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ARTICLE INFO ABSTRACT

Handling Editor: Dr Yan Zhao Landscape-scale bushfires threaten lives, property, and biodiversity. Understanding how their characteristics

have changed over time proves vital in improving management strategies and understanding future ecosystem

Keywords: responses. Therefore, there is an urgent need to develop novel proxies to extend our existing record of past fire

FTIR spectroscopy characteristics, such as severity and intensity. Here, we use carbon and nitrogen contents, Fourier Transform

EOtOpes Infrared (FTIR) spectroscopy, and boron isotopes in a sedimentary archive to investigate past fire events in
ire

Namadgi National Park (southeastern Australia) and estimate their characteristics such as fire intensity and
severity. Strontium and neodymium isotopes were used to assess the possible catchment-scale erosion events
following fire. The aromatic/aliphatic ratio of sediments showed that fire frequency and intensity have increased
in the last 200 years compared to the previous 3000. Boron isotopes were influenced by both lithology and fire
severity, where negative excursions may result from higher contributions of bark to mineral ash, whilst positive
excursions in the isotope ratio result from higher contributions of leaves. Negative excursions in the B isotope
ratio, coinciding with positive excursions in the aromatic/aliphatic ratio, were hypothesised to record low-
severity fires that experienced longer residence times. This multi-proxy approach provides valuable insights
into past fire characteristics. By improving our understanding of how fire characteristics have changed in the
past, the results can inform mechanistic models to improve predictions of fire severity and intensity changes in
the future.

Southeastern Australia
Fire intensity

1. Introduction

As climate change continues to result in the increased frequency and
duration of extreme fire weather conditions, the threat of more high-
severity and intensity fire events has become an increasing concern
(Collins et al., 2021; Nolan et al., 2021a). This has implications for
ecosystem response, fire management and water quality (Driscoll et al.,
2024; Nolan et al., 2021b; White et al., 2006). Fire severity is defined as
the degree of canopy consumption, ranging from low, where the flames

are confined to the understorey, to extreme, where the canopy is
completely consumed (Hammill and Bradstock, 2006; Keeley, 2009;
McLauchlan et al., 2020). Intensity describes the energy output or the
heat transfer of the fire (Keeley, 2009; McLauchlan et al., 2020). Plants
are not adapted to fire as such, rather, they are adapted to the fire
regime, which incorporates frequency, intensity, type, and seasonality
(Bowman et al., 2014). The dominant vegetation species of the catch-
ment will determine the ability of the ecosystem to regenerate following
fire events. For example, in rainforest environments, high-severity fire
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events can cause significant tree mortality, however, eucalypt forests
regenerate quickly even after extreme fire conditions (Clarke et al.,
2014). Fire events of different severities and intensities can also increase
the hydrophobicity of the soil, increasing the potential for surface runoff
and in-washing of fine sediments and nutrients to waterways (Leigh
et al., 2015; White et al., 2006). This can have significant impacts on
water quality. Therefore, understanding how fire severity and intensity
have changed over time is important for predicting how the catchment
may respond to future fire events.

Current records of past fire events employ techniques such as paly-
nology, charcoal analysis and cambial scars in dendrochronological re-
constructions (e.g. Hennebelle et al., 2020; Mooney and Tinner, 2011;
Rowe et al., 2019; Zylstra, 2006). More recently, remote sensing data
has allowed for high-resolution reconstructions of past fire characteris-
tics (e.g. Chafer, 2008; Gibson et al., 2020; Malone et al., 2011). How-
ever, these images are restricted to the last 30-50 years within the
satellite era (Chuvieco and Congalton, 1989). In order to more accu-
rately predict the characteristics of future fire events, there is a need to
extend our existing fire record.

Fourier Transform Infrared (FTIR) spectroscopy is a semi-
quantitative technique that uses infrared light to determine the
amount of incident light absorbed at specific wavenumbers (Beasley
et al., 2014; Griffiths, 1990). Increased temperature and changes in
oxygen availability, such as during pyrolysis, result in the trans-
formation, destruction, and creation of bonds (Dlapa et al., 2013). By
analysing the changes in chemical composition using FTIR spectroscopy,
it is possible to understand the characteristics of the fire. FTIR has been
successfully applied to charcoal samples (Gosling et al., 2019; Con-
stantine IV et al., 2021; Maezumi et al., 2021; Constantine IV, Williams
et al., 2023; Constantine IV, Zhu et al., 2023), soils (Lu et al., 2022;
Simkovic et al., 2008; Simkovic et al., 2023) and sediments (Ryan et al.,
2023, 2024, 2025). Aliphatic bonds typically undergo thermal decom-
position during a fire event due to exposure to high temperatures and/or
prolonged heating durations (Abakumov et al., 2018). This results in a
relative increase in aromatic bonds through Diels-Alder-type reactions
(Araya et al., 2017; Guo and Bustin, 1998; Rausa et al., 1999). A ratio of
aromatic/aliphatic bonds has been shown to be a promising indicator of
high-intensity fire events in sediment deposits (Ryan et al., 2023, 2024,
2025). Mineral bonds typically require higher temperatures for trans-
formation than organic components (Araya et al., 2017; de Santana
et al., 2006). This also imparts changes in the FTIR spectra, which can
provide estimates of the approximate temperatures reached during the
fire. Therefore, the aromatic/aliphatic ratio of sediments can be used to
assess the intensity of past fire events.

Boron is an essential micronutrient for plants, performing a key role
in cell wall formation, sugar transport, and nitrogen assimilation
(Blevins and Lukaszewski, 1998; Mateo et al., 1986; Ruiz et al., 1998)
and varies over a narrow range between toxicity and deficiency
(Goldberg et al., 2005). Boron has two stable isotopes, 108 and !B, and
their ratio is expressed as the 5'!B value. It undergoes significant isotope
fractionation in vegetation. Soil solution is uptaken by plant roots via
passive diffusion with minimal fractionation (Chetelat et al., 2021;
Cividini et al., 2010; Roux et al., 2022). However, as the soil solution is
transported via the xylem to the leaves, it becomes progressively
enriched in 'B as '°B becomes structurally bound (Park and Schle-
singer, 2002; Roux et al., 2022). Ash from combusted leaves has shown
greater enrichment in the heavier isotope, resulting in higher 5''B
values for the clay-sized fraction of soils burnt in at least one
high-severity fire (Lu et al., 2022, 2024). Sediments recording a known
high-severity fire event have shown a higher 5'!B value, suggesting
leaching of the ash and transportation to sediment reservoirs (Ryan
et al., 2023). Conversely, when ash from combusted bark reacts with
rainwater, simulating a low-severity fire, it results in a reduced 5''B
value of the leaching solution and, subsequently, the clay fraction of
soils that have been in contact with the solution (Lu et al., 2022). It is,
therefore, hypothesised that B isotopes can be used in sediment deposits
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to assess past fire severity.

