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Abstract

Debate about the nature of climate and the magnitude of ecological change across Australia during the last glacial maximum
(LGM; 26.5–19 ka) persists despite considerable research into the late Pleistocene. This is partly due to a lack of detailed
paleoenvironmental records and reliable chronological frameworks. Geochemical and geochronological analyses of a 60 ka
sedimentary record from Brown Lake, subtropical Queensland, are presented and considered in the context of climate-
controlled environmental change. Optically stimulated luminescence dating of dune crests adjacent to prominent wetlands
across North Stradbroke Island (Minjerribah) returned a mean age of 119.9 ± 10.6 ka; indicating relative dune stability soon
after formation in Marine Isotope Stage 5. Synthesis of wetland sediment geochemistry across the island was used to identify
dust accumulation and applied as an aridification proxy over the last glacial-interglacial cycle. A positive trend of dust
deposition from ca. 50 kawas found with highest influx occurring leading into the LGM. Complexities of comparing sedimen-
tary records and the need for robust age models are highlighted with local variation influencing the accumulation of exogenic
material. An inter-site comparison suggests enhanced moisture stress regionally during the last glaciation and throughout the
LGM, returning to a more positive moisture balance ca. 8 ka.
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INTRODUCTION

The last glacial maximum (LGM), which occurred ca. 26.5–
19 ka (Clark et al., 2009), remains somewhat poorly under-
stood in Australian late Quaternary paleoenvironmental
records (Reeves et al., 2013), despite being an example of a
prominent, extreme climate event (Barrows and Juggins,
2005). In the context of the Southern Hemisphere, it has
been suggested that the onset of cold and dry climates was
earlier (ca. 35–30 ka; Petherick et al., 2011) than the equiva-
lent Northern Hemisphere conditions. The timing of the

climatic shift in the Southern Hemisphere is based on proxy
records indicating increased aridity along the eastern margin
of Australia (e.g., Colhoun et al., 1999; Kershaw et al., 2007b;
Petherick et al., 2008) and internationally (e.g., Denton et al.,
1999; Vandergoes et al., 2005). The ensuing LGM was
characterized by lowering of sea-level (Grant et al., 2014;
Lambeck et al., 2014), reduced precipitation (Hesse et al.,
2004), expansion of the continental landmass, and cooler cli-
mates across much of the Australian continent (Galloway,
1965; Bowler, 1976; Kemp and Spooner, 2007). However,
recent comparative studies of paleoenvironmental records
have highlighted the need for robust chronological frame-
works because site-specific proxy responses can be complex
and hinder deeper understanding of how the LGM influenced
the magnitude of environmental change in different regions
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(Harrison, 1993; Turney et al., 2006a; Williams et al., 2009;
Reeves et al., 2013).
In order to unravel the complex history of Australian envi-

ronmental change, it is essential to distinguish between
locally driven proxy responses (e.g., change in vegetation
cover, fire regimes, topographical influences) and those
induced by large-scale shifts in the climate system (Svitok
et al., 2011). The challenge is that environmental change
may be explained by both local and regional forces; for exam-
ple, vegetation change may result from local fire regime
changes or moisture balance shifts forced by regional climate.
Deconvolution between local and regional drivers is impor-
tant when investigating dust flux as the net mobilization of
lithogenic material can be a result of processes at the source
(e.g., Washington et al., 2006) and depositional locus (Fare-
brother et al., 2017). Two ways to separate local and regional
signals are to: (1) increase the current multi-proxy paleoenvir-
onmental dataset for the LGM in Australia (Turney et al.,
2006a), with particular emphasis on capturing records of
sufficient antiquity in underrepresented and climatically
sensitive locations; and (2) establish robust chronologies, in
combination with multi-proxy datasets, which can be used
to infer changes in local variables (e.g., effective precipita-
tion, temperature, catchment conditions, and available mois-
ture) and how they have influenced the paleoenvironmental
record.
Lake sediments are important archives of paleoenviron-

mental information, capable of preserving a multitude of
proxies from which, regional, local, and global climate
dynamics can be inferred (Reeves et al., 2013). The benefit
of lake archives is that they have the capacity to accumulate
temporally high-resolution changes through time (Schnurren-
berger et al., 2003). However, it is not uncommon for lake
sediment records to preserve unconformities due to depositio-
nal hiatuses, erosional episodes, or both (Kershaw et al.,
2006; Moss and Kershaw, 2007; Mandl et al., 2016).
To effectively interrogate paleoenvironmental records from
lakes, it is critical to establish an understanding of how lake
catchments evolve and how these changes may influence dep-
osition through time (Birks and Birks, 2006). In instances
where there is a hiatus in the lake sediment record, the miss-
ing information can sometimes be inferred from other associ-
ated deposits (e.g., marginal dunes; Fitzsimmons et al.,
2007). However, for this approach to be effective, robust
age controls are needed for the complementary sedimentary
archives (Hesse, 2016).
Many unique biological and geochemical proxies are

available within lacustrine sediments, from which physical
and chemical analyses can provide insights into environmen-
tal change through time. Specific examples of biological
proxies often investigated include pollen and charcoal
(Kershaw et al., 2010; Ellerton et al., 2017; Lisé-Pronovost
et al., 2019; Xiao et al., 2020), diatoms (Gasse and Van
Campo, 2001; Song et al., 2020), and stable isotopes of sed-
iments and preserved organisms (Zhang et al., 2011; Long
et al., 2018). Analysis of terrigenous particles (e.g., dust)
and sedimentary depositional features can be used to evaluate

exogenous and in-lake condition changes. Advances in ana-
lytical techniques now allow the identification of complex,
fine-scale change in sedimentary sequences, including fea-
tures associated with dust deposition. Moreover, dust charac-
terization from lake records provides a means to trace source
locations, thereby providing an important understanding of
wind regimes and environmental change in at the source loca-
tion through time (e.g., McGowan et al., 2008; Petherick
et al., 2011).

Identifying changes in lake sediments, particularly those
predominantly composed of organic matter, can be challeng-
ing because changes in sedimentology may be inconspicuous.
In instances when sedimentology is unclear or complex, the
application of micro-XRF core scanning (μXRF) can provide
high-resolution (sub-millimeter) sediment geochemistry
without the need for destructive sampling (Croudance and
Rothwell, 2015). The success of applying μXRF to analyze
finely laminated sediment archives has been demonstrated in
a range of key paleoenvironmental studies, including climate
change (e.g., Kylander et al., 2011; Lauterbach et al., 2011),
anthropogenic disturbance (e.g., Guyard et al., 2007; Niemann
et al., 2013), identification of pyroclastic material (e.g., Vogel
et al., 2010; McCanta et al., 2015), and changes in lake
oxygenation conditions (e.g., Davies et al., 2015).

Interpretation of geochemical data obtained using μXRF
requires careful consideration, particularly in sediments
where composition is highly variable (Boyle, 2002). Lighter
elements in particular can be influenced by changes in water
and organic content (Tjallingii et al., 2007; Weltje and
Tjallingii, 2008), the effects of which can be minimized by
normalizing to the total sum of Compton and Rayleigh scatter
(incoherent and coherent scatter: inc/coh) (e.g., Kylander
et al., 2012; Jouve et al., 2013). Moreover, the setting of the
catchment (e.g., local geology and lake-water properties)
must be considered when inferring changes in any element
quantified using μXRF, particularly because post-depositional
changes in lake and catchment conditions can influence
geochemistry (Kylander et al., 2011).

Geochemical studies from wetlands on North Stradbroke
Island show that variations in sediment chemistry are strongly
influenced by aeolian influx (e.g., McGowan et al., 2008;
Petherick et al., 2009; Kemp et al., 2020; Lewis et al.,
2020). Trace element geochemistry of the inorganic sediment
fraction from Native Companion Lagoon found the origin of
the material was both from the Australian continent, impor-
tant for providing context during the LGM, and local dunes
(McGowan et al., 2008). Subsequent models of aeolian trans-
portation pathways to North Stradbroke Island (Petherick
et al., 2009) support this finding, with dust records now
improving the understanding of regional climate during the
LGM in coastal subtropical Australia (McGowan et al.,
2008; Petherick et al., 2011, 2017; Kemp et al., 2020;
Lewis et al., 2020).

This study examines environmental changes associated
with climate variability since MIS 5 from Brown Lake,
North Stradbroke Island, using a combination of geochemis-
try (μXRF core scanning) and geochronology (optically
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stimulated luminescence [OSL] and radiocarbon [14C] dat-
ing). The potential of Brown Lake for improved regional
reconstructions of LGM conditions was highlighted by an ini-
tial OSL age of 47 ka for the base of the sediment sequence
(Tibby et al., 2017). Moreover, there is limited information
regarding the timing of dune emplacement proximal to
Brown Lake and other wetlands on North Stradbroke Island.
The aims of this study are three-fold: (1) to develop the first
Bayesian age-depth model for the Brown Lake sediment;
(2) to compare dust deposition in Brown Lake with nearby
wetlands, to infer the history of late Pleistocene local dust
deposition on North Stradbroke Island; and (3) to undertake
direct OSL dating of dune fields, which host wetland sedi-
ment archives, in order to improve the spatial and temporal
coverage of existing paleoenvironmental records for North
Stradbroke Island. This will be achieved by examining high-

resolution geochemical measurements from cores extracted at
two different locations along the longitudinal axis of the
water body. The separation between the cores will enable spa-
tial changes attributed to basin evolution to be considered
when investigating changes in moisture balance at both
local and regional scales.

