively few Australian records cover or extend beyond the previous interglacial 

complex (MIS 5; 130–71 ka). The majority of records that span the earlier interglacial (MIS 7a–

c; 215–191 ka) to the present indicate that there has been a gradual drying of Australia over the 

past 230 kyr (e.g. Fu et al., 2017; Kershaw et al., 2003; Moss and Kershaw, 2007). Central 

Australian lake-level reconstructions provide the clearest evidence of drying, with multiple lakes 

and streams in both southern central (Fu et al., 2017; Nanson et al., 2008), and northern central 

(Bowler et al., 2001) Australia recording declining discharge and lower lake levels. Drying is 

also recorded in pollen records from offshore tropical north-eastern Australia (Moss and 

Kershaw, 2007) and speleothem growth in south-eastern Australia (Ayliffe et al., 1998). 
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Australian hydroclimates are influenced by a range of drivers, the most important of 

which, in terms of its spatial coverage, is the El Niño Southern Oscillation (ENSO; Freund et al., 

2017; Risbey et al., 2009). ENSO is a major driver of rainfall variability for ~70% of the 

continent, with the strongest influence in northern and, particularly, north-eastern Australia 

(Freund et al., 2017; Lu et al., 2018). ENSO has two phases: El Niño: linked to generally drier 

climates in Australia, and La Niña, linked to wetter climates (Freund et al., 2017). ENSO records 

from the West Pacific Warm Pool (WPWP) and eastern Pacific indicate that there were either 

more persistent or more frequent La Niña-dominated climates during late MIS 7a–c, early MIS 6 

(Pena et al., 2008) and early MIS 5 (Pena et al., 2008; Tudhope et al., 2001), likely leading to 

increased Australian rainfall (Kershaw et al., 2007). 

 

 
 
Figure 4.1: A: Mean surface Global Precipitation Climatology Project (GPCP) precipitation correlation 
with sea surface temperatures for the Nino 3.4 region between 1980 to 2016 (Nov–Oct: the local 
hydrological year), showing location of Fern Gully Lagoon, and the approximate modern routes of the 
East Australian Current (EAC), South Equatorial Current (SEC), Tasman Front (TF) and the New Guinea 
Coastal Undercurrent (NGCUC; Bostock et al. 2006), B: Topographic map with a satellite image of Fern 
Gully Lagoon, indicating the location of outflow points and the location of the core. 

 

The Australian summer monsoon is a major source of rainfall for tropical northern and 

arid central Australia (Risbey et al., 2009). Above-average effective precipitation resulting from 

more southerly penetration of Australian summer monsoon rainfall was evident in northern and 

central Australia during early MIS 6, MIS 5e and MIS 5a (Bowler et al., 1998; Fu et al., 2017). 
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Precipitation on the north-eastern coast of Australia is strongly influenced by variability in the 

Southern Pacific Convergence Zone (SPCZ), which arises from low-level convergence between 

north-easterly trade winds and weaker westerly winds, and is in turn influenced by ENSO phases 

(Brown et al., 2020). 

Fire is a key indicator, and consequence, of long-term climate variation in Australia 

(Kershaw et al., 2002). While climate exerts a direct influence on Australian fire regimes on 

annual timescales, this influence is modulated on longer timescales by climate-driven alterations 

to biomass (Mooney et al. 2011, Mariani et al., 2019). Records of microcharcoal flux have been 

used extensively in palaeoclimate studies, primarily as indicators of regional biomass burning 

(Whitlock and Larsen, 2001), with recent studies indicating that vegetation type and wind 

strength can also influence microcharcoal flux (e.g. Fletcher et al., 2014; Mariani et al., 2019). 

Human influence on regional fire regimes is also apparent in many Australian records (e.g. 

Kershaw et al., 2007; Fletcher et al. 2010), but is argued to have had little impact on biomass 

burning at a continental scale (Mooney et al. 2011). 

In addition to fire, vegetation succession, due to progressive leaching of phosphorus and 

other nutrients from dune sequences, may be an important driver of vegetation change at glacial-

interglacial time scales on sand islands such as Fraser Island and North Stradbroke Island 

(Longmore and Heijnis, 1999; Chen et al., 2015; Walker et al., 2018). It is argued that as dunes 

become phosphorus limited, vegetation progresses from mixed Eucalyptus and Casuarinaceae 

sclerophyll forests to vine forests, and low Banksia woodland on dunes formed before 200 ka 

(Chen et al., 2015). 

Atmospheric CO2 concentration may be an important driver of change vegetation at 

glacial-interglacial timescales, due to its direct influence on plant physiology (Prentice et al. 

2017). A reduction in atmospheric CO2 concentration results in ‘drier’ vegetation assemblages 

due to greater vegetation demand for water (Prentice et al. 2017; Dupont et al. 2019). While CO2 

concentrations were similar during early MIS 5 and the Holocene (~270 – 280 ppmv), allowing a 

more direct comparison of pollen-based climate inferences between these interglacials, CO2 

concentrations during MIS 7a–c and MIS 5a–c were on average ~20–30 ppmv lower (Bereiter et 

al. 2014). 
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Our study builds on a recent ~210 kyr climate record derived from sediment 

geochemistry at Fern Gully Lagoon (Chapter 3; Kemp et al., 2020). This study aims to:  

i) Establish a record of terrestrial and wetland vegetation during past interglacial 

complexes and the Holocene, enabling qualitative comparison of interglacial 

temperatures and effective precipitation. 

ii) ii) Investigate any relationship between local fire frequency and vegetation 

assemblages during recent interglacial complexes. 

4.5 Study site 

North Stradbroke Island (NSI), also known by its pre-European colonisation name 

Minjerribah, covers ~275.2 km2, making NSI the world’s second-largest sand island after Fraser 

Island. NSI and Fraser Island are part of the world’s oldest and largest coastal dune system 

(Patton et al., 2019; Ellerton et al. 2020), which also includes the mainland Cooloola sand mass 

and Peregian sandhills, and Bribie and Moreton Islands (Walker et al., 2018; Patton et al., 2019). 

Subtropical NSI has a modern mean annual rainfall of approximately 1550 mm, a dry winter and 

a wet summer. The island has an average annual minimum of 15°C and maximum of 29°C 

(1997–2019; BOM, 2019), with ENSO as the key driver of rainfall variability at interannual 

timescales (Fig. 1a; Barr et al. 2019). 

NSI vegetation is dominated by open Eucalyptus and Casuarinaceae sclerophyll forests, 

woodland and heath (Specht, 2011). Other vegetation types include dense low thick scrublands 

and dune grasses on the coastal dune sequences of the island’s east coast, mangrove vegetation 

and saltmarsh on the sheltered western coast and an area of closed woodland in the north of the 

island where Banksia and Callitris are important elements (Walker et al. 1981; Specht, 2011). 

Pollen records have been developed on NSI from Welsby Lagoon (~80 ka), Native 

Companion Lagoon (~47 ka), Blue Lake (~7.5 ka), Swallow Lagoon (~8.5 ka) and Tortoise 

Lagoon (~37 ka) (Petherick et al. 2008; Barr et al., 2013, Moss et al., 2013, Petherick et al. 2017; 

Cadd et al., 2018, Mariani et al., 2019). These records are likely to have been dominated by local 

vegetation, as a recent Australian study has shown that the dominant source area of pollen taxa 

with similar morphology to those from NSI was within a radius of ~10 km (Mariani et al., 2016). 
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Fern Gully Lagoon (Fig. 4.1b, 27.417°S, 153.460°E, 39 m ASL) is a ~0.8 km2 perched, 

oligotrophic, palustrine wetland, situated in a shallow bowl of vegetated dunes near the north-

western end of NSI (Leach, 2011). The wetland is sheltered by surrounding dunes, which reach 

up to ~26 m above the wetland surface. Fern Gully Lagoon has no notable overland inflow due 

to highly permeable surrounding sands. As such, available moisture is determined by direct 

rainfall. Fern Gully Lagoon has two above-ground overflow points, the most active of which 

drains the wetland via the eponymous Fern Gully through Flinders Scarp (Fig. 4.1b; Kemp et al. 

2020).  

A chronology for the Fern Gully Lagoon record has recently been established using a 

combination of six radiocarbon ages for the upper two metres, and 13 single-grain optically 

stimulated luminescence ages (Table C1, Chapter 3, Kemp et al., 2020). Age-depth modelling 

indicated four distinct sedimentation phases separated by hiatuses: a MIS 7a–c to early MIS 6 

phase (209.3 ± 28.4 to 177.5 ± 25.4 ka), a late MIS 6 to late MIS 3 phase (155.2 ± 24.9 to 34.7 ± 

14.5 ka), a mid-MIS 2 to early Holocene phase (20.9 ± 1.4 ka to 6.5 ± 5.6 ka) and a late 

Holocene phase (1.7 ± 1.0 ka to 0.45 ± 0.4 ka) (mean ± 2σ, Fig. C1, Table C1, Chapter 3, Kemp 

et al., 2020).  

4.6 Methods 

4.6.1 Extraction, pollen and microcharcoal 

In April 2015, two nine metre cores were extracted from the approximate centre of Fern 

Gully Lagoon using the Bolivia modification of the Livingstone square-rod piston-corer (Myrbo 

and Wright, 2008). Further details are provided in Kemp et al. (2020). Pollen and microcharcoal 

samples of 1 cm3 were collected every 10 cm for the top three meters of core, and every 20 cm 

for the remainder of the record. Sample preparation followed Faegri et al. (1989), modified to 

use heavy liquid instead of hydrofluoric acid to remove inorganic sediments after Field et al. 

(2018). A Lycopodium spore spike (Lund University, Batch 3862) was used to determine the 

absolute pollen and microcharcoal concentration, with a single tablet added to each 1 cm3 sample 

during the dispersion phase.  

Palynomorph counting for each of the 61 samples was limited to either 300 identified 

terrestrial pollen grains or two coverslips (44 x 22 mm; ~200 transects) whichever came first. 
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Microcharcoal particles between 10–50 µm were counted in conjunction with palynomorphs. A 

Zeiss Axio Scope A1 microscope, with 10x oculars and an EC Plan-NEOFLUAR 63x objective 

was used to identify palynomorphs and microcharcoal particles. Reference photographs of 

palynomorphs were taken using an Axiocam 105 colour 5-megapixel camera, using Zen Lite 2.6 

software. Reference materials used for identification included the Australian National University 

(http://apsa.anu.edu.au/) and University of Newcastle 

(https://www.geo.arizona.edu/palynology/nsw/) collections. Taxa were identified to species level 

where possible. The term Eucalyptus is used in the broad sense (sensu lato) throughout this 

study. Major terrestrial habitat groups (rainforest, sclerophyll, and herb and grass taxa) are 

presented as relative proportions of the terrestrial pollen sum. Melaleuca, which grows on the 

surface of Fern Gully Lagoon, was classified as an aquatic taxon. 

Tilia version 2.0.41 (Grimm, 2015) was used to calculate the relative abundances of taxa, 

both as proportion of all terrestrial grains, and as a proportion of all pollen grains in the case of 

aquatic taxa. Pollen zones were defined with constrained incremental sum of squares cluster 

analysis (CONISS; Grimm, 1987), using the terrestrial taxon subset. We applied principal 

component analysis to the pollen record using the vegan package for R (Oksanen et al., 2018) to 

determine shared variance between terrestrial taxa and identify indicator taxa, which could then 

be used to estimate changes in climate. 

The distribution of modern taxa was used to assist in inferring climate from the Fern 

Gully Lagoon pollen record, after Moss and Kershaw (2000). Mean annual precipitation and 

mean annual air temperature envelopes were calculated using the Biodiversity and Climate 

Change Virtual Laboratory (http://www.bccvl.org.au/) with datasets of current taxon 

distributions from the Atlas of Living Australia (https://www.ala.org.au/). 

4.6.2 Macrocharcoal 

To derive the 930-sample macrocharcoal record, >250 µm fragments of charcoal were 

separated from weighed 1 cm3 sediment samples at 1 cm increments. Following disaggregation 

in 5% H2O2 for seven days (Rhodes, 1998), washed samples were photographed on a white LED 

lightbox. Lightbox photos underwent image analysis using ImageJ software (v.1.8.0_66 (64-bit); 

Rasband, 2015), with red colour thresholding used to eliminate partially bleached non-charcoal 

http://apsa.anu.edu.au/
https://www.geo.arizona.edu/palynology/nsw/
http://www.bccvl.org.au/
https://www.ala.org.au/
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fragments. The area occluded by charcoal fragments was calculated after Mooney and Black 

(2003), calibrated to an in-picture scale. The total area of charcoal is expressed as mm2 per dry 

gram of sediment (mm2/g). 

CharAnalysis was used to identify periods of increased fire activity in the macrocharcoal 

record, with the subset of samples for each sedimentation phase interpolated to the median age 

interval. The background charcoal input (CHARback) was determined using locally weighted 

scatterplot smoothing (LOWESS) and was set to 500 years. The signal to noise index (SNI) was 

set to determine important peaks above a threshold of three, following Kelly et al. (2011), and 

the fire return interval (FRI) was set with a 1000-year smoothing window. For further details of 

CharAnalysis see Higuera et al. (2009).  

To determine whether charcoal records correlated with vegetation habitat groups (e.g. 

herbs and grasses; Fletcher et al., 2014; Mariani et al., 2019), or whether changes in fire 

frequency resulted in changes in vegetation assemblages or vice versa, macro- and micro-

charcoal records were compared to the pollen record using shared sample points. Additionally, 

cross correlation between the pollen record and one, two, three, four and five cm leads and lags 

in the macrocharcoal record (~80–400 years, after Olchev et al. 2017) was used to identify any 

offset relationships between habitat types and fire frequency in the first sedimentation phase 

(~210–178 ka). 

Time series analysis was performed on the macrocharcoal record between ~210 and ~178 

ka (first sedimentation phase at ~80 years per sample) and between ~155 and ~35 ka (second 

sedimentation phase at ~1.1 kyr per sample) to identify the influence of any climate cycles on 

fire frequency. Monte Carlo Redfit (Schulz and Mudelsee, 2002) with a false alarm level of 

99.8% (Thomson, 1990) and continuous wavelet transform analysis (Torrence and Compo, 1998) 

were used to identify cycle frequency and active duration. 
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4.7 Results 

4.7.1 Pollen and Charcoal 

One hundred and fifteen pollen and spore types were identified. Pinus radiata pollen was 

found on the core top and at 10 cm, indicating sedimentation above 11 cm took place following 

European settlement. While it was not possible to identify many grains to the genus level, it was 

possible to refine some inferences to family level and a few grains to the species level. For 

example, no Apiaceae grains were identified as belonging to Hydrocotyle and the Apiaceae sum 

is unlikely to include Oenanthe japonica. Nothofagus moorei and Nothofagus cunninghamii were 

not separated due to morphological similarities and are presented as Nothofagus 

moorei/cunninghamii. CONISS cluster analysis identified four pollen zones, with separations at 

670, 288 and 165 cm (Fig. 4.2). The most pollen taxa during each sedimentation phase are listed 

in Table C2. Correlation statistics for relationships (including offset relationships) between 

macro- and micro-charcoal flux and vegetation types are listed in Table C3 and C4. 

4.7.1.1 Zone FG1 – MIS 7a–c to MIS 6 transition (943 – 670 cm, ~210 – 197 ka): 

Zone FG1 is dominated by Eucalyptus and Casuarinaceae. There is a gradual increase in 

the abundance of rainforest taxa, particularly Araucaria and Agathis, which reach around 20% of 

the terrestrial sum by 750 cm (~201 ka) from initial trace values, associated with a gradual 

decline in Eucalyptus. At 820 cm (~205 ka), there is a peak in the dominant aquatic taxa 

Cyperaceae, which gradually declines as the proportion of Restionaceae increases at the end of 

the zone. At the base of the core and at 880 cm (~209 and ~208 ka), there are two early peaks in 

fern spores, after which abundances stabilise at ~0.2% of the terrestrial sum. After two peaks at 

the beginning of the zone, microcharcoal abundance also declines to a low and largely constant 

level from 880 cm (~208 ka), while macrocharcoal peaks at 834 and 830 cm (~206 and ~205 ka). 

4.7.1.2 Zone FG2 – Early MIS 6 (670 – 280 cm, ~197 – 178 ka): 

Rainforest representation, driven by Araucaria and Agathis, peaks at 470 cm (~187 ka) at 

~45% of the terrestrial sum, before gradually declining to the end of zone FG2. Zone FG2 

contains the only major peaks of rainforest Syzygium and the dry-forest shrub Ericaceae at 580 

and 460 cm, respectively (~192.5 and ~186.5 ka), where they account for ~12% and ~30% of the 

terrestrial sum. Restionaceae makes up a large part of the total pollen count, reaching ~65% of 
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the total sum in the early part of the zone, and peaking again at 370 cm (~182 ka), matching the 

timing of a Poaceae peak. There is an increase in charcoal flux from 587 cm (~192 ka), with 

coeval peaks at 482 cm (~188 ka). 

4.7.1.3 Zone FG3 – Late MIS 6 to mid-MIS 3 (280 – 165 cm, ~155 – 35 ka): 

After an initial high at ~274 cm (~142 ka), there is a gradual decline in rainforest taxa in 

zone FG3, but with highest values of the record for Nothofagus moorei/cunninghamii. The 

representation of sclerophyll vegetation increases gradually, driven by a ~30% increase in 

Casuarinaceae. Grass and herb taxa diversity is relatively high in zone FG3. The relative 

abundance of Poaceae increases gradually, reaching ~15% at 180 cm (~83 ka). Both micro- and 

macro-charcoal records have very low flux during this time. 
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Figure 4.2: Fern Gully Lagoon 
lithology, pollen, spore and 
charcoal records.  
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^ Figure 4.3: Modern mean annual precipitation 
and mean annual temperature distributions (10–90 
percentile ranges) of selected indicator taxa (via 
PCA groupings, Fig. C2). Nothofagus: Nothofagus 
moorei/cunninghamii. Modern annual mean 
temperature and mean precipitation for Fern Gully 
Lagoon is based on the closest instrumental record 
to Fern Gully Lagoon: Point Lookout (1997 to 
2019; BOM, 2019). 

 

 

< Figure 4.4: Results plotted by age. A: 
Sedimentation rate as calculated from the 
Bayesian age-depth model. B: Relative 
abundances of terrestrial pollen. C: Relative 
abundance of aquatic taxa. D: Pollen 
concentration, in grains/cm3. E: Microcharcoal 
flux (particles/cm3/yr). F: Macrocharcoal flux 
(mm2/cm3/yr). Arrows indicate periods of 
increased fire activity identified by CharAnalysis. 
G: Inorganic content of Fern Gully Lagoon 
sediments via calibrated µXRF analysis (Chapter 
3; Kemp et al., 2020). H: Antarctic composite 
CO2 record (Bereiter et al., 2014). I: Global sea-
level record via the Red Sea (Rohling et al., 
2009). J: December mean insolation for 30 
degrees south (Berger and Loutre, 1991). Vertical 
lines indicate the approximate timing of the MIS 
7a–c to MIS 6 glacial transition as identified by 
CONISS and the approximate MIS 6 to MIS 5e 
glacial termination as determined by the mean 
age-depth model. DP.: mid-MIS 5 dry period. 
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4.7.1.4 Zone FG4 – late MIS 2 and the Holocene (165 – 0 cm, ~21 – 6.5, 1.7 – 0 ka): 

Zone FG4 has largely constant proportions of sclerophyll, rainforest and herb taxa 

throughout. It has the lowest relative abundance of rainforest taxa at ~5%, and corresponding 

highest sclerophyll contribution at ~87%, dominated by Casuarinaceae (~65% terrestrial sum), 

with gradually increasing Eucalyptus values. Aquatic taxon abundance dips at 140 cm (~18.5 ka) 

before stabilising at ~20% of the total sum. There are coeval peaks in the micro- and macro-

charcoal records at 150 cm (~19 ka), and at 73 cm (~7.8 ka). 

4.7.2 Modern mean precipitation and temperature envelopes 

The modern climate space distributions for six indicator taxa have a substantial overlap in 

both rainfall and temperature (Fig. 4.3). Modern precipitation climate envelopes ranged from 

relatively wet at ~1020–2000 mm/year for Agathis to relatively dry at between ~225–1125 

mm/year for Casuarinaceae. Modern mean annual air temperature envelopes ranged from ~17.5–

25°C for Agathis to ~8.5–15°C for Monotoca. 

4.7.3 Fire frequency 

CharAnalysis identified 14 periods of increased fire activity (Fig. 4.4f). Eight periods 

were identified during the earliest sedimentation phase (MIS 7a–c and early MIS 6; ~210–178 

ka). The first period occurs during early MIS 7a–c at ~205 ka, after which burning occurs with 

increasing frequency through the glacial transition. Only a single period increased fire activity 

was identified during the second sedimentation phase, at ~95 ka, during MIS 5c. Low charcoal 

flux recorded during the second phase of sedimentation may, in part, result from normalisation 

by dry sediment mass, as there was an elevated level of inorganic sedimentation during that 

phase. There were five periods identified during the Holocene, with increased charcoal at ~1.5, 

1.1 and 0.7 ka corresponding with three peaks of inorganic sedimentation (Fig. 4.4g). 

Redfit and Wavelet analysis indicated that ~1.0 kyr biomass burning cycles were present 

between ~210 and ~178 ka (Fig. 4.5a). Wavelet analysis of the macrocharcoal record (Fig. 4.5b) 

also identified a ~5.2 kyr cycle during the first phase of sedimentation, and indicated possible 

fire regime change during the transition into MIS 6, with a hiatus in a ~2.5 kyr cycle. There was 

also a significant ~4.2 kyr biomass burning cycle during the longest sedimentation phase from 

late MIS 6 to late MIS 3 (~155–35 ka, Fig. C3). 
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Figure 4.5: Time series analysis for ~210 to ~178 ka. A.: Monte-Carlo Redfit analysis of macrocharcoal 
area mm2/cm3/year; B.: Macrocharcoal continuous wavelet transform (black line: p = 0.05). 
 

4.8 Discussion  

4.8.1 Vegetation reconstruction 

During the earliest phase of sedimentation – MIS 7a–c to MIS 6 (Zones FG1 and FG2, 

~210–178 ka) – an increasing proportion of rainforest taxa and a decline in sclerophyll taxa 

indicates that there was a gradual transition from dry sclerophyll woodland to an Araucaria and 

Casuarinaceae-dominated assemblage (Fig. 4.2). Palustrine wetland vegetation was relatively 

sparse until an increase in sedges (Cyperaceae) followed by rushes (Restionaceae) from ~204 ka. 

During the transition into the MIS 6 glacial at ~197 ka, sedges declined, and rushes became the 

dominant aquatic taxon, associated with an increase in Melaleuca. During early MIS 6, the 

diversity of rainforest taxa, herbs and grasses increased. 

Rainforest taxa, particularly Agathis and Nothofagus moorei/cunninghamii canopy trees, 

make up a notable proportion of the terrestrial sum in late MIS 6 – early MIS 5 (Zone FG3, Fig. 

4.2). The predominantly sclerophyll undergrowth present in the largely Casuarinaceae and 

Agathis dominated vegetation at the start of the phase declined through MIS 5 to be replaced by 

a mix of herbs, grasses and rainforest taxa. At the end of MIS 5 and into MIS 4, rainforest taxa 

declined, leading to a more open and grassier Casuarinaceae-dominated woodland. 

The largely Agathis and Casuarinaceae-dominated vegetation of late MIS 3 lost 

remaining rainforest canopy taxa during the LGM and became a true sclerophyll woodland. In 
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the second half of MIS 2, rainforest pollen was present only in very low quantities (Fig. 4.2) and 

may be indicative of an extra local source. The relative proportion of terrestrial and aquatic taxa 

remained broadly constant at Fern Gully Lagoon during the Holocene when compared to 

previous interglacials, with periodic changes in the abundance of rushes and sedges being the 

main feature. 

4.8.2 Vegetation change due to nutrient availability 

As noted earlier, gradual nutrient depletion due to leaching is argued to be an important 

driver of vegetation succession on sand islands (Chen et al., 2015; Walker et al., 2018). Gradual 

phosphorus depletion in surrounding dunes may have contributed to increasing sclerophyll 

vegetation at Fern Gully Lagoon, potentially complicating interpretation of changes in effective 

precipitation. However, no apparent increase in the relative abundance of Banksia on NSI, or 

other sclerophyll taxa associated with >200 kyr old dune sequences (Fig. 4.2), combined with the 

continued presence of abundant rainforest taxa until at least ~35 ka (Fig. 4.4b), indicates that 

vegetation succession is unlikely to be a major driver of vegetation change on NSI. 

4.8.3 The impact of fire on vegetation assemblages at Fern Gully Lagoon  

There is little to no linear relationship between either micro- or macrocharcoal and 

sclerophyll, rainforest, grass and herb, arboreal or shrub taxa habitat groups at Fern Gully 

Lagoon (Table C3, C4). The lack of a consistent relationship between vegetation and fire for the 

past ~210 kyr may indicate that vegetation-fire relationships are stronger when vegetation 

assemblages are dominated by sclerophyll taxa (i.e. the Holocene) or at timescales below the >1 

kyr sampling interval in this study. 

