Organic Geochemistry 195 (2024) 104842

Contents lists available at ScienceDirect

Organic Geochemistry

FI. SEVIER

journal homepage: www.elsevier.com/locate/orggeochem

t.)

Check for

Fire-induced shifts in stalagmite organic matter mapped using Synchrotron &
infrared microspectroscopy

Liza K. McDonough ™, Micheline Campbell ©, Pauline C. Treble *°, Christopher Marjob,
Silvia Frisia ““, Jitraporn Vongsvivut °, Annaleise R. Klein ¢, Viktoria Kovacs-Kis ', Andy Baker ©

@ Australian Nuclear Science and Technology Organisation (ANSTO), New Illawarra Rd, Lucas Heights, NSW 2234, Australia
Y Mark Wainwright Analytical Centre, UNSW Sydney, Sydney, NSW 2052, Australia

€ School of Biological, Earth and Environmental Sciences, UNSW Sydney, NSW 2052, Australia

4 School of Environmental and Life Sciences, University of Newcastle, NSW 2308, Australia

€ ANSTO - Australian Synchrotron, Clayton, VIC 3168, Australia

f HUN-REN Centre for Energy Research, Konkoly-Thege Miklos u 29-33, H-1121 Budapest, Hungary

ARTICLE INFO ABSTRACT

Associate Editor — Mark Fitzsimons Understanding organic matter (OM) in cave mineral deposits (speleothems) is essential for interpreting land use

and climatic changes, and the incorporation of trace elements associated with organic compounds. However, the

Keywords: sources and composition of OM in speleothems are poorly understood due to challenges associated with

Spelem_hem measuring OM at low concentrations and the destructive nature of most speleothem OM analysis techniques.

E?Ieochmate Synchrotron Fourier-transform infrared (FTIR) microspectroscopy is a promising non-destructive technique that
ires

Synchrotron IRM can be used to investigate stalagmite OM composition. We use FTIR to analyse vegetation, soil, calcium car-

FTIR bonate and ash end-members and demonstrate the use of Synchrotron infrared microspectroscopy (IRM) map-

HRTEM ping to detect temporal changes in the OM composition of a stalagmite from a shallow cave in south-west
Western Australia. Our analysis reveals predominant FTIR peaks in the stalagmite linked to amides and CHy
groups, suggesting potential microbial contributions, with smaller proportions of aromatic, CH3 and C=0
groups. High-resolution transmission electron microscopy revealed that this OM is likely hosted in sets of
nanopores spaced hundreds of nanometers apart, aligned along calcite crystallographic orientations. Further-
more, we assess the impact of known wildfire events as discrete short term environmental changes on the sta-
lagmite’s OM composition. The temporal variability in OM functional group composition after fires implies
complex fire-soil-vegetation-microbial interactions. This research demonstrates the effectiveness of Synchrotron
IRM mapping in providing insights into the short and long-term environmental influences on stalagmite OM
composition. Expanding this research to other regions and climates could further enhance the interpretation of
OM changes in speleothem-based palaeoclimate reconstructions.

1. Introduction

Cave mineral formations (speleothems) are sensitive to surface
environmental changes, including hydroclimate (Cheng et al., 2016) and
vegetation cover (Baldini et al., 2005). These changes are commonly
reflected in the geochemical composition (Blyth et al., 2008; Yang et al.,
2011) and fabrics (Frisia et al., 2022) of speleothems over time. While
most speleothem-based research has largely focused on the inorganic
signals such as trace elements and stable isotopes (520 and 5'3C of
carbonate), major environmental events such as bushfires can also alter
the organic matter (OM) content of speleothems (Argiriadis et al., 2019;
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Homann et al., 2022), indicating the importance of exploring novel
techniques for understanding the use of OM as an environmental proxy.

Previous investigations of speleothem OM have been challenging,
hampered by analytical difficulties associated with measuring the
typically low concentrations (~0.01 to 0.3 %) of OM in cave deposits
(Blyth et al., 2016). These low concentrations likely reflect low drip-
water OM concentrations (Pearson et al., 2020) resulting from removal
processes in the epikarst. Existing techniques for analysing OM in spe-
leothems are often destructive and require large amounts of sample,
resulting in low temporal resolution, or in the selective extraction of
specific OM molecules (Li et al., 2014). However, recent methodological
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advancements have led to improved temporal resolution (e.g., Argiriadis
et al. (2019)). Non-destructive spectrometric techniques, such as Syn-
chrotron infrared microspectroscopy (IRM), in particular, enables
spatial mapping of a sample at micrometre scales due to its small beam
spot, thus offering high-resolution and high signal-to-noise ratio
compared to traditional globar Fourier transform infrared (FTIR). Frisia
and Borsato (2010) pioneered the use of Synchrotron IRM mapping to
examine the OM content of a stalagmite from Grotta di Ernesto, an
Alpine cave, revealing that the columnar calcite fabric incorporates OM
interspersed within the calcite lattice, rather than within fluid in-
clusions. Other studies have employed benchtop offline FTIR to identify
a soil source of humic and fulvic OM as the likely cause of an unusual red
colouration in speleothems from Spain (Martinez-Pillado et al., 2020).
More recently, the identification of aliphatic OM in speleothems has
been linked to higher fluorescence using confocal microscopy, suggest-
ing co-location of various OM compounds (Kost et al., 2023). FTIR, and
in particular high-resolution mapping by Synchrotron IRM is therefore a
potentially effective analytical tool in tracing changes in the OM
composition of a sample, with the advantages of fast analyses, minimal
preparation and being non-destructive.

FTIR analysis relies on the symmetric and asymmetric stretching and
bending of functional groups within a molecule, referred to as vibra-
tional modes. These modes exhibit characteristic absorption of infrared
(IR) light at specific frequencies, which are influenced by factors such as
atomic mass and the isotope of the element (i.e., the mass effect), as well
as the types of atoms and bonds, and their molecular environment (i.e.,
the electronic effect). The composition of natural OM is highly complex,
varying in the number and arrangement of atoms and bonds. For
instance, humic and fulvic acids, which are commonly found in OM,
possess conjugated pi-electron systems, aromatic rings, and double and
triple bonds that can induce shifts in the location of C-H absorption
bands on the IR spectrum. In contrast, OM such as microbial biomass and
leaf material, which predominantly contains lipids and waxes with
aliphatic C-H bonds, form carbon chains connected by single bonds
(Mangold, 1969). The relatively simpler molecular structure of micro-
bial biomass and leaf material make them less susceptible to the influ-
ence of surrounding atoms, bonds, and functional groups, resulting in
more stable absorbance band positions.