This study applies a multi-proxy approach of B isotopes and FTIR
spectroscopy to evaluate the severity and intensity of past fire events in
Namadgi National Park, a known fire-prone landscape in southeastern
Australia and assess changes in these characteristics over time. It is ex-
pected that sediments recording fires that burnt at high severity and
intensity will show increases in the 8'!B value and the aromatic/
aliphatic ratio, respectively, compared to sediments that do not record
fire events. Carbon and nitrogen contents were paired with the two
proxies (B isotopes and FTIR) to gain an understanding of changes to
organic matter quality over time and with exposure to fire, and stron-
tium and neodymium isotopes were used to assess sediment transport
from different parent materials to infer changes to catchment-scale
erosion events as a result of the fire events recorded.

2. Methods
2.1. Study area

Namadgi National Park is located approximately 50 km west of
Canberra, covering just over 1000 km? (Salmona et al., 2018). The
Cotter Catchment within Namadgi National Park is one of two principal
water supplies for Canberra, and the Cotter River is regulated by 3 dams:
Bendora, Corin and Cotter (Nichols et al., 2006; Worthy, 2005). Rainfall
in the catchment averages 900-1000 mm/year (Nichols et al., 2006;
Worthy, 2005). This can be significantly reduced in extreme drought
years, resulting in increased available fuel loads and altered bushfire
dynamics (Worboys, 2003). The catchment is characterised by dry
sclerophyll forests dominated by eucalypt species, and subalpine
woodland (Dixon et al., 2018; Pryor, 1939). The soils developed from
acidic, volcanic rocks, which are typically shallow and highly erodible
once disturbed (Carey et al., 2003; Granged et al., 2011). Granites are
dominant along the ridgelines, whilst Ordovician shales, sandstones and
clays are present on the slopes (Nichols et al., 2006). The soils developed
on these rocks are commonly lithosols with minimal profile
development.

Prior to the 2003 and 2019-20 bushfires, the Cotter Catchment
experienced major fire events in 1920, 1926 and 1939 (Daniell and
White, 2005). The 1939 fire was reported to be particularly severe due to
strong winds, which resulted in spot fires up to 24 km ahead of the
firefront (Carey et al., 2003; Daniell and White, 2005). The 2003
bushfire was first ignited by electrical storms on the January 8, 2003;
however, on the January 17, 2003, extreme fire weather characterised
by high temperatures, very low relative humidity, and strong wind gusts
significantly increased the fire intensity (Carey et al., 2003). Over 1000
km? was burnt in the proceeding 36 h, much of which was national park,
and burnt through threatened Alpine Ash (Eucalyptus delegatensis)
communities (Carey et al., 2003). In addition, four lives were lost and
over 500 houses were destroyed during the extreme fire weather con-
ditions of the 2003 bushfires (Worboys, 2003).

Here, we analysed samples from the floodplain of the Cotter River
(CR-01), where it is joined by De Salis Creek (Fig. 1), to determine how
the sediment chemistry has changed through time in response to fire
events. Remote sensing data suggests that this site was only burnt during
the 2003 and 2019-20 fires in the period from 1950 to present. Soil
samples were also collected less than one year following the 2019-20
bushfires and represent a range of fire severities experienced during this
event. The soil samples are further divided by lithology and are derived
from the two predominant bedrock types in the catchment: metasedi-
mentary and granodiorite (Fig. 1).

2.2. Sample collection
A 75 mm diameter sediment core was collected from the riverbank

marking the start of the floodplain at the CR-01 site (35.610396°S,
148.822151°E, WGS84; Fig. 1), to a depth of 77.5 cm. The vegetation
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Fig. 1. Asimplified geological map of Namadgi National Park in southeastern Australia, highlighting the location of the Cotter River Core (CR-01, circle) and the soil
samples derived from different bedrock types (NMG1-6 and NMG 9-10). NMG codes with an open symbol denote soil samples, and a closed symbol represents soil
and bedrock samples. Geological data adapted from Department of Regional New South Wales” NSW Seamless Geology® dataset, 2022. Satellite Image: Esri, Maxar,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community Esri, HERE, Garmin, © OpenStreetMap contributors and
the GIS User Community. Inset: Esri, HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN, GeoBase, IGN, Kadaster NL, Ordnance Survey,
Esri Japan, METI, Esri China (Hong Kong), (c) OpenStreetMap contributors, and the GIS User Community.
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immediately to the west of the site was characterised by dry sclerophyll
forest. The river is situated approximately 5 m to the east of the coring
site. Half of the core was subsampled at a resolution of 1 cm for analysis.
Eleven soil samples were also collected from local topographic highs
across the Cotter River Catchment and analysed for B isotopes. A subset
of six of the soil samples were also analysed for Sr and Nd isotopes. The
samples were collected from soils developed on both metasedimentary
and granodiorite parent material and in areas that experienced low, high
and extreme fire severity during the 2019-2020 fires. Granodiorite and
metasedimentary bedrock samples were collected from rock outcrops
adjacent to soil sampling sites NMG 6 and NMG 9, respectively and
ground to a fine powder for Sr and Nd isotope analysis.

