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ABSTRACT

Human activity and climate change are altering natural rates and intensities of wildfire, but the scale and extent
of burning prior to the modern era are poorly understood. Paleofire activity may be reconstructed using a variety
of records (e.g., charcoal in lake sediments, burn scars on tree rings), but these are not available in all envi-
ronmental settings. Here we investigate the utility of a novel paleofire proxy: trace pyrogenic organic compounds
in stalagmites. Polycyclic aromatic hydrocarbons (PAHs) are linked to burning of biomass and are transported
downward through soil and bedrock by infiltrating rainwater and incorporated into stalagmites in underlying
caves where they are preserved. In order to test links between the stalagmite PAHs and fire above the cave, we
performed a series of experiments using PAH distributions at KNI-51, a shallow cave located in tropical Western
Australia, where bushfire is a regular occurrence. First, the possibility of surface contamination was evaluated by
measuring PAH abundances and distributions in sequential digestions and by considering other possible addi-
tional sources, such as regional oil and gas fields or proximal combustion of fossil fuels. Second, PAHs were
measured in soils above the cave and in sediments from the stalagmite chamber floor as possible sources of these
organic compounds, and at near annual resolution in three aragonite stalagmites to evaluate the degree of
deposition and conservation. Third, possible non-pyrogenic sources of organic compounds were evaluated
through alkane distribution and specific m/z ratios. Fourth, signal replication of PAHs was tested in two coeval
stalagmites. Fifth, satellite-mapped fire scars were used to examine the relationship between stalagmite PAH
abundances and proximity of burning to the cave.

The results support the hypothesis that PAHs in KNI-51 stalagmite carbonate reflect paleofire activity within 3
km of the cave, and thus that stalagmites can serve as an important new high resolution proxy for landscape-scale
fire activity. Given that karst is present in many fire-prone environments, and that stalagmites can be precisely
dated and may grow continuously for millennia, the potential utility of a stalagmite-based paleofire proxy is
high.
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1. Introduction

Fire both reflects and drives environmental change across a spectrum
of spatial and temporal scales (Bowman et al., 2009; Lasslop et al.,
2019). Variations in climate and land use practices in recent decades
have resulted in marked shifts in fire activity, including the occurrence
of catastrophic fires such as the 2019-20 “black summer” bushfire sea-
son in eastern Australia and the recent severe fires across many parts of
the western United States, Canada and Europe. Understanding the
complexities involved in fire-ecosystem-climate feedbacks benefits from
a knowledge of past fire dynamics, particularly during intervals of
distinct human activity and/or climatic mean states. However, while
reconstructions of burning prior to the instrumental era have been
developed using charcoal and chemical biomarkers in lacustrine and
marine sediments (Lynch et al., 2007; Argiriadis et al., 2018) and ice
cores (Kehrwald et al., 2010), as well as from fire scars on tree rings
(Margolis et al., 2022), the availability of these proxies is limited in
many settings, including the fire-prone tropical savannas of north-
western Australia.

Speleothems (cave formations including stalagmites) are a widely
used paleoclimate archive given that they can grow continuously for
thousands of years, resist alteration, be precisely dated, and provide
high resolution paleoenvironmental information. Stable isotopes of ox-
ygen and carbon, along with select trace elements, are the primary
chemical markers used in speleothems for paleoclimate reconstruction
(Lachniet, 2009; Fairchild and Treble, 2009; Cisneros et al., 2021). The
study of organic compounds in speleothems is less well developed,
despite the fact that they hold the potential to preserve paleoenvir-
onmental signals unattainable by inorganic compounds (Wynn and
Brocks, 2014; Blyth et al., 2016; Campbell et al., 2023).

Paleofire reconstruction from speleothems is a novel and rapidly
growing research field, as demonstrated by recent studies evidencing
peaks in select trace elements (McDonough et al., 2022), and in trace
organic levoglucosan (Homann et al., 2022) in stalagmites that corre-
spond to fire activity. Polycyclic aromatic hydrocarbons (PAHs) have
rarely been examined in stalagmites (Perrette et al., 2008; Homann
et al., 2023), and Argiriadis et al. (2019) presented a method for the
refined analysis of PAHs in stalagmites. PAHs are primarily related to
combustion of biomass at the land surface and are carried downward by
infiltrating water into caves where they are incorporated into speleo-
thems (Sun et al., 2019), thereby creating the potential for stalagmites to
capture environmental conditions and events, including fire, occurring
over the cave.

The present work aims to assess the potential of stalagmites to serve
as high resolution paleofire records by investigating the nature, distri-
bution, and origins of PAHs in aragonite stalagmites from the tropical
Australian cave KNI-51. The thin soils, shallow depth of the cave, and
strong seasonality associated with the region’s monsoonal climate
minimize homogenization of chemical signals, and the fast growth rates
of the stalagmites allow for extremely high (near annual) temporal
resolution of PAH analyses. In addition, the remote location of the cave
reduces the risk of contamination from anthropogenic emissions while
the high fire frequency allows for a high production rate of pyrogenic
compounds. Finally, satellite imagery provides detailed mapping of
recent fire activity that can be compared against PAH measurements
from recently deposited stalagmite material. The development of a sta-
lagmite paleofire proxy holds enormous potential given the location of
karst in many fire-sensitive regions, including tropical and temperate
Australia, as well as Indonesia, Borneo, Madagascar, the western United
States, and the Amazon basin.

Connecting fire activity above a cave to organic compounds in sta-
lagmites requires understanding their source, distribution, transport,
and preservation. Organic matter in stalagmites may be of autochtho-
nous or allochthonous origin, and several different sources/mechanisms
within or outside the cave environment can contribute to cave organic
matter composition, including transport by suspension in water or air,
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dissolution in water, or through deposition of animal feces. Organic
matter composition reflects the typology and activity of plant and mi-
crobial communities, together with phenomena related to climate, and
natural disturbances including fire (Ramseyer et al., 1997; Blyth et al.,
2008). Depending on the complexity of the soil and karst system,
transport mechanisms of organic matter from the land surface into un-
derlying caves can also affect organic matter deposition in caves, and
thus also in speleothems. For instance, caves characterized by rapid
infiltration typically have a higher content of organic matter than those
with slower infiltration. The turnover rate of organic matter in soils must
also be considered, since it introduces a time lag between organic matter
production and its deposition in stalagmites, and is dependent, in part,
on the thickness of the soil above the cave (Blyth et al., 2008). In
addition, leaching differs according to the chemical characteristics of
transported organic matter: more soluble (hydrophilic) substances (e.g.,
amino acids or polysaccharides) are readily leachable but also more
biodegradable, while hydrophobic components (e.g., lipids) are less
soluble but more resistant to degradation (Blyth et al., 2016, Blyth and
Frisia, 2008).

This study focuses on stalagmites as reservoirs for PAHs, organic
molecules composed of two or more fused aromatic rings formed
through incomplete combustion of organic materials. According to fuel
and combustion conditions, a wide range of PAHs can be produced (Oros
and Simoneit, 2001). PAHs are generally characterized by a high
persistence in the environment and low solubility and low abundance in
natural waters (Countway et al., 2003). Among soil organic matter main
components, low molecular weight PAHs are more likely associated with
humins, while high molecular weight congeners are associated with
black carbon contained in char, charcoal, and soot from natural fires,
land clearing, crop residue burning, and fossil fuel combustion (Ukalska-
Jaruga et al., 2019). Soil PAHs are, for the most part, adsorbed onto
organic matter-specific sites and nanostructures that limit their
biodegradation and bioavailability (Yang et al., 2010).

Immediately after fires of moderate intensity (200-400 °C), abun-
dances of light (LMW) and medium molecular weight (MMW) PAHs are
elevated in burnt soils, particularly naphthalene and phenanthrene and
other 2- to 4-ring compounds, while high molecular weight PAHs
(HMW) are rare to absent (see Table 1 for PAH weight classification and
abbreviations used in the text) (Rey-Salgueiro et al., 2018). HMW PAHSs

Table 1
List of PAH compounds and abbreviations used in this study classified by mo-
lecular weight.