Major environmental events such as bushfires can directly contribute
to changes in speleothem OM, for example due to the production of
polycyclic aromatic hydrocarbons (PAHs) (Perrette et al., 2008; Argir-
iadis et al., 2019; Argiriadis et al., 2024; Homann et al., 2022), levo-
glucosan, and lignin oxidation products (Homann et al., 2022). PAHs,
which are characterised by aromatic rings, are produced by incomplete
combustion of biomass and fossil fuels, with anthropogenic sources
dominating in the modern period. Although an enrichment of PAHs has
been observed in recent sediments compared to pre-industrial deposits
(Wakeham et al., 1980; Perrette et al., 2008), in speleothems, potential
‘memory effects’ induced by storage of PAHs in the epikarst (Perrette
etal., 2008), uncertainty around their transport in dripwater due to their
hydrophobicity (Lamichhane et al., 2016), and high sorption make PAHs
equivocal fire markers. Similarly, changes to other proposed molecular
indicators of fire, such as hydrolysable sugars and lignin-derived
phenolic monomers, showed no clear trend in soils after bushfires in
Australia and their ability to act as reliable indicators of past fires is
unclear (Mastrolonardo et al., 2015). Levoglucosan, a soluble, reactive
anhydrosugar, is formed from the combustion of cellulose and hemi-
cellulose at temperatures between 200 and 400 °C (Madsen et al., 2018),
suggesting levoglucosan may be an indicator of low temperature burns.
Levoglucosan has been used to identify past fire events in sediment cores
(Elias et al., 2001) and snowpits (Kang et al., 2021), however the long-
range transport of levoglucosan in fine particles means that it can be
detected at a considerable distance from the source. Thus, the presence
of levoglucosan may not necessarily be an indicator of a fire event
occurring in the location that it is detected (Simoneit et al., 1999).

Indirect effects of fires on speleothem OM content may result due to
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fire-induced changes in soil chemistry and stoniness, and carbonate rock
exfoliation (Shtober-Zisu and Wittenberg, 2021), which, most likely,
would impact karst hydrology (Coleborn et al., 2018). For instance, the
heating of calcium carbonate (CaCOs3) to form lime at high temperature
increases both soil and drip water pH (Moropoulou et al., 2001; Hartland
et al., 2010), which subsequently enhances the overall solubility of OM
(Anderson et al., 2018). The solubilisation of soil OM and burnt biomass
can enhance the transport of metals present in ash leachates by
complexation with dissolved organic carbon (Chirenje et al., 2002;
Hartland et al., 2012). These ash-derived metals have previously been
identified as key indicators of fire events in the stalagmite record pre-
sented here (YD-S2) from south-west Western Australia (McDonough
et al., 2022).

This study aims to identify functional group absorbance bands in
FTIR analyses of stalagmite YD-S2, which contains a mineralogy of
calcite, by using end-members including vegetation, precipitated and
powdered CaCOs, soils, and ash to understand the potential sources of
OM in YD-S2. Previous research has identified variability in the size and
shape of organic matter peaks under various soil and land cover types,
vegetation types and burn temperatures (Solomon et al., 2005; Gao
etal., 2022), thus we analyse ash, soils and vegetation collected from the
region where the stalagmite grew to ensure the FTIR peaks reflect
representative vegetation from the region. The identified peaks are then
used as a baseline for the interpretation of the OM composition in sta-
lagmite YD-S2 from southwest Western Australia (SW WA), previously
studied by McDonough et al (2022). Transmission Electron Microscopy
(TEM) is further used to provide an indication of how and where this OM
may be incorporated into the stalagmite. By building on the findings of
McDonough et al. (2022), who identified the timing of fire events in YD-
S2 using ash-derived metals and phosphorus, the present research is the
first preliminary investigation using Synchrotron IRM to investigate the
impact of environmental changes on stalagmite OM composition.

1.1. Environmental setting and background

Stalagmite YD-S2 was collected from Yonderup Cave, a shallow cave,
located in Yanchep National Park, SW WA. The cave roof is approxi-
mately 4 m below the ground surface, with little soil cover (<124 mm),
and developed in the Tamala Limestone lithostratigraphic unit, which
consists of Pleistocene aeolianite (Playford et al., 1976). The region is
characterised by a Mediterranean climate, with most of its rainfall (56%)
occurring in winter. YD-S2 contains dark, seasonal bands that occur
throughout the stalagmite, which are interpreted to be the result of soil
OM flushing at the onset of or during the wet season (McDonough et al.,
2022). The geologic, climatic, and historical setting of the site is covered
extensively in prior publications and is therefore only reported briefly
here. The reader is directed to McDonough et al. (2022), Nagra et al.
(2017) and Nagra et al. (2016) for further information on the sample
location, site details and geologic context.

YD-S2 has a chronology spanning 245 years, from 1760 + 13 to 2005
CE, over a length of 19 mm and an average annual growth rate of 76.7
um £ 30.3 (1) (McDonough et al., 2022). The chronology was estab-
lished by counting annual geochemical laminae (grey-scale image of
thin section and Sr concentrations; McDonough et al., 2022) and has a
maximum uncertainty of +13 years. Previous studies have also exam-
ined the trace element composition of the stalagmite (Nagra et al.,
2017), and investigated the impact of fire on its feeding dripwater trace
element composition (Nagra et al., 2016).

McDonough et al. (2022) assessed changes in trace element
composition in stalagmite YD-S2 during the timing of known fires which
occurred in the Yonderup Cave’s vicinity during the modern period
(here referring to the 1960s onwards). These fires coincided with short-
term peaks in speleothem phosphorus (P) and various metals such as
zinc (Zn), copper (Cu), aluminium (Al) and lead (Pb), which principal
component analysis (PCA) revealed loaded most strongly on PC3. These
elements were interpreted to have been derived from ash, leading to the
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conclusion that PC3 was an indicator of past fire events. The largest
elemental peaks in the modern period were linked to a wildfire which
occurred in 1977 CE and burned over 5 square kilometres of Yanchep
National Park (Department of Environment and Conservation, 2010).
Another large fire burnt in 1983 CE (Department of Environment and
Conservation, 2010) which coincided with a small spike in Pb concen-
trations in YD-S2. A small fire was recorded near the cave in 1996 CE,
followed by another small fire that burned directly over the cave in 2001
CE (Department of Biodiversity, 2020). These small fires were associated
with spikes in Zn concentrations, and Al and Zn concentrations in the
stalagmite, respectively (McDonough et al., 2022). Principal component
analysis (PCA) was used to identify additional fire events that were not
historically recorded, including those occurring in the pre-satellite and
pre-European period. A particularly large previously unknown fire event
was identified in 1897 + 5 CE (9.35-9.45 mm DFT). This event led to
elevated concentrations of P (up to 161 ug g~!, 6.3 times higher than
anywhere else in the record), and increased levels of Zn, Al, Cu and Pb in
the stalagmite. This fire followed a multi-decadal dry period known as
the Federation Drought (O'Donnell et al., 2021) which may have led to
enhanced wildfire conditions. This also coincided with the arrival of
European colonists, who may have used fire to clear vegetation or to
locate cave entrances to develop these as tourist attractions (Campbell
et al., 2023). This shift in land use appears to have resulted in a shift
from more frequent lower intensity fires to less frequent higher intensity
fires (McDonough et al., 2022). Other likely fire events were also iden-
tified, including a previously (unrecorded) fire in 1990 CE inferred by
peaks in P, Zn and Al