2.3. Age-depth model determination

Four charcoal sub-samples from the CR-01 core were handpicked for
radiocarbon dating. Dating was performed by Accelerated Mass Spec-
trometry (AMS) at the Chronos **Carbon-Cycle Facility, UNSW. Samples
were pre-treated using an acid-base-acid pre-treatment in 1M HCl and
0.2M NaOH at 80 °C for 20 min before graphitisation following Turney
etal. (2021). Twenty-five optically stimulated luminescence (OSL) dates
had previously been determined by Worthy (2013). For the OSL anal-
ysis, quartz grains between 180 and 212 pm were isolated and
acid-washed with HCl and HF. Where necessary, heavy minerals were
removed using sodium polytungstate. Samples were then leached with
HF combined with a small volume of HCl to avoid calcium fluoride
formation. Samples were analysed using a Risg TL-DA-15 Min-iSys II at
the Australian National University. Single-grain measurements were
made using the 532 nm laser, and all signals were detected using an EMI
9235QA PMT filter. The beta dose rate for each subsample was calcu-
lated using ICP-MS measurement of U, Th and K content, and the gamma
dose rate used was simply twice the measured 21 geometry measure-
ment at the surface of each subsample. The subsample depth was used to
calculate the cosmic dose rate contribution using the formulae of Pre-
scott and Hutton (1994). The equivalent dose (assuming equilibrium in
the isotopes of U, Th and K) was calculated with the Analyst software
(version 3.24), and the minimum age model ages were used in
conjunction with the radiocarbon dates for the age-depth model.

The radiocarbon and OSL ages were input into Oxcal 4.4, a Bayesian
model employing Markov Chain Monte Carlo simulations (Bronk Ram-
sey, 2009). The ’P_sequence deposition model’ was used with the
charcoal outlier model applied to the charcoal samples (Bronk Ramsey,
2009). The OSL dates were converted to the appropriate format for
incorporation into the age-depth model. The year of sampling at 0 cm
was input into the model as an upper constraint. The *SHCal 20" and
’Bomb 21 SH12' calibration curves were used to generate a cal BP
age-depth model (Hogg et al., 2020; Hua et al., 2021).

2.4. Carbon and nitrogen

Carbon (C) and nitrogen (N) contents in the core sediments were
measured using an Elementar Vario Macro Cube Element Analyser at the
Wollongong Isotope Geochronology Laboratory (WIGL). Approximately
100 mg of the bulk sub-samples were ground to a fine consistency, and
~50 mg was used for analysis. Three phenylalanine standards of
different masses were analysed to create a calibration curve at the start
of the sequence. Two blanks were analysed before, and one after the
phenylalanine standards were analysed, and had C and N area values of
<300. A repeat was analysed every 8 samples (n = 9) to assess precision,
giving 2 standard error (SE) values of +0.09, +0.01 and + 0.53 for C, N
and C/N ratio, respectively. A phenylalanine standard was analysed
every 10 to 15 samples to account for drift. Carbon and N concentrations
are reported as weight percent (wt %), and the C/N ratio is unitless.
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2.5. FTIR spectroscopy

All sediment samples (n = 77) and replicates (n = 4) from the CR-01
core were analysed for FTIR spectroscopy by KBr pressed discs at
Comenius University, Slovakia, using a Nicolet 6700 FTIR spectrometer
and OMNIC 8 software (Thermo Fisher Scientific). Approximately 1 g of
the bulk sediment of each sample was ground to a fine, homogenous
powder using a zirconium oxide mill and then dried at 60 °C for 24 h. 2
mg of each sample was combined with 200 mg of KBr and pressed into a
pellet. Measurements were conducted in transmission mode across the
4000-400 cm~! range. One hundred and twenty-eight scans were
averaged for each sample at a resolution of 2 cm ™1 and the results were
reported in absorbance values. The averaged spectra were baseline
corrected in Python 3.8 using the *arPLS’ method (Baek et al., 2015) in
the "RamPy’ package (Le Losq, 2018). The baseline-corrected spectra
were analysed for changes in peak height and peak area ratios, deter-
mined by taking the area under the curve for the bands of interest,
including the aromatic (1750-1500 cm’l), aliphatic (3000-2800 cm’l)
and inorganic (750-600 cm™!) bands. Due to the long duration of the
record, a change point analysis was performed using the “ggchange-
point” package in RStudio (Killick and Eckley, 2014) to identify key
periods of significant change in the aromatic/aliphatic ratio. Significant
increases in the aromatic/aliphatic peak area ratio were identified at >2
standard deviations (SD) from the mean. Changes in the aromatic/i-
norganic ratio were used to determine layers of higher organic matter
contributions.

2.6. Boron isotopes

The clay-sized fraction of sediments from the CR-01 core, as well as
of 11 soil samples were prepared and analysed for B isotopes at WIGL.
Approximately 50 mg of each sub-sample was combined with potassium
carbonate in a 1:5 flux for alkali fusion at 950 °C. The resulting solid was
dissolved in HCl and 18.2 M-Q water by sonication, and the supernatant
was isolated by centrifugation for chromatography. A two-step ion
chromatography method was employed to isolate B for isotopic analysis
(Lemarchand et al., 2012). First, 5 mL of solution was loaded onto a
column containing 1.5 mL of BIORAD AG50W-X8 resin for cation ex-
change chromatography. Boron is not retained on the resin and was
collected during sample loading. The pore solution was flushed with 2
mL of 0.01 M HCI. The resulting solution was then pH-adjusted to 8-10
using 0.5 M NaOH that was previously purified using a column loaded
with Amberlite IRA 743 resin. Each sample was then loaded onto a
column containing 0.5 mL of Amberlite IRA 743 resin. The matrix was
eluted in water. Sodium chloride was then loaded to replace anions with
chlorine, and an additional matrix elution with water removed sodium.
Boron was then eluted in 0.5 M HCIL

Boron isotopes were measured by multi-collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) with a ThermoFisher
Neptune Plus™ at WIGL. The sample introduction system consisted of a
standard sample and H skimmer cone, a PFA nebuliser with a flow rate
of approximately 100 pL min ! and a Scott Cyclonic Spray Chamber. 1°B
and !'B were collected in Faraday cups coupled with a 10'!-Q resistor.
Tuning was performed to gain a sensitivity of 0.5 V of !'B per 50 ppb of B
in the primary standard, NIST SRM 951a. Measurements were per-
formed in low-resolution mode. Standard-sample-standard bracketing
was used to correct for mass bias. ERM AE120 was analysed as a sec-
ondary standard at the beginning and end of each analysis sequence. The
total procedure blank was 8.1 + 1.1 ng B (2SE; n = 9). The mean
measured 5''B values for ERM AE120 was —20.44 + 0.12 %o (2SE; n =
17), which is within error of the expected value (—20.2 + 0.6 %o; Vogl
and Rosner, 2012). Mean measured 5'1B values for USGS W2-a reference
material was 11.44 & 0.41 %o (2SE; n = 8) which is within error of the
recommended value (12.2 + 0.4 %o; Gangjian et al., 2013). Precision
was assessed by analysing replicate sediment (n = 3) and soil (n = 4)
samples, giving a 2SE of +0.3 %. and +0.5 %o, respectively.
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2.7. Strontium and neodymium isotopes