Several long-term (>1 kyr) relationships between periods of increased fire activity 

(determined by CharAnalysis) and vegetation assemblages were identified during the first phase 

of sedimentation (~210–178 ka), and the Holocene. Isolated periods of increased fire activity 

(Fig. 4.4f arrows) were generally associated with a short-term rise in herbs and grasses, as well 

as the gradual loss of pyrophobic rainforest taxa, with a corresponding rise in the relative 

abundance of pyrophytic sclerophyll taxa (Fig 4.4b,f). This pattern has been observed in other 

Australian vegetation records (Kershaw et al. 2007; Fletcher et al. 2014). The strongest examples 

in the Fern Gully Lagoon record are notable peaks in fire activity at ~198, 188, and 182 ka, 
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which are each associated with temporary reductions in the abundance of rainforest taxa, 

followed by a 1–5 ka-long recovery to ~45% of the pollen sum (Figure 4.4b,f). An increase in 

the number of periods of increased fire activity during early MIS 6 may be related to a change in 

vegetation, as there is an associated ~5% increase in the relative proportion of herbs and grasses. 

4.8.4 Palaeoclimate interpretation 

The basal age of the record, which has a large degree of uncertainty at 209.3 ± 28.4 ka 

(2σ; Chapter 3; Kemp et al., 2020), may be more tightly constrained by the presence of cool-

climate taxa. The presence of cool-climate Apiaceae (Jara et al., 2015), combined with cool 

temperate Nothofagus moorei/cunninghamii (Fig. 4.2), suggests that the base of the core may 

have been deposited during the comparatively cooler MIS 7b (~2°C cooler than MIS 7a–c; 

Berger et al., 2015), or less likely, during early MIS 6. 

Following these initial cool conditions, climates became wetter, and likely warmer, as 

indicated by increasingly abundant rainforest and aquatic taxa, and the climate space occupied by 

Araucaria and Agathis (Fig. 4.3). Relatively high effective precipitation at Fern Gully Lagoon 

during late MIS 7 (~195 ka), may have been caused by increasingly La Niña-dominated climates, 

as inferred from eastern Pacific SST (Pena et al., 2008). This increase in La Niña-driven 

precipitation during late MIS 7 coincides with stronger Australian summer monsoon influence on 

central Australian records as indicated by high water levels in Lake Eyre (Fig. 4.6; Fu et al., 

2017). 

We estimate that the MIS 7a–c to MIS 6 glacial transition at Fern Gully Lagoon was 

recorded at 670 cm (~197 ka), as illustrated by a marked change in taxa documented by CONISS 

(Fig. 4.2,4.4). This transition is defined by a switch to more sclerophyll-dominated vegetation 

similar to that indicated by north-eastern Australian records, albeit without extensive decline in 

the proportion of rainforest taxa (Fig. 4.6; Kershaw et al., 2007; Moss and Kershaw, 2007). 

There was also a change in millennial-scale biomass burning cycles during the transition (Fig. 

4.5b). Alteration to the fire regime was likely caused by a switch to more pyrophytic vegetation 

and more abundant herb and grass taxa, leading to increasingly fuel-driven fire frequency as 

recorded elsewhere in Australia (Murphy et al. 2013). 
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Climates during early MIS 5 were relatively wet, as indicated by a high relative 

abundance of rainforest taxa, with similar inferred precipitation to that recorded during MIS 7a–c 

(Fig. 4.2,4.4b). However, lower CO2 concentrations during MIS 7a–c may have increased 

vegetation water requirements (Prentice et al. 2017). As such, we infer that the average 

precipitation during MIS 7a–c was likely greater than during early MIS 5. Relatively drier 

conditions during MIS 5c as indicated by an increase in grass taxa and a decline in rainforest 

taxa when compared to either MIS 5d or MIS 5b (Fig. 4.2) likely indicates increased vegetation 

water stress beyond that driven by an ~20–30 ppmv drop in atmospheric CO2 concentration. As 

such. there was likely a comparatively dry period during MIS 5c (DP, Fig. 4.4b), in agreement 

with the inorganic flux record (Fig. 4.4g, Kemp et al. 2020). Mid-MIS 5 drying was also noted at 

Lynch’s Crater, with a reduction in rainforest taxa (Fig. 4.6; Kershaw et al., 2007).  

During MIS 5, there was an elevated representation of Nothofagus moorei/cunninghamii, 

Podocarpus, and Tubuliflorides pleistocenicus (Fig. 4.2), which could indicate that warm MIS 5e 

may be absent from the record, and that climates were cooler than during MIS 7a–c. However, 

we consider this unlikely. Nothofagus moorei/cunninghamii, and Tubuliflorides pleistocenicus 

decline to trace values at 230 and 210 cm, likely indicating periods of warmer climates, and the 

probable locations of MIS 5e and MIS 5a. Given the large degree of uncertainty in the age 

model, it is also likely that the late MIS 6 timing of rainforest expansion at Fern Gully Lagoon is 

comparable to that observed in far north Queensland (Fig. 4.6; Kershaw et al., 2007; Moss and 

Kershaw, 2007). 

Cooler regional climates for much of MIS 5 as indicated by the presence of Nothofagus 

moorei/cunninghamii and Tubuliflorides pleistocenicus at Fern Gully Lagoon are likely due to 

reduced regional sea surface temperatures, driven by lower than present average WPWP sea 

surface temperatures (~1–2°C cooler; Lo et al., 2017) which resulted in a cooler or less active 

east Australian current. Tubuliflorides pleistocenicus persists in the Fern Gully Lagoon record 

until the beginning of a hiatus at ~35 ka, indicating regional temperatures remained relatively 

cool until at least late MIS 3. Overlapping records from nearby Native Companion Lagoon, 

Welsby Lagoon and Tortoise Lagoon records indicate the continued presence of Tubuliflorides 

pleistocenicus and hence cool climates on NSI until the beginning of the Holocene (Moss et al. 

2013). 
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Rainforest taxa Araucaria and Agathis declined to largely trace values between 35 and 21 

ka, a similar decline to that observed at nearby Welsby Lagoon, Native Companion Lagoon and 

Tortoise Lagoon (Moss et al. 2013; Cadd et al. 2018), indicating that dry conditions during the 

LGM may have led to partial extinction of rainforest taxa on NSI. Rainforest abundance at Fern 

Gully Lagoon during the early Holocene was lower than during early MIS 5 and late MIS 7 (Fig. 

4.4b,i). As such, it is possible that early Holocene climates were either notably drier than during 

previous interglacials, and, or that human activity on NSI (first documented at ~21 ka; Neal and 

Stock, 1986) had a role in limiting rainforest recovery after the LGM. Indeed, elevated late MIS 

2 charcoal concentrations may indicate human influence on NSI fire frequency and hence 

vegetation communities (Fig. 4.4e,f). 

A lower proportion of aquatic taxa compared to previous interglacials, combined with the 

dry climate envelope of dominant Casuarinaceae sclerophyll arboreal taxa (Fig. 4.3) and an 

increase in the relative proportion of Poaceae in the herb and grasses habitat group indicates that 

mid-Holocene climates likely remained drier than MIS 7a–c or early MIS 5 climates. The 

inorganic sediment flux record from Fern Gully Lagoon also indicates that mid-Holocene 

climates were relatively dry (Fig. 4.4g; Chapter 3; Kemp et al., 2020). Unfortunately, the 

chronology does not allow the timing of late Holocene climate changes to be well defined. 

A drier Holocene relative to previous interglacial complexes is evident in several other 

Australian climate records, including in the north- and south-east with increased dry woodland 

and herbaceous vegetation (Harle et al., 2002; Moss and Kershaw, 2007), and reduced flows and 

lake filling events in central Australia (Nanson et al., 2008; Fu et al., 2017). A higher frequency 

of El Niño events relative to past interglacials (Moss and Kershaw, 2007), combined with the 

reduction of WPWP influence on Australian monsoonal precipitation (Nanson et al., 2008) have 

been proposed as possible causes of a relatively dry Australian Holocene. However, the exact 

cause of a comparatively dry Australian Holocene climates remains unresolved, and further 

research is required to determine the relative influence of major climate drivers during recent 

interglacials. Notably, increased ENSO variability and a shift to more El Niño like conditions has 

been inferred as a cause of drying on North Stradbroke Island from 3.2 ka BP (Barr et al. 2019). 
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Figure 4.6: Comparison of the Fern Gully Lagoon record with a summary of palaeo-ENSO dominant 
state (Kukla et al., 2002; Pena et al., 2008; Driscoll et al., 2014; An et al., 2017), and records of regional 
climate change: Lynch’s Carter/ODP 820 (Kershaw et al., 2007; Moss and Kershaw, 2007), Cooloola 
sand mass (Walker et al., 2018), NSI wetlands (Moss et al. 2013; Cadd et al. 2018; Lewis et al. 2020), 
Lake Eyre (Fu et al., 2017) and the Naracoorte caves (Ayliffe et al., 1998). H.: High, L.: Low, R.: 
Rainforest dominated, M.: Mixed, Sc.: Sclerophyll dominated, D.: Dry, V.: Variable and W.: Wet 
climates. 
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4.9 Conclusions 

The Fern Gully Lagoon vegetation record indicates that effective precipitation during the 

MIS 7a–c interglacial complex was the highest of the past ~210 kyr, as evidenced by abundant 

rainforest taxa during a period with comparatively low atmospheric CO2. Climates during MIS 5 

are inferred to have been marginally drier and cooler than during MIS 7a–c, with woodland 

containing diverse rainforest and herb-grass taxa. Human impact on vegetation may have led to 

local extinction of several rainforest taxa after the LGM, complicating interpretation of Holocene 

climates. However, reduced representation of aquatic taxa, combined with the dry climate 

envelope of dominant sclerophyll arboreal taxa and changes in the relative proportions of herb 

and grass taxa indicate that the Holocene was likely notably drier than previous interglacials. 

This finding is in agreement with other records of interglacial climates in south-eastern and 

central Australia, as well as previous findings from Fern Gully Lagoon (Chapter 3; Kemp et al., 

2020).  
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5.2 Preamble 

The Fern Gully Lagoon record of regional moisture availability was inferred from 

inorganic flux, pollen and charcoal proxies, and relies on changes in terrestrial vegetation as an 

indicator of regional moisture availability. Unfortunately, there is a distinct possibility that 

human occupation on NSI altered post-LGM terrestrial vegetation assemblages. To address the 

possible misinterpretation of Holocene climates on NSI, additional climate proxy records were 

established based on in-wetland moisture availability proxies (stable carbon isotopes and lipid 

biomarkers). 

A complicating factor in determining moisture availability utilising changes in vegetation 

on the surface of Fern Gully Lagoon was the influence of evaporation on wetland water levels. 

As the exposed surface area of Fern Gully Lagoon is exponentially larger with greater depth to 

the base of the sediment, wetland water levels would have been increasingly driven by 

evaporation (both directly and by exposure to wind), as much as by precipitation. In addition, 

mean annual air temperatures likely influenced the degree of evaporation as well as the 

composition of wetland vegetation assemblages. Discussion of findings, including a new 

moisture availability record from in-wetland climate proxies, rough estimates of Fern Gully 

Lagoon wind exposure over time, and discussion of reconstructed temperature records are 

included in Chapter 5. 

This chapter is to be submitted for publication in February 2021 as: 

Kemp, C.W., Naeher, S., Tibby, J., Barr, C., Arnold, L.J., Vandergoes, M.J., Stucker, V.K., 

Marshall, J.C., McGregor, G.B. “Holocene and interglacial climates in subtropical eastern 

Australia: A case study from Fern Gully Lagoon”. 

I have re-formatted the manuscript as a thesis chapter, with only minor changes to the 

original text. However, notation associated with figures, tables and equations has changed, being 

instead prefaced by the chapter number, e.g. Figure 1 is now Figure 5.1. The supplementary 

material associated with the manuscript is included in this thesis as Appendix D. 
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5.3 Abstract 

A drying trend has influenced climates in central and south-eastern Australia over the 

past ~250 kyr, but variations in subtropical Australian climates remain largely unexplored. We 

investigate bulk stable carbon isotopes and lipid biomarkers as indicators of changing vegetation, 

temperature, and moisture availability for the past ~210 kyr in sediments from Fern Gully 

Lagoon, a subtropical wetland. A glycerol dialkyl glycerol tetraether (GDGT) temperature 

reconstruction using global soil calibrations and estimated changes in wetland surface area were 

used to infer changes in evaporation due to wetland expansion. A change in vegetation 

composition inferred from increasingly negative bulk sediment δ13C values and greater n-alkane 

average chain length reflects a shift in dominant vegetation community away from aquatic 

macrophytes and towards terrestrial vegetation. Higher terrestrial organic material contribution 

to wetland sediments likely indicates that Holocene climates were relatively dry when compared 

to previous interglacials. However, increasing wetland exposure to wind due to basin infilling 

may have contributed to drying during the Holocene. Inferred differences in Holocene climates 

between this record (using in-wetland climate proxies) and previous records of regional climates 

indicate the degree of human impact on terrestrial vegetation assemblages on North Stradbroke 

Island. 

5.4 Introduction 

Throughout the past 800 kyr, it has been rare for the Earth’s orbital configuration to be 

comparable to that during the Holocene. Only two interglacials, marine isotope stage (MIS) 19 

and MIS 11, had similar patterns of insolation, with comparatively low peak-to-peak amplitude 

(Loutre and Berger, 2000; Yin and Berger, 2015). Atmospheric composition during the Holocene 

also differs to that during recent interglacials - several climate models indicate that pre-industrial 

Holocene climates were likely driven by lower atmospheric CO2 and CH4 concentrations (e.g. 

Claussen et al., 2005; Berger and Yin, 2012; Yin and Berger, 2015). As a result, comparing 

climates during more recent interglacials to Holocene climates is challenging and must take into 

account complex interactions between multiple climate drivers (Schweger et al., 2011; Yin and 

Berger, 2015). 
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Evidence from the few available >200 kyr Australian climate records suggests that there 

is a pattern of increased interglacial drying in several regions, culminating in comparatively arid 

Holocene climates (e.g. Bowler et al., 2001; Harle et al., 2002; Kershaw et al., 2003; Lynch et 

al., 2007; Fu et al., 2017). Lower amplitude insolation during the Holocene than during recent 

interglacials (Yin and Berger, 2015) is likely at least partially responsible for the drier Holocene 

climates in Australia via its influence on sea surface temperatures and hence the El-Niño 

Southern-Oscillation (ENSO) (Kershaw et al., 2007a; Nanson et al., 2008; Fu et al., 2017). In 

addition, increasing ENSO variability during the Holocene when compared to recent interglacials 

likely contributed to Holocene drying (e.g. Kershaw et al., 2007a; Kershaw et al., 2007b; Lu et 

al., 2018). 

Some Australian climate studies have inferred past moisture availability from 

sedimentation or speleothem deposition, with greater moisture availability linked to peaks in 

sedimentation and rapid speleothem growth (e.g. Ayliffe et al., 1998; Bowler et al., 1998; 

Nanson et al., 2008; Fu et al., 2017). By contrast, several studies instead inferred changes in 

moisture availability via changing vegetation assemblages (e.g. Colhoun et al., 1999; Harle et al., 

2002; Moss and Kershaw, 2007) and, as such, may have underestimated MIS 7 moisture 

availability as lower atmospheric CO2 concentrations during that interglacial may have increased 

vegetation moisture requirements (Prentice et al., 2017; Dupont et al., 2019). In addition, human 

influence on Holocene terrestrial vegetation communities via changes in fire frequency was 

noted in several studies as an additional source of complexity for comparative interglacial 

climate reconstructions (e.g. Dupont and Weinelt, 1996; Kershaw et al., 2007a; Kemp et al., 

submitted). Combining multiple separate palaeorecords with proxies unlikely to be influenced by 

human impact on terrestrial vegetation (e.g. changes in wetland vegetation) improves the 

accuracy of climate reconstructions and helps separate natural factors from human impact. 

Climate reconstructions can be made more robust by the application of several, ideally 

independent climate proxies (e.g. Eggenberger et al., 2018; Fritz et al., 2018). Multi-proxy 

studies help to reduce confounding of climate proxies by non-climate drivers such as human 

influence (e.g. Dupont and Weinelt, 1996; Kershaw et al., 2007a; Johnson et al., 2018) or 

changes in nutrient availability (e.g. Wooller et al., 2009; Glaser et al., 2013) from climate 

influence on vegetation assemblages. Multi-proxy records can also help identify post-
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depositional alteration of climate archives such as leaching of trace elements (e.g. Sun et al., 

2016), diagenesis (e.g. Zhang et al., 2017) or dissolution of forams (e.g. Hayward et al., 2012). 

Recent palaeoclimate studies have used a combination of stable isotopes and lipid 

biomarkers to infer past changes in moisture availability (e.g. Atahan et al., 2015; Mays et al., 

2017; Sun et al., 2017). Stable carbon isotope analysis of bulk sediments, in combination with 

carbon to nitrogen ratios, can be used to identify organic material (OM) sources of wetland 

sediment, and isotope fractionation records can be combined with other climate proxies to infer 

changes in climate or nutrient limitation (e.g. Wooller et al., 2009; Mays et al., 2017; Cadd et al., 

2018). Carbon and hydrogen isotopes can also be used to identify water stress when a narrow 

band of taxa or individual taxa sources can be analysed (Naafs et al., 2019). However, the use of 

sedimentary carbon isotopes to infer hydroclimate is limited by a wide range of potential 

influencing factors such as air temperature, altitude, salinity and the partial pressure of 

atmospheric CO2, as well as the need to correct for atmospheric δ13C (Diefendorf, 2010; 

Schubert and Jahren, 2012; Diefendorf and Freimuth, 2017). While bulk sediment isotope 

records can derive from multiple sources, lipid biomarkers and compound-specific carbon and 

hydrogen isotopes can provide more detailed records of changing wetland conditions (Diefendorf 

and Freimuth, 2017). 

Lipid biomarkers provide more source-specific information than bulk organic material 

(OM), and a variety of parameters have been developed for reconstructing past vegetation 

assemblages, as well as biogeochemical, environmental and climate processes (e.g. Peters et al., 

2007; Bush and McInerney, 2015; Diefendorf and Freimuth, 2017). For instance, n-alkane 

distributions are commonly used to distinguish relative contributions of algae and bacteria from 

those of aquatic macrophytes and terrestrial higher plants in wetland sediments, and may, 

therefore, reflect OM sources, vegetation composition, or climate (Ficken et al., 2000; Zhou et 

al., 2010; Diefendorf and Freimuth, 2017). However, inferring climate change using n-alkane 

distributions from environmental archives can be challenging due to the possible range of chain 

length distributions in vegetation communities (Bush and McInerney, 2013; Diefendorf and 

Freimuth, 2017). 
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Figure 5.1: The location of North Stradbroke Island (inset A.). Location of Fern Gully Lagoon and 
Welsby Lagoon, as well as the Wallen Wallen Creek archaeological site (inset B.). C: Fern Gully Lagoon 
wetland sediment transects and surrounding dune topology (m above sea level). Circles FG31 – FG34 
denote surface biomarker sampling locations. D: Transects A and B, with cross-over point X, and the 
location of the core. 

 

Glycerol dialkyl glycerol tetraethers (GDGTs) are widespread in the environment and 

have been applied to accurately reconstruct past mean average air and water temperatures 

(Schouten et al., 2013; Naafs et al., 2017). The distributions of branched GDGTs in terrestrial 

environments are particularly promising indicators of past mean annual air temperature (MAAT) 

from soil and peat records, but can also be influenced by factors other than temperature such as 

soil pH, microbial community composition, and precipitation (Weijers et al., 2007; Weijers et al., 

2011; Peterse et al., 2012; Naafs et al., 2017). The relationship with temperature was originally 
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formulated empirically based on the relative abundance of GDGTs via the methylation index of 

branched tetraethers and the cyclisation ratio of branched tetraethers, the so-called MBT–CBT 

proxy (Weijers et al., 2007). However, improved chromatographic separation led to the 

distinction of branched GDGT (brGDGT) isomers with methyl groups at C-5, which are mainly 

controlled by temperature, from those with methyl groups at C-6, which mainly reflect changes 

in soil or peat pH (De Jonge et al., 2013; De Jonge et al., 2014; Naafs et al., 2017). Global and 

site-specific temperature calibrations are available from the literature (e.g. Weijers et al., 2007; 

Peterse et al., 2012), but need to be evaluated carefully to determine which calibration is 

applicable and in agreement with monitoring data. GDGTs are also applied as indicators of OM 

source, with the branched vs isoprenoid tetraether (BIT) index commonly used to estimate 

relative terrestrial OM input in marine and lacustrine environments (Hopmans et al., 2004; 

Weijers et al., 2006). 

This study is an extension and evaluation of our previous work reconstructing regional 

interglacial climate history at Fern Gully Lagoon (Kemp et al., 2020; Kemp et al., submitted). 

Since previous inferences were likely influenced by human impact on terrestrial vegetation, we 

utilise in-wetland climate proxies unlikely to be affected by human influence to determine water 

stress and characterise sources of wetland OM. In addition, this study aims to:  

i) Determine a record of regional MAAT, allowing changes in temperature-driven 

vegetation change or evaporation to be identified.  

ii) Reconstruct changes in wetland surface area, so possible evaporation, using a 

combination of simple basin morphology and the age-depth model. 

5.5 Study site 

North Stradbroke Island (NSI, also known as Minjerribah, Fig. 5.1a) is the world’s 

second-largest sand island and is located on the subtropical central-eastern coast of Australia. 

NSI is part of the world’s oldest and largest coastal dune system, which includes Fraser Island, 

the Cooloola Sand Mass, Peregian Sand Hills, and Bribie and Moreton Islands (Walker et al., 

2018; Patton et al., 2019). NSI has an average annual minimum air temperature of 15°C and 

maximum of 29°C with a mean annual rainfall of approximately 1550 mm with a dry winter and 

a wetter summer (1996–2019; BOM, 2005, 2019). 
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NSI is host to the densest concentration of wetland records dating to the last glacial 

maximum (LGM) in Australia (Tibby et al., 2017), and is the focus of numerable palaeoclimate 

reconstructions (e.g. Moss et al., 2013; Petherick et al., 2017; Cadd et al., 2018; Barr et al., 2019; 

Mariani et al., 2019). Island records have allowed a greater understanding of past changes in 

ENSO (Barr et al., 2019) - the dominant contemporary regional climate driver (Freund et al., 

2017), continental wind patterns (Petherick et al., 2009) and biomass burning (Mariani et al., 

2019). The many NSI wetlands are usually waterlogged, oligotrophic and palustrine, and are 

dominated by rushes and sedges Baloskion pallens (syn. Restio pallens), Baumea spp., Gahnia 

sieberiana and Lepironia articulata, surrounded by open Melaleuca quinquenervia forest 

(Marshall and McGregor, 2011). Archaeological evidence of local human presence post-LGM at 

nearby Wallen Wallen Creek (Fig. 5.1b; Neal and Stock, 1986), combined with local extinction 

of arboreal rainforest taxa and changes in the local fire regime may indicate the widespread 

human impact on NSI vegetation assemblages during the Holocene, complicating reconstructions 

of moisture availability based on terrestrial pollen data (Kemp et al., submitted). 

Fern Gully Lagoon (27.417°S, 153.460°E, 39 m ASL) is situated near the northern coast 

of NSI, above tidal wetlands and behind Flinders Scarp, a set of barrier dunes dating back to at 

least early MIS 5 (Patton et al., 2019). The current wetland covers approximately 0.8 km2, lies 

within a shallow bowl of vegetated dunes (Leach, 2011), and is generally shallow, with an 

average water depth of no more than a metre. The wetland has two above-ground overflow 

points, the largest and most recently active being on the north-eastern side, draining into the 

eponymous Fern Gully, which cuts through Flinders Scarp to the tidal wetlands (Fig. 5.1c). The 

small catchment and highly permeable soil surrounding the perched wetland limit fluvial 

transport of material into the wetland, mainly restricting organic sedimentation to in situ wetland 

sources. 

A chronology for the Fern Gully Lagoon sedimentary record was established using a 

combination of six radiocarbon (14C) and thirteen optically stimulated luminescence (OSL) ages, 

along with possible hiatus priors determined using pruned exact linear time multi-changepoint 

analysis (Kemp et al., 2020). OxCal Bayesian age-depth modelling identified four distinct 

sedimentation phases separated by hiatuses: a MIS 7a–c to early MIS 6 phase (209.3 ± 28.4 to 

177.5 ± 25.4 ka), a late MIS 6 to late MIS 3 phase (155.2 ± 24.9 to 34.7 ± 14.5 ka), a mid-MIS 2 
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to early Holocene phase (20.9 ± 1.4 ka to 6.5 ± 5.6 ka) and a late Holocene phase (1.7 ± 1.0 ka to 

0.45 ± 0.4 ka) (mean ± 2σ; Kemp et al., 2020). 

5.6 Methods 

5.6.1 Prior research 

Two overlapping nine-metre cores were extracted from the approximate geographical 

centre of Fern Gully Lagoon in April 2015 using a modified Livingstone-Bolivia square-rod 

piston-corer (Wright, 1967). Cores were aligned using CPLSlot sequence slotting software 

(Clark and Hounslow, 2009), allowing a joint depth record to be created. Organic and moisture 

content of the cores was determined according to the procedures of Heiri et al. (2001). Further 

details of core collection and inorganic flux records are provided in Kemp et al. (2020). A record 

of vegetation assemblages and fire frequency at Fern Gully Lagoon based on pollen and macro- 

as well as micro-charcoal analyses are to be published in Kemp et al. (submitted). 