Study Sites

North Stradbroke Island is situated ∼30 km east of the city of
Brisbane, Queensland and is the second largest sand island in
the world (Fig. 1a). North Stradbroke Island is positioned in
the subtropics with mean annual summer and winter tempera-
tures between 22–30°C and 12–20°C, respectively (BOM,
2019). The dominant wind direction is the south-east, driven
by onshore trade winds (Colls and Whitaker, 1990). Winter

Figure 1. Location of North Stradbroke Island, dune sample sites, and locations referenced in text. (a) Position of the island in relation to
Australia, outlined by a red square. (b) Dune field map adapted from Patton et al. (2019), overlain by the OSL sample sites in this study.
(c) Satellite image of North Stradbroke Island (source: Google Earth) and the position of wetlands referenced in text. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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months onNorth Stradbroke Island aremild and drywith a large
proportion of annual precipitation (1545mm; BOM, 2019)
occurring during thewarm, humid summerand autumn seasons.
North Stradbroke Island is part of the extensive south-east

Queensland dune system that includes Fraser Island, Moreton
Island (Figure 1a), and the Cooloola SandMass (Ward, 2006;
Patton et al., 2019). The topography of North Stradbroke
Island is, in part, determined by the overprinting of older
dunes by more recent dune units, becoming younger towards
the east coast; as inferred frommorphological analysis (Ward,
2006) and remote sensing (Patton et al., 2019) data (Fig. 1b).
What remains less clear, however, is what mechanisms are
responsible for dune development on North Stradbroke
Island, within which numerous wetlands lie (Fig. 1c). This
study presents ages for dunes adjacent to prominent wetlands
and evaluates the timing of advancement in the context of key
climate events, including climate and sea-level change (Grant
et al., 2014).
Brown Lake (27°29′10′′S, 153°26′01′′E; 56 m a.s.l.) is a

naturally acidic (pH = 4.85 ± 0.02; Mosisch and Arthington,
2001) perched, endorheic lake that lies within the Yankee
Jack dune formation (Ward, 2006; Patton et al., 2019). It is
the largest lake on North Stradbroke Island and has a 1743
ha drainage basin (Leach, 2011). Brown Lake has a maximum
water depth of 8.3 m, which varies in concert with effective
precipitation (Fig.2). The present-day vegetation consists of
open sclerophyll woodland, with a canopy dominated by
Eucalyptus and Allocasuarina (Clifford and Specht, 1979).

METHODS

Coring and Bathymetry

Lake sediment cores were extracted from Brown Lake in two
expeditions taking place in 2009 and 2018 (Fig. 2). A single,
3.95 m core was extracted from the central point of the lake in
2009 (BL09) using a Livingstone Corer, capturing 1.0 m of
sediment with each successive drive. Sediment from BL09
was extruded into PVC trays, wrapped in cling film, and trans-
ported to the University of Adelaide. In 2011, a bathymetric
survey was undertaken using a boat-mounted sonar system
(Altimeter: Tritech Int Ltd, Model PA500/6-S) attached to a
data recorder (Rugged Brookhouse NMEA 0813) and a
GPS (Garmin GPSMAP 60Cx), allowing bottom lake topog-
raphy to be linked with the core locations. A follow-up coring
expedition occurred in 2018, with the aim of acquiring sedi-
ment from the northern end of the basin along the 2011 bathy-
metric transect line (Fig. 2). The two cores were then used to
generate a sedimentological profile of Brown Lake and evalu-
ate subsurface heterogeneity. In order to increase the reliability
of interpretations from the sediment collected in 2018, two
parallel and vertically offset sediment cores (BL18-3 and
BL18-4) were collected 2 m apart using a modified Bolivia
piston corer aboard a Kawhaw floating platform. The sediment
was extracted in one meter drives, with BL18-3 and BL18-4
reaching depths of 3.57 m and 2.73m, respectively. To mini-
mize sediment compaction and exposure to light, each drive

was sealed in the core tube rather than being extruded in the
field. The cores were split along their longitudinal axis
under subdued red LED lighting to prevent daylight contami-
nation and preserve sample integrity for subsequent OSL
dating. One half of each core remained under strict lighting
conditions (sealed in opaque black plastic) to prevent bleach-
ing of the luminescence signal, while the other was used to
conduct further, non-light-sensitive sampling.

Laboratory techniques

Physical properties of the sediment

Sediment descriptions were defined using standardized sedi-
mentological terminology and characteristics based on ana-
lyzing the sediment both in the core and as a smear, where
possible. Sediment properties (i.e., water content, bulk den-
sity, and the organic:inorganic ratio) were measured using
loss on ignition (LOI) and evaluated at centimeter scale
down the length of BL18-3 (n = 347). BL09 LOI samples
were taken every two centimeters (n = 217). Samples were
extracted as 1 cm3 of bulk sediment and measured following
Heiri et al. (2001). This included weighing sediment before
and after oven drying at 100°C and ashing at 550°C.

μXRF core scanning

Geochemical analysis was undertaken using a μXRF core
scanner, measuring at millimeter resolution, at the Australian
Nuclear Science and Technology Organisation (ANSTO)
facility (see Supplementary Information for details). Ele-
ments of interest for this study were selected using the follow-
ing criteria: (1) element ratios and element count data from
μXRF scanning that represented chemical variation resulting
from biogenic productivity (Ca/Ti, Br, Ca, inc/coh, Si/Ti) and
siliciclastic influx (Rb, Al, Si, K, Ze, Fe, Ti) from within the
sediment matrix were targeted (Hendy et al., 2015); (2) ele-
ments with large systematic uncertainties (e.g., influenced
by the air gap between the sensor and the sediment) were
removed from the dataset; and (3) elements and elemental
ratios were categorized as intrinsic organic production indica-
tors and extrinsically aeolian-derived lithic indicators—given
that Brown Lake is a perched lake with no inflowing streams,
sediment accumulation is a function of both. A principal com-
ponent analysis (PCA) was undertaken on the selected suite
of elements, which identified the inorganic component,
represented by Axis 1 (PC1), as the major factor of sediment
chemical composition (Supplementary Fig. S1). The statisti-
cal link between siliciclastic accumulations and element var-
iation enabled direct comparisons with the nearby Fern Gully
Lagoon andWelsby Lagoon (Fig.1c) sediment records where
aeolian-derived material is a primary influence on sediment
chemistry (Kemp et al., 2020; Lewis et al., 2020).

Core correlation

To overcome artificial breaks resulting from the coring pro-
cess itself, the parallel and vertically offset cores BL18-3
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and BL18-4 were combined using sequence slotting, hereaf-
ter denoted BL18. Sequence slotting was undertaken in
CPLslot v2.4 (Hounslow and Clark, 2016) using the μXRF
values for Al, Si, Ca, and Br as input variables. These ele-
ments provided accurate estimates of detrital and biochemical
input based on their positions and grouping on the PC1 axis
for Brown Lake (Supplementary Fig. S1) and other sites on
North Stradbroke Island (e.g., Kemp et al., 2020; Lewis
et al., 2020). Element count data were normalized by inc/
coh because this was found to correlate with measured LOI
values (r2 = 0.90; p-value <0.05) (Supplementary Fig. S2),
thus reducing the influence of water content and, or, organic
matter on geochemistry.
The sequence slotting procedure included the following

constraints: (1) the combined sequence started with the top

of BL18-3; (2) the combined sequence ended with the bottom
of BL18-3; and (3) BL18-4 was vertically offset from the sur-
face by at least 0.5 m, and therefore did not overlap with
BL18-3 above this depth. Additionally, a series of minor
user choices were included in the sequence-slotting algorithm
to accommodate the physical characteristics of the sediment
in each core (i.e., sediment was lost between 2.02–2.50 m
during retrieval of BL18-4 drive 2—likely a result of
increased porosity at the base of the drive relative to BL18-3).
The BL09 and the BL18 cores were not correlated using

sequence-slotting because of lithological differences in the
sediment profiles (i.e., the presence of a large sand band in
the BL18 cores, which was absent in BL09) and the distance
between the two coring locations (Fig. 2). Therefore, compar-
isons between the BL18 and BL09 cores were based on

Figure 2. Position of sediment cores BL18 and BL09 recovered from Brown Lake. BL18 and BL09 cores placed on a 2011 bathymetric
transect of Brown Lake. Optical images of BL18 and BL09 are shown next to position of radiocarbon samples (green circles), OSL samples
(blue circles), and stratigraphic units (black and grey rectangles). Lake shorelines shown on the Google Earth satellite image were identified
using historic aerial photos presented in Supplementary Figure S9. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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stratigraphic similarities and were used primarily to interpret
lake history and the extent of heterogeneous sedimentation
along a basin transect.

