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Abstract:  1 

Our current understanding of climate and its relationship to fires is generally confined to the 2 

recent past where instrumental records and satellite imagery are available. Speleothem 3 

records of past environmental change provide a unique opportunity to explore fire frequency 4 

and intensity in the past, and the antecedent climatic conditions leading to fire events. Here, 5 

we compare fire sensitive geochemical signals in a stalagmite from Yonderup Cave, a 6 

shallow cave in Western Australia, where well-documented wildfire events have occurred in 7 

recent decades. Principal component analysis of the stalagmite time-series revealed distinct 8 

peaks in a combination of phosphorus and metal (aluminium, zinc, copper and lead) 9 

concentrations, interpreted to have come from ash, in response to known fire events. This 10 

method is extended to identify fires during the growth interval of the speleothem (1760 CE–11 

2005 CE). We identify lower and less variable peak phosphorus concentrations in the pre-12 

European period that are consistent with low-intensity cultural burning by Indigenous 13 

Australians. We also identify an intense wildfire event occurring around 1897 ± 5 CE. The 14 

combination of climate and fire sensitive proxies in the speleothem indicates that this wildfire 15 

was preceded by a multi-decadal dry period. We interpret that post-fire changes in surface-16 

cave hydrology resulted from heat-induced deformation of the shallow karst bedrock brought 17 

about by the intensity of this fire. These findings have implications for the interpretation of 18 

speleothem records from shallow caves in fire-prone climates and show the potential for 19 

speleothems to provide records of fire intensity and recurrence intervals. Further 20 

development of these records could lead to a better understanding of the climate-fire 21 

relationship and the effects of land-management practices on wildfire frequency and 22 

intensity. 23 

1. Introduction 24 

Wildfires are becoming progressively more extreme due to climate and land use changes 25 

(Moreira et al., 2020). Catastrophic wildfires such as those observed in Australia between 26 
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October 2019 and February 2020, during which nearly 17 million hectares of land were 27 

burned are occurring with increasing frequency. In the Northern hemisphere, in 2020 more 28 

than 4% of the total 100 million acres of the state of California land were burned. Karst 29 

systems, where caves host speleothems (e.g., stalagmites, stalactites and flowstones), can 30 

provide long-term records of changes in climate and the environment (e.g. Bar-Matthews et 31 

al., 1997; Cheng et al., 2016; Dorale et al.,1998; Hellstrom et al., 1998; Hopley et al., 2004; 32 

Wang et al., 2008). The impact of wildfires on dripwater and soil in karst systems is 33 

becoming increasingly well understood (Nagra et al., 2016; Bian et al., 2019; Coleborn et al., 34 

2016; Treble et al., 2016), and suggests that speleothems may have the potential to provide 35 

records of fire frequency and intensity. Utilising stalagmites as proxies for paleo-fire could 36 

provide much-needed baseline information for the pre-satellite period, including the timing of 37 

human arrival in a region, and the relationship between humans, climate and fire. This 38 

information would provide a better understanding of ecosystem resilience and inform land-39 

management policy. 40 

Fires have the potential to alter soil properties and soluble element concentrations, which in 41 

turn affects soil leachate and dripwater chemistry. Changes in soil and ash leachate 42 

chemistry are impacted by the type of vegetation burnt and the burn intensity (Harper et al., 43 

2019; Heydari et al., 2017; Hogue and Inglett, 2012; Plumlee et al., 2007; Quigley et al., 44 

2019). Low to moderate intensity fires, such as prescribed burns, have been shown to result 45 

in increasing soil nutrients, whilst high intensity wildfires can potentially result in a reduction 46 

in nutrients due to volatilisation (Bodí et al., 2014; Certini, 2005). Post-fire increases in soil 47 

nitrogen (N) and phosphorus (P) and sulphur (S) have been noted in a number of studies 48 

(Butler et al., 2018; Grove et al., 1986; Schaller et al., 2015; Spencer et al., 2003), as well as 49 

increases in organic matter (OM) and sediment flushed into waterways after fires (Mast and 50 

Clow, 2008; Petticrew et al., 2006; Revchuk and Suffet, 2014; Ryan et al., 2011). These 51 

changes at the surface translate into changes in dripwater chemistry, and can ultimately 52 

impact on speleothem composition. For example, short-term increases in dripwater elements 53 
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such as S have previously been observed post-fire due to release of S from burnt vegetation 54 

(Bian et al., 2019) and evaporative concentration (Nagra et al., 2016). Decreases in S post-55 

fire have also been observed due to nutrient limitation during forest regrowth (Treble et al., 56 

2016), as well as temporary enrichment of dripwater 𝛿18O resulting from the evaporative loss 57 

of stored karst water (Nagra et al., 2016).  58 

Temperatures at the base of a large wildfire can exceed 1000 °C (Wotton et al., 2012). 59 

Temperatures above 500 °C can affect the structural properties of limestone (Meng et al., 60 

2020; Wu and Wang, 2012) leading to the creation and/or widening of microfractures in the 61 

epikarst (the upper weathered region of bedrock beneath the soil) due to extreme heating 62 

and cooling. The potential increase in transmissivity between the surface and cave could 63 

reduce the concentration of bedrock-derived elements dissolved in dripwaters. Conversion of 64 

limestone into lime (CaO) at high temperatures (> 900 °C, Moropoulou et al., 2001) may also 65 

increase meso- and macro-porosity while decreasing micro-porosity of the calcined rock 66 

(Valverde et al., 2015; Wang et al., 2019). When lime is subsequently mixed with water (e.g. 67 

rainwater), the most reactive CaO particles dissolve first, producing a high level of 68 

supersaturation (Kemperl and Macek, 2009) and increasing dripwater pH and 69 

supersaturation with respect to calcite (Hartland et al., 2010). This favours calcium 70 

carbonate precipitation in the cave, thus speleothem growth rate, which may be further 71 

enhanced by an increase in infiltration and drip rate due to loss of vegetation (Genty and 72 

Quinif, 1996; Nagra et al., 2016; Weber et al., 2018). The creation of a hydrophobic soil layer 73 

may further increase preferential flows through the soