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A B S T R A C T

Retrospective measurements of fire characteristics, such as fire severity, can increase model data input and 
improve predictions of future fire events. However, existing records of past fire severity are limited to the recent 
past; therefore, there is a need to develop new proxies that can significantly extend our fire records. Boron 
isotopes and major element concentrations of the clay-sized fraction of sediments were used to assess fire severity 
and changes in water quality indicators as a result of fire, respectively, in three upland swamps in the Blue 
Mountains, southeastern Australia. The duration of the record varies across the three sites between 80 and 700 
years as a result of varied sedimentation rates. Each site has a different fire history over the last 50 years, and the 
known fire record was used to corroborate fire signatures. Small increases in the Mg/Al and Ca/Al ratios were 
associated with fire-affected sediments, possibly due to increased wood ash input. However, the increased Ca/Al 
ratio was not preserved for older fire events. The P/Al and Fe/P ratios were shown to decrease with increasing 
depth, suggesting greater water saturation, whilst fire-affected sediments at two sites showed more oxic con
ditions, likely due to altered microbial activity. Mg and Al concentrations were shown to reflect the mineralogy 
of the basement, which is dominated by quartz with kaolinite and some calcite. The δ11B value showed no 
significant correlation with known fires, possibly due to higher organic matter contributions to the clay-sized 
fraction overprinting the signature imparted to the clays from the fire. These results suggest that fires invoke 
changes in the concentration of major elements in sediments. However, further research is needed when applying 
the B isotope ratio to organic-rich sediments and for analysing changes in major element concentrations 
following older fire events.

1. Introduction

Fire has shaped terrestrial ecosystems across Australia for millennia 
(Sharples et al., 2016). Australia is the most fire-prone continent glob
ally; however, fire regimes vary widely across the continent, controlled 
by vegetation structure, fuel loads and moisture content, and climate 
drivers (Bradstock et al., 2009). High inter-annual climate variability 
and extremes significantly alter fire dynamics and increase the potential 
for the development of ‘mega fires’ and ‘fire storms’ (Attiwill and 
Binkley, 2013; Sharples et al., 2016; Canadell et al., 2021). As climate 

change continues to alter the fire regime, it is expected that extreme fire 
weather and megafires will occur more frequently in the landscape; 
however, the magnitude of this change remains unknown (Keeley and 
Syphard, 2016). Retrospective measurements of fire characteristics, 
such as severity and intensity, can increase data input in model pre
dictions of future fire events. Fire severity is defined as the proportion of 
above-ground biomass that is consumed, and ranges from low, where 
the fire is confined to the understorey, to extreme, where the canopy is 
completely consumed (Keeley, 2009; McLauchlan et al., 2020). Fire 
intensity is the rate of heat transfer and energy output from the fire front 
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(Byram, 1959).
Previous studies have used a variety of techniques to determine past 

fire characteristics from sediments, such as charcoal reflectance and 
pyrogenic carbon (PyC) (e.g. McParland et al., 2009; Belcher et al., 
2018; Sawyer et al., 2018; Abney et al., 2019; Bird et al., 2019). Higher 
intensity fires, characterised by higher fire temperatures, have been 
shown to increase cell wall reflectance, suggesting its use as a proxy for 
fire intensity (McParland et al., 2009; Belcher et al., 2018). However, 
some bias may be introduced due to the brittle structure of charcoals 
formed at higher fire intensities, meaning these events may be over
looked in the record (McParland et al., 2009). Analysis of sediments by 
nuclear magnetic resonance (NMR) showed higher proportions of pro
tein in sediments recording a high severity fire, compared with moder
ate severity fires (Abney et al., 2019). However, this differed from PyC, 
which showed a decrease in both protein and carbohydrates with 
increasing charring temperature (Abney et al., 2019). Remote sensing 
has also been used as a tool to assess the characteristics of active fires, 
fuel loading, fire spread and fire severity (Nedkov et al., 2018). These 
measures use such indices as Normalised Difference Vegetation Index 
(NDVI) and Normalised Burn Ratio (NBR) (Hammill and Bradstock, 
2006; Malone et al., 2011; Gibson et al., 2020), however, the data is 
restricted to the satellite era (Mouillot and Field, 2005). Fire severity is 
important for determining ecosystem recovery post-fire; therefore, there 
is a need for new techniques to assess how fire severity has changed over 
the recent past.

Boron occurs in the natural environment almost exclusively bonded 
to oxygen, and has two stable isotopes, 10B and 11B (Vengosh et al., 
1991; Hemming and Hanson, 1992). It is a key micronutrient for plants 
and performs a number of biogeochemical and physiological functions 
(Blevins and Lukaszewski, 1998; Cividini et al., 2010; Roux et al., 2015). 
Once used by plants, most B is used in the cell wall in an immobile form 
or is associated with sugar transport in a water-soluble form (Park and 
Schlesinger, 2002). Whilst a small amount of B is released to the at
mosphere as plant aerosols, the majority of B is only returned to the soil 
surface during plant death (Park and Schlesinger, 2002). Boron is pre
dominantly controlled by the vegetation cycle and experiences signifi
cant isotopic fractionation between different plant components, e.g. 
roots, leaves and bark (Gaillardet and Lemarchand, 2009; Cividini et al., 
2010; Chetelat et al., 2021; Roux et al., 2022). Root uptake of soil so
lution occurs with minimal isotopic fractionation and is typically by 
passive diffusion, but it can also require active, high-affinity transport 
systems when the boron supply is low (Xu et al., 2015; Chetelat et al., 
2021; Xiao et al., 2022). As the solution is transported from the roots to 
the leaves, it becomes isotopically heavier as the lighter isotope, 10B, 
preferentially incorporates into the plant tissues (Geilert et al., 2015; 
Chetelat et al., 2021). Analysis of soils shows an enrichment in the 
heavier isotope following exposure to at least one high-severity fire (Lu 
et al., 2022). This was suggested to result from larger contributions of 
combusted leaves in ash, which was leached, allowing adsorption onto 
the surface of clays (Lu et al., 2022, 2024). Alluvial sediments recording 
a known high-severity fire have also shown an increase in the δ11B value, 
suggesting the transportation of the fire signature to sediment deposits 
(Ryan et al., 2023). Ash formed from bark, however, has shown 
enrichment in the lighter isotope (Lu et al., 2022, 2024).