Dating and age modeling

Radiocarbon dating was undertaken on the BL18-3 and BL09
profiles (Fig. 2) with measurements made on bulk sediment
(2 cm3) due to a lack of macrofossils. Eleven bulk sediment
samples from BL18-3 were analyzed at the ANSTO Acceler-
ator Mass Spectrometry (AMS) facility, and six samples from
BL09 were analyzed at Beta Analytic and theWaikato Radio-
carbon Dating Laboratories. The samples were prepared
using conventional approaches (see Supplementary Informa-
tion for details), including standard ABA treatments (Brock
et al., 2010). The 14C ages were calibrated to calendar years
using OxCal v4.3.2 and the SHCal13 calibration curve
(Bronk Ramsey, 2009; Hogg et al., 2013).
Single-grain OSL dating was undertaken on quartz grains

from a sample extracted from the base of BL18-3.3 and com-
pared with the single-grain OSL age reported previously for
BL09 (Tibby et al., 2017). An additional seven OSL samples
were collected from the crest of dunes found adjacent to five
prominent North Stradbroke Island wetlands (Fig. 1c). These
dune samples were taken from areas with surface exposures
classified as the Yankee Jack Formation (Ward, 2006).
Three OSL samples were collected from two different dune
crests surroundingWelsby Lagoon in order to better constrain
variability in dune emplacement and preservation dynamics.
The Brown Lake core sample was extracted under subdued

red light conditions, with care taken to ensure contaminant
grains from coring were not included in the final analysis,
∼1 cm of sediment was removed from the exposed sediment
core face, with sediment within 1 cm of the coring tube also
excluded (this material was retained for dosimetric analysis).
The dune samples were collected from freshly dug pits to
enable three-dimensional assessments of stratigraphy and
ensure that zones affected by extensive root systems and
bioturbation were avoided. Dune crests were targeted to
maximize the likelihood of sampling primary (non-reworked)
aeolian deposits. Individual OSL samples were collected by
hammering opaque PVC tubes into cleaned exposures of
A2 and B Horizons at depths of 70–180 cm beneath the
surface, taking care to avoid the modern root layer and active
bioturbation zones (Supplementary Fig. S3). Approximately
500 g of additional bulk sediment was collected from
the walls of each OSL sample hole (i.e., the surrounding
∼2–3 cm of material in all directions) for evaluation of beta
dose rate, secular equilibrium, and water content.
The environmental dose rates of the dune samples have been

calculated using a combination of in situfield gamma-ray spec-
trometry and low-level beta counting. Gamma dose rates were
determined from in situmeasurements made using a Canberra
NaI:Tl detector to account for any spatial heterogeneity in the
surrounding (∼30 cm diameter) gamma radiation field of each
sample. The ‘energy windows’ approach described in Arnold
et al. (2012) was used to derive individual estimates of U, Th,

and K concentrations from the field gamma-ray spectra. Exter-
nal beta dose rates were determined from measurements
made using a Risø GM-25-5 beta counter (Bøtter-Jensen and
Mejdahl, 1988) on dried and homogenized, bulk sediments
collected directly from the OSL sampling positions. High-
resolution gamma spectrometry was additionally performed
on the dune samples to examine the state of secular equilibrium
in the 238U and 232Th decay series.

Elemental concentrations and specific activities were con-
verted to dose rates using accepted conversion factors (Guérin
et al., 2011). A small, assumed internal (alpha plus beta) dose
rate component of 0.02 ± 0.01 Gy/ka has been included in the
final dose rate calculation based on ICP-MS U and Th mea-
surements made on etched quartz grains from nearby Welsby
Lagoon (Lewis et al., 2020) and an alpha efficiency factor of
0.04 ± 0.01 (Rees-Jones, 1995; Rees-Jones and Tite, 1997).
Cosmic-ray dose rates were calculated (Prescott and Hutton,
1994), after taking into consideration lake water level, site
altitude, geomagnetic latitude, and density and thickness of
sediment overburden.

The final dose rates for the lake core and dune OSL
samples have been corrected for beta-dose attenuation and
long-term water content (Mejdahl, 1979; Aitken, 1998;
Brennan, 2003). The long-term water content for the Brown
Lake OSL sample was considered to be equivalent to the
empirical values determined as part of the LOI procedures,
with separate corrections applied to the beta, gamma, and cos-
mic dose rate terms (see Supplementary Table S1 for details).
An assumed long-term water content of 7 ± 3% was applied
to the NSI18 dune samples, following approaches used in
comparable OSL dating studies of dune deposits from the
region (e.g., Ellerton et al., 2020).

Purified quartz grains (Ø 180–212 μm or 212–250 μm)
were prepared using procedures described in Lewis et al.
(2020), with single-grain equivalent dose (De) measurements
undertaken using apparatus and conditions detailed in the
Supplementary Information. Single-grain De values were
determined using the single aliquot regenerative dose (SAR)
procedure (Murray and Wintle, 2000), shown in Supplemen-
tary Table S2. Individual De values were only included in
the final age calculation if they satisfied a series of widely
accepted quality assurance criteria (Supplementary Table S3).

Bayesian age-depth models were produced for BL18 and
BL09 cores in OxCal (Bronk Ramsey, 2009; Bronk Ramsey
and Lee, 2013), following the procedures outlined in Lewis
et al. (2020) and discussed in the Supplementary Information.
Separate depositional units have been included in the OxCal
models for BL18 and BL09 on the basis of independent sed-
imentological and lithological interpretations (as detailed in
the Results).

Brown Lake’s sedimentological history, and the climate
implications influencing deposition with respect to other
North Stradbroke Island and Australian records, is discussed
in relation to a subset of the eight phases identified through
the OZ-INTIMATE climate synthesis (Reeves et al., 2013).
We have combined the early and late deglacial phases and
considered the Holocene as a whole (Reeves et al., 2013).
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RESULTS

Lithology, physical and chemical properties

Sedimentology

The sediment units present in the BL18 (based on descrip-
tions of BL18-3) and BL09 cores (Fig. 3) are broadly similar
and are dominated by very dark-brown to black lake mudwith
fine- to coarse-grained sands incorporated within the sedi-
mentary matrix. BL18 contains three distinct units, Unit 1
(3.57–2.29 m), Unit 2 (2.29–1.65 m), and Unit 3 (1.65–0
m), each of which contains two sub-units. BL09 also contains
three units denoted Unit A (3.98–3.14 m), Unit B (3.14–2.67
m), and Unit C (2.67–0 m) (Moss, 2013).
The lowest units present in both cores (Unit 1 and Unit A;

Fig. 3) are very dark-brown to black mud (10YR 2/2, 10YR 2/
1) with a blocky texture. In the BL18 core, sub-unit 1.1 (3.57–
2.69 m) gradually becomes increasingly pliable towards the
top of the unit. Sub-unit 1.2 (2.69–2.29 m) is distinguished
by a transition from clay to more silty texture and an increased
abundance of fine-grained sand. Additionally, this unit also
hosts a thin (4 mm wide) coarse-grained sand vein that is per-
pendicular to the bedding for∼20 cm from the top of the unit.
In the BL18 core, Unit 2 is distinguished from Unit 1 by an

overall increase in the proportion of sand. The base of the unit
is identified by the presence of a distinctive thin (6 cm),
coarse-grained sand layer that contains intermixed angular

black clasts (<1 mm) and light brown grains (Fig. 3) from
2.29 m. A distinctive contact with the underlying sub-unit
1.2 is identified by the juxtaposition of the grey-white sand
(10YR 7/1) overlying very dark brown mud (7.5YR 2.5/2).
This sand layer is designated sub-unit 2.1 (2.29–2.23 m)
and is only present in the BL18 record. The shared sedimen-
tology between BL18 and BL09 is re-established from sub-
unit 2.2 (2.23–1.65 m) and Unit B (3.14–2.67 m) upwards
(Fig. 3). The sedimentology of these units both increase in
clay content up core with a decrease in the proportion of
sand grains towards the surface more apparent in BL18.
The sediment changes from the grey-white sand of sub-unit
2.1 into a dark brown (10YR 3/2) towards the middle, before
grading into a black mud (10YR 2/1) towards the top. How-
ever, the color gradient is not as obvious in BL09, due to the
as the absence of the underlying sandy layer.
The youngest, and thickest unit in the BL18 and BL09

cores is Unit 3 (1.65–0 m) and Unit C (2.67–0 m), respec-
tively (Fig. 3). The base of this unit in BL18 is designated
sub-unit 3.1 (1.65–1.55 m), which is characterized by the
sediment having had transitioned from the mud of sub-unit
2.2 to a more organic-rich, silty clay-like texture. This subse-
quently transitions into the homogenous organic black
(10YR 2/1) mud of sub-unit 3.2 (1.55–0 m). The change in
texture between sub-unit 3.1 and 3.2 is concordant with the
incorporation of very fine-grained sand material within the
sediment matrix towards the top of Unit 3.

