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Abstract Understanding past fire regimes and how they vary with climate, human activity, and vegetation
patterns is fundamental to the mitigation and management of changing fire regimes as anthropogenic climate
change progresses. Ash-derived trace elements and pyrogenic biomarkers from speleothems have recently been
shown to record past fire activity in speleothems from both Australia and North America. This calls for an
empirical study of ash geochemistry to aid the interpretation of speleothem palaeofire proxy records. Here we
present analyses of leached ashes collected following fires in southwest and southeast Australia. We include a
suite of inorganic elemental data from the water-soluble fraction of ash as well as a selection of organic analytes
(pyrogenic lipid biomarkers). We also present elemental data from leachates of soils collected from sites in
southwest Australia. We demonstrate that the water-soluble fraction of ash differs from the water-soluble
fraction of soils, with trace and minor element concentrations in ash leachates varying with combustion
completeness (burn severity) and sample location. Changes in some lipid biomarker concentrations extracted
from ashes may reflect burn severity. Our results contribute to building a process-based understanding of how
speleothem geochemistry may record fire frequency and severity, and suggest that more research is needed to
understand the transport pathways for the inclusion of pyrogenic biomarkers in speleothems. Our results also
demonstrate that potential contaminant loads from ashes are much higher than from soils, with implications for
the management of karst catchments, which are a critical water resource.

Plain Language Summary Understanding past fire activity is necessary to develop effective land
management strategies to manage activity. Recently, stalagmites (naturally forming cave decorations) have
been shown to record past fire information through chemical changes. The chemical changes are due to post-fire
leaching of wildfire ash. By investigating wildfire ash chemistry, we will be able to improve our interpretations
of the stalagmite past fire signal. Our results show that ash chemistry from Australian fires varies with burn
severity and sample location, and that the ash chemistry and soil chemistry differ. Results suggest that
stalagmites may record burn severity as well as fire frequency. We also suggest that the potential impact of high
concentrations of potential contaminants in wildfire ash on karst aquifers should be further investigated.

1. Introduction

Wildfires occur on all ice-free continents, affecting about 40% of the terrestrial biome (Chapin et al., 2011). Each
year, an estimated ~300—-460 million ha burn globally (Giglio et al., 2006; Lizundia-Loiola et al., 2020; Wei
etal., 2021). Globally, there has been an observed increase in fire weather, which has contributed to an increase in
burned area in some regions (noting that fire occurrence is modulated by more than just dangerous fire weather)
(Jones et al., 2022). Observational records are too short to fully understand fire regimes, so proxy palaeofire data
are sourced from natural archives such as sediment cores, ice cores, and tree scars. These proxy archives have
allowed past fire activity to be reconstructed at local (e.g., Rehn et al., 2021), continental (e.g., Zennaro
et al., 2015), and global scales (e.g., Marlon et al., 2008). In recent years, speleothems (primarily stalagmites)
have been developed as archives of past fire activity, with both inorganic proxies (predominantly trace metals)
and pyrogenic biomarkers used to investigate past fire activity (Argiriadis et al., 2019, 2023; M. Campbell
etal., 2023; Homann et al., 2022, 2023; McDonough et al., 2022). The inorganic fire proxy signal in speleothems
is thought to be sourced from ashes deposited over the cave, which are subsequently leached by rainfall, trans-
ported via karst flowpaths, and deposited with speleothem calcite. It is less clear whether the pyrogenic biomarker
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signal is transported via the leaching of ashes or via aerosol inputs (Homann et al., 2023), although Homann
et al. (2022) sampled cave dripwaters and demonstrated in that cave that levoglucosan was transported with
infiltrating waters through the karst. In any case, refining the interpretation of speleothem palaeofire proxies calls
for an empirical study of the geochemistry of ash to inform the interpretation of both organic and inorganic
speleothem fire proxy records.

Ash from combusted biomass is generally comprised of charred organic components and minerals. At lower
temperatures (usually <450°C), ash is mostly comprised of organic carbon, while at higher temperatures (>450°
C), ash is comprised mostly of minerals as inorganic carbonates, and at very high temperatures (>580°C), most
remaining minerals are present as oxides (Bodi et al., 2014; Certini, 2005). Ash color is generally related to
combustion completeness, with dark, organic-rich ashes formed at lower degrees of combustion, and lighter
mineral-rich ashes formed due to greater combustion completeness (Bodi et al., 2014; Roy et al., 2010; Stro-
nach & McNaughton, 1989). White ash is usually more alkaline than black ash due to the solubilization of major
elements in ash (Bodi et al., 2014; Pereira et al., 2012; Ulery et al., 1993), with ash pH generally ranging from 9.0
to 13.5 (Khanna et al., 1994; Misra et al., 1993; Yusiharni & Gilkes, 2012). Ash is an expected source of certain
elements owing to its sequestration within plant biomass, both living and dead. Calcium, Mg, K, Si, P, Na, S, Al,
Fe, Mn, Zn, and associated carbonates (e.g., CaCO5, MgCO;, and K,CO;) are normally the dominant inorganic
constituents of ash (Bodi et al., 2014; Gabet & Bookter, 2011; Pereira & Ijbeda, 2010; Qian et al., 2009).
However, their relative amounts and proportions of different elements vary considerably as different elements are
volatilized to a lesser or greater extent depending on the temperature of combustion (Bodi et al., 2014; Hogue &
Inglett, 2012). Concentrations of elements in ash also reflect differences in sources, that is, which tissues (leaf or
wood) have been combusted, as well as variation among species (e.g., Yusiharni & Gilkes, 2012). Sanchez-Garcia
et al. (2023) reported that the large variance in their global wildfire ash concentration data set was due to the
ecosystem, burn severity, land use history (resulting in legacy contamination) and in situ leaching by rainfall prior
to sample collection. In experimental settings, hotter combustion temperatures have been shown to result in Ca/
Mg ratios in ash leachates of <1 (Marion et al., 1991; Ubeda et al., 2009). However, in ashes from both
experimental studies and wildfires with known burn temperature or severity (Balfour & Woods, 2013; Miotlifiski
et al., 2023; Pereira et al., 2012; Sanchez-Garcia et al., 2023; Santin et al., 2015; Ubeda et al., 2009), the response
of both Ca and Mg to burn severity is variable, and none of the published concentrations support the hypothesis
that this ratio indicates burn severity.

The legacies of fire impacts on ash and soil are also evident in organic compounds resulting from the combustion
of plant material. Pyrogenic biomarkers such as levoglucosan and polycyclic aromatic hydrocarbons (PAHs) are
used to investigate past fire activity in environmental archives such as ice and sediment cores, and speleothems
(Argiriadis et al., 2019, 2023; Denis et al., 2012; Homann et al., 2022, 2023; Rubino et al., 2016; Vachula
et al., 2019). Levoglucosan (1,6-anhydro-f-d-glucopyranose) is a water-soluble anhydrosugar which is formed
through the thermal breakdown of cellulose and hemicellulose (Bhattarai et al., 2019; Elias et al., 2001; Li
et al., 2021; Simoneit et al., 1999). Levoglucosan is source specific, and unlike other pyrogenic biomarkers, it is
not produced by the combustion of fossil fuels, making it a reliable tracer of biomass burning (Elias et al., 2001).
While normally associated with particulate matter and smoke, levoglucosan has been shown to be present in black
char (Kuo et al., 2008; Otto et al., 2006). Levoglucosan yield from black char has been shown to vary with
temperature and plant species (Kuo et al., 2008). Levoglucosan is semi-volatile and can be transported with smoke
in the atmosphere, where it has an atmospheric life of ~26 days (Bai et al., 2013). PAHs are organic molecules
characterized by two or more aromatic rings which form by incomplete combustion of biomass and fossil fuels. In
the modern era, anthropogenic inputs (e.g., fossil fuels) are the dominant source, and in sediment cores the most
recent deposits can be greatly enriched relative to pre-industrial levels (Perrette et al., 2008; Wakeham
et al., 1980). The amount and type of PAHs formed by fire are controlled by the maximum temperature, duration,
and oxygen level (Blumenstock et al., 2000; Johansson and van Bavel, 2003). At temperatures up to 400°C, low
molecular weight PAHs (<252 g/mol; 4-ring compounds) are more abundant in post-fire soils than high mo-
lecular weight PAHs (>252 g/mol; 5-ring compounds) (Kim et al., 2011; Rey-Salgueiro et al., 2018; Simon
et al., 2016). Karp et al. (2020) describe a temperature optimum for PAH formation between 400 and 600°C.
While PAHs adsorb onto organic matter, which limits degradation and bioavailability, levels in post-fire soils
have been shown to decline to pre-fire concentrations over time as leaching and erosion mobilizes PAHs (Kim
et al., 2011; Simon et al., 2016; Yang et al., 2010). Some research has attributed high soil PAH levels to ash
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Figure 1. Map of Australia showing the four ash collection locations. The aridity index is also mapped according to Zomer
et al. (2022). (a) Australia, with collection sites indicated. (b) Southwest WA, with collection sites at Yanchep, Calgardup
Cave, and Golgotha Cave indicated. (c) The Macleay region, with collection sites indicated. The base Australia map is the
GEODATA TOPO 250K Series 3 (Geoscience Australia, 2006).

deposition, while others have suggested that the ash bed is not a source of PAHs for soils, and that PAHs are
instead mobilized and transported to waterways rather than infiltrating (Kim et al., 2011; Simon et al., 2016).