2. Methods
2.1. FTIR analysis of reference materials

Reference materials (used as calibration end-members) were ana-
lysed using an offline Hyperion 3000 microscope connected to a Bruker
VERTEX v70 spectrometer using a traditional globar source IR at the
Australian Synchrotron. These reference materials included precipitated
CaCO3 powder, humic acid (HA), natural organic matter (NOM) and
fulvic acid (FA) powder standards from the International Humic Sub-
stances Society (IHSS, standard numbers 2S101H, 1R101N and 1S101F).
We also took the opportunity to analyse powdered leaves, stems and
seeds from vegetation in SW WA, ash from fires in SW WA and southeast
Australia, and soils from the SW WA region. These materials had been
collected opportunistically over the last seven years and stored at
ambient temperatures in the laboratory and have therefore likely un-
dergone some degree of degradation. These materials were used to
compare against the spectra obtained from YD-S2. The vegetation
powders were collected from above Golgotha Cave in the Boranup Forest
in 2017 and include typical SW WA vegetation stems, seeds, and leaves,
including those from Agonis flexuosa, Bossiaea disticha, Corymbia calo-
phylla, Hakea, Macrozamia riedlei, Templetonia retusan, Xanthorrhoea
preissii and Eucalyptus species (Fig. S1). Vegetation and soil samples
were collected in plastic bags, dried at 60 °C for 48 h, ground using a ball
grinder and stored in polypropylene centrifuge tubes at ambient tem-
peratures. Soil samples were collected from above caves in SW WA in the
Margaret River region including Golgotha Cave, Jewel Cave, Crystal
Cave and Moondyne Cave, and in Yanchep, including Yonderup Cave
and Minnies Grotto. Ash samples ranging in colour from black to white
were collected after a bushfire in Macleay (New South Wales, Australia)
in 2020 and after fires occurring in the SW WA region including Cal-
gardup (2018), Yanchep (2020) and Golgotha (2022). Ash and soil
samples were stored dry in low density polyethylene bags at ambient
temperatures.

2.2. Synchrotron-radiation based high-resolution infrared spectroscopy

The YD-S2 thick section was cut from the central growth axis of the
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stalagmite using a water-cooled diamond saw, embedded in Epofix
(Struers) epoxy, and polished to 1 pm using a diamond polishing paste
(see Nagra et al., 2016). Contamination with exogenous OM is an
important consideration in speleothem OM studies (Wynn and Brocks,
2014). We therefore took steps to minimise any potential contamination
by sonicating the sample in ultrapure water after polishing and drying
the sample at ambient temperatures. Inmediately prior to IRM analysis,
the sample surface was cleaned with analytical reagent grade ethanol
(pure 100 % ethanol with no water content). Preliminary testing of the
epoxy surrounding the outside of the sample was also undertaken.
Fig. S2 shows that there are differences in the peak heights and ratios
between the stalagmite and the epoxy. For example, an aromatic peak at
~1510 cm ™! is much higher than the amide II peak in the resin, whilst in
the stalagmite the aromatic peak is much lower than the amide II peak.
Additionally, the aromatic 1610 cm ™" peak is much higher compared to
the amide I peak next to it in the epoxy, whilst in the stalagmite, the
aromatic peak at 1610 cm ™" is not clearly observed. These differences in
peak presence and heights, as well as our use of a thick section (~2 mm
thick), suggest the OM is not sourced from epoxy contamination.

IRM maps were collected over regions of YD-S2 using an online
Bruker VERTEX 80v FTIR spectrometer equipped with a Hyperion 3000
infrared microscope at the Australian Synchrotron’s IRM beamline
during two experiments. Analyses utilised attenuated total reflectance
(ATR) FTIR microspectroscopy with a germanium (Ge) crystal, a scanner
velocity of 40 kHz, an aperture setting of 0.5 mm, a pinhole of 4.4 ym
and a 20x ATR objective. Preliminary tests of the sample were under-
taken to determine ideal contact pressure prior to mapping, with greater
pressure between the Ge crystal and YD-S2 required to enhance the
weaker OM peaks in the sample (Fig. S3).

Three relatively low-resolution maps were collected over YD-S2 in
March 2022 (Experiment 1), including one map over the inferred large
fire event in 1897 CE (McDonough et al., 2022), and two maps covering
historically recorded fires in 1977 CE, 1983 CE, 1996 CE and 2001 CE
(Department of Biodiversity, 2020) and the additional fire inferred by
McDonough et al. (2022) in 1990 CE (Table 1). It is noted that the fire
event in 1996 CE was relatively small and did not pass over the top of the
cave, however the fire burned within < 10 m from the cave and a peak in
ash-derived metals appears in the YD-S2 record, indicating likely ash
deposition above the cave (McDonough et al., 2022). Table 1 details the
experimental setup for the IRM analyses. In total, six fire events were
analysed. All six were analysed at relatively low resolution, and the
1897 CE and 1977 CE events were additionally analysed at high-
resolution. Low-resolution maps (Map 2, Map 6, and Map 7) had x
and y step-sizes of 10-50 pm, while high-resolution maps (Map 4 and
Map 5) had x and y step-sizes of 5 pm (Table 1).

2.3. Transmission Electron Microscopy

A lamella was cut from a polished thin section and a region
approximately 5 x 5 ym wide and 2 pm deep was thinned using a
Thermo Scientific Scios 2 Dual Beam focused ion beam scanning elec-
tron microscope (FIB-SEM) instrument. The Focused Ion Beam (FIB)
lamella was cut parallel to the vertical growth axis of the stalagmite. The
thin section needed to be preserved as it was, thus carbon coating was
avoided and the positioning of the area to be cut was guided by etching a
mark on the glass portion of the thin section adjacent to the 1897 CE fire
layer. Subsequent inspection at high magnification under the optical
microscope revealed that the FIB lamella was taken near the top of the
1897 CE fire layer.