Strontium and Nd isotopes were analysed on two bedrock samples
(metasedimentary and granodiorite) as well as six soil samples, three
developed over each bedrock type, and 16 core sediment samples, rep-
resenting a range of B isotope ratios and depths. Approximately 30 mg of
each sample and USGS BCR-2 reference material were dissolved in HF
and HNOs, followed by aqua regia and HyO,. The samples were redis-
solved in 2M HNOs prior to ion exchange chromatography. Chroma-
tography was performed using a prepFAST-MC™ (Elemental Scientific)
following Retzmann et al. (2017). Samples were loaded in 1 mL of 2M
HNOg. Strontium was eluted in 4 mL of 0.2 M HNOs. Due to poor Nd
recovery, samples were eluted in 1.7 M HC, instead of the usual 2 M HCl
typically used in Retzmann et al. (2017).

Strontium and Nd isotopes were measured by MC-ICP-MS at WIGL
using a ThermoFisher Neptune Plus™ at WIGL. The sample introduction
system consisted of a jet sample and H skimmer cone (Nd isotopes) or jet
sample and x skimmer (Sr isotopes) cones, a PFA nebuliser with a flow
rate of approximately 100 pL min~!, and a Scott Cyclonic Spray
Chamber. Tuning was performed to gain a sensitivity of 1.4 V of 1*>Nd
per 200 ppb of Nd in the primary standard, JNDi-1 and 6 V of %8Sr per 50
ppb of Sr in NIST SRM 987. Measurements of both elements were per-
formed in low-resolution mode. Instrument mass bias was internally
corrected using 38sr/%sr and **Nd/!*“Nd, respectively. Isobaric in-
terferences between ®’Sr* and ®’Rb* were internally corrected by
monitoring %3Kr/34Sr, 83Kr/%%sr and 8°Rb/%’Sr. Isobaric interferences
between *‘Nd* and **Sm™ were internally corrected by monitoring
1475m/1Nd, '*7Sm/**8Nd, 1¥Sm/">Nd and '*°Ce/!**Nd. The total
procedure blank was 168 ng of Nd and 40 pg of Sr. Measured values for
BCR-2 were 0.512463 + 0.000008 and 0.70458 + 0.000002 for
143Nd/'*4Nd and 87Sr/SGSr, respectively, which are both lower than
reported values in Jweda et al. (2016) (***Nd/'*Nd: 0.512637 +
0.000013, 87Sr/2%sr: 0.705000 + 0.000011). Reduced accuracy may be
due to the age of the resin; however, since we are assessing general
trends with increasing depth, lower accuracy does not affect the overall
trend detected. Precision was assessed by analysing a replicate sample
(n = 1) with 2SE values of £0.000020 and + 0.0053 for ***Nd/*'Nd
and %sr/%sr, respectively. Lower precision on the Sr isotope ratio may
be due to higher sample heterogeneity. The **Nd/!**Nd are reported as
both raw ratios and in e¢éNd notation using the modern chondritic
composition (CHUR) value of 0.512638 (Jacobsen and Wasserburg,
1980).

3. Results
3.1. Age-depth model

Three radiocarbon ages and 25 OSL dates were used to determine the
age-depth model for the CR-01 site (Supplementary Table 1 and Fig. 2).
One of the radiocarbon ages was identified as an outlier based on the
posterior value from the outlier model and was not incorporated into the
final age-depth model. The profile covers the last ~3000 years, with the
sedimentation rate decreasing with increasing depth ranging from 0.02
cm/yr at the base of the core to 0.129 cm/yr at the surface
(Supplementary Fig. 1B). Age uncertainties are small for most of the core
(<200 years); however, uncertainties increase for ages older than
~2000 years (Supplementary Fig. 1A).

3.2. Carbon and nitrogen

The carbon (C) content of CR-01 core sediments ranges from 0.1 wt%
(0-1 cm) to 9.78 wt% (74-75 cm) and follows a general decreasing trend
with increasing depth (Fig. 3 A). Increases in the C content are evident at
0-1 cm, 17-18 cm and 30-31 cm, corresponding to —62 (+6/-11) cal yr
BP, 70 (+44/-38) cal yr BP and 622 (+106/-104) cal yr BP, respec-
tively, in the model (Supplementary Fig. 2A).
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Fig. 2. Radiocarbon and OSL-based age-depth models from OxCal (Ramsey,
2006) for the Cotter River Core.

The nitrogen (N) content of CR-01 core sediments ranges from 0.02
wt% (38-39 c¢m) to 0.57 wt% (0-1 c¢m) and, like the C content, follows a
general decreasing trend with increasing depth (Fig. 3B). Only two
peaks are evident at 0-1 cm and 30-31 cm, corresponding to ages of —62
(+6/-11) cal yr BP and 622 (+106/-104) cal yr BP, respectively
(Supplementary Fig. 2B).

The C/N ratio ranges from 1.15 (41-42 cm) to 35.17 (17-18 cm),
with a general decreasing trend with increasing depth (Fig. 3C). Peaks
are evident at 17-18 cm, 31-32 c¢cm, 38-39 cm and 41-42 cm, corre-
sponding to 70 (+44/-38) cal yr BP, 622 (+106/-104) cal yr BP, 909 +
137 cal yr BP and 1042 (+127/-135) cal yr BP, respectively
(Supplementary Fig. 2C).