Fires are an important driver of the redistribution of elements and 
the associated impacts on peat sediment properties. The deposition of 
ash to surface peat following a fire event leads to an enrichment of 
cations such as calcium (Ca), magnesium (Mg), manganese (Mn), iron 
(Fe), sodium (Na) and zinc (Zn) (Dikici and Yilmaz, 2006; Könönen 
et al., 2015). Unlike carbon, these elements have higher volatilisation 
temperatures, so they accumulate even after very intense fires (Dikici 
and Yilmaz, 2006). Phosphorus (P) concentrations are more dependent 
on fire severity, with some studies suggesting an increase in P concen
trations following low-to-moderate severity fires and a decrease 
following more intense fires (Dikici and Yilmaz, 2006; Sulwiński et al., 
2020). Others suggest that high-temperature fires increase P 

concentrations in the upper soil layers, converting it to inorganic forms, 
thus increasing bioavailability for plants (D'Costa and Kershaw, 1995). 
Eucalypt litter ash has been found to contain varying amounts of Fe, Mn, 
Zn, copper (Cu), aluminium (Al), lead (Pb) and sulphur (S) (Khanna 
et al., 1994). Ash and fine sediment loads eroded post-fire can also in
crease stream turbidity, leading to more anoxic conditions and a 
heightened risk of eutrophication (Daniell and White, 2005). Whilst 
element composition has been used to assess the potential impacts of 
urbanisation on Temperate Highland Peat Swamps on Sandstone 
(THPSS) (Carroll et al., 2020), understanding post-fire changes in 
element composition remains largely unexplored. These upland swamps 
provide important refuges for fauna and hydrophilic flora post fire, and 
are important water sources for the Sydney Basin, particularly during 
periods of prolonged drought (Keith et al., 2023). Therefore, under
standing any fire-induced changes to element composition post-fire is 
important for assessing any reductions in water quality or supply 
(Cowley et al., 2018).

This study applies B isotopes and major element concentrations to 
evaluate the severity of past fire events and the possible implications for 
water quality, respectively, in the Blue Mountains, a known fire-prone 
landscape in southeastern Australia. We aim to assess changes in fire 
severity and signatures of altered water quality over the recent past. It is 
expected that sediments recording fires that burnt at high severity show 
increases in the δ11B value compared to sediments that do not record fire 
events. Aluminium (Al), calcium (Ca), magnesium (Mg), iron (Fe) and 
phosphorus (P) concentrations were also analysed and compared against 
the known fire record to determine changes through time and with 
exposure to fire. Loss on ignition (LOI) and X-ray Diffraction (XRD) were 
used to assess the changes in organic matter content and mineralogy of 
the sediments, respectively.

2. Methods

2.1. Study area

The Blue Mountains are approximately 60 km west of Sydney in New 
South Wales (NSW), Australia and form part of the Greater Blue 
Mountains World Heritage Area (Cunningham, 1984; Chapple et al., 
2017). The underlying geology consists of sedimentary rocks, pre
dominated by shales, coals and Triassic sandstones (Wilkinson et al., 
2005; Aryal et al., 2018). The topography creates microclimates that 
control fire spread and affect fuel accumulation (Zhang et al., 2017). Dry 
sclerophyll forest covers much of the Blue Mountains and is highly 
flammable, and shows high rates of fuel accumulation (Collins et al., 
2014). The canopy species typically resprout by epicormic buds and 
exhibit low rates of mortality at all fire intensities (Collins et al., 2014). 
Annual precipitation is 900–1000 mm, with sleet and occasional snow 
during winter and strong winds during warm summers (Wilkinson et al., 
2005). Short-term decreases in precipitation and relative humidity can 
rapidly increase dry fuel connectivity, subsequently increasing the po
tential for large fire events (Caccamo et al., 2012; Nolan et al., 2016).

Temperate Highland Peat Swamps on Sandstone (THPSS) are present 
across the Blue Mountains and are a form of peatland occupying the 
headwaters of low-order streams (Fryirs et al., 2021). They are charac
terised by low slope and energy, and high rates of sediment accumula
tion and organic matter storage (Fryirs et al., 2021). THPSS support up 
to 4.6 million people and are listed as an endangered ecological com
munity with important biodiversity and water quality significance 
(Fryirs et al., 2014b; Cowley and Fryirs, 2020). Anoxic conditions 
typically prevent decomposition, thus promoting water storage (Cowley 
et al., 2020). The water quality of the THPSS is naturally acidic, dilute, 
low salinity and sodium and chlorine ion-dominated, resulting in poor 
buffering capacity, making it highly susceptible to changes from 
external inputs, such as ash (Belmer et al., 2015; Carroll et al., 2019, 
2020). THPSS are also vulnerable to extensive erosion due to distur
bances, including anthropogenic, climate change and fire (Chalson and 
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Martin, 2009).
This study analyses sediments collected from three upland swamps in 

the Upper Blue Mountains: Corral Swamp (CS-01), Timmy's Swamp (TS- 
01) and Urella Brook Swamp (UBS-01) (Fig. 1). Each site has experi
enced a different recent fire history and fire return interval, and was 
selected to determine how fire severity has changed from 1957 to 2020 
and assess the possible impacts these fire events may have had on water 
quality. Fire history was determined using remote sensing data and 
digitised fire line maps (Hammill et al., 2013; National Parks and 
Wildlife Service, unpublished data). These proxies were also compared 
against the fire events recorded using FTIR spectroscopy at these sites by 
Ryan et al. (2025).