The lamella extracted from the thin section was then thinned in-situ
in the FIB-SEM to obtain electron transparency with low-energy ions to
minimize surface damage to the sample. The electron transparent region
was then observed with a Thermo Fisher Scientific THEMIS 200 G3
microscope with a spherical aberration-corrected objective lens (FEG
electron source, point resolution 0.07 nm in HRTEM mode) equipped
with FEI Super-X EDS detection system. During measurements the TEM
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Table 1
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Parameters used for lower resolution (lower res.) and higher resolution (higher res.) micro-ATR mapping over fire events in stalagmite YD-S2 from Yonderup Cave,
Western Australia during two Synchrotron IRM experiments. DFT refers to distance from the youngest end (top) of the stalagmite.

Map ID Map 2 (1897 fire) Map 6 (1977 fire) Map 7 (2001, 1996 and 1990 fires) Map 4 (1897 fire) Map 5 (1977 fire)
Experiment # 1 1 1 2 2

Map type Lower res. Lower res. Lower res. Higher res. Higher res.
Mapped region 6.40-10.40 mm DFT 1.37-2.67 mm DFT 0.13-1.43 mm DFT 9.05-9.60 mm DFT 1.95-2.50 mm DFT
Map run time (hours) 6.7 13.0 13.0 7.3 7.3

Aperture setting 0.5 mm

Pinhole 4.4 ym

Objective 20x

Scanner velocity 40 kHz

X distance 500 um 600 pm 600 um 100 pm 100 pm

Y distance 4000 ym 1300 pm 1300 pm 550 pm 550 pm

X step 50 pm 20 ym 20 pm 5 pm 5 pm

Y step 20 ym 10 pm 10 pm 5 pm 5 pm

# of points collected along X 10 30 30 20 20

# of points collected along Y 200 130 130 110 110

# of scans per point 16

was operating at 200 kV accelerating voltage. Bright-field TEM
(BFTEM), high-resolution TEM (HRTEM) and selected area electron
diffraction (SAED) patterns were obtained. SAED patterns were taken
inserting a 200-pm-sized aperture, which provides a diffraction area of
approximately 3 pm diameter. The SAED patterns were taken by tilting
the specimen holder stage so that the beam was parallel to a zone axis
and the diffraction pattern recorded major calcite orientations. High
angle annular dark field imaging (HAADF) was used for the assessment
of the average density before mapping elemental distribution in Scan-
ning Transmission Electron Microscopy (STEM) mode. For trace ele-
ments, counts had very low statistics. To reduce beam damage, the
microscope setting was aimed at producing a low beam current. The
HRTEM image, as well as EDS spectrum images, were recorded by a 4 k
x 4 k Ceta camera using Velox software (Thermo Fisher).

2.4. FTIR data post-processing

YD-S2 Synchrotron IRM maps were water-vapour and aqueous-
corrected in Bruker OPUS (https://www.bruker.com), then imported
into CytoSpec (www.cytospec.com), cropped to wavenumbers
1150-3500 cm ™! (to remove noisy ends of the spectra) and then noise-
reduced. Inverted second derivatives of the offline reference spectra as
well as the water-corrected, cropped and noise reduced YD-S2 spectral
maps were calculated using a second order Savitzky-Golay filter with 21
smoothing points (Savitzky and Golay, 1964). Here we used the second
derivative for peak identification. The second derivative can reduce
baseline impacts and compensate for instrumental drift and has the
advantage of enhancing small spectral peaks. Care should be taken with
interpretation, as it can increase noise in the signal, although this can be
overcome by the smoothing used. Maps were assessed individually to
prevent any impact of variation in contact pressure between the two
experiments on the interpretation.

Maps of the second derivative absorbance intensity of individual
peaks (summed absorbance intensity of each peak from trough to
trough) were converted to greyscale. Maps were then exported and
loaded into ImageJ software (Schneider et al., 2012), where line profiles
of greyscale values were extracted using a 100-pixel line width. Grey-
scale values represent relative concentrations with higher values indi-
cating higher summed absorbance intensity and lower values indicating
lower summed absorbance intensity. Breusch-Pagan tests and Shapiro-
Wilk tests were undertaken and confirmed that the data are hetero-
scedastic and non-normal (p < 0.001 for both tests, for all variables).
Robust regression models were undertaken using the ‘rlm’ function in
the Statsmodels package in Python (Seabold and Perktold, 2010) as this
method does not require assumptions of homoscedasticity and normality
to be met as they give less weight to observations with large residuals,
preventing the larger scale residuals from dominating the estimation

process. Each model used a different IR peak as a response variable and
all other IR peaks as predictor variables to examine the relationships
between the peaks. The analysis also included second order polynomial
terms for each predictor and interaction terms between all pairs of
predictors. The second order polynomial helps to capture non-linear
relationships of each predictor with the response variable whilst the
interaction terms help to capture the effect of two variables acting
together on the response variable. The coefficients reflect changes in the
response variable when there is a one-unit change in the predictor
variable whilst holding all other variables and interaction terms in the
model constant.

FTIR peaks associated with the CH3/CH, ratio were used to under-
stand changes in the ratios of OM containing methyl (CHs) or methylene
(CHy) groups (Lin and Patrick Ritz, 1993). An increase in the CH3/CHy
ratio is indicative of an increase in branching and/or removal of the
methylene group and/or decline in chain length of the hydrocarbon
moiety (Igisu et al., 2018a). In contrast, low CH3/CH, ratios are indic-
ative of long, straight hydrocarbon moieties, including bacterial mem-
brane lipids (Igisu et al., 2009). CH3/CH; ratios were calculated
according to the v,5(CHs) and v,5(CHy) band locations (ratio of the sec-
ond derivative absorbance intensity at 2950-2975 cm™'/2906-2949
cm’l).

