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A B S T R A C T

The development of reliable sediment chronologies is crucial for accurate interpretations of decadal to century- 
scale palaeoenvironmental changes in the late Quaternary. Although radiocarbon dating of sedimentary se
quences is commonly undertaken, not all the organic fractions are representative of atmospheric 14C levels, 
resulting in inaccurate age models. Whilst terrestrial plant macrofossils are widely considered ideal dating 
material – assuming they are contemporaneous with the horizons being dated – they are often sparse or absent. In 
this context, radiocarbon dating of pollen extracts is increasingly being used as alternative dating material. Here, 
we used pollen radiocarbon dating, alongside a suite of macrofossil and bulk sediment dates, to develop a 
chronology for the Holocene sediments of Lake Surprise, in Victoria, Australia. 210Pb activity and Plutonium (Pu) 
concentrations and isotope ratios were also analysed to constrain the age of the uppermost sediments, augmented 
with recent historical markers, including the first arrival of Pinus pollen and the date of an earlier coring 
expedition at the site in 2004. With respect to the radiocarbon dates, we found an age offset between the plant 
macrofossils and bulk sediment dates of 260 ± 86 14C years and an offset of ~340 14C years between plant 
macrofossil and pollen extracts. In both cases, macrofossil dates appeared to be “younger” than the bulk sediment 
and pollen dates. The offset between pollen and plant macrofossil dates was found to vary with sediment depth 
and generally correlate with carbonate concentration in the sediment. Using Fourier transform infrared spec
troscopy (FTIR), we determined that the pollen extracts were not contaminated by either carbonate or charcoal. 
However, contamination by algal spores could not be ruled out, and we hypothesise that those algal spores may 
have assimilated aged dissolved inorganic carbon during periods of higher groundwater influx, thus altering the 
measured radiocarbon age of the pollen extract. Macrofossil and corrected pollen radiocarbon dates were 
incorporated in a Bayesian age-depth model which integrated 210Pb activities and Pu data and bomb pulse C-14 
dates validated using recent historical age markers. Our results suggest that it is possible to generate a robust 
geochronological framework for Lake Surprise using radiocarbon dating back to at least ~10,846 cal yr BP.

1. Introduction

1.1. The need for lake sediment chronologies in south-eastern Australia

Lake sediments are important archives of climate and environmental 

changes, extending the instrumental (observational) record and 
providing a long-term context for human impacts, ecological change, 
and climate over tens to thousands of years. However, reconstructions of 
environmental and climate change require an accurate and reliable 
chronological framework to assess the timing and duration of events 
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being inferred (Howarth et al., 2013; Corcho-Alvarado et al., 2014; 
Zimmerman and Wahl, 2020; Tunno et al., 2021; Rivera-Araya et al., 
2022). Among numerous dating techniques employed so far, the most 
widely used methods for Holocene lacustrine sediments are radiocarbon 
(14C) dating of terrestrial macrofossils and 210Pb dating of recent sedi
ments, however, neither method is without challenges (Appleby, 2001; 
Björck and Wohlfarth, 2001; Wolfe et al., 2004; Brenner and Kenney, 
2015; Strunk et al., 2020). Lake sediment records are particularly 
important for south-eastern Australia, where environmental challenges 
such as prolonged droughts, catastrophic wildfires and widespread loss 
of biodiversity highlight the need for long-term context to guide man
agement actions (Barr et al., 2014; Kiem et al., 2016; Tibby et al., 2018; 
Mariani et al., 2022). Nevertheless, most of the available sediment re
cords heavily depend on limited chronologies, which sets a major 
drawback for accurate interpretations from these studies (Fletcher and 
Thomas, 2010; Gouramanis et al., 2013; Woodward et al., 2014; De 
Deckker, 2022). As a result, there is an increasing demand for robust 
chronologies from the region.

This study attempts to develop an age model for the Holocene sedi
ments of Lake Surprise, which is an important palaeoclimate archive for 
south-eastern Australia and is situated in the World-Heritage listed Budj 
Bim Cultural Landscape (Timms, 1976; Builth et al., 2008; Barr et al., 
2014; Falster et al., 2018; Dharmarathna, 2022). Previous chronologies 
for the Holocene and late Pleistocene sediments of Lake Surprise have 
used a combination of bulk sediment and pollen radiocarbon dates, as 
well as 210Pb analyses (Builth et al., 2008; Barr et al., 2014; Falster et al., 
2018). These studies encountered a range of issues during the devel
opment of chronologies related to contamination and possible ground
water effects. Furthermore, to date, there is no continuous 
high-resolution chronology that links the Holocene sediments (Builth 
et al., 2008; Falster et al., 2018), through the Common Era (Barr et al., 
2014) to the present day. We aimed to address these limitations in this 
study by using a modified pollen extraction procedure (Cadd et al., 
2022) and by screening pollen extracts for contamination using FTIR 
spectroscopy. Furthermore, 210Pb, Pu analyses and post-bomb 14C ana
lyses were combined using the Bayesian Plum model to develop a 
continuous age model of the sediment sequence with quantified age 
uncertainty (Aquino-López et al., 2018).

1.2. 210Pb dating of recent lake sediments

Atmospheric fallout of 210Pb in lake sediments is used widely to 
obtain recent (100–200 years) chronological information in lake sedi
ments due to the relatively short half-life of 210Pb (~22.3 years) 
(Appleby and Oldfield, 1978; Appleby et al., 1979; Appleby, 2008; 
Aquino-López et al., 2018, 2020a). 210Pb binds to atmospheric aerosols 
and is incorporated in lacustrine sediments (Appleby, 1998, 2001; 
Heijnis, 2001). Unsupported or "excess" 210Pb from atmospheric influx 
contributes the majority of Pb in lake sediments, whereas "supported" 
210Pb from in-situ decay of 226Ra from the catchment contributes a lesser 
amount (Appleby, 2001). In recent decades, three models have been 
used to define the 210Pb chronologies of lake sediments: the Constant 
Rate of Supply (CRS) model for lakes with non-uniform sediment 
accumulation rates, and the Constant Flux Constant Sedimentation 
(CFCS) and Constant Initial Concentration (CIC) models, which are 
applicable when a constant accumulation rate can be assumed 
(Goldberg, 1963; Krishnaswamy et al., 1971; Appleby and Oldfield, 
1978; Appleby et al., 1979; Appleby, 2001; Kirchner, 2011; San
chez-Cabeza and Ruiz-Fernández, 2012; Aquino-López et al., 2020a). 
More recently, a Bayesian approach to modelling 210Pb has emerged as 
“Plum”, which requires fewer assumptions about atmospheric fallout 
rates or sediment accumulation (Aquino-López et al., 2018). Instead, the 
model uses prior information on 210Pb, radiocarbon and other dates (e.g. 
OSL, Tephra etc). In the Plum modelling, the dated depths in a core are 
segmented into thin vertical sections. Through extensive Markov Chain 
Monte Carlo (MCMC) iterations, Plum calculates the 210Pb flux, 

supported 210Pb, and the accumulation rate (in years/cm) for each of 
these segments (Aquino-López et al., 2020a).

Given that lake and catchment environments are complex and may 
cause deviations from the ideal monotonic decline of unsupported 210Pb 
in the sediment, 210Pb chronologies should be validated using other 
markers (Appleby, 2001, 2008; Smith, 2001; Holmgren et al., 2010; 
Kirchner, 2011; Barsanti et al., 2020). During the 20th century, nuclear 
bomb testing led to the widespread release and dispersal of several 
artificial radionuclides (137Cs, 239Pu, 240Pu, 241Am), which subsequently 
accumulated in sedimentary environments (UNSCEAR, 2000; Leslie and 
Hancock, 2008; Hancock et al., 2011; Corcho-Alvarado et al., 2014; 
Harrison et al., 2021). Recent research has emphasised mass spectro
metric measurement of Pu isotopes (239Pu and 240Pu) which can be 
measured at relatively low concentrations with long half-lives (2.4*104 

and 6.5*103 years for 239Pu and 240Pu respectively), which make up the 
majority of the Pu activity linked to nuclear weapon fallout (Leslie and 
Hancock, 2008; Hancock et al., 2011; Harrison et al., 2021).

The 240Pu/239Pu isotope ratio provides valuable insights into the 
sources and transport of Pu fallout in the environment (Kelley et al., 
1999; Jakopi et al., 2010; Zheng et al., 2012; Harrison et al., 2021). 
When combined with other Pu isotope ratios (241Pu/239Pu), it provides 
detailed information about the origin of Pu sources (Jakopi et al., 2010). 
However, published data on these minor isotope ratios are limited, and 
only a few studies reported combined isotope ratios for the same sample 
(Kelley et al., 1999; Jakopi et al., 2010; Zheng et al., 2012). Scatter plots 
of 240Pu/239Pu vs 241Pu/239Pu atom ratios are used to distinguish be
tween global and local/regional fallout. The 240Pu/239Pu ratio of global 
fallout from atmospheric nuclear weapons testing exhibits a character
istic mean value of 0.185 ± 0.047 in the Southern Hemisphere, while 
the corresponding 241Pu/239Pu ratio is typically around 0.00197 ±
0.00093 (Kelley et al., 1999). In contrast, local/regional fallout, such as 
that of Pu isotopes originating from nearby test sites, can display 
markedly different isotope ratios. Previous studies have shown that the 
240Pu/239Pu ratios of environmental samples originated from Australian 
nuclear test sites are significantly lower than the global fallout average 
(Everett et al., 2008; Child and Hotchkis, 2013; Tims et al., 2013, 2016; 
Johansen et al., 2016, 2019; Smith et al., 2016; Harrison et al., 2021).