Figure 3. (color online) Optical images, sedimentary units, and properties of BL18 (black) and BL09 (grey) as measured using the loss on
ignition approach. Graphs are aligned by depth and show sediment (a) moisture content, (b) bulk density, and (c) inorganic content.
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Moisture and organic content

The moisture and organic content of the BL18 and BL09
records reflect the sedimentary unit divisions (Fig. 3).
The sediment from BL18 has a wider range of moisture con-
tent (15.5–90.6%wet), bulk density (0.5–2.8 g/cm

3), and inor-
ganic content (10.5–97.7%dry) than BL09 (41.1–87.2%wet;
1.1–2.4 g/cm3; 5.7–88.2%dry). Our analysis of these proper-
ties focusses on BL18 because this core sequence would
have experienced less physical alteration during the core
extraction in comparison to BL09, which was extruded in
the field.
Unit 3 of BL18 has the highest moisture content of the

three units of the same core, with a mean value of ∼84%
(Unit 2 and Unit 1 have mean values of 36% and 61%, respec-
tively). Unit 2 has the highest inorganic content on average
(91%dry), which is more than double that of Unit 3
(26%dry) and higher than Unit 1 (59%dry). The sandy Unit
2 has a mean bulk density of 1.8 g/cm3, which was consider-
ably higher than that of Unit 3 and Unit 1 (both have an aver-
age of 1.4 g/cm3). This difference in bulk density likely

reflects the influence of increased inorganic material having
been deposited within the soil matrix of Unit 2.

μXRF elemental scanning and principal component
analysis

The elemental counts from the μXRF core scanning of BL18
and BL09 exhibit amplitude changes that correspond with
transitions between sedimentary units (Fig. 4, Supplementary
Fig. S7). μXRF Rayleigh scattering (i.e., incoherent/
coherent) had a strong correlation (r2 = 0.95, p-value <0.05;
Supplementary Fig. S2) with organic matter content as deter-
mined by LOI. Elements of interest (see Methods) were sub-
sequently incorporated into a PCA to evaluate their
variability down core. Elements associated with clastic terres-
trial origins had high loadings on PC1 (Supplementary
Fig. S1). Additionally, the correlation between these elements
(Supplementary Fig. S1) suggests that the sediment chemistry
is strongly influenced by the influx of aeolian transported
inorganic material, as observed in neighboring organic-rich

Figure 4. Scanning XRF elemental counts per second (CPS) of selected terrigenous elements (as identified using Principal Component Anal-
ysis). Aluminum elemental counts (grey line) overlain by a 10 point moving average (black line). Yellow and orange shading represent the sand
(sub-unit 2.1) and transitional (sub-unit 2.2) layers observed in the BL18 sedimentary sequence, respectively. For biogenic element correla-
tions the reader is directed to Supplementary Figure S8. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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wetland sediments (Kemp et al., 2020; Lewis et al., 2020).
Geochemical variation driven by inorganic material deposi-
tion is further supported by the separate grouping of biogenic
and lithogenic element proxies and ratios (Supplementary
Fig. S1), particularly the low loading on PC1 for the organic
indicator (i.e., inc/coh).

Core correlation

Sequence-slotting successfully matched the element concen-
trations fromBL18-4 to those in BL18-3, as shown in Supple-
mentary Figure S10. The potential range of sequence-slotting
configurations is demonstrated in the H-matrix (Supplemen-
tary Fig. S10) (Gordon, 1982) and represents all possible
depths at which slotting could occur. For this study, the cen-
tral correlative depth is taken from the H-matrix to represent
the best fit of the two cores thus used to project the depths
of BL18-4 onto those of BL18-3. The suitability of using
this approach is also supported by the high delta value
(0.828), indicating that the sequences were well matched.

Chronology
14C dating

The AMS 14C ages obtained for BL18 and BL09 are pre-
sented in Table 1. Overall, there is stratigraphic agreement
between the 14C results from core BL18 and BL09.Moreover,

the ages of replicate samples collected from the same depth in
the BL18 core (OZX792/OZX793) overlap at 1σ. The 14C
sample extracted from the bottom of the BL18 core
(OZX794a) produced a 95.4% C.I. calibrated age range of
40,120–38,790 cal yr BP, which was confirmed with a repli-
cate measurement (OZX794b = 40,400–39,070 cal yr BP).
The 14C ages for this sample are systematically younger
than the overlying replicate samples (OZX792, OZX793),
which yielded replicate 95.4% C.I. calibrated age range of
48,790–45,620 cal yr BP and 49,830–46,710 cal yr BP,
respectively. The cause of the inversion is currently uncertain
and is possibly linked to sediment mixing from turbulence,
humification, or both (Shore et al., 1995).

OSL dating

The results of the single-grain OSL De analysis and age deter-
mination are reported in Table 2 and Figure 5. The acceptance
rate of grains for each OSL sample, following application of
the SAR quality assurance criteria, ranged between 2–8%
(Supplementary Table S3). Most samples (5 out of 8) exhibit
relatively homogeneous single-grain De distributions with
low overdispersion values of 18–20%. These overdispersion
values are consistent with those typically reported for
well-bleached and undisturbed single-grain De datasets at
2σ (e.g., the average overdispersion of 20 ± 1%; Olley
et al., 2004; Arnold and Roberts, 2009), as well as those
reported for ‘ideal’ lacustrine samples from related North

Table 1. Radiocarbon (14C) ages for the samples extracted from BL18 and BL09 Brown Lake sediment cores, respectively. Ages have been
calibrated against SHCal13 using the OxCal software (Bronk Ramsey, 2009; Bronk Ramsey and Lee, 2013; Hogg et al., 2013). All samples
were treated using acid-base-acid (ABA) pre-treatments. The calibrated age range shown is the 95.4% probability range (combining two or
more potential calibration ranges, where they exist).

Lab Code Depth (cm) Material δ13C
Conventional 14C
age (14C yr BP) Uncertainty (1σ)

Calibrated age
range (cal yr BP) c

OZX784 20 Lake Sediment −29.1 640 20 640–550
OZX785 43 Lake Sediment −28.3 1430 25 1350–1270
OZX786 62 Lake Sediment −33.8 2130 25 2150–2000
OZX787 80 Lake Sediment −29.6 3100 25 3360–3180
OZX788 130 Lake Sediment −29.6 5570 30 6400–6280
OZX789 163 Lake Sediment −27.6 7120 30 7980–7840
OZX790 183 Lake Sediment −27.3 16,660 70 20,310–19,790
OZX791 230 Lake Sediment −27.9 36,570 290 41,790–40,430
OZX792a 258 Lake Sediment −28.0 43,770 490 48,790–45,620
OZX793a 258 Lake Sediment −26.6 44,870 410 49,830–46,710
OZX794ab 330 Lake Sediment −28.0 34,970 220 40,110–38,790
OZX794bb 330 Lake Sediment −28.2 35,230 190 40,400–39,070

Beta-361743 21 Organic Sediment −29.7 540 30 550–500
Beta-361744 142 Organic Sediment −29.9 2420 30 2680–2340
Beta-361745 167 Organic Sediment −30.1 3310 40 3590–3390
Beta-361746 219 Organic Sediment −25.3 6530 110 7580–7170
Beta-361748 376 Organic Sediment −27.6 31,980 230 36,330–35,300
Wk-33179 386 Organic Sediment −33.1 36,970 740 42,610–40,130

a, bReplicate samples, which were combined in the Bayesian age-depth modelling using the OxCal ‘combine’ function.
cRounded to nearest ten years.
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Table 2. Dose rate data, equivalent doses (De), overdispersion values, and OSL ages for lacustrine samples from Brown Lake and dune samples from North Stradbroke Island. The final age for
each sample is shown in bold, which has been derived using the age model considered to be most appropriate on statistical and interpretative grounds (see main text and Supplementary Tables S3–
S6 for details).