3. Results and discussion
3.1. Identification of aromatic, aliphatic and carbonate absorbance bands

In the 2800-3050 cm ™! (C-H stretching) region, the bulk vegetation
reference powders exhibited three distinct asymmetric and symmetric
C-H vibrational absorbance bands, denoted as v.s(CH3), vas(CH2), and
vs(CHz) bands. These bands were identified at approximately 2963
em™}, 2920 cm™!, and 2851 cm™!, respectively (indicated by black
vertical dashed lines in Fig. 1A, 1B, and 1D). Notably, the most promi-
nent peaks are observed in the v(CH3) bands. IHSS OM standards show
higher v(CH) absorbance band frequencies (wavenumbers) compared to
the vegetation standards, with the peaks in the spectra of IHSS standards
shifted to higher wavenumbers on the x-axis in the C-H stretching re-
gion, as indicated by the green dashed lines (Fig. 1B).

We also examined peaks in the fingerprint region of the spectrum,
which refers to the spectral features at lower wavenumbers (1420-1780
cm™1). The fingerprint region differs from the C-H stretching region at
higher wavenumbers as it encompasses a wide range of vibrational
modes from various parts of the molecule. The pattern of peaks in the
fingerprint region are unique to each compound, providing a “finger-
print” that allows for the overall identification of different substances.
The fingerprint region of the vegetation standards spectra shows a C=0
absorbance band aligning with C=O in carboxylic acids (COOH;
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Fingerprint region (1420-1780 cm™?)

CH stretching region (2800-3050 cm™)
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Fig. 1. Spectra from A) vegetation powders (n = 29, see also Fig. S1), B) International Humic Substances Society (IHSS) standards (n = 3), C) precipitated and
powdered CaCOs (n = 1), and D) YD-S2 stalagmite (n = 25). Shaded regions represent the upper and lower absorbance values. C-H stretching regions (2800-3050
em™?) of the spectra are shown to the left whilst the fingerprint regions (1420-1780 cm™1) are shown to the right. Note: Pure vegetation powder (A; black spectrum)
shows three key aliphatic ¥(CH) absorbance bands (vertical black dashed lines) in the 2800-3050 em?! region. These are identified at ~ 2963 cm ! (vas(CH3)),
~2920 cm™ ! (Va5(CHy)), and ~ 2851 cm ™! (v5(CHy)). Six key carboxylic acid, aromatic and aliphatic peaks are identified in the 1420-1780 cm ! region in the
vegetation and IHSS spectra. The YD-S2 stalagmite crystal (D; blue spectrum) reveals a combination of the three main C-H bands, the two carbonate absorbance
bands and the organic absorbance bands located in the fingerprint region in various ratios (note that C=0 of COOH peak is located at a lower frequency in the IHSS
standards compared to the vegetation powder). The C-H stretching region displayed in C represents the original spectrum for visual peak clarity whilst all other
spectra represent the inverted second derivative values that have been centred to the mean, scaled to the standard deviation, and smoothed using a Savitzky-Golay
filter using a window size of 21. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Benning et al. (2004); Nuzzo et al. (2020)) observed at 1735 em ! (N.B.
this peak is located at a lower wavenumber in the IHSS FA, HA and NOM
standards), and an aromatic absorbance band observed at 1608 cm’l,
typically ascribed to C=C, H-bonded C—=0 of conjugated ketones and
symmetric stretching of COO- groups, respectively (Olk et al., 2000; He
et al., 2009; Soong et al., 2015). A C-H absorbance band is also located
at 1446 cm ™! (Arocena et al., 1995; Stevenson, 1994). Other absorbance
bands corresponding to aromatic, amide II (CNH) and amide I (C=0)
peaks are present at 1513 cm ™}, 1545 cm ™! and 1653 cm ™!, respectively
(Montecchio et al., 2006; Jardine et al., 2017; Igisu et al., 2018Db).
Notably, the amide I peak is not visible in the spectra of IHSS standards
(Fig. 1B) (Table 2).

In the powdered precipitated CaCO5 (Fig. 1C), CO3~ (carbonate)
overtones are identified at ~ 2876 cm ™! and ~2981 cm ™! (Galvan-Ruiz
et al., 2009; Arrizabalaga et al., 2015; Stanienda-Pilecki, 2019; Pejcic
et al., 2021) which may interfere with the observation of C-H stretching
bands in the aliphatic (2800-3050 cm 1) region of stalagmites. The YD-
S2 stalagmite spectra (Fig. 1D) reveal a combination of three main C-H
stretching bands identified in vegetation standards and two carbonate
absorbance bands identified in the CaCO3 standards. Notably, an offset
in the CO% peak height and positioning is observed between the
powdered reference material (orange dashed line) and the YD-S2 crys-
talline sample (blue dashed lines) in Fig. 1D (see also Fig. 54), likely due
to homogenisation of the material when powdered.

In the 1420-1780 cm™! fingerprint region, YD-S2 spectra display
absorbance bands primarily aligning with amide I and amide II peaks at
1651 ecm ™! and 1540 cm™), respectively. These absorbance bands
represent peptides and proteins and can be characteristic of microbial
biomass (Benning et al., 2004; Montecchio et al., 2006). The C=0
absorbance band representing the carboxylic acid functional group, is
also observed at 1735 cm™". This peak is also observed in the vegetation

Table 2

IR peaks identified, and peak locations (wavenumber, em™Y) for vegetation
powders, stalagmite YD-S2 and IHSS organic matter humic acid (HA), natural
organic matter (NOM) and fulvic acid (FA) standards used in the current study.

Stretching Vegetation Stalagmite IR THSS Calcite IR
vibration powder IR peak  peak location standards IR peak
location (cm™)  (em™) peak location  location
(em™) (em™)
COs3 NA ~2987 NA ~2981
overtone
CHj3 (as) ~2963 ~2959 ~2980 (FA/ NA
NOM)
~1977 (HA)
CH; (as) ~2920 ~2922 ~2927 (HA/ NA
NOM)
~2938 (FA)
CO3 NA ~2878 NA ~2876
overtone
CH; (s) ~2851 ~2851 ~2862 NA
C=0 of ~1735 ~1735 ~1710 NA
COOH
Amide [ ~1653 ~1651 N/A NA
Aromatic ~1608 ~1613 ~1611 NA
Amide II ~1545 ~1540 ~1547 NA
Aromatic ~1513 ~1509 ~1512 NA
CH, def ~1446 NA ~1452 NA

“end member” spectra (Fig. 1A) and has also been observed in FTIR
spectra of microbial biofilm matrix comprised of exopolysaccharides,
extracellular proteins, lipids and nucleic acids (Kamnev et al., 2023;
Naumann et al., 1988).