Previous studies have highlighted the limitations of CFCS and CRS 
modelling even with the introduction of chronological markers due to 
the reliance on assumptions about sediment accumulation rates and the 
need to interpolate ages (Kirchner, 2011; Baskaran et al., 2014; Tylmann 
et al., 2016; Aquino-López et al., 2018; Abril, 2019). The most common 
drawbacks are inconsistencies in ages derived from different model 
calculations, inaccurate sediment accumulation rates and significant 
uncertainties in model assumptions (Tylmann et al., 2016; Aqui
no-López et al., 2018). It is also possible that in some cases external or 
post-depositional processes such as erosion, sediment transport, and 
mixing cannot be considered in developing 210Pb chronologies (e.g. 
Barsanti et al., 2020). When the 210Pb profile does not reach equilib
rium, missing 210Pb data is estimated through interpolation or extrap
olation of sediment core data, further challenging the development of 
reliable age estimates (Appleby, 2001; Aquino-López et al., 2020a).

To address many of these limitations, Aquino-López et al. (2018)
introduced the Bayesian Plum model as an alternative way of deter
mining sediment age from 210Pb data. This model utilises Bayesian ap
proaches to estimate chronological uncertainty and incorporates the 
behaviour of unsupported and supported 210Pb. Plum is an extension of 
the well-established age-depth function Bacon, which enables the in
clusion of radiocarbon dates into the chronology (Blaauw and Christen, 
2011; Aquino-López et al., 2018; Blaauw et al., 2020). The Plum 
approach, tested and compared to the most widely used CRS model 
elsewhere, has been proven to be reproducible, accurate in measuring 
uncertainties, and effective in cases where the 210Pb profile is incom
plete (Aquino-López et al., 2020a, 2020b).
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1.3. Radiocarbon dating of lake sediments

Radiocarbon (14C) dating is largely used to determine the age of 
various carbon-bearing materials over the past ~50,000 years, relying 
on the radioactive decay of 14C. It has also been used to trace “bomb- 
pulse” 14C from atmospheric nuclear weapon testing during the 
1950s–1980s and has been applied as a potent dating tool, providing 
dating accuracies ranging from one to a few years in contemporary 
terrestrial materials (Hua et al., 2012, 2013, 2022). However, 14C 
analysis of bulk sediment can generate age-estimation errors due to 
sediment heterogeneity and contributions by “old” carbon, derived from 
geologic sources, or “young” carbon, which has either migrated through 
the sediment (e.g. humic acids) or which is synthesised in situ by bac
terial activity (Björck and Wohlfarth, 2001; Kilian et al., 2002; Howarth 
et al., 2013; Strunk et al., 2020; Cadd et al., 2022).

Terrestrial macrofossils (e.g. leaves, seeds, needles and twigs) found 
in lake sediments are crucial for accurate radiocarbon dating due to their 
equilibrium with atmospheric 14CO2 and resistance to migration 
through the sediment profile (Olsson, 1983; Marty and Myrbo, 2014; 
Meng et al., 2020; Norris et al., 2020). Further, their rapid degradation 
leads to short residence times in lake catchments before deposition 
(Howarth et al., 2013; Norris et al., 2020). However, macrofossils are 
not always abundant enough in depositional environments, particularly 
in semi-arid and high-altitude regions (Kilian et al., 2002; Fletcher et al., 
2017; Cadd et al., 2022). In such cases, pollen grains that are ubiquitous 
and of terrestrial origin are considered a suitable substitute for 14C 
dating (Howarth et al., 2013; Fletcher et al., 2017; Tunno et al., 2021; 
Cadd et al., 2022). Pollen grains are well-preserved in reducing lake 
sediments due to their chemical resistance and are found in a variety of 
sedimentary settings (Björck et al., 2001; Fletcher et al., 2017). 

Fig. 1. a) Map of south-east Australia representing the approximate location of western Victoria (Graham and Daley, 2011), b) Lake Surprise looking north-west from 
the crater rim of Mt Eccles (Falster et al., 2018) c) Zoomed-in section of the selected region of western Victoria representing the location of Lake Surprise and the Budj 
Bim National Park (source: Google Earth version 10.45.0.3).
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However, the use of pollen grains as the primary source of dating of 
lacustrine sediments remains uncommon, due to the complex nature of 
pollen extraction procedures (Fletcher et al., 2017; Cadd et al., 2022). 
Challenges include the possibility of reworked or anachronous pollen 
grains, prolonged processing times, and incomplete removal of 
non-pollen material from the resulting pollen concentrate (Tennant 
et al., 2013; Martin et al., 2019; Cadd et al., 2022). As a consequence, 
several studies have attempted to improve these methods over the last 
few decades (Long et al., 1992; Mensing and Southon, 1999; Tennant 
et al., 2013; Martin et al., 2019; Tunno et al., 2021; Cadd et al., 2022).

2. Materials and methods

2.1. Study site

Lake Surprise, a crater lake formed around 37,000 years ago 
(Matchan et al., 2020), is located in the Budj Bim National Park in the 
volcanic plains of western Victoria (Fig. 1c), whereby volcanic basalts, 
scoria cones and maars intersect a basement of Cretaceous sandstone, 
Tertiary-Quaternary marl and limestone (Price et al., 1997; Barr et al., 
2014). The lake experiences a temperate climate of hot dry summers and 
mild wet winters with the majority of the rainfall occurring in the winter 
(Australian Bureau of Meteorology, 2021). The amalgamation of three 
adjacent volcanoes formed the ~11.5 m deep lake, which is ~600 m 
long, 200 m wide and which has an irregularly shaped lake surface with 
larger littoral habitats at each end (Fig. 1b) (Timms, 1976; Dharmar
athna, 2022). Lake Surprise has been considered a “closed basin” due to 
the absence of any fluvial input or output to or from the lake (Barr et al., 
2014). However, while the lake is fed predominantly by precipitation, 
groundwater inflow and outflows can be inferred based on lake water 
geochemistry (Dharmarathna, 2022), and these groundwater influences 
are anticipated to have a particular impact during dry spells (Falster 
et al., 2018). Densely vegetated, steep and high (~49 m) crater walls 
function as wind barriers that prevent deep mixing and retain distinct 
boundaries during lake stratification (Timms, 1976; Builth et al., 2008; 
Barr et al., 2014; Falster et al., 2018). The small and steep catchment is 
heavily vegetated by Eucalyptus viminalis (“manna gum”) and Acacia 
melanoxylon (“blackwood”) (Builth et al., 2008; Barr et al., 2014). The 
understorey is comprised of Pteridium esculuntum (“bracken”), Banksia 
marginanta, Poaceae and Asteraceae species (Tibby et al., 2006). Shallow 
water margins are home to a diverse, though typically restricted zone of 
aquatic vegetation made up primarily of emergent macrophytes and 
floating plants in protected open water (Tibby et al., 2006; Falster et al., 
2018).

2.2. Coring and core sampling

Three series of sediment cores were recovered from the lake in 2019. 
Two 10 m long overlapping sediment cores (SUR-19-02 & SUR-19-03) 
were collected as 1 m segments using a modified large-bore Bolivia 
piston corer with an internal diameter of 63 mm (Appendix, Fig. A2) 
(Wright, 1967). The unconsolidated uppermost sediments (SUR-19-01) 
were collected using a rod-operated, wide-diameter Perspex 
soft-sediment piston corer. The top 1.57 m long SUR-19-01 core was 
extruded and sub-sampled in the field at 5 mm intervals. The Bolivia 
cores were split longitudinally using the GEOTEK core splitter at the 
Australian Nuclear Science and Technology Organisation (ANSTO) fa
cility in Sydney. One-half of the split cores were sub-sampled at 0.5 cm 
intervals in the laboratory at the University of Adelaide. All untreated 
sediment samples were stored in sealed polyethylene bags at 4 ◦C 
(Dharmarathna, 2022).

2.3. Core correlation and development of a composite record

Sediment cores were photographed and 3D photogrammetric images 
were derived to remove photographic biases (Ankor and Tyler, 2022). 

The major element composition of the Bolivia core sediments was 
measured using an ITRAX μ-XRF scanner (Croudace et al., 2006) at 
ANSTO and the discrete SUR-19-01 sediments were measured using an 
Olympus Delta™ handheld X-ray Fluorescence (XRF) analyser at the 
University of Adelaide. ITRAX inferred element concentrations were 
calibrated against quantitative XRF analyses on 20 discrete samples 
chosen from representative locations along the core. Calcium concen
tration was used as an indicator of calcium carbonate concentration 
within the sediment, which has previously been described as fine, white 
laminations throughout the sediment profile (Dharmarathna, 2022). 
The discrete sample Ca concentration shows a strong correlation (R2 =

0.96) with the ITRAX-inferred Ca averaged across the thickness of each 
discrete sample, indicating the validity of quantitatively inferring Ca 
concentration from the ITRAX data. In addition to the diatom analysis 
data previously published by Barr et al. (2014), 27 samples from 
SUR-19-01 were analysed for diatoms using the standard methodology 
explained in Battarbee et al. (2001) and Barr et al. (2014) (Appendix, 
Fig. A1). A composite sediment stratigraphy was developed by 
comparing geochemical and visible sedimentary features using the 
QAnalySeries v.1.5.0 software (Kotov and Pälike, 2018). All depths 
referred to in this paper are the corrected composite depths.