ID
Wetland
Catchment

Depth
(cm)

Grain Size
(μm)

Water Content (%Dry) a

Total Dose Rate (Gy/
kyr) b, c n/N d

OD
(%)e

Age Model
f De (Gy)

c
Final Age (ka)

cGamma Beta Cosmic

BL18-A
(BL18)

Brown Lake 353 180–212 253 ± 13 242 ± 12 340 ± 17 0.67 ± 0.04e 46/600 19 ± 3 CAM 37.1 ± 1.3 55.6 ± 4.4

GU5.3 g

(BL09)
Brown Lake 397 180-212 24 ± 2 24 ± 2 68 ± 7 0.73 ± 0.14 66 40 FMM 32.8 ± 2.0 (94%) 45.0 ± 8.9

16.3 ± 2.0 (6%) 22.4 ± 5.0
NSI18-1 Fern Gully

Lagoon
160 212–250 7 ± 3 7 ± 3 7 ± 3 0.33 ± 0.02 31/900 19 ± 3 CAM 34.5 ± 1.4 104.8 ± 8.7

NSI18-2 Welsby Lagoon 183 212–250 7 ± 3 7 ± 3 7 ± 3 0.41 ± 0.03 32/900 18 ± 3 CAM 63.5 ± 2.6 155.4 ± 11.7
NSI18-3 Welsby Lagoon 150 212–250 7 ± 3 7 ± 3 7 ± 3 0.58 ± 0.03 37/900 20 ± 3 CAM 59.1 ± 2.2 102.2 ± 7.6
NSI18-4 Blue Lake 170 212–250 7 ± 3 7 ± 3 7 ± 3 0.30 ± 0.02 32/

1100
46 ± 7 CAM 50.9 ± 4.4 167.8 ± 19.1

FMM 37.0 ± 9.3 (51%) 122.0 ± 32.0
70.54 ± 19.0 (49%) 232.6 ± 65.0

NSI18-5 Welsby Lagoon 70 212–250 7 ± 3 7 ± 3 7 ± 3 1.26 ± 0.07 32/
1600

43 ± 6 CAM 115.1 ± 9.5 91.0 ± 9.1

FMM 77.4 ± 7.7 (49%) 61.2 ± 7.0
166.6 ± 14.5 (51%) 131.7 ± 13.6

NSI18-6 Brown Lake 170 212–250 7 ± 3 7 ± 3 7 ± 3 0.35 ± 0.02 37/600 19 ± 3 CAM 42.1 ± 1.6 119.4 ± 9.4
NSI18-7 Swallow Lagoon 130 212–250 7 ± 3 7 ± 3 7 ± 3 0.40 ± 0.03 55/

1100
74 ± 8 CAM 10.4 ± 1.1 25.8 ± 3.2

FMM 4.5 ± 0.3 (36%) 11.2 ± 1.1
10.8 ± 1.0 (29%) 26.8 ± 3.1
24.2 ± 1.8 (35%) 60.1 ± 6.0

aLong-term water contents used for beta/gamma/cosmic-ray dose rate attenuation, respectively, expressed as% of dry mass of mineral fraction, with an assigned relative uncertainty of ± 5%. For sample BL18-A, the final
beta dose rate has been adjusted for moisture attenuation using the measured water contents determined from the midpoint of the OSL sample depth. The final gamma dose rate has been adjusted using the average water
content measured from the OSL sample midpoint, as well as from 1 cm3 bulk sediment samples collected for the overlying and underlying 10 cm depth. The final cosmic-ray dose rate has been adjusted using the average
water content measured from 1 cm3 bulk sediment samples collected at 1 cm intervals throughout the overlying core sequence (refer to Fig. 3). For the NSI18 samples, beta, gamma, and cosmic dose rates have been
corrected using a fixed long-term water content of 7 ± 3%, following approaches used in comparable OSL dating studies of dune deposits in the region (e.g., Ellerton et al., 2020).
bIndividual dose rate components (i.e., gamma, beta, internal, and cosmic dose rate contributions) are outlined in Supplementary Table S1.
cMean ± total uncertainty (68% confidence interval), calculated as the quadratic sum of the random and systematic uncertainties.
dNumber of De measurements that passed the SAR quality assurance criteria and were used for De determination (n)/total number of grains analyzed (N).
eOD = overdispersion; the relative spread in the De dataset beyond that associated with the measurement uncertainties for individual De values.
fCAM =Central age model; FMM= Finite mixture model. See Supplementary Tables S4–S6 for details of the FMM fitting results. The FMM parameter values shown here were obtained from the optimum FMM fit
(i.e., the fit with the lowest BIC score; Arnold and Roberts, 2009). Percentage values shown in parentheses refer to the proportion of measured grains falling within each identified FMM dose component. The FMM dose
component containing the highest proportion of accepted grains has been nominally selected for the final FMM De calculation; see main text for further discussions and sample-specific interpretations.
gSample GU5.3 is taken from core BL09 and was originally presented in Tibby et al. (2017). This sample is included for comparative purposes and is presented according to the information provided in the original
publication.
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Stradbroke Island wetland localities (e.g., Kemp et al., 2020;
Lewis et al., 2020). The final De values of these five samples
(BL18-A, NSI18-1, NSI18-2, NSI18-3, and NSI18-6) have
therefore been calculated using the central age model
(CAM) (Galbraith et al., 1999).
Interestingly, the limited De scatter and low overdispersion

obtained for Brown Lake sample BL18-A contrast with the

De characteristics reported for sample GU5.3 from core
BL09 (Tibby et al., 2017), despite being extracted from the
same sediment body. Sample GU5.3 has an overdispersion
of 40% (approximately twice that of BL18-A; 19 ± 3%),
which was originally attributed to a combination of sediment
disturbance (e.g., Arnold and Roberts, 2011) and insufficient
resetting of residual signals prior to burial (e.g., Arnold et al.,

Figure 5. Radial plots showing the single-grain De distributions obtained for OSL samples from the BL18-3 core and NSI18 dunes. The grey
shaded band on each plot is centered on the De value (in Gy) used for the final age calculation. For all samples, the De value has been calculated
using the central age model (CAM) of Galbraith et al. (1999). For comparative purposes, the finite mixture model (FMM) dose components
identified for samples marked with an asterisk (*) are shown in Supplementary Figure S5b.
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2007; Arnold and Roberts, 2009). Given the homogenous De

distribution we report for sample BL18-A, an alternative
explanation for the GU5.3 De scatter might relate to the coring
approach utilized (Tibby et al., 2017). Unlike the BL18 sedi-
ment, which was retained within the core tubes, the BL09
core was extruded in the field with limited protection from
light exposure. Considering these contrasting sampling
approaches, the BL09 sediment may have additionally expe-
rienced some vertical grain transfer or light contamination
prior to OSL sampling, which could have given rise to a
seemingly mixed or heterogeneously bleached De signature
(incorporating both low and high De scatter). For the purpose
of this study, we have included the originally published age
for sample GU5.3 in our site assessment (45 ± 8.9 ka;
Tibby et al., 2017) because it has been derived using a statis-
tical age model designed to account for additional De scatter
related to potential sampling contamination (finite mixture
model; Galbraith and Green, 1990); although we note poten-
tial caveats regarding the original interpretation of this
De dataset.
Three of the dune samples (NSI18-4, NSI18-5, NSI18-7)

exhibit complex De distributions characterized by broad De

scatter and high overdispersion values (43 ± 6% to 74 ±
8%) that do not overlap at 2σ with the site-specific ‘baseline’
estimates of underlying dose overdispersion determined from
dune samples NSI18-1, NSI18-2, NSI18-3, and NSI18-6.
Application of the FMM to these three De datasets also con-
firms the presence of multiple discrete dose components
(Supplementary Tables S4–S6). Similar multimodal and scat-
tered single-grain OSL De datasets have been reported else-
where for the Cooloola Sand Mass (Walker et al., 2018),
and have been interpreted as reflecting aeolian reactivation
and localized reworking of original dune emplacements.
This type of post-depositional mixing, whereby pre-existing
aeolian deposits are incorporated into more recent dune build-
ing events, could be considered a possible explanation for
some of the discrete dose components observed in samples
NSI18-4, NSI18-5, and NSI18-7. However, given the low
dose rates of these quartz-rich dune sands (Table 2), and
the known presence of heavy minerals (zircons, monazites)
and K-feldspar grains that could have acted as radioactivity
hotspots in the Yankee Jack Formation (Thompson, 1981;
Tejan-Kella et al., 1990), it is feasible that this enhanced
dose dispersion could have arisen from spatial variations in
beta dose rates experienced by individual grains (e.g., Nathan
et al., 2003). Intrinsic sources of De scatter (e.g., Demuro
et al., 2013) or bioturbation could have further contributed
to the observed scatter in these three samples; though it is
notable that such complications were not similarly observed
in the other samples from these sites that displayed ideal De

distributions (NSI18-1, NSI18-2, NSI18-3, and NSI18-6).
The difficulties of ascertaining the true underlying sources

of De scatter for NSI18-4, NSI18-5, and NSI18-7, and the
impracticalities of retrospectively calculating suitable dose
rates for the identified multiple dose components, mean that
use of the FMM for OSL age evaluation is not necessarily
straightforward in this study. These interpretive

complications are compounded by the fact that the identified
components of each sample contain very similar proportions
of grains (i.e., there are no clear dominant dose components).
As a pragmatic solution, we have therefore used the CAM De

and bulk (sample-averaged) dose rate to derive the final age
estimates for NSI18-4, NSI18-5, and NSI18-7 (Table 2).
For comparative purposes, Table 2 also shows the ages
derived for these samples using the FMM components,
assuming that the sample-averaged dose rates are broadly rep-
resentative of those experienced by individual dose compo-
nents during burial. This assumption may be reasonable
given the shared local source of accumulated sediment in a
given dune field, but further research would be required to
demonstrate its suitability for the individual deposits under
consideration here.