5.6.2 Bulk stable isotope analysis 

Ninety bulk sediment carbon and nitrogen stable isotope samples were analysed at the 

University of Adelaide in South Australia using methods reported in Greer et al. (2018) and 

Onetto Carvallo (2018). In brief, 0.25 mg freeze-dried and powdered sediment was analysed in 

tin cups in a EuroVector EuroEA elemental analyser, in-line with a Nu Instruments Nu Horizon 

continuous flow isotope ratio mass spectrometer (EA-IRMS). The data was calibrated using in-

house glycine, glutamic acid and triphenylamine standards, in turn calibrated to international 

standards: δ13C (IAEA-C6, NBS-22, USGS 40, USGS 41 and USGS 24) and δ15N (IAEA N1, 

N2, N3, and USGS 32, 34, 35, 40, 41). To test for sediment carbonates, a duplicate set of 20 

samples were analysed after acid vapour chamber treatment in silver cups, with variation 

remaining within analytical error (± 0.08 ‰ for δ13C and ± 0.06 ‰ for δ15N). To ensure 

reproducibility, 20 duplicate samples were also run in parallel with the analysis process, again 

finding values within error. Stable isotope data for bulk sediments are reported as δ13COM and 

δ15NOM values in per mil relative to Vienna PeeDee Belemnite (VPDB) and atmospheric 

nitrogen, respectively. Carbon to nitrogen ratios (C:N) are expressed as molar ratios. 
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Modern average δ13C, total organic carbon (TOC), total nitrogen (TN) and carbon-

nitrogen ratio (C:N) values for soil, terrestrial flora, emergent macrophytes and algae from NSI 

wetlands (Cadd et al., 2018) were used to establish possible OM sources for Fern Gully Lagoon. 

Nitrogen availability within Fern Gully Lagoon was calculated by assessing the degree to which 

nitrogen was organically bound – a lack of inorganic nitrogen (Nin) indicates nitrogen limitation 

(Talbot, 2001). Assuming a linear relationship between TOC and TN (as N is organically bound 

with C), the amount on inorganic nitrogen can be identified by the TN y-axis intercept when 

plotted against TOC (Calvert, 2004). 

5.6.3 Lipid biomarkers 

Thirty lipid biomarker samples from the wetland core and four samples collected from 

wetland surface sediments and terrestrial soils at Fern Gully Lagoon were analysed (Fig. 5.1c, 

FG31: wetland centre, FG32: wetland edge, FG33: 25 m from wetland edge and FG34: 50 m 

from the wetland edge. At the two terrestrial sites, soils were sampled in triplicate with a one-

metre spacing and mixed to account for heterogeneity. Modern instrumental MAAT was 

calculated based on 23 years of air temperature records from Point Lookout - the closest 

available weather station ~7 km from Fern Gully Lagoon (1997–2019; BOM, 2019). 

Lipid biomarker samples were analysed in the Organic Geochemistry Laboratory at GNS 

Science using the analytical procedures reported in Naeher et al. (2012; 2014) with some 

modifications. In brief, freeze-dried and homogenised sediment and soil (0.6–5.4 g) was 

extracted using dichloromethane (DCM)/ methanol (MeOH) (3:1, v:v) by ultrasonication for 20 

min each time. A known mixture of 5α-cholestane, n-C19 alcohol and n-C19:0 fatty acid was 

added to the total lipid extract (TLE) for quantification.  Elemental sulfur was removed by 

activated copper. After saponification of the TLE with 6% KOH in MeOH (3h, 80°C), neutrals 

and acid fractions were extracted with n-hexane, the latter fraction after addition of 6M HCl. 

Neutrals were divided into apolar and polar fractions via liquid chromatography over silica 

columns using n-hexane/DCM (9:1, v:v) and DCM/MeOH (1:1, v:v), respectively. Before 

analysis, an aliquot of the polar fraction was derivatised with BSTFA [N,O-

bis(trimethylsilyl)trifluoroacetamide] and the FA fraction with 14% BF3/MeOH.  
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The resulting fractions were analysed using gas chromatography-mass spectrometry (GC-

MS) on an Agilent 7890A GC System, equipped with a SGE BPX5 capillary column 

(60 m × 0.25 mm inner diameter × 0.25 μm film thickness) connected to an Agilent 5975C inert 

MSD mass spectrometer. The temperature program of the oven was 70°C (1 min isothermal), 

70–100°C at 10°C/min, 100–320°C at 4°C/min, isothermal at 320°C for 25 min. Helium was 

used as carrier gas with a constant flow of 1.0 mL/min. Samples were injected splitless at an inlet 

temperature of 280°C. The MS was operated in electron impact ionisation mode at 70 eV using a 

source temperature of 230°C. 

GDGTs were analysed using an aliquot of the polar fraction, dissolved in n-

hexane/isopropanol (99:1, v:v), and filtered with 0.45 µm polytetrafluoroethylene (PTFE) filters 

prior to analysis via high-performance liquid chromatography (HPLC). A Dionex 3000 Aunit 

was converted to an HPLC capable of separating the GDGTs of interest using a Grace Prevail 

Cyano column (150 mm x 2.1 mm; 3 μm) and new tubing and connections. A Dionex MSQ+ 

atmospheric chemical ionisation mass spectrometer (HPLC-APCI-MS) was used as a detector.  

The corona pin was set at 10 µA, cone voltage was 75 V, and the N2 gas rate was 60 psi. The 

GDGTs were eluted isocratically with 100% n-hexane:IPA (99:1, v:v) for 5 min and then with a 

linear gradient to 18% n-hexane/isopropanol (9:1, v:v) for 40 min at 0.2 ml/min. The column was 

flushed for 5 minutes with 100% n-hexane/isopropanol (9:1, v:v) and then re-equilibrated with 

100% n-hexane:IPA (99:1, v:v) prior to next injection. Injection volume was 25 µl of a solution 

of 10 mg/mL where possible and single ion monitoring of [M+H]+ was used to detect GDGTs. 

The analytical reproducibility of GDGT analysis was within 15% based on duplicate 

measurements. The analytical variation in the GDGT based index values was ≤0.02.  

In this study, we applied three brGDGT calibrations developed for reconstructing MAAT 

from soils and wetland sediments. We used the original two soil calibrations of Weijers et al. 

(2007) as well as the Peterse et al. (2012) soil calibration, and compared soil MAAT estimates. 

While lake-specific calibrations after Tierney et al. (2010) were considered, a BIT index close to 

1 for all samples (Table D1), as well as abundant terrestrial biomarkers indicate that Fern Gully 

Lagoon is unlikely to have been a lake system at any point during the last ~210 kyr. 
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5.6.4 Basin shape calculations 

Wetland surface area and volume are important modulators of wetland moisture 

responses to changes in precipitation and, or, evaporation via relative changes in direct and wind-

enhanced evaporation (Anda et al., 2018; Zhai et al., 2019; Smith et al., 2020). Calculating 

wetland surface area also allows for identification of some vegetation changes unrelated to 

climate (e.g. proximity of surrounding terrestrial vegetation to the coring site during early 

wetland development due to small wetland size). To identify periods of rapid wetland surface 

area expansion at Fern Gully Lagoon, we compared changes in sedimentation rate at Fern Gully 

Lagoon to ideal basin models after Bennett and Buck (2016). 

Sediment sounding poles were used to determine the absolute depth of highly organic 

peaty wetland sediments above underlying dune sequences and hence the shape of the underlying 

basin. Two transects were completed, totalling 19 sample locations: transect A, along the long 

NW to SE axis of the wetland (~422 m) and transect B, perpendicular to A across the 

approximate centre of the wetland from SW to NE (~175 m; Fig. 5.1c). Combined with the age-

depth model (Kemp et al., 2020), and with the assumption that sediment accumulation was 

spatially uniform, these transects were used to reconstruct changes in wetland surface area over 

time. 

5.7 Results 

5.7.1 Stable isotopes 

All stable carbon isotope samples from Fern Gully Lagoon had δ13COM values consistent 

with those of C3 plants or algae (-26.0 to -30.3 ‰; Fig. 5.2a; Meyers and Teranes, 2001), with 

most samples having C:N values close to the average values of contemporary emergent 

macrophyte sources as determined by Cadd et al. (2018) for NSI wetlands (~68; Fig. 5.2d). 

Modern plant and algae samples from nearby NSI wetlands have δ13C values ranging from -23.9 

to -31.6 ‰, and C:N ratios ranging from ~18 to 146, with higher than expected C:N ratios for 

cyanobacteria at ~47, likely due to nitrogen limitation of plants and algae in NSI wetlands (Cadd 

et al., 2018). Fern Gully Lagoon C:N values were higher on average than those from Welsby 

Lagoon sediments, with ratios ranging from ~37 to 112, with a mean of ~85 (Fig. 5.2d, Table 

D1). 
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The initial sedimentation phase at Fern Gully Lagoon, from 209.3 ± 28.4 ka to 177.5 ± 

25.4 ka, was characterised by high TOC and C:N, and low δ13COM. TOC and δ13COM are 

relatively constant during this period (55 ± 5% and 28.7 ± 1 ‰, respectively; Fig. 5.2b,c). C:N 

notably declines at 670 cm (~197 ka) to ~55, followed by a gradual increase to ~100 at the end 

of the first phase at ~177.5 ka (Fig. 5.2c). The second sedimentation phase, from 155.2 ± 24.9 to 

34.7 ± 14.5 ka, is characterised by relatively constant values of C:N, TOC, δ13COM and TN. The 

third and fourth sedimentation phases, from 20.9 ± 1.4 ka to the present, are characterised by a 

gradual decline in C:N, which reaches its lowest value at the end of phase four (~37, Fig. 5.2d). 

δ13COM begins the third phase at a record high (~16.8 ‰), before gradually declining to a mean 

value similar to that recorded during previous phases (~28.7 ‰) at ~1.6 ka. 

5.7.2 Lipid biomarkers 

Lipid biomarker distributions are dominated by indicators of aquatic macrophyte and 

terrestrial higher plant abundances, most notably due to the dominance of mid- and long-chain n-

alkanes (i.e., n-C23–31; Fig. 5.3b), sitosterol and stigmasterol and their stanol derivatives, lupeol, 

lupanone and taraxerol, similar to markers indicative of shallow wetlands and terrestrial soils 

after Ficken et al. (2000), Ronkainen et al. (2013) and Naafs et al. (2019). However, 

C3117α21β(H)-homohopane dominates the apolar fractions in most lipid biomarker samples (Fig. 

5.3b,c), which is typical for peatlands and often attributed to the acidic depositional environment 

(Inglis et al., 2018). There was a rapid increase in the Paq index defined by Ficken et al. (2000), 

which is indicative of higher contributions of submerged or floating leaf macrophytes (with 

values > 0.7) relative to emergent macrophytes and higher vascular plants (with values < 0.1; 

Ficken et al., 2000; Zhou et al., 2010; Ronkainen et al., 2013), and decline in average n-alkane 

chain length (ACLC27–33) during the first sedimentation phase at Fern Gully Lagoon (~210–178 

ka). During early MIS 5 Paq values were high, and ACLC27–33 values were low, with gradually 

increasing separation between the two indices (Fig. 5.4g). Holocene values were similar to those 

recorded during MIS 7a–c. The highest ACLC27–33 value (30.9) occurred during the earliest part 

of the record, while the lowest ACLC27–33 value (27.5) occurred during late MIS 6 to early MIS 5 

(Fig. 5.4g). Paq values indicate that aquatic macrophytes likely had the greatest relative OM 

contribution to Fern Gully Lagoon sediments for much of the past ~210 kyr. 
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The ACL of high molecular weight n-alkanes C27–C33, (e.g. Diefendorf and Freimuth, 

2017) and relative shifts in the ratio of low to high molecular weight n-alkanes (Paq; Zhou et al., 

2010) are generally covariant (r2 = 0.64, p < 0.05, n = 29) throughout the record (Fig. 5.5b). 

ACLC27–33 at Fern Gully Lagoon had a significant positive relationship with TN and the relative 

proportion of sclerophyll taxa (r2 = 0.42 (and r2 = 0.42), p < 0.05, n = 30, Fig. 5.5a,e), and 

negative relationships with C:N and the relative proportion of rainforest taxa (r2 = 0.30 (and r2 = 

0.36), p < 0.05, n = 30, Fig. 5.5c,d).  

 

 
Figure 5.3:  Example GC-MS chromatogram for the apolar fraction of Fern Gully Lagoon sediments. A: 
Total ion chromatogram (TIC); B: m/z 57, highlighting n-alkane occurrence (‘Carryover’ indicates the 
influence of C3117α21β(H) - homohopane); C: m/z 191, highlighting hopanoid occurrence.  
 
 

GDGT distributions are dominated by brGDGTs, with BIT indices close to 1, indicating 

the dominance of terrestrial OM in the sediments (Table D1; Weijers et al., 2006). The three 

selected brGDGT MAAT calibrations had substantial differences in inferred contemporary 

temperatures based on modern sediment and humus samples, which ranged between ~17.5 and 
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24.5°C. Comparison of these contemporary surface sample temperature reconstructions with 

mean recorded MAAT from Point Lookout (BOM, 2019) indicated that the soil calibrations of 

Weijers et al. (2007) are likely the best fit for Fern Gully Lagoon, with a calculated MAAT of 

23.7°C compared to the instrumental 23-year average MAAT of 22.1 ± 0.2°C. However, 

contemporary mean annual temperatures are within root mean squared error (RSME) for both the 

Weijers et al. (2007) and Peterse et al. (2012) calibrations (± 4.8 and 5.0°C respectively at 1σ), 

indicating that both calibrations are likely suitable for Fern Gully Lagoon. 

Reconstructed MAATs were above average during MIS 7a–c, before declining during the 

transition into MIS 6. MAAT increased during early MIS 5, albeit peaking at a value lower than 

during MIS 7a–c. There was a decline in MAAT mid-MIS 5, in agreement with MIS 5c MAAT 

inferred from plant indicator taxa (Kemp et al., submitted). Reconstructed MAAT was relatively 

low during the LGM, at ~1–2°C below Holocene values (Fig. 5.4g). 

brGDGT derived pH values at Fern Gully Lagoon were relatively stable, ranging 

between ~5.4 and 6.3 over the past ~210 kyr. As such, the lipid biomarker C3117α21β(H)-

homohopane can be used as an indicator of wetland ‘peatiness’ after Inglis et al. (2018). To 

ensure that this relationship was not dependent on OM flux, we used a ratio of C3117α21β(H)-

homohopane to terrestrial OM indicators Sitosterol and Stigmasterol (Fig. D2; Ronkainen et al., 

2013) to estimate changes in Fern Gully Lagoon sediment peatiness (Fig. 5.4e). 

5.7.3 Wetland surface area 

The two depth-sounding transects (Fig. 5.1c,d) indicated that the Fern Gully Lagoon 

basin is a concave bowl, reflecting with the morphology of surrounding dunes, with shallower 

slopes situated at ~645 and ~410 cm below the current wetland surface. The sediment is ~10.6 m 

deep at the centre of the basin, which has a slightly steeper north-eastern than south-western 

slope (Fig. 5.1c,d). An approximate reconstruction of changes in total wetland surface area (Fig. 

5.6a,b) indicates relatively rapid increases in wetland size during the first phase of sedimentation 

(MIS 7a–c to mid-MIS 6) and during phase 4 (mid-late Holocene). 
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Figure 5.4: Fern Gully Lagoon organic 
geochemistry and summary vegetation 
records. A: Total organic carbon (TOC) 
%. B: δ13C. C: Total nitrogen (TN) %. D: 
Carbon/nitrogen molar ratio. E: wetland 
‘peatiness’ indicator – the ratio of peat 
indicator C3117α21β(H)-homohopane to 
more terrestrial OM biomarkers 
Sitosterol+stanol/Stigmasterol+stanol. F: 
Mean annual air temperature (MAAT) 
after Weijers et al. (2007) equation 5 
(dashed line) and Peterse et al. (2012) 
(solid line). Observed modern MAAT is 
shown as a horizontal grey dashed line. G: 
Average n-alkane chain length (ACLC27–33, 
solid line) and the relative proportion of 
mid to long n-alkane chain lengths (Paq, 
dashed line). Vertical lines on the left 
denote the Paq ranges of (from left to right) 
terrestrial, emergent and aquatic taxa as 
described by Ficken et al. (2000). H: 
Relative proportion of rainforest, herb and 
grass and sclerophyllous trees and shrubs 
from Kemp et al. (submitted). Shaded 
blocks denote the three sedimentary 
hiatuses. Vertical lines indicate the 
approximate timing of wetland expansion 
as identified by basin mapping and the 
MIS 6 to MIS 5e glacial termination as 
identified by the OxCal Bayesian age-
depth model (Kemp et al., 2020). 
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5.8 Discussion  

5.8.1 δ13C of organic material 

Several factors can influence sediment δ13COM, including atmospheric δ13C as well as 

atmospheric CO2 concentration (Schubert and Jahren, 2012; Prentice et al., 2017), discrimination 

depending on differing dominant vegetation (Diefendorf and Freimuth, 2017), changes in 

MAAT, and precipitation (Bush and McInerney, 2015; Diefendorf and Freimuth, 2017). For the 

purposes of comparing interglacial climates using δ13COM, some possible influences on changing 

δ13C can be largely eliminated: the brGDGT MAAT reconstruction indicates similar mean 

temperatures (±1°C, Fig. 5.4f) for MIS 7a–c, early MIS 5 and the Holocene, suggesting the 

influence of changing MAAT on δ13COM was minor. Similarly, the strong positive relationship 

between δ13Com values and carbon isotope discrimination in plant leaves (Δleaf, after Diefendorf 

and Freimuth (2017); r2 = 0.97, p < 0.005, n = 91; Fig. D1) indicates that changing atmospheric 

δ13C cannot explain variations in the δ13COM sedimentary record. 

As there was likely very little overland flow to the wetland due to the highly permeable 

catchment soils, and the core as taken from the approximate centre of the wetland, introduction 

of OM from the surrounding catchment and overhanging vegetation is unlikely for much of the 

record. However, changes in the dominant wetland macrophyte taxon could influence δ13COM 

(Diefendorf and Freimuth, 2017). Limited covariation in the relative abundance of Restionaceae 

pollen and δ13COM (r2 = 0.14, p < 0.05, n = 57), and the relative abundance of Cyperaceae pollen 

nd δ13COM (r2 = 0.01, p = 0.55, n = 57) (the two most abundant macrophyte taxa; Kemp et al., 

submitted), indicate that changes in dominant vegetation type are unlikely to influence δ13COM. 

By contrast, the influence of lower average atmospheric CO2 concentrations on δ13COM during 

MIS 7a–c (~245 ppmv; Bereiter et al., 2014) as compared to more recent interglacials (~280 

ppmv) may be important, with δ13COM up to 0.7‰ more negative independent of moisture 

availability (Schubert and Jahren, 2012). 

Dry climates at Fern Gully Lagoon, which is likely to have been shallow for much of the 

past ~210 kyr, would have led to temporary water stress for macrophytes due to periods of 

wetland drying to the sediment surface, and so alteration of macrophyte δ13C discrimination 

(Farquhar et al., 1989; Aichner et al., 2010). To restrict water loss due to drought, macrophytes 
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create a thickened leaf-wax layer, especially when moving from submerged to emergent 

conditions. Synthesis of thicker wax layers require longer n-alkane chain lengths, and hence a 

gradual shift to increasingly negative δ13COM values for resulting bulk sediments (Aichner et al., 

2010). In addition, drying of the wetland surface would have allowed terrestrial vegetation to 

spread, also driving resulting bulk δ13COM lower. As almost all of other drivers of changing 

δ13COM likely have only a minor influence on the record, δ13COM can be used to infer the 

frequency of wetland drying by associated changes in macrophyte water stress and terrestrial 

OM contribution. 

5.8.2 Carbon and nitrogen 

Very low quantities of inorganic nitrogen present within Fern Gully Lagoon, as indicated 

by the intercept of the linear regression on the TN axis (Fig. 5.2b), suggests that almost all 

available nitrogen in the system at the time of sedimentation was organically bound (Talbot, 

2001). Little to no inorganic nitrogen (~0 % of dry weight Nin) was present during the first phase 

of sedimentation, second phase (155.2 ± 24.9 to 34.7 ± 14.5 ka) samples indicated a Nin of ~0.15 

%, and third to fourth phase (20.9 ± 1.4 ka to present) samples indicated a Nin of ~0.25 %. As 

such, Fern Gully Lagoon has likely been nitrogen-limited for much of the past ~210 kyr.  

Nitrogen availability at nearby Welsby Lagoon was also very low throughout its history, 

with less than ~1 % Nin present for at least the past 80 kyr (Cadd et al., 2018). The Welsby 

Lagoon record also indicates an increase in nitrogen availability over time like that recorded at 

Fern Gully Lagoon. A small increase in available nitrogen in NSI wetlands at very long time 

scales may be linked to a possible increase in the abundance of nitrogen-fixing soil bacteria 

Frankia, as indicated by an increase in the abundance of its symbiotic partner Casuarina on NSI 

over the past ~130 kyr (see Chapter 4). 

High C:N values have previously been reported for the colonial green algae 

Botryococcus (Heyng et al., 2012), and for algae dominated OM in nitrogen limited systems (e.g. 

Mayr et al., 2009), which can result in OM C:N values as high as 20 (Talbot and Lærdal, 2000). 

Abundant Botryococcus algae were identified in nearby Welsby Lagoon (Cadd et al., 2018), and 

Brown Lake (Mariani pers. com.). However, Botryococcus algae were not identified, neither by 

microscopy nor diagnostic biomarkers (i.e., lack of botryococcane), in the Fern Gully Lagoon 
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sediments, reducing the likelihood of possible inaccuracy in the C:N record as noted in other 

studies (e.g. Huang et al., 1999). 

5.8.3 n-Alkanes and lipid biomarkers 

Changes in ACLC27–33 (Diefendorf and Freimuth, 2017; Naafs et al., 2019), and Paq 

(Ficken et al., 2000; Nichols et al., 2006; Zhou et al., 2010), can be used to infer changes in the 

composition of Fern Gully Lagoon vegetation. A BIT index value close to 1 (Table D1) for all 

samples, the dominance of mid- and long-chain n-alkanes (e.g. Fig. 5.3b) and terrestrial 

biomarkers (Sitosterol and Stigmasterol; Ronkainen et al., 2013) indicates that Fern Gully 

Lagoon sediments are likely dominated by terrestrial vegetation and emergent macrophyte OM 

input. Due to lack of algae-derived OM (~95% of samples have a C:N greater than 70; Fig. 

5.2d), we can infer that Fern Gully Lagoon has likely been shallow for much of the past ~210 

kyr. 

 

 
 
 
Figure 5.5: Comparison between stable isotope, alkane and pollen data from Fern Gully Lagoon and the 
average alkane chain length (n-C27–33 ACL). Only significant correlations are shown. A: Total nitrogen 
(TN) %. B: Relative proportion of mid to long alkane chain length (Paq, after Ficken et al. (2000)). C: 
Carbon:nitrogen (C:N) molar ratio. D: Rainforest taxa pollen as a percentage of total terrestrial pollen 
(TTP, Kemp et al., submitted). E: Sclerophyll taxa pollen as a percentage of TTP (Kemp et al., 
submitted).  
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The correlation between ACLC27–33 and the relative abundance of sclerophyll taxa (and 

negative relationship with rainforest taxa) at Fern Gully Lagoon indicates that ACLC27–33 values 

are likely linked to water stress in wetland and terrestrial vegetation (r2 = 0.42 (and r2 = 0.36), p 

< 0.05, n = 30) (Fig. 5.5d,e; Kemp et al., submitted). Similarly, the ratio of mid to long n-alkane 

chain lengths (Paq) reflects wetland moisture availability via the relative abundance of submerged 

and floating macrophytes vs emergent macrophytes and terrestrial vegetation (Ficken et al., 

2000; Zhou et al., 2010) and is coeval with ACLC27–33 for much of the record. As such, Paq can be 

used here as an approximate indicator of wetland water levels for Fern Gully Lagoon, similar to 

other peat hydrology studies (e.g. Zhou et al., 2005; Nichols et al., 2006; Zhou et al., 2010). 

Bulk sediment n-alkane distributions are influenced by post-depositional in-wetland 

processes - preferential microbial degradation (Xie et al., 2003; Zheng et al., 2017) and peat 

breakdown releasing trapped hydrocarbons (Schellekens and Buurman, 2011). While preferential 

microbial degradation at Fern Gully Lagoon cannot be ruled out, peat degradation is unlikely as 

indicated by relatively high measured carbon preferential index (CPI) values for bulk sediment 

OM at Fern Gully Lagoon when compared to fresh material (Table D1; Schellekens and 

Buurman, 2011). 

High levels of C3117α21β(H)-homohopane in most samples indicate that Fern Gully 

Lagoon has likely been a peat wetland for much of its history (Fig. 5.4e; after Inglis et al. 