2.4. 210Pb sediment dating method

210Pb activity was measured on nine samples of approximately 0.5–1 
g of freeze-dried sediment from the SUR-19-01 core, covering a total 
depth of 107.4 cm. All sample preparation and analyses were under
taken at the ANSTO facility in Sydney. Weight measurements taken 
before and after the freeze-drying process were used to determine the 
sediments’ moisture content and the dry bulk density (Equation (1)). 

ρ= Swm

Swv

(

1 −
θs

100

)

(1) 

Where, ρ = Dry bulk density (g/ml), Swm = Sample wet mass (g), Swv =

sample wet volume (m3), θs = sample moisture content (%).
210Pb remains chemically stable within sediments and decays via 

beta emission to 210Bi, with a half-life of 22.3 years. Due to the low 
energy released during this decay process, directly measuring 210Pb is 
challenging (Nittrouer et al., 1979). Instead, the supported 210Pb ac
tivity is measured through its grandparent 226Ra isotope, and the un
supported 210Pb activity is then calculated by subtracting the supported 
component from the total 210Pb activity, which is measured using its 
decay product 210Po (Harrison et al., 2003; Hollins et al., 2011; Kosnik 
et al., 2015). Sediments were prepared for 226Ra and 209Po isotope an
alyses following the method explained in Harrison et al. (2003). Each Po 
and Ra source was analysed by high-resolution alpha spectrometry. The 
chemical yield of 226Ra was determined by measuring the artificial 
tracer 133Ba on a High Purity Germanium (HPGe) gamma detector. A 
blank sample of mixed Po and Ba tracers was processed along with the 
samples. Independent sediment ages and mass accumulation rates were 
calculated using the CRS and CFCS models (Appleby and Oldfield, 
1978).

2.5. Plutonium isotope measurements

Pu isotope concentrations (239Pu, 240Pu and 241Pu) were measured in 
ten samples extracted at 3 cm intervals of the upper 40 cm of the SUR- 
19-01 core. Sample processing was carried out in a laboratory with 
positive-pressure HEPA-filtered air at ANSTO. Approximately 1g of 
freeze-dried sediment was combusted at 800 ◦C for 30 min and spiked 
with ~0.09 pg of NIST SRM 4334 G242Pu as in isotope dilution reference 
isotope (Child et al., 2008). Ashed samples were digested with aqua 
regia solution (3:1 HCl: HNO3) then dissolved in 3M HNO3 and pro
cessed using ion-exchange chromatography for Pu separation and pu
rification. Pu isotopes were measured using the VEGA Accelerator Mass 
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Spectrometry (AMS) facility at ANSTO following the methods described 
in Child et al. (2008) and Hotchkis et al. (2019).

2.6. Radiocarbon dating methods

2.6.1. Pollen sample preparation and analysis
The pollen processing procedure for radiocarbon samples followed a 

modified method; Acid-alkali-acid (AAA) pollen separation method of 
Turney et al. (2021) and Cadd et al. (2022) at the Chronos 14Carbon-
cycle facility at the University of New South Wales. Samples (5–10 g of 
wet sediment) were dispersed in 18 MΩ Milli-Q water before passing 
through a 100 μm sieve. Samples were initially treated with 1 M HCl, 
heated at 80 ◦C for 45 min and sieved gently through a 70 μm sieve. 1 M 
NaOH was added to each sample (material <70 μm) and heated for 30 
min at 80 ◦C. Substantial amounts of extraneous organic material were 
visible in the pollen samples after NaOH treatment; therefore, samples 
were treated with saturated KCO3 and concentrated HNO3 (Schultz so
lution) for an hour at 60 ◦C to eliminate extraneous organic material 
(Riding, 2021).

Samples were density-separated using sodium polytungstate at a 
specific gravity of 1.8 g cm− 1. The resultant float was sieved through a 
20 μm sieve and the material retained on the sieve was transferred to a 
clean glass centrifuge tube. A second treatment with Schultz solution 
was conducted to remove any leftover organic matter from the sample. 
Samples were repeatedly rinsed until a clear supernatant was observed. 
Finally, 1 M HCl was added to each sample and heated for 1 h at 80 ◦C. 
Blank sediment samples (from MIS5 peat sediments; Forbes et al., 2021) 
were processed alongside the Lake Surprise pollen samples to monitor 
contamination and for background correction (Turney et al., 2021; Cadd 
et al., 2022). A total of 10 background (dead C) sediment samples un
derwent pollen processing and were measured alongside the Lake Sur
prise pollen samples. The mean F14C of these background samples was 
0.0029 ± 0.0001. All pre-treated pollen samples were graphitised with 
an AGE3 system (Ionplus, Switzerland), where they were combusted in 
an Elemental Analyzer, with the resulting CO2 passed through a zeolite 
trap and subsequently reduced to graphite using hydrogen and an iron 
catalyst (Wacker et al., 2010; Turney et al., 2021; Cadd et al., 2022). 14C 
measurements were performed on a MICADAS (Ionplus, Switzerland) 
Accelerator Mass Spectrometer (AMS) following Turney et al. (2021).

2.6.2. Macrofossil and bulk sediment sample preparation and analysis
During the sub-sampling procedure, samples of macrofossils (leaves, 

seeds, and twigs) were extracted from all sediment cores using clean, 
stainless-steel forceps. Bulk sediment was sampled from depths that 
corresponded with macrofossil samples. Cleaned macrofossils were 
stored in distilled water before being sent to ANSTO for radiocarbon 
dating. Samples were pre-treated using the standard acid-alkali-acid 
(AAA) method to remove carbonates and any contaminating material 
from the samples (Hua et al., 2001; Norris et al., 2020). All samples were 
then combusted to CO2 in a sealed combustion tube, after being dried for 
approximately 24 h (Hua et al., 2001; Howarth et al., 2013). 14C analysis 
was undertaken at the ANSTO AMS facility using the techniques 
described in Fink et al. (2004). 14C values were corrected for the isotope 
fractionation using 13C measurements obtained from graphite 
sub-samples using continuous flow isotope ratio mass spectrometry 
(CF-IRMS) (Fink et al., 2004; Howarth et al., 2013). All radiocarbon 
dates were calibrated to calendar years using the Southern Hemisphere 
radiocarbon calibration curve, SHCal 20 for pre-bomb samples and 
Bomb SH 1–2 data for post-bomb samples (Hogg et al., 2020; Hua et al., 
2022). All radiocarbon dates are presented with 1σ uncertainty and ages 
are reported as calibrated ages before present (cal yr BP).

2.7. Age-model development

The composite age model for Lake Surprise was developed in R using 
the Bayesian Plum model approach (Blaauw and Christen, 2011; 

Aquino-López et al., 2018). In this study, radiocarbon data from 33 
pollen samples and 17 macrofossil samples, the 210Pb activity data and 
the maximum Pu concentration were utilised to develop the age model 
(Appendix, Tables A3 and A4). The surface depth, equivalent to the date 
of sampling (CE, 2019.5), was taken as the uppermost chronological 
control point. To balance the chronological precision, the model was run 
in R with relatively higher (8000) iterations and 8 cm thickness while 
other settings remained as default. The age model was run in R 4.1.3. 
Software (R Core Team, 2022).

2.8. Contamination screening of pollen extracts using fourier transform 
infrared (FTIR) analysis

Pollen concentrate radiocarbon samples were screened using the 
FTIR spectrometry (PerkinElmer Spectrum 400 FTIR) using the attenu
ated total reflectance (ATR) mode to identify any non-pollen contami
nants such as inorganic carbonate, charcoal and other organic residues 
(Appendix, section 3). Only the samples dated above ~3 m (8 samples) 
were able to be screened using FTIR because the remaining material of 
the bottommost samples were insufficient to obtain an accurate spec
trum (Appendix, Table A6). The transmittance (T) spectrum was con
verted to absorption (A), using equation A = 2 – log10 (T), and a linear 
baseline correction was applied before further data analyses. The values 
were expressed in percentage of total absorbance.

3. Results

3.1. Lake sedimentology

The analysed sediments consistently showed a fine, clay-rich texture 
with blackish grey in colour, except for the bottommost sediments 
(lower depths of SUR-19-02 and SUR-19-03), which were marginally 
coarser-grained (Dharmarathna, 2022). Undisturbed, fine laminations 
were observed throughout the sediment depths of SUR-19-02 and 
SUR-19-03 (Appendix, Fig. A2). More detailed, high-resolution images 
of these cores were captured and analysed by Ankor & Tyler (2022)
using a computational photography method.

3.2. Results of 210Pb activity measurements

The unsupported 210Pb activity values were significantly higher 
(5–901 Bq kg− 1) than the supported 210Pb activities (3.4–4.8 Bq kg− 1) 
and contributed most to the total 210Pb activity profile (Table 1).