2.2. Sample collection and age-depth model

In the field, sampling sites were selected such that they avoided creek 
lines and channels to ensure a more continuous record was collected. 
The surface of the swamps is largely treeless, dominated by heath 
vegetation, whilst the hillslope is dominated by dry sclerophyll forest. 
Hillslope soils are likely the predominant source of bushfire-derived 
sediment; thus, the distance from the treeline was also measured, 
ranging from 2 m (CS-01) to 8 m (TS-01). The three sites, CS-01, TS-01 

and UBS-01 range in size from ~20 000 m2 to ~43 000 m2. An 
approximately 25 cm-deep monolith was collected to capture the recent 
past. The monolith was split in half vertically and subsampled at 1 cm 
intervals for isotopic and element concentration analysis. The 
radiocarbon-based age-depth model is based on Ryan et al. (2024, 2025)
(UBS-01) (Supplementary Table 1 and Supplementary Fig. 1).

2.3. X-ray Diffraction (XRD)

X-ray Diffraction (XRD) analysis was used to determine the miner
alogy of swamp sediments. Bulk samples from the top, middle and 
bottom of the Corral Swamp (CS-01) and Long Swamp (LS-02) sites were 
analysed by XRD at the University of Wollongong. Given the similarity 
between sites and samples from different depths, as well as the pre
dominance of Hawkesbury Sandstone across the entire Sydney Basin, it 
is expected that the TS-01 and UBS-01 sites would have comparable 
mineralogy to CS-01 and LS-02. Due to the high organic matter content 
of the bulk samples, a combination of hydrogen peroxide and heating 
was used to remove organic material. The samples were mounted in 
aluminium holders and placed in a Thermo Fisher ARL Equinox 1000 
diffractometer. They were loaded and analysed through an automatic 
sample holder for 90 min with an incidence angle of 6 and a beam 

Fig. 1. Average fire return interval map for the Blue Mountains, New South Wales, Australia, taken from Ryan et al. (2025), showing the sites studied as a) Corral 
Swamp (CS-01, blue circle), b) Long Swamp (LS-02, blue square, only analysed for XRD), c) Timmy's Swamp (TS-01, blue triangle) and d) Urella Brook Swamp 
(UBS-01, blue pentagon). Unshaded areas have not been burnt during the period from 1957–2020. Data adapted from NPWS unpublished data and © State Gov
ernment of NSW and Department of Planning and Environment 2010, 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. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.)
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geometry of 2.5 mm × 0.1 mm with copper x-ray tubing. Operating 
potential and current were 35 kV and 28.8 mA, respectively. Samples 
were analysed between 4 and 70◦ 2θ at 2◦ per minute with a step size of 
0.02. The spectra produced were analysed in the Match! software to 
determine the mineral phases present in each sample.

2.4. Loss on ignition (LOI)

Loss on ignition was used to determine the organic matter content of 
the clay fraction from each of the three sites (CS-01, TS-01 and UBS-01). 
Clay samples were heated in a muffle furnace at 550 ◦C for 8–9 h. 
Organic contributions to the clay fraction were determined using the 
mass difference before and after heating.

2.5. Boron isotopes and content

The clay-sized fraction of sediments from the three monoliths, CS-01, 
TS-01 and UBS-01, were prepared and analysed for B isotopes at the 
Wollongong Isotope Geochronology Laboratory (WIGL). LS-02 was not 
analysed for B isotopes or major element concentrations due to lack of 
clay availability. Approximately 50 mg of each sub-sample was com
bined 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-Ω water by soni
cation, and the supernatant was isolated by centrifugation for chroma
tography. 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 exchange chromatography. Boron is not 
retained on the resin, and the elution was collected. Boron was further 
eluted with 2 mL of 0.01 M HCl. 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 (0.5 M) 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 HCl. Due to 
the high organic matter content of the samples, an additional sublima
tion step was required to improve the homogeneity of the final elution 
by separating boron from the dissolved organic matter, prior to analysis 
(Gaillardet et al., 2001). A 0.5 mL aliquot of the final elution solution 
was pipetted into the lid of a PFA vial. The vial was then closed upside 
down to ensure the 0.5 mL droplet remained in the lid. The lid was then 
tightly wrapped in aluminium foil and placed on its lid on a hotplate at 
110 ◦C for 3 h, following Roux et al. (2015). The samples were then 
allowed to cool for 20 min before slowly rotating the solution to capture 
the condensation from the walls of the vial. This was repeated for 4 
aliquots for each sample to ensure adequate B concentrations for anal
ysis by multi-collector inductively coupled plasma mass spectrometry 
(MC-ICP-MS).