(2018)). Australian Sphagnum peatlands are mostly found in alpine and montane regions and are 

not common in subtropical regions today (Whinam et al., 2003). However, changes in climate 

may have led to a change in the spatial distribution of Sphagnum peatlands. As such Sphagnum 

may have grown in NSI wetlands during glacials, altering the distribution of mid-chain length n-

alkanes and so Paq (e.g. Ortiz et al., 2010). However, no Sphagnum spores were identified in the 

pollen study (Kemp et al., submitted), indicating that Sphagnum was unlikely to have influenced 

the Fern Gully Lagoon Paq record. While taraxerol has been used in the past as an indicator of 

mangrove abundance (e.g. Koch et al., 2003; Versteegh et al., 2004), mangrove pollen was not 

identified in Fern Gully Lagoon sediments (Kemp et al., submitted). Instead, taraxerol in Fern 

Gully Lagoon sediments likely originates from Ericaceae and peat mosses (e.g. Pancost et al., 

2002; Naafs et al., 2019). 
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5.8.4 The influence of wetland expansion and shallowing on climate inference 

Fern Gully Lagoon would have been protected from wind-driven evaporation by 

surrounding dunes in its early stages, and likely by trees growing around and on the wetland 

surface as indicated by a relatively high ACLC27–33 and low Paq in the early record (Table D1, 

Fig. 5.4g). As the surface area of the wetland expanded due to basin infill (Fig. 5.6), it would 

have received greater input from precipitation (there is little to no overland flow due to the 

highly permeable dunes) and been subject to greater direct evaporation. However, it also would 

have become more exposed to wind, and so a possible shift in the precipitation to evaporation 

ratio. Increasing wetland surface area and a subsequent increase wind-driven evaporation would 

have been modulated by the rate of wetland expansion via the apparent sedimentation rate. 

 
 
Figure 5.6: A.: Wetland surface area vs depth. B.: Change in the surface area of the wetland over time. 
The shape of a basin can alter the apparent sedimentation rate (Bennett and Buck, 2016).  
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Fern Gully Lagoon basin morphology is generally concave, shallow, and bowl-like (Fig. 

5.1d). With a mostly constant rate of sedimentation, the sediment age-depth relationship for a 

bowl-shaped basin should be comparatively linear (Bennett and Buck, 2016), as observed at 

nearby wetlands (e.g. Petherick et al., 2009; Atahan et al., 2015). However, the strong sigmoidal 

shape of the age-depth profile for Fern Gully Lagoon (Kemp et al., 2020) more closely follows a 

sedimentation model for a bowl-shaped basin with an increasing rate of sedimentation (Bjune, 

2005; Bennett and Buck, 2016). 

A more rapid increase in the Fern Gully Lagoon wetland surface area during the 

Holocene than during MIS 5 (Fig. 5.6b) may have led to accelerated wetland shallowing due to 

increased wind-driven evaporation independent of changes in either precipitation or temperature. 

As such, greater wetland macrophyte water stress during the Holocene than during MIS 5 at Fern 

Gully Lagoon may be due to increased wetland evaporation rather than due to lower regional 

precipitation. However, the rate of Fern Gully Lagoon wetland surface area expansion during 

late MIS 7a–c was comparable, if not higher than that during the Holocene (Fig. 5.6b), during a 

period of considerably greater inferred moisture availability (Fig. 5.4h). As such, increasing 

wetland surface area is unlikely to have driven greater apparent wetland drying during the 

Holocene when compared to recent interglacials. 

Basin morphology suggests that δ13COM and C:N peaks of -30.3 ‰ and 55 close to the 

MIS 7–MIS 6 transition may result from rapid wetland expansion rather than changing climate. 

While only two transects constrain the basin shape, there is an apparent shallowing of basin slope 

present at ~650 cm (Fig. 5.1d, 5.6b; inundated somewhere between ~198 and 195 ka). Inundation 

of this shallow slope was associated with a relatively rapid expansion of the wetland surface area 

by approximately a third (~64,000 to ~98,000 m2; Fig. 5.6b). The transition is associated with a 

pulse of highly terrestrial OM (Fig. 5.4b,d), and a peak in TN (Fig. 5.4c), as well as a change in 

dominant macrophyte taxon (Kemp et al., submitted). Similar increases in TN and δ13COM were 

observed during the expansion of nearby Welsby Lagoon after the LGM (Barr et al., 2017). 

5.8.5 brGDGTs and interglacial MAAT 

The brGDGT-based paleotemperature calibration of Weijers et al. (2007) had the closest 

calculated modern MAAT to observed contemporary values based on two soil samples (25 and 
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50 m from the wetland), and two sediment samples; one from the coring location and the other 

from the wetland edge (Table D1), and so was selected as the most suitable of the three tested 

calibrations for Fern Gully Lagoon sediments. Weijers et al. (2007) calibrations have been 

applied successfully in peat studies (e.g. Ballantyne et al., 2010; Weijers et al., 2011; Huguet et 

al., 2013), and were closest to a recently developed peat-specific brGDGT calibration developed 

by Naafs et al. (2019). Unfortunately, 5-methyl and 6-methyl isomers in Fern Gully Lagoon 

samples could not be distinguished by the analytical method used for this study, which precluded 

the use of that calibration. 

The brGDGT-based MAAT reconstruction from the Fern Gully sediments indicates that 

temperatures during the MIS 6 and MIS 4 glacials were similar if not warmer than during the 

MIS 7a–c and early MIS 5 interglacials. This result is counter to estimated glacial MAAT based 

on the climate envelopes of contemporary vegetation (Kemp et al., submitted), and global 

climate records (Lisiecki and Raymo, 2005; Elderfield et al., 2010; Tachikawa et al., 2011). 

Along with possible variability within considerable error margins (~5°C; Weijers et al., 2011; 

Peterse et al., 2012), brGDGT temperature calibrations are influenced by changes in precipitation 

(Weijers et al., 2007; Peterse et al., 2012) and fossil biomass (Weijers et al., 2011). As very low 

sedimentation rates were identified during mid-MIS 6, late MIS 5 and MIS 4 at Fern Gully 

Lagoon (Kemp et al., 2020), marginally increased drying of the wetland during glacials (inferred 

by an increase in C:N and ACLC27–33, and decreased wetland peatiness, Fig 4d,e,g) may have 

resulted in altered brGDGT distributions and higher estimated MAAT than actual values. 

Shallowing has been previously linked to altered brGDGT distributions independent of 

temperature change (Tierney et al., 2010), although there related to an underestimation of 

MAAT. Regardless, brGDGT distributions at Fern Gully Lagoon have likely been altered 

unpredictably, making the current temperature reconstruction unreliable at best. 

With only ±1°C of difference between reconstructed interglacial average MAAT for MIS 

7a–c, early MIS 5 and the Holocene (Fig. 5.4f), it is likely that greater Holocene MAAT was not 

a factor in increasing evaporation or vegetation change at Fern Gully Lagoon. However, high 

temperatures inferred during glacials indicate a high degree of uncertainty in the temperature 

reconstruction, tracing the exact cause of which is unfortunately beyond the scope of this study. 
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5.8.6 Long-term changes in regional moisture availability 

Previous studies from Fern Gully Lagoon concluded that regional climates during the 

Holocene were notably drier than during the previous two interglacials (Kemp et al., 2020; Kemp 

et al., submitted). Vegetation assemblages (taking into account lower atmospheric CO2 

concentrations) and inorganic flux records indicate MIS 7a–c may have been marginally wetter 

than MIS 5 (Kemp et al., 2020; Kemp et al., submitted). However, human occupation of NSI 

after the LGM likely led to altered vegetation assemblages and increased erosion (Kemp et al., 

submitted), necessitating this study of in-wetland climate proxies likely unaltered by human 

impact. 

During early MIS 7a–c, more negative δ13COM and relatively high ACLC27–33 values 

indicate that Fern Gully Lagoon was at least periodically dry, with a high relative proportion of 

terrestrial OM and lower macrophyte input (Fig. 5.4b,g). Lower ACLC27–33  values (likely 

indicative of a decrease in terrestrial water stress; Fig. 5.4g,) combined with higher δ13COM 

values (likely indicative of a reduction in macrophyte water stress or increasing cyanobacteria 

input; Fig. 5.4b) during mid to late MIS 7a–c and early MIS 6 indicates increasing moisture 

availability. High moisture availability during late MIS 7a–c was observed in central Australia, 

with Lake Eyre water levels increasing during MIS 7a–c to their highest recorded levels, with 

wet climates continuing into early MIS 6 (Fu et al., 2017). The cause of relatively wet climates in 

both central Australia and the eastern subtropics during late MIS 7a–c and early MIS 6 may be 

due to the influence of an enhanced Australian summer monsoon combined with a more 

dominant La Niña ENSO phase (Pena et al., 2008; Fu et al., 2017). 

Paq values of between 0.6 and 0.7 indicate that a large part of the Fern Gully Lagoon 

basin was covered with floating or submerged macrophytes during early MIS 5 (Fig. 5.4g). 

Combined with peatier sediments, and lower terrestrial moisture stress during early MIS 5 than 

during either MIS 7a–c or the Holocene (higher C3117α21β(H)-homohopane proportion and 

lower ACLC27–33), high Paq values indicate that MIS 5e was likely the wettest interglacial in the 

Fern Gully Lagoon record (Fig. 5.4e,g). By contrast, shared δ13COM ratios of between -28.1 and -

28.9 indicate similar macrophyte water stress for MIS 7a–c and early MIS 5 (Fig. 5.4b). Due to 

lower atmospheric CO2 concentrations during MIS 7a–c likely increasing vegetation water stress 

independent of precipitation (Prentice and Harrison, 2009; Dupont et al., 2019), the δ13COM 
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record likely underestimates MIS 7a–c moisture availability, and the wetland may have been 

marginally wetter during MIS 7a–c than during MIS 5. This inference is in agreement with the 

Fern Gully Lagoon pollen record (Kemp et al., submitted). An extended period of high moisture 

availability between late MIS 5 and mid-MIS 3 (Fig. 5.4b,g) may be due to more frequent La 

Niña phases during this period as observed in the Panama Gulf and the Bismarck Sea (Pena et 

al., 2008; Tachikawa et al., 2011). 

Lower average δ13COM, higher average ACLC27–33, and low sediment peatiness indicate 

that climates during the Holocene were likely drier than during previous interglacials at Fern 

Gully Lagoon (Fig. 5.4b,e,g). However, as ACLC27–33 values and the relative abundance of 

C3117α21β(H)-homohopane differ only marginally between the Holocene and MIS 7a–c (Fig. 

5.4e,g), it appears that estimates of very dry regional Holocene climates compared to MIS 7a–c 

climates (Kemp et al., 2020; Kemp et al., submitted) are not reflected in wetland conditions. As 

such, differences in inferred Holocene climates between this record of local wetland conditions 

and the regional climate records from Fern Gully Lagoon likely indicate the extent of human 

impact on NSI vegetation assemblages.  

The influence of regional human occupation on NSI from at least ~21 ka (Neal and 

Stock, 1986) likely led to an increase in fire-resistant sclerophyll vegetation and increased 

erosion due to lower vegetation density beyond the influence of drying climates, likely altering 

the inorganic flux and vegetation assemblage records (Kemp et al., submitted). Compared to 

other records of Australian interglacial climates, the Fern Gully Lagoon wetland climate record 

indicates relatively mild Holocene drying when compared to southern (Ayliffe et al., 1998), or 

central (Bowler et al., 2001; Nanson et al., 2008; Fu et al., 2017) Australia, all of which recorded 

notable reductions in moisture availability during the Holocene compared to MIS 7a–c and MIS 

5e climates. 

A gradual decline in average δ13COM values tentatively supports a hypothesis for 

increasingly dry interglacials in the Australian subtropics. However, a notable difference 

between Holocene and early MIS 5 δ13COM, ACLC27–33 and wetland peatiness more supports a 

hypothesis for unusual subtropical Holocene climates when compared to recent interglacials. n-

Alkane distributions and the degree of wetland peatiness similarly indicate that subtropical 
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Australian Holocene climates are unlikely to be the result of long-term drying, with similar 

inferred moisture availability for MIS 7a–c and the Holocene (Fig. 5.4g). 

5.9 Conclusion 

The Fern Gully Lagoon record indicates that Holocene climates in the Australian 

subtropics are unusual when compared to recent interglacials, likely linked to the influence of 

lower amplitude changes in insolation on regional climate drivers after Claussen et al. (2005) and 

Yin and Berger (2015), instead of the result of long-term drying as observed in central and south-

eastern Australia (e.g. Ayliffe et al., 1998; Fu et al., 2017). As such, and perhaps unsurprisingly, 

the Fern Gully Lagoon record then indicates that drivers of subtropical climates at interglacial 

timescales are strongly influenced by insolation patterns, as predicted by climate modelling (e.g. 

Yin and Berger, 2015). More negative δ13COM, higher ACLC27–33 and less peaty wetland 

sediments indicate that the Holocene was likely drier than MIS 7a–c or early MIS 5 in 

subtropical Australia, in agreement with previous climate reconstructions (Kemp et al., 2020; 

Kemp et al., submitted). 

 Fern Gully Lagoon expanded relatively rapidly between ~198 and 195 ka, in association 

with the inundation of comparatively shallow basin slopes. Rapid wetland expansion had a 

notable impact on the carbon isotope record, which taken at face value indicated relatively dry 

climates but were unsupported by changes in n-alkane distributions or pollen-based vegetation 

reconstructions by Kemp et al. (submitted). Alteration of GDGT distributions independent of 

changes in MAAT resulted in a large degree of uncertainty in the reconstruction of interglacial 

temperatures, making determining whether direct evaporation may have driven increased 

Holocene drying and altered wetland vegetation assemblages on NSI difficult. Separation of the 

Fern Gully Lagoon wetland climate record from changes in wetland surface area and human 

influence on terrestrial vegetation assemblages illustrates the value of utilising a combination of 

proxies which have very different properties and provenance. 
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Chapter 6 – Conclusions and suggestions for future research 
6.1 Preamble 

This thesis has contributed research towards a greater understanding of Australian 

climates during MIS 3, the nature of Australian Holocene climate drivers (relative to the 

previous two interglacial periods) and long-term trends in Australian climate. A review and 

synthesis of 40 published Australian climate records into a continental moisture availability 

record has provided a resource for future research on the partial extinction of Australian 

megafauna (Chapter 2). A ~210 kyr multi-proxy record of Australian subtropical climates 

covering the two most recent interglacial complexes was used to address the nature of Holocene 

climates in respect to gradual drying from ~200 ka as recorded in central and south eastern 

Australia (Chapters 3 – 5). In the following summary, outcomes of this thesis are presented in 

relation to the key aims and objectives of the project. Needs for further research are also 

outlined, summarising identified gaps in current knowledge and possible directions for future 

research. 

6.2 Assessment of key aims 

6.2.1 Construct a record of Australian continental climate change during MIS 3 

Chapter 2 presented a detailed review of 40 published Australian climate records 

covering at least part of MIS 3. These 40 records, close to the total number of continental climate 

records for the period available at the time of publication (lacking only those with large degrees 

of age uncertainty in their chronologies) allowed synthesis of a continental mean moisture 

availability record. The combined moisture availability record for MIS 3 is the first such 

synthesis for Australia and adds greater continental climate context to the discussion of partial 

megafaunal extinction, where before continental climate conditions were generally approximated 

using distant records (e.g. Johnson et al., 2016) or climate models (Saltré et al., 2016). This 

research also served to define limitations in understanding Australian climates, both spatially 

(distance between records and geographical coverage), and chronologically (availability of long 

records and the generally large degree of age uncertainty beyond ~50 ka). 
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The MIS 3 review and synthesis indicates that: 

1. Australia experienced spatially variable climates for much of MIS 3, reflecting similar 

variability to contemporary climates. 

2. Australia was predominantly wet between ~49 and 40 ka, the period of peak loss of 

megafauna (Saltré et al., 2016), indicating that climate likely played a minor role, if any, 

in Australian megafauna extinction. 

3. From ~40 ka there was a gradual reduction in Australian mean continental moisture 

availability. 

4. Australian summer monsoon-dominated regions experienced rapid drying from ~48 ka, 

while southern westerly wind dominated regions were wetter from ~50 – 29 ka than 

during early MIS 3. 

5. While a notable relationship with regional fire history was identified, there was little 

correlation between continental mean Australian moisture availability and atmospheric 

CO2 or global sea levels. 

6.2.2 Create a new, high resolution, discontinuous multi-proxy subtropical Australian 

climate record of at least two glacial cycles  

Each of the chapters from two to five progressively refined the Fern Gully Lagoon multi-

proxy records of regional and local climates, in addition to isolating the influence of biomass 

burning, evaporation and mean annual air temperatures on palaeoclimate proxies. Where 

possible, sampling locations in the core were overlapped so that all proxies were comparable 

during each sedimentation phase. Proxies were also sampled at high resolution where possible, 

with abutting samples, limiting gaps in the sedimentary record. The high number of available 

climate proxies made record verification by comparison between climate proxies relatively 

straightforward, ensuring that the Fern Gully Lagoon climate record is as robust as possible.  

Multiple proxy records also allowed comparison between calibration methodologies, 

highlighting the limitations of each, and allowing issues to be identified and addressed where 

proxies indicated conflicting climate conditions. For example, a combined climate record using 

in-wetland climate proxies independent of human influence on terrestrial vegetation assemblages 

or fire frequency (used to infer climate change in Chapter 4), supported the previous findings and 
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indicated that Holocene wetland conditions were drier than during the previous two interglacials 

(Chapter 5). 

Dating the Fern Gully Lagoon sedimentary sequence was not straightforward. However, 

utilisation of stringent testing criteria and Bayesian age-depth modelling provided the most 

robust age model possible under the circumstances. The Fern Gully Lagoon multi-proxy record, 

supported by the robust age-depth model, allowed investigation of two major climate hypothesis 

– that long-term Australian interglacial drying was present in the subtropics, and that differences 

in regional climate drivers led to drier Holocene climates compared to recent interglacials. The 

first hypothesis was marginally supported by regional climate trends as indicated by continental 

inorganic flux (Chapter 3). However, recovery of an additional information from regional 

vegetation reconstruction and local wetland stable carbon isotope and lipid biomarker records 

(Chapters 4 and 5) instead indicated that gradual drying of the Australian subtropics was 

unlikely, and that Holocene climates are notably different to recent interglacials, likely due to 

changes in regional climate drivers altered by lower amplitude Holocene insolation. 

The Fern Gully Lagoon ~210 kyr climate record indicates that: 

1. Holocene climates in the Australian subtropics are notably drier than climates during 

the previous two interglacials. 

2. Climates during the MIS 7a–c and MIS 5 interglacial complexes at Fern Gully 

Lagoon had relatively similar moisture availability. 

3. Rainforest taxa became locally extinct on NSI at around the same time as, if not 

before human activity peaked at nearby Wallen Wallen Creek. 

4. After the LGM, human impact notably altered regional vegetation assemblages and 

fire regimes, leading to an initial over-estimation of Holocene drying. 

5. While some monsoonal influence is possible during glacials, interglacial moisture 

availability at Fern Gully Lagoon has likely been dominated by ENSO activity for the 

past ~210 kyr. 

The record from Fern Gully Lagoon supports the hypothesis of differing Holocene 

climates as compared to recent interglacials as proposed by Yin and Berger (2015), reflecting 

findings from interglacial climate models (Claussen et al., 2005; Yin and Berger, 2015) and 
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several interglacial climate records (e.g. Cheddadi et al., 2005; Schweger et al., 2011). While it 

was not possible to directly tie differing Holocene climates in subtropical Australia to differing 

insolation patterns (after Yin and Berger 2015), notable differences in subtropical climate drivers 

during the Holocene compared to MIS 7a–c and early MIS 5 climates indicate the influence of 

changes in ENSO variability after Kershaw et al. (2007). As such, this record supports a cautious 

approach when using MIS 7a–c and MIS 5 climate records to predict or interpret future changes 

in Holocene climates, in agreement with Yin and Berger (2015) and Schweger et al. (2011). 

Relatively wetter MIS 7a–c and MIS 5 climates compared to a drier Holocene observed 

at Fern Gully Lagoon is most similar to the climate record from Lynch’s Crater, on the tropical 

Atherton Tablelands ~1,400 km north of NSI (Kershaw et al., 2007) than any other record of 

Australian interglacial climates. However, unsurprisingly, the subtropical Fern Gully Lagoon 

record has a lower relative proportion of rainforest taxa present throughout, with increased 

average relative proportions of both sclerophyll and herb and grass taxa, reflecting lower annual 

mean precipitation. The similarity of these records is most likely due to a shared long-term 

climate driver – ENSO – but the Australian summer monsoon likely had only had a minor 

influence on the Fern Gully Lagoon record. Periods of increased moisture availability on NSI 

were coeval with increased La Niña frequency as recorded in north-eastern Australia (Moss and 

Kershaw, 2007) and in ocean-core records (e.g. Pena et al., 2008) and during periods of 

increased strength of the Australian Summer Monsoon, as recorded in central Australia (Nanson 

et al., 2008; Fu et al., 2017). Greater climate stability on NSI when compared to the Atherton 

Tablelands is likely indicative of reduced influence on climate of orbital forcing. 

The Fern Gully Lagoon climate record indicated that there were notable changes in both 

terrestrial vegetation assemblages and fire regime after the Last Glacial Maximum (LGM) likely 

due to human impact. While there was continuity of sclerophyll and herb-grass vegetation 

assemblages on either side the LGM sedimentary hiatus, arboreal rainforest taxa became locally 

extinct. While local extinction may have been driven by relatively dry Holocene climates, similar 

stable carbon isotope ratios and n-alkane biomarker distributions for the Holocene and late MIS 

3 (when rainforest taxa were still abundant) suggest that any reduction in mean annual 

precipitation is unlikely to have been sufficient to lead to almost total loss of rainforest taxa. The 

most likely cause of combined regional rainforest extinction and a change in fire regime is 
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human impact. A change in fire regime (Chapter 4), as well as coeval peaks in charcoal flux at 

Fern Gully Lagoon with peaks in human activity at ~21 ka and ~1 ka (Neal and Stock, 1986), 

and differences between local wetland and regional climate records (Chapter 5) indicates that 

human impact likely led to the local extinction of rainforest taxa. 

6.3 Suggestions for future research 

The new continental synthesis of Australian climate change during MIS 3 addressed the 

lack of continental climate context for Australian megafauna sites and indicated that drying was 

unlikely to be the major cause of peak megafauna extinction in Australia at ~45 ka (Chapter 2). 

The combined continental hydroclimate record provides scope for a new synthesis when 

combined with MIS 3 archaeological studies, with a focus on identifying changes in human 

occupation due to moisture availability (i.e. food and water availability). Additionally, the 

continental MIS 3 moisture availability record identified spatial gaps in Australian MIS 3 records 

and therefore areas of focus for further research. One promising location for future research are 

potential speleothem records in Nullarbor Plain cave systems (Lipar and Ferk, 2015; Heath et al., 

2018), and new marine cores, which record regional climate (e.g. Moss and Kershaw, 2007; van 

der Kaars et al., 2017) could also help to fill spatial gaps. Additionally, if the search for new MIS 

3 climate records is focussed on areas predicted to contain megafauna remains after Block et al. 

(2016) – south-eastern and south-western Australia, along with much of South Australia – new 

reconstructions could support palaeontological studies by providing climate context. 

The Fern Gully Lagoon record of regional vegetation through time allowed moisture 

availability on NSI to be inferred for much of the past 210 kyr (Chapter 4). However, change 

associated with vegetation succession due to nutrient depletion was not observed. In addition to 

changes due to climate, vegetation assemblages on sand dune systems are thought to be driven 

by nutrient leaching and limitation over long time periods (>100 kyr), as observed on the 

Cooloola Sand Mass ~160 km to the north of NSI (Chen et al., 2015). While dune sequences at 

both locations have comparable ages and periods of deposition, changes in vegetation 

assemblages due to aging dunes were not observed on NSI. The lack of expected vegetation 

succession on NSI (Chapter 4) indicates that the theory of vegetation succession on dune systems 

due to nutrient depletion may be flawed, or that the Fern Gully Lagoon pollen record has a large 

enough catchment to smooth out succession-related vegetation trends. Investigation would be 
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relatively straightforward: comparing the Fern Gully Lagoon vegetation assemblage record and a 

new chronosequence study on NSI would support the case for either a flawed hypothesis (if 

differing vegetation sequences are found to those on the Cooloola Sand Mass), or the 

impracticality of tracking vegetation succession using pollen records. 

Hiatuses in the Fern Gully Lagoon sediment record during glacials were inferred to be 

due to drier conditions on NSI, including the LGM hiatus, which matches the timing of hiatuses 

found in nearby wetland records (Chapter 3; e.g. Atahan et al., 2015; Lewis et al., 2020). As 

such, the Fern Gully Lagoon record supports an extended dry subtropical LGM, as proposed by 

Petherick et al. (2017), rather than stable LGM climates as inferred from a review of NSI climate 

records by Tibby et al. (2017). However, the timing of the MIS 6 glacial hiatus at Fern Gully 

Lagoon, even when taking into account 2-sigma error in the age-depth model, only partially 

overlaps the period of maximum drying during MIS 6 observed in other interglacial records (Fig. 

4.6; e.g. Kershaw et al., 2007). This uncertainty in the climate record, combined with the shape 

of the wetland basin (Chapter 5), the lack of any sedimentary indicators of drying at hiatus 

locations (Chapter 2), and sediments indicative of wet climates around the hiatus points, indicate 

that the wetland may have suffered collapse at least once in the past ~210 kyr. Wetland collapse 

leading to loss of a notable volume of sediment as has been observed at contemporary sites 

(Loffler, 2006), and a lack of sedimentation until the wetland could again hold water would be 

represented in the wetland record as a sedimentary hiatus. To address possible misidentification 

of hiatuses at Fern Gully Lagoon as dry periods, additional work is required. Fern Gully, the 

main overflow below the wetland, has already been sampled for sedimentary analysis and OSL 

dating of the alluvial fan, but analysis has not yet taken place. Matching ages for Fern Gully 

alluvial sequences and Fern Gully Lagoon sedimentary hiatuses would support a hypothesis for 

relatively stable climates for the past ~210 kyr, in line with LGM stability observed in other NSI 

sites (Tibby et al., 2017). 