The total and unsupported 210Pb activity profiles illustrate 
decreasing trends with depth (Fig. 2a), with unsupported 210Pb activity 
reaching its measurable background at 107.4 cm (5 ± 1 Bq kg− 1). Two 
preliminary CFCS and CRS age models were derived using 210Pb activity 
alone, according to which the age at 107.4 cm from the CFCS age model 
is comparatively older (152 ± 18 years) than the CRS age model (128 ±
10 years) (Fig. 2b). The CFCS age model was calculated from two sets of 
constant mass accumulation rates for lower and upper zones as 0.077 

Table 1 
210Pb activity in the SUR-19-01 sediments.

Depth range 
(cm)

Mid- 
point 
depth 
(cm)

Supported 
activity (Bq/ 
kg)

Unsupported/ 
excess activity 
(Bq/kg)

Total 
activity 
(Bq/kg)

0–1.4 0.7 4.8 ± 1.0 901 ± 47 906 ± 47
8.4–9.8 9.1 3.8 ± 0.7 715 ± 35 719 ± 35
16.8–18.2 17.5 4.3 ± 0.6 249 ± 11 253 ± 11
25.2–26.6 25.9 5.1 ± 0.7 164 ± 8 170 ± 8
40.9–42.0 41.5 3.3 ± 0.6 32 ± 2 35 ± 2
53.8–54.8 54.3 3.3 ± 0.5 15 ± 1 18 ± 1
65.8–66.8 66.3 2.7 ± 0.4 15 ± 1 17 ± 1
86.3–87.5 86.9 2.3 ± 0.3 7 ± 1 9 ± 1
106.8–107.8 107.4 3.4 ± 0.5 5 ± 1 9 ± 1
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and 0.0196 gcm− 2/year, respectively (Appendix, Table A1). The sedi
ment accumulation rate is considerably higher and more variable in the 
CRS age model with values varying from 0.018 to 0.098 gcm− 2/year. 
Both models suggest a significant increase in accumulation rate from 
around 30–40 cm (Fig. 2b).

3.3. Plutonium isotope measurements

The total Pu concentration varied from 0.02 to 1.30 pg/g (Fig. 3a; 
Appendix, Table A2). Pu isotope concentration in the sediments 
decreased in the order of 239Pu, 240Pu and 241Pu, with values of 239Pu 
and 240Pu measured above the background level, with values ranging 
from 0.02 to 1.11 pg/g for 239Pu and 0.003–0.190 pg/g for 240Pu 

Fig. 2. a) 210Pb activity profile and b) calculated CFCS and CRS ages versus sediment depth. Depth in the X-axis refers to the corrected composite depth.

Fig. 3. a) Total Pu concentration b) linear correlation between 240/239Pu and 241/239Pu atom ratios and c) representation of Pu isotope ratios against sediment depth. 
Depth in the X-axis refers to the corrected composite depth.
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(Appendix, Table A2). The two bottom samples illustrate much lower Pu 
concentrations, with their values being approximately three orders of 
magnitude higher than the average value of chemistry blanks (0.01 fg 
for 239Pu and 0.001 fg for 240Pu and 241Pu) (Appendix, Table A2). 
239+240Pu values of these sediments ranged from 0.07 to 4.13 mBq/g. 
240Pu/239Pu atom ratios represent relatively higher values (0.08–0.18) 
compared to the 241Pu/239Pu ratio (Fig. 3c), in which values ranged from 
1.33*10− 4 – 8.09*10− 4 (Appendix, Table A2).

Sediments exhibit elevated total Pu concentration levels in samples 
ranging from 17.5 to 25.9 cm, reaching a peak at the depth of 21.7 cm 
(1.30 pg/g; Fig. 3a). The major increase in Pu commenced at 29.9 cm, 
and values remained high until 17.5 cm, after which they began to 
decline progressively towards the surface (Fig. 3a). Atom ratios of 240/ 

239Pu and 241/239Pu remained nearly consistent at around 0.13–0.18 and 
4.90*10− 4 – 8.09*10− 4 respectively, except for the bottommost (older) 
sample at 37.7 cm, which consists of much lower values of 0.079 and 
1.33*10− 4 in respective order (Fig. 3b). A moderate to strong linear 
correlation (R2 = 0.67) is observed between 240/239Pu and 241/239Pu 
atom ratios (Fig. 3b).

3.4. Radiocarbon dating

Macrofossil samples measured at depths of 15.05 cm and 31.55 cm 
illustrate a peak in 14C content (pMC ≥135), with 14C ages recorded as 
− 13 ± 3 and − 22 ± 3 respectively (Table 2a). These modern 14C sam
ples represent 1972 ± 3 and 1963 ± 3 in calendar years (CE). Radio
carbon ages show stratigraphic consistency throughout the core, with 
the lowermost pollen age at 1132.5 cm returning to a14C age of 10034 ±
20 (Table 2b).

There is an age reversal in the radiocarbon dates of macrofossil 
samples dated at 566 cm and 615 cm, with the shallower date (OZZ-524) 
being older than the deeper date (OZZ-523) (Table 2a; Fig. 4). Similarly, 
the pollen sample dated at 643.5 cm (UNSW 514) represents younger 
age compared to other pollen radiocarbon ages (Table 2b). The pollen 
concentrates found both above and below this depth represent a rela
tionship of increasing age with depth. The presence of undisturbed fine 
laminations throughout the core depths indicates the absence of 
macrofossil re-deposition or movement, as well as any slumping within 
the sediment profile (Appendix, Fig. A2). Macrofossil samples dated in 
this study are seed pods, bark or twig fragments and leaves. It is highly 
unlikely that younger plant material such as roots penetrated into older 

sediment. Therefore, we can rule out the contamination by younger 
carbon in this setting. Further, given that the “age reversal” is only 
evident in a single macrofossil and a pollen sample, this can either be 
regarded as a contamination or an outlier. Therefore, OZZ 523 and 
UNSW 514 were manually removed prior to the final age-model run.

Table 2a 
Radiocarbon ages of macrofossil and sediment samples from Lake Surprise sediment cores analysed in this study. Calibrated ages were calculated using the SHCal 20 
calibration curve (Hogg et al., 2020).

Material dated Depth (cm) Lab ID δ13C (‰PDB) 14C content (pMC) 14C age Sediment-macrofossil age offset (14C yr) Unmodelled age (cal. BP) 
95 %

Mean 1σ Mean 1σ Mean 1σ from to

Plant 15.05 OZZ426 − 28.7 135.66 0.35 − 13 3 ​ ​ − 10 − 30
Plant 31.55 OZZ427 − 28.7 147.88 0.40 − 22 3 ​ ​ − 11 − 25
Macrofossil 96.2 OZZ429 − 28.6 96.89 0.24 255 20 ​ ​ 304 151
Macrofossil 129.3 OZZ514 − 25.7 94.44 0.26 460 22 ​ ​ 512 339
Sediment 129.3 OZZ515 − 29.8 91.73 0.24 693 21 234 31 536 501
Macrofossil 136.45 OZZ430 − 28.0 93.65 0.20 525 20 ​ ​ 538 500
Plant 214 OZZ516 − 28.8 85.46 0.19 1262 18 ​ ​ 1256 1066
Sediment 214 OZZ517 − 27.7 81.80 0.22 1614 22 352 26 1530 1380
Plant 288 OZZ518 − 28.3 79.35 0.22 1858 22 ​ ​ 1826 1639
Sediment 288 OZZ519 − 29.1 77.82 0.23 2014 24 156 33 1999 1840
Macrofossil 375.5 OZZ521 − 25.3 74.81 0.20 2331 21 ​ ​ 2352 2151
Plant 379.5 OZZ520 − 28.3 75.71 0.23 2235 24 ​ ​ 2324 2106
Plant 497 OZZ522 − 29.0 68.06 0.18 3091 21 ​ ​ 3356 3171
Plant 566 OZZ524 − 28.4 61.80 0.15 3866 20 ​ ​ 4402 4097
Macrofossil 615 OZZ523 − 28.0 64.18 0.16 3562 20 ​ ​ 3891 3700
Plant 744.5 OZZ525 − 27.0 55.19 0.16 4775 23 ​ ​ 5583 5327
Plant 776.5 OZZ526 − 28.6 53.47 0.16 5029 24 ​ ​ 5890 5602
Macrofossil 782.5 OZZ527 − 29.1 52.84 0.15 5124 23 ​ ​ 5914 5813
Plant 898 OZZ528 − 26.4 45.66 0.14 6297 25 ​ ​ 7265 7020
Sediment 898 OZZ529 − 35.3 44.32 0.14 6537 25 239 35 7482 7321

Table 2b 
Radiocarbon ages of pollen fraction from Lake Surprise sediment cores analysed 
in this study. Calibrated ages were calculated using the SHCal 20 calibration 
curve (Hogg et al., 2020).