Name Abbreviation = Mol. weight (g Weight
mol 1) class
Naphthalene NAP 128 LMW
Acenaphthylene ACY 152 LMW
Acenaphthene ACE 154 LMW
Fluorene FLU 166 LMW
Anthracene ANT 178 MMW
Phenanthrene PHE 178 MMW
Fluoranthene FLA 202 MMW
Pyrene PYR 202 MMW
Benzo(a)anthracene BaA 228 MMW
Chrysene CHR 228 MMW
Retene RET 234 MMW
Benzo(b)fluoranthene BbF 252 HMW
Benzo(k)fluoranthene BKF 252 HMW
Benzo(e)pyrene BeP 252 HMW
Benzo(a)pyrene BaP 252 HMW
Perylene PERY 252 HMW
Indeno(1,2,3-cd) IcdP 276 HMW
pyrene
Benzo(ghi)perylene BghiP 276 HMW
Dibenzo(ah) DahA 278 HMW
anthracene
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are generally only produced at temperatures in excess of ~500 °C and
thus are associated with fossil fuel combustion or very intense fires of
woody material (Wang et al., 2017). The persistence of PAH compounds
at the soil surface is also dependent on their volatility: concentrations of
naphthalene (LMW) in soils were shown to return to pre-fire concen-
trations 5-9 months after a fire as a result of volatilization and degra-
dation (Kim et al., 2011). This time period can be markedly shortened by
leaching of ash during heavy rainfall events, such as are associated with
monsoons, in which case pre-fire PAH abundances can be restored in
2-3 months (Vergnoux et al., 2011; Kim et al., 2011; Choi, 2014). Thus,
in the shallow soils overlying cave KNI-51, PAHs resulting from fires are
not expected to linger for multiple years on the land surface, as vola-
tilization, degradation, and mechanical erosion (primarily by run-off)
limit the availability of PAHs over time. However, little time is avail-
able for PAHs produced by fires occurring in the eight-month dry (April
to November) - particularly the late dry (September to November) -
season to be lost to volatilization before wet season monsoon rains
transport these compounds into the cave. Field leaching rate is affected
by several factors and is enhanced for compounds associated with dis-
solved organic matter (Wilcke, 2000), while soils with low total organic
carbon (TOC) and low clay content show less capacity to retain PAHs.

Once transported by infiltrating waters into underlying caves, PAHs
can be incorporated into speleothem carbonate, and thus the potential
exists for their presence/absence and molecular weight distribution to
record fire activity over the cave through time. To date, only three
published studies report extraction of PAHs from stalagmites (Perrette
et al., 2008; Argiriadis et al., 2019; Kaal et al., 2021). Perrette et al.
(2008) analyzed samples of a calcite stalagmite in southeastern France
formed in a deep cave overlain by a thick and well-developed soil con-
taining elevated concentrations of PAHs associated with a long history of
human activity. Temporal trends and compositions of PAHs in the sta-
lagmite did not track soil stratigraphy, the overall type or abundance of
humic substances included within the stalagmite, or the land-use history
of the overlying surface. Instead, the authors ascribed the observed
distribution of PAHs within the stalagmite to complex carbon reservoir
effects occurring within the karst-soil system, each part of which
responded differently to biodegradation and eluviation by infiltrating
fluids. Thus, the lack of paleoenvironmental information from PAHs
obtained in this study reflects the complex nature of the site’s soil,
bedrock, and infiltration pathways. Kaal et al. (2021) focused on the
sources of organic matter in stalagmites from a cave in northern Spain.
The few unsubstituted PAHs (parent compounds with no functional
groups attached) that were detected (naphthalene, fluorene, and phen-
anthrene) were attributed primarily to pyrogenic organic matter,
namely charcoal and soot, as residues of incomplete combustion,
possibly from anthropogenic fires in the cave. However, the dominant
source of organic matter in this cave was associated with microorgan-
isms, with a minor contribution from plants growing over the cave.
Despite the exhaustive qualitative analysis of organic-rich layers, the
slow growth rate of these speleothems does not allow a continuous and
high resolution reconstruction of past fire activity. Landscapes mantled
by thin or even absent soils underlain by fractured bedrock favor the
transfer of PAHs to the karst system and limit soil microbial reworking
(Sun et al., 2019). The geologic and hydrologic conditions of cave KNI-
51, where the thin and organic carbon-poor soils do not act as a broad
carbon reservoir, and where the cave is shallow and hosted by fractured
bedrock (see below), are thus well suited to the rapid transmission and
preservation of discrete fire-related signals.

In order to provide a deeper understanding of the sources of hy-
drocarbons to cave KNI-51, the distribution of n-alkanes was here used
in support of the PAH signal interpretation from speleothems. As one of
the major components of epicuticular waxes and due to their resistance
to degradation, n-alkanes are widely used to reconstruct vegetation
shifts ascribable to climate change or land use, which affect the distri-
bution and abundance of alkane chain lengths. Higher plants preferably
synthesize long (C>25), odd carbon numbered n-alkanes, while shorter
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compounds are mainly of algal and microbial origin. Several indexes are
used to assess the sources of n-alkanes and post-depositional processes
affecting the distribution. Among these, the Carbon Preference Index
(CPI) is used to evaluate the degree of odd-over-even predominance
(OEP) of carbon chains (De la Rosa et al., 2012; Bush and Mclnerney,
2013) and is calculated as follows:

2 0aaC21-3 + 3000aCo3-3s
2> evenC2-34

where X,34Ca1-33 and X,q4Ca3-35 are, respectively, the sum of mass-
normalized concentrations of odd-numbered carbon chains in the
range of 21 through 33 and of 23 through 35, while Z¢yenCao-34 is the
sum of mass-normalized concentrations of even-numbered carbon
chains in the 22-34 range.

Fires have been shown to affect the chain length and odd-even dis-
tribution of soil n-alkanes. Heat drives the thermal breakdown of carbon
chains, shifting the distribution towards shorter even and odd com-
pounds. Thus, n-alkanes have proven useful as molecular proxies of
biomass burning (Eckmeier and Wiesenberg, 2009; Kuhn et al., 2010; De
la Rosa et al., 2012).

CPI =

2. Methods
2.1. Study site and samples

Cave KNI-51 is located in the Kimberley region of northeast Western
Australia (15.18° S, 128.37° E; ~100 m a.s.l.) (Fig. 1). This area is
sparsely populated and the cave is remote, located more than 40 km
from the nearest town (Kununurra; population 5,300), 25 km from the
nearest paved road, and more than 1 km from the nearest unpaved (dirt)
track, which experiences vehicular traffic only infrequently and which is
impassable during the wet season. Electricity is produced for Kununurra
and the other regional town of Wyndham via a hydroelectric plant on
the Ord River, and thus potential for fossil fuel combustion to contribute
anthropogenic PAHs to the cave site is minimal.

Regional climate is characterized by modest seasonal changes in
temperature (mean peak daily temperatures of 36 °C in summer vs 31 °C
in winter) but substantial differences in seasonal precipitation are
associated with the Indo-Australian summer monsoon. Annual rainfall
near KNI-51 averages ~850 mm, ~85 % of which falls in the austral
summer (December-March). Bushfires are common throughout the dry
season, due to human activity including both cultural and management
burns, and arson and, in the late dry season (September-November),
lightning strikes (Fig. 1b, 1d). In general fires in the early dry season are
less intense than the late dry season because of differences in fire
weather conditions and fuel moisture (Williams et al., 1998). The
vegetation near KNI-51 is predominantly savanna (Fig. 2a), dominated
by fire-sensitive Eucalyptus confertiflora, E. foelsheana, and E. tectifica,
while the broader landscape includes eucalypt woodlands and mix
woodlands/grasslands, with some areas of tussock grasslands that are
typically burned in the second half of the dry season (July to October)
(Department of the Environment and Energy, 2020; Bureau of Meteo-
rology, 2023).