Mapping basin morphology helped to identify changes in wetland exposure and moisture 

storage over time for Fern Gully Lagoon, and so identify the influence of changing evaporation 

on the moisture availability record (Chapter 5). However, the method used to map the basin – 

sounding pole transects – does not provide a very detailed record of basin shape and sounding 

poles do not always record the existence or absence of sand lenses. It is likely that shallower 
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slopes within the Fern Gully Lagoon basin led to anomalies in the stable isotope record, as a 

δ13COM peak in the record coincides with relatively shallower basin slopes identified using 

sounding-poles. To investigate this anomaly, a more detailed map of basin morphology and 

identification of any sand lenses within the sediment using ground penetrating radar (for 

example) is required. Identification of the influence of basin morphology on stable isotope ratios 

over time would additionally add to current understanding of wetland evolution and help future 

studies to identify non-climate changes in stable isotope records. 

Additional work on reconstructing MAAT at Fern Gully Lagoon would help to provide a 

high-resolution temperature reconstruction for subtropical Australia, in turn assisting in 

discussion of relative changes in Australian MAAT during glacials (e.g. Miller et al., 1997; 

Chang et al., 2015) and in the improvement of global climate models (Turney and Jones, 2010; 

Harrison and Bartlein, 2012). The most recent GDGT calibration for peat systems (using the 

degree of methylation of 5-methyl brGDGTs after Naafs et al. (2017)) was not used for this 

study due to difficulties distinguishing between 5-methyl and 6-methyl isomers in Fern Gully 

Lagoon sediments. Re-sampling of the Fern Gully Lagoon cores at a higher resolution, and 

analysis using the latest calibrations, including co-eluting GDGTs separated using other HPLC 

columns and solvent mixtures, would result in a much-improved temperature reconstruction. In 

addition, establishing an additional temperature proxy record (e.g. chironomids after Eggermont 

and Heiri (2012)) would help validate the record. Further research could also include a new 

GDGT calibration study focused on Australian wetland sediments and utilising a climate 

gradient similar to Australian chironomid calibrations after Chang et al. (2015), allowing greater 

accuracy for Australian temperature reconstructions. 

Regional climate change 

Moisture availability records from Fern Gully Lagoon indicated that changing wetland 

conditions for the past ~210 kyr were predominantly driven by ENSO. As such, increased 

sample resolution may allow extraction of a detailed ~210 kyr record of ENSO activity from 

Fern Gully Lagoon. A new terrestrial ENSO record would assist with ongoing debates about 

ENSO activity (e.g. whether there was greater ENSO activity during glacials (Koutavas and 

Joanides, 2012) or whether there is a consistent relationship between ENSO and orbital forcing 

(An et al., 2017)), as currently almost all available long records are based on marine studies (e.g. 
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Pena et al., 2008; Ford et al., 2015; Zhang et al., 2017) or climate modelling (Singarayer and 

Valdes, 2010; Brady et al., 2013). Terrestrial records of ENSO activity are important due to the 

discrepancy in the timing of changes in ENSO inferred from ocean records (Mariani et al., 2016; 

Beck et al., 2017), and some disagreement in the dominant ENSO phase between terrestrial and 

marine records (Emile-Geay et al., 2013). Methods for increasing the resolution and certainty of 

the Fern Gully Lagoon climate record beyond additional pollen sampling include δ18O extracted 

from wetland cellulose (e.g. Wolfe et al., 2007), pigments (e.g. Cadd et al., 2018) and leaf wax 

δ2H analysis (e.g. Goldsmith et al., 2019). 
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Appendix A – Supplementary material for Chapter 2 
A.1 Supplementary tables 

Supplementary table A1 is very large and could not be included in its entirety in the 

printed version of the thesis. However, a copy can be downloaded from this address: 

https://ars-els-cdn-com.proxy.library.adelaide.edu.au/content/image/1-s2.0-

S0277379118306978-mmc1.xlsx 

The caption for this table has been included below: 

Table A1: Australian MIS 3 sites, scoring and metadata. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://ars-els-cdn-com.proxy.library.adelaide.edu.au/content/image/1-s2.0-S0277379118306978-mmc1.xlsx
https://ars-els-cdn-com.proxy.library.adelaide.edu.au/content/image/1-s2.0-S0277379118306978-mmc1.xlsx
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Table A2: Calibrated 
radiocarbon ages for Australian 
MIS 3 records. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Site Sample Code Radiocarbon age (years) ±1σ error Calibrated age (years) ±1σ error Curve
Lake Leake ANU1146 35000 1500 39730 1635 SHCal13

ANU1147 37900 1250 42175 1020 SHCal13
ANU1279 38900 2400 43380 2260 SHCal13*
ANU1148 34900 NR 39375 SHCal13
ANU1149 35100 NR 39625 SHCal13

Wyrie Swamp ANU1275 26450 650 30495 605 SHCal13
ANU1276 29950 950 33990 990 SHCal13
ANU1350 31100 1000 35100 1010 SHCal13
ANU1277 35100 1400 39830 1490 SHCal13
ANU1349 39700 2600 44050 2340 SHCal13*
ANU1278 24100 600 28185 535 SHCal13
ANU1351 21800 950 26185 1000 SHCal13

Pulbeena Swamp GrN-7689 22130 180 26295 215 SHCal13
GrN-9458 42200 800 45510 730 SHCal13
GrN-8589 42700 900 45980 880 SHCal13
GrN-8636 41100 800 44570 725 SHCal13
GrN-9438 41450 700 44890 620 SHCal13
GrN-9483 42620 200 45800 240 SHCal13

Lake George N-1815 28400 1600 32590 1590 SHCal13
N-1816 27100 1050 31340 1180 SHCal13
N-1817 35700 3525 40290 3790 SHCal13*
N-1513 12400 460 14475 685 SHCal13
N-1514 31300 1170 35310 1260 SHCal13
N-1818 30300 1550 34480 1810 SHCal13
N-1819 23000 1650 27380 1750 SHCal13
N-1515 37800 NR 42080 SHCal13
N-1516 22500 640 26730 595 SHCal13
N-1518 29600 2500 34110 3010 SHCal13
N-1519 37800 NR 42080 SHCal13

Tullabardine Dam SUA-1045 21250 270 25540 270 SHCal13
ANU-4816 10730 660 12380 880 SHCal13
SUA-1046 31500 900 35445 950 SHCal13
SUA-1047 43800 NR 46880 SHCal13

Egg Lagoon SUA-2929 39400 850 43220 680 SHCal13

Lake Selina SUA 3040 14200 230 17230 330 SHCal13
OZA 237U 18900 220 22720 240 SHCal13
OZA 238U 33800 1100 38010 1340 SHCal13

Old Lake Coomboo Depression ANU 4282 21800 1270 26090 1340 SHCal13
ANU 4283 31700 1370 35900 1570 SHCal13

Fr10/95, GC17 Undefined1 27730 770 31810 780 MARINE13
Undefined2 40560 1200 44140 1020 MARINE13

Lake Baraba NZA-21524 (Wk-15818) 19411 196 23315 255 SHCal13
Undefined3 43630 NR 46695 SHCal13

Redhead Lagoon OZG348 19740 100 23730 150 SHCal13
OZG788 23750 140 27785 120 SHCal13
OZG351 33750 320 38145 445 SHCal13
Wk-8571 34020 340 38480 410 SHCal13
Wk-8574 32350 280 36190 315 SHCal13
Wk-7702 35660 790 40275 830 SHCal13
Wk-7703 39530 1320 43440 1070 SHCal13
Wk-7704 40200 1450 43950 1220 SHCal13*
Wk-7705 36060 830 40660 805 SHCal13

Lake Allom R.J. Van de Graaff laboratory 13183 32500 400 36395 530 SHCal13
R.J. Van de Graaff laboratory 13184 35900 800 40515 805 SHCal13
R.J. Van de Graaff laboratory 13493 45200 1500 >47440 SHCal13
R.J. Van de Graaff laboratory 13185 44600 2400 >46410 SHCal13
R.J. Van de Graaff laboratory 13494 45900 1900 >47850 SHCal13

Caledonia Fen OZ793 23460 260 27605 185 SHCal13
OZ794 36540 780 41085 705 SHCal13
OZ795 40900 1200 44390 1060 SHCal13
OZ796 48600 3200 >45430 SHCal13
OZ797 43100 1800 >44970 SHCal13
OZ798 46200 2400 >47700 SHCal13

Native Companion Lagoon NC-1-394 19311 157 23215 215 SHCal13
NC-1-528 28684 456 32675 640 SHCal13
NC-1-567 33187 816 37385 985 SHCal13
NC-1-677 35757 1147 40340 1120 SHCal13

Lunette-lakes Bolac and TurangmOZE 007 14830 100 17995 135 SHCal13

Tortoise Lagoon Tor-D-005 18630 140 22465 150 SHCal13
Tor-D-006 23860 180 27875 170 SHCal13

Lake McKenzie OZO412 15100 70 18300 115 SHCal13
OZN687 18670 100 22485 105 SHCal13
OZN688 23270 120 27495 110 SHCal13
OZN689 30940 190 34805 185 SHCal13
OZN690 31870 180 35750 230 SHCal13

Cuddie Springs Beta 81377 28770 300 32890 475 SHCal13
Beta 81378 32900 510 37000 710 SHCal13
Beta 81379 33660 530 37895 725 SHCal13
Beta 81380 33300 530 37520 725 SHCal13
Beta 81381 30990 360 34880 360 SHCal13
Beta 81382 32580 510 36590 710 SHCal13
Beta 81383 32420 460 36305 600 SHCal13
Beta 81384 29170 360 33320 395 SHCal13
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A.2 An example of record scoring from Redhead Lagoon 

The study of Redhead Lagoon (Williams et al., 2006) was chosen to demonstrate our 

scoring method as it contains elements which score at either end of our scale and is also typical 

of a number of MIS 3 records. The record is a composite sequence developed from multiple 

cores which, collectively, provide a continuous record of the last ~75 ka. The age model for the 

composite 6 metre sequence is based on twenty 14C and four OSL ages. The MIS 3 component of 

the record consists of approximately 2.4 m of sediment, with seven 14C ages. The environmental 

record is based on pollen analysis, and climate changes are derived from palynology and the 

study of stratigraphic boundaries and layers. Within the MIS 3 section of the record, there are 

approximately 45 pollen samples. 

Dating quality: The record has seven 14C ages within the first half of MIS 3. The four 

OSL ages constrain the MIS 4 portion of the core, thereby providing additional maximum age 

constraint for the composite record. In the first dating category (57-45 ka) there are no numerical 

ages, hence no points have been awarded for two of the three criteria (dates within the period, 

age range of dates in the period). Due to the older OSL ages constraining the age/depth model for 

the record with the closest at ~70±7 ka, there is a <10 ky overlap with the MIS 3 period, gaining 

+0.1. In total, 0.1 is awarded for this category. 

For the second dating quality category (the period 45–29 ka), 14C ages immediately 

following MIS 3 help to constrain the start of the early MIS 3 part of the record (scoring +0.1). 

The number of numerical ages in the early MIS 3 range (45–29 ka) exceeds two (scoring +0.2) 

but the dating samples all fall within a period of ~4.6 ky (there is no spread of dating results 

spanning >10 ka; scoring +0.0). Taken together, the score for category 2 is 0.3. 

The 14C ages for the MIS 3 period score 0.15 as they are based on charcoal. This dating 

quality score would have been increased to 0.2 (the maximum possible) if OSL dating had been 

used to constrain the older part of the record within MIS 3 (category 3). Overall, the study scores 

0.4 out of 0.8 for the number of ages obtained and dating resolution employed (categories 1 and 

2), and a further 0.15 out of 0.2 for dating quality (category 3), giving a combined score of 0.55 

out of a possible 1. 
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Proxy Quality: There are 45 pollen samples in the period between 57 and 29 ka, which 

provides good proxy resolution in MIS 3. This sample coverage receives a score of 0.3 out of 0.4 

according to proxy quality (category 4). As only a single type of proxy data is presented, the 

record scores 0.1 according to category 5. Vegetation (pollen) responds on millennial or shorter 

timescales to climate (Kershaw et al., 2007; Muller et al., 2008; Harrison and Sanchez Goñi, 

2010), and so the record scores 0.2 out of 0.3 for proxy responsiveness (category 6). The total 

score for proxy quality is therefore 0.6 out of a possible 1. 

Continuity of the record: As the authors conclude that the record is almost continuous, 

covering the whole of MIS 3, the study scores 0.5 out of 0.5 for categories 7 and 8. 
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Appendix B – Supplementary material for Chapter 3 
B.1 µXRF Calibration plots, indicating the relationship between calibrated 

and normalised µXRF and WD-XRF elemental determinations 

 

 

 
 
Figure B1: Regression plots, used for the determination of the mass of each inorganic oxide per wetland 
sediment volume from Itrax counts per second (after normalisation by total counts per second). CPS: Itrax 
counts per second. 
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B.2 Principal Components Analysis (PCA) used to determine the significant 

signals present within the µXRF record 

The broken stick model (Fig B2), calculated using a subset of seven normalised elements 

comprising those with the highest counts per second (silicon, iron, calcium, bromine, zircon, 

potassium and titanium), and LOI derived inorganic content, indicates that axis one and two were 

significant (i.e. above the broken stick variance).  

 
 

Figure B2: Broken stick model vs Fern Gully Lagoon PCA. 
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B.3 Changepoint Analysis used to determine the location of possible 

sedimentary hiatuses 

Pruned exact linear time (PELT) multi-changepoint analysis (Killick and Eckley, 2014) 

was used to identify major changes in inorganic content through the Fern Gully core sequence, 

which are inferred to be associated with the location of sedimentary boundaries and potential 

depositional hiatuses. The results of this changepoint analysis have been used as a means of 

independently assigning OxCal Bayesian modelling priors on stratigraphic grounds.  

The PELT multi-changepoint analysis performed on the LOI inorganic estimate log and 

the µXRF Si, Ti, K and Zr data identified four statistically significant stratigraphic changes or 

potential hiatuses in sedimentation at 42, 52, 166 and 288 cm (Fig. 3.3, B3). On the basis of these 

results, we have included four separate depositional units in the OxCal modelling priors with 

delineating boundaries at depths of 52, 166 and 288 cm. As there are no intervening likelihood 

estimates (OSL or 14C dating constraints) specified between depths of 42 and 52 cm in the Fern 

Gully Lagoon sequence, the 42 cm changepoint was considered redundant and was not added to 

the model priors to avoid over-parameterization.  

 
 
Figure B3: Changepoint analysis using µXRF silicon counts per second to identify statistically 
significant changes in mean inorganic sedimentation. 
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B.4 Optically stimulated luminescence (OSL) laboratory methods, quality 

control and radial plots 

B.4.1 OSL methodology 

Due to the low inorganic content of the core below 3 m, it was necessary to extract larger 

sediment samples (up to 24 cm in length instead of the standard 10 cm long sections) to ensure 

sufficient quartz yields for OSL dating. However, even with extended sampling, it was not 

possible to recover enough quartz grains for two planned OSL samples at 590 and 633 cm (FG15 

OSL-6 and -7).  

Purified quartz grains were extracted after Aitken (1998), including chemical 

disaggregation, digestion of organics, wet sieving of six grain size fractions ranging from 63 to 

250 μm, with heavy liquid separation following Arnold et al. (2011). After etching with 48% 

hydrofluoric acid (40 minutes) to remove alpha-irradiated outer layers, individual grains from the 

180–250 μm quartz fraction were mounted in aluminium discs drilled with a 10 × 10 array of 

chambers (300 µm wide and 300 µm deep) for single-grain OSL measurements (Arnold et al., 

2012). Single-grain equivalent dose (De) measurements were made using the instrumentation 

and experimental procedures described by Demuro et al. (2013; 2015) and the Single-Aliquot 

Regenerative-dose (SAR) protocol (Murray and Wintle, 2000) shown in Table B1. 

The preheating conditions used in the SAR De determination protocol were verified prior 

to use through a 20 Gy single-grain dose recovery test performed on sample FG15 OSL-5, 

following the approach outlined in Arnold et al. (2016). The dose-recovery test yielded a 

measured-to-given dose ratio of 1.01 ± 0.02 and an overdispersion value of 10 ± 2%, supporting 

the suitability of the chosen SAR protocol. Individual grain De values were only included in the 

final age calculation if they satisfied a series of standard quality assurance criteria (Arnold et al., 

2012; Arnold et al., 2016), as summarized in Table B2.  

 

 

 



Appendix B                                                                            Supplementary material for Chapter 3 
 

191 
 

Table B1: SAR protocol used for De determination with the Fern Gully OSL samples. 
 

 
Lx = regenerative-dose OSL signal response; Ln = natural dose OSL signal response; Tx = test dose OSL 
signal response for a laboratory dose cycle; Tn = test dose OSL signal response for the natural dose cycle. 
a Step 2 is only included in the single-grain OSL SAR procedure when measuring the OSL IR depletion 
ratio (Duller, 2003) (Duller, 2004). 

 

We considered a range of statistical age models to characterise each single-grain De 

distribution and derive representative burial dose estimates: the central age model (CAM), the 

three-parameter minimum age model (MAM-3), the four-parameter minimum age model 

(MAM-4) and the finite mixture model (FMM) (Galbraith and Green, 1990; Galbraith et al., 

1999). The rationale behind the age model choice for each sample is provided in section 3.5 and 

is based on consideration of De overdispersion, the presence of discrete dose populations, and 

the statistical suitability of the various age model fit (maximum log-likelihood criterion after 

Arnold and Roberts, 2009). 

Environmental dose rates were determined from the radioactive elemental concentrations 

of the beta and gamma dose-rate bulk sediment samples. Elemental concentrations were 

determined on dried and powdered sediments using a combination of (ICP-MS) and inductively 

coupled plasma optical emission spectrometry (ICP-OES), which were converted to beta and 

gamma dose rates using the conversion factors of Guérin et al. (2011). The calculated 

environmental dose rates were corrected for beta-dose attenuation and long-term water 

corrections following Mejdahl (1979), Brennan (2003), Aitken (1985) and Readhead (1987). 

Cosmic-ray dose rate contributions were calculated using the approach outlined by Prescott and 

Step Treatment Signal 
1 Give dose (natural or laboratory)  
2a IRSL stimulation (50°C for 60 s)  
3 Preheat 1 (PH1 = 260°C for 10 s)  
4 Single grain OSL stimulation (125°C for 2 s) Ln or Lx 
5 Test dose (10 Gy)  
6 Preheat 2 (PH2 = 220°C for 10 s)  
7 Single grain OSL stimulation (125°C for 2 s) Tn or Tx 
8 Repeat cycle for five different sized 

regenerative doses, a 0-Gy dose, and a 
repeated regenerative dose 
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Hutton (1994), assuming a constant, gradual build-up of overburden and an average wetland 

water depth of 1 m – equivalent to observed conditions during core extraction. 

To eliminate possible water content measurement error due to drying in storage, 

contiguous water contents were calculated immediately after opening the cores. Discrete water 

content assessments were subsequently made on the beta and gamma dose rate bulk sediments 

during the OSL sampling procedure. No substantial changes in water content were noted 

between these two evaluations, demonstrating the representativeness of the water content used 

for dose rate assessments.  

The P_Sequence model was run with the general outlier function (Bronk-Ramsey, 2016), 

and prior outlier probabilities of 5% were equally assigned to all dating samples to identify 

potentially significant statistical outliers. Likelihood estimates that yielded minor posterior 

outlier probabilities >5% were not excluded from the final model but were proportionally down-

weighted in the iterative Monte Carlo runs, thereby producing an averaged chronological model 

(Bronk-Ramsey, 2016). 

B.4.2 OSL results 

Figures B4 and B5 show representative OSL dose-response and decay curve for grains 

that passed the SAR quality assurance criteria and were used for dating. The samples have very 

low environmental dose rates (0.05 – 0.12 Gy/kyr), consistent with the organic-rich nature of the 

peaty sediments and their high long-term water content (Table 2.2). No moisture versus depth 

trend was noted, indicating that dewatering and compaction of the sediments did not occur, no 

compaction correction was applied to the water content estimates used for dose rate calculation. 

The single grain De distributions of the Fern Gully Lagoon OSL samples are shown as 

radial plots in Figure 5, B6 and B7. Sample FG15 OSL-3 exhibits the lowest overdispersion 

(26.7 ± 3.2%) and the most homogenous De distribution of the nineteen samples (Fig. 3.5a). 

These De characteristics are consistent with those typically reported for ideal (well-bleached and 

unmixed) single-grain De datasets at 2σ (global average overdispersion = 20 ± 1% (Arnold and 

Roberts, 2009)). Sample FG15 OSL-3 has therefore been used to derive a site-specific baseline 

assessment of overdispersion expected for well-bleached and unmixed samples at Fern Gully 



Appendix B                                                                            Supplementary material for Chapter 3 
 

193 
 

Lagoon. The final burial dose of this ‘best-case scenario’ sample has been calculated using the 

CAM. 

Seven OSL samples (FG15 OSL-14, -13, -12, -11, -10-2, -5, -4) exhibit slightly higher 

De scatter and overdispersion values of 29-39% (Fig. B6). However, the overdispersion values of 

these samples are all consistent at 2σ with the overdispersion value of sample FG15 OSL-3, 

suggesting limited influences of additional extrinsic De scatter. The final burial doses of these 

samples have also been derived using the CAM, as their dose dispersion properties are 

statistically indistinguishable from FG15 OSL-3. 

The remaining eleven OSL samples exhibit significant De scatter, and a more significant 

proportion of the measured De values do not overlap with the 2σ standardised estimates of the 

weighted mean burial dose (Fig. B6). These De datasets also exhibit higher overdispersion 

values of 39 – 119%, which are not consistent at 2σ with the overdispersion value obtained for 

the well-bleached and unmixed baseline sample (FG15 OSL-3). Several De datasets are 

characterised by largely unstructured and broadly symmetric De scatter, with a similar number of 

outlying De values found on both sides of the weighted mean (e.g., FG15 OSL-17). Some of the 

samples are significantly positively skewed (Bailey and Arnold, 2006) (Bailey and Arnold, 2006) 

and show clear leading-edges of low De values or elongated clusters of higher De values (e.g., 

FG15 OSL-18, -2). Six samples exhibit very high overdispersion values (53–119%) and contain 

multiple discrete dose populations when fitted with the FMM (Fig. 3.5b, B7). Collectively, these 

complex De distribution characteristics are consistent with those commonly reported for 

heterogeneously bleached single-grain OSL samples (e.g. Arnold et al., 2007; Arnold et al., 

2008), samples affected by post-depositional mixing (e.g. Arnold and Roberts, 2009; Arnold et 

al., 2012) and samples affected by certain sources of beta dose heterogeneity (e.g. Nathan et al., 

2003; Mayya et al., 2006; Arnold et al., 2014). The final De values of these eleven samples have 

been derived using either the CAM, MAM-3 or MAM-4 according to the maximum log-

likelihood (lmax) criterion of Arnold et al. (2009) (i.e., using the age model that provides the most 

statistically suitable fit for each empirical dataset after taking into consideration model 

parameterisation complexity). 

It is worth noting that three of the samples exhibiting multiple discrete dose components 

in core 1 (FG15 OSL-8, -10, -16) also have counterpart samples from equivalent depths in core 2 
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(samples FG15 OSL-8-2, -10-2 and -16-2, respectively). Interestingly, two of these replicate 

samples (FG15 OSL-10-2, -16-2) from core 2 exhibit much lower overdispersion values and are 

characterized by single dose components that yield stratigraphically consistent age estimates 

using the Lmax age model selection criterion of Arnold et al. (2009) (Tab. 3). These results 

suggest that the influences of post-depositional mixing may be localised and spatially variable 

across Fern Gully Lagoon rather than affecting entire sediment phases or units. 

 

 
 

Figure B4: Representative natural test-dose (10 Gy) OSL decay curves for quartz grains that passed the 
SAR quality assurance criteria from sample FG15 OSL-3. (a) Example of an accepted grain that displayed 
a typical OSL signal brightness and relatively rapid decay within the first 0.5 s of stimulation. (b) 
Example of an accepted grain with a dimmer OSL signal and slightly slower decay (reaching background 
within 0.5-1 s of stimulation). Sensitivity-corrected dose-response curves (Fig. B5) were constructed 
using the first 0.08 s of each green laser stimulation (shown by the two red vertical lines) after subtracting 
a mean background count obtained from the last 0.25 s of the signal (shown by the two green lines).  
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Figure B5: Example single-grain OSL dose-response curves for quartz grains from sample FG15 OSL-3.  
The filled circle denotes the sensitivity-corrected natural OSL signal, and open circles denote the 
sensitivity-corrected regenerated OSL signals.  
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Table B2: Single-grain quality assurance criteria and details (following Arnold et al., 2012; 2016). 
 

 
 
 
  

Rule Detail 
1 Weak OSL signal  The net intensity of the natural test-dose signal (Tn) is less than three times the 

standard deviation of the late-light background signal. 
2 Poor recycling ratio The ratio of sensitivity-corrected luminescence responses (Lx/Tx) for two 

identical regenerative doses is not consistent with unity at 2σ. 
3 High signal recuperation The sensitivity-corrected luminescence response of the 0 Gy regenerative dose 

point amounts to >5% of the sensitivity-corrected natural signal response (Ln/Tn) 
at 2σ. 

4 Feldspar contamination The ratio of the Lx/Tx values obtained for two identical regenerative doses 
measured with and without prior IR stimulation (OSL IR depletion ratio; Duller, 
2003) is less than unity at 2σ). 