Boron isotopes were measured by MC-ICP-MS with a Thermo Fisher 
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 μL min− 1 and a Scott Cyclonic Spray Chamber. 10B 
and 11B were collected in Faraday cups coupled with a 1011-Ω resistor. 
Tuning was performed to gain a sensitivity of 0.5 V of 11B 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 8.3 ± 2.4 ng B (2SE; n = 11). Mean measured 
δ11B values for ERM AE120 was − 20.53 ± 0.25‰ (2SE; n = 18), which 
is within error of the expected value (− 20.2 ± 0.6‰; Vogl and Rosner, 
2012). Mean measured δ11B values for USGS W2-a reference material 
was 11.77 ± 0.53‰ (2SE; n = 12) which is within error of the recom
mended value (12.2 ± 0.4‰; Gangjian et al. 2013). Precision was 
assessed by analysing replicate samples (n = 3), giving a 2SE of 

±0.30‰.
Boron concentration was also measured using MC-ICP-MS with a 

Thermo Fisher Neptune Plus™ at WIGL. The intensity on 11B of each 
sample solution was compared to that of the 50 ppb primary standard. B 
concentration was then determined using the masses of the sample so
lution analysed by MC-ICP-MS, the solution loaded onto the cationic 
exchange column and the mass of the clay sample processed by alkali 
fusion.

2.6. Major element composition

The clay size fraction after removal of organic matter was analysed 
for major element concentrations. Approximately 30 mg of each sample 
and USGS BHVO-2 reference material were dissolved in HF and HNO3, 
followed by aqua regia and H2O2. The samples were redissolved in 0.3 M 
HNO3 and then diluted 1:10. Major element concentrations were 
measured using a Perkin Elmer Optima 8000 inductively coupled 
plasma optical emission spectrometer (ICP-OES) at WIGL. The sample 
introduction system consisted of a concentric glass nebuliser and quartz 
spray chamber. Concentrations of each element were calibrated using 
100 ppm multi-element standards (PerkinElmer TruQ), diluted to 0.5, 1, 
5, 10, 25 and 50 ppm, ensuring that the r-squared value of the calibra
tion curve was >0.995 for each element. Measured values for the BHVO- 
2 Hawaiian Volcano Observatory Basalt were within error of the certi
fied value for Mg, Fe and Al and just outside of the expected range for Ca 
and P (Table 1). Two replicates were analysed to assess precision, 
showing 2SE values of ±0.39% (Al), ±0.02% (Ca), ±0.25% (Fe), 
±0.01% (Mg) and ±0.02% (P).

3. Results

3.1. X-ray Diffraction (XRD)

The results show a predominance of quartz in all of the samples, 
averaging ~70 % or greater for all except for one sample analysed 
(Supplementary Fig. 2). Kaolinite is also present, ranging from 16 to 
70% abundance. Three samples across the two sites showed the presence 
of calcite (4–18%).

3.2. Loss on ignition (LOI)

The organic matter content ranges from 26 to 60 wt%, 22 to 78 wt% 
and 23 to 73 wt% for CS-01, TS-01 and UBS-01, respectively. In TS-01, 
LOI decreases with increasing depth; however, there is no systematic 
trend with depth in CS-01 or UBS-01 samples (Supplementary Fig. 3).

3.3. Radiocarbon age-depth model

The age-depth models were determined by Ryan et al. (2025) using 
OxCal 4.4 (Bronk Ramsey, 2009) and produced sedimentation rates in 
line with those previously observed in the Blue Mountains (Fryirs et al., 
2014a; Freidman and Fryirs, 2015). Due to large differences in sedi
mentation rate, the three sites record different durations of time and 
therefore, have different resolutions, recording ~80 years, ~200 years 
and ~700 years for TS-01, CS-01 and UBS-01, respectively.

Table 1 
Certified and measured values for USGS BHVO-2 Basalt reference material.

Element Certified Value Measured Value (2SD; n = 2)

Magnesium 4.38 ± 0.03%a 4.55 ± 0.33%
Calcium 8.15 ± 0.04%a 8.39 ± 0.03%
Phosphorus 0.12 ± 0.01%a 0.07 ± 0.03%
Iron 8.67 ± 0.07%a 8.78 ± 0.62%
Aluminium 7.11 ± 0.03%a 7.09 ± 1.21%

a Determined from certified values of oxides.
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3.4. Boron isotopes

The boron (B) isotope composition ranges from − 0.58 to 4.45‰, 
− 8.19 to 2.51‰ and − 3.47 to 1.75‰ for CS-01, TS-01 and UBS-01, 
respectively. The CS-01 site shows positive excursions in the δ11B 
value at 11–13 cm and 14–15 cm (Supplementary Fig. 4A), corre
sponding to deposition years of 1917 (+44/–85)–1907 (+47/–94) CE 
and 1887 (+66/–160) CE, respectively (Fig. 2A). A significant negative 
excursion is evident at 9–10 cm, corresponding to 1938 (+36/–68) CE. 
The TS-01 site shows a small positive excursion in the δ11B value at 4–5 
cm, corresponding with 2000 (+16/–7) CE and negative excursions at 
12–13 cm and 14–15 cm, corresponding to 1979 (+11/–7) CE and 1974 
(+9/–8) CE, respectively (Fig. 2B). Finally, the UBS-01 site shows peaks 
in the δ11B value at 3–4 cm, 6–7 cm, and 11–12 cm (Supplementary 
Fig. 4C), corresponding with deposition years of 1987 (+17/–59) CE, 
1935 (+50/–81) CE and 1848 (+106/–117) CE (Fig. 2C). A negative 
excursion can be seen at 19–20 cm depth, which corresponds with 
deposition years of 1661 (+186/–110) CE. There appears to be no clear 
relationship between the B isotope composition of the clay-sized fraction 
of sediments and fire-affected sediments at any of the three sites. There 
is also no significant correlation between the B isotope ratio and any of 
the element concentrations measured.