Cave KNI-51 appears extremely well-suited to the rapid trans-
portation of organic compounds from the land surface to the underlying
cave. KNI-51 is shallow (~10 m of bedrock above the roof of the sta-
lagmite chamber) and overlain by permeable and fractured limestone.
Soils are thin and poorly developed, containing little organic carbon,
and limestone pavement is exposed along several portions of the land
surface above the cave (Fig. 2a) including the stalagmite chamber,
which is located 500 m from the single, small cave entrance. A two-year,
sub-hourly environmental monitoring program in the stalagmite
chamber reveals moderate seasonal swings in temperature, with tem-
peratures during the wet season (December-March), when the majority
of stalagmite growth occurs, broadly consistent from year to year (29.7
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Fig. 1. (a) Satellite map of Australia (source: Google Maps 2021) with zoom on the Kimberley region (black rectangle). (b) Average annual ground lightning flash
density; (c) annual rainfall (mm) (source of data in b and ¢: Australian Government Bureau of Meteorology, www.bom.gov.au). (d) Density map of 2000-2022 burn
frequency (source: North Australian Fire Information, www.firenorth.org.au). Yellow star denotes location of cave KNI-51.
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Fig. 2. (a) Limestone pavement, thin soil, and mixed vegetation above cave KNI-51 (photo by R. Denniston). (b) Sub-hourly temperature (° C) and pressure (kPa)
data collected in the stalagmite chamber of cave KNI-51 (located 500 m from the entrance) from 09/16/2015 to 07/29/2017. Data collected using Onset HOBO data
loggers. For clarity, spikes in barometric pressure related to flooding of the stalagmite chamber were removed.

et al., 2016). KNI-51 stalagmites also contain numerous sediment layers
formed when the stalagmite chamber flooded and deposited clays and
silts on stalagmite caps that became embedded in the matrix when flood
waters receded and growth resumed (Denniston et al., 2015). These
flood layers, which range in thickness from <1-10 mm, were evaluated
as possible sources of PAHs as part of this study. Three KNI-51 stalag-
mites grew across the last millennium (see Fig. S2) - KNI-51-F (CE
~1100-1620), KNI-51-G (CE ~1320-1640), and KNI-51-11 (CE
~1750-2009) and serve as a framework for this test of paleofire activity.
When collected in 2009, stalagmite KNI-51-11 was actively growing,
while stalagmites KNI-51-F and KNI-51-G were collected in 2011 and
were broken and lying on the cave floor.

=+ 0.2 °C) during the monitoring period (Fig. 2a). Barometric pressure is
also seasonally variable, but air exchange is minimal (as inferred from
humidity maintained at 100 % despite the absence of standing water in
the cave and ambient atmospheric relative humidity averaging ~25 %
during the eight month-long dry season, see Fig. S1) and thus transport
of aerosols into this remote portion of the cave can be discounted.
KNI-51 stalagmites are also well-suited for this analysis. Previous
dating of KNI-51 stalagmites by uranium-thorium disequilibrium
methods has yielded high precision age models (2 s.d. errors of +1-2 yr
over much of the last century) and revealed fast growth (1-2 mm/yr),
that together offer the possibility of high temporal resolution (Denniston
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2.2. Standards and reagents

Pesticide-grade (SpS and UpS) dichloromethane (DCM), n-hexane,
and acetone and 34-37 % SpA hydrochloric acid (HCI) from Romil Ltd.
were employed for analysis of organic compounds in KNI-51-11.
Isotope-labeled standard solutions (**Cg-acenaphthylene, 'Cg-phenan-
threne, 13C4—benzo(a)pyrene, and 13CE,—chrysene) were purchased from
Cambridge Isotope Laboratories, while native PAHs were acquired from
Dr. Ehrenstorfer™ (PAH Mix-9). All n-alkane native standards were
from Sigma-Aldrich. All tools and glassware were pre-washed with a 5 %
Contrad aqueous solution and rinsed three times with n-hexane and
DCM, respectively. Where possible, glassware was also muffled at 400 °C
for 4 h.

2.3. Software

Thermo Fisher Scientific Chromeleon™ 7 and Agilent MSD Chem-
station E.02.00.493 were used for processing chromatograms. OriginPro
2018 was used for producing plots and for the statistical treatment of
data, while maps were created with QGIS 3.18.1. Spatial analyses were
conducted in R (R Core Team, 2021) using the packages ‘raster’ (Hij-
mans, 2020) and ‘rgdal’ (Bivand et al., 2023).

KNI-51-F

KNI-51-11

REPLICATION
TEST

0N

N
7l
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2.4. Sample preparation

2.4.1. Contamination control

As described thoroughly by Wynn and Brocks (2014) and Blyth et al.
(2006), low concentrations of organic compounds in speleothems
elevate the risk that chemical signals can be altered by contamination.
Wynn and Brocks (2014) attributed decreasing concentrations of lipids
(such as fatty acids and sterols) with distance inward from the surface of
stalagmites to surface contamination. However, unlike PAHs, which are
mostly regarded as atmospheric gaseous and particulate contaminants,
lipids have numerous sources related to sample handling. Contamina-
tion tests were not performed for PAHs by these authors.

External contamination from petroleum-derived compounds is also
an issue, particularly in regions with active oil and gas extraction op-
erations such as exist across northeast Western Australia. In addition,
sampling, sub-sampling, transport, and laboratory operations can act as
sources of organic compounds (Brocks et al., 2008). Here, several pre-
cautions were used to prevent contamination. The analysis was per-
formed on slabs cut from the center of the stalagmite, thus minimizing
the contribution of contaminants migrated from the external surface.
Polyethylene plastics, a major contributor of n-alkanes, branched hy-
drocarbons, and fatty acids (Brocks et al., 2008; Cheng and Yu, 2020)
were never used through sampling and analysis. Solvents were only SpS
and UpS grade and were previously tested repeatedly in our laboratory
for organic contamination and compared with other brands. As opposed

70 cm
KNI-51-G

TEST

0

Fig. 3. Slabs of KNI-51 stalagmites. Black rectangles mark locations where flood layer sediment was extracted; red sections were used for the sequential digestion
experiment; coeval sections used for the replication experiment are included between dashed lines. Distances along central growth axis of each stalagmite are faintly
visible in red or black. Drill marks visible along the central axis correspond to sampling for dating and stable isotope analysis.
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to previously published studies of stalagmite and rock samples, which
were run under normal laboratory conditions, all samples here were
treated in a class 10,000 cleanroom entirely built in stainless steel. As
detailed below, rigorous blank control was also performed and possible
sources of PAHs other than fire and vegetation were carefully evaluated
through specific m/z ratios.

To test the possibility of external contamination from target com-
pounds affecting KNI-51 stalagmites, we performed a sequential diges-
tion test adapted from Wynn and Brocks (2014). Four rectangular
sections (red rectangles in Fig. 3) averaging 10 g were cut from stalag-
mite KNI-51-F and KNI-51-11 residual material using a Dremel tool
equipped with a cutting diamond wheel. In the organic cleanroom, the
sections were cleaned in the sonic bath with n-hexane and dichloro-
methane, dried, and weighed. Sections were digested for 2 min in 20 mL
of a 3 M HCI solution (pre-cleaned three times by liquid-liquid extrac-
tion with dichloromethane) to remove only an external layer averaging
1.5 g from the sections (details on sample weight are reported in
Table S3). The process was repeated three times for each section to
assess the distribution of organic proxies from the surface to the interior
of the slabs. The residual aragonite from the interior was treated as
described below for stalagmite samples, except that they were not
drilled.

2.4.2. Stalagmite samples

Stalagmites KNI-51-F, KNI-51-G, and KNI-51-11 were bisected using
a water-cooled trim saw and then a slab was cut from one half using a
hand-held wire saw; no oils or solvents were applied to the stalagmites
during cutting. Samples analyzed for PAH and n-alkane abundances
were drilled using a Dremel handheld drill with a 1 mm diameter
diamond-coated bit in order to obtain continuous samples in 2-3 mm
intervals, which provides a resolution of 2 + 1 years per sample. Prior to
drilling each sample, the outer surface of the slabs was thoroughly rinsed
with pesticide grade n-hexane and dichloromethane to guarantee the
absence of contaminants. Powders were then transferred to a class
10,000 cleanroom for organic analyses and extracted. The extraction
procedure is detailed in Argiriadis et al. (2019), although with slight
modifications. Briefly, samples were spiked with 50 uL of the internal
standard solution containing '*Cg-acenaphthylene, Cg-phenanthrene,
13¢,-benzo(a)pyrene at 1 ng uL. ! and with 50 L of an hexatriacontane
solution at 50 ng uL~'. Then, they were dissolved in 3 M HCI and lig-
uid-liquid extracted three times with 10 mL of DCM and 5 mL of n-
hexane. Extracts were buffered with anhydrous sodium sulfate, reduced
to ~ 200 pL under a gentle stream of nitrogen, spiked with 20 pL of 13¢,-
chrysene at 1 ng uL ™! as a recovery standard, and analyzed by gas
chromatography-mass spectrometry (GC-MS). Following the same pro-
cedure, several procedural blanks (one for every set of five samples)
were processed together with samples in order to assess background
contamination, which was controlled by careful cleaning and cleanroom
processing, allowing the quantification of trace abundances in these
samples.