Material dated Depth (cm) Lab ID 14C age Unmodelled (BP), 
95.4 %

Mean 1σ From to

Pollen 41.2 UNSW-490 314 20 442 291
Pollen 52.15 UNSW-491 375 20 487 320
Pollen 62.15 UNSW-492 387 20 491 323
Pollen 73.45 UNSW-493 423 20 499 331
Pollen 77.65 UNSW-497 451 20 505 338
Pollen 97.3 UNSW-494 475 20 522 466
Pollen 104.45 UNSW-526 565 20 552 512
Pollen 116.65 UNSW-495 581 20 623 516
Pollen 136.45 UNSW-496 865 20 767 680
Pollen 151.51 UNSW-499 939 20 904 735
Pollen 188 UNSW-500 1666 20 1579 1427
Pollen 218 UNSW-501 1549 20 1425 1315
Pollen 253 UNSW-502 1760 20 1700 1569
Pollen 274.5 UNSW-503 2026 20 1999 1887
Pollen 310.5 UNSW-504 2424 20 2677 2341
Pollen 348.5 UNSW-505 2537 20 2729 2439
Pollen 407.5 UNSW-506 2862 20 3057 2851
Pollen 450 UNSW-507 3291 20 3560 3393
Pollen 479 UNSW-530 3329 20 3572 3450
Pollen 509.5 UNSW-510 3442 20 3818 2571
Pollen 541.5 UNSW-511 3525 20 3844 3648
Pollen 579 UNSW-512 3976 20 4516 4251
Pollen 608.5 UNSW-531 3984 20 4519 4256
Pollen 643.5 UNSW-514 3549 20 3877 3695
Pollen 717.5 UNSW-516 4785 20 5584 5329
Pollen 809 UNSW-517 5682 20 6494 6315
Pollen 854.5 UNSW-518 6625 20 7566 7427
Pollen 924 UNSW-519 6847 20 7688 7584
Pollen 956 UNSW-520 7428 20 8333 8040
Pollen 982 UNSW-521 7408 20 8320 8035
Pollen 1016 UNSW-522 8049 20 9009 8725
Pollen 1056.5 UNSW-524 8658 20 9679 9533
Pollen 1132.5 UNSW-523 10034 20 11627 11465
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Age offsets (differences in 14C ages) are observed between bulk 
sediment and macrofossil samples for the same depths, with the bulk 
sediment showing older ages compared to the macrofossils. These offsets 
range from 156 ± 33 to 353 ± 26 with a weighted mean value of 260 ±
86 years (Table 2a). When comparing modelled ages based solely on 
pollen dates, vs. those derived from macrofossil dates, it is apparent that 
pollen dates are noticeably older than the macrofossil dates throughout 
the sediment depth (Fig. 4). This age offset is evidenced at 136.45 cm, 
where pollen and macrofossil dates have an age offset of ~340 years 
(Table 2a & 2b). This offset cannot be compared in the bottommost 
section of the core (~900–1100 cm), due to the absence of any macro
fossil dates. When this age offset is plotted against sediment depth, it 
appears that parts of the core when the age offset is greatest correspond 
with high carbonate concentration, as indicated by ITRAX-inferred 
calcium concentration, albeit with some inconsistencies (Fig. 5). The 
lower age-offset around 250 cm, which corresponds with high Ca% and 
higher age-offset at around 300 cm, where Ca% remains low are such 
inconsistencies. Similarly, the increasing trend of age offset from around 
550 to 800 cm aligns with low Ca%. These differences suggest that while 
the processes affecting carbonate deposition and radiocarbon age offset 
are possibly related, there is no definitive relationship.

3.5. FTIR screening of pollen purity

FTIR spectroscopy has long been used as a fast and cost-effective 
technique to determine the molecular structure of organic and inor
ganic components of lacustrine sediments (Korsman et al., 2005; Rosan 
and Hammarlund, 2007; Liu et al., 2013; Maxson et al., 2021; Ninnes 
et al., 2024). FTIR analysis is based on the principle that absorption of IR 
radiation by a molecule triggers vibrations in covalent bonds, with each 
occurring at specific wavenumbers in the IR spectrum. These absorption 
patterns correspond to specific chemical bonds or functional groups. The 
intensity of absorption can be assessed using either reflectance or 
transmittance methods across a broad range of wavelengths (Toffolo, 
2025; Rosén et al., 2010; Chen et al., 2015). The commonly studied 
wavelength range is in the mid-IR range (4000–400 cm− 1). Although 
this is a highly precise technique, interpreting IR spectra can be difficult, 
particularly due to overlapping bands, where functional groups of 
different molecules absorb IR radiation at similar frequencies(Liu et al., 
2013; Maxson et al., 2021; Ninnes et al., 2024).

FTIR spectra of analysed pollen concentrate samples are shown in 
Fig. 6. The major bands of absorption spectra are centred on wave
lengths of 1000 cm− 1, 2800–3000 cm− 1 and ~1500–1700 cm− 1, along 
with a broader stretching band at around 3200–3600 cm− 1 (Fig. 6). The 
very strong narrow bands centred around 1000 cm− 1 (900–1200 cm− 1) 

Fig. 4. Radiocarbon dates of pollen (Table 2b) and macrofossil (Table 2a) samples against sediment depth. Green and purple lines represent the mean value of Bacon 
age-depth models developed using only these radiocarbon data.

Fig. 5. Comparison of age offset between pollen and macrofossil dates against measured Ca (%) values through the sediment depth. The black line represents the 
moving average of the 15-width range for Ca data (Appendix, Table A7).
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represents polysaccharide groups that are composed of various C – O and 
C – O – C, C – C and C – P bonds (Jebsen et al., 2012; Abdala Díaz et al., 
2019; Hong et al., 2021). Relatively strong absorption bands observed 
around 2800–3000 cm− 1 from C – H stretching show that the majority of 
the organic matter in the pollen is aliphatic, with little or no signal be
tween 3000 and 3100 cm− 1, characteristic of C – H stretching from ar
omatic organic material (Jebsen et al., 2012; Liu et al., 2013). Moderate 
bands that spread from 1500 to 1700 cm− 1 mainly represent protein 
group compounds of amide I and II that consist of N – H and C – N bonds 
(Mecozzi et al., 2009; Jebsen et al., 2012; Liu et al., 2013). The broad 
band observed after 3000 cm− 1 indicates the presence of 
hydrogen-bonded hydroxyl groups (O – H) and carboxylic acids 
(COOH), which are a commonly observed functional group in all pro
teins, lipids and carbohydrates (Kovac et al., 2005; Liu et al., 2013). 
Carbonate bands are not identifiable in the FTIR spectrum (~900 and 
~1435; Fig. 6). In addition, there are a few other small-moderate peaks, 
the source of which is unidentified. The spectra show a strong similarity 
indicating that the protein, carbohydrate and lipid fractions known to 
make up pollen are very similar in each sample.

4. Discussion

4.1. Interpretation of 210Pb activity in lake surprise sediments

The unsupported 210Pb activity profile (Fig. 2a) in Lake Surprise 
sediments demonstrates a steady (monotonic) decline, suggesting that 
the unsupported 210Pb accumulation rate is most likely to be uninter
rupted by external processes like burial, removal of organic matter and 
dilution of 210Pb by increased rates of sediment accumulation (Appleby, 
2001; Holmgren et al., 2010). In contrast, the estimates from the CFCS 
model show two variations in the sediment accumulation rate (Appen
dix, Table A1), suggesting the occurrence of potential minor changes in 
sedimentation rate over time (Appleby, 2001; Harrison et al., 2021). 
However, it is also identified that such deviations may occur due to 
multiple other natural reasons such as the availability of a zone of 
incomplete mixing close to the surface or radioisotope migration 
through sediments (Benoit and Rozan, 2001; Harrison et al., 2021). 
Deviations in modelled accumulation rate can also be caused artificially, 
where sediment accumulation rates tend to vary due to the mathemat
ical framework used in CRS/CFCS modelling (Aquino-López et al., 

2020a). Given that Lake Surprise is in a relatively sheltered catchment, it 
is feasible that sedimentation rates were relatively constant over the last 
century. However, the analysis of sediment samples from core 
SUR-19-01 reveals high water content and an absence of visible lami
nations (in contrast to the deeper lake sediments), suggesting a potential 
for sediment mixing either at the sediment-water interface or during the 
coring process.

4.2. Interpretation of Pu isotopes for lake surprise chronology

The transfer of plutonium from the Northern Hemisphere (NH) as a 
result of nuclear testing to the Southern Hemisphere (SH) took 
approximately one to two years (Leslie and Hancock, 2008; Hancock 
et al., 2011). Even though the Lake Surprise data show a broader peak, 
the highest Pu concentration observed at 21.7 cm can be matched with 
the maximum SH Pu fallout recorded ~1964 following the US/former 
USSR nuclear tests in 1962–1963 (Hancock et al., 2011; Hirose and 
Povinec, 2015; Harrison et al., 2021). The 240Pu/239Pu atom ratio in 
Lake Surprise provides indications of both the global and local inputs of 
Pu into the sediment (Thakur et al., 2017; Harrison et al., 2021). The 
oldest sample (measured at 37.7 cm) with a relatively low 240Pu/239Pu 
atom ratio is likely to have a different origin, given that it deviates from 
all other samples, which plot within or near the range of SH atmospheric 
fallout values (0.185 ± 0.014) (Fig. 3b & c) (Kelley et al., 1999). This is 
consistent with the significantly lower 240Pu/239Pu atom ratios seen in 
nuclear tests conducted at Australian sites in the early 1950s (such as 
Emu Field, Maralinga, and Montebello Islands; <0.07) (Child and 
Hotchkis, 2013; Smith et al., 2016; Harrison et al., 2021). It is suggested 
that during the pre-moratorium period (1952–1954 CE), high 
240Pu/239Pu atom ratios resulted from atmospheric fallout, particularly 
when US-dominated testing released more than 90 % of the global 
fallout (Koide et al., 1982; Muramatsu et al., 2001; Harrison et al., 
2021). This aligns with the interpretation that the oldest sample may 
have originated from a local Pu source. Several other Australian studies 
have also reported low 240Pu/239Pu atom ratios and have proposed a 
similar influence (Everett et al., 2008; Tims et al., 2013; Johansen et al., 
2016).