3.3. FTIR spectroscopy

Aromatic to aliphatic ratios in the CR-01 sediments vary from 3.0
(17-18 cm) to 14.3 (14-15 cm). Due to the length of the record, a
changepoint analysis was used to identify periods of significant change.
Three regions were identified, and ratio values were classified as fire-
affected layers at values > 10.7 (0-25 cm), >10.0 (25-52 cm), and
>8.4 (52-77 cm), equivalent to >2SD from the mean (Fig. 4A). Peaks in
the top ~23 cm, corresponding to the last ~200 years in the age-depth
model, show the highest peak area ratio values, and the number of years
between each of these peaks is shorter compared to the remainder of the
core. The aromatic/inorganic ratio is consistent and low, with values
ranging from 0.12 (63-64 cm) to 1.9 (0-1 cm).

Over the spectra, peak absorbance is highest in bands typically
ascribed to mineral bonds (Supplementary Fig. 3). This is particularly
evident at 466 cm’l, ascribed to Si-O-Si deformation (Madejova and
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Fig. 3. A) C contents (in wt%), B) N contents (in wt%) and C) C/N ratio for CR-01 core sediments as a function of depth in the CR-01 core. Error bars are smaller than

the symbol size.

Komadel, 2001), 536 cm™ ", associated with Fe—O bonds (Yusiharni and
Gilkes, 2012) and the quartz doublet at 776 and 798 em ! (Madejova
and Komadel, 2001). High peak absorbance is also evident in the peaks
ascribed to the hydroxyl stretching vibrations of kaolinite, with peaks
centred on 3620, 3650, and 3697 cm™', which results from proton
bonding with AI3* coordinated oxygen bonds in an octahedral site
(Berna et al., 2007; Schroeder, 2002). The band at 1635 cm~!is ascribed
to C=0 and asymmetric COO- vibrations of ketones, amides and car-
boxylic acids with aromatic C=C structures (Ellerbrock et al., 2005).
Samples at 0-2 cm have the highest peak intensity in this band. Peak
absorbance is low across all samples in the band at 2923 and 2852 cm ™,
ascribed to aliphatic C-H stretching of CH3 or CHy groups (Dlapa et al.,
2013; Hong et al., 2019). The highest peak intensities are found in the
band at 1031-1008 cm ™ *. This band is attributed to the aliphatic C-O
and alcohol C-O stretching vibrations of cellulose (Guo and Bustin,
1998; Keiluweit et al., 2010), but can also be associated with asymmetric
Si-O-Si stretching vibrations (Smidt et al., 2005). Given that bulk
sediment samples were analysed, it is not possible to discount either
possibility.

3.4. Boron isotopes
The 5!'B values vary from —10.68 %o (at a depth of 14-15 cm) to

—0.80 %o (0-1 cm) in CR-01 sediments. There is a general decreasing
trend with increasing depth over the top ~10 c¢m of the core (Fig. 4C,

Supplementary Fig. 4B). Below 10 cm, values remain relatively constant
except for positive and negative excursions. 5''B excursions were
identified as values that deviate by more than 2SD from the mean.
Therefore, positive excursions were defined as values >-7.33 %o and
negative excursions as values <-9.33 %o. The largest positive excursions
are observed at 0-4, 51-55, 74-75 and 76-77 cm depth (Fig. 4C).
Additional positive excursions are also present at 22-23, 30-31, 64-65
and 70-71 cm depth. Negative excursions are evident at 14-15, 20-21,
26-27, 28-29, 33-34, 35-36, 44-45, 47-48 and 58-59 cm depth. There
was no clear relationship between the §'!'B and B concentration
(Supplementary Fig. 5).

The 5!!B value of soil samples ranges from —7.34 (metasedimentary,
extreme severity) to 5.91 %o (granodiorite, high severity) (Fig. 5). In
general, the 5!1B value is higher for samples developed on granodiorite
bedrock compared to those on metasedimentary bedrock. Soils experi-
encing low and extreme severity fire show a similar trend across both
bedrock types. However, high-severity events respond differently with
bedrock type, showing a decreased 5'!B value for soils formed over
metasedimentary bedrock and an increase for soils formed over grano-
diorite bedrock.

3.5. Strontium and neodymium isotopes

Bedrock samples yield **3Nd/***Nd ratios of 0.511870 =+ 0.000020
(metasedimentary) and 0.512150 + 0.000020 (granodiorite) (Table 1
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and Fig. 6A). The 1**Nd/***Nd ratio of the soils developed over these
two bedrock types ranges from 0.511956 to 0.512009 (eNd values of
—13.31 to —12.28) in the metasedimentary-derived soils and 0.512069
to 0.512156 (eNd values of —11.11 to —9.41) for soils developed over
granodiorite bedrock. Sediment samples from CR-01 display
143Nd/*Nd ratios intermediate to those in the two bedrock samples,
ranging from 0.511984 (eNd: —12.75; 76-77.5 cm) to 0.512074 (eNd:
—11.01; 30-31 cm). Sediments at the surface of the core display values
similar to those observed in soils derived from granodiorite bedrock,
whilst sediments at the bottom of the core show values closer to those
observed in soils derived from metasedimentary bedrock. The
M3Nd/1**Nd ratios and &''B values seem to co-vary with depth
(Fig. 6A-C).

The bedrock samples yield 8Sr/%6Sr ratios of 0.925066 + 0.000053
(metasedimentary) and 0.740255 + 0.000053 (granodiorite) (Table 1
and Fig. 6B). Soil samples show ranges of 0.738097-0.779228 and
0.729900-0.763943 for soils derived from metasedimentary and
granodiorite bedrocks, respectively. There is an overlap in the ranges for
the Sr isotope values of soils developed over the two bedrock types.
Sediments display ’Sr/%5Sr ratios ranging from 0.750446 (76-77.5 cm)
to 0.775228 (52-53 cm).