Speleothems are excellent geochemical archives of past surface environmental change (e.g., Cheng et al., 2016;
Dominguez-Villar et al., 2009). While speleothem proxies have recently been used to investigate past fires (see
Argiriadis et al., 2023; Homann et al., 2022, 2023; McDonough et al., 2022), a process-based understanding of the
formation of fire proxies (both organic and inorganic) and how they reflect fire activity is needed to (a) build
confidence in speleothems as archives of past fire, and (b) determine whether and how speleothems can record
past fire severity as well as frequency. Here we present analyses of inorganic proxies in the water-soluble fraction
of ash and soil samples collected from southwest and southeast Australia, and organic pyrogenic biomarkers from
the solvent-extracted fraction of ashes. We present a suite of elemental data, as well as electrical conductivity
(EC), pH, and alkalinity for ash and soil leachates, and a limited number of pyrogenic biomarkers for a subset of
ash samples. The results presented here will aid the interpretation of both organic and inorganic palaeofire proxy
data in natural archives such as speleothems and sediment cores. Understanding wildfire ash chemistry in the karst
environment also has implications for water resource planning and contamination risk management.

2. Site Description and Methods
2.1. Site Descriptions
2.1.1. Southwest Australia

We collected ash and soil samples from two regions in southwest Australia: Yanchep National Park in the Perth
region and Leeuwin-Naturaliste National Park in the Capes region (Figure 1). Yanchep National Park (hereafter,
“Yanchep” or “the National Park™) is located ~47 km north of Perth, Western Australia. The underlying geology
is the Tamala Limestone, a Pleistocene aeolianite (Playford et al., 1976). The climate is characteristically
Mediterranean, with cool, wet winters and hot, dry summers, with most rainfall occurring during the winter
(McDonough et al., 2022). Vegetation in the region generally follows a progression inland from dune vegetation
dominated by sedges, rushes, and rhizomatous grasses to coastal heath, limestone heath, and then Banksia-
dominated woodland, with some wetland present (Fontaine, 2022). Eucalypt and Melaleuca woodlands are also
widespread. Ash samples were collected at Yanchep between 6-8 January 2020, following a severe wildfire
between 11-15 December 2019 in a region of the National Park where vegetation is comprised of a tuart
(Eucalyptus gomphocephala) overstorey with an understorey of banksia heath, interspersed by occasional
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wetland. The 2019 fire burned ~12,300 ha, but with some variability, such that a range of burn severity classes are
represented (Fontaine, 2022). An analysis of the differenced Normalized Burn Ratio (ANBR; see Text S1 in
Supporting Information S1) shows that the most common severity class was “Moderate-high severity”, repre-
senting ~5,200 ha (ANBR between 0.44 and 0.659; Key & Benson, 2006). See Text S1 in Supporting Infor-
mation S1 for a dNBR map of this event. 1.6 mm of precipitation was recorded at the nearest BOM weather station
(Gingin, station number 9178, >18 km from the site) in the interval between the fire and the sample collection.
Soil samples were collected from two sites within Yanchep National Park in 2022, see Section 2.3 for the
sampling protocol.

Both ash and soil samples were collected from above the Calgardup and Golgotha caves in the Capes region of
southwestern Western Australia, between Cape Leeuwin and Cape Naturaliste (Figure 1). As for Yanchep, the
underlying geology is Tamala Limestone, and the climate is also Mediterranean, although annual precipitation is
higher, and temperatures are more moderate than at Yanchep. The vegetation community at Golgotha Cave is
eucalypt open forest characterized by a mixed canopy of marri (Corymbia calophylla) and jarrah (E. marginata)
with occasional karri (E. diversicolor) on the ridge above the cave, and tall open karri forest below the cave. The
understorey is a mixture of Agonis flexuosa, Trymalium spathulatum, Podocarpus drouynianus, Xanthorrhoea
preissii, Bossiaea disticha, and Templetonia retusa (Treble et al., 2016). The Golgotha Cave ash samples were
collected from above the cave on 14 January 2022, following a wildfire that ignited on 8 December 2021 and
which burned nearly 8,000 ha in the Leeuwin-Naturaliste National Park (DBCA-060 Fire History database;
https://catalogue.data.wa.gov.au/dataset/dbca-fire-history). Of those ~8,000 ha, ~5,400 ha are classified by
dNBR as being of “High Severity” (ANBR >0.66; Key & Benson, 2006), and ~1,400 ha classified as “Moderate-
high severity.” See Text S1 in Supporting Information S1 for a INBR map of this event. The nearest BOM
weather station (Forest Grove, station number 9547, ~3.8 km from the site) recorded 5.4 mm of precipitation in
the interval between the fire and ash sampling.

Dominant vegetation at Calgardup Cave is a low open forest of jarrah and marri with a dense and diverse
understorey comprised mainly of Banksia, Xanthorrhoea, Hakea, and Melaleuca species close to the cave
entrance, but which grades into a mix of marri-jarrah and karri to the southwest. The Calgardup Cave ash samples
were collected from above the cave in August 2018, one day after a low-intensity prescribed burn. The fire was
small, highly localized, and cloud cover was too heavy for ANBR analysis of this event. However, the post fire
condition showed that no canopy was burnt, indicating that severity was overall low. 0.7 mm of precipitation was
measured at Calgardup after the prescribed burn but prior to ash sample collection. Soil samples were collected
opportunistically from above both the Calgardup and Golgotha caves, and from six other sites in the Leeuwin-
Naturaliste National Park between 2006 and 2022.

2.1.2. Southeast Australia

Ashes were collected from the Macleay Karst Arc located in the Mid North Coast of New South Wales (NSW),
southeast Australia (Figure 1). The underlying geology is a Permian limestone comprising a basal calcareous
mudstone, a central unit of crinoidal limestone, and discontinuous reef limestones (NSW Department of Envi-
ronment, Climate Change and Water, 2011). The climate is temperate humid sub-tropical, with strong temper-
ature seasonality, and a seasonal bias in precipitation with most precipitation occurring in summer (Baker
et al., 2020). Vegetation is varied, with some subtropical rainforest interspersed with cleared areas. Ash samples
were collected on 1 February 2020 following the Carrai East fire, which burned from October 2019 to January
2020 during the Australian “Black Summer” fire season. The fire burned ~150,278 ha (NSW Rural Fire Ser-
vice, 2020). NBR analyses suggest that this includes ~42,000 ha burned at high severity, and ~75,000 ha burned
at moderate-high severity, noting that the unusual length of the event (2 months) may have skewed the dNBR
results (see Text S1 in Supporting Information S1). The closest BOM weather station (Toorooka (Moparrabah),
station number 59055, ~5 km from the site) recorded 47 mm of precipitation between 8 November 2019 and
sample collection, noting that after the 31 December 2019 the station was not functional. The second closest BOM
weather station (Bellbrook, station number 59122, ~15 km from the site) recorded 122 mm of precipitation
between fire ignition and sample collection, noting that reported data for the entire period is not quality assured.
No soil samples were collected from southeast Australia, as the site was not accessible due to extensive flood
damage in 2022 following the fires in 2019/2020.
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2.2. Fire Histories

Fire histories for each site were extracted from databases. The Western Australian Department of Biodiversity,
Conservation, and Attractions maintains a spatial data set of known fires in Western Australia (DBCA-060 Fire
History), with fire event polygons, fire type, fire size, and approximate dates, among other fields (https://cata-
logue.data.wa.gov.au/dataset/dbca-fire-history, accessed November 2022). The earliest fires recorded in the
database are from 1937, and known issues include missing events and inaccurate dating (Dixon et al., 2022). The
NSW National Parks and Wildlife Service (NPWS) maintains a data set of wildfire and prescribed burn events
which occurred within the NPWS estate as well as some fire events which occurred or extended beyond the estate
(NPWS Fire History—Wildfires and Prescribed Burns; https://datasets.seed.nsw.gov.au/dataset/fire-history-
wildfires-and-prescribed-burns-1e8b6, accessed in November 2022). The database includes fields which describe
the fire extent and type of fires which have occurred since 1920, and was last revised in October 2022.

The two fire history databases were interrogated using QGIS (3.28.0) and R (version 4.3.1), with the dplyr (1.1.2),
sf(1.0.14), and rgdal (1.6.7) packages (Bivand et al., 2021; Pebesma, 2018; QGIS Development Team, 2022; R
Core Team, 2023; Wickham et al., 2020), and fire histories for each ash and soil sampling location were extracted.
Scripts detailing this process are available in the supplementary data set (M. Campbell et al., 2024). These fire
histories are represented in the data set as two variables—the number of years since the last fire prior to collection
(i.e., the penultimate fire for ash samples), and the total number of fires experienced for each sample location prior
to collection. Some manual corrections were made to the fire histories where the spatial resolution of the database
was insufficient to accurately delineate between burned and unburned sites at the fire edge. Where the location
had not experienced a fire during the observational period (i.e., 8 of the 9 Macleay samples), the years since the
last fire was given as 100 years, the length of the NPWS database.

For the length of the fire history databases, most sample sites had experienced at least one fire during the
observational period, with a median number of fires of four and a maximum of nine. Of the sampling sites,
Macleay sites had had the fewest total fires, Yanchep sites had experienced between three and nine fires, Golgotha
Cave experienced between four and five fires, and Calgardup Cave had five recorded fires.

The median period since the last fire for all sample locations was 14 years, and 88% of sample locations had
burned in the 50 years prior to collection. For the ash samples, sample sites above Calgardup Cave and at Yanchep
had burned most recently (years since previous fire were 10 and 14 years, respectively). Sample locations above
Golgotha Cave were last burned 16 years before sample collection. Most Macleay sample locations had no
recorded fires, but one sample site had burned 18 years prior to sample collection.