2.4.3. Analysis of soil, cave sediment, and stalagmite flood sediment
Material milled from KNI-51 stalagmites is predominantly aragonite
but some samples also contain flood-derived sediment. In order to
investigate the contribution of these sediments to the measured distri-
butions and abundances of PAHs, we collected and analyzed soil samples
from outside the cave (Dr, Dg, and E), sediment from the cave floor (Ar,
Ag, Br, By, Bg, Cr, and Cg) (see Table S1), and from particularly thick
flood layers contained within the stalagmites (black rectangles in Fig. 3).
Three flood sediment samples were milled from stalagmites KNI-51-11
and KNI-51-G (as is visible in Fig. 3, KNI-51-F did not contain thick
flood layers). The sediment samples interlayered within the stalagmites
were carefully removed from the stalagmite slab with the hand drill.
Soil/sediment samples, previously stored in aluminum foil pouches,
were freeze-dried and then ground in a hand mortar. All samples and
blanks were dispersed with diatomaceous earth, spiked with internal
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standards, and extracted three times (static: 5 min) through an ASE 350
(Dionex Thermo Fisher) accelerated solvent extractor using a 1:1 (v/v)
mixture of DCM and n-hexane at 100 °C and 1000 psi in 22 mL stainless
steel cells. Extracts were concentrated to ~200 pL under a gentle stream
of nitrogen and analyzed by GC-MS.

2.5. Elemental analysis

The total carbon and total organic carbon contents in sediment and
soil samples were assessed through elemental analysis (Flash 2000
Elemental Analyzer, Thermo Fisher Scientific). Dry and homogenized
samples were weighed in tin capsules (~200-500 pg), combusted at 950
°C, and oxidized in a quartz reactor packed with granular silvered
cobaltous/ic oxide, reduced copper, and chromium oxide in the pres-
ence of oxygen. Helium was used as a carrier gas. The instrument linear
response was verified through standard acetanilide (Thermo Fisher
Scientific), which allowed instrument calibration. Prior to analysis,
samples for the measurement of organic carbon were treated with a 10 %
HCl solution, washed, and dried. Analyses were repeated three times for
each sample and results were averaged.

2.6. GC-MS and GC-MS/MS analysis

PAHs were quantified through gas chromatography coupled with
triple quadrupole mass spectrometry (Thermo Scientific Trace 1310 -
TSQ 9000 GC-MS/MS system). The GC was equipped with a HP-5 ms
capillary column (60 m, 0.25 mm i.d., 0.25 pm film thickness, Agilent
Technologies) and the temperature program was as follows: 70 °C (2
min), 10 °C min™" to 200 °C (5 min), 8 °C min~" to 280 °C (5 min), 5 °C
min~! to 310 °C (9 min). Helium was used as carrier gas (1 mL minfl),
while argon was used as collision cell gas. The PTV injector was operated
in splitless mode (70 °C to 320 °C at 14.5 °C s’l). Detailed information
on m/z ratios, transitions, and collision energy used for single PAH
compound identification are reported in Table S2.

The quantification of n-alkanes was performed by gas chromatog-
raphy (Agilent Technologies 7890A GC) coupled to single quadrupole
mass spectrometry (Agilent Technologies 5975C MS) operated in
selected ion monitoring (SIM) mode (m/z 71, 99, 85, 113). Separation
was achieved on a 60 m HP-5 ms column as follows: 50 °C (5 min), 18 °C
min~! to 315 °C (13 min), postrun 315 °C (15 min). Helium was used as
carrier gas (1.2 mL min ! flow). The inlet and transfer line temperature
was 300 °C. Injection was performed in splitless mode.

Samples were analyzed also in full scan mode to evaluate the pres-
ence of non-fire related hydrocarbons and other organic compounds.

Analytes were quantified through the isotope dilution technique and
results were corrected by the average response factor obtained by
repeated injections, together with samples, of a solution containing all
native, internal and recovery standard compounds at the same concen-
tration (100 pg uL~!). Absolute amounts were corrected by the average
blank and divided by the sample weight to obtain concentration values
in ng g’l.

2.7. Spatial analyses

In order to evaluate the association between the detected concen-
trations of PAHs and the presence of fire scars in proximity of KNI-51, we
compared satellite imagery of burn scars to the PAH record from KNI-51-
11, which was actively growing when collected in 2009. Fire history
data for the study area was obtained from Northern Australia and
Rangelands Fire Information (NAFI; https://firenorth.org.au/nafi3/),
which provides information on date of ignition and fire extent at a
resolution of 250 m for fires since 2000. Our analysis was thus tempo-
rally restricted between the year 2000 and 2009. To improve resolution,
we created fire severity maps by calculating the Normalized Burn Ratio
(NBR), a spectral index which has been shown to provide reliable esti-
mates of fire severity in savannas (e.g., Smith et al., 2007; Philipp and
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Levick, 2020). NBR relies on the low absorbance and high transmittance
of vegetation at near-infrared (NIR) wavelengths and its high absor-
bance and low transmittance at shortwave-infrared (SWIR) wavelengths
(Alcaras et al., 2022), and is calculated as:

NIR — SWIR

NBR = —————
NIR + SWIR

We gathered cloudless satellite imagery from Landsat 7 ETM and
Landsat 8 OLI/TIRS missions (30 m resolution) captured before and after
each fire that occurred within 5 km of KNI-51 since 2000, using the
ignition dates provided by NAFI as a reference point. The variation in
NBR (dNBR) is the difference between pre- and post-fire NBR. To
maximize the accuracy of these analyses, we ensured that pre- and post-
fire imagery was captured as close as possible to the ignition date
(Holden et al., 2005). In the absence of field data to calibrate fire
severity, we used the general thresholds proposed by the European
Forest Fire Information System (EFFIS; https://effis.jrc.ec.europa.eu/a
bout-effis/technical-background/rapid-damage-assessment) to classify
pixels of each dNBR map as either unburnt, low severity, moderate
severity, or high severity. For each fire severity map, we combined all
pixels classified as burnt, regardless of severity. We then quantified the
proportion of land burnt within buffers of different sizes, all centered on
KNI-51: 50 m, 100 m, 250 m, 500 m, 1 km, 1.5 km, 2 km, 2.5 km, 3 km,
and 5 km. We evaluated the association between the proportion of burnt
land and the sum of LMW and MMW PAHs for each buffer using linear
and quadratic regression. The best model was identified by comparing
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their AICc value, which is analogous of Akaike Information Criterion
(AIC) corrected for small sample size, and selecting the model with the
lowest AICc score (Burnham and Anderson, 2002). Analyses were con-
ducted using the packages ‘MuMIn’ (Barton, 2023) and tidyverse
(Wickham et al., 2019) in R (R Core Team, 2023).

3. Results
3.1. Sequential digestion

To the best of our knowledge, no PAH data from sequential digestion
of stalagmites have previously been published and thus the following
represents the first test of external contamination on stalagmite PAH
values. Results are reported in the research data. Here, no clear
decreasing trend in concentrations of PAHs towards the interior of the
stalagmite is observed. In fact, concentrations tend to be similar, or even
more elevated in the interior layers than across the exterior in most
samples. The boxplots in Fig. 4 evidence the absence of any trend or
significant differences among layers, implying that variations in the
concentrations found in progressive layers are due to fluctuations
around the mean rather than the result of external contamination.

3.2. PAHs in KNI-51 soil, cave sediment, and stalagmite flood sediment

Since most hydrophobic organic compounds are generally strongly
bound to organic matter in sediments and particulates (Pignatello,
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Fig. 4. Inter-layer concentration variations of LMW, MMW, and HMW PAHs in the four stalagmite sections (top: KNI-51-F; bottom:

sequential digestion experiment.
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1998), sediments included as flood layers in stalagmites might represent
an additional source of organic compounds and thus could affect the
suitability of stalagmites as archives of organic paleofire proxy data. For
this reason, we evaluated the presence of PAHs in the cave sediment and
in thick flood layers contained in stalagmites from cave KNI-51.