5 Signal saturation The Ln/Tn value is equal to the Imax saturation limit of the dose-response curve at 
2σ. 

6 Non-intersecting natural 
signal  

The Ln/Tn value is greater than the Imax saturation limit of the dose-response 
curve, and De interpolation is not possible. 

7 Poor or anomalous dose-
response 

Dose-response curves display a zero or negative response with increasing dose 
or dose-response curves display very scattered Lx/Tx values (i.e., those that could 
not be successfully fitted with the Monte Carlo procedure and, hence, did not 
yield finite De values and uncertainty ranges). 
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Table B3: Single-grain OSL 
classification statistics for the Fern Gully 
Lagoon sequence samples, following the 
quality assurance criteria of Arnold et al. 
(2012; 2016). The proportion of grains 
that were rejected from the final De 
estimation after applying the various 
quality assurance criteria are shown in 
rows 6-12. 
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Figure B6 (below): Radial plots showing the single-grain De distributions of OSL samples that were 
considered in the final age evaluations. The grey band on each plot is centered on the De value used to 
derive the final burial dose estimate, which has been derived using the age model indicated in the plot 
heading. CAM: Central Age Model; MAM3, 3-parameter Minimum Age Model; MAM4, 4-parameter 
Minimum Age Model; σb, overdispersion value.  
 
 
FG15 18 – MAM3 – σb = 50.3 ± 4% FG15 17 – CAM – σb = 50.9 ± 6% 

  
FG15 16 2 – MAM3 – σb = 39.5 ± 3% FG15 15 – CAM – σb = 41.3 ± 4% 
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FG15 14 – CAM – σb = 34.5 ± 5% FG15 13 – CAM – σb = 34 ± 5% 

  
FG15 12 – CAM – σb = 34.4 ± 2% FG15 11 – CAM – σb = 28.9 ± 3% 
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FG15 10 2 – CAM – σb = 33.2 ± 4% FG15 5 – CAM – σb = 39.2 ± 6% 

  
FG15 4 – CAM – σb = 32.5 ± 3% FG15 3 – CAM – σb = 26.7 ± 3% 
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FG15 2 – MAM4 – σb = 52.4 ± 6%  
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Figure B7 (below): Radial plots showing the single-grain De distributions of OSL samples that were not 
considered in the final age evaluations because of the presence of discrete multiple grain populations. The 
discrete dose populations identified using the finite mixture model are shown as dark grey bands 
(dominant dose populations), light grey bands and grey lines (minor dose populations). 
 
FG15 16 – FMM – σb = 92.2 ± 10% FG15 10 – FMM - σb = 53.3 ± 6% 

  
  
FG15 9 – FMM – σb = 118.5 ± 10% FG15 8 – FMM – σb = 76.9 ± 8% 
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FG15 8 2 – FMM – σb = 94.8 ± 10% 

 

FG15 1 – FMM – σb = 88.8 ± 13% 
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B.5 Bayesian age/depth modelling 

B.5.1 Modelling method 

The k0 (base rigidity) parameter of the model was configured to respond to variations in 

deposition rate on the order of 1 event per cm of sedimentation and was allowed to vary over a 

factor of 10-2 to 102 (i.e., 0.01 to 100 events per cm) to accommodate any major fluctuations in 

deposition rate supported by the data. The model adopted in this study does not presume 

continuous lacustrine deposition and is able to accommodate potential hiatuses and/or erosional 

discontinuities between different units identified on stratigraphic grounds (see details in section 

2.4 and 3.6). This model structure is designed to accommodate two potential event boundaries 

(e.g., the end of one depositional event and the beginning of a subsequent depositional event) at 

the same depth in the Sequence framework, thereby enabling hiatus events to be more explicitly 

represented in the model. 

B.5.2 Modelling results 

The statistical validity of the modelling results was tested using the model agreement 

index (Amodel), which measures the overlap between measured data and the modelled posterior 

distributions, and the overall agreement index (Aoverall), which is a product of the individual 

agreement indices (Ai, Tab. 4) for each dating sample (Bronk-Ramsey, 2009). None of the three 

identified boundary hiatuses are considered statistically significant at the 95% confidence 

interval, as indicated by the OxCal difference query. The three boundary points are therefore 

only considered potential gaps in sedimentation that cannot be resolved beyond our current 

dating uncertainties.  
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Table B4: Summary of Bayesian modelling results. The likelihood (unmodelled) and posterior 
(modelled) age ranges are presented for each of the numerical dating samples. Posterior (modelled) age 
ranges are also shown for the boundaries of each stratigraphic unit. Posterior ages are presented as the 
68.2% and 95.4% highest probability density ranges. The mean and 1σ uncertainty ranges of the modelled 
posterior distributions are shown for comparison (assuming a normally distributed probability density 
function). The unmodelled and modelled age estimates have been rounded to the nearest 50 years. 
 

 
 

 

 

 

 

 

 

 

Boundary Dating sample 
Depth 
(cm) 

Unmodelled age (years before 1950 CE) Modelled age (years before 1950 CE) Agreement 
index (Ai) 
(%) 

Posterior 
outlier 
probability (%) 68.2% range 95.4% range Mean ± 1σ 68.2% range 95.4% range Mean ± 1σ 

Unit 0 top 0       0–700 0–900 450 ± 200     
  FG15 RC-1,2 -35 750–800 700–850 800 ± 50 750–800 650–2100 1400 ± 350 95.2 10 
Unit 0 bottom -52       750–1150 700–2700 1700 ± 500     
Unit 1 top -52       1350–11750 950–12100 6500 ± 2800     
  FG15 RC-11 -79 13050–13150 13050–13200 13100 ± 50 5100–13300 2500–13300 7900 ± 2700 56.5 48 
  FG15 RC-4,5 -135 17800–18000 17750–18050 17900 ± 100 17800–17950 17700–18050 17900 ± 100 103.9 1 
  FG15 RC-13 -159 19500–19700 19400–19850 19650 ± 100 19500–19750 19450–19900 19650 ± 100 103 0 
Unit 1 bottom -180       19650–20500 19400–22500 20950 ± 750     
Unit 2 top -180       23950–40950 20150–49250 34700 ± 7250     
  FG15 OSL-18 -175.5 24950–41350 17100–49200 33150 ± 8050 33800–49700 27200–57100 42150 ± 7450 78.9 0 
  FG15 OSL-17 -185.5 68200–87100 59100–96150 77650 ± 9250 58000–77800 43850–87100 65450 ± 10800 74.8 13 
  FG15 OSL-16 2 -208.5 111950–143950 96550–159300 127950 ± 15700 82950–102250 74000–110900 92450 ± 9200 18.3 39 
  FG15 OSL-15 -218.5 85500–105400 75950–114950 95450 ± 9750 91650–107450 83950–115250 99600 ± 7850 108.9 1 
  FG15 OSL-14 -239.5 118600–151450 102850–167200 135050 ± 16100 108750–127250 100200–136750 118450 ± 9150 81.8 7 
  FG15 OSL-13 -267.5 111400–152800 91500–172700 132100 ± 20300 127800–147700 118250–157250 137750 ± 9750 127.8 2 
  FG15 OSL-12 -277.5 121150–152350 106150–167350 136750 ± 15300 134700–155500 124450–165750 145100 ± 10300 110 1 
Unit 2 bottom -280       141700–167200 130350–180100 155200 ± 12450     
Unit 3 top -280       164250–191200 152200–202900 177550 ± 12700     
  FG15 OSL-11 -287.5 136900–205400 104000–238300 171150 ± 33550 162700–192600 149650–206350 178000 ± 14200 131 3 
  FG15 OSL-10 2 -310.5 156700–202000 134900–223800 179350 ± 22200 165350–192250 152450–206000 179250 ± 13400 123.9 3 
  FG15 OSL-5 -664.5 207050–288900 167750–328200 247950 ± 40100 184200–208700 173400–220300 196850 ± 11750 61.6 10 
  FG15 OSL-3 -822.5 169450–231750 139550–261700 200600 ± 30550 189250–218850 177300–232600 204950 ± 13800 130.6 3 
  FG15 OSL-4 -829 176000–235500 147400–264100 205750 ± 29200 189900–218800 177350–233100 205200 ± 13950 129.7 3 
  FG15 OSL-2 -845 153050–206500 127350–232150 179750 ± 26200 190000–220150 177450–234550 206000 ± 14300 88.9 1 
Unit 3 bottom -900       192500–222500 180950–237650 209300 ± 14200     
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B.6 Database review of µXRF studies 

Our review of recent scanning µXRF studies has revealed >500 sediment records 

published in the past ten years. An examination of the most relevant 100 studies (as defined by 

Scopus and Web of Science, using the search terms ‘sediment AND (micro-XRF OR (scanning 

XRF) OR XRF-sc OR μXRF))’ was conducted to identify the most commonly utilised hardware, 

normalisation and validation methods (Table B5). The most common equipment used was Itrax 

(Cox analytical systems), accounting for ~71% of studies. Over a third of the Itrax studies 

(~39%) did not present any elemental ratios or use any normalisation or validation methods, 

instead inferring the abundance of individual elements directly from the µXRF counts per 

second. 

Of the normalised records, the most commonly used approach was either normalisation 

by total counts (Bouchard et al., 2011; Martin et al., 2014) or the log ratio method (Weltje and 

Tjallingii, 2008; Weltje et al., 2015) (~21% of records each). The third- and fourth-most popular 

normalisation methods involved using ratios of selected scanned elements (e.g. Fe/Mn, Ca/Si or 

Rb/Sc) and a combination of incoherent and coherent scattering (incoherent + coherent or 

incoherent/coherent or normalisation by coherent or incoherent scatter alone) (~19% each). 

Normalisation by titanium, aluminum or other data (e.g. LOI) were each utilised in ~10% of 

studies. 

Approximately 19% of studies in some way validated and/or calibrated the scanning 

µXRF data utilising a second method of sediment analysis, with the most common method being 

calibration by conventional XRF of inorganic oxides (~7% of studies). Approximately 4% of 

studies validated and corrected inorganic oxides by inductively coupled plasma mass 

spectrometry. The remaining ~3% of studies used other methods for validation, including SEM 

energy dispersive X-ray analysis (EDXA) (Field et al., 2018) and/or atomic absorption 

spectrometry (Martín-Puertas et al., 2011). Validation of the incoherent/coherent scattering ratio 

by LOI organic content estimation was also performed in some cases (~5%). 

This review indicates that while multiple normalisation and validation methods exist, a 

large percentage of recent palaeoclimate records from µXRF analysis of sediments remains 

either unnormalised or unvalidated (>40%). From this percentage, we can infer that many of the 
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µXRF-based records published in the last ten years may be based on an assumed correlation of 

µXRF elements with absolute elementary concentrations, adding to the difficulty of reliably 

reconstructing past climate change. 

B.7 Additional supplementary table 

There is an additional supplementary table associated with chapter 3, which lists the 

µXRF studies used when reviewing recent published methods. It is unfortunately too large to be 

included in the printed version of this thesis, but can be found online at this address: 

https://ars-els-cdn-com.proxy.library.adelaide.edu.au/content/image/1-s2.0-

S0031018219307503-mmc2.xlsx 

The caption for this table has been included below: 

Table B5: A list of 100 scanning micro-XRF sediment studies used to determine common 
equipment, normalisation methods, elements and validation methods as well as sediment types.  

https://ars-els-cdn-com.proxy.library.adelaide.edu.au/content/image/1-s2.0-S0031018219307503-mmc2.xlsx
https://ars-els-cdn-com.proxy.library.adelaide.edu.au/content/image/1-s2.0-S0031018219307503-mmc2.xlsx
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Appendix C – Supplementary material for Chapter 4 
C.1 Fern Gully Lagoon age-depth model 

 

 

 
Figure C1: Age-depth model for Fern Gully Lagoon (Chapter 3; Kemp et al., 2020). This is a duplicate 
figure, added to preserve links in the manuscript as submitted. 
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C.2 Principal component analysis, indicating the relationship between major 

taxa 

 

Figure C2: PCA of all major taxa (containing ~99% of all counted grains) recorded in the FGL 
sediments. Indicator taxa (Fig. 3) are in bold. Ar.: Araucaria, Ag.: Agathis, Po.: Podocarpus, Sa.: 
Sapotaceae, Sy.: Syzygium, No.: Nothofagus, Eu.: Euphorbiaceae, MyS.: Myrtaceous shrubs, Euc.: 
Eucalyptus spp., Cas.: Casuarinaceae, Cal.: Callitris, Er.: Ericaceae, Mo.: Monotoca, Ba.: Banksia, Poa.: 
Poaceae, Ast.: Asteraceae (tublifloreae), Tub.: Tubuliflorides pleistocenicus, Ur.: Urtica, Ru.: Rutaceae, 
Go.: Goodenicaeae, Ap.: Apiaceae, Com.: Comesperma, Cyp.: Cyperaceae, Res.: Restionaceae, Mel.: 
Melaleuca, Myn.: Myriophyllum sp., Gon.: Gonocarpus sp., Tr.: Triglochin sp., Lem.: Lemna sp., Mon.: 
Monolete fern spores and Tri.: Trilete fern spores. 
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C.3 Macrocharcoal spectral analysis 

 

 
 
Figure C3: Redfit spectral analysis of macrocharcoal data for the late MIS 6 to late MIS 3 sedimentation 
phase (155–35 ka). 
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C.4 Bayesian priors and modelling results 

Table C1: Summary of Bayesian modelling results (Chapter 3; Kemp et al., 2020). The likelihood 
(unmodelled) and posterior (modelled) age ranges are presented for each of the numerical dating samples. 
Posterior (modelled) age ranges are also shown for the boundaries of each stratigraphic unit. Posterior 
ages are presented as the 68.2% and 95.4% highest probability density ranges. The mean and 1σ 
uncertainty ranges of the modelled posterior distributions are shown for comparison (assuming a normally 
distributed probability density function). The unmodelled and modelled age estimates have been rounded 
to the nearest 50 years.  
  
 

  
 

 

 

 

 

 

 

 

Boundary Dating sample Depth 
(cm) 

Unmodelled age (years before 1950 CE) Modelled age (years before 1950 CE) 
Agreement 
index (Ai) 
(%) 

Posteri
or 
outlier 
probabi
lity 
(%) 

68.2% range 95.4% range Mean ± 1σ 68.2% range 95.4% range Mean ± 1σ 

Unit 0 top 0       0–700 0–900 450 ± 200     
  FG15 RC-1,2 -35 750–800 700–850 800 ± 50 750–800 650–2100 1400 ± 350 95.2 10 
Unit 0 bottom -52       750–1150 700–2700 1700 ± 500     
Unit 1 top -52       1350–11750 950–12100 6500 ± 2800     
  FG15 RC-11 -79 13050–13150 13050–13200 13100 ± 50 5100–13300 2500–13300 7900 ± 2700 56.5 48 
  FG15 RC-4,5 -135 17800–18000 17750–18050 17900 ± 100 17800–17950 17700–18050 17900 ± 100 103.9 1 
  FG15 RC-13 -159 19500–19700 19400–19850 19650 ± 100 19500–19750 19450–19900 19650 ± 100 103 0 
Unit 1 bottom -180       19650–20500 19400–22500 20950 ± 750     
Unit 2 top -180       23950–40950 20150–49250 34700 ± 7250     
  FG15 OSL-18 -175.5 24950–41350 17100–49200 33150 ± 8050 33800–49700 27200–57100 42150 ± 7450 78.9 0 
  FG15 OSL-17 -185.5 68200–87100 59100–96150 77650 ± 9250 58000–77800 43850–87100 65450 ± 10800 74.8 13 

  FG15 OSL-16 
2 -208.5 111950–143950 96550–159300 127950 ± 15700 82950–102250 74000–110900 92450 ± 9200 18.3 39 

  FG15 OSL-15 -218.5 85500–105400 75950–114950 95450 ± 9750 91650–107450 83950–115250 99600 ± 7850 108.9 1 
  FG15 OSL-14 -239.5 118600–151450 102850–167200 135050 ± 16100 108750–127250 100200–136750 118450 ± 9150 81.8 7 
  FG15 OSL-13 -267.5 111400–152800 91500–172700 132100 ± 20300 127800–147700 118250–157250 137750 ± 9750 127.8 2 
  FG15 OSL-12 -277.5 121150–152350 106150–167350 136750 ± 15300 134700–155500 124450–165750 145100 ± 10300 110 1 
Unit 2 bottom -280       141700–167200 130350–180100 155200 ± 12450     
Unit 3 top -280       164250–191200 152200–202900 177550 ± 12700     
  FG15 OSL-11 -287.5 136900–205400 104000–238300 171150 ± 33550 162700–192600 149650–206350 178000 ± 14200 131 3 

  FG15 OSL-10 
2 -310.5 156700–202000 134900–223800 179350 ± 22200 165350–192250 152450–206000 179250 ± 13400 123.9 3 

  FG15 OSL-5 -664.5 207050–288900 167750–328200 247950 ± 40100 184200–208700 173400–220300 196850 ± 11750 61.6 10 
  FG15 OSL-3 -822.5 169450–231750 139550–261700 200600 ± 30550 189250–218850 177300–232600 204950 ± 13800 130.6 3 
  FG15 OSL-4 -829 176000–235500 147400–264100 205750 ± 29200 189900–218800 177350–233100 205200 ± 13950 129.7 3 
  FG15 OSL-2 -845 153050–206500 127350–232150 179750 ± 26200 190000–220150 177450–234550 206000 ± 14300 88.9 1 
Unit 3 bottom -900       192500–222500 180950–237650 209300 ± 14200     
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C.5 Dominant pollen taxa by sedimentation phase 

Table C2: A list of dominant pollen taxa (occurring in >15 pollen samples), taxonomic affiliation and 
plant habitat at Fern Gully Lagoon, with sedimentation phases in which each family has greater than 
background relative abundances. Taxa that make up the terrestrial pollen sum are shown in bold. 
 

Major pollen taxon Family Plant habitat 210-177 
ka 

155-35 
ka 

21-0.6 
ka 

         
Rainforest taxa        
Araucaria Juss. Araucariaceae Emergent rainforest trees * * * 
Agathis Salisb. Araucariaceae Emergent rainforest trees * * * 
Podocarpus L'Hér ex 
Pers. 

Podocarpaceae Canopy and subcanopy 
rainforest trees 

* * 
 

Sapotaceae Juss. Sapotaceae Canopy and second 
canopy rainforest trees 

* * * 

Syzygium R.Br. ex Gaertn. Myrtaceae Canopy rainforest trees * * 
 

Nothofagus 
moorei/cunninghamii 
F.Muell./ (Hook.f.) Heenan & 
Smissen 

Nothofagaceae Canopy temperate 
rainforest trees 

 
* * 

Euphorbiaceae Juss. Euphorbiaceae Rainforest trees, shrubs 
and herbs 

 
* * 

      
   

Sclerophyll taxa     
   

Myrtaceous shrubs 
Juss. 

Myrtaceae Leptospermum, Baeckea 
and Tristania shrubs that 
can occur on dunes, in 
sclerophyll forest and 
heaths across NSI 

* * * 

Eucalyptus sensu lato Myrtaceae Dryland canopy trees * * * 
Casuarinaceae R.Br. Casuarinaceae Dryland canopy trees * * * 
Callitris Vent. Cupressaceae Dryland canopy trees * * 

 

Ericaceae Juss. Ericaceae Heath shrubs and herbs * * * 
Monotoca R.Br. Ericaceae Heath shrub 

  
* 

Banksia L.f. Proteaceae Heath and Dryland 
secondary trees and 
shrubs 

* * * 

      
      

   

Herb and grass taxa     
   

Poaceae Barnhart Poaceae Dryland and aquatic 
grasses 

 
* * 

Asteraceae 
(Tubulifloreae) 
Bercht. & J.Presl 

Asteraceae Dryland herbs and shrubs 
 

* * 
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Tubuliflorides 
pleistocenicus Martin 

Asteraceae Spineless or short spined 
Asteraceae pollen grain, 
which became extinct or 
highly restricted during 
the late Pleistocene. 
Thought to be a dryland 
herb. 

 
* 

 

Urtica L. Urticaceae Dryland herbs * * 
 

Rutaceae Juss. Rutaceae Dryland herbs 
 

* 
 

Goodeniaceae R.Br. Goodeniaceae Dryland herbs 
 

* 
 

Apiaceae Lindl. Apiaceae Dryland herbs 
 

* 
 

Comesperma Labill. Polygalaceae Dryland herbs 
 

* 
 

      
   

Aquatic taxa     
   

Cyperaceae Juss. Cyperaceae Sedge * * * 
Restionaceae R.Br. Restionaceae Rush * * * 
Melaleuca L. nom. cons. Myrtaceae  Wetland canopy tree * 

 
* 

Myriophyllum L. Haloragaceae Submerged  
 

* 
 

Gonocarpus Thunb. Haloragaceae Marsh herb 
 

* 
 

Triglochin L. Juncaginaceae  Marsh herb 
 

* 
 

Lemna L. Araceae Floating plant 
 

* * 
      

   

Fern spores     
   

Pteridium Gled. ex Scop. Dennstaedtiaceae Ground ferns, 
disturbance indicator 

* * 
 

Aspidiaceae Herter Aspidiaceae Ground ferns * 
  

Monolete fern spores Various  Tree or ground ferns * * * 
Trilete fern spores Various  Tree or ground ferns * * 
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C.6 Correlation matrices for charcoal and pollen relative abundances 

Table C3: Correlations between charcoal data and the relative abundances of pollen within taxon subsets 
(r values, n = 61 for all calculations,***: p < 0.05; **: p > 0.05 and < 0.1; *: p > 0.1). 
 

 Micro-charcoal Macro-charcoal 
Rainforest taxa -0.21* -0.18* 
Sclerophyll taxa 0.24** 0.23** 
Herbs and grasses -0.11* -0.15* 
Arboreal taxa 0.05* -0.05* 
Shrub taxa -0.06* 0.09* 

 

 
 
Table C4: Correlations between macrocharcoal data and the relative abundances of taxon subsets before 
and after pollen sampling points during the first phase of sedimentation (r values, p values Bonferroni 
adjusted for the number of comparisons (11), n = 30 for all calculations,***: p < 0.0045; **: p > 0.0045 
and < 0.01; *: p > 0.01). 
 
 

 
Correlation to fire frequency 
(approx. years before) 

At 
event 

Correlation to fire frequency 
(approx. years after) 

  400 320 240 160 80 0 80 160 240 320 400 

Rainforest taxa -0.25** -0.24** -0.08* 0.04* -0.06* -0.09* 0.06* 0.37*** -0.14* -0.14* -0.04* 

Sclerophyll taxa 0.26*** 0.25** 0.14* -0.12* -0.03* 0.05* -0.04* -0.24** 0.12* 0.12* 0* 

Herbs and 
grasses 

-0.07* -0.07* -0.12* 0.14* 0.14* 0.05* -0.03* -0.14* 0* 0* 0.06* 

Arboreal taxa 0.09* 0.12* 0.08* 0.04* 0.02* 0.11* 0.01* 0.18* 0.02* -0.07* -0.06* 

Shrub taxa -0.01* -0.06* 0.01* -0.17* -0.03* -0.09* 0.09* -0.09* 0.07* 0* -0.04* 
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Appendix D – Supplementary material for Chapter 5 
D.1 Data results table for stable isotopes, n-alkanes and brGDGTs 

 
 
Table D1: Results of stable isotope and lipid biomarker analysis from Fern Gully Lagoon. Alkane 
average chain length (ACL) after Eglinton and Hamilton (1967) and aqueous proportion (Paq) after Ficken 
et al. (2000), MBT–CBT proxy calculated values (methylation of branched tetraethers/cyclisation of 
branched tetraethers (Weijers et al., 2007; Peterse et al., 2012), GDGT based mean annual air temperature 
(MAAT) and soil pH (Weijers et al., 2007; Tierney et al., 2010; Peterse et al., 2012) and stable isotope 
data 
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D.2 Linear regression of raw bulk sediment δ13C and corrected δ13C based on 

atmospheric CO2 concentration 

 

Figure D1: Linear regression of Fern Gully Lagoon raw bulk sediment δ13C values and δ13C corrected for 
changing atmospheric CO2 concentration (Δleaf; Diefendorf and Freimuth, 2017). 
 
 
 

 

Figure D2: Relationship between C3117α21β(H)-homohopane and the terrestrial indicators Sitosterol 
and Stigmasterol, indicating more terrestrial OM with reduced wetland ‘peatiness’. 
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Appendix E – Modifications to published works included in 

this thesis 
This appendix provides a list of minor changes made to the publications included as 

chapters in this thesis (Chapters 2 and 3). 

For both Chapters: 

• Correction of the term ‘south westerly winds’ to the climate driver ‘Southern 

Westerly Winds’ as appropriate. 

• Addition of ‘summer’ to ‘Australian summer monsoon’ where appropriate. 

• Updates from ‘in prep’ citations to published citations where available. 

• Minor changes to word choice for thesis consistency (e.g. change from ‘isolated’ 

to ‘identified’, and ‘conditions’ to ‘climate’ in some cases). 

• Minor improvements in grammar and comma placement. 

• Addition of several ‘trimmed’ references lost due to word count limits when 

submitting the manuscript. 

• Modified bibliography style to match the Thesis style. 

• Changes based on recommendations from Thesis reviewers, including grammar, 

figure consistency, and additional discussion of cool-climate taxa present on NSI 

during MIS 5, the organic material record and the EAC. 

For Chapter 2: 

• Addition of a new record (Ocean core MD03-2607) to the synthesis. 