The second major Pu chronological marker used is the period of the 
first detection of Pu, signifying when there was enough cumulative ac
tivity in the sediment to be detected (Leslie and Hancock, 2008). 

Fig. 6. FTIR absorption spectrum of eight radiocarbon-dated pollen samples from above 3 m depth. The red-coloured spectra are samples with higher age offset 
(>300 cal yr BP) and black spectra indicate samples with lower age offset (≤200 cal yr BP). Refer to Appendix, Table A6 for their sediment depths and age-offset 
values. (Jebsen et al., 2012; Liu et al., 2013).
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Previous studies from Australia and elsewhere have shown that detect
able Pu fallout initially occurred in the southern latitudes (30◦–40◦S) in 
1954 (Leslie and Hancock, 2008; Hancock et al., 2011, 2014; Harrison 
et al., 2021). While all the measured samples exceeded the detectable 
limit of Pu for the AMS technique, the bottommost sample has 
a240Pu/239Pu ratio of 0.079 ± 0.002 (Appendix, Table A2), which is 
lower than the global fallout range of 0.16–0.19 (global average = 0.18) 
and even below the previously recorded range for Victoria (~0.12–0.20) 
(Krey et al., 1976; Tims et al., 2013). Similarly, measured low concen
trations near background levels of total Pu and 239+240Pu at 33.8 cm 
further suggest that the two bottommost samples are likely to represent 
the period before the first detectable limit of global Pu fallout (Appen
dix, Table A2). Therefore, it is likely that the first detection of fallout Pu 
(~1954) at Lake Surprise was recorded at 29.9 cm, along with the 
initiation of the steep rise in Pu concentration in the sediment (Fig. 3a). 
Higher Pu content observed immediately before and after the maximum 
Pu content may represent the influence of former Soviet Union tests 
(1961–1962) and French testing in the South Pacific (1964–1974), in 
addition to United States-dominated global fallout (UNSCEAR, 2000; 
Hirose and Aoyama, 2003). Therefore, it is apparent that Lake Surprise 
sediments may illustrate a combination of global and local Pu fallout, 
characterised by high and low 240Pu/239Pu atom ratios. This is justified 
by the relatively broad Pu profile near the maximum (Fig. 3a), which 
may occur due to the amalgamation of different Pu sources (Harrison 
et al., 2021). Overall, the total Pu content in lake sediments follows the 
global fallout pattern, high from the 1960s to early 1970s, then 
declining post-1980 due to reduced atmospheric testing (Hancock et al., 
2011; Harrison et al., 2021).

4.3. Age offsets between bulk sediment, pollen grains and macrofossils

Comparison between radiocarbon macrofossil ages with pollen 
extract and bulk sediment ages indicate the presence of ‘old’ carbon in 
both pollen and bulk sediments (Table 2a and Fig. 4 for C14 ages). The 
old carbon effect, where contemporaneous 14C-rich material is mixed 
with carbon from 14C-depleted or ‘old’ contaminants is a common 
feature in western Victorian lakes, due to their carbonate-rich (lime
stone) geological setting (Price et al., 1997; Wilkins et al., 2012). Old 
carbon can also be assimilated into organic matter, via lacustrine algae 
utilising carbon derived from groundwater or dissolved carbonates 
(Mazumder et al., 2019). In stratified lakes, reduced mixing rates may 
deplete the 14C reservoir in the water column compared to atmospheric 
CO2 (Philippsen, 2013; Zhou et al., 2015, 2020; Schneider et al., 2019). 
A previous study from Lake Surprise found an age offset between pollen 
grains and bulk sediment of 424 ± 75 14C years (Barr et al., 2014). 
Groundwater-derived ‘old’ carbon may explain the offset between the 
bulk sediment and terrestrial macrofossil ages (Barr et al., 2014) but 
would not account for the offset between macrofossil and pollen 
concentrate, if the latter derived from pure terrestrial pollen.

Explaining old pollen radiocarbon ages is complicated since terres
trial pollen assimilates atmospheric CO2 equivalent to terrestrial mac
rofossils. Despite this, several previous studies have reported pollen 
radiocarbon ages older than the sediment’s depositional age (Kilian 
et al., 2002; Howarth et al., 2013; Fletcher et al., 2017; Martin et al., 
2019; Zimmerman et al., 2019; Schiller et al., 2021). So far, multiple 
hypotheses have been proposed to explain the relatively old pollen ages, 
including contamination of pollen grains by micro-charcoal or other 
organic remains (algae, spores) (Martin et al., 2019; Kilian et al., 2002; 
Fletcher et al., 2017) and the fluvial reworking of pollen from watershed 
soils or older exposed lake sediments (Howarth et al., 2013; Zimmerman 
et al., 2019), which may outnumber pollen grains (Gell et al., 2005). The 
Flow Cytometry method has been shown to overcome some these 
challenges, particularly in purification and obtaining sufficient quanti
ties of pollen grains for 14C dating (Tennant et al., 2013; Zimmerman 
et al., 2019; Kron et al., 2021; Tunno et al., 2021). However, its effec
tiveness when applied to different sedimentary sequences remains 

largely untested (Tennant et al., 2013; Zimmerman et al., 2019; Tunno 
et al., 2021). Despite these various pollen concentration techniques 
developed over time, achieving complete purification remains a chal
lenge (Zimmerman et al., 2019; Cadd et al., 2022). The incomplete 
removal of organic/inorganic matter from pollen concentrates is iden
tified as the main cause of carbon contamination in pollen concentrate 
ages (Long et al., 1992; Tennant et al., 2013; Zimmerman et al., 2019; 
Tunno et al., 2021; Cadd et al., 2022).

In the sediments of Lake Surprise, despite some inconsistencies, there 
is a general correspondence between the pollen-macrofossil age offset 
and carbonate concentration (indicated by Ca%; Fig. 5). The corre
spondence between 14C offset and sediment carbonate concentration 
suggests that old carbon derived from carbonate-rich groundwater may 
be partly responsible, either through direct carbonate contamination of 
the sediment or indirectly via incorporation in aquatic organic matter. 
Contamination of pollen extracts via direct calcium carbonates can be 
largely eliminated as a potential explanation. Firstly, the pollen grains 
were treated twice in concentrated acids (HCl) for ~45 min and it is 
unlikely that calcium carbonates were retained through this treatment. 
This is further confirmed by FTIR analysis, which indicates the absence 
of any absorption bands corresponding to wave numbers of inorganic 
carbonate (860–900 cm− 1 and 1300–1600 cm− 1) (Liu et al., 2013) 
(Fig. 6). Several other studies have suggested that carbonates may form 
relatively moderate absorption bands at around 700–725 cm− 1, ~1800 
cm− 1 and 2500 cm− 1 due to the C=O bond (Mecozzi et al., 2001; Kovac 
et al., 2005; Liu et al., 2013), however, none of these bands is apparent 
in the pollen FTIR data either (Fig. 6). Micro-charcoal is also a common 
pollen contaminant that may contribute to older ages, particularly in 
fire-prone environments like south-eastern Australia (Kershaw et al., 
2002; Harris et al., 2017; Martin et al., 2019). Although fine charcoal 
particles were observed throughout the Lake Surprise sediments during 
the sub-sampling procedure, the FTIR results do not exhibit distinct 
infrared absorption bands at 1400 cm− 1 or 1640 cm− 1 wavelengths 
commonly associated with charcoal (El-Eswed, 2016). Even though 
absorption bands corresponding to these wavelengths are present, a 
significant difference cannot be identified between these spectra to 
differentiate the presence of charcoal in these sediments (Fig. 6). This 
does not exclude charcoal contamination for all pollen radiocarbon 
dates; however, it does suggest that charcoal contamination is only a 
minor contributor to the age offset. Additionally, the lack of clear sep
aration in the absorption spectra between the samples with larger and 
smaller age offsets inhibits the identification of the exact pollen 
contaminant.

Storage of pollen grains in catchment soils and subsequent remobi
lisation is considered another possibility that could contribute to the age 
offsets in the pollen samples (Mensing and Southon, 1999; Howarth 
et al., 2013; Neulieb et al., 2013; Fletcher et al., 2017). However, the 
steep catchment slopes and likely short residence time of pollen remains 
accumulating in the topsoil (Timms, 1976; Barr et al., 2014; Falster 
et al., 2018) discount this hypothesis for the magnitude of age offsets 
estimated. Reworked pollen grains if present, should appear broken or 
degraded under a light microscope (Lowe, 1982; Tweddle and Edwards, 
2010; Dingemans et al., 2014). However, the well-preserved pollen from 
this site, coupled with the finely laminated sediments (Ankor and Tyler, 
2022) makes the idea of vertical migration of pollen grains even more 
unlikely.