The distribution of target compounds in soils from inside and outside
the cave was used to assess their possible contribution to stalagmites.
Highest total PAH concentrations were measured in soil samples from
outside the cave (samples D, Dg and E, Fig. 5b), with the highest
contribution from HMW compounds, namely benzo(a)pyrene and benzo
(e)pyrene (Figs. 5 and 6). Sample E, collected farthest from (~20 m) and
above the cave entrance, was the only sample where indeno(1,2,3-cd)
pyrene was above the limit of detection. Naphthalene was the only
compound present in all ten samples, while acenaphthylene, perylene,
benzo(ghi)perylene and dibenzo(ah)anthracene were always below the
detection limit. Total PAH concentrations in samples from within the
cave (samples A to C) are dominated by naphthalene, chrysene and
benzo(a)pyrene. Naphthalene and phenanthrene are the dominant
compounds in stalagmite thick flood layer sediment samples (KNI-G a,
KNI-G b, KNI-11, Fig. 5a), followed by acenaphthylene. Compared to soil
and sediment samples, the concentration of LMW PAHs in stalagmite
flood sediments is high mainly due to elevated levels of naphthalene in
all three samples. Among HMW PAHs, perylene, benzo(ghi)perylene,
dibenzo(ah)anthracene, and indeno(1,2,3-cd)pyrene were not detected,
while benzo(e)pyrene was the only 5-ring compound present in all three
samples. The sample from stalagmite KNI-51-11 contained the highest
number of compounds and was the only one where fluoranthene, pyr-
ene, benzo(b)fluoranthene and benzo(k)fluoranthene were present. In
summary, we observe a similar PAH composition in soil, sediment, and
stalagmite flood sediment, although the latter presents higher concen-
trations of compounds, as summarized in Figs. 5 and 7.

Given that organic carbon can serve as a reservoir for adsorbed
PAHs, we also measured TOC in these sediment samples. TOC varies
between 2 and 5 % by weight (see Table S4), but this variation does not
appear to affect concentrations of organic compounds, which were
therefore not normalized to TOC. Indeed, no significant correlation
(Pearson) was found between total PAHs and TOC (r = 0.24, p-value =
0.51). These values of TOC are in line with global means for tropical and
subtropical grasslands, savannas, and shrublands (Stockmann et al.,
2015), and with values reported for red earths in fire-prone tropical
northern Australia (Chen et al., 2005).
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3.3. PAH in stalagmite aragonite

The entirety of two of the three stalagmites (KNI-51-F and KNI-
51-11) were processed and were thus compared in terms of concen-
tration levels and distribution of PAH compounds. Results from KNI-51-
G are not included in this analysis since only a section of it was processed
for the replication test. Although samples were processed as time-series,
results will be shown and discussed here only in a geochemical
perspective in order to fulfil the scope of this paper, that is to test the
validity of PAHs as fire tracers in speleothems and provide a framework
for future interpretation in a paleoenvironmental context. Although
generally present in trace concentrations (sub-ng to ng level), PAHs were
detected in 182 of the 192 (95 %) samples milled from KNI-51-F and in
206 of 208 (99 %) from KNI-51-11. Total PAH concentrations (ng/g)
range from below the level of detection to 32 ng g™+ in KNI-51-F and to
60 ng g~ ! in KNI-51-11.

The MMW phenanthrene has the highest average concentration in
KNI-51-F (0.7 ng g~ %; Fig. 6), followed by the LMW naphthalene (0.5 ng
g~ 1) and the HMW benzo(a)pyrene (0.4 ng g~1); the HMW perylene has
the lowest average concentration (0.01 ng g~1). LMW and MMW PAHs
are most common: MMW PAHs pyrene (65 % of samples), phenanthrene
(52 %), fluoranthene (46 %), retene (45 %) followed by LMW PAHs:
naphthalene (55 %) and fluorene (40 %) (Fig. 7). All other PAH com-
pounds are present in fewer than half of the samples. LMW and MMW
compounds therefore dominate the distribution, although some signifi-
cant spikes of benzo(a)pyrene are present up to a maximum concen-
tration of 14 ng g™, accompanied by other HMW compounds such as
benzo(e)pyrene (7 ng g~') and benzo(ghi)perylene (10 ng g~1). As a
result, average concentrations of total HMW PAHs in KNI-51-F are
comparable with mean total LMW (0.9 and 1.0 ng g™}, respectively).

HMW mean PAH concentration in stalagmite KNI-51-11 are signif-
icantly lower (0.1 ng g~ !) than in KNI-51-F, while mean LMW and MMW
average 1.4 and 2.0 ng g~ *, respectively. Naphthalene has the highest
mean value (1.1 ng g~1) - although it is present only in 11 % of the
samples — followed by pyrene (0.6 ng g 1) and phenanthrene (0.6 ng
g 1. Pyrene is the most common compound in KNI-51-11 (96 % of
samples), followed by fluoranthene (69 %) and phenanthrene (57 %), as
shown in Fig. 6. MMW PAHs dominate in KNI-51-11 as in KNI-51-F,
although in the latter the three classes of PAHs are distributed as fol-
lows: LMW 28 %, MMW: 45 %, HMW 27 %, while in KNI-51-11 the
composition is: LMW 40 %, MMW 56 %, HMW 4 %. Fig. 6 summarizes
the mean distribution of PAHs in the two stalagmites.

Full scan sample chromatograms reported in the Supplementary
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Fig. 5. Concentrations (ng g’l) of low (LMW, orange), medium (MMW, red), and high (HMW, grey) molecular weight PAHs (a, b) in flood layer sediments from
stalagmites KNI-51-G and KNI-51-11 (a) and in soil/sediment samples from inside and outside the cave (b).
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Material together with m/z 128 + 142 + 156 and 178 + 192 + 206
(Figs. S3-S5, Fig. S6) show no significant presence of methylated PAH
compounds often found in presence of petroleum sources. The majority
of peaks present in the full scan chromatograms are ascribed by NIST
library search to biogenic volatile organic compounds associated to
plants, bacteria, and fungi, such as terpenes, carboxylic acids, aliphatic
ketones and aldehydes, fatty acids, and phenolic compounds. Among
others, we identified phenol and benzoic acid derivatives, long chain
fatty aldehydes and ketones and anthraquinones, that are often detected
in plant extracts and were found to exert diverse antimicrobial activities.
In addition, the classes of compounds found in full scan chromatograms
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The distribution of n-alkanes was assessed in all samples to further
investigate the sources of hydrocarbons to the cave. Data for soil and
sediment are shown in Fig. S7 and research data. All compounds in the
C13-C34 range were present in soil samples. Total n-alkane concentra-
tions were significantly higher in thick mud layers (12-24 pg g~1) than
in soil (0.3-2.4 pg g™ 1), equally distributed between odd and even
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have been shown to be widely present also in smoke and particulates
from biomass burning.

3.4. Linear alkane distribution
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compounds. With respect to the Carbon Preference Index (CPI), stalag-
mite thick flood layers average near 1 (0.95-1.26), while most cave
sediment and soil samples are below 1 except for samples Ag (1.31) and
Bg (2.74). Thus, no OEP was observed in these samples.

Out of 10 sediment and soil samples, C;5 (n-pentadecane) and C7 (n-
heptadecane) were present in 8 and 9, respectively, and were signifi-
cantly higher (C1s: 57-803 ng g-1; C7: 15-917 ng g~ 1) than other short-
chain n-alkanes; flood layer sediments were particularly rich in these
two compounds (Cjs: 0.2-2 pg g’l; Cy7: 0.3-0.4 pg g’l). In general,
thick mud layers are approximately one order of magnitude richer in the
n-alkane content than soil and sediment samples.

Single n-alkane concentrations measured in stalagmite KNI-51-F
range from below the limit of detection to 1.7 ug g~! (Cag). The most
frequently detected compounds fall in the Cy3-C33 range (Fig. 8), with
Co1, C23-Cay, C29-C34 being detected in more than 80 % of the samples.
Mean and maximum concentrations follow a normal distribution
centered at Cyg (mean: 162 ng g_l), with the exception of Cys, which is,
on average, slightly more abundant than other short chain compounds,
as was observed also in flood layers, cave sediments, and soil samples.
The distribution of compounds in the Cy;-C3s interval in stalagmite KNI-
51-11 is similar to KNI-51-F. However, mean concentrations are higher
for short compounds in the C;o-C;7 range compared to long carbon
chains in KNI-51-11, resulting in a multi-modal distribution with max-
ima at C;; (347 ng g’l), C17 (289 ng g’l), and Cyg (205 ng g’l).