For Chapter 3: 

• Addition of ‘Chapter 2’ alongside citations of the published paper Kemp et al. 

(2019). 
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Appendix F – Publications arising from this thesis 
 

This appendix comprises two published journal articles arising from this thesis. These 

papers are identical in content to Chapters 2 and 3, aside from some minor changes for 

formatting and consistency, and the addition of a new record to the MIS 3 climate synthesis 

(Appendix E). 
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a b s t r a c t

Improved reconstructions of Australia's climate during Marine Isotope Stage 3 (MIS 3) are important for
understanding the environmental context of widespread human settlement of the continent and the
extinction of a wide range of megafauna by 45 ± 5 thousand years ago (ka). To better understand spatial
and temporal climate trends during this period, we present a synthesis of hydroclimate data from 40
Australian MIS 3 records. Hydroclimate records were evaluated and weighted by a scoring system
developed to evaluate dating and proxy quality and resolution before inclusion into the synthesis. Our
analysis reveals that Australia experienced spatially variable climates from ~57 to 49 ka before becoming
predominantly wet from ~49 to 40 ka. After ~40 ka increasingly dry climates dominated MIS 3. Records
from monsoon-influenced regions indicate a rapid drying from ~48 ka to the end of MIS 3, while there
was a wetter period from ~50 to 40 ka in south westerly wind-influenced records. The implications of our
findings are discussed in relation to other proxy records, with there being a significant relationship with
regional fire history, but little correlation to atmospheric CO2 concentration or global sea level.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Marine Isotope Stage 3 (MIS 3: 57e29 thousand years ago (ka)
(Lisiecki and Raymo, 2005)) represents an important period in
Australian Quaternary history as it encompasses the widespread
colonisation of the continent by humans and the extinction of an
ecologically diverse range of megafauna (Bird et al., 2013; Allen and
O'Connell, 2014; Hamm et al., 2016). Whether human impact,
climate change or a combination of the two led to the extinction of
Australian megafauna has been debated for over a century. Humans
arrived on the continent by 59 ka (Clarkson et al., 2017) and
widespread coastal and interior settlement appears to have taken
place by 45 ka (Turney et al., 2001; Bowler et al., 2003; Hamm et al.,
2016; Tobler et al., 2017).

The 50e40 ka period overlaps with broad ecological and envi-
ronmental changes that have been attributed to human agency
either directly, as a result of changed fire regimes, or indirectly, due
to loss of megafauna and subsequent reduced grazing pressures
Environment and Population,
uth Australia, 5005, Australia.
u (C.W. Kemp).
(Rule et al., 2012; Miller et al., 2016). The peak loss of Australian
megafauna species occurred at 45± 5 ka (Cosgrove et al., 2010;
Saltr�e et al., 2016), with evidence for human-megafauna overlap
ranging from ~4 ky (van der Kaars et al., 2017) to ~20 ky (Clarkson
et al., 2017). While many authors have argued that megafaunal
extinction occurred independently of climate change (Rule et al.,
2012; Saltr�e et al., 2016; van der Kaars et al., 2017), there is evi-
dence to suggest that large portions of the Australian continent
experienced rapid climate change at 48± 2 ka (Cohen et al., 2015)
and, furthermore, that human activities may not have changed fire
regimes beyond the limits of natural variability during MIS 3
(Mooney et al., 2011; Bird et al., 2013).

The MIS 3 climate of Australia was also influenced by extensive
southern hemisphere millennial-scale temperature variability
(EPICA-Members, 2006; Jouzel et al., 2007). Ocean cores from south
of Australia indicate millennial-scale sea surface temperature
variation of around 2 �C during late MIS 3 (De Deckker et al., 2012).
A compilation study of Australasian charcoal records has
attributed millennial-scale variability in biomass burning to
DansgaardeOeschger cycles (Mooney et al., 2011), while variability
in biogenic silica and peat humification has been attributed to
Heinrich events at Lynch's Crater in north-east Australia (Turney

mailto:Christopher.kemp@adelaide.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2018.11.016&domain=pdf
www.sciencedirect.com/science/journal/02773791
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et al., 2004; Muller et al., 2008).
Several studies have concluded that there was a gradual aridi-

fication of Australia in the second half of MIS 3, albeit with differing
hypotheses as to the cause (Chen et al., 1995; Kershaw et al., 2007a;
Petherick et al., 2011). Fluvial activity in central Australia strongly
reflects this pattern, with a decrease in discharge and lake filling
events from ~48 ka onwards (Nanson et al., 2008; Cohen et al., 2011,
2015). Increased dune formation interpreted to be indicative of
aridification is evident from ~35 ka in the southern half of Australia
(Fitzsimmons et al., 2013). A record of continental dust deposition
indicates an abrupt period of aridity, along with a change in the
source of aeolian sediment at ~30 ka, suggesting a change in at-
mospheric circulation during the peak aridity phases (Petherick
et al., 2008). As the climate dried in the lead up to the LGM, a
marked change in vegetation was also noted in multiple eastern
and southern Australian records (Petherick et al., 2013; Reeves
et al., 2013). Elsewhere, increased fluvial activity has been re-
ported in late MIS 3 from ~35 ka onwards in the Murray-Darling
Basin, in the south east of the continent (Fig. 1), with 5e10 times
higher discharge than today (Page et al., 1996; Kemp and Rhodes,
2010). However, instead of indicating increased rainfall, this
increased flow may be due to decreased evaporation resulting in
deeper winter snow pack and elevated spring runoff from alpine
regions.

Large scale spatial and temporal Australian hydroclimate pat-
terns are likely due tomajor changes in climate drivers affecting the
Australian continent. These include the El Ni~no-Southern Oscilla-
tion (ENSO), the position of the Inter-Tropical Convergence Zone
(ITCZ) and its effect on the Australian monsoon, and the southern
westerly winds. ENSO variability affects rainfall across much of
Australia (Risbey et al., 2009; Brown et al., 2016; Freund et al.,
2017), while the Australian monsoon dominates the hydroclimate
in central and northern Australia (Godfred-Spenning and Reason,
Fig. 1. Location of study regions in Australia (green shaded areas) and the location of sites w
comm.). Numbers refer to records in Fig. 2. (Ayliffe et al., 1998; Black et al., 2006; Bourman et
Colhoun et al., 1982; Colhoun and van der Geer, 1986; Cook, 2009; Croke et al., 2011; D'Costa
Harle, 1997; Kershaw et al., 2007b; Longmore and Heijnis, 1999; Maroulis et al., 2007; Moss a
van der Kaars and De Deckker, 2002; Wende et al., 1997) (For interpretation of the references
2002). The position of the southern westerly winds strongly in-
fluences hydroclimate in Tasmania, southern Victoria and South
Australia (Fig. 1; Hendon et al., 2007; De Deckker et al., 2012).

To compare MIS 3 climate with Australian megafaunal extinc-
tion history, previous studies have relied on a high-resolution
Antarctic temperature record (Johnson et al., 2016), and/or palae-
oclimate model experiments (Saltr�e et al., 2016). To better under-
stand the climatic context of megafaunal extinctions in MIS 3
requires improved spatial and temporal reconstructions of MIS 3
climate dynamics derived from palaeoenvironmental records. We
have synthesised data from 40 Australian hydroclimate records that
span MIS 3 and use a range of archives e including lake sediments,
river systems, and offshore sediments e to evaluate spatial and
temporal trends in hydroclimate.

2. Methods

For this MIS 3 synthesis study we have selected records from
continental Australia and ocean cores within 100 km of the modern
Australian coastline (to limit the influence of far-travelled pollen
and dust). Forty Australian palaeoclimate MIS 3 records were
located using Scopus (https://www.scopus.com/home.uri) and
Web of Science (http://www.webofknowledge.com), and separated
into regions (Fig. 1, Supplementary Table ST1).

Radiocarbon (14C) ages were re-calibrated in OxCal 4.2.4 (Bronk
Ramsey, 2009, 2016). Terrestrial records were recalibrated using
SHCal13 (Hogg et al., 2013), while marine records were recalibrated
using MARINE13 (Reimer et al., 2013). The re-calibrated radio-
carbon ages are available in the supplementary material
(Table ST2). The 14C ages presented in this study refer to calibrated
ka before present, where present is 1950 CE. For each record, a
timeline of hydroclimate as inferred in the original studies was
produced (Fig. 2).
ithin those regions (grey dots). Average MIS 3 coastline courtesy of Phillip Arnold (pers.
al., 2010; Bowler et al., 1998; Burrows et al., 2016; Chen et al., 1990; Colhoun et al., 1999;
and Kershaw, 1995; D'Costa et al., 1993; Dodson, 1975; Dodson, 1977; Edney et al., 1990;
nd Kershaw, 2007; Moss et al., 2013; Singh and Geissler, 1985; van De Geer et al., 1994;
to colour in this figure legend, the reader is referred to the Web version of this article.)

https://www.scopus.com/home.uri
http://www.webofknowledge.com


Fig. 2. MIS 3 hydroclimate at Australian sites. Numbers refer to locations shown in Fig. 1. Primary sources for each record are indicated on the right. Where records are incomplete
for MIS 3, the basal age is shown. Lake levels are detailed where available, in metres. Ep.: ephemeral; De.: becoming deeper; F.: full; D.: dry; W.: wet; Sh.: shallow; Dr. drying. The ten
highest scoring records are marked with an asterisk. m¼ records included in the monsoon-influenced subset, s¼ records included in the south westerly wind-influenced subset.
a¼ records where radiocarbon ages have been recalibrated.
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A rating scheme was developed to weight each study. Our
scheme is conceptually similar to that developed to assess the
quality of Australian Pleistocene fossil ages (Rodríguez-Rey et al.,
2015), but uses a larger set of variables to assess the records. Spe-
cifically, the record quality rating scheme evaluates: (i) dating
quality and resolution; (ii) proxy quality and resolution; (iii) record
continuity throughMIS 3; and; (iv) corroborative evidence from the
same region (as defined in Fig. 1). The overall record quality rating
method is outlined in Table 1, with the method for assessing dating
quality e a component of the quality rating e further detailed in
Table 2. While the weighting and score assignments used in this
scheme may incorporate an element of subjectivity, our approach
has the advantage of being able to discriminate between high and
low reliability hydroclimate records in a semi-quantitative and



Table 1
Record quality scoring system for Australian MIS 3 studies. The final score for each record is calculated as follows: dating quality (0e1) þ proxy quality (0e1) þ record
continuity (0e0.5) þ validation (0e0.5) ¼ final score (0e3). The detailed scoring for each record is provided in the supplementary table ST1.

Record quality score breakdown Score

Dating quality
1. For the period 57 ka to 45 ka (early MIS 3) . Scoring: 0.1 if an age estimate has been provided within this time period up to a maximum 0.2 (2 ages), 0.1 if an age

has been provided for the 10 ky period prior to the beginning of MIS 3 (acting as a maximum age constraint), and 0.1 for a spread of more than 10 ky between
the oldest and youngest ages (a measure of the temporal coverage of age control within early MIS 3).

0e0.4

2. For the period 45 ka to 29 ka (late MIS 3). Scoring: as above, replacing the 0.1 score awarded for a maximum constraining age with an equivalent score for a
minimum constraining age during the 10 ky period following the end of MIS 3.

0e0.4

3. Dating method (suitability of dating material and type of age control) used within the MIS 3 period. See Table 2. Value taken from the highest scoring dating
method where more than one technique has been used.

0e0.2

Maximum subtotal: 1
Proxy quality
4. Resolution of climate proxy/ies in MIS 3. Scoring: 0¼ 1e5 samples; 0.1¼ 6e15 samples; 0.2¼ 16e30 samples, 0.3¼ 31e60 samples; 0.4 ¼ > 60 samples. The

highest score is generally limited to very high-resolution proxies (e.g. micro-XRF core scans).
0e0.4

5. Number of proxies. Each additional proxy increases the score by 0.1 up to a maximum score of 0.3. 0e0.3
6. Responsiveness between proxy and hydroclimate. A fast responding proxy such as geochemical evidence of rainfall (e.g. speleothem geochemistry) or flood

deposits score 0.3. Indirect or slower responding proxies such as pollen data score 0.2. Hydroclimate changes inferred from changes in charcoal score 0.1.
0e0.3

Maximum subtotal: 1
Record continuity
7. Presence of a hiatus in MIS 3. A continuous record has a maximum score of 0.3. Each hiatus reduces this score by 0.1. 0e0.3
8. Hiatus above and/or below theMIS 3 record. Such occurrences introduce dating uncertainty to inferredMIS 3 ages. Each hiatus reduces the score by 0.1 from a

maximum of 0.2.
0e0.2

Maximum subtotal: 0.5
Validation
9. Comparable results are reported from another site in the same region (green shaded areas in Fig. 1) or from other proxies at the same site. Scoring: 0.1 for each

additional published study from the same site detailing use of additional proxies, up to a maximum of 0.2. A score of 0.1 is assigned for each additional
regional site finding discussed in relation to the new findings, up to a maximum of 0.3.

0e0.5

Maximum subtotal: 0.5

Table 2
Datingmethods considered in this review and their quality scores. The latter are based on the suitability of dating material for MIS 3 records, and whether the dating technique
provides a direct numerical age or age-equivalent constraint on the palaeoclimate sequence.

Dating method Dating subtype Type of age constraint Sample source Score

Radiocarbon Dating AMS or conventional
radiocarbon (14C) dating

Numerical age Bulk sediment 0.1
Disseminated fine organics and/or the isolated charcoal
fraction, carbonate samples.

0.15

Complete or identified organics (e.g. plant macrofossils,
seeds and pollen)

0.2

Luminescence
Dating

Optically Stimulated
Luminescence (OSL) or
Thermoluminescence (TL)
dating

Numerical age Small sample size (<50 single grain equivalent dose (De)
values or <20 multigrain aliquot De values per sample)

0.1

Large sample size (�50 single grain De values or �20
multigrain aliquot De values per sample)

0.2

Exposure dating Cosmogenic10Be exposure
dating

Numerical age Selected boulder surface samples 0.2

Oxygen isotope
stratigraphy

O16/O18 isotope ratio of
foraminifera

Relative age/age-equivalence Shell calcite 0.1
Pre-treated, etched shell calcite 0.15

Magnetics Palaeomagnetic inclination Relative age/age-equivalence Bulk sediment 0.05
Uranium-Thorium Uranium-thorium

disequilibrium method
Numerical age Bulk sediment carbonates 0.05

Speleothems 0.2
Amino acid

racemization
Amino acid dating Relative age/age-equivalence Bulk organics and egg shells 0.1
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internally consistent manner. An example using Redhead Lagoon
(Williams et al., 2006) is available in the supplementary materials.
2.1. Hydroclimate classification scheme

There are 30 Australian records spanning MIS 3, with an addi-
tional 10 records covering only the latter parts of the period (Fig. 2
and Supplementary Table ST1). To enable further analyses of con-
tinental hydroclimate, we have used a method similar to Harrison
and Digerfeldt (1993) and Herzschuh (2006), and classified in-
dicators of dry or wet climate into four classes before weighting by
the record score, as follows:

1. We assigned hydroclimate classes to each record in 1000-year
time slices. Each time slice was classed as follows; 1¼ dry
climate; 2¼moderately dry; 3¼moderately wet and 4¼wet
climate. Dryland Australian lakes and river systems were scored
on a binary scale, with 1 representing the absence of water and 4
representing the presence of water.

2. To generate an average hydroclimate record for each 1000-year
time slice, the hydroclimate class for each record was first
weighted by its record score. The collection of these weighted
classes for each time slice was then averaged to determine the
mean continental-scale hydroclimate (Equation 1). In this way,
higher quality records have greater weight in the final synthesis.

Equation 1: Average weighted mean equation for the water
availability for each record at each time slice. The equation weights
each record's hydroclimate class by its record score before inclusion
in the synthesis.



water availiabilitytime slice ¼
Pn

record¼1ðrecord scorerecord � hydroclimate classtime slice; recordÞ
Pn

record¼1record scorerecord

Fig. 3. Australian MIS 3 hydroclimate anomaly at 1000-year intervals.

C.W. Kemp et al. / Quaternary Science Reviews 204 (2019) 94e10498
To illustrate spatial hydroclimate variability, the classes for all
records were used to create ‘surface’maps of Australia at 5000-year
time steps (based on the modal hydroclimate class for each record).
The mapping was undertaken using the Inverse Distance Weighted
(IDW) interpolation tool in ArcMap 10 (Dangermond, 2015) which
was chosen because the method reduces to the overall mean value
at a distance from known values (Shepard, 1968), reducing possible
error due to interpolation artefacts. The IDW power was set to four,
providing a drop-off in record weighting at a short distance and
reducing the influence of individual records that may record
localised hydroclimate trends.

To investigate the influence of large-scale climate drivers on
Australian hydroclimate, records were synthesised from two sub-
sets of the 40-record database: records influenced by monsoonal
variation (9 records) or variation in the south westerly winds
(SWW; 13 records). Defining a subset to determine MIS 3 ENSO
variability was not undertaken due to a lack of unambiguously
ENSO-dominated records. However, the effect of ENSO on Aus-
tralia's hydroclimate during MIS 3 is detailed in the discussion.
Inclusion of records in the SWW or monsoon-influenced subsets
was determined by a combination of published Quaternary (e.g.
monsoon records from central Australian lakes (Magee et al., 2004;
Fitzsimmons et al., 2012)) and modern relationships between
rainfall and remote climates drivers (Hendon et al., 2007; Fletcher
and Moreno, 2011). To assess the influence of low scoring sites on
the Australian average, a hydroclimate record was created using
only the ten highest quality records.

Finally, to provide comparison with contemporary climate, an
average climate state was derived from studies that reported the
modern hydrological state. These were assigned a score between 1
and 4, as described above. Where no modern condition was
described, or where landscape clearing and/or grazing has altered
the study site, the record was excluded from this analysis.

3. Results

3.1. Continental trends in hydroclimate

The average weighted hydroclimate conditions of all 40 records
and subsets is illustrated in Fig. 3. Mean continental hydroclimates
were wetter than modern climates between 57 and 40 ka, with
wettest conditions between ~49 and 40 ka. After ~40 ka, the climate
became drier, accelerating to the end of MIS 3, reaching an average
water availability ~30% lower than modern climate. Most sites
recorded their driest conditions at the end of MIS 3 (Fig. 2). The ten
high-quality records largely follow the Australian trend (Fig. 3),
increasing confidence in the 40 record synthesis. The high-quality
records indicate a slightly earlier commencement of drying at ~44
ka, at an increased rate compared to the continental average,
indicating rapid drying between ~41 and 39 ka. After ~39 ka, the
high-quality records show continuing drying at a similar rate to the
full Australian record until the end of MIS 3.

There are notable differences between the MIS3 hydroclimate
records in the south westerly wind and Australian monsoon-
influenced regions (Fig. 3). The SWW-influenced records are
comparatively wetter than the monsoon-influenced records for all
of MIS 3. Records influenced by the SWWalso appear to remainwet
longer, with the onset of drying in mid-MIS 3 delayed until ~39 ka.
The monsoon records indicate strong hydroclimate change at ~48
ka, after which there is a gradual drying to the end of MIS 3.
3.2. Spatial hydroclimate trends

To provide a basis for understanding the veracity of climate
inferences based on spatial trends during MIS 3, the location of
palaeoclimate records and quality of those records is shown in
Fig. 4. The highest record density is in (present day) temperate
south-eastern Australia, while the high scoring records are wide-
spread e their distribution does not overlap with any single major
climate driver. The distance between records in inland Australia e

especially inland Western Australia e is likely to result in less ac-
curate hydroclimate inferences for those regions.

Fig. 5 illustratesMIS 3 hydroclimate in six time periods. Between
57 ka and ~50 ka, central Australia was predominantly wet, though
dry conditions were evident in the north-west. Therewere spatially
variable climates in the eastern third of the continent. Between ~50
and 45 ka there is a trend towards a drier north-eastern Australia
and generally moist climates in the southern-central and south-
east parts of the continent. In the 45e40 ka period, central
Australia became more arid while mildly wet conditions remained
in much of the southeast of the continent. Widespread aridification
of most of the continent is evident between ~40 ka and 29 ka, with
peak MIS 3 aridity evident between ~35 and 29 ka. Notable ex-
ceptions to the arid late-MIS 3 climates are evident in scattered
records in the south-east of the continent and Tasmania, which
remained wet.
4. Discussion

4.1. Temporal patterns in the Australian MIS 3 hydroclimate record

Several observations can be made about Australian climate
during MIS 3 from comparison of the hydroclimate trends in Fig. 3.
In the first half of MIS 3 the climatewas wetter than present climate



Fig. 4. A: Record density during MIS 3. B: Interpolated surface of the record quality scores, with darker shading indicating areas where greater confidence can be attributed to
results.

Fig. 5. Continental-scale hydroclimate through MIS 3, showing quality score for each record. Records are only included when they have hydroclimate data pertaining to the period
illustrated. The interpolated surface is limited to 750 km from the active records in each period.
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Fig. 6. A. MIS 3 January insolation at 30�S (Berger and Loutre, 1991); B. Antarctic CO2

record stack (K€ohler et al., 2017); C. the age of last megafaunal fossil occurrences
(Saltr�e et al., 2016); D. hydroclimate record for south westerly wind influenced regions
(this synthesis); E. Australian hydroclimate average (this synthesis); and F. hydro-
climate record for monsoon-influenced regions (this synthesis); G. HadCM3 modelled
rainfall anomaly for Australia with ±1 sigma s.d. (grey envelope) (Saltr�e et al., 2016); H.
Australia and New Zealand sub-tropical high pressure belt (25� to 45� south) biomass
burning reconstruction (Z scores of transformed charcoal influx) with ±95% bootstrap
interval (grey envelope) (Mooney et al., 2011) and, I. Global sea level (Rohling et al.,
2008).
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e as indicated by the highest-scoring records (n¼ 10) and the
continental average (n¼ 40). After drying began at ~45 ka, the
high-quality records indicate faster drying and remain drier on
average to the end of MIS 3. In this context, it may be that small
amounts of contamination by younger material in the lower quality
records have resulted in these changes being inferred to occur later
than in reality. Due to the lack of resolution in the source records, it
was not possible to extract millennial scale variability with any
accuracy. As such, assessment of the effect of Heinrich events or
Antarctic isotope maxima, for example, was not possible.

4.2. Drivers of spatial and temporal hydroclimate anomalies

ENSO is a major driver of the modern hydroclimate for much of
Australia, with the north-east of the continent most strongly
influenced by ENSO state and variability (Risbey et al., 2009). Fossil
clam shell d18O isotope records from Papua New Guinea indicate
similar ENSO variability to the twentieth century at ~60 and ~40 ka
(Driscoll et al., 2014), and a reduction in variability between 40 and
34 ka, in agreement with fossil corals from the same location
(Tudhope et al., 2001). Recent ENSO modelling supports reduced
ENSO variability in late MIS 3 from ~35 ka (Merkel et al., 2010),
similar to previousmodels of ENSO ‘strength’ (Clement et al., 2001).
The drying observed in Australian hydroclimate at ~40 ka (Fig. 3)
may have been in part driven by the initial effect of less variable
ENSO.

While clam shell d18O records indicate fewer El Ni~no events
during MIS 3 compared to the Holocene (12 vs. 18 per century)
(Driscoll et al., 2014), peat decomposition (humification) in north
eastern Australia indicates a period of more frequent El Ni~no events
centred on ~40 ka (Turney et al., 2004). The observed period of
rapid drying indicated by themean hydroclimate ~40 ka (Fig. 3) and
multiple individual records (Fig. 5d and e) is likely associated with
more frequent El Ni~no events. However, the MIS 3 hydroclimate
record does not reflect a return to wetter climates associated with
lower frequency of El Ni~no events after ~40 ka (Fig. 5e and f). There
is evidence that the influence of the ITCZ and the Australian
monsoon on continental hydroclimate may have been stronger
during late MIS 3 than the present (Magee et al., 2004; Leduc et al.,
2009), perhaps masking or modulating the effects of ENSO during
this time (An et al., 2017).

Monsoonal hydroclimate in Australia is largely controlled by the
seasonal southward shift of the ITCZ, which deepens the
monsoonal trough (Godfred-Spenning and Reason, 2002). On
longer time scales, the position of the ITCZ migrates as a result of
hemispheric temperature contrast (Chiang and Friedman, 2012). A
more southerly ITCZ during the southern hemisphere summer
insolation peak ~47 ka (English et al., 2001; Magee et al., 2004)
would lead to a stronger Australian monsoon and wetter climates
in monsoon-affected regions. The fluvial archives of central and
northern Australia are sensitive to Australian monsoonal hydro-
climate as they drain a large proportion of northern Australia
(Magee et al., 2004; Fitzsimmons et al., 2012, 2013). The wet cli-
mates evident in central and northern regions between ~50 and
~45 ka (Fig. 5c) are consistent with an intensified Australian
monsoon during the insolation peak. Similarly, drying after ~48 ka
(Fig. 6f) correlates with decreasing mid-latitude summer southern
hemisphere insolation (Fig. 6a). This drying trend reflects the ari-
dification of central Australia (Cohen et al., 2015) as well as the
monsoon record inferred from Indonesian speleothems (Carolin
et al., 2013). However, instead of a rapid decline in water avail-
ability after ~48 ka, the monsoon record indicates a more gradual,
but continuous, drying of central and northern Australia.