The CAM ages for samples NSI18-4 and NSI18-5 are
broadly consistent (at 2σ) with those obtained for the
well-bleached and unmixed samples from the Yankee Jack
Formation (Table 2). However, the CAM age for NSI18-7
is significantly younger than those obtained at our other
dune study sites, as well as those published previously by
Walker et al. (2018) and Ellerton et al. (2020). Reliable inter-
pretation of NSI18-7 is complicated by the identification of
three discrete FMM dose components, and we cannot dis-
count the possibility that this sample has been compromised
by significant post-depositional sediment mixing or distur-
bances related to recent human activity (e.g., forestry opera-
tions; Walker et al., 2018).

Lake sequence age modeling

The Bayesian age-depth models for the Brown Lake sedimen-
tary sequences, as produced using OxCal v4.3.2 (Bronk Ram-
sey, 2017), are shown in Figure 6. The likelihood estimates of
the BL18 and BL09 sediment cores are constrained by two
single-grain OSL ages (BL18-A and GU5.3, respectively)
and a combined total of sixteen 14C ages. A preliminary version
of the BL18 age-depth model included the replicate OZX94a
and OZX94b 14C ages. However, the modeled likelihood esti-
mates failed to converge, with these two samples identified as
statistical outliers (79%) owing to their incompatibility with the
surrounding OSL (BL18-A) and 14C ages (OZX793 and
OXZ792). As such, these two major outliers were not included
in the final Bayesian age-depth model for BL18.

The BL18 and BL09 Bayesian models have agreement
index (Amodel) values of 100.4% and 101.2%, respectively,
and overall agreement index (Aoverall) values of 99.9% and
100.6%, respectively—all above the minimum threshold of
60% (Bronk Ramsey, 2009). The outlier analysis of BL09
identified Beta-361743 as having a relatively high posterior
probability of 22%. In core BL18, there were no samples
that had exceptionally high posterior outlier probabilities
(Fig. 6), with combined 14C samples OZX793/OZX792 iden-
tified as having low outlier probability of 8%. The modeled
boundary ages and use of the OxCal Difference query (see
Supplementary Information) show for the lowermost BL09
unit (Unit A) and equivalent BL18 unit (Unit 1) that
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deposition occurred between 44.3 ± 3.4–22.5 ± 6.0 ka and
60.4 ± 4.7–41.1 ± 0.6 ka, respectively. Deposition of the
overlying units (BL09, Unit B; BL18, Unit 2) initiated ca.
18.1 ± 5.6 ka and 31.2 ± 6.5 ka, and ceased at 12.9 ± 4.2 ka
and 15.5 ± 3.0 ka, respectively.

DISCUSSSION

North Stradbroke Island OSL dune ages

The majority of dune crest ages in this study—excluding
NSI18-7, for which the timing is uncertain due to the com-
plex distribution of the grain populations (Fig. 5)—corrobo-
rate previously inferred dune activation during MIS 5 on
North Stradbroke Island (Pickett et al., 1989; Tejan-Kella
et al., 1990). Additionally, none of the final dune ages
shown in Table 2 overlaps with the timing of the LGM
(with the exception of the potentially compromised sample

NSI18-7), suggesting limited mobilization of dune material
at this time, despite increased aridity inferred from low lake
levels (Figs. 7, 8).
The mean OSL age for the samples in this study excluding

NSI17-7 is 119.9 ± 10.6 ka. Notably, this overlaps with the
timing of the Yankee Jack unit emplacement reported (e.g.,
Ellerton et al., 2020) (Fig. 8) and supports the local distribu-
tion of the morphosequence as remapped using remote sens-
ing (Patton et al., 2019) (Fig. 1b). The OSL results from this
study show limited dune building during the LGM on North
Stradbroke Island despite increased aridity, a similar finding
to Fraser Island (da Silva and Shulmeister, 2016) and across
the Cooloola SandMass (Ellerton et al., 2020). There appears
to be a link between dune emplacement and higher sea-levels
during MIS 5 (Fig. 8). This finding is in agreement with dune
activation mechanisms proposed in the south-east Australian
dune fields (Lees, 2006; Ellerton et al., 2020). Moreover, the
absence of substantial evidence indicating Holocene

Figure 6. Bayesian age-depth model constructed in OxCal version 4.3.2 using the single-grain OSL and 14C ages obtained for the BL09 (left)
and BL18 (right) cores. The original probability distributions for the OSL (blue) and 14C (green) age estimates (the likelihoods) and the pos-
terior modeling distributions are represented as light and dark shading of the respective colors. The age-depth model envelopes show the 99%,
95%, and 68% highest probability density ranges for each of the main depositional units (green, red, and magenta), as identified by sedimen-
tological analysis. The modeled posterior distributions for the unit boundaries are shown in grey. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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activation suggests the sand dunes had stabilized soon after
deposition. However, an increase in the spatial resolution of
dune samples across North Stradbroke Island is required to
fully assess this hypothesis.
Lacustrine sediment accumulation in wetlands within the

Yankee Jack dune sequence did not initiate synchronously,
based on our regional dating comparison (i.e., Fern Gully
Lagoon = ca. 209 ka [Kemp et al., 2020]; Welsby Lagoon
= ca. 83 ka [Lewis et al., 2020]; and Brown Lake = ca. 60
ka) (Fig. 8). This supports the notion that the formation of
the respective perching layers is not dictated purely by the
mineralogical composition of the Yankee Jack dune
sequence. Rather, it was likely a combination of local catch-
ment morphology and hydroclimate (cf., Brooke et al., 2008).

Brown Lake BL09 and BL18 age models

The difference in sediment accumulation rate between the
two Brown Lake records (Fig. 6) suggests that sedimentation
was influenced by their position relative to water level
(Fig. 7). The bathymetry of the modern lake-floor has a down-
wards slope trending in a north-east direction with an undulat-
ing surface (Fig. 2). During times of lower lake level, water
turbulence in combination with the uneven surface may
have changed the position of the fine-sediment accumulation
zone (Blais and Kalff, 1995). This change in the sediment-

focusing position would likely not affect the deposition of
the sand band because this feature is likely accumulation of
local material near the edge of the lake (Fig. 7); thus explain-
ing why the distinctive sand band is observed in BL18 and
not BL09.

The difference between the ages for the BL18 and BL09
records may also be grounded in the resolution of input
parameters in the age model. The BL18 age-depth model
has a resolution of more than three dating samples per
meter (ten 14C samples, including one replicate from 258
cm, and one OSL sample), whereas BL09 has notably
fewer (six 14C samples and one OSL sample) (Tables 1, 2).
The proximity of the individual age estimates to the unit
boundaries in each core also likely influences the age
model outcomes. For example, the transition between Unit
2 and Unit 3 in BL18 is bracketed by 14C samples OZX790
and OZX789 (Table 1; Fig. 2), thereby increasing confidence
that the depositional interval has been modeled accurately. In
contrast, the same boundary transition in the BL09 core (i.e.,
Unit B and Unit C transition) is not as well constrained, and
the modeled age for Unit B relies on interpolation between
ages from underlying and overlying units (Table 1, Fig. 6).
The disparity in ages observed between parts of the BL18
and BL09 cores highlights the need to understand basin mor-
phology, and the importance of developing robust age models
before drawing inferences from paleoenvironmental proxies.