Similar to sediment, soil, and mud layer samples, no marked OEP
was observed in KNI-51-F: CPI values range from 0.3 to 7 (average 1.1 &
0.7), although only one-third of the samples have a CPI greater than 1. In
KNI-51-11, the CPI is more variable, with values in the 0.06-13 range
(average 1.4 + 1.7), of which 56 % is greater than 1. The ACL in KNI-
51-11 ranges 12-28 with an average value of 20 + 4.

Sample chromatograms from m/z 85 are reported in the Supple-
mentary Material (fig. S2). Despite the lack of OEP, the presence of the
pristane and phytane characteristic peaks, typically recognized as a
petroleum signature, was not revealed.

3.5. Correlation analysis

The relationship between PAHs in flood layers and stalagmite car-
bonate was investigated through correlation analysis. The presence of
flood layers in the two stalagmites, reported by Denniston et al. (2015)
as binary data (0 = absent, 1 = present), was correlated with the
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presence of PAHs. First, all data were interpolated at 0.5 mm to be
equally spaced and smoothed (5 pts adjacent average). Then, the Pear-
son correlation and p-value were computed for flood data and organic
compounds. Correlations were tested for single compounds and groups
(total PAH, LMW, MMW, and HMW PAH).

All correlation results are reported in the research data, and corre-
lations of single compounds are shown in Fig. 9. The significance test at
the a = 0.05 level shows all computed correlations between the presence
of PAHs and the occurrence of mud-rich layers in the stalagmites are
statistically significant. Correlations between PAH groups (LMW, MMW,
HMW, Total) and flood layers are generally low and positive and similar
for the two stalagmites (0.09-0.16 in KNI-51-11 and —0.06-0.10 in KNI-
51-F), as indicated by correlation coefficients and p-values. PAH groups
are well correlated with each other and with total PAHs with moderate
to high positive values (>0.5) in both stalagmites although in KNI-51-F
the correlation of LMW PAH with MMW, HMW, and total PAHs is lower
(0.13-0.44). The correlations of single PAH compounds with the pres-
ence of flood layers are negligible (r = -0.06 to 0.16 in KNI-51-F and
—0.07 to 0.24 in KNI-51-11), with highest values detected for select 5-
and 6-ring (HMW) PAHs, namely benzo(b)fluoranthene, benzo(k)fluo-
ranthene, benzo(a)pyrene, benzo(ghi)perylene, and indeno(1,2,3-cd)
pyrene.

3.6. Proxy replication in different stalagmites

Waters migrating from the land surface to a cave follow a myriad of
pathways, each with its own set of physicochemical characteristics that
can distort or mask fluid geochemistry. As a result, different cave drip
waters, and thus the stalagmites they produce, can have different
geochemical compositions (Duan et al., 2016). A robust test for the
presence of secondary effects involves the analysis of two or more coeval
stalagmites. If samples formed at the same time exhibit similar
geochemical trends, then it is likely that these represent a spatially
significant environmental signal (such as bushfire) that was not mean-
ingfully impacted by processes occurring in the bedrock. Thus, in order
to test the replication of PAH abundances and distributions between
different stalagmites, a 135 mm subsection of KNI-51-G (see Fig. 3) was
drilled and analyzed to be compared with a coeval section of KNI-51-F.
Differences in stalagmite growth rates resulted in lower temporal reso-
lution in KNI-51-F (1.15 mm yr~!; ~2-3 yr resolution) than in KNI-51-G
(1.99 mm yr’l; ~1 yr resolution). Concentrations (Fig. 10) in both
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Fig. 9. Pearson correlation of single PAH compounds with flood layers (FL) in stalagmites KNI-51-F (left) and KNI-51-11 (right).
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Fig. 10. PAH concentrations (orange: LMW, red: MMW, grey: HMW) in two coeval sections of stalagmite KNI-51-F (top) and KNI-51-G (bottom). Beige bars in the

background represent flood layers in the stalagmites.

stalagmites are in the ng to sub-ng/g range, with slightly lower values in
KNI-51-G. Peaks in all three weight classes of PAHs are visible in both
stalagmites at 1400-1420 and 1450-1460 CE. When factoring in age
model uncertainties, the replication of LMW PAHs is particularly robust.
However, spikes in MMW and HMW PAHs in the period 1430-1440 CE
apparent in KNI-51-G are not present in KNI-51-F.

Because the infiltration network above a cave can be complicated,
each drip can have its own distinct set of characteristics, and thus the
replication of geochemical values and trends in coeval stalagmites rep-
resents an important test of the veracity of the inferred paleoenvir-
onmental signal (Dorale and Liu, 2009). Based on our analysis, PAH
generally show broad agreement between two different KNI-51
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stalagmites for the period 1380-1480 CE, including all molecular
weights below detection from 1380 to 1400 and 1470-1480 CE in both
stalagmites and peaks at ~1405-1420 and 1450-1465 CE. Overall,
these results support their ability to capture and conserve the paleofire
signal, although elevated concentrations of HMW PAHs in KNI-51-G at
~1435 CE are not present in KNI-51-F. It is unclear if this discrepancy is
due to differential flow regimes (i.e., matrix vs. fracture flow) through
the overlying bedrock. The overall similar trends in different molecular
weight PAHs between stalagmites KNI-51-F and KNI-51-G suggest that
these are primary paleoenvironmental signals, unaffected by other
processes occurring in the overlying soil or bedrock.
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3.7. Association with fire scars

In order to provide a more nuanced view of fire activity, we relied on
dNBR rather than fire scars (Fig. 11a). Moderate-severity fires were
detected only when evaluating fire severity within 1.5 to 5 km of KNI-
51, and never accounted for more than 1.2 % of the area, with the
remaining fires all being of low severity (Table S5 in Supplementary
Material). We identified an association between the proportion of
burned land and the combined LMW and MMW PAH concentrations in
stalagmite KNI-51-11 only when investigating buffers with radii of 2-5
km from the cave (Fig. S8). The best model, selected based on AICc
scores, was based on a quadratic regression using a 5-km buffer
(adjusted-R2 = 0.97, p value = 2.4 x 107%; Fig. 11-bc). Although the
predominance of low-severity fire made it impossible to explore the
variation in PAH concentration associated with fire severity, the in-
crease in PAH concentration was particularly evident when the pro-
portion of land burnt exceeded 60 % of the examined area within 2-5 km
from the cave (Fig. 11b, Fig. S8).

4. Discussion
4.1. Evaluation of external contamination sources

Although the discontinuity of the stalagmite structure affects the
homogeneity of the acid digestion process, creating areas where the
dissolution occurs at different rates according to small-scale heteroge-
neity in hardness and solubility, the sequential digestion test demon-
strated that external contamination does not appear to be a source of
PAHs on these stalagmites since concentrations are not correlated with
distance from the sample margin. Despite variations likely related to the
aforementioned inhomogeneity of the structure, results do not differ
significantly between each other, as shown in the boxplots in Fig. 4, and
all are consistent with results obtained on the stalagmite samples despite

2001 Fire scars

NBR analysis NAFI
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Proportion of 5 km

LMW + MMW PAH
concentration (ng/g)

buffer burnt (%)
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differences in the extraction technique. Therefore, we conclude that
PAH distributions are not derived from collection, transport, and sub-
sampling operations.

4.2. Possible roles of non-fire related sources

n-Alkanes in KNI-51 soil, sediment, and stalagmite aragonite
consistently lack the OEP commonly detected in soils and sediments
(Castaneda and Schouten, 2011) and attributed to the tendency of
terrestrial plants to synthesize odd-numbered carbon chains. This
occurrence is rarely reported in environmental records and thus we
dedicated this additional paragraph to possible interpretations. In
consideration of the lack of OEP observed in most samples analyzed and
owing to the proximity of the cave to regional oil wells, we investigated
the possibility that hydrocarbons from petroleum deposits were
responsible for the observed stalagmite PAHs. Other possible sources of
hydrocarbons are discussed as well. Cave KNI-51 is proximal to the
southernmost boundary of the Milligans-Kuriyippi/Milligans petroleum
system, one of the sub-systems of the Bonaparte basin, a mainly offshore
petroleum basin with a few abandoned onshore wells drilled between
1972 and 2001 CE and used for exploratory purposes. The basin is
considered promising especially for offshore gas extraction, while only
limited liquid hydrocarbon reservoirs were discovered so far. Six wells,
700-2553 m deep, are present within 20 km east of the cave position,
none of which are currently working. However, gas discovery is reported
for all these wells with small oil shows, likely representing local gen-
eration from basinal shale facies, at Waggon Creek 1 and 1A and Ningbing
2, located 10 and 11 km from the cave, respectively. Conversely, oil
discovery is limited to few offshore sites (Earl, 2004; Ahmad and Mun-
son, 2012; Geoscience Australia, 2021).