4. Discussion
In the soil clay samples, B isotope composition is predominantly

controlled by the lithology. Soils developed on metasedimentary parent
materials have §!'B of ~ —9 to —4 %o, while those developed on

granodiorite parent materials have 5''B ranging from ~ —4 to +6 %o.
Fire severity shows no systematic effect on the boron isotope composi-
tions of soils developed on either lithology (Fig. 5). This contrasts with
previous experiments showing that boron leached from combusted bark
and leaves can impart boron isotopic signals in soil clay fractions that
vary with fire severity (Lu et al., 2022, 2024). The lack of a relationship
between boron isotope compositions in the soil and fire severity in-
dicates that either no boron isotopic signal was imparted by varying fire
severity at these sites or that any generated signal was subsequently
removed or masked. This contradicts experimental observations, which
have shown that ash from the combustion of tree leaves, which are
isotopically heavier than lower plant compartments, such as trunk
wood, bark and roots (Lu et al., 2024; Roux et al., 2022), is the key factor
that may impart heavier boron isotope compositions to soils following
higher-severity fires. However, it is possible that thermal updraft during
wildfires could transport ash some distance away (Clark, 1988), thus
preventing a boron isotope signal in the soil locally at our sites. In
addition, our sites, which are located at the tops of hillslopes, could
minimise the deposition of leaves and ash from trees in adjacent areas. In
the absence of leaf ash, soils that experienced both low and high-severity
fires could still incorporate B from charcoals, which are larger and less
likely to be removed by thermal updraft. Bark charcoals tend to lower
the 8'!B of soils (Lu et al., 2022, 2024), and the dynamic variation in the
boron isotope composition of our soil samples could reflect the varying
amount deposited and composition of ash and charcoal rather than fire
severity (Fig. 5).

Erosion may also influence the retention of the B isotopic signature of
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Fig. 5. 8''B values of soils (top 10 cm) exposed to different fire severities during the 2019-20 bushfires, where the left panel shows data for soils developed on
metasedimentary bedrock and the right panel shows data for soils developed on granodiorite bedrock.

Table 1
Nd and Sr isotope composition of soil, sediment and bedrock samples from the
Cotter River Catchment.

Sample 143Nd/M*Ng” eNd (%o) 878r/5st"
NMG 1 0-5 cm(metased) 0.512009 —12.28 0.738097
NMG 2 0-5 cm (metased) 0.511975 -12.93 0.779228
NMG 9 BR (metased) 0.511870 —14.99 0.925066
NMG 9 0-5 cm (metased) 0.511956 —-13.31 0.742813
NMG 4 0-5 cm (granodiorite) 0.512069 -11.11 0.729900
NMG 5 0-5 cm (granodiorite) 0.512131 —9.89 0.763943
NMG 6 BR (granodiorite) 0.512150 —9.52 0.740255
NMG 6 0-5 cm (granodiorite) 0.512156 —-9.41 0.763537
CRC_04 3-4 cm 0.512036 -11.74 0.764717
CRC_17 16-17 cm 0.512035 -11.76 0.765407
CRC_31 30-31 cm 0.512074 —11.01 0.765186
CRC_36 35-36 cm 0.512066 -11.16 0.764505
CRC_45 44-45 cm 0.512068 -11.13 0.767512
CRC_51 50-51 cm 0.512035 —-11.76 0.770539
CRC_52 51-52 cm 0.512052 —11.44 0.768907
CRC_53 52-53 cm 0.512019 -12.07 0.775228
CRC_54 53-54 cm 0.512042 —11.64 0.761164
CRC_55 54-55 cm 0.511991 —-12.62 0.774975
CRC_56 55-56 cm 0.512042 —11.62 0.774534
CRC_66 65-66 cm 0.512027 -11.91 0.766303
CRC_74 73-74 cm 0.512006 —-12.33 0.761705
CRC_75 74-75 cm 0.512019 —12.08 0.751846
CRC_76 75-76 cm 0.512005 -12.35 0.758113
CRC_77 76-77 cm 0.511984 -12.75 0.750446

2 2SE values for'**Nd/'**Nd = +0.000020.
b 2SE values for®”Sr/%°Sr = +0.000053.

soils post-fire. It has been shown that boron isotopes in the soil can have
a gradient where they are isotopically heavier near the surface (attrib-
uted to biological contributions), and lighter at depth (attributed to their
variable biological and lithological relative contributions; Lemarchand
et al., 2012), thus suggesting that boron contributions from combusted
plants would only be imparted to the top ~50 c¢m of soils. Though it is
possible for B input from wildfires to leach to deeper depths, it is likely
removed and transported away from the site during post-fire erosion
shortly after the fire (Bradstock, 2008; Goémez-Rey et al., 2014).

Therefore, a shallower removal of topsoil during erosion could be suf-
ficient to transport the fire-related boron isotope signals to sediment
sinks while removing the signals at the source locations. Bushfires have
been shown to increase erosion by orders of magnitude (e.g. Shakesby
et al., 2007). Increased erosion would likely also manifest especially
prominently at our sites on topographic highs.

Finally, desorption of B from soil clays may result in the observed
lack of trend with fire severity. Although experiments have shown that
the adsorption of boron from combusted leaves can be partially
reversible (thus displaying hysteresis), up to 100 % of adsorbed B could
still be desorbed during rinsing with water (Lu et al., 2024). Studies have
also found that several wetting and drying cycles may be required for
boron adsorbed onto clays to display significant hysteresis (Goldberg
and Suarez, 2012; Keren and O’Connor, 1982). Thus, it may be the case
that a longer duration is necessary for wetting and drying cycles to “fix”
any boron isotope signals of fire severity that may have been generated
in our samples. Thus, we argue that hysteresis is the most likely expla-
nation for the lack of a systemic trend of boron isotope compositions in
the soil with fire severity.

The CR-01 sediments may have experienced more wetting and dry-
ing cycles during the erosion and depositional process. Therefore, pos-
itive excursions in the 5!!'B value of the sediments may reflect the
erosion and deposition of soils derived from granodiorite lithology or
soils that have been derived from high-severity fires.