Boron content in the clay-sized fraction of sediments averages ~15 
ppm at the three sites. Peaks are seen in the CS-01 site at 10–11 cm and 
16–17 cm, corresponding to deposition years of 1928 (+39/–77) CE and 
1877 (+73/–166) CE, respectively (Supplementary Fig. 5A and D). The 
TS-01 site shows positive excursions at 2–3 cm, 12–13 cm and 15–16 cm, 
corresponding with years of 2006 (+17/–8) CE, 1979 (+11/–7) CE and 
1971 (+9/–7) CE (Supplementary Fig. 5B and E). The peaks at 12–13 cm 
and 15–16 cm depth correspond with negative excursions in the δ11B 
value. There is no obvious trend with increasing depth. Finally, the UBS- 
01 site shows relatively constant B contents from 12 to 23 cm corre
sponding to the period from 1576 (+219/–103)–1830 (+117/–123) CE 
(Supplementary Fig. 5C and F). Above this, there is then a gradual 

decrease in B concentration with decreasing depth until the top 3 cm of 
the monolith, where B content once again increases from 3 to 0 cm. 
There is no correlation between changes in the B isotope ratio and B 
content at any of the three sites.

3.5. Major element concentrations

Aluminium concentrations at CS-01 range from 6.4 to 38.7 wt%. Two 
samples at CS-01 show significantly higher Al concentrations than the 
remaining samples (p = 0.039), with concentrations of 38.7 wt% (7–8 
cm) and 33.9 wt% (9–10 cm), corresponding with deposition years of 
1959 (+28/–51) CE and 1938 (+36/–68) CE (Fig. 3A). Below 8 cm 
depth, a general increasing trend with depth is observed (Fig. 3). The Al 
concentration of the TS-01 site ranges from 6.5 to 15.8 wt%, and 
negative excursions are observed at 7–8 cm and 19–20 cm, corre
sponding with deposition years of 1992 (+14/–7) CE and 1960 ± 7 CE, 
respectively (Fig. 3B), the latter of which corresponds with a fire- 
affected layer from the aromatic/aliphatic ratio in Ryan et al. (2025). 
The Al content at the UBS-01 site ranges from 9.1 to 19.9 wt% with a 
generally increasing trend with depth (Fig. 3C). The sediments at 0–2 
cm, corresponding to a deposition period of 2011 (+3/–31)–2017 
(+2/–10) CE, were identified as fire-affected layers. Like TS-01, there 
appears to be a decrease in Al content at 1–2 cm. Aluminium was used to 
normalise the concentrations of the other major elements studied, as it is 
largely unaffected by biological processes and is a conservative element 
that is not impacted by anthropogenic processes (Liaghati et al., 2003; 
Rönspieß et al., 2020). Extractable Al is typically associated with finer 
particles; therefore, it has been commonly used for normalisation to 
correct for the grain size effect (Liaghati et al., 2003).

The Ca content is low across all sites, averaging 0.066 wt% with a 
general decreasing trend with increasing depth. It ranges from 0.029 to 
0.091 wt% at CS-01, 0.011 to 0.11 wt% at TS-01 and 0.020 to 0.39 wt% 
at UBS-01 (Supplementary Fig. 7A–C). The Ca/Al ratio shows the same 
general trend with depth as the Ca concentration alone and shows 

Fig. 2. δ11B value (in ‰) as a function of modelled deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and C) Urella Brook Swamp 
(UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record between 1957 and 2020, 
where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue shading represents fires in 
the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the known fire record. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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smaller variation at the CS-01 site compared with TS-01 and UBS-01. It 
ranges from 0.29 to 0.84, 0.085 to 0.91 and 0.11 to 4.04 at the CS-01, 
TS-01 and UBS-01 sites, respectively (Fig. 4).

The average Mg content across the 3 sites is 0.23 wt%. The con
centration is low across all sites, ranging from 0.08 to 0.5 wt% at CS-01, 
0.1 to 0.3 wt% at TS-01, and 0.2 to 0.4 wt% at UBS-01 (Supplementary 

Fig. 3. Aluminium concentration (in wt%) as a function of modelled sediment deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and 
C) Urella Brook Swamp (UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record 
between 1957 and 2020, where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue 
shading represents fires in the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the 
known fire record. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Ca/Al ratio (unitless) as a function of modelled sediment deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and C) Urella 
Brook Swamp (UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record between 
1957 and 2020, where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue shading 
represents fires in the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the known fire 
record. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8). The Mg concentration was normalised to Al. Mg/Al ratios range 
from 0.83 to 1.5, 1.5 to 3.5, and 1.1 to 4.1 for CS-01, TS-01, and UBS-01, 
respectively. The Mg/Al ratio displays a general decreasing trend with 
increasing depth across all sites, with some correlation with the aro
matic/aliphatic ratio for the fire events at 1–2 cm in the UBS-01 
monolith and 19–20 cm in the TS-01 profile, corresponding with 
deposition years of 2011 (+3/–31) and 1960 ± 7 CE, respectively 
(Fig. 5). There is no significant correlation with fire events in the CS-01 
site.