3.2. Comparison of organic matter spectra in vegetation, soil, and ash

Vegetation contains organic peaks with greater absorbance, sug-
gesting more organic abundance compared to soils and ashes (Fig. 2).
Vegetation contains high peak absorbance values of the aromatic peak at
1610 cm ™! and carboxyl groups (—O of COOH) which are not present in
soils (Fig. 2B) and ash (Fig. 2C and Fig. 2D), indicating removal of these
compounds when plants are combusted. Other organic peaks present in
the vegetation are detectable in the soil, but at reduced peak absorbance
intensities. Notably, aromatics appear to be retained in the soils
(Fig. 2B), which is expected due to adsorption of aromatic OM molecules
to mineral surfaces, including calcite (Nikolenko, 2001). In black ash,
removal of most OM groups aside from aromatic and amide I groups
(Fig. 2C) suggests persistence or formation of aromatic compounds (e.g.,
PAHs) in incompletely combusted plant material (Fisher et al., 2002;
Masto et al., 2015), and possible presence of amides due to microbial
activity (Kleber, 2022). White ash spectra are dominated by a CO%‘ peak
and negligible organic peaks apart from very small amide I and C-H
peaks (Fig. 2D). The near complete lack of organic peaks in white ash
reflects the more complete combustion of OM at high temperatures, and
the formation of CaCOj3 at temperatures between ~ 500 and ~ 700 °C
(Mastrolonardo et al., 2014).

3.3. The organic matter IR signal of stalagmite YD-S2

For stalagmite YD-S2, the amide II band (CNH) shows the highest
intensity peak in the fingerprint region, followed by amide I and an
aromatic peak located between 1495 and 1530 cm ™!, whilst CH, peaks
are dominant in the C-H stretching region, aside from the CO3~ over-
tones (Fig. 1D). Regression models were undertaken using the data from
the three largest YD-S2 maps to identify which organic matter peaks
were the best predictors for these functional groups in the stalagmite.
The results summarised in Fig. 3 suggest that: I) amide II is best pre-
dicted by C=0 of COOH and aromatic peaks (coefficients of 1.09 and
2.44, both p < 0.001), II) amide I is best predicted by positive va5s(CH3)
and negative v,5(CH3) (coefficients of 1.37 and —0.69, both p < 0.001),
III) the aromatic peak at 1495-1530 cm ™! is best predicted by C=0 of
COOH and amide I (0.38 and 0.52 respectively, p = 0.022 and p = 0.002
respectively), and IV) v,5(CHy) is best predicted by C—=0 of COOH and
aromatic groups (0.41 and 0.42 respectively, both p < 0.001). These
coefficients indicate that, despite both the amide peaks being associated
with proteins, there might be a different source (or process) underpin-
ning the presence of each peak in YD-S2, with amide I (C=0) associated
with long-chain aliphatics, and amide II (C-N-H) associated with aro-
matics, potentially as aromatic amino acids.

3.3.1. Impact of fire on the organic matter Synchrotron IRM signal of
stalagmite YD-S2

TEM was undertaken on the layer corresponding to the 1897 CE fire
event (McDonough et al., 2022) in order to understand how the OM
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Fig. 2. Original spectra (left) with bar plots (right) showing the median inverted second derivative peak absorbance values (whiskers represent the maximum value)
from A) vegetation powders, B) soil, C) black ash, and D) white ash. Black vertical dashed lines in the original spectra represent the organic peaks identified in Fig. 1.
The orange vertical dashed line represents the main (v3) CO3™ absorbance band at approximately 1405 cm ™. Bar plots display organic matter absorbance bands on
the x-axis for E) vegetation powders, F) soil, G) black ash, and D) white ash. See Fig. S5 for representative spectra from each sample type plotted individually. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observed in the IRM data presented above is incorporated into the sta-
lagmite. Post-fire speleothem OM composition is likely to be influenced
by the re-establishment of vegetation communities and microbial ac-
tivity, which is in part controlled by fire frequency, fire severity, soil
conditions, and the soil seed bank (Kozlowski, 2002). Severe fires may
trigger changes in soil hydrophobicity due to high burning temperatures
(Gonzalez-Pérez et al., 2004; Moya et al., 2019; Yan et al., 2020), and
reduce microbial OM (Coleborn et al., 2016), whilst a lower intensity
burn may result in the deposition of partially burnt plant material to

soils, increasing soil OM availability (Ryan et al., 2023), thereby
potentially increasing soil microbial activity (Rodriguez et al., 2018).
Changes in vegetation species dominance may also occur after fires
(Purdie, 1977; Yan et al., 2020; Viana-Soto et al., 2022; Bashirzadeh
et al., 2023), which could influence the amount of OM infiltrating into a
cave, and the microbial composition of the overlying soils (Thoms and
Gleixner, 2013; Delgado-Baquerizo et al., 2018). These factors suggest
that post-fire vegetation changes are not predictable, and its impact on
speleothem OM signal may be complex.
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Fig. 3. Sequence diagram showing the coefficient of predictor variables to response variables (direction of relationship indicated by arrow) for significant co-
efficients identified through robust regression models (Table S1). For example: the uppermost arrow in the figure represents the impact of C—0 of COOH on v,5(CHy)
in the model that uses v,s(CH2) as the response variable. Red boxes indicate the most important predictors with positive coefficients for each variable, whilst blue
boxes indicate the most important predictors with negative coefficients for each variable. Note: there are no significant negative coefficients for the model using
amide I as a response variable. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Timeseries of OM peaks in YD-S2 obtained from IRM mapping are
shown in Fig. 4, where known fire events are indicated (see Section 1.1).
Trends and abrupt shifts in OM functional groups are revealed by the
time series. All OM peaks appear to increase in absorbance intensity
following the 1897 CE fire event (Fig. 4A). This is characterised by a
rising trend in OM for approximately 15 years post-fire (~1 mm of
speleothem growth). These higher OM values persist for the following
~27 years (2 mm of speleothem growth). The 1897 CE fire coincides

with short-term peaks in ash-derived trace elements, as interpreted from
the third principal component (McDonough et al., 2022) which is
reproduced in the lower panel of Fig. 4 for comparison here. Fig. 5C
reveals that the fire is also marked by higher CHs relative to CHy until
approximately one-year post-fire (9200 um DFT, Map 4). Amide II ratios
also increase in the post-fire period (Fig. 5E, Map 4), while both the
aromatic and amide II peaks are lowest during and after the timing of the
fire event (Fig. 5D and Fig. 5E, Map 2) with no other distinct changes in
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Fig. 5. Chemical maps showing the inverted second derivative peak intensity of the A) v,5(CH3) band observed at 2950-2975 cm ™! and the B) v,5(CH,) band
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N.B: Distance from top (um) represents distance from the youngest end of the stalagmite. Low- and high-resolution maps were performed under separate experiment

and the high-resolution position shown is approximate.