Cave KNI-51 is part of the Late Devonian limestone sedimentary
geological unit named the Ningbing Group, which is overlain by the
Carboniferous sandstone Milligans Formation, which in turn is believed to
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Fig. 11. Results of the fire severity analysis and comparison with LMW and MMW PAH concentration. (a) Example of the difference between fire scars as provided by
NAFI (resolution 250 m) and those obtained in this study using Landsat imagery (resolution 30 m) for the year 2001. (b) Proportion of 5 km buffer burnt (orange
bars) and concentration of LMW and MMW PAHs for each investigated year (black line). (¢) Quadratic regression line between the proportion of area burnt and
concentration of LMW + MMW PAHs within 5 km from KNI-51, which was selected as best model through AICc model selection (adjusted-R? = 0.97, p value = 2.4 x

107%). Grey shading represents the confidence interval.
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be the source rock for the gas reservoir (Fig. S9). The Ningbing limestone
outcrops only in a narrow NNE-oriented area, ranging in thickness from
171 to 1166 m (Mory and Beere, 1988; Earl, 2004; Gorter et al., 2004).
Well completion reports including geochemical data are accessible
through the Petroleum & Geothermal Information Management System
(WAPIMS, https://wapims.dmp.wa.gov.au), although no detailed in-
formation about the hydrocarbon composition of oil shows is reported.
Edwards et al. (1997) observed that oils from this sub-system reveal an
algal and bacterial marine origin inferred from the biomarker and iso-
topic composition, although lower pristane/phytane ratio (Peters et al.,
2004) and higher abundance of waxy (long-chain) n-alkanes at Waggon
Creek 1 suggest a contribution from land plants or higher thermal
maturity. Petroleum types vary widely in the hydrocarbon composition
as a result of their origin and maturation processes, including also
numerous species (e.g., alkylated PAHs) often used for petroleum
fingerprinting (Wang et al., 2012) that were not detected in samples
from cave KNI-51. Thus, despite the proximity of the cave to oil shows
and the complexity of a thorough comparison with our data, hydrocar-
bon leaks to the cave are reasonably an unlikely source of the observed
organic compounds analyzed here, as supported by the lack of alkylated
species in our chromatograms.

Alternative explanations for low CPI values include plant composi-
tion, microbiological activity, and thermal decomposition from burning.
CPIs for single plant species vary naturally across a wide range (Bush
and Mclnerney, 2013). For instance, graminoids - herbaceous, grass-like
plants - constitute a large part of the tropical Australian savanna and
have very low CPI values compared to woody angiosperms. Addition-
ally, in Australia, soil CPIs were found to be lower than predicted values
based on plant n-alkane composition, possibly as a result of post-
depositional degradation (Howard et al., 2018). Kuhn et al. (2010)
argue that the OEP pattern is typical of northern hemisphere sites, where
most research has been conducted. Thus, the dry and warm conditions
characterizing tropical savannas may result in a different observed n-
alkane profile, as a product of the composition of the plant community
and adaptation strategies.

Despite nutrient limitations, bacterial communities that rely on
allochthonous organic matter flourish in caves and the literature pro-
vides wide evidence of microbially-mediated speleothem deposition
(Barton and Northup, 2007; Blyth and Frisia, 2008; Bindschedler et al.,
2016; Zhu et al., 2019). Several microorganisms including bacteria,
fungi, and algae are capable of synthesizing alkanes or using them as a
growth substrate (Ladygina et al., 2006; Wentzel et al., 2007). The
abundance of the short-chain C;5 and Cy7 n-alkanes, here detected in the
soil, stalagmite mud layers, and stalagmite aragonite, is common to
cyanobacteria (Valentine and Reddy, 2015) that, together with algal
species, are reported to form biofilms on cave walls and ceilings (Czer-
wik-Marcinkowska and Mrozinska, 2011; Czerwik-Marcinkowska et al.,
2015; Popovic et al., 2015) and are the main photosynthetic component
of biological soil crusts, widespread across Australia (Williams et al.,
2014). Xie et al. (2003) attributed a similar pattern of single n-alkanes
and low CPI in a cave in subtropical southern China to the input from
parent soil and microorganisms, wherein microbial reworking and the
occurrence of even compounds in plant roots can affect the distribution.

Here, the most likely interpretation for the low CPI is the dominant
contribution of recurrent savanna fires affecting the distribution
through the thermal breakdown of n-alkane molecules by shifting it
towards short-chain and even carbon numbers, as reported in literature
(Kuhn et al., 2010; De la Rosa et al., 2012; Vicente et al., 2017; Sarangi
et al., 2022) and further discussed below. For instance, the impact of
burning on alkane distributions is evident in analyses of organic com-
pounds in smoke from fires in Portugal (Vicente et al., 2017). This study
revealed the presence of odd and even numbered n-alkanes, which was
attributed primarily to plant epicuticular waxes. However, the CPI for
these samples was always around 1, evidencing the lack of the typical
plant OEP and resembling the pattern usually observed in microbial and
fossil lipids. Thus, the fires drove thermally-induced breakdown and
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rearrangement of carbon chains, resulting in a wide variety of organic
structures including shorter and/or even aliphatic and aromatic hy-
drocarbons such as PAHs. Similarly, Sarangi et al. (2022) performed a
controlled burning of leaves and soil samples and found that burning
above 300 °C resulted in significant lowering of TOC and CPI values of
tree and shrub samples considered.

In conclusion, we consider n-alkanes in speleothems from cave KNI-
51 as resulting from local processes related to surface vegetation and in-
situ degradation from fire and, possibly, bacterial activity, as supported
by the coherence between soil and speleothem distributions observed
and the results from the library search of peaks obtained by full scan
analysis.

4.3. Cave soil and stalagmite flood layers

The PAH composition of soil samples and stalagmite mud layers re-
flects the frequent bush fire activity in the area surrounding KNI-51. All
PAH compounds detected here are fire-related and were also reported in
gaseous and particulate emissions from the combustion of Western
Australia woods and grasses (Zou et al., 2003; Dong et al., 2020) and in
smoke from biomass burned during the 1997 prolonged fires in
Indonesia (Fang et al., 1999). Overall, concentrations of PAHs are in line
with those reported by Wilcke et al. (2002) in seasonally flooded tropical
soils not impacted by anthropogenic activity in Brazil. Low concentra-
tions of LMW and MMW PAHs suggest that soils were affected by
volatilization, washout, and/or photochemical degradation (Kim et al.,
2011; Choi, 2014) or microbial degradation ((Johnsen and Karlson,
2005). However, the relative abundance of naphthalene is not
completely consistent with patterns generated by Australian combusted
grasses, where naphthalene emission factors (amount of compound
emitted per amount of biomass burned) are 1-2 orders of magnitude
lower than 4- and 5-ring PAHs (Dong et al., 2020). Soil naphthalene
levels were found to be very high after forest fires in South Korea and
China, although accompanied by similar phenanthrene maxima (Kim
et al.,, 2011; Choi, 2014). High levels of naphthalene and, to a lesser
extent, phenanthrene and perylene in tropical soils were associated to
biological sources. For instance, termites of the Nasutitermes genus and
associated gut microorganisms, were proposed as a possible significant
source of naphthalene in the Amazon (Wilcke et al., 2002; Krauss et al.,
2005). Perylene was shown to be produced by wood degrading fungi and
by fungus combs of termite nests, as a result of lignin degradation.
Termites are common in mounds and tree hollows of Australian eucalypt
savannas playing a significant role in organic carbon remineralization
by decomposing wood and grass (Hill, 1942; Holt and Coventry, 1990;
Dawes-Gromadzki, 2008; ALA, 2022) and are regarded as one of the
main woody vegetation disturbance factors together with cyclones and
fire (Werner and Prior, 2007; Woolley et al., 2018). Although no precise
estimates are available, they are abundant in the cave region, hence a
possible role of termites in affecting the soil load of PAHs should thus be
considered both as a positive contribution to the naphthalene stock and
as a potential actor in the degradation of other compounds. Nonetheless,
fire remains the dominant source of LMW and MMW PAHs in the tropics
and in the cave area.