4.1. Sediment sources and post-fire erosion

Sr and Nd isotopes in sediments can be used in a mixed-geology
catchment as a tracer for changes in source material because they are
not fractionated during biological cycling or physical transport (Négrel,
2006). The Cotter River Catchment is dominated by metasedimentary
bedrock in the valley bottoms and slopes, whilst granites and granodi-
orites predominate on the ridgelines (Nichols et al., 2006). The Nd
isotope ratio of the granodiorite bedrock (0.512150 £ 0.000020) is
higher than that of the metasedimentary bedrock (0.511870 =+
0.000020). However, the Sr isotope ratio of the granodiorite bedrock
(0.740255 + 0.000053) is lower than the metasedimentary bedrock
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(0.925066 + 0.000053). This is in agreement with Healy et al. (2004),
where the authors found that S-type granites in the Lachlan Fold Belt
(such as the granodiorites in the Cotter Catchment) had higher
143Nd/14*Nd ratios and lower 87Sr/%0Sr ratios compared to metasedi-
mentary rocks. The relationship between the Sr and Nd isotope ratios of
soil samples, however, is more complex. The soils developed on meta-
sedimentary parent material have higher Nd and lower Sr ratios than the
bedrock values. However, this trend is not apparent for the soils
developed on granodiorite parent material. The Nd isotope ratio shows
no systematic relationship with fire severity for soils developed on either
bedrock type. However, the Sr isotope ratios show opposing trends
depending on the bedrock type. Soils developed over metasedimentary
parent material that burnt at extreme severity during the 2019-20 fires
showed higher Sr isotope ratio values, while low-severity fires showed a
lower Sr isotope ratio. Conversely, soils that burnt at extreme severity in
2019-20 and formed over granodiorite bedrock showed lower Sr ratio
values and soils burnt at low severity showed higher Sr isotope ratio
values. This trend could have been affected by the larger error for the Sr
ratio values. Previous studies have largely analysed changes in Sr con-
centration following fire, finding an increase compared to unburnt soils
hypothesised to occur from the bonding of Sr to carbonates (Natali et al.,
2023; Shapchenkova et al., 2024). However, at present, there are no
existing studies that analyse changes in Sr isotopic fractionation with
different fire severity.

Over the top ~45 cm, the Nd isotope ratio values of the CR-01 sed-
iments are between the ranges for the soils developed over the two
bedrock types, suggesting the mixing of soils from the two parent

materials. Below ~45 cm, the Nd isotope ratio trends towards the
metasedimentary bedrock, more typical of the valleys and tributaries of
the Cotter River. This trend is not reflected in the Sr isotope ratio values,
however, due to the overlap in the ranges for soils developed over the
two bedrock types. Whilst a mass balance is not possible as Sr and Nd
concentrations were not measured, comparison with the B isotope
composition of sediments reflects that of the soils, where there is a large
overlap in the 5''B values recorded for the soils and sediments. The B
isotope ratios of the sediment samples suggest that the sediments are
largely derived from metasedimentary bedrock. This is not unexpected,
given the location of the CR-01 site on the floodplain of the Cotter River,
which is dominated by metasedimentary bedrock, suggesting the pre-
dominance of sediment deposition from the valley bottoms and slopes.
Assuming that positive excursions of 5!!B in the CR-01 core reflect an
increased deposition of soils formed over granodiorite bedrock, this
suggests that the peak at 51-55 cm reflects a possible increase in erosion
and deposition of soils from the ridgelines where granodiorite pre-
dominates. However, this trend is not reflected in the Sr and Nd isotope
ratios. Whilst this may be the result of poorer quality control for Sr and
Nd results, it is more likely that the B isotope ratios do not solely reflect
the lithology of the soil’s parent material but also the organic matter
contributions, which can be used as a proxy for past fire events.

The Sr and Nd ratios with depth suggest no major changes in source
over the last ~3000 years recorded in the CR-01 sediments. Between 30
and 80 cm depth, there is an increase in the Nd isotope ratio, which
could suggest increased deposition of soils developed over the grano-
diorite bedrock. However, this should be associated with a decrease in
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the Sr isotope ratio, which is not shown in the core sediments. Between
0 and 30 cm depth, the Nd isotope ratio decreases, suggesting a larger
input from soils developed over metasedimentary bedrock, but due to
the overlap in the Sr isotope ratios for soils developed from the two
bedrock types, this trend is not observed.

4.2. Fire severity and intensity changes through time

Carbon and N concentrations are highest in the top ~25 cm of the
core, corresponding to the last ~200-300 years of sediment deposition
(Fig. 3 and Supplementary Fig. 2). Below ~30 c¢cm, C and N concentra-
tions are relatively constant and low (<1 wt% and <0.15 % for C and N
contents, respectively) (Fig. 3 and Supplementary Fig. 2). Changes in C
and N concentrations, and the C/N ratios, with depth do not correlate
with changes in the aromatic/aliphatic ratio. The aromatic/aliphatic
ratio of CR-01 sediments has been used, in combination with that of
swamp sediments in the Blue Mountains of NSW, to suggest an increase
in the frequency of high-intensity fires in the last 200 years compared to
the previous 3000 years (Ryan et al., 2024). By comparing the changes
in the aromatic/aliphatic ratio with existing palaeoclimate records, we
hypothesised that this increase was the result of complex interactions
between climate, vegetation and people (Ryan et al., 2024). Prolonged
drought events were also shown to increase over a similar period,
increasing the incidence of anthropogenic-ignited fire events coinciding
with extreme fire weather (Bradstock, 2008; Palmer et al., 2023; Sey-
dack et al., 2007). The expansion of eucalypt species since British
colonisation has also promoted fire spread and higher fire temperatures
(Hope, 2006; Hope and Clark, 2008; Younes et al., 2024). The lack of
correlation between fire-affected sediments, as identified by the aro-
matic/aliphatic ratio, and the concentrations of C and N may be due to
the poor preservation of the fire signature over the duration of the
record.

Previous studies have shown a complex relationship between fire,
the C/N ratio, and concentrations of both C and N. Some studies have
found an increase in the C/N ratio, possibly due to N mobilisation and
reduced microbial decomposition (Krull et al., 2004; Schmidt and
Noack, 2000), whilst others find a decrease in the C/N ratio as a result of
increased C volatilisation, thus decreasing the flux of C to lake sediments
(Wu and Porinchu, 2020; Zaccone et al., 2014). Reduced C content has
been shown to take up to two years to return to pre-fire stores (Martin
et al., 2012); however, no change in C content has also been shown,
hypothesised to result from C replenishment through post-fire litterfall
(Nave et al., 2011). Thus, the complex response of C and N concentra-
tions to fire, along with the possibility of restoration to pre-fire con-
centrations within <2 years, suggests a possible explanation for the lack
of relationship with fire-affected layers, as recorded by the aromati-
c/aliphatic ratio.