2.3. Sampling Protocols

Forty-three ash samples were opportunistically collected from the ground surface following fire events at the sites
described above. Ash samples were collected one day after the fire at Calgardup Cave, ~1 month post-fire at
Golgotha Cave and Yanchep National Park, and within 3 months of the fire at Macleay. Ashes were classified
according to a simple color classification: black, gray, red, and white (Figure 2). Ash sampling was targeted for
inorganic analyses in the first instance. Plastic equipment was used to collect and store the samples to avoid
contamination with metals. At Golgotha Cave (the most recent site sampled), a duplicate data set was collected
specifically for organic geochemistry analyses. These samples were collected using metal implements and stored
in aluminum foil to minimize plastic contamination. A limited number of samples from Yanchep, Calgardup
Cave, and Macleay, which were collected with the inorganic sampling protocol, were subsequently also analyzed
for lipid biomarkers. Samples collected for inorganic analyses were stored in plastic zip loc bags in a cool storage
room. Samples collected for organic analyses were stored in aluminum foil in a cool storage room.

Ash samples are not evenly distributed by either site or ash color. A greater number of samples were collected at
Yanchep, with the fewest samples collected at Calgardup Cave (Figure 2). More gray and black samples (n = 17
and n = 16, respectively) were collected than red and white samples (n = 1 and n = 9; Figure 2). This is due to the
opportunistic nature of sampling, which largely relied on volunteer efforts.

A total of 44 soil samples were collected from 10 sites in southwest Australia in 2006, 2015, and 2022. The 2006
and 2015 sampling targeted the Capes region sites, while 2022 sampling targeted both the Capes region and
Yanchep National Park (see Table S1 in Supporting Information S1 for a list of soil sampling locations). The 2006
samples collected from above Golgotha Cave were collected as part of sample collection for Treble et al. (2016),
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Figure 2. Distribution of ash samples by location (a), ash color (b), and both location and ash color (c).

while 2015 Capes region samples were targeted at sites that had experienced recent fires (e.g., Moondyne in 2003)
and sites which had not burned in decades (e.g., above Jewel Cave which last burned in 1961). 2022 sampling was
undertaken on sites which had burned in recent years at both Yanchep and in the Capes region, some of which had
previously been sampled in 2006 and/or 2015. Sampling protocol was to collect soil at depths of 0—10 and 10—
20 cm (for one sample only the top 5 cm of soil was collected). Samples collected in 2006 were collected from the
vertical face of a large pit. While metal implements were used in the pit excavation and bulk sample collection, the
large samples (1-2 kg) minimize any potential contamination. Samples collected in 2015 and 2022 were taken
with a plastic trowel from small pits to minimize metal contamination. In all instances, care was taken to minimize
the mixing of surface and subsurface soils, and all samples were stored in plastic sample bags. For statistical
analyses, all samples were categorized as sampled from 0-10 or 10-20 cm. Samples were not evenly selected by
site or location, with a larger number of samples collected from the Capes region than from Yanchep. More than
20% of the samples were collected at Golgotha Cave.

2.4. Inorganic Analyses

Inorganic geochemistry was undertaken on all ash and soil samples at the Isotope Tracing in Natural Systems
laboratory at ANSTO, Lucas Heights, Australia. Ash leachates were extracted from unhomogenized samples
using the USGS field leach test (Hageman, 2007). The sample was mixed with deionized water at a ratio of 1:20
by weight, agitated for 15 min, and then rested for 10 min. The supernatant was filtered using 0.45 pm pore-size
nitrocellulose filters and alkalinity and pH measurements were performed using a Metrohm 862 Compact
Titrosampler following Standard Methods for the Examination of Water and Wastewater, Method 4500-CO, D.
Carbon Dioxide and Forms of Alkalinity by Calculation (American Public Health Association, American Water
Works Association, Water Environment Federation et al., 2017). EC for a subset of samples was measured by a
Radiometer CDM92 conductivity meter. A sub-sample was acidified with Merck Suprapur HNO; to 1% (vol/vol)
for cation analysis by inductively coupled plasma atomic emission spectroscopy and inductively coupled plasma
mass spectrometry, and an unacidified portion was retained for anion measurement by ion chromatography (IC).
For the elemental analyses, procedural blanks were analyzed and are presented in Tables S2 and S3 in Supporting
Information S1. No blank corrections were performed, as most blank concentrations were less than the limit of
detection (LOD).

Samples were stored in laboratory refrigeration at 4°C prior to analysis. To analyze a majority of (including
volatile) elements, soil leachates were prepared as received to maintain their integrity. One batch of samples
(2022/0199) was subsequently corrected for moisture content for report consistency with the other samples, as
they were moist when collected—see Text S2 in Supporting Information S1 for correction equations.

The charge balance error (%) was calculated for ash and soil leachates in PHREEQC. For ash leachates, total
alkalinity, pH, Ca, K, Mg, Na, Si, P, Sr, Ba, Br, F, Cl, SO,, and NO; were used as the input variables, with a
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temperature of 25°C. Forty-three of the 58 samples (including replicates) returned charge balance errors within
+10%, while 23 samples returned charge balance errors within £5% (noting that the charge balance was
calculated on replicates separately; see Table S4 and Figure S1 in Supporting Information S1 for charge balance
errors). The largest proportion of leachates with a positive charge imbalance were from black ashes (~47% of
black ash samples had a >+10% error), while only one gray ash leachate sample, and no white or red samples had
a charge balance error >+10%. The positive charge imbalance for the black ash samples may be attributed to the
higher proportion of organic matter typically found in black ashes (Bodi et al., 2014), which may have resulted in
higher dissolved organic carbon concentrations in the leachates. This can result in organic anions contributing
significantly to the charge balance. This is not accounted for in the PHREEQC charge balance calculation, which
includes only inorganic ions (Dasgupta et al., 2015). Three ash leachates returned charge balance errors <—10%,
two of which were <—40%. All three negatively charged leachates were samples from the Macleay region. Most
Macleay samples had charge balance errors <—5% (see Table S2 in Supporting Information S1).

Charge balance error was calculated for only 27 of 63 soil leachates (including replicates) due to missing pH data.
For soil leachates, the input variables were total alkalinity, pH, Ca, Fe, K, Mg, Na, P, Br, Ba, Sr, Cl, SO,, and NO;,
with a temperature of 25°C. Twenty-two of the 27 samples returned a charge balance error within +10%, and 11/
27 returned a charge balance error within 5% (see Table S5 in Supporting Information S1). One sample,
collected at Yonderup, within Yanchep National park, returned a charge balance error of ~+39%. Due to the
small sample size, and uncertainty around the charge balance of the samples which could not be calculated using
PHREEQC, no data were excluded from the subsequent statistical analyses.

Preliminary analysis of a subset of the ash data (nine variables measured in 16 samples from Yanchep National
Park) was previously presented as a case study in M. Campbell et al. (2023). Results presented there showed that
the ash leachate chemistry differed between black and white ashes (n = 16). This supported the hypothesis of
McDonough et al. (2022) that speleothem palaeofire trace element proxies are sourced from ash.

2.5. Biomarker Analyses

Biomass burning biomarkers (levoglucosan and PAHs) were analyzed in the GNS/VUW Organic Geochemistry
Laboratory at GNS Science, New Zealand. Freeze-dried, homogenized ash (0.33-0.95 g) samples were extracted
three times with dichloromethane/methanol (3:1, v:v) by ultrasonication for 20 min each time, followed by
centrifugation at 2,000 rpm for 5 min. The resulting extracts were filtered on cotton wool-plugged Pasteur pipettes
and evaporated under N, at 35°C to obtain dried total lipid extracts (TLEs). Half of each TLE was derivatized with
50 pL N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethylchlorosilane (TMCS) at 70°C for
1 hr. After cooling, the solutions were evaporated under N, at 35°C until dryness and redissolved in n-hexane for
analysis.

The derivatized TLEs were analyzed by gas chromatography mass spectrometry on an Agilent 7890A GC Sys-
tem, equipped with an Agilent J&W DB-5ms capillary column [60 m X 0.25 mm inner diameter (i.d.) X 0.25 pm
film thickness (f.t.)], and coupled through a split to an Agilent 5975C inert MSD mass spectrometer and a flame
jonization detector. The temperature program of the oven was 70-130°C at 20°C min~", then at 4°C min™" to
320°C and held isothermal for 15 min, which results in a total run time of 65.5 min. Helium was used as carrier gas
with a constant flow of 1.0 mL min™". Samples (3 pL) were injected splitless at an inlet temperature of 300°C. The
MS was operated in the electron impact ionization mode at 70 eV using a source temperature of 230°C. After a

solvent delay of 10 min, the samples were analyzed in full scan mode with m/z 50-700.

Internal standards (Sa-cholestane, n-nonadecanol, and n-nonadecanoic acid) for quantification were added to the
samples prior to the first extraction. Procedural blanks and laboratory reference standards were also analyzed to
ensure data quality and absence of laboratory contaminants.

Analyses of Golgotha Cave ash samples were repeated in November 2023 to test for alteration of the biomarker
signal ex situ. The same sample protocol above was followed except larger sample sizes (up to 2.81 g) were used.
2.6. Software and Statistical Methods

Data were analyzed and visualized using the statistical software R (version 4.3.1), and the packages readr (2.1.4),
dplyr (1.1.2), ggplot2 (3.4.2), boot (1.3-28.1), ShapleyValue (0.2.0), stringr (1.5.0), tidyr (1.3.0), ggbiplot (0.55),
EnvStats (2.8.0), purr (1.0.1), and stats (4.3.1) (Canty & Ripley, 2022; Davison & Hinkley, 1997; Liang, 2021;
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Figure 3. The workflow for the data processing and statistical analyses of inorganic leachate data. Orange boxes indicate a
statistical test, and blue boxes indicate a data processing step.