The P content averages 0.88 wt% across the three sites, where con
centrations are higher in the CS-01 site, compared with TS-01 and UBS- 
01. It ranges from 0.51 to 3.8 wt% at CS-01, 0.2 to 0.8 wt% at TS-01, and 
0.21 to 1.1 wt% at UBS-01 and shows a general decreasing trend with 
increasing depth below 5 cm at the UBS-01 site (Supplementary Fig. 9). 
The concentration remains comparable across all depths at the TS-01 
site, with the exception of peaks at 0–1 cm, 9–10 cm and 15–16 cm, 
corresponding with deposition years of 2018 (+3/–2) CE, 1987 (+13/ 
–7) CE and 1971 (+9/–7) CE, respectively. Phosphorus concentrations 
at CS-01 show a general increasing trend with increasing depth from 
~10 cm. The P concentration was normalised to Al. At the CS-01 site, the 
P/Al ratio ranged from 6.2 (13–14 cm) to 12.4 (4–5 cm) and shows no 
consistent trend with depth (Fig. 6A). At TS-01, the P/Al ratio ranges 
from 2.1 (16–17 cm) to 6.2 (0–1 cm) and showed a general decreasing 
trend with increasing depth. Peaks are observed at 0–1 cm, 9–10 cm, 
15–16 cm and 19–20 cm depth, corresponding with deposition years of 
2018 (+3/–2) CE, 1987 (+13/–7) CE, 1971 (+9/–7) CE and 1960 ± 7 
CE, respectively (Fig. 6B). Finally, the UBS-01 site shows P/Al ratios 
ranging from 1.3 (20–21 cm) to 8.8 (4–5 cm). Similar to the TS-01 site, P 
concentrations at UBS-01 show a general decreasing trend with 
increasing depth. Two peaks are observed at 2–3 cm and 4–5 cm depth, 
corresponding with deposition years of 2004 (+6/–51) CE and 1969 
(+28/–65) CE (Fig. 6C).

Iron concentration ranges from 2.4 to 19.6 wt%, 0.8 to 2.9 wt% and 
3.0 to 9.6 wt% at CS-01, TS-01 and UBS-01, respectively 

(Supplementary Fig. 10). Fe concentrations at the TS-01 and UBS-01 
sites show a general decreasing trend with increasing depth. However, 
there is no clear trend in the CS-01 site. When normalised to Al, the Fe/ 
Al ratio ranges from 0.1 to 0.6, 0.1 to 0.2 and 0.2 to 0.7 at the CS-01, TS- 
01 and UBS-01 sites, respectively (Fig. 7). The Fe/Al ratio at all three 
sites shows a general decreasing trend with increasing depth. The CS-01 
site also shows a peak at 13–18 cm depth, corresponding with a depo
sition year range of 1872 (+76/–164) CE to 1892 (+63/–172) CE.

The Fe/P ratio ranges from 1.3 to 8.9, 1.8 to 5.0 and 5.6 to 15.4 for 
CS-01, TS-01 and UBS-01, respectively (Fig. 8). The CS-01 and UBS-01 
sites show an increased Fe/P ratio for fire-affected layers identified 
from the aromatic/aliphatic ratio at 1887 (+66/–170) CE (CS-01) and 
0–1 cm (UBS-01). However, there is a peak at 20–21 cm depth in the 
UBS-01 site that is not associated with a fire event identified by the 
aromatic/aliphatic ratio in the FTIR spectra. At the TS-01 site, however, 
the Fe/P ratio shows a decrease in the fire-affected layer at 1960 ± 7 CE.

4. Discussion

4.1. Boron isotopes

The boron isotope ratio of the clay-sized fraction was hypothesised to 
inform on fire severity. Using the expected depths of sediments 
recording fire events determined in Ryan et al. (2025), there is no clear 
relationship between the δ11B value and fire events in any of the three 
sites (Fig. 2). Ryan et al. (2025) analysed bulk sediments from all three 
sites using FTIR spectroscopy, showing that the aromatic/aliphatic ratio 
increased for sediments recording known high-intensity fire events. 
However, some of the known fire events have not been recorded in the 
FTIR spectrum of the sediments. This was hypothesised to be the result 
of insufficient rainfall post-fire to mobilise sediments (Ryan et al., 2025). 
In the Australian context, high-intensity fire events are typically 
canopy-consuming (Bradstock et al., 2010; Collins et al., 2014); there
fore, it was expected that sediments with high aromatic/aliphatic ratios 

Fig. 5. Mg/Al ratio (unitless) as a function of modelled sediment deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and C) Urella 
Brook Swamp (UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record between 
1957 and 2020, where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue shading 
represents fires in the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the known fire 
record. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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would also show increased δ11B values.
The three sites have a high organic matter content, particularly in the 

clay-sized fraction, as illustrated by LOI values in clay fractions of up to 

80%. LOI is a measure of the organic matter content lost by heating at 
550 ◦C and is a proxy for organic matter content. Soil organic matter 
content influences boron adsorption onto clays. More boron is typically 

Fig. 6. P/Al ratio (unitless) as a function of modelled sediment deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and C) Urella Brook 
Swamp (UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record between 1957 and 
2020, where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue shading represents 
fires in the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the known fire record. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Fe/Al ratio (unitless) as a function of modelled sediment deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and C) Urella Brook 
Swamp (UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record between 1957 and 
2020, where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue shading represents 
fires in the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the known fire record. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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adsorbed onto soil organic matter than onto inorganic mineral soils, due 
to competitive adsorption (Yermiyahu et al., 2001; Goldberg and Suarez, 
2012; Goli et al., 2019). Kaolinite, which is the dominant clay mineral in 
the THPSS sediments, contains ~7 ppm of B (Fleet, 1965). This is 
compared to the up to several 100's ppm of B present in organic matter 
(Goodarzi and Swaine, 1994; Williams et al., 2001). Therefore, it is most 
likely that the changes in δ11B are a reflection of the B isotope compo
sition of the organic matter, which is overprinting any changes to the 
clay fraction post-fire. The positive excursions resulting from fire events 
observed by Ryan et al. (2023) occurs over a relatively narrow range 
compared to existing studies of plant material, which can range from 
~–9 to +24 ‰ (Roux et al., 2022). Therefore, the fire signature imparted 
to the clay-sized fraction of the three swamps may be overprinted by the 
organic matter contributions to the <2 μm fraction.