Figure 7. (color online) Conceptual model of sediment deposition and water level at Brown Lake during major climate phases referred to in
text. The BL18 stratigraphic log was selected to represent the sedimentary units for the basin.
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Figure 8. North Stradbroke Island wetland records with an extended range of inorganic sediment accumulation, and North Stradbroke Island
dune crest ages over the last 160 ka. A global sea level curve is shown (Grant et al., 2014) (R.S.L.=relative sea level) along with the Brown
Lake, Fern Gully Lagoon (Kemp et al., 2020), and Welsby Lagoon (Lewis et al., 2020) inorganic sediment accumulation records. The pink
areas represent hiatus periods experienced at these wetlands. The red rectangle and arrow show the portion of the graph expanded in the bottom
inset and identifies the change in mean accumulation rate between the wetland records. Dune OSL ages from this study (circles) are compared
with those of Ellerton et al. (2020) (squares) andWalker et al. (2018) (triangles) from the Cooloola SandMass, with the timing of Yankee Jack
dune building highlighted in yellow (Ellerton et al., 2020). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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History of aeolian sediment deposition in Brown
Lake

The change and variability inferred from Brown Lake are
based on the BL18 record, which has the better age-depth
model. Reconstructing the broader evolution of the wetland,
however, considers both BL18 and BL09 (Fig. 7) and
draws on comparisons to other North Stradbroke Island
records where variation in inorganic sediment geochemistry
has been used to infer aeolian deposition (e.g., Petherick
et al., 2008; Moss et al., 2013; Kemp et al., 2020; Lewis
et al., 2020). In this study, comparisons to Welsby Lagoon
have utilized the alternate age-depth model presented in
Lewis et al. (2020, fig. S5B). The use of this alternate age
model was preferred given the co-occurrence of hydrological
change inferred in the Brown Lake and Fern Gully Lagoon
records, the expression of which appears dampened in
Welsby Lagoon due to its transition from a lake to a swamp
(Cadd et al., 2018). Use of this alternative age model is
acceptable because it was shown to be relatively insensitive
to the choice of stratigraphic priors (Lewis et al., 2020).
Moreover, interpretations of dust flux were considered with
respect to increased atmospheric dust loads (Harrison et al.,
2001), which in Australia resulted from reduced vegetation
due to drier climate (Hesse and McTainsh, 2003; McGowan
et al., 2008), changing wind direction or strength (Kohfeld
et al., 2013), sediment recharge in dust-source areas (Fare-
brother et al., 2017), or a complex mix of all these variables
in response to hydrological variation (Marx et al., 2018).

MIS 4 (>57 ka)

The mean modeled age for the base of Brown Lake (BL18) is
60.4 ± 4.7 ka (Fig. 6), though the perched indurated layer
must have formed before this time. Prior to this study, the old-
est date from Brown Lake (BL09) was 47.2 ka (Tibby et al.,
2017). The early portion of the Brown Lake MIS 4 sedimen-
tary record (Fig. 7a) likely accumulated during a phase of
positive moisture balance with a lowered influx of aeolian
material (Fig. 9) and lake-full conditions promoting substan-
tial organic matter production and preservation (Fig. 7). The
Fern Gully Lagoon record also has a low inorganic flux
through MIS 4 (Kemp et al., 2020; Fig. 9), which may be
related to increased vegetation cover. Because dust on
North Stradbroke Island is sourced from the central Austra-
lian basins (Magee et al., 2004; Cohen et al., 2015; Miller
et al., 2016) during MIS 4, it is likely that the coeval decline
in dust flux is linked to wetter conditions regionally—an
inference that would support the increase in rainforest taxa
in ODP820 offshore from north-east Queensland (Kershaw
et al., 2003). However, inferring climate from changes in
dust flux sourced far afield should be made with caution
because moisture and vegetation are not the only variables
influencing dust mobilization. Dust flux can be influenced
by source area surface aerodynamics (Webb and Strong,
2011) and sediment recharge (Marx et al., 2018). The inor-
ganic flux to Brown Lake and North Stradbroke Island is

likely influenced by widespread fluctuations in moisture
across Australia (Farebrother et al., 2017), with an additional
factor being changed vegetation regimes from deep-rooted
trees and shrubs to grasses and herbs.

MIS 3 (57–32 ka)

The Brown Lake MIS 3 record shows increasing variation in
PC1, attributed to progressively increasing influx of inorganic
windswept material into the basin relative to MIS 4 (Fig. 9)
rather than a proportional decrease in organic production
(Fig. 7a, b). This is particularly notable between ca. 54 and
41 ka (Fig. 9), with concurrent trends observed in the Welsby
Lagoon and the Fern Gully Lagoon records. However, unlike
Fern Gully Lagoon, where two peaks of inorganic deposition
occur at ca. 54 ka and ca. 47 ka (Kemp et al., 2020), the
Brown Lake record shows a gradual increase in aeolian dep-
osition through MIS 3, suggesting the difference may be
attributed to local factors such as variation in lake water sur-
face area, current flow, or vegetation regime changes influ-
encing dust transport into the wetlands (Cadd et al., 2018).
The history of marginal dune vegetation is not as well estab-
lished for Brown Lake, in contrast to some other North Strad-
broke Island sites (e.g., Moss et al., 2013).

MIS 3 and early glacial period

Through MIS 3, Brown Lake experienced a phase of sus-
tained negative moisture balance, subsequently leading to
shoreline transgression and deposition of the sandy sub-unit
2.1 ca. 30.9 ka (Fig. 7). The extent to which fire was a factor
in enhancing local sand transportation remains unclear
because charcoal records from nearby Welsby Lagoon
show limited evidence for increased activity between MIS 4
and MIS 3 (Cadd et al., 2020). Moreover, owing to the lack
of structure in the black muds (Unit 1) of Brown Lake, it is
difficult to determine whether disruption occurred during
the emplacement of the sandy sub-unit 2.1. Additionally,
when considering the spatial variability factors such as fires
and surface roughness have on sediment erosion (Sankey
et al., 2011), it is unreasonable to exclude deposition of the
sand layer as occurring as part of a rapid event (e.g., storm
activity). Nevertheless, there is a relationship between the
increase in dust flux to Brown Lake (Fig. 9) and lower lake
water levels, indicating negative moisture balance locally.

Wetlands nearby Brown Lake, (i.e., Fern Gully Lagoon and
Welsby Lagoon records) also show a hiatus in late MIS 3
(Figs. 8, 9) and support lower precipitation. This is contrary
to the Tortoise Lagoon and Native Cosmpanion Lagoon
records, which continue to accumulate dust through this
phase, although at a decreased rate (McGowan et al., 2008;
Petherick et al., 2008; Petherick et al., 2017), and generally
support a regional shift towards warm and wet conditions; as
suggested by pollen records (Moss et al., 2013). The disparity
between these sites may be attributed to contrasting local
catchment conditions and morphologies, which may have
altered sediment infilling dynamics (e.g., Fern Gully Lagoon

Patterns of aeolian deposition in subtropical Australia through the last glacial and deglacial periods 83

https://www.cambridge.org/core/terms. https://doi.org/10.1017/qua.2020.117
Downloaded from https://www.cambridge.org/core. UNIVERSITY OF ADELAIDE LIBRARIES, on 01 Sep 2021 at 06:53:08, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/qua.2020.117
https://www.cambridge.org/core


andWelsby Lagoon), shorelinemigrations (e.g., BrownLake),
establishment of denser vegetation communities in close prox-
imity (e.g., Tortoise Lagoon and Native Companion Lagoon),
or a combination of these factors. Given age models show
breaks in the Brown Lake, Fern Gully, and Welsby Lagoon
cores are coeval, the cause of which is considered to be a result
of more arid conditions attributed to changes in the relative
positioning and strength of ENSO (Merkel et al., 2010) and
key rainfall bands across the Pacific Ocean—as shown in
modern interannual climate models (Brown et al., 2020).
Therefore, the suppression of rainfall across the Brown Lake
catchment during glacial times would cause water level to
fall and shorelines to regress. Moreover, reduced evaporation
from lowered temperaturesmay have prevented the lake drying
completely as reported in nearby wetlands (Cadd et al., 2018).
However, as presented in the age model results and supporting
information, the choice of age model may affect the interpre-
tation of lake evolution. As glacial conditions began toweaken
North Atlantic meridional overturning circulation, thus modi-
fying ENSO once more, changing local precipitation patterns
and the strength of winds carrying continentally sourced dust
to North Stradbroke Island (e.g., Harrison, 1993; Petherick

et al., 2008). This ultimately drove the changes in lake water
levels for wetlands, particularly Brown Lake, and allowed
them to persist through MIS 2 (Figure 7c-d).