Millard, 2013; R Core Team, 2023; Vu, 2011; Wickham, 2016, 2022; Wickham and Henry, 2023; Wickham
etal., 2020, 2023). Fire history databases were clipped to the study sites in QGIS (3.28.0) before interrogation in R
(QGIS Development Team, 2022). Figure 3 shows the data processing workflow and the analytes used for each
statistical test.

Where replicate leachates were analyzed, the results were combined and the means used in the statistical analyses.
Outliers in the soil and ash leachate chemistry were identified using Rosner's Test in the R package “EnvStats,”
which allows for multiple outliers to be identified (Millard, 2013; Rosner, 1983). Outlier identification was
adapted from a script presented by Croke et al. (2021). As the sample sizes for soil (n = 43) and ash (n = 44)
leachates were small, outliers were replaced with the median value rather than removed. Histograms of the data
distributions for both soil and ash leachates with outliers indicated are found in Figures S2 and S3 in Supporting
Information S1. Histograms show that geochemistry data are all skewed, necessitating either transformation or
non-parametric statistical tests. Initial quality control was conducted to limit the number of analytes included in
the statistical analyses (see Text S3 in Supporting Information S1 for details).

To test how ash chemistry changes with ash color, we applied the non-parametric Kruskal-Wallis rank sum test to
determine if there was a significant difference in ash chemistry between ash colors (Hollander & Wolfe, 1973). To
minimize the impact of location on the ash chemistry, data were first grouped by location and then transformed
into z-scores. The null hypothesis of the Kruskal-Wallis test is that samples originate from the same distribution,
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with the alternative hypothesis that the samples originate from different distributions. A significant Kruskal-
Wallis result indicates that there is some difference in the distributions, but it cannot tell where that difference
occurs. Dunn's Test is the nonparametric post hoc test for multiple comparisons (Dunn, 1964), and shows which
variables are significantly different from one another. The null hypothesis is that there is no difference between
groups, while the alternative hypothesis is that there is a difference between groups. Importantly, Dunn's test
allows for groups to be of equal or unequal size.

Shapley Value regression allows the relative importance of predictor variables in linear regression to be calcu-
lated. It achieves this by computing the R-squared for each possible combination of predictor variables and
calculating the average improvement when adding a variable to a model (Budescu, 1993; Lipovetsky & Con-
klin, 2001). Shapley value regression was undertaken on the ash and soil leachate data using the ShapleyValue
package in R (Liang, 2021; R Core Team, 2023). For the ash samples, the predictors were ash color, location,
years since the last fire, and the total number of fires. For the soil sample analyses, the predictors were sample
depth, location, years since the last fire, and the total number of fires. For both ash and soil data, values were log-
transformed (base 10) prior to analyses. Confidence Intervals (CIs) were calculated at @ = 0.95 using the bias
corrected and accelerated intervals (BCa) on bootstrap replicates of the standardized Shapley values (R = 5,000).
Bootstrap resampling and calculation of CIs were done using the boor package in R (Canty & Ripley, 2022; R
Core Team, 2023). BCa intervals were used to calculate Cls as it is the only method which is guaranteed to return
intervals within the statistics sampling space (0—1), and is in general recommended, given sufficient sample n and
bootstrap replicates (Carpenter & Bithell, 2000; Puth et al., 2015)

Principal component analyses (PCA) were performed using the “prcomp” function in R on the logarithm (base 10)
of the inorganic leachate data (R Core Team, 2023). The PCAs were performed on the correlation matrix, and data
were mean subtracted. Where zeroes were introduced due to how values <LOD were handled (by replacing those
values with a random number between zero and the LOD), these zeroes were replaced with the minimum
measured value for that variable. Figures S2 and S3 in Supporting Information S1 show the distributions of the
input data.

3. Results
3.1. Ash
3.1.1. Relationships Between Ash Color, Chemistry, and Burn Severity

We calculated the Ca/Mg ratio for each ash sample (Figure 4) and found that black ash leachates consistently have
a Ca/Mg ratio greater than one (>80% of black ash samples), gray samples have a median Ca/Mg value of less
than one, but 35% of samples had a ratio greater than one. While the median Ca/Mg value for white ash is slightly
higher than that of gray ash (0.57 as opposed to 0.55—with an outlier of >30,000 removed from the white
samples), but less variable (6 = 0.266 as opposed to ¢ = 2.38) and only two of nine white ash samples have a Ca/
Mg value greater than one. The red ash leachate sample had a ratio comparable to that of black ash.

Ash leachate chemistry has been shown to vary with ash color, which is itself a product of combustion
completeness. Here, we tested for significant differences in ash leachate chemistry between ash colors using both
the Kruskal-Wallis ranked sum test and Dunn's test, which makes multiple pairwise comparisons. The results of
the Kruskal-Wallis test showed that there is a significant difference in the pH, total alkalinity, EC, Na, K, Rb, Cs,
Al, Mn, Fe, P, As, Se, and SO, (see Table S6 in Supporting Information S1 for Kruskal-Wallis p-values). Dunn's
test for multiple comparisons shows which ash color groups are statistically different from one another. Figure 5
shows boxplots of the z-scores of each variable by ash color. The results of Dunn's test are labeled, showing that in
general it is only the severity end members (black and white ashes) which report significantly different con-
centrations. Boxplots of all variables by ash color are found in Figure S4 in Supporting Information S1, and a table
of mean non-normalized values for each variable is presented in Table S7 in Supporting Information S1.

Where black and white ash leachate analytes were significantly different (pH, total alkalinity, EC, Na, K, Rb, Cs,
Al, Mn, Fe, P, As, and SO,), values were higher in black than white ash leachates for Al, Mn, Fe, P, and As, while
values were higher in white than black ash leachates for total alkalinity, pH, EC, Na, K, Rb, Cs, and SO,. Despite
the Kruskal-Wallis test indicating that concentrations of Se were significantly different between different colored
ashes (Table S6 in Supporting Information S1), Dunn's Test found that the chemistry of the black, gray, and white
ash leachates were statistically similar for these analytes. While in general the differences between the end
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members (black and white ash) were the most significant, gray and black
ashes were significantly different for pH, K, Cs, Al, Mn, Fe, P, and As. There
is no evidence of statistical differences between gray and white ashes
(Figure 5).

3.1.2. Predictors of Ash Leachate Chemistry

Shapley value regression is used to quantify the influence of predictor vari-
ables (see Section 2.6). Standardized Shapley regression values were calcu-
lated for each of the 27 ash leachate variables and four predictors (ash color,
location, years since the last fire, and the total number of fires), with 95% ClIs.
Results show that ash color was the most important predictor for 11 variables
_____ - (Al, As, Fe, K, Mn, Mo, Ni, P, pH, Rb, and Zn), location was the most

influential predictor for 16 variables (Ba, Ca, Cl, Co, Cr, Cu, Mg, Na, Sb, Se,
Si, SO, Sr, total alkalinity, U, and V), although there is high overlap in the

T
Black

Figure 4. Boxplots of Ca/Mg ratios of ash leachates for all sites by ash color.
The dashed red line indicates a Ca/Mg ratio of 1. Note that three outliers are
omitted from this plot by the y-axis scaling—one black ash sample with a

T
Grey

Red White 95% ClIs for many analytes, particularly between ash color and location. Ash

Ash Colour color was the dominant predictor (standardized Shapley value >0.5) of Al,

As, Mn, Mo, P, and pH. Location was the dominant predictor of Ba, Ca, Cu,
Sb, Se, Si, Sr, U, and V. Neither years since the last fire nor the total number
of fires were the dominant predictors of any variables. The highest stan-

Ca/Mg value of 11.8, one gray ash sample with a Ca/Mg of ~9.2, and one dardized Shapley values for years since the last fire and the total number of
white ash sample with a value of 34,067.8 due to very low Mg concentration fires were 0.288 (Cr) and 0.319 (Mg), although these values were associated

in that sample.

with wide ClIs (see Table S8 and Figure S5 in Supporting Information S1).

Noting that the Macleay ash samples were exposed to up to 122 mm of
precipitation prior to sample collection and thus had a greater chance of leaching in situ, we repeated the Shapley
value regression with those samples excluded (see Table S9 in Supporting Information S1). Results show reduced
influence of location for the remaining sites for many analytes, and particularly for Cl, Co, Cr, Cu, Na, Se, SO,,
total alkalinity, and V, where ash color rather than location became the most important predictor. We note that for
Co, Cu, Si, alkalinity, and V, there is a high overlap in the 95% CIs between ash color and location. Conversely,
there is no overlap in the 95% ClIs for Cl, Cr, Na, or SO,, indicating that the change in the most important predictor
is robust. Figure S6 in Supporting Information S1 shows the concentrations of analytes by sampling location,
showing that concentrations of Cl, Cr, Na, and SO, were all lower at Macleay than at other locations.

PCA was applied to the full ash leachate data set (Al, As, Ba, Ca, Cl, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P,
pH, Rb, Sb, Se, Si, SO,, Sr, total alkalinity, U, V, and Zn (Table 1)). A scree plot (see Figure S7 in Supporting
Information S1) suggests that while the first three principal components (PCs) contain the most information, the
first seven PCs each contain more information than if all PCs explained an equal amount of variance, and so
should also be presented. Together the first two PCs account for ~45% of the variance, and >95% of the variance
is described by the first 15 PCs. Loadings can be considered to be important if they contribute more than the
average amount of information to the PC. Here, that threshold is +0.19.