The remaining possible explanations for ‘old’ carbon effects in the 
pollen extracts, therefore, rely on old 14C being included within a pollen- 
like matrix. A potential explanation is the presence of algae amongst the 
isolated pollen. Studies elsewhere have suggested that the isolation of 
aquatic algae from pollen grains is difficult compared to other non- 
pollen material (Regnéll, 1992; Fletcher et al., 2017; Steinhoff et al., 
2022). Aquatic algae have the potential to utilise dissolved inorganic 
carbon that may be contaminated with 14C-depleted carbon derived 
from groundwater (Cartwright et al., 2020). Similarly, algae may also 
consume methane or CO2 generated by the remineralisation of older 
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sediments (Zhou et al., 2015). Sediment samples were sieved at 20 μm 
and density separated at 1.8 g cm− 1, but some algal colonies are similar 
in size and density to pollen grains, making their removal from the 
pollen matrix challenging. To reduce the contamination by algae, a 
harsh oxidant, Shultz solution (Riding, 2021), was applied to the sam
ples. Algae (colonial algae and Botryococcus) were observed visually 
during sample processing, but following the pollen isolation, the sam
ples were clumped and dry, making it challenging to detect the presence 
of aquatic contaminants under a light microscope. Botryococcus algae 
form rich hydrocarbon-rich membranes that are high in carbohydrates 
and lipids. The FTIR spectra have absorption bands associated with 
carbohydrates, proteins and lipids, which may suggest the presence of 
Botryococcus algal remains (Jebsen et al., 2012; Liu et al., 2013) (Fig. 6). 
Overall, the FTIR results suggest that while charcoal and carbonate 
contamination are unlikely factors, it is feasible that the pollen extracts 
contained some fraction of algal-derived material, and that this algal 
matter was influenced by changes in the lake’s carbon cycle through 
time. Feasible explanations for a relationship between carbonate depo
sition and radiocarbon uptake by algae include uptake of 
groundwater-derived inorganic carbon, uptake of CO2 produced by the 
remineralisation or methanogenesis of older sediments, or due to a 
change in pH and inorganic carbon speciation arising from changes in 
lake productivity.

4.4. Chronology for holocene sediments at lake surprise

To account for the age offset in pollen radiocarbon dates, a correction 
was applied, using a mean age offset of 340 ± 50 years, input as Delta.R 
and Delta.STD in Plum (Appendix, Table A3). The final age model 

integrated these corrected radiocarbon dates from pollen, along with 
macrofossil dates, 210Pb activities and the year of maximum Pu 
concentration.

The upper portion of the final age model was evaluated using inde
pendent chronological markers (Fig. 8). These were the first detection of 
Pu, an age estimate of the Pinus pollen arrival at Lake Surprise (75 ± 20 
cal yr BP) and the date of the previous sediment coring (core LSFS) (− 54 
± 2 cal yr BP; 2004 CE) (Appendix, Table A5). The latter two were 
identified by comparing the corresponding diatom species composition 
data counted at 4 cm resolution from SUR-19-01 with the diatom record 
in Barr et al. (2014) (Appendix, Fig. A1). Accordingly, the top of the 
LSFS core was estimated to be equivalent to approximately 5 cm depth 
in SUR-19-01.

Many age markers (both independent markers and those which 
contributed to the model) plot within the 95 % confidence interval of the 
modelled ages (Fig. 8) indicating that the final model is acceptable 
within the given age limits. However, it is worth noting that the CFCS 
and CRS models, which do not include the Pinus arrival date or any 14C 
data, deviate from the Plum model towards older ages with increasing 
age uncertainties. Previous records have explained this behaviour as an 
artificial increase in the sedimentation rate due to mathematical struc
ture and differing interpolations used in the model, where the age 
function tends to reach infinity as a response to the decreasing 210Pb 
activity (Aquino-López et al., 2020a, 2020b; Barsanti et al., 2020). Given 
the higher uncertainties, it has been recommended that CFCS and 
CRS-derived 210Pb ages older than ~100 years be presented as extrap
olations instead of directly measured ages (Barsanti et al., 2020). By 
contrast, Plum offers the ability to include additional data, which in turn 
means that Plum models are less likely to reflect artificial increases in 

Fig. 7. Lake Surprise age model derived using radiocarbon ages of pollen and macrofossil samples, 210Pb activities and Pu concentration in the Plum package in R 
4.1.3 software (R Core Team, 2022). All 14C dates were calibrated to SHCal20 (Hogg et al., 2020). The red dotted line represents the mean value (true age-depth 
function), and the black dotted lines represent the 95 % confidence interval.
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sedimentation rate (Aquino-López et al., 2020a). Our comparison of the 
CRS, CFCS and Plum models suggests that Plum has a higher potential to 
capture true ages in the Lake Surprise sediment.

According to the median of the modelled age estimates, the entire 
sediment profile (~11.37 m) extends to ~10,846.6 ± 900 cal yr BP with 
a mean sedimentation rate of approximately ~9.5 yr/cm (Fig. 7). A past 
study from Lake Surprise indicates average sedimentation of <10 yr/cm 
in the upper 3 m of a previously recovered sediment core (Barr et al., 
2014). However, the chronology of this core was developed using CRS 
modelling of 210Pb dates and a limited number of radiocarbon dates, 
where linear interpolations were required to estimate the basal age (Barr 
et al., 2014). However, high sedimentation rates found in this study 
agree with several other studies that identified continuous and nearly 
consistent sedimentation of roughly 30,000 cal yr BP, obtained from 30 
pollen-derived radiocarbon dates of an ~18 m thick sediment sequence 
at Lake Surprise (Tibby et al., 2006; Builth et al., 2008; Falster et al., 
2018). Even though it is recommended that lake sedimentation should 
be at least 1m/1000 years to allow a sampling routine that would 
typically offer a sub-decadal scale temporal resolution per sample, many 
Australian lake sediment records exhibit a lower sedimentation rate, at 
least in the period before landscape clearance by European settlers 
(Harle et al., 2005). However, our interpretation, along with previous 
studies (Barr et al., 2014; Falster et al., 2018), suggests that Lake Sur
prise has a suitable rate of sedimentation throughout the entire Holo
cene to offer the potential for decadal-scale environmental and climate 
reconstructions.

5. Conclusion

In this study, a well-constrained chronology was developed for the 
Holocene sediments of Lake Surprise using a combination of 210Pb, 
radiocarbon and historical markers, including the deposition of 
anthropogenic radionuclides. The behaviour of the 210Pb profile and the 
well-resolved structure of the Pu concentration illustrate that sediment 
mixing or any other physical processes are mostly unlikely. Relatively 
low Pu concentrations, and lower isotope ratios (240Pu/239Pu) in the 
early Pu record may indicate the influence of Pu from both the global 
and local atmospheric fallout. This is further supported by the broader 
fallout peak in the record. The age model agrees with the majority of the 
recent chronomarkers demonstrating its accuracy and reliability.

AMS 14C dates were analysed across multiple datable materials to 
obtain the most reliable chronology. In the pre-modern sediments, the 
majority of the chronology is based on pollen ages, given the scarcity of 
sufficient macrofossils from the sediment. An old carbon effect in this 
study has been estimated using bulk sediment, pollen concentrate and 
macrofossil ages revealing lower values compared to previous studies 
from the lake. A systematic age offset between the pollen and macro
fossil indicates that pollen ages are ~340 14C years older than macro
fossil ages. Experimental analysis suggests that the 14C ages of pollen 
concentrates were affected by the admixture of pollen grains with 
aquatic algae that incorporated 14C-depleted groundwater during 
growth. The Bayesian Plum model, incorporating corrected pollen and 
macrofossil ages, 210Pb activity and Pu dates, yielded a final age model 
for the 11.37 m long composite sediment sequence at Lake Surprise, 
representing an approximately 10,846 cal yr BP record. This age model 
explains many of the issues identified in previous studies and its con
sistency and minimal uncertainties demonstrate the potential of Lake 
Surprise to form the basis of robust climate interpretations.
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Appendix. Supplementary data

Section 1: Results of 210Pb and Pu analysis.

Table A1 
CFCS and CRS age model calculations

Laboratory 
code

Mid-point 
depth (cm)

Dry bulk density 
(g/cm3)

Cumulative dry mass 
(g/cm2)

Calculated CFCS 
ages (years)

Mass accumulation (g/ 
cm2/year)

Calculated CRS 
ages (years)

Mass accumulation (g/ 
cm2/year)

W557 0.7 0.03 0.01 ± 0.01 1 ± 1 0.0196 ± 0.003 1 ± 1 0.021 ± 0.001
W558 9.1 0.02 0.15 ± 0.01 8 ± 1 7 ± 2 0.022 ± 0.001
W559 17.5 0.18 0.76 ± 0.03 39 ± 6 32 ± 2 0.029 ± 0.002
W560 25.9 0.04 1.43 ± 0.04 73 ± 11 60 ± 3 0.018 ± 0.002
W561 41.5 0.04 1.92 ± 0.03 98 ± 14 77 ± 4 0.055 ± 0.008
W562 54.3 0.05 2.48 ± 0.03 105 ± 14 0.077 ± 0.016 85 ± 5 0.093 ± 0.015
W563 66.3 0.05 3.11 ± 0.03 113 ± 14 93 ± 6 0.074 ± 0.013
W564 86.9 0.11 4.50 ± 0.03 132 ± 16 109 ± 7 0.098 ± 0.022
W565 107.4 0.07 6.05 ± 0.03 152 ± 18 128 ± 10 0.068 ± 0.020

Table A2 
Pu isotope concentrations in the Lake Surprise sediments

Depth range (cm) Mid-point depth (cm) Total Pu concentration (pg/g) 241/239Pu ratio 240/239Pu ratio 239+240Pu concentration (mBq/g)