the IRM OM peaks. Whilst not visible on the lower resolution Map 4, the
higher resolution Map 4 shows that after approximately 1-year post-fire
there is a decline in CH3/CHj ratios (Fig. 5C, Map 4), and an overall post-
fire increase amide II peak intensity (Fig. 5E, Map 4) which we propose
to be the result of enhanced microbial activity associated with longer-
chain aliphatic and nitrogen-containing OM. This suggests that trace
elements may be better indicators of particularly large fire events
incorporated into stalagmites compared to OM composition. The highest
concentration of P incorporated into the YD-S2 record was recorded
after this fire event (McDonough et al., 2022), and may be attributed to
the leaching of nutrients from plant-derived ash (Chungu et al., 2020;
Agbeshie et al., 2022). As phosphorus in plant ash often occurs as readily
bioavailable inorganic phosphate (Condron et al., 2005), it’s dissolution
may have spurred post-fire microbial activity on the stalagmite, which is

10

characterised by aliphatic OM containing a larger proportion of meth-
ylene groups (Igisu et al., 2009).

Comparing the time-series of IRM in YD-S2 in relation to fire events
that occurred in 1977 CE and 1983 CE (two larger fires which burnt 500
and 800 ha respectively) against the smaller 2001 CE fire, it appears that
each fire event resulted in varying changes in speleothem OM compo-
sition (Fig. 4). The 1977 CE fire resulted in a minor increase in v,sCHo,
VasCHs, 1,5CHy/v,sCH3 ratio and amide II peaks, whilst the 1983 fire
resulted in increased C—=0O of COOH, v,sCHa, v3sCHs, 1asCHo/vasCH3
ratio and amide I peak and decreased aromatic and amide II peaks
(Fig. 5B and Fig. 5C). The 1983 CE fire resulted in the largest increase in
both v,sCH; and v,sCHg intensities (Fig. 4), and a clear decline in aro-
matic and amide II OM (Fig. 4B, Fig. 5A, Fig. 5B). A decline in the ar-
omatic band may be the result of greater adsorption PAHs with
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increased ionic strength conditions (Adeola and Forbes, 2020) which
can be observed after application of biomass ash to soils (Johan et al.,
2021). Whilst the shift in OM composition in 1983 CE is much clearer
than that in 1977 CE, the 1977 CE fire led to a much clearer peak in trace
elements, as demonstrated by PC3 from McDonough et al. (2022)
(shown in Fig. 4B, lower panel). In contrast, the 2001 CE fire coincides
with a decrease in absorbance band intensities for v,sCHa,v,sCHs, aro-
matic, and amide II peaks, whereas C=0 of COOH and amide I peaks
increased. This is consistent with observations of peaks in black and
white ash which show the preservation of amide I (Fig. 2G and Fig. 2H).
Post-fire shifts in OM content after the 1990 CE fire, a previously un-
recorded and therefore likely small fire, inferred from changes in the
inorganic chemistry of YD-S2 in McDonough et al. (2022), and after the
1996 CE fire (which represents a small fire that burnt < 30 m north of
the cave), are less pronounced. This hints at their lower fire severity.
Notably, however, the 1996 CE fire event displays post-fire increases in
CH3/CH; absorbance intensity ratios, suggesting that it caused a change
in the proportion of methylene and methyl groups incorporated into the
stalagmite (Fig. 5A).

The short-term impact of fire on speleothem chemistry is complex
and may be controlled by factors such as meteorology, burn tempera-
ture, soil moisture, time since last fire (fuel load), and fuel type. For
example, differences in fuel type and fuel quantity at the surface can
cause wildfires to burn in patches and at inconsistent temperatures (Liu
et al., 2021). As a result, ash and charcoal deposited into soils after fires
may contain a combination of material combusted at both lower and
higher temperatures, and therefore contain OM which has been exposed
to varying temperatures. The 1897 CE fire event was interpreted to be a
high intensity fire (McDonough et al., 2022), however, it is characterised
in the stalagmite by a large increase in P, which has shown to be found in

Organic Geochemistry 195 (2024) 104842

higher concentrations in leachates of less-well-combusted ashes from
Yanchep National Park (Campbell et al., 2023). This suggests deposition
of large amounts of incompletely combusted biomass above the cave.
This may have been blown onto the site from areas that burned at lower
temperature, or heterogeneity in the fire severity may have resulted in a
mosaic of more- and less-completely combusted biomass. In contrast, the
minimal impact of the 1996 CE fire on the OM concentration of YD-S2
reflects the small burn zone on the boundary of the cave area, as
recorded by the Department of Biodiversity (2020). These observations
support those of McDonough et al. (2022) who concluded that in-
consistencies in the inorganic composition of YD-S2 after fire events
were likely to result from differences in burn severity, as well as climate
conditions during and after the fire event.

3.3.2. Nanoporosity and OM location within YD-S2

The HRTEM observations revealed that calcite crystals are charac-
terized by alignment of nanopores that seem to follow crystallographic
directions. Their morphology appears to be that of the cleavage rhom-
bohedron (the Miller-Bravais {1 0 1 4} form; Fig. 6A and B), which is
characterized by marked F-(flat) faces (Aquilano et al., 2013). The
nanopores are aligned in a direction normal to the {1 0 1 4} faces, which
is most likely the crystal growth direction (Fig. 6A). The {1 01 4} is the
cleavage rhombohedron, which is the “reference form” of calcite
morphology. The characteristic shape of the nanopores and their
alignment along the crystal growth suggest that organic molecules may
be accommodated in nanopores that exist on the {1 0 1 4} faces.
Although the EDS analyses do not highlight organic molecules as FTIR
does, the phosphorous EDS map of the area highlighted by the HAADF
image (Fig. 6C, D) suggest that phosphate is accommodated within the

Fig.6. A)[10 1 0] HRTEM images of an electron transparent lamella cut towards the top of the “1897 fire layer” illustrated in McDonough et al. (2022), with the
selected area diffraction pattern and insert showing the calcite lattice corresponding to this projection. 1014 and 1 0 1 2 corresponding to the cleavage {1 01 4}

and steep thombohedron {1 0 1 2} respectively, are indicated. The most notable feature is the presence of nano-pores with a morphology related to the {10 T 4}
form, as indicated by the black arrows (B) and their alignment in a direction perpendicular to {1 0 T 4}, as indicated by the white arrows. The {1 0 T 4} is a F-form
(flat faces) that dominates the morphology of calcite crystals in nature. C) is the HAADF of the area in B. and D) is the P map obtained by EDS which shows that P is

related to the nanoporosity.
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pervasive nanoporosity of the specimen. Despite the low statistics of the
P counts measured by EDS, P was previously detected by Laser Ablation
Inductively Coupled Plasma Mass spectrometry and Synchrotron X-Ray
Fluorescence in association with the 1897 fire layer (McDonough et al.,
2022). Campbell et al. (2023) attributed P in YD-S2 as derived from
combusted biomass. Thus, it is reasonable to infer that most of the OM
detected by Synchrotron IRM is hosted in rhombohedra-shaped nano-
pores, which are clearly a primary feature, due to their morphology
dictated by crystallographic directions and small sizes.