Table 1 presents the loadings for the first seven PCs. Loadings and a biplot of PC1 and PC2 (Figure 6a) shows that
black ash samples cluster differently to white and gray ash samples. Variables which load strongly positively on
PC1 (AL Mn) all have higher concentrations in black ash than white ash, while variables which load strongly
negatively on PC1 (Cl, Cr, K, Na, pH, SO,, Rb, and total alkalinity) are all higher in white ash than black ash,
noting that the difference between white and black leachates is not statistically significant for Cl and Cr (Figure 5,
Figure S4 in Supporting Information S1). The clustering of gray/white versus black ash leachates suggests that
burn severity impacts ash leachate geochemistry.

Similarly, there is clear clustering of points by location, with samples from southwest western Australia and
samples from southeastern Australia having little overlap in a biplot of PC1 and PC2 scores (Figure 6b), although
it should be noted that the majority of Macleay samples were gray ashes. When samples are grouped by the
number of years since the last fire (two groupings applied: samples below the median (14 years) or equal to and
above the median), the samples clearly cluster, with sites burned less recently having more negative PC2 scores,
while sites which burned more recently having more positive PC2 scores (see Figure S8 in Supporting
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Figure 5. Boxplots showing z-scores of ash leachate elemental concentrations, electrical conductivity, pH, and alkalinity. The
results of Dunn's test are also indicated. ns indicates the results are not significant, * indicates significance at @ = 0.05, **
significant at a = 0.01, *** significant at « = 0.001, **** significant at @ = 0.0001. Red points indicate outliers.
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Table 1
Loadings for the First Seven Principal Components (PCs) From the Principal Component Analyses of Ash Leachate Data
PC1 PC2 PC3 PC4 PC5 PC6 PC7

Al 0.22 —0.15 0.16 —0.12 0.09 —0.29 0.19
As 0.19 —0.23 0.27 —0.03 0.09 —0.19 —0.14
Ba —0.05 —0.39 —0.21 0.09 —0.03 0.12 —0.01
Ca 0.05 —0.32 —0.17 0.09 —0.13 0.43 —0.16
Cl -0.29 —0.13 0.06 —0.11 0.19 —0.02 0.05
Co 0.08 —0.10 0.26 0.15 —0.42 0.15 —0.02
Cr —0.24 —0.02 0.03 —0.28 —0.17 —0.24 0.01
Cu 0.06 0.11 0.21 —0.04 —0.36 0.30 0.46
Fe 0.15 —0.12 —0.21 —0.23 0.11 0.23 0.48
K —0.31 —0.06 0.08 —0.11 0.05 0.04 —0.04
Mg —0.16 —0.18 0.19 0.05 0.34 0.24 0.26
Mn 0.25 —0.15 0.14 —0.25 —0.07 -0.17 0.01
Mo —0.17 0.11 0.21 —0.03 —0.37 —0.06 —0.17
Na —0.30 —0.11 0.02 —0.11 0.11 —0.06 0.09
Ni 0.05 —0.05 0.41 —0.19 —0.05 0.30 —0.07
P 0.18 —0.23 0.30 —0.20 0.06 —0.15 0.13
pH —0.23 0.27 —0.08 0.07 —0.18 —0.14 0.15
Rb —0.32 —0.06 0.02 —0.11 —0.03 —0.04 0.07
Sb —0.10 0.05 0.37 0.26 0.14 0.25 —0.09
Se —0.10 0.30 0.20 —0.01 0.23 0.17 —0.14
Si —0.05 —0.20 0.13 0.43 —0.08 —0.11 —0.04
SO, —0.30 —0.11 0.02 —0.18 —0.04 0.09 0.01
Sr —0.10 —0.39 —0.20 0.07 —0.03 0.05 —0.18
Total alkalinity —0.30 —0.04 0.06 —0.13 —0.02 0.00 0.11
U —0.15 —0.27 0.02 0.09 —0.37 —0.22 0.10
\% —0.09 —0.13 0.23 0.41 0.23 —0.25 0.15
Zn 0.02 —0.09 0.09 —0.37 0.05 0.08 —0.47
Cumulative proportion of variance 0.29 0.45 0.58 0.65 0.72 0.77 0.8

Note. Bold indicates which variables have a greater proportion of influence on the PC (threshold of +£0.19).

Information S1). Biplots of the first three PCs for the total number of fires show no distinct clustering (see Figure
S9 in Supporting Information S1).

3.1.3. Ash Biomarkers

Thirteen samples from four locations (Golgotha Cave, Calgardup Cave, Macleay, and Yanchep) were analyzed,
with six PAHs (Phenanthrene, Anthracene, Pyrene, Chrysene, Benzanthracene, and Benzopyrene) and levo-
glucosan detected. Samples from Calgardup Cave and Macleay had no measurable PAHs or levoglucosan, and
samples from Yanchep had no measurable PAHs, and concentrations of levoglucosan were low (see Table S10 in
Supporting Information S1). As such, only ash samples from Golgotha Cave are presented here. Concentrations
are normalized to the dry weight of ash.

In general, total concentrations of the low molecular weight compounds (Anthracene, Phenanthrene, and Pyrene)
were higher than for higher molecular weight PAHs (Chrysene, Bezanthracene, and Benzopyrene). PAH con-
centrations were generally higher in black and gray than white ash samples, particularly in the lowest molecular
weight compounds, noting however that the variability for the black ash leachates is high for each PAH (Figure 7
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Table 2 and Table S10 in Supporting Information S1), and that one black sample
Loadings for the First Five Principal Components (PCs) of Soil Leachate (Golgotha_6) had no measurable PAHs (Table S10 in Supporting Informa-
Chemistry tion S1). No PAHs were found in the red ash sample.
PCl  PC2 PC3 PC4  PCS Levoglucosan had a maximum concentration of 2.0 pg/g, and a mean con-
Al 0.25 —0.05 —0.31 —0.08 —0.50 centration of 0.43 pg/g (Figure 7, Table S10 in Supporting Information S1).
Ba 026 010 0.14 031 —001 Three (two black and one red) of the seven ash samples contained no
Ca 034 017 020 018 —024 measurable levoglucosan (see Tablf.: S10 in Supporting Informatlon S1). Of
the four Golgotha Cave samples with measurable concentrations, gray, and
Cl 0.00 040 -0.13 —-0.30 0.04 . . .
white samples generally had higher concentrations than black samples
Co -0.29 024 -0.13 0.09 -0.08 (Figure 7).
Cr —-022 -0.01 —-0.40 0.04 —0.41
Cu -0.26 028 0.07 0.08 0.04 3.2. Soil
= 010 —0.19 =051 012 —0.14  geandardized Shapley regression values for 17 measured variables and four
K 006 036 —035 006 0.12  predictors (location, the number of years since the last fire, the total number of
Mg 026 027 002 023 -022 fires, and the sample depth) showed that location had the most explanatory
Mn 025 —0.12 —024 —005 033 power for all variables in soil leachates (see Table S11 in Supporting Infor-
Na 021 033 —003 —034 011 mation SI). There was no overlap in the 95% Cls between location and the
. other predictors for any analyte except Si, where Cls for depth, years since
Ni —-0.24 024 000 026 0.07 . . . . .
last fire, and total number of fires slightly overlapped with those for location
L2 Ll e 2D New Wiz (see Table S11 and Figure S10 in Supporting Information S1). This suggests
Si 011 0.14 =030 —0.01 039  that for most variables sample location clearly has the greatest influence.
So42 0.17 023 0.06 —0.50 —0.11
? PCA was repeated on the soil leachates using the same variables as for the
e leh WIS B2h iz =i PCA of ash leachates in Section 3.1 but with the exclusion of As, Mo, pH, Rb,
v —-025 018 -0.06 —0.13 —0.17 Sb, Se, total alkalinity, and U due to missing data (Table 2). A scree plot (see
Zn -023 029 0.15 017 -0.16  Figure S11 in Supporting Information S1) suggests that while the first two

Cumulative proportion of variance

027 048 058 069 075 PCs explain the most variance, the first five PCs each explain an above-

Note. Bold indicates which variables have a greater proportion of influence

on the PC (threshold of £0.23).

average proportion of the variance, and should be presented. Together, the
first two PCs explain ~48% of the variance, and >95% of the variance is
explained by the first 13 PCs. Following Section 3.1, the threshold for loading
“importance” is £0.23. Table 2 presents the loadings for the first five PCs.
Variables which load strongly positively on PC1 (Al, Ba, Ca, Mg, Mn, Sr) are all variables which tend to be higher
in the Yanchep region than in the Capes region, and which are higher at sites which have experienced more fires.
Similarly, the variables which load strongly negatively on PC1 (Co, Cu, Ni, and V) are all lower for samples from
the Yanchep region, and for samples which have experienced more fires. This is illustrated in a biplot of PC1 and
PC2 (Figure 8).

Cl, Co, Cu, K, Mg, Na, Ni, and Zn load strongly positively on PC2, while no variable loads strongly negatively. A
biplot of PC1 and PC2 with scores colored by the distance to the coast (Figure 9) suggests that PC2 reflects
proximity to the coast, with higher CI, K, Mg, and Na in samples with higher exposure to sea spray (Davies &
Crosbie, 2018).