0–1.4 0.7 0.1330 ± 0.0041 4.90E-04 ± 2.13E-04 0.166 ± 0.006 4.20E-01 ± 1.02E-02
4.2–5.6 4.9 0.1832 ± 0.0042 7.32E-04 ± 1.78E-04 0.160 ± 0.004 5.73E-01 ± 1.11E-02
8.4–9.8 9.1 0.3145 ± 0.0068 5.26E-04 ± 9.79E-05 0.130 ± 0.003 9.42E-01 ± 1.68E-02
12.6–14.0 13.3 0.4908 ± 0.0111 7.89E-04 ± 1.29E-04 0.149 ± 0.003 1.51E-00 ± 2.84E-02
16.8–18.2 17.5 1.2416 ± 0.0317 7.81E-04 ± 1.07E-04 0.151 ± 0.003 3.84E-00 ± 8.06E-02
21.0–22.4 21.7 1.3022 ± 0.0268 7.54E-04 ± 1.02E-04 0.168 ± 0.004 4.13E-00 ± 7.27E-02
25.2–26.6 25.9 1.1930 ± 0.0290 8.09E-04 ± 1.19E-04 0.179 ± 0.004 3.84E-00 ± 7.67E-02
29.3–30.6 29.9 0.1073 ± 0.0023 7.79E-04 ± 1.65E-04 0.171 ± 0.005 3.41E-01 ± 6.30E-02
33.2–34.5 33.8 0.0232 ± 0.0007 5.84E-04 ± 3.29E-04 0.168 ± 0.007 7.36E-02 ± 1.79E-02
37.1–38.4 37.7 0.0486 ± 0.0011 1.33E-04 ± 7.85E-05 0.079 ± 0.002 1.33E-01 ± 1.33E-02

Section 2: Age-depth modelling.
Prior information was used to develop the age model for the Lake Surprise sediments are as follows.

Table A3 
The radiocarbon ages (corrected for the age offset based on the 14C age difference between pollen and macrofossil at 136.45 cm depth) and recent sediment dates (core 
surface, and Pu Peak) used in the age model of the Lake Surprise sediment (These data were saved as “LakeSurprise6_C” in a CSV file).

Material dated Depth (cm) Lab ID 14C age Delta.R Delta.STD

Mean 1σ

Core surface 0 – − 69 3 0 0
Plant 15.05 OZZ426 − 13 3 0 0
Pu peak 21.7 – − 14 3 0 0
Plant 31.55 OZZ427 − 22 3 0 0
Pollen 41.2 UNSW-490 314 20 340 50
Pollen 52.15 UNSW-491 375 20 340 50
Pollen 62.15 UNSW-492 387 20 340 50
Plant 69.15 OZZ428 520 20 0 0
Pollen 73.45 UNSW-493 423 20 340 50
Pollen 77.65 UNSW-497 451 20 340 50
Macrofossil 96.2 OZZ429 255 20 0 0
Pollen 97.3 UNSW-494 475 20 340 50
Pollen 104.45 UNSW-526 565 20 340 50
Pollen 116.65 UNSW-495 581 20 340 50
Macrofossil 129.3 OZZ514 460 22 0 0
Macrofossil 136.45 OZZ430 525 20 0 0
Pollen 136.45 UNSW-496 865 20 340 50
Pollen 151.51 UNSW-499 939 20 340 50
Pollen 188 UNSW-500 1666 20 340 50

(continued on next page)
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Table A3 (continued )

Material dated Depth (cm) Lab ID 14C age Delta.R Delta.STD

Mean 1σ

Plant 214 OZZ516 1262 18 0 0
Pollen 218 UNSW-501 1549 20 340 50
Pollen 253 UNSW-502 1760 20 340 50
Pollen 274.5 UNSW-503 2026 20 340 50
Plant 288 OZZ518 1858 22 0 0
Pollen 310.5 UNSW-504 2424 20 340 50
Pollen 348.5 UNSW-505 2537 20 340 50
Macrofossil 375.5 OZZ521 2331 21 0 0
Plant 379.5 OZZ520 2235 24 0 0
Pollen 407.5 UNSW-506 2862 20 340 50
Pollen 450 UNSW-507 3291 20 340 50
Pollen 479 UNSW-530 3329 20 340 50
Plant 497 OZZ522 3091 21 0 0
Pollen 509.5 UNSW-510 3442 20 340 50
Pollen 541.5 UNSW-511 3525 20 340 50
Plant 566 OZZ524 3866 20 0 0
Pollen 579 UNSW-512 3976 20 340 50
Pollen 608.5 UNSW-531 3984 20 340 50
Pollen 717.5 UNSW-516 4785 20 340 50
Plant 744.5 OZZ525 4775 23 0 0
Plant 776.5 OZZ526 5029 24 0 0
Macrofossil 782.5 OZZ527 5124 23 0 0
Pollen 809 UNSW-517 5682 20 340 50
Pollen 854.5 UNSW-518 6625 20 340 50
Plant 898 OZZ528 6297 25 0 0
Pollen 924 UNSW-519 6847 20 340 50
Pollen 956 UNSW-520 7428 20 340 50
Pollen 982 UNSW-521 7408 20 340 50
Pollen 1016 UNSW-522 8049 20 340 50
Pollen 1056.5 UNSW-523 8658 20 340 50
Pollen 1132.5 UNSW-524 10034 20 340 50

Table A4 
The 210Pb activity data used in the age model of the Lake Surprise sediment (These data were saved as “LakeSurprise6” in a CSV file).

Lab ID depth (cm) Density (g/cm) 210Pb activity (Bq/kg) Standard deviation (210Pb) Thickness (cm)

W557 0.7 0.03 906 47 0.7
W558 9.1 0.02 719 35 0.7
W559 17.5 0.18 253 11 0.7
W560 25.9 0.04 170 8 0.7
W561 41.5 0.04 35 2 0.7
W562 54.3 0.05 18 1 0.7
W563 66.3 0.05 17 1 0.7
W564 86.9 0.11 9 1 0.7
W565 107.4 0.07 9 1 0.7

Table A5 
Modern age markers used in Fig. 8 (for CFCS/CRS data see Table A1)

Sample Depth (cm) Age (CE) Age (cal yr BP) Age error

Pinus (LSFS core) 65.0 1875 75.0 20
modern C 15.1 1976 − 26.0 3
modern C 31.6 1963 − 13.0 3
Pu peak 21.7 1964 − 14.0 5
Pu appearance 29.9 1954 − 4.0 –
LSFS coring age 5.0 2004 − 54.0 2

Section 3: FTIR analysis.

Table A6 
Radiocarbon-dated pollen samples analysed for the FTIR spectrum

Sample ID Composite depth (cm) of the sample Age-offset (pollen-macrofossil) cal yr BP

UNSW-494 97.3 49.1
UNSW-495 116.65 187
UNSW-496 136.45 213

(continued on next page)

A. Dharmarathna et al.                                                                                                                                                                                                                        Quaternary Geochronology 89 (2025) 101686 

14 



Table A6 (continued )

Sample ID Composite depth (cm) of the sample Age-offset (pollen-macrofossil) cal yr BP

UNSW-500 188 456
UNSW-501 218 339
UNSW-502 253 386
UNSW-503 274.5 407
UNSW-504 310.5 522

FTIR sample analysis: For each sample, approximately 1–2 mg of powdered pollen material was placed on the ATR crystal, and sufficient pressure 
was applied to ensure full contact with the crystal. Spectral data were collected in transmission mode, at a resolution of 4 cm− 1 over a spectral range of 
4000–400 cm− 1 (2.5–25 μm). The analysis was performed in a temperature-controlled laboratory at room temperature (25 ◦C). Background spectra 
were collected prior to analysis of each sample and automatically subtracted from the spectral data to minimise the interference between the crystal 
and the sample.

Table A7: Summary of ITRAX data (Ca (%)) and age-depth model data showing the age differences between pollen and macrofossil samples across 
sediment depth, as used in Fig. 5 (Data will be uploaded to the NOAA & PANGEA repositories upon acceptance).

Fig. A1. Comparison of diatom data from SUR-19-01 (Black-shaded) and the LSFS sediment core recovered in 2004 (Barr et al., 2014) (grey-shaded). Only the most 
common taxa are shown here. The top of LSFS, indicated by the black horizontal line, corresponds to a depth of 5 cm in SUR-19-01. This gives this depth an age of 15 
years from the SUR-19-1 2019 coring date and a sedimentation rate of 5 yr cm-1, which is consistent with the age-depth relationship derived from other means. Also, 
the depth of the first appearance of Pinus pollen in the LSFS core is shown by the red dotted line (90 cm)
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Fig. A2. Stratigraphic representation of core images from Lake Surprise sediments (cores SUR-19-02 and SUR-19-03). Both cores were retrieved in 1 m drive sections, 
with the surface of the SUR-19-03 core approximately 0.5 m below that of SUR-19-02. The zoomed-in section (SUR-19-02; 6–7 m) highlights well-preserved, un
disturbed fine laminations observed throughout the sediment profile. This interval was selected to illustrate the undisturbed fine lamination structure, despite the 
presence of age reversals observed in samples from this depth (Core stratigraphy was developed by Cameron Barr).

Data availability

The data that support Fig. 5 of this study will be uploaded to the 
NOAA and PANGEA repositories upon acceptance. Supplementary data 
supporting the findings of this study are available in the Appendix
section.
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