Sets of nanopores are spaced hundreds of nanometres apart (Fig. 6A),
which contrasts with an estimated annual growth rate of the stalagmite
of 76.7 um + 30.3 (16). The OM accommodated in the nanopores of YD-
S2, therefore, may not mark annual changes, at least near the fire layer.
This contrasts with observations in stalagmites retrieved elsewhere,
where OM in some samples can define annual banding (Baker et al.,
2021). The HRTEM observations of YD-S2 suggest that Synchrotron
IRM, which has a resolution in of the order of approximately 5 pm or
more, most likely averaged OM signals detected over (potentially hun-
dreds of) nanopores aligned perpendicular to {1 0 1 4} faces. Never-
theless, the Synchrotron IRM mapping is still a most promising
technique, as it seems to show some preferred orientation in the ratio of
the second derivative peak intensity for the v,5(CHs) and the v,5(CHo)
bands (Fig. 5). By comparing Fig. 5 and Fig. 6A, knowing that both the
thick section and the lamella are oriented along the stalagmite growth
axis, the IRM maps appear to highlight a preferential distribution of
organic molecules for the 1897 CE fire roughly perpendicular to {1 0 T
4} faces, which is clear in Map 4 of Fig. 5. The IRM maps (Fig. 5) may
therefore show a pattern of OM incorporation in nanopores that form
whilst calcite crystals are growing independently of seasonality. By
contrast, the annual layering of YD-S2 defined by trace elements
(McDonough et al., 2022), suggests that trace elements may be incor-
porated at lattice sites or defect sites, rather than in the nanopores.

Interestingly, by coupling Confocal Laser Scanning Microscopy and
FTIR with a focal plane array detector, Kost et al. (2023) found that in
three actively growing stalagmites, growth layers with high(er) con-
centrations of organic matter did not feature a higher density of defects
or fluid inclusions at a resolution of the order of hundreds of micro-
metres. The nanoscale data presented in our study reveals that the OM
may be absorbing to the surface of the growing crystal, initially occluded
from the (nano)crystal(s) and eventually becoming incorporated within
nanopores.

4. Conclusion

This study demonstrates the successful use of Synchrotron IRM in
mapping stalagmite OM composition over very short (<1 year) to longer
time periods (decades) at very high resolution (5-50 um). We used
known fire events as case studies of discrete periods of environmental
changes. Our study utilised FTIR analysis of reference materials,
including precipitated CaCOs, vegetation, soil, and ash samples for the
robust identification of specific absorbance bands associated with CO%~
and OM peaks. This approach serves as a framework for interpreting the
organic matter signal in stalagmite YD-S2 and, potentially, for other
stalagmites or environmental data.

Our analysis revealed that the OM in YD-S2 originates from different
sources, potentially including partially burnt biomass from ash, soil,
microbial biomass and terrestrial plant material. We identify a lower
proportion of aromatic OM groups in YD-S2, notably an almost complete
absence of the aromatic peak at 1610 cm ™}, compared to vegetation and
IHSS standards. YD-S2 displays a dominant signal from amide (protein)
OM groups, suggesting a dominant microbial signal, with robust
regression modelling highlighting the association of these amide groups
(amide I and amide II) to aliphatic CH, and aromatic groups respec-
tively. These different associations indicate variability in the sources and
processing of compounds associated with these groups. Our data
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suggests that this OM is incorporated in nanopores that form whilst
calcite crystals are growing, at the spatial scale of hundreds of
nanometers.

The findings suggest that in some cases, OM may not serve as the
most robust or reliable proxy for fire events, given the supply issue
observed in Fig. 2 where burning results in the loss of OM. This may be
related to the intensity of the fire, where a larger fire burning at high
intensity may result in the removal of OM, in which case trace elements
leached from ash may be a better indicator of fire events. For example,
the observed lack of an abrupt shift in OM composition (in the IRM data)
after the inferred 1897 CE fire suggests likely complete combustion and
removal of OM from overlying ash and soil, with no observed OM signal
transported into the stalagmite. In contrast, a clear inorganic signal of
this event is observed in the trace element analysis by McDonough et al.
(2022). A decline in CH3/CH; ratios approximately 1-year post-fire,
linked to the incorporation of high amounts of ash-derived P, indicate
enhanced microbial activity on the stalagmite surface. TEM analysis
supports that this OM may be hosted in nanopores, however, this re-
quires further research. Furthermore, fluctuations in CH3/CH, ratios
after the 1977 CE, 1983 CE and 2001 CE fires indicate variability in the
microbial activity response post-fire. variability in the response of OM
functional groups to fires underscores the complexity of the system.
Further speleothem OM research encompassing diverse regions, caves,
climate and vegetation types, with accompanying ‘ground truthing’ of
the microbial response use, for example eDNA, would aid in unravelling
the multifaceted factors contributing to the observed variability in re-
sults and aid in refining the utilisation of OM as an environmental proxy
in speleothems.

Our use of reference materials and Synchrotron IRM distinguish our
work from the emerging body of FTIR analysis of speleothems. The use
of reference materials allowed us to identify key compounds, and how
they change between vegetation, soil, ash, and the speleothem. This was
found to be more reliable than using published peak locations, as peaks
were shown to shift in wavenumbers (Fig. 1B), resulting in a more robust
interpretation of the results. The identification of FTIR peaks relevant to
speleothem OM will assist future researchers looking to analyse spe-
leothem OM composition using Synchrotron IRM or FTIR techniques.
The use of Synchrotron radiation allowed for better detection of the low
concentration OM in YD-S2, allowing for identification of compounds
which may have been undetectable in YD-S2 using globar FTIR. Our use
of the micro-ATR methodology allowed for the mapping of OM in YD-S2
at a resolution unmatched in the literature. Combined, this represents a
significant step forward in the non-destructive analysis of OM in
speleothems.
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