Figure 10 compares ash and soil leachate data for sites where both ashes and soils were collected (Calgardup
Cave, Golgotha Cave, and Yanchep). Ash leachates have higher pH and alkalinity than soil leachates at all sites.
Elemental concentrations are generally higher in ash leachates than soil leachates at two or more sites for all
elements, barring Fe, Al, and Cr. Concentrations of Fe are higher in soil leachates than in ash leachates at all sites.
Concentrations of Al and Cr in soil leachates either exceed or are comparable to ash leachates (except for Cal-
gardup Cave, where soil leachate Cr concentrations are very low). Concentrations of Na, K, Rb, Mg, Ca, Sr, Ni,
Mo, P, Se, Cl, and SO, in ash leachates clearly exceed concentrations in soil leachates at all sites. Mn concen-
trations are generally higher in ash leachates at Golgotha Cave and Yanchep but are comparable to soil leachates
at Calgardup Cave. Concentrations of Ba, V, Co, Cu, Zn, Si, Sb, and U are higher in ash leachates than in soil
leachates for Calgardup Cave and Yanchep samples, but are comparable in Golgotha Cave samples. A table of
median soil leachate concentrations is found in Table S12 in Supporting Information S1. Concentrations of Al, Cl,
Cr, and Fe were higher in leachates of deeper soils than in shallower soils (see Table S13 in Supporting
Information S1).
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standardized PC2 (20.6% explained var.)

-2 -1 0 1
standardized PC1 (26.9% explained var.)

standardized PC2 (20.6% explained var.)

-2 -1 0 1
standardized PC1 (26.9% explained var.)

Number of fires —#— More fires —8— Fewer fires Region —®— Yanchep —®— Capes region

Figure 8. A biplot of soil leachate principal component analyses PC1 and PC2, with scores colored by the number of fires (a) and the region (b).

4. Discussion

Overall, our results show that inorganic ash leachate chemistry varies with burn severity (as indicated by ash

color) and location, and that the past fire history (i.e., the total number of fires for each site, and the number of

years since the last fire for each site) had a more limited effect on ash leachate chemistry. Ash leachate pyrogenic
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Figure 9. Biplot of soil principal component analyses PC1 and PC2, with
scores colored by the distance from sample location to the coast (in km).

biomarker results were variable, and the relationship between ash color and
biomarker concentrations was not clear. Soil leachate chemistry was shown to
vary between sites, and as for ash leachates, the fire history had minimal
impact on soil leachate chemistry. Ash leachates were generally shown to be
more enriched in a range of analytes compared to soil leachates.

4.1. Ash and Soil Leachate Chemistry
4.1.1. General Ash Leachate Chemistry

Of the 29 measured variables which met the threshold for inclusion (>25% of
ash samples >LOD), SO,, K, CI, Na, and Ca were the most abundant elements
in ash leachates, while U, Sb, Co, Cr, and Se were the least abundant ele-
ments. The elevated SO,4, K, Cl and Na values in ash leachates are likely due
to higher exposure of vegetation to sea spray, with all Western Australian ash
samples collected within 8 km of the coast and downstream of the dominant
southwesterly winds. This is also reflected in the soil leachate data, where
PC2 reflected sea spray inputs and where the most abundant elements are Na,
CL K, Ca, and SO, (Figure 10).

Our analyses of ash leachates from karstified limestone environments found
Na to be the most abundant element, followed by Ca and Mg. These findings
are broadly consistent with a recent global analysis of wildfire ash leachate
data, which showed Na, Ca, and Mg to be the most abundant (Ca > Na > Mg)
(Sénchez-Garcfa et al., 2023). The predominance of Na in our samples again
likely reflects the strong marine influence at our southwest Australian sites.
The global analysis also showed that wildfire ash leachates were least
abundant in F, Mn, and Fe, which is also in broad agreement with our results.
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Figure 10. Boxplots of ash leachate (purple) and soil leachate (brown) chemistry for each site where both soils and ashes were collected (Calgardup Cave, Golgotha

Cave, and Yanchep).
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Ash leachate concentrations presented here were generally higher than the “temperate eucalypt forest” ash
leachates from southeast Australian forests reported by Sénchez-Garcia et al. (2023). However, Fe and Mn are
exceptions; our results show that these elements were both lower in concentration and outside the range of data
presented by Sanchez-Garcia et al. (2023).

4.1.2. Ash Leachate Chemistry Changes With Burn Severity

Several studies have suggested that there is a relationship between combustion completeness and the Ca/Mg ratio,
and a ratio <1 is thought to indicate severe burning (Marion et al., 1991; Ubeda et al., 2009). Broadly, our results
support the hypothesis that a Ca/Mg ratio <1 indicates severe burning, particularly for the combustion end-
members (black and white ash), but considerable spread in the data remains. This uncertainty is consistent
with other studies. Ubeda et al. (2009) in a laboratory study of Quercus suber ash found that the relationship
between the Ca/Mg ratio and combustion completeness only held for one site. While this ratio would require Ca
concentrations to decrease with burn severity and Mg concentrations to increase with burn severity (or for one of
these to not change with burn severity), the Kruskal-Wallis test found no statistical difference in the concen-
trations of these analytes between ash colors. However, a qualitative assessment of the data (see Figure S4 in
Supporting Information S1) shows that in general, Ca concentrations are lower in white leachates than black ash
leachates, while Mg concentrations are higher in white ash leachates. The lack of statistical difference between the
concentrations of these analytes by combustion completeness is consistent with the literature, where they are
generally reported to behave similarly (Balfour & Woods, 2013; Miotlirfiski et al., 2023; Pereira et al., 2012;
Ubeda et al., 2009), although Sanchez-Garcia et al. (2023) reported that Ca concentrations were higher in ash
leachates produced from severe burning, and that Mg concentrations did not vary with burn severity. The charge
imbalances of the leachates also support the hypothesis that black ashes are less-combusted than white ashes. The
more-positive charge balance error in black ashes was attributed to their higher levels of organic matter, which
can contribute anions that are unaccounted for by our charge balance calculations.

Our hypothesis that ash leachate chemistry will change with burn severity is supported by the Kruskal-Wallis rank
sum test and post hoc Dunn's test, which showed that pH, total alkalinity, EC, Cs, Rb, K, Na, and SO, increased
with combustion completeness, while As, Fe, Mn, P, Al, and Zn decreased with combustion completeness. The
Shapley value regression and PCA also indicated that ash color (representing combustion completeness) is a key
control on ash leachate chemistry. Note that in both Dunn's test and the PCA, there was no statistical difference
between gray and white ashes in any variable (Figure 5). This suggests that it is only the severity end-members
(more completely burned vs. less completely burned) that can be distinguished in these analyses. We found no
statistically significant difference in the water extractable proportion of Se, Ba, Ca, Sr, V, Sb, Mo, Cu, Mg, U, Cl,
Cr, Ni, Si or Co by ash color.

A comparison of our results with the literature is presented in Text S5 in Supporting Information S1. While a
review of the literature broadly indicates that ash chemistry changes with burn severity, there is considerable
heterogeneity of results, suggesting that there is a spatial and perhaps methodological influence on how ash
geochemistry changes with burn severity. There is better agreement between studies of the water-extractable
component of ash leachates (e.g., Burton et al., 2016; Miotliiski et al., 2023; Pereira et al., 2012; Quintana
et al., 2007; Sanchez-Garcia et al., 2023; Ubeda et al., 2009), with acid-digested samples tending to be less
consistent. In general, our results show strong agreement with Miotliiski et al. (2023) for leachate data from
combustion simulation experiments conducted on soils and vegetation litter from southwestern Western
Australia, see Table S5.1 in Text S5 in Supporting Information S1.

If volatilization temperature was the sole control on element concentration, we would expect to see concentrations
of elements with high volatilization temperatures (e.g., Mn, Al, Zn, K, P, Cu, Mg, Ca and Na, which all volatilize
at >700°C. Please see summary figures in M. Campbell et al. (2023) and Bodi et al. (2014)) in greater relative
proportions in white ash than in black ash. This is true for Na and K, which are higher in white ash leachates than
in black ash leachates, but Mn, Al, P, and Zn are higher in black ash leachates than in white ash leachates, and Cu,
Mg, and Ca concentrations do not vary significantly with ash color. Volatilization temperatures reported in the
literature are largely based on empirical combustion studies with varying experimental designs. Additional factors
which may impact ash leachate chemistry beyond volatilization temperature include differences in fuel
composition and combustion completeness (which can be independent of fire temperature), that the solubility of
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some metals changes with pH, and that some metals are likely to be present in complexes with organic matter
(which is typically higher in incompletely combusted black ashes; Quill et al., 2010).

In a laboratory study, levoglucosan formed at burn temperatures between 150 and 350°C (Kuo et al., 2008). Kuo
et al. (2008) combusted three different wood species (honey mesquite, cordgrass, and loblolly pine), with
maximum levoglucosan yield for all species found at 250°C, although large differences in yield were noted
between species. Combustion duration had no significant impact on levoglucosan yield from honey mesquite char
(Kuo et al., 2008). In the results presented here, levoglucosan is highest in gray and white ashes, noting both the
small sample sizes and that the spread of the gray data is high, and that while the highest concentration of lev-
oglucosan was found in a gray ash sample, the lowest non-zero concentration was also found in a gray ash sample.
This may indicate that gray ash samples are heterogeneous or comprised of different vegetation types, although to
our knowledge no laboratory study has investigated changes in levoglucosan yield from Australian species.
Alternatively, the difference between the two gray ash samples may be because levoglucosan production is in-
dependent of burn time (Kuo et al., 2008), and the gray sample with a higher levoglucosan concentration may
have been produced by long slow smoldering rather than hot fire.