Last glacial maximum (22–18 ka)

The Brown Lake, Fern Gully Lagoon, and Welsby Lagoon
sediment records show that there has been a pause in, or ero-
sion of, lacustrine deposition leading into the LGM (Fig. 9).
The difference between these records, despite their relatively
close proximity (<8 km; Fig. 1), may reflect local variations
in conditions favoring expansion of the indurating layer
(Brooke et al., 2008), subsequently leaving wetlands with
smaller perched aquifer catchments more susceptible to
water level decline and shoreline regression during periods
of moisture stress. Additionally, differences between the wet-
lands at this time (e.g., Welsby Lagoon transitioning into a
swamp; Cadd et al., 2018) may have limited their ability to
accumulate aeolian material. The various morphological
changes that these wetlands can experience have profound
influences on how records may be interpreted, highlighting

Figure 9. Compilation of dust and inorganic flux records from North Stradbroke Island and the ocean for the past 65 ka. Periods shown are
modified from those identified in the OZ-INTIMATE climate synthesis (Reeves et al., 2013). The dust records shown include dust flux from
Tortoise Lagoon, Native Companion Lagoon (Petherick et al., 2011, 2017), the South Pacific Ocean (Lamy et al., 2014), and Brown Lake.
Relative sea level data from the Red Sea (Grant et al., 2014) are displayed in grey and overlain by composite sea-level record data (Lambeck
et al., 2014). The yellow shaded box represents a potentially eroded section containing mixture of non-lacustrine and aeolian material, as dis-
cussed in the text. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

84 R.J. Lewis et al.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/qua.2020.117
Downloaded from https://www.cambridge.org/core. UNIVERSITY OF ADELAIDE LIBRARIES, on 01 Sep 2021 at 06:53:08, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/qua.2020.117
https://www.cambridge.org/core


the need establish thoroughly dated records in order reliably
compare to regional archives of an early glacial change.
The Brown Lake record shows that dust deposition was

highest through the early glacial and LGM phases, peaking
at ca. 23 ka (Fig. 9), a timing comparable to peaks observed
in the Native Companion Lagoon (Petherick et al., 2008) and
Tortoise Lagoon (Petherick et al., 2017). Considered
together, the agreement between these North Stradbroke
Island wetlands could indicate a localized signal attributed
to dune destabilization from vegetation burning and enhanced
dust mobilization, although there is limited change in the
charcoal record (Cadd et al., 2020). A similar dust record is
reflect in South Pacific Ocean marine cores (De Deckker,
2001; Lamy et al., 2014), where it is suggested dust genera-
tion was a result of regional climatic change. Thus, it can
be inferred that the Brown Lake record hosts information
related to the increased supply, entrainment, and transport
of material from regional dust sources (Marx et al., 2018),
the deflation of which was enhanced by drier conditions
associated with the early glacial period and into the LGM.
Moreover, the dust transportation pathways (Petherick et al.,
2009) show the source of the inorganic material was
far-travelled, originating from the Australian mainland,
where dust generation was linked to changes in moisture bal-
ance (Hesse and McTainsh, 2003). Movement of the South
Pacific Convergence Zone and the on-flowing effect to how
ENSO is expressed have the capacity to influence generally
drier conditions, including enhancement of the SW winds,
through displacement and suppression of other synoptic
fronts on the east coast (Rudeva et al., 2019; Brown et al.,
2020).
The modeled mean accumulation rate for Brown Lake

through the LGM (0.04 m/ka) was surprisingly lower than
MIS 3 (0.06 m/ka) (Fig. 8), although this may reflect limited
age-model precision between Unit 2 and Unit 1. Therefore,
the Brown Lake data should be expected to be in agreement
with Fern Gully Lagoon and Welsby Lagoon, which show
accumulation rates increasing from 0.01 m/ka to 0.08 m/ka
(Kemp et al., 2020) and 0.17 m/ka to 0.23 m/ka (Lewis
et al., 2020), respectively (Fig. 8). Furthermore, an increase
in lithogenic material accumulation would correlate with
increased atmospheric dust loads (Harrison et al., 2001),
which likely resulted from drier climate, albeit modulated
by other factors.
The variation in chemical composition in the Brown Lake

record for the early glacial phase and LGM (i.e., the clays of
Unit 2) supports the hypothesis that dust was being sourced
outside of North Stradbroke Island (Petherick et al., 2009).
Moreover, the sedimentological properties of sub-unit 2.2
suggest that the Brown Lake water level fluctuated soon
after the LGM, falling below the sediment surface between
15.4 ± 3.1 ka (top of Unit 2) and 8.0 ± 0.2 ka (bottom of
Unit 3) (Fig. 7c, d). The timing of this break in sedimentation
is different from other North Stradbroke Island wetlands
(Fig. 9) and may be a product of different conditions between
each catchment, or their respective age models. Nevertheless,
the mechanism influencing precipitation across the

catchments is likely regional, possibly linked to the Antarctic
Cold Reversal (Barr et al., 2017), or ENSO because geo-
graphically separate climate records across the Australian
continent also indicate a change towards more positive mois-
ture balance during the deglacial phase (Turney et al., 2006b;
Williams et al., 2009; Petherick et al., 2013).

The Holocene (11.7–0 ka)

Following the depositional hiatus at Brown Lake during the
deglacial period, a return to higher lake levels, according to
our model, occurred ca. 8 ka and allowed aeolian inorganic
material to accumulate once again. Notably, the timing of
the hiatus is in agreement with drier conditions observed in
Lake Allom from the nearby Fraser Island (Donders et al.,
2006). Because the increase in lake water level is coeval
between two separate lakes, it is more likely this reflects a
regional increase in moisture across eastern Australia, the tim-
ing of which aligns with enhancement of Southern Hemi-
sphere circulation (Woodward et al., 2014). The Brown
Lake, Welsby Lagoon, and Fern Gully Lagoon records
have contrasting Holocene dust flux, with Brown Lake show-
ing a declining PC1 signal, Welsby Lagoon relatively stable
(Lewis et al., 2020), and Fern Gully Lagoon showing an
increasing flux (Kemp et al., 2020) (Fig. 9). The variance
between the records may be linked to differing hydrological
sensitivities, chronological model frameworks, or other
site-specific factors (Cadd et al., 2018) Conversely, following
the hiatus at Brown Lake, the basin returned to a deeper lacus-
trine system similar to its expression today (Fig. 7e). Else-
where, the smaller catchment size of Fern Gully Lagoon
relative to other North Stradbroke Island wetlands (Kemp
et al., 2020) appears to have increased the wetland’s suscept-
ibility to drying out during periods of lower rainfall on the
island (Barr et al., 2019).

Differing human land-use practices may also be a factor in
the different signals observed in the wetland records.
Increased burning may have induced changes in vegetation
cover (Barr et al., 2017; Mariani et al., 2019), thereby altering
the erosivity of the soil. However, information pertaining to
human occupation on North Stradbroke Island is limited,
with late Pleistocene archaeological evidence from Wallen
Wallen Creek providing the earliest known activity (ca.
20,560 ± 250 14C yr BP [SUA-2341]; Neal and Stock, 1986).

CONCLUSION

Single-grain OSL ages obtained on dune crests in this study
indicate activation of the Yankee Jack dune sequence on
North Stradbroke Island through MIS 5, the earliest initiation
being 167.8 ± 19.1 ka. Subsequent to this prominent phase of
dune building, there was long-term stabilization of the local
dune landscape with no indication of subsequent large-scale
dune mobilization. This may be attributed to vegetation stabi-
lizing the MIS 5 age dunes of North Stradbroke Island shortly
after emplacement by 91.0 ± 9.1ka.
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The new paleoenvironmental record from Brown Lake,
which includes a Bayesian age depth model derived from
10 14C ages and anOSL date, has enabled inference of climate
variability over the past 60 ka. Geochemical and sedimento-
logical changes, driven by changes in dust deposition,
highlight the sensitivity of this perched wetland to climate
change. The age model suggests the sedimentary sequence
is continuous from lake initiation to the LGM. However,
the sedimentology at the base of Unit 2 may indicate dry
lake conditions or rapid sand deposition; further chronologi-
cal control through this part of the record is required to differ-
entiate between these scenarios. Nevertheless, from late
MIS 3 and MIS 2 the dust flux signal intensifies across
North Stradbroke Island, the result of which aligns with con-
tinental aridification and ecological change across Australia.
The increase in dust deposition across Brown Lake,

Tortoise Lagoon, and Native Companion Lagoon during
the early glacial phase and LGM, and the coeval hiatuses
between Brown Lake and nearby wetlands, support a climate-
driven local expression of negative moisture balance. This
contrasts with interferences of a largely positive moisture
balance at this time (e.g., Moss et al., 2013; Tibby et al.,
2017), however it should be noted these have relatively
fewer dates incorporated into the respective age models.
Hence there is a need for better chronological controls so
that local and regional changes can be evaluated. The inferred
negative hydrological period in this study is in agreement
with other terrestrial records across mainland Australia and
New Zealand, potentially linked to changes in the positioning
of the South Pacific Convergence Zone (Brown et al., 2020),
ENSO (Merkel et al., 2010), South Westerly Winds (Rudeva
et al., 2019), or a combination thereof. Comparisons of
Brown Lake to proximal wetlands throughMIS 2 in particular
(i.e., Welsby Lagoon and Fern Gully Lagoon) have high-
lighted the importance of understanding variations in local
catchment ecology and morphology, particularly when con-
sidering the impact of basin infilling on paleoenvironmental
records.
The return to a more positive moisture balance at Brown

Lake in the early Holocene, and the recommencement of sedi-
ment accumulation, suggests a local shift from dry to wet.
However, interrogating the dust record alone for regional
changes in climate following recommencement is less reli-
able because landscape alteration from human practices
both locally and in source locations had likely initiated. In
order to better understand the effects of climate variation on
the environment, particularly in association with the LGM
and climate extremes, multi-proxy analytical approaches
should also consider the surrounding landscape (e.g., associ-
ated dune deposits), which may hold missing or complemen-
tary information about local variations in environmental
conditions.
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