The south westerly winds (SWW) are significantly correlated
with precipitation in southern temperate Australia (Hendon et al.,
2007; Fletcher and Moreno, 2011). While continental drying was
occurring in late MIS 3, comparatively wetter climates persisted in
records influenced by SWW variability in southern Australia and
Tasmania (Fig. 5f). This pattern is consistent with observations
during the LGM, at which time the SWWwere found to either have
strengthened or moved further north (Fletcher and Thomas, 2010;
Kohfeld et al., 2013). Early movement or increasing SWW strength
in late MIS 3 is additionally supported by dust records from North
Stradbroke Island, the central tablelands of New South Wales and
the southern Pacific Ocean, all of which show increased dust
transport prior to the end of MIS 3 (Hesse et al., 2003; Petherick
et al., 2008; Lamy et al., 2014).
4.3. The effects of changing MIS 3 climate

The human occupation of Australia, which is recorded at many
sites in the southern arid interior between ~49 and ~44 ka (Bowler
et al., 2003; Allen and O'Connell, 2014; Hamm et al., 2016; Clarkson
et al., 2017; Tobler et al., 2017), occurred during comparatively
wetter climates (Fig. 5c). Bass Strait was a barrier for human
migration into Tasmania until ~43 ka, when receding sea levels
created a land bridge (Lambert et al., 2008). The peak loss of
megafauna occurred at 45 ± 5 ka (Fig. 6c) (Cosgrove et al., 2010;
Saltr�e et al., 2016), during a period where the proxy data suggest
generally widespread high effective moisture (Fig. 6e), albeit with
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drying conditions in the monsoon-sensitive region (Fig. 6f).
Our synthesis indicates gradual continental drying from ~48 ka,

which would likely have affected megafauna populations to a
smaller degree than the rapid climate change indicated by the
central Australian lake systems (Cohen et al., 2015). An absence of
dramatic climate change corresponding to megafauna extinction
has been suggested previously using modelled mean continental
precipitation (Saltr�e et al., 2016). While our data largely support
this overall conclusion, there is in fact little relationship between
our mean continental hydroclimate record and modelled precipi-
tation (Fig. 6e and g). The model predicts a gradually more arid MIS
3 from 57 ka, reaching its driest state at ~40 ka, before rainfall in-
creases to a peak at ~34 ka. The model then infers a rapid decrease
in rainfall until the end of MIS 3. Notably, the only major peak in
rainfall in the model is ~10 ky later than observed in our synthesis,
and much closer to the end of MIS 3.

A recent charcoal compilation for Australia and New Zealand
from 25� to 45� degrees south (Mooney et al., 2011) e an area
containing >70% of the records in our synthesis (Fig. 6h) e was
compared to our hydroclimate synthesis. A linear regression indi-
cated that ~33% of the variance in the charcoal record is associated
with Australian hydroclimate from records south of 25� (30 re-
cords) (r2¼ 0.33, p< 0.005). The relationship suggests that
decreasing charcoal influx is associated with increasing aridity over
the period, potentially reflecting reduced fuel availability in
response to reduced effective moisture. A possible complication is
that the charcoal record synthesis contains fewer MIS 3 records
than our synthesis (all 13 of the Australian MIS 3 charcoal records
are included in the synthesis) and includes records from New
Zealand (Mooney et al., 2011).

Increased continentality has been argued to contribute to dry
Australian glacial climates, even in near-coastal records (Dodson,
1994). This affect has been observed during MIS 4 and is argued
to have had a large impact on LGM water avaliability in coastal
records (e.g. Donders et al., 2006; McGowan et al., 2008; Veth et al.,
2017) compared to the Holocene and MIS 5. To assess the potential
influence of continentality on hydroclimates of MIS 3, we per-
formed a regression of global sea level (Rohling et al., 2008) and
mean hydroclimate in the 12 records within 30 km of the coast.
There was a very low r2 of 0.05 (pz 0.27) suggesting it is unlikely
that continentality during MIS 3 had a notable affect on
hydroclimate.

4.4. Future research

The most fundamental problem in reconstructing Australian
MIS 3 climate is the lack of data. While a number of published
studies are available, they are restricted in two important ways:
spatially, mirroring the location of wetland sediments that occur in
a very small percentage of Australia's land mass; and temporally, in
that there are few sedimentary records beyond 40 ka (Tibby et al.,
2017). The limited number of MIS 3 studies have either low reso-
lution (an average of approximately one sample every 1000 years,
see supplementary material), and/or they have imprecise chro-
nologies, with an average of only four constraining ages during MIS
3.

The problems of dating and proxy resolution could be partially
addressed by resampling existing Australian palaeoclimate sites
using improved dating methods with a focus on MIS 3. Re-analysis
of older published records may also result in more detailed records
due to new analytical and dating techniques. Additionally,
increased focus on new sites, such as potential speleothem records
in Nullarbor Plain cave systems (Lipar and Ferk, 2015; Heath et al.,
2018), would help address spatial gaps (Fig. 4a).

Recent advances in dating of palaeoclimate archives have the
potential to improve the Australian MIS 3 climate record. Refined
optically stimulated luminescence (OSL) dating has significantly
improved the reliability of dating beyond the radiocarbon bound-
ary. Key recent OSL methodological improvements include the
advent of single-grain techniques (e.g. Arnold et al., 2012; Arnold
et al., 2014), improved statistical analyses of equivalent dose (De)
datasets (Galbraith and Roberts, 2012), the advent of the single-
aliquot regenerative protocol (Murray and Wintle, 2000) and the
development of extended-range luminescence techniques (e.g.
Arnold et al., 2015; Arnold et al., 2016). Age determination has also
been improved by the introduction of Bayesian age modelling (e.g.
Bronk Ramsey, 2009; Blaauw et al., 2018). Furthermore, techniques
such as Monte Carlo Empirical Orthogonal Function analysis
(Anchukaitis and Tierney, 2013; Tyler et al., 2015) allow the
extraction of shared variance between sites while considering the
age uncertainties.

Relatively new methods such as mXRF and hyperspectral core
scanning allow for very high-resolution palaeoclimate inferences
from sedimentary archives (e.g. Hahn et al., 2014; Sun et al., 2016).
The introduction of new methods, which can determine past
temperature from glycerol dialkyl glycerol tetraethers (GDGTs) (e.g.
Tierney et al., 2008; Woltering et al., 2014; Atahan et al., 2015),
chironomids (e.g. Larocque-Tobler et al., 2011; Eggermont and
Heiri, 2012; Chang et al., 2015) and clumped isotopes (e.g. Affek
et al., 2008; Zaarur et al., 2011; Saenger et al., 2012), and in-
ferences of past precipitation from compound specific carbon or
hydrogen isotopes from leaf waxes (e.g. Tierney et al., 2008; Feakins
et al., 2014; Feakins et al., 2016), would greatly aid in the inference
of Australia MIS 3 climate.

5. Conclusions

Analysis of Australian MIS 3 climate records reveals distinct
hydroclimate trends. MIS 3 began relatively wet, compared to
modern climates, with peak moisture availability occurring be-
tween ~49 and ~40 ka. Thereafter, continental aridity increased for
the remainder of MIS 3. South westerly wind-influenced records
indicate high water availability throughout MIS 3, while the
monsoon-influenced records indicate a gradual drying from ~48 ka,
until the end of MIS 3. Predominantly wet conditions are evident in
central and northern Australia between ~50 and ~45 ka, possibly
reflecting the influence of both a predominantly La Ni~na-like
climate and a stronger Australian monsoon. These wet conditions
may have aidedmigration of people across the continent. Lastly, the
peak loss of megafauna at 45± 5 ka occurred at a time of generally
high water availability before a transition into the comparatively
dry second half of MIS 3.
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A B S T R A C T

Records of Australian climate during Marine Isotope Stages 5 and 7 (130–71 and 243–191 ka) are rare, pre-
venting 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 (14C) 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 ap-
proaches and calibrated geochemical proxies to derive climate reconstructions and to identify depositional
complexities in organic-rich wetland records.

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 in-
creases 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 palaeocli-
mate 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 cur-
rently include equatorial or subtropical Australian localities. Ad-
ditionally, while these records infer past climate from proxies such as
pollen, charcoal and palaeoshorelines, there is not as yet an Australian
interglacial record utilising μXRF geochemical analysis.

Climate records derived from geochemical studies of wetland sedi-
ments have experienced a boom in the past decade, with the advent of
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relatively cheap, reliable, reproducible μXRF 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-
Vilarrúbia 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-Vilarrúbia et al., 2018).

Here we present a multi-proxy ~209 kyr record of subtropical cli-
matic variability from Fern Gully Lagoon focussing on past inter-
glacials. This study is the foundation for future studies of regional cli-
mate change based on Fern Gully Lagoon sediments and assesses the
validity of the site as a palaeoclimate archive. We use calibrated μXRF
Itrax scanning to infer locally-derived aeolian inorganic sedimentation
and assess the suitability of OSL and 14C 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 tem-
peratures than the MIS 5 interglacial complex but had a lower tem-
perature 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 tempera-
ture 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 CO2 concentrations
(Köhler 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, re-
gional 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 varia-
bility 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 spe-
leothem 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. How-
ever, 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 re-
cords combined with geographical separation makes it difficult to de-
termine climate change at a continental scale. As such, additional re-
cords 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 un-
derstanding palaeoclimate, as it is situated in the subtropics (Fig. 1),
with a contemporary climate that is strongly influenced by the El Ni-
ño–Southern Oscillation (ENSO) (Barr et al., 2019) and preserves the
highest density of wetlands with sediment dating to the LGM in Aus-
tralia (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).

Fern Gully Lagoon (27.417°S, 153.460°E, 39 m ASL) is an approxi-
mately 0.8 km2 perched, palustrine wetland (Leach, 2011) that lies
within a shallow bowl 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 de-
termined a preliminary basal age of ~208.4 ± 32.5 ka (Tibby et al.,
2017) at a depth of 9.25 m.

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 14C dating. The second core (FG15-2) was used to
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fill gaps in the FG15-1 record and to provide additional sediment for
14C 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.

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 μXRF, magnetic susceptibility and X-radiography

To determine changes in sediment geochemistry, Itrax second-gen-
eration micro X-ray fluorescence (μXRF, Croudace et al., 2006) scan-
ning 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, gen-
erating 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 ef-
fect (Weltje and Tjallingii, 2008; Löwemark et al., 2011). However,
despite an increasing number of μXRF 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

Fig. 1. A: Modified Köppen 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). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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μXRF 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 μXRF 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
μXRF 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 μXRF record. These were: total 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; Löwemark et al., 2011),
titanium normalisation (Vegas-Vilarrúbia et al., 2018), silicon normal-
isation, 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 μXRF data were compared to quantitative conven-
tional 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 μXRF-derived concentrations,
but where there was little within-sample variability in μXRF 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 un-
dertaken at the Commonwealth Scientific and Industrial Research Or-
ganisation 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), μXRF 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.

The commonly utilised μXRF incoherent/coherent scattering ratio
was also evaluated as a qualitative indicator of sediment organic con-
tent (e.g. Guyard et al., 2007; Jouve et al., 2013; Field et al., 2018;
Woodward et al., 2018). μXRF water content corrections were also
calculated after Boyle et al. (2015), as the sediments have a high water
content that is likely to affect μXRF readings.

3.3. Identification of the aeolian component in the Fern Gully Lagoon μXRF
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
quantities 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 μXRF scan, their concentration was too low to be ac-
curate, and they were not considered further.

We derived a high-resolution record of calibrated μXRF 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.

To identify the main directions of variation in the Fern Gully in-
organic 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 nor-
malised 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 μXRF
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:

• The surface of modern dunes ~30 m from the edge of Fern Gully
Lagoon and ~30 m from the edge of nearby Welsby Lagoon.
• Sand three meters below the surface of dunes surrounding Fern
Gully Lagoon.
• The surface of outflow one at Fern Gully Lagoon (Fig. 1C).
• Local rock outcrops (Point Lookout rhyolite and Dunwich sand-
stone).
• An indurated layer representing the B horizon of material below
each of the two lagoons.

These endmember samples were scanned using Itrax μXRF and
placed on the PCA using the vegan predict model (Oksanen et al.,
2018).

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: 14C 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 14C 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 14C 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 mea-
sured δ13C values, the conventional 14C ages were calibrated using the
Southern Hemisphere Calibration Curve (SHCal13; Hogg et al., 2013).

Single-grain OSL dating was performed on 19 quartz samples col-
lected from core sections with the highest inorganic content. The se-
diment 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 de-
termination and beta dose rate water correction (after oven drying at
100 °C). Additional bulk sediment was collected from the overlying and
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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 Demuro et al. (2013, 2015). Further details of the OSL
methodologies employed in this study, including SAR suitability as-
sessments (dose recoveries) and quality assurance criteria, are included
in the Supplementary materials.

The age-depth model for Fern Gully Lagoon was constructed from
the 14C and OSL likelihoods using a Bayesian Poisson process deposi-
tional 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
k0 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
and 100 events/cm to accommodate any major fluctuations in deposi-
tion rate. This additional flexibility is at the expense of precision in the
final age model and results in a liberal estimate of uncertainties in-
herent 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
μXRF 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 in-
dependently assigned changepoint locations were used to identify se-
parate depositional units in the OxCal modelling framework (Figs. 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 auto-
matically calculated at 1 cm intervals throughout the sequence. Further
details of the Bayesian age-depth modelling method are included in the
Supplementary materials.

4. Results

4.1. Core correlation

Sequence slotting revealed that the top of the two cores were ver-
tically 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 con-
tiguous gap being 4 cm. These lost sections did not coincide with the
boundaries defined using change-point analysis.

4.2. μXRF normalisation and calibration

Eight of the twelve elements from the μXRF Fern Gully Lagoon se-
quence 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 (r2 < 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 (Sáez et al., 2009).

A lack of correlation between the incoherent/coherent scattering
ratio and measured water content (r2 = 0.05, p < 0.05, n = 804)
indicated that it was not possible to correct the μXRF record for water
content (see Boyle et al., 2015). However, calibration of the μXRF re-
cord 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 (r2 = 0.09, p < 0.05) to inorganic content esti-
mated by LOI, possibly due to the very high organic content of the core
sequence.

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.

Fig. 2. Relative position of FG15-2 to FG15-1 using the seven elements ex-
hibiting the highest counts per second.
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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 pres-
sure.

Both inorganic content and μXRF-derived silicon content exhibit
several peaks and a plateau of ~10% inorganic content from ~170 to
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 (r2 = 0.70, p < 0.05) between the LOI inorganic
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Fig. 3. Fern Gully Lagoon sediment stratigraphy, visible wavelength photo-
graphy (brightened to show colour variation), sediment bulk density, water
content, magnetic susceptibility, X-radiograph derived relative density, in-
organic content and μXRF derived SiO2 content. The four depositional bound-
aries used in the age model were derived from silicon μXRF counts per second
(cts/s, Section 3.4 and Supplementary material). (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)
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content and μXRF-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 μXRF silicon records indicate very little change, with
largely consistent low quantities of inorganic material present.

4.4. 14C dating

The AMS 14C ages have a large amount of scatter (Table 2, Fig. 4). In
general, the 14C 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 1 m 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 ap-
parent from some of the single-grain OSL De distributions (Section 4.5).
Encouragingly, there is a broad agreement between the paired radio-
carbon 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 misidentifica-
tion of root material at this depth.

Five 14C samples were single> 3 mm charcoal fragments. 14C
dating of charcoal can underestimate sample age in organic-rich wet-
lands 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 under-
estimation in a 50 ka sample) (Brock et al., 2011). As the charcoal
samples from Fern Gully Lagoon were prepared using ABA, the re-
sultant ages may have been inadvertently affected by humic acid con-
tamination (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 indis-
tinguishable 2σ calibrated age ranges (Fig. 4, Table 2).

4.5. OSL dating

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

The final OSL ages exhibit good stratigraphic consistency for thir-
teen 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 low-
ermost 7 m of the core are in keeping with the complex De 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 De datasets are interpreted as
reflecting the presence of locally intruded young grain populations.
These populations could potentially be the result of sporadic lake

Table 2
AMS radiocarbon ages. 14C 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 δ13C 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 14C ages have been corrected for isotopic fractionation using their
measured δ13C values and are quoted with their 1σ errors.

Sample ID Lab ID
(ANSTO)

Sample type Depth (cm) δ13C (‰) pMC (%) Conventional 14C Age
(14C yr BP)

Calibrated 14C 95.4% probability
range (cal. yr BP)

Fern Gully Core 1 (FG15-1)
FG15 RC-1 OZU189 Terrestrial gum nut 34.5–35.5 −26.0 ± 0.2 87.83 ± 0.31 1040 ± 30 803–960
FG15 RC-2 OZU190 Terrestrial leaf

fragment
34.5–35.5 −26.2 ± 0.1 90.62 ± 0.28 790 ± 30 655–730

FG15 RC-11 OZU792 Terrestrial bark
fragment

78.5–79.5 −24.6 ± 0.1 24.52 ± 0.13 11,290 ± 40 13,036–13,211

FG15 RC-12⁎ OZU793 Reed stalk segment 78.5–79.5 −24.9a 46.07 ± 0.18 6225 ± 35 6952–7238
FG15 RC-3⁎ OZU191 Reed stalk segment 114.5–115.5 −25.7 ± 0.1 128.18 ± 0.61 Modern Modern
FG15 RC-4 OZU192 Terrestrial seed 134.5–135.5 −24.1 ± 0.1 15.46 ± 0.11 15,000 ± 60 17,966–18,366
FG15 RC-5 OZU193 Terrestrial leaf

fragment
134.5–135.5 −22.6 ± 0.1 16.49 ± 0.11 14,480 ± 60 17,392–17,849

FG15 RC-13 OZU794 Terrestrial bark
fragment

158.5–159.5 −25.0 ± 0.2 13.16 ± 0.10 16,290 ± 60 19,422–19,870

FG15 RC-14⁎ OZU795 Reed stalk segment 158.5–159.5 −25.0b 78.69 ± 0.27 1925 ± 30 1736–1896
FG15 RC-6⁎ OZU194 Charcoal 174.5–175.5 −28.5 ± 0.1 2.94 ± 0.04 28,330 ± 120 31,637–32,682
FG15 RC-7⁎ OZU195 Reed stalk segment 214.5–215.5 −22.1 ± 0.3 97.97 ± 0.55 165 ± 50 Modern–281
FG15 RC-8⁎ OZU196 Charcoal 224.5–225.5 −26.7 ± 0.1 0.70 ± 0.03 39,880 ± 330 42,916–44,192
FG15 RC-

15⁎⁎
OZU796 Terrestrial bark

fragment
227.5–228.5 −24.6 ± 0.1 0.71 ± 0.07 39,730 ± 810 42,343–44,960

FG15 RC-16⁎ OZU797 Charcoal 227.5–228.5 −26.5 ± 0.3 0.35 ± 0.06 45,400 ± 1500 46,377–c

FG15 RC-9⁎ OZU197 Charcoal 234.5–235.5 −27.2 ± 0.1 0.25 ± 0.02 48,200 ± 750 46,815–49,875
FG15 RC-10⁎ OZU198 Reed stalk segment 274.5–275.5 −23.4a 2.27 ± 0.07 30,420 ± 240 33,945–34,803
FG15 RC-17⁎ OZU798 Charcoal 287.5–288.5 −26.4 ± 0.1 0.41 ± 0.04 44,110 ± 850 45,785–49,430
FG15 RC-18⁎ OZU799 Reed stalk segment 287.5–288.5 −26.3a 0.96 ± 0.04 37,300 ± 360 41,178–42,297

⁎ Age excluded from the age-depth model due to material type.
⁎⁎ Age eliminated from the final Bayesian model as it was identified as a major statistical outlier during initial modelling and prevented successful convergence.
a δ13C values without associated uncertainty due to a limited number of determinations.
b δ13C is assumed - measured value was not available.
c Maximum value beyond calibration range.
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desiccation and the formation of deep surface cracks (a process that is
visible today in analogous peat-rich wetlands on NSI) and, or, down-
ward 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 14C 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-deposi-
tional 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-specific dose rate for the
multiple identified components, these samples are not considered sui-
table for dating. The ages shown for these samples in Table 3 are in-
cluded for indicative purposes only and have not been included as
likelihood estimates in the Bayesian age model.

4.6. Bayesian age-depth model

Thirteen single-grain OSL ages and eighteen 14C ages were included
in the Bayesian age modelling procedure, separated by three deposi-
tional 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 char-
coal and misidentified reed stalk ages from the second model (see
Table 2). The youngest charcoal 14C 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 mea-
sures resulted in only seven of the original eighteen 14C likelihood es-
timates 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, ne-
cessary to eliminate this 14C likelihood estimate in the final Bayesian
model.

The Bayesian model for Fern Gully Lagoon has Amodel and Aoverall
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 (± 2σ) at 900 cm, in agreement with the pre-
viously measured basal age of 208.4 ± 32.5 ka on an adjacent pre-
liminary 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
(20.9 ± 1.4 ka to 6.5 ± 5.6 ka, 166–52 cm) and a late Holocene
phase (1.7 ± 1.0 ka to 0.45 ± 0.4 ka, 52–0 cm) (± 2σ, 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 μXRF data (Fig. S2), which combined reflect> 97% of the var-
iance 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-sedi-
mentation, 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 in-
organics is Dunwich sandstone, which contains notable quantities of
iron and calcium.

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 in-
organic 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

Fig. 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.
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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 suscept-
ibility, 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 to
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 De distributions, may have dis-
placed 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.

5. Discussion

5.1. μXRF sediment analysis of highly organic wetlands

The most commonly used μXRF normalisation method (Table S5) –
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 μXRF 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 (r2 = 0.85, r2 = 0.84 and r2 = 0.78 respectively, where
p < 0.05, n = 20 for all values), while multiple normalisation
methods for aluminium had similarly good r2 values (0.62–0.69,
Table 1). For μXRF 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 nor-
malisation 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 μXRF data
(Weltje and Tjallingii, 2008; Croudace and Rothwell, 2015).

Several recent palaeoclimate reconstructions from wetland

Fig. 5. Example single-grain De 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 De value
used to derive the final burial dose of this sample; (b) Sample FG15 OSL-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 1σ 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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sediments have relied on μXRF 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 μXRF in highly or-
ganic 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 or-
ganic content in our study (r2 < 0.003, p = 0.132, n = 804 and
r2 = 0.05, p < 0.05, n = 804 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 μXRF 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 μXRF re-
cords as a minimum requirement for μXRF 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 lumi-
nescence dating offers a potentially useful means of filling chron-
ological gaps across a range of palaeoenvironmental contexts (Fu et al.,
2017; Roberts et al., 2018; De Deckker et al., 2019). This study high-
lights the complexities that can be encountered when using single-grain
OSL and 14C dating in organic-rich peaty wetlands. By employing both
techniques, it has been possible to better diagnose complications re-
lated 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 un-
suitable for inclusion in the final age model (i.e. 67% of the eighteen
14C samples and 32% of the nineteen OSL samples), our results high-
light the general suitability of 14C and OSL dating in this depositional
context when targeting optimal sampling materials, laboratory proto-
cols 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-

Fig. 6. Bayesian age/depth model for the Fern Gully Lagoon
sequence obtained using a non-continuous deposition sce-
nario. 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 CE. The 68.2% and 95.4%
ranges of the posterior probabilities are indicated by the light
and dark shading. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article.)
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grain OSL dating studies to refine the chronology of other Australian
interglacial records.

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 sensi-
tive 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). There-
fore, it is more likely 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 ex-
plaining regional aeolian inorganic transport (Hesse and McTainsh,
2003). Increased biomass burning on NSI is a possible additional driver
for increased inorganic sedimentation. However, macrocharcoal and
the proportion of sediment inorganic matter are uncorrelated at Fern
Gully Lagoon (r2 = 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 sedi-
ment 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.

The Fern Gully Lagoon sequence recorded low aeolian sedimenta-
tion 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 re-
corded 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 Nar-
acoorte 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/m2/kyr vs average
~0.14 kg/m2/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 to 90 ka has been observed in other regions, most

Fig. 7. PCA biplot of μXRF elements and organic
content from Fern Gully Lagoon. Crosses in-
dicate the distribution mean and one standard
deviation of the two principal axes of each dis-
tribution, 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.
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notably in tropical north-east Australia (Kershaw et al., 2007a). Con-
versely, 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/m2/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 ve-
getation (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 Niño fre-
quency 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 Aus-
tralian Current (Nanson et al., 2008). Holocene inorganic sedimenta-
tion 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 mobilisa-
tion of dune sands. However, the paucity of dated archaeology close to
Fern Gully Lagoon currently precludes an assessment of human influ-
ence 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 14C dating, single-grain OSL dating and μXRF core scan-
ning has enabled the reconstruction of a regional palaeoclimate se-
quence spanning the last three interglacial complexes. An evaluation of
μXRF normalisation methods indicated that normalisation by total
counts per second was the best method for Fern Gully Lagoon sedi-
ments.

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

Fig. 8. Sedimentation rate (3 cm moving average), sediment density (X-radio-
graph), inorganic content, magnetic susceptibility, calibrated μXRF aeolian
input (silicon, potassium, zircon and titanium, PC1) and other calibrated μXRF
inorganic sedimentation (calcium and iron, PC2). Records for comparison are
Native Companion Lagoon (NCL) (Petherick et al., 2008), an Australian dust
record from the South Pacific (Lamy et al., 2014), a global sea level record from
the Red Sea (Rohling et al., 2009) and December mean insolation for 30° south
(Berger and Loutre, 1991).
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general agreement between the Fern Gully Lagoon 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 Niño 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 re-
cords, 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.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2019.109463.
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