Laboratory and field experiments have shown that low molecular weight PAHs tend to be more abundant in post-
fire soils and burn residues after fires at low-to-moderate temperatures (Karp et al., 2020; Kim et al., 2011; Rey-
Salgueiro et al., 2018; Simon et al., 2016), with lower concentrations found in laboratory residues at very low
(<300°C) and very high (>600°C) temperatures (Karp et al., 2020). In wildfire ashes, summed PAHs have been
shown to be higher in black than in white ashes (H. Chen et al., 2018). In the results presented here, PAH
concentrations are generally higher in the lower molecular weight PAHs for all ash colors (Figure 7 and Table S10
in Supporting Information S1). Summed PAHs are also generally higher in black and gray ashes (see Figure S4.1
in Text S4 in Supporting Information S1), although there is significant variability in concentrations of the black
ash samples (noting that only one each of red and white ashes are presented here). Higher concentrations of PAHs
in black and gray ashes is to be expected, as at high temperatures, PAHs may be completely combusted or
incorporated into larger aromatic compounds (Karp et al., 2020).

4.1.3. Ash and Soil Leachate Chemistry Varies Among Sites

Ash leachate chemistry varied between sites. Shapley value regression showed that for 16 variables (Ba, Ca, Cl,
Co, Cr, Cu, Mg, Na, Sb, Se, Si, SO,, Sr, total alkalinity, U, and V) location had more influence on ash leachate
chemistry than ash color. The second-most important predictor (above the threshold of 0.25, which indicates if a
predictor explains more than its share of variance) was the ash color for Ba, Ca, Cl, Co, Cu, Na, Se, Si, SO,, and
total alkalinity. For Cr, years since the last fire was the second-most important predictor, while for Mg, the total
number of fires was the second-most important predictor. The importance of location is also shown in the PCA,
with ash leachates from different locations clustering differently, with the difference most obvious between the
southeast and southwest Australian samples. While there has been limited research on ashes from multiple sites,
Ubeda et al. (2009) showed that in laboratory conditions, ash produced from Quercus suber from two different
sites had distinctly different physical and chemical compositions. Sdnchez-Garcia et al. (2023) found that ashes
from different sites clustered differently, although they attributed differences between the clusters to delays in
sampling post-fire (with samples being rained on, or loss of the finer particles by wind) and to legacy contam-
ination from industrial activity.

To test the potential influence of in situ leaching of the Macleay ashes on the analyses, we repeated the Shapley
value regression with those samples removed (see Table S9 in Supporting Information S1). Broadly, results were
in good agreement with the analysis of the whole data set, although the importance of location as a predictor
variable declined for Cl, Cr, Cu, Na, Se, SO,, total alkalinity, and V. The greatest reductions in the influence of
location were seen for Cl, and Na, which may be expected even without potential in situ leaching, as Macleay
samples are less exposed to salt-laden winds than southwest Australian samples. Concentrations of many of the
remaining analytes were comparable between southwest and southeast Australia (Figure S6 in Supporting In-
formation S1). That location became less important with the exclusion of the Macleay ash samples is to be ex-
pected, as the climate and geology of all sampling sites in southwest Australia are similar. Within the constraints
of this data set, it is not possible to determine whether the importance of location as a predictor of ash chemistry is
entirely due to in situ leaching of Macleay ash samples. To better determine the impact of location on ash
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chemistry, future research should ensure sample collection prior to any precipitation (noting that, as in this
instance, this is often not possible to do safely).

Location was the most important predictor for soil leachates, as indicated by the Shapley value regression and
PCA results. Sub-plot-scale heterogeneity in soils has been well-documented (J. B. Campbell, 1979; Har-
ris, 1915). The Shapley value regression showed that location was the dominant predictor of all variables. As for
ash leachates, a standardized Shapley value >0.25 indicates that a predictor explains more than its share of
variance if all predictors had equal predictive power. Unlike for ash leachate results, there are very few variables
where the second-most important predictor exceeds this threshold (Cl and V), and for both variables the second-
most important predictor was the total number of fires. Both PC1 and PC2 described some aspect of soil sample
location, with PC1 perhaps conflating total number of fires and location, while elements which loaded strongly
positively on PC2 were related to distance from the coast via sea spray inputs.

4.1.4. Limited Evidence of Memory of Previous Fires in Ash and Soil Leachates

Neither the total number of fires nor the number of years since the last fire (both describing fire history) explained
a large proportion of the variance in ash leachate chemistry, although PCA of ash leachates showed that PC2 may
describe the number of years since the last fire, with sites which burned more recently loading positively on PC2,
and sites which burned less recently loading negatively on PC2. Similarly, sites which had experienced more fires
loaded positively on PC2, while sites which had experienced fewer fires loaded negatively on PC2, although the
clustering is not as distinct as for the number of years since the last fire. This is reflected in the Shapley value
regression, where the number of years since the last fire tends to be a more important predictor than the total
number of fires (although less important than either ash color or location). Shapley value regression showed that
the number of years since the last fire had a sizable impact on Cr and SO, concentrations, while the total number
of fires impacted Mg and Ni. This is consistent with Miotlifiski et al. (2023) who found higher concentrations in
ashes produced from leaf litter and soil sampled from a site which had burned recently (2 months) than from a site
that had burned less recently (4.5 years). That the effect appears to be tertiary to location and burn severity here
may be explained by the much longer interval since the penultimate fire in the results presented here.

As for ash leachates, neither the number of years since the last fire nor the total number of fires explained a large
proportion of the variance in soil leachate chemistry, although PC1 may reflect the total number of fires (although
this is potentially a confounding effect produced by correlation between location and the total number of fires,
with Yanchep recording more fires than sites in the Capes region). Unlike for ash leachates, Shapley value
regression of soil leachates suggests that the total number of fires has more impact on soil leachate chemistry than
the number of years since the last fire, although only two variables (Cl and V) had standardized Shapley
values >0.25.

4.2. Implications for Palaeofire Research

Past fire activity can be reconstructed using inorganic and organic proxies preserved in environmental archives
such as soils, sediments, or ice cores. In recent years, speleothems have been used to reconstruct past fire activity
in Australia and North America (Argiriadis et al., 2019, 2023; Homann et al., 2022, 2023; McDonough
et al., 2022). Fire sensitive stalagmite proxies include trace and minor elements and nutrients, calcite 6180, and
fire-sensitive biomarkers. Trace and minor elements and biomarkers are thought to reach stalagmites after
originating in burned vegetation and soil and being carried by infiltrating waters through the vadose zone before
being sequestered in the growing stalagmites.

Ash and soil leachates confirm that the inorganic fire signal is likely to originate from the ash, as concentrations of
many analytes (including Na, K, Rb, Ba, V, Mn, Co, Ni, Cu, Mo, Si, P, As, Sb, Se, Cl, and SO,) are generally
higher in ash leachates than in soil leachates, although there is some variability by location. Additionally, many
elements vary with ash color (itself a proxy for burn severity), suggesting that burn severity as well as fire fre-
quency may be recorded by speleothems, as first suggested by McDonough et al. (2022). While some analytes are
both higher in ash leachates than in soil leachates and vary with burn severity (e.g., Na, K, Rb, Mn, P, As, and
SO,) not all may be of sufficient concentration to be detectable by LA-ICP-MS or synchrotron X-ray Fluores-
cence Microscopy, the standard methods to measure stalagmite trace elements.
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The pyrogenic biomarkers analyzed here (six PAHs and levoglucosan) were in low abundance in the majority of
ash leachate samples (see Table S10 in Supporting Information S1 for abundances). This may have been due to
degradation ex situ when stored at laboratory temperatures (Douglas et al., 2018; Rost et al., 2002). The samples
that had measurable biomarkers were collected and analyzed within 2 months, a long enough delay that some
degradation can be expected to have occurred (Douglas et al., 2018), although repeat analyses of samples pre-
sented here suggest that degradation may be non-linear or secondary to sample heterogeneity (see Figure S4.2 in
Text S4 in Supporting Information S1). Douglas et al. (2018) showed that Chrysene and Pyrene were robust to
degradation under ambient temperature. Concentrations of both Chrysene and Pyrene in samples presented here
were low, and there was no clear trend by ash color for either compound, although in general black and gray ashes
had higher concentrations of both compounds. Considering all PAHs presented here, concentrations tended to be
higher in the lower molecular weight compounds, and summed concentrations were highest in black and gray ash
samples. This is consistent with both laboratory studies and analysis of wildfire ashes, which have demonstrated
that the highest PAH concentrations are between 400 and 600°C (Karp et al., 2020) and have shown that total
concentrations are higher in black ashes than in white ashes (H. Chen et al., 2018).

Anhydrosugars (including levoglucosan) are reactive and soluble. In open fires, they may appear in all phases (as
gas, particles, or in charcoal) (Suciu et al., 2019). Anhydrosugars are released in greatest quantities at ~300°C
(Shafizadeh et al., 1979; Suciu et al., 2019), although a second peak may be observed at 600°C due to the
depolymerization of polymeric products formed from the thermal conversion of water-soluble compounds (Suciu
etal., 2019, p. 213). Suciu et al. (2019) suggest that it is the reaction of these high-temperature anhydrosugars with
aromatic substances which may result in anhydrosugars forming in char. While there is no clear trend in levo-
glucosan concentration by ash color, in general, concentrations are higher in gray and white ash samples than in
black ash samples. As the chemical structure of anhydrosugars means they bond well with chelating metals (e.g.,
Fe and Al; Suciu et al., 2019), we could have expected that the samples with the highest levoglucosan concen-
trations would also have high concentrations of Fe and Al. Instead, we find that of those seven samples, the
highest concentrations of levoglucosan are found in the sample with the third highest Fe concentrations and the
lowest Al concentrations (of the seven Golgotha Cave ash samples presented in Section 3.1.3). As for the PAHs, a
larger sample size with reduced opportunity for sample degradation is needed to be able to draw stronger con-
clusions about the use of levoglucosan as a speleothem palaeofire proxy.