Lu et al. (under review) analysed the δ11B values of leachates from 
charcoals formed at different fire severities. The natural variation of 
δ11B values between individual trees did not overprint changes invoked 
by combustion, assuming lithology was comparable. Leachates from 
bark combusted at low severity showed higher δ11B values compared to 
leachates from moderate to extreme severity fires. This was hypoth
esised to result from the possible crossing of a temperature threshold 
during fires of moderate severity or above that increases volatilisation of 
11B, thus enriching 10B in the charcoal fraction. Therefore, in organic- 
rich sediments, where the B isotope signature imparted to the clay- 
sized fraction from the fire may be overprinted by the organic frac
tion, analysis of the B isotope composition of the charcoal fraction may 
be more suitable for distinguishing fire severity.

4.2. Major element concentrations

High concentrations of Al were expected in the swamp samples due 
to the predominance of kaolinite. Aluminium associated with clays is 
important because it influences the physical properties of clays and their 
reactions with organic and inorganic anions (Smith and Emerson, 1976). 

Decreases in Al content were associated with fire-affected sediments 
identified in the known fire record and may result from dilution caused 
by increased deposition of other ions in the form of ash (Könönen et al., 
2015).

The Ca/Al ratio has been used to determine the presence of CaCO3 in 
sediments (Sundararajan and Natesan, 2010). Combustion of wood 
mineralises a number of elements, resulting in the formation of car
bonates and hydroxides, which are enriched in Ca, among other alkaline 
metals (Etiegni and Campbell, 1991). Calcium carbonate is typically 
formed at temperatures between 350 and 400 ◦C and increases rapidly 
with fire intensity; however, this is dependent on the plant species burnt 
(Quintana et al., 2007). Ash deposition can significantly alter the pH 
range of the swamps, disrupting natural ionic balance and nutrient 
distribution as well as increasing natural weathering rates. Therefore, it 
is important to understand how this has changed through time. The Ca 
content was normalised to Al to determine possible changes in CaCO3 
content attributed to wood ash inputs. The peaks in the aromatic/ali
phatic ratio at 1882 (+84/–101) CE and 1737 (+157/–121) CE in the 
UBS-01 site, 1960 ± 7 in the TS-01 site, and 1887 (+66/–160) CE in the 
CS-01 site are not associated with increases in the Ca/Al ratio. The hy
drological regime of upland swamps is complex and varies widely be
tween individual swamps. The THPSS are largely groundwater driven, 
where increased water levels typically peak 1–2 days after the rainfall 
event (Hardwick, 2020). This is due to the porous, fibric soils of the top 
~50 cm, which efficiently absorb and redistribute rainwater (Fryirs 
et al., 2014a). In undisturbed swamps, a strong nutrient gradient exists, 
where slope and elevation can create different environmental and 
drainage conditions, and vegetation distributions (Keith and Myer
scough, 1993). Ca is highly labile and susceptible to leaching (Lampela 
et al., 2014). Therefore, it is possible that contributions from ash were 
redistributed in short succession following the fire, and concentrations 
were not high enough to induce any long-term changes to the pH or 
overall swamp system.

A peak in the Ca/Al ratio is evident at the surface of the TS-01 and 

Fig. 8. Fe/P ratio (unitless) as a function of modelled sediment deposition year (in CE) for A) Corral Swamp (CS-01), B) Timmy's Swamp (TS-01) and C) Urella Brook 
Swamp (UBS-01). Gaps in the CS-01 profile are due to lack of clay availability for analysis. Shaded bars represent fires from the known fire record between 1957 and 
2020, where red shading represents fires identified in Ryan et al. (2025) using the aromatic/aliphatic ratio of FTIR spectra in sediments, and blue shading represents 
fires in the known record that were not correlated with peaks in the aromatic/aliphatic ratio. The grey dotted line represents the extent of the known fire record. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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UBS-01 sites and may correspond to the 2019–20 “Black Summer 
Bushfires”. In the case of the TS-01 site, there was no peak in the aro
matic/aliphatic ratio corresponding to the 2019–20 bushfires. This may 
suggest that there was some burning of the heath vegetation, resulting in 
an increase in the Ca/Al ratio; however, this is unlikely given that grass 
fuels typically produce much lower quantities of ash (Cook, 1994). 
Previous studies have shown increased Ca content in the surface sedi
ments of swamps as a result of vegetation redistribution (Weiss et al., 
2002). Thus, this may explain the increased Ca/Al ratio at the surface of 
the TS-01 and UBS-01 monoliths.

Mg concentrations can also reflect the contributions from wood ash 
(Demeyer et al., 2001). Magnesium requires temperatures greater than 
1107 ◦C for volatilisation (Dikici and Yilmaz, 2006). Studies from a fire 
event in southwest Victoria found that 16–40 wt% of Mg was lost to the 
smoke column (Flinn et al., 1979), therefore, the majority of Mg con
centrates in the wood ash fraction during a fire event, even after a 
high-severity fire (Dikici and Yilmaz, 2006; Pereira et al., 2012). Higher 
Mg/Al ratios are associated with peaks in the aromatic/aliphatic ratio of 
sediments recording fire events in 2011 (+3/–31) CE (UBS-01) and 1960 
± 7 CE (TS-01), suggesting greater correlation with the fire-affected 
sediments than the Ca/Al ratio. However, there is also a peak in the 
Mg/Al ratio at the surface of the TS-01 site. Francos et al. (2020) found 
that the increase in the Ca/Al ratio were typically confined to short 
periods after the fire event. This may explain the correlation with the 
Mg/Al ratio at the surface of the swamp, while the sediments recording 
older fire events are not associated with a peak in the Ca/Al ratio.