The distribution of n-alkanes in stalagmite mud layers is clearly
bimodal with maxima at C;5-C14 and Cy7-C3p. Concentrations are nor-
mally distributed in the Cy3-C3s interval, an occurrence common to
plant-derived aliphatic hydrocarbons. n-Alkanes in this range are
commonly found in particulates from biomass burning and carbona-
ceous combustion residues, both during and after wildfire events (and in
controlled experiments). As an effect of thermal alteration, observed
profiles often lose the features of vegetation characterized by a marked
odd over even predominance, resulting in CPIs as low as 1-2 and shifts of
the maximum in the distribution towards lower carbon chains (Fang
et al., 1999; Simoneit, 2002; Fernandes and Brooks, 2003; Vicente et al.,
2017). The alkane profile observed in stalagmite mud layers samples is
similar to vegetation fire residues collected after controlled burning of
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native vegetation in Victoria, Australia, and straw charcoal obtained
from pea straw (Fernandes and Brooks, 2003). Simoneit (2002) reports
higher CPIs for smoke from combusted grasses (11.8) compared to an-
giosperms (2.6) and gymnosperms (1.2). Such occurrence in fire resi-
dues might be used as diagnostic of the dominant type of fuel, although
combustion conditions can largely affect distributions and emission
factors.

Concentrations of PAHs in stalagmite mud layers were approxi-
mately 1-2 orders of magnitude higher than soil values, mainly due to
LMW PAHs (mostly absent in soil samples except for naphthalene). A
similar occurrence was observed for n-alkanes. This suggests that com-
pounds contained in stalagmite flood layers are preserved from degra-
dation, in contrast to tropical soils that experience vaporization and
leaching.

4.4. Stalagmite aragonite

As with flood layers, more compounds are preserved in stalagmite
aragonite than in soil samples, suggesting a similar interpretation in
terms of preservation. Overall, concentrations of PAHs in stalagmite
aragonite are similar to or slightly lower than those in cave sediment
samples, suggesting the latter is unlikely as a secondary source of
organic compounds. Correlation analysis further suggests that the
occurrence of PAHs in speleothems is not significantly affected by the
composition of sediments and the frequency of flood events.

The transfer of PAHs to the cave system is likely affected only
minimally by soil adsorption or fractionation in the thin overlying soil,
and the intense monsoon rainfall regime makes transport via infiltrating
fluids the dominant source of PAHs in stalagmites (a controlled burn and
irrigation experiment will soon be conducted to quantify these effects).
Our data suggest short residence times for LMW and MMW PAHs in soil
over the cave, implying that PAHs in stalagmites might better serve to
reconstruct fires occurring in the late dry season, closer in time to the
wet season where infiltration and cave flooding mostly occur. Such fires
are often characterized by higher burning temperatures than fires earlier
in the dry season owing to drier fuel, increased litter amount, and hotter
and drier atmospheric conditions (Williams et al., 1998).

Stalagmite KNI-51-F presents higher levels of HMW compounds than
KNI-51-11 and KNI-51-G. This might be ascribable to a higher frequency
of flood layers compared to KNI-51-11 and KNI-51-G (flood layers/total
layers counted = 0.20 for KNI-11-F, 0.12 for KNI-51-G, and 0.13 for KNI-
51-11), the chemical evolution of these compounds along different
infiltration pathways, or differences in fuel composition.

4.5. Association with fire occurrence and ecological implications

The comparison of PAH concentrations with the extent of fires in
proximity of KNI-51 showed a positive correlation only at a landscape
scale, with the proportion of burned land associated with increase in the
concentration of LMW and MMW PAHs only within the wider buffers
(1-5 km; Fig. S8). Consistently, the higher PAH concentrations were
observed only when a substantial (>60 %) proportion of the examined
area was burned, regardless of its size (Fig. 11b), indicating that PAH
concentration best reflects extensive fires affecting a substantial portion
of the landscape. This suggests that PAHs in stalagmites could provide
ecologically valuable insights into fire activity, filling important gaps in
our understanding of the fire history of the area. It is widely accepted
that European colonization and the subsequent impacts on Aboriginal
burning practices led to shifts in fire regimes in northern Australia, with
an increase in large-scale, high-intensity fires (Russell-Smith et al.,
2003) that altered vegetation structure and forced the decline of fire-
sensitive species (Prior et al., 2011). A more comprehensive under-
standing of paleofire regimes will contribute to disentangling the effects
of climate variability and anthropogenic influences on fire activity in the
region (Lynch et al., 2007), informing fire management and conserva-
tion programs.
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While these results are promising, caution is needed in interpreting
them due to the sample size available, which likely affected the high
adjusted-R? and very low p value obtained with our analysis. Although
PAH data span a wide temporal range, the comparison of PAH concen-
tration with fire scars was restricted to fires between 2000 and 2009.
Previous research on the use of satellite images to detect fire severity has
shown that the timing of the post-fire images affects the quality of the
outputs (Holden et al., 2005). Further, the fires detected in this study
were predominantly of low severity, from which the local fire-adapted
savannas and eucalypt woodlands would likely recover quickly (Ondei
et al., 2016), potentially masking fire-severity signals detectable from
satellite imagery (Bowman et al., 2003). To account for this, we limited
our comparison of fire scars and PAH concentrations to those years when
the dates of fires occurring within 5 km of the cave were known in order
to select imagery captured shortly after the fires. Since the NASA Terra
satellite, whose Moderate Resolution Imaging Spectroradiometer
(MODIS) is used by NAFI to provide information on time and extent of
fires in northern Australia, was launched in 2000 (https://terra.nasa.
gov/), it is not possible to know the time of fire occurrence prior to
that date. While this choice limited the temporal range of our spatial
analyses, it also allowed us to minimize potential confounding factors
caused by inaccuracies in the analyses. Future research should investi-
gate the interplay between proportion of burned land, fire severity and
intensity, and PAH accumulation dynamics using a broader range of
remote sensing records and analytical methods (Williamson et al.,
2022).

5. Conclusions

The purpose of this work is to provide a framework for high reso-
lution paleofire reconstruction from well-dated, fast-growing aragonite
stalagmites. Cave KNI-51 appears well suited for this approach due to
the precise radiometric dates and high temporal resolution afforded by
its stalagmites, the thin overlying soils, and the high frequency of
bushfires. PAH abundances in three stalagmites retrieved from cave KNI-
51 have been described so far. Analysis of stalagmite aragonite, flood
sediment included in stalagmites, sediment samples from the cave floor,
and soils from above the cave suggest negligible contamination from
included sediments or sample processing, supporting the validity of
stalagmite PAHs as paleofire proxies. Furthermore, the agreement be-
tween coeval stalagmites, as well as the positive association between
PAHs and the presence of fires in the landscape surrounding the cave
validate the application of our method. Improving our knowledge of
paleofire activity is critical to infer background rates of bush fire and
allow an examination of climate and anthropogenic influences (Bowman
etal., 2022; Shuman et al., 2022). This proposed novel approach has the
potential to greatly expand the temporal range and resolution of the
existing paleofire records in areas where other suitable cave systems can
be found.
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Appendix A. Supplementary material

Supplementary material file contains details on: (i) relative humidity
at KNI-51, (ii) age models of the three stalagmites, (iii) sampling of soil
and cave sediment samples, (iv) GC-MS/MS parameters used for PAH
analysis, (v) sequential digestion, (vi) elemental analysis data, (vii)
occurrence of non-pyrogenic organic compounds in chromatograms,
(viii) n-alkanes distribution in thick sediment samples, (ix) occurrence of
low and moderate severity fires in buffers and years used for the asso-
ciation of PAH concentrations with fire scars, and (x) petroleum deposits
distribution around KNI-51. Supplementary material to this article can
be found online at https://doi.org/10.1016/j.gca.2023.11.033.
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