That biomarker concentrations may degrade in both collected samples (Douglas et al., 2018; Rost et al., 2002) and
in situ (Kim et al., 2011; Simon et al., 2016; Yang et al., 2010) should be considered when interpreting them as
proxies for past fires. For example, in southwest Western Australia, the bushfire season peaks in summer and
autumn. Dripwater monitoring at Golgotha Cave has shown that activation of fractures (and so potentially more
efficient transport of the surface fire signal) is generally enhanced when soil stores are saturated (Priestley
et al., 2023), which may occur months after the fire season has finished. This suggests that where biomarkers are
incorporated in speleothems, they may have been degraded prior to inclusion. Additionally, that low molecular
weight PAHs are generally more abundant than high molecular weight PAHs, and that total PAH concentrations
are higher in black and gray ashes than in white ashes both suggest that PAH-derived records of past fires may be
biased toward less-severe burns. Homann et al. (2023) found that high molecular weight PAHs were often <LOD
in a Mexican speleothem. They attributed this to filtering of high molecular weight PAHs by overlying soils and
epikarsts, as earlier suggested by Perrette et al. (2013). Our results suggest that, if speleothem PAHs are derived
from the leaching of deposited ashes, high molecular weight PAHs and PAHs sourced from more severe fires are
unlikely to be incorporated, as initial concentrations of both are low, and karst processes are likely to further dilute
them. While the results presented here will be useful for the interpretation of pyrogenic biomarkers in speleo-
thems, more research is needed to better understand the transport and deposition of pyrogenic biomarkers in karst
systems.

4.3. Implications for Surface and Groundwaters

The impact of wildfires on surface waters has been well-documented, and elevated concentrations of contami-
nants are commonly seen (Beyene et al., 2023; Hickenbottom et al., 2023), along with increased turbidity (J.
Chen & Chang, 2023; Emmerton et al., 2020) and changes in pH (Costa et al., 2014; Granath et al., 2021), all of
which pose a risk to both natural and human systems. Karst systems make up 7%—12% of the terrestrial earth
surface, and ~25% of the world's population rely on karst aquifers for their water supply (Ford & Williams, 2007;
Hartmann et al., 2014). While groundwaters are generally thought to be less susceptible to contamination than
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surface waters (Reberski et al., 2022), contamination of karst groundwaters is a known concern (Vilhar
et al., 2022). Contaminants may be both autogenic and allogenic, occurring as both point-source and diffuse
sources (Ford & Williams, 2007). Karst aquifers are susceptible to pollution because they transport contaminants
efficiently and have limited capacity to filter them (Ford & Williams, 2007; Sasowsky, 2000). Karst aquifers have
been contaminated by a range of pollutants such as fertilizers, pesticides, pharmaceuticals, microplastics, effluent,
and urban and agricultural runoff (Jiménez-Sanchez et al., 2008; Panno et al., 2019; Reberski et al., 2022). That
karst aquifers may be more susceptible to contamination than non-karst aquifers is demonstrated by Reberski
et al. (2022), who in a review of 50 studies of anthropogenic contaminants in karst aquifers showed that while
concentrations of anthropogenic contaminants were lower in karst aquifers than in surface waters, karst aquifers
had higher concentrations of those contaminants than other aquifers.

There has been limited research on the impact of fire as a contaminant source in karst aquifers, but land clearing
and fire are both thought to result in heightened nutrient loading in karst systems (Gillieson & Thurgate, 1999). In
the karst vadose zone, the geochemical response to fires in dripwater is variable, and appears to depend on both
the burn severity and the cave depth (Coleborn et al., 2018, 2019; Nagra et al., 2016; Treble et al., 2016). Fires
have also been implicated in enhanced recharge in the vadose zone through heat-induced fracturing of the host
rock (McDonough et al., 2022; Meng et al., 2020; Wu & Wang, 2012). McDonough et al. (2022) attributed
enhanced organic matter in a speleothem to increased fracture flow following a severe bushfire. Fires have also
been implicated in reduced infiltration in karst due to sealing of the epikarst (the uppermost layer of the karst;
Holland, 1994), although there has been little reporting of this effect. Metals are listed as a key karst contaminant
(Vesper et al., 2003), and the results presented here show that post-fire ashes may be a point-source of metal
contamination at concentrations higher than normally found in soils. Concentrations of key potential contami-
nants (As, Ba, Co, Cu, Mn, Mo, Ni, Sn, V, Zn, P, S, SO,, Phenanthrene, Anthracene, Pyrene, and Benzopyrene) in
both ash and soil leachates are generally lower than the Western Australian Ecological Investigation Levels
(Department of Environment and Conservation, 2010; see Table S14 in Supporting Information S1), with the
exception of S and SO, which both exceed the ecological investigation levels. While concentrations are generally
low, ash leachate concentrations are much higher than soil leachate concentrations (Table S14 in Supporting
Information S1). It is unclear how pulses of these potential contaminants might impact the karst environment,
including both fragile cave ecosystems and water resources. Further investigation is required at scales ranging
from the cave to the catchment to determine whether ash inputs are a significant contamination source for karst
aquifers. Since climate change is likely to strain global water resources, and since karst aquifers make such a large
contribution to global water resources, understanding how best to minimize their contamination is needed to
ensure future water security.

5. Conclusion

Ashes from both wild and prescribed fires are sources of both contaminants and potential fire proxies for
palaecoenvironmental research. In our analyses of ash leachates from ashes collected in both southwest and
southeast Australia, we found that ash leachate inorganic chemistry primarily varies with ash color (which is an
indicator of burn severity) and location. Statistical difference in inorganic analyte concentration by ash color was
mainly found between the ash color severity “end-members” (i.e., black vs. white ashes). This suggests that
palacoenvironmental applications of the relationships between inorganic ash chemistry and burn severity will
likely be limited to being able to differentiate between more and less severe burns.

PCA and Shapley value regression demonstrated that location and, to a lesser extent, fire history also influence
inorganic ash leachate chemistry. The PCA demonstrated that while the first PC explained ash color, the second
PC explained location, with samples from southeast Australia clustering differently to samples from southwest
Australia. Shapley value regression found that location was the dominant predictor of ash inorganic chemistry,
although ash color was generally the second-most important predictor. It should be noted that the collection of
samples from southeast Australia was delayed, and so the time the ashes spent degrading and reacting in the
environment may be more important than location, as suggested elsewhere (Sdnchez-Garcia et al., 2023). Fire
histories, including the number of years since the last fire, and the total number of fires on record for each
collection point, had limited influence on ash leachate inorganic chemistry. This is a positive outcome for
palaecoenvironmental applications, as we can assume that there is little memory in the system as fire history was
generally a poor predictor of ash and soil chemistry, and the chemistry of ash produced by each fire event should
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largely be independent of past fires. This means that relative fire severities at a site should be able to be deter-
mined after consideration of any vegetation or land use changes.

The relationship between ash leachate inorganic chemistry and elemental volatilization temperature did not
wholly account for the differences in ash leachates by ash color. Competing factors which may explain why some
analytes are higher in less combusted ashes than in more combusted ashes (or vice versa) include fuel compo-
sition, that combustion completeness may be independent of burn temperature, that pH affects the solubility of
many elements, that some metals will form complexes with organic matter, and that some ashes potentially
degraded prior to sampling (i.e., potential removal of fine grains and dissolved elements).

A comparison of ash leachate results presented here with a those published elsewhere showed significant het-
erogeneity in ash leachate inorganic geochemistry, including in how geochemistry differed between black and
white ashes. This suggests some level of site or regional specificity, which is an important consideration for any
palaeofire reconstruction. We note that our results showed good agreement with Miotlifiski et al. (2023), the only
other analysis of ash leachates from southwest Australia. For most elements, concentrations were higher in ash
leachates than in soil leachates. Soil chemistry was largely controlled by location, and sample depth had minimal
impact. This may be attributed to sandy well-drained soils or to the coarse sampling resolution. The fact that
elemental concentrations are generally higher in ashes than in soils is important for speleothem palaeofire
research, as it suggests that the signal is sourced from ash, and not from soil, as seen elsewhere (Hartland
et al., 2012). Elements which are higher in soil leachates than in ash leachates (e.g., Fe) may be the key to finger-
printing soil geochemical inputs. Key analytes which should be considered in future speleothem palaeofire
research include Na, K, Rb, Mn, P, As, Se, V, Cl, and SO, as these analytes all varied significantly in leachates of
black and white ashes, and are all readily measured in calcite via LA-ICP-MS or SIMS (with sulfate measured as
elemental S), and are all generally of higher concentrations in ash leachates than in soil leachates. The results
presented here will inform future speleothem palaeofire research although additional complexities such as karst
processes and differing partition coefficients between cave waters and calcite must be considered. Care must also
be taken in the selection of appropriate samples (M. Campbell et al., 2023).

The preliminary biomarker results presented here were inconclusive, although PAH concentrations were
generally higher in black ash samples than in white ash samples, and levoglucosan concentrations were generally
higher in gray and white samples than in black samples. While degradation ex situ may account for some
inconsistency, further analyses are needed to establish the potential relationships between these biomarkers and
burn severity, how these biomarkers degrade in nature, and the implications of for speleothem palaeofire research.

Data Availability Statement

Data and scripts for the statistical analyses and data visualization are available at https://doi.org/10.6084/m9.
figshare.25001858 (M. Campbell et al., 2024). These data are published under a CC BY 4.0 License.
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