It has been hypothesised that following a high-severity fire, soils are
characterised by higher 5''B values compared to soils that have been
exposed to low-severity fire or no fire, due to the incorporation of B into
soil clays from ashed leaf material from tree canopies, enriched in 'B
(Lu et al., 2022, 2024). Lu et al. (2024) found that when rainwater
reacted with combusted eucalyptus leaves, the 5!'B value of the rain-
water increased to ~29 %o, equivalent to unburnt leaves. The desorption
of B from ash into the leaching solution was shown to occur without
fractionation, and the B content of the leaching solution increased with
higher temperatures (Lu et al., 2024). Therefore, following a fire of high
intensity and severity and a subsequent rainfall event, B is desorbed
from ash and mobilised in the groundwater and streamwater where it
can be adsorbed by clays. Ryan et al. (2023) showed that this isotopic
signal may be transferred to sediment deposits, where sediments dis-
playing higher 5'!B values may reflect past high-severity fire events. In
CR-01 core sediments, 5'!B values decrease with increasing depth in the
top ~10 cm. Previous studies have made similar observations where
higher values near the surface were explained by vegetation and at-
mospheric inputs (Ercolani et al., 2019; Roux et al., 2022). Therefore,
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despite the associated increase in the aromatic/aliphatic ratio at the
surface of the CR-01 core, higher 8'!B values in the top 4 cm may not
reflect a past fire event, but rather vegetation and atmospheric inputs of
B into the sediment deposit.

At 51-55 cm, corresponding to an age of 1408 (+94/-114)-1516
(+126/-116) cal yr BP, a higher 5''B value may suggest a past high-
severity fire event (Fig. 4C). Worthy (2013) identified a possible
fire-related sedimentation event at 1280 + 100 cal yr BP in the Cotter
River Catchment, which is within error. Eriksson et al. (2006) and Hope
and Clark (2008) also observed increased coarse-grained material and
catchment incision in neighbouring catchments at ~1300 and 1317 +
135 cal yr BP, respectively, postulated to be associated with a
fire-induced erosion event. Sediment records from Club Lake, an alpine
lake ~200 km from the CR-01 site, suggest that the period from 1600 to
1000 cal yr BP was a warming period, characterised by increased
charcoal and an expansion of Eucalyptus sub-alpine woodland and a
reduction in alpine species (Thomas et al., 2022). Therefore, this
warming period could have increased the occurrence of suitable
fire-weather conditions, accounting for the fire-related erosion events
recorded by Worthy (2013), Eriksson et al. (2006) and Hope and Clark
(2008) and the possible high-severity fire suggested by the high 5''B
values.

Interestingly, the higher 5''B value at 51-55 cm (interpreted as a
high-severity fire) is not associated with a high aromatic/aliphatic ratio.
This is unexpected, as a high-severity fire should produce temperatures
high enough to increase the aromatic/aliphatic ratio of sediments, as
previously observed (Ryan et al., 2023). It is not clear why this
hypothesised fire event is not recorded in the FTIR spectra.

Several negative 5!'B excursions are observed at 14-15 cm, 20-21
cm, 26-27 cm, 33-34 cm, 35-36 cm, 44-45 cm, 47-48 cm and 58-59 cm
depth. Lu et al. (2022) showed that the clay fractions of soils that had
experienced consecutive low-severity fires had a lower 5!'B value
compared to sites that had experienced a high-severity fire because
burning of bark imparts lower 5''B values to soil than burning of leaves.
This suggests that the negative excursions in the CR-01 core may record
low-severity fire events. The negative 5'!B excursions at 14-15 cm,
20-21 c¢m, 33-34 cm, and 44-45 cm coincide with or are 1 cm offset
from positive peaks in the aromatic/aliphatic ratio at 11-16 cm, 19-20
cm, 33-34 cm and 45-46 cm, respectively. This suggests that these
lower-severity fires may have recorded temperatures high enough
(>250 °C) to significantly increase the aromatic/aliphatic ratio of sed-
iments (Araya et al., 2017; Guo and Bustin, 1998). This is not plausible
in the Australian context due to the predominance of eucalypt species,
resulting in high-intensity fires that always consume the canopy (i.e.
high-severity fires) (Bradstock et al., 2010; Collins et al., 2014). Alter-
natively, increased aromatic/aliphatic ratios can result from prolonged
heating duration, where during typical fire events, temperatures
>250 °C are only sustained for ~40 min (Doerr et al., 2004; Raison et al.,
1986). The exception to this is during smouldering combustion or where
large accumulations of organic matter are consumed (Doerr et al.,
2004). Under these conditions, the most significant effects are observed
in the first 2-3 h (Aldeias et al., 2016). Thus, the association of low 5''B
values with high aromatic/aliphatic ratios could be explained by
low-severity fires, where vegetation was burned for ~40 min.

5. Conclusion

We aimed to assess how the C and N contents, FTIR spectra and B
isotope ratio of sediment deposits record past fire characteristics in
Namadgi National Park in southeastern Australia. By applying FTIR
spectroscopy and B isotopes to sediments, we provide a ~3000-year
record of past fire intensity and severity in Namadgi National Park in
southeastern Australia. The aromatic/aliphatic ratio showed increased
fire frequency and intensity over the last ~200 years compared to the
previous 3000 years. Strontium and Nd isotope ratios suggest that there
has been no significant change in sediment source in the CR-01
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catchment over the last ~3000 years and that the positive peaks in the B
isotope ratio of sediments were the result of both lithology and organic
matter contributions from fires. This was particularly due to combusted
leaves, which are enriched in the heavier isotope, suggesting higher fire
severity. For some fires recorded by both proxies, negative excursions in
the B isotope ratio coincided with positive excursions in the aromatic/
aliphatic ratio, suggesting that lower-severity fires burning for pro-
longed heating durations may have resulted in higher contributions
from burned bark. The C and N content and C/N ratio showed no
consistent relationship with fire events, suggesting that these parame-
ters are less effective for identifying past fire events in this landscape.
Our results vitally inform management through improved understand-
ing of past changes and extend the hindcasting capacity of mechanistic
models to inform future management strategies under the influence of
climate change.
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