The Mg/Al ratio can also be used as an indicator for the composition 
of clay minerals that are transported to a catchment (Sundararajan and 
Srinivasalu, 2010; Natalicchio et al., 2019). Low Mg/Al ratios typically 
reflect the predominance of Mg-poor clay minerals, whilst higher Mg/Al 
ratios are indicative of more Mg-enriched minerals such as chlorite 
(Sundararajan and Srinivasalu, 2010; Natalicchio et al., 2019). As shown 
by the XRD data, the mineral fraction of the swamp sediments is 
dominated by quartz and kaolinite, both of which are Mg-depleted 
(Mayland and Wilkinson, 1989). Therefore, the low Mg/Al ratios 
likely indicate the predominance of Mg-depleted minerals throughout 
the recorded period.

A strong positive correlation is seen between the P/Al and Fe/Al 
ratios at both TS-01 and UBS-01 sites, with correlation coefficients of 
0.91 and 0.65, respectively. This is in agreement with previous studies, 
which also show a strong correlation between P/Al and Fe/Al ratios 
(Hinrichs et al., 2001; Rönspieß et al., 2020). The CS-01 site shows a 
correlation coefficient of − 0.18. This may be due to missing data due to 
insufficient clay content for analysis, resulting in fewer data over a small 
range. Iron and Al oxides have a high sorption capacity for organic and 
inorganic-bound P, particularly when they are in amorphous forms 
(Niedermeier and Robinson, 2009; Kjaergaard et al., 2012). Low P/Al 
and Fe/Al ratios have been associated with anoxic conditions (Hinrichs 
et al., 2001; Sundararajan and Natesan, 2010; Sundararajan and Srini
vasalu, 2010). When conditions are anoxic, Fe(III) oxides are subjected 
to microbial-induced reductive dissolution, which results in the release 
of adsorbed phosphate into solution (Kjaergaard et al., 2012). The P/Al 
and Fe/Al ratios of both TS-01 and UBS-01 show a general decreasing 
trend with increasing depth. This could suggest increasingly anoxic 
conditions with increasing depth, possibly resulting from increased 
water saturation or microbial activity with depth (Kjaergaard et al., 
2012). Fire layers identified from the FTIR spectra in all three sites also 
show higher P/Al and Fe/Al ratios, suggesting more oxic conditions. 
Fire-affected sediments typically experience reduced microbial activity 
due to modifications to microbial communities (Certini, 2005; Guénon 
et al., 2013), suggesting a greater retention of P in these layers.

The Fe/P ratio has been used to assess whether sediments are 
absorbing or desorbing P into the pore water (Sulwiński et al., 2020). 
Lower Fe/P ratios have been suggested to indicate that soluble P is 
unable to be retained by the sediments and is released into the water 
fraction (Norgbey et al., 2021). Lower Fe/P ratios can be influenced by 

the depletion of iron and increased release of P into the pore water (Zak 
et al., 2009). In contrast, higher values signify the adsorption of P due to 
the formation of insoluble Fe/Mn oxides under oxic conditions (Norgbey 
et al., 2021), however, under the pH range of most natural waters, P has 
a higher affinity to Fe(III) than Mn(IV) (Bortleson and Lee, 1974). 
Monitoring the concentration of P in swamp deposits post-fire, partic
ularly when events coincide with drought, is important for water qual
ity. Increases in P concentrations can lead to eutrophication (Geurts 
et al., 2009; Niedermeier and Robinson, 2009). Higher Fe/P ratios for 
fire-affected sediments at CS-01 and UBS-01 suggest increased adsorp
tion of P onto sediments, whilst increased release of P into the pore 
water is observed in fire-affected sediments at the TS-01 site. The TS-01 
site shows the lowest Fe content across all samples compared to CS-01 
and UBS-01, suggesting less adsorption. A number of mechanisms 
have been proposed for the adsorption/desorption of P, including 
decomposition of Fe/Mn oxides under anaerobic conditions, particle 
size, organic matter decomposition and changes in pH and redox po
tential (Bortleson and Lee, 1974; Norgbey et al., 2021), many of which 
have the potential to change the Fe/P ratio in these sediments.

5. Conclusion

We aimed to assess the changes in the chemistry of THPSS sediments 
following fire using XRD, LOI, B isotopes and major element concen
tration analysis. Quartz and kaolinite were the predominant minerals 
present due to the Hawkesbury sandstone bedrock. Calcite was also 
present in some of the samples. This influenced the abundance of the 
major element concentrations analysed, particularly Al and Mg, which 
were high and low, respectively, highlighting their presence in kaolinite. 
Small increases in the Ca/Al ratio were suggested to record the 
2019–2020 bushfires; however, these increases were not preserved for 
older fire events, suggesting redistribution of ash-derived Ca in short 
succession post-fire due to the high mobility of Ca. The Mg/Al ratio also 
increases for fire-affected sediments, suggesting contributions from 
wood ash or altered mineral contributions. The P/Al and Fe/Al ratios 
suggested increasingly anoxic conditions with depth, likely due to 
greater water saturation, while fire-affected sediments at two sites (CS- 
01 and UBS-01) showed more oxic conditions, possibly due to altered 
microbial activity post-fire. Further work is needed to determine the 
ability of the major element concentrations of sediments to reconstruct 
past fire events, particularly that of older fire events and retrospective 
assessments of altered water quality postfire. The organic contribution 
to the <2 μm fraction was high across all sites, overprinting any changes 
in the B isotope ratio imparted to clays following a fire event. Therefore, 
the use of the B isotope composition of the clay-sized fraction to detect 
past high-severity fire events appears to be better suited to more 
mineral-dominated sediment deposits. In more organic-rich sediments, 
analysing the B isotope ratio of charcoal may be a better indicator of fire 
severity. Future work is needed to determine the fire severity of older 
recorded fire events in the Blue Mountains region to better assess 
ecosystem response and the potential impacts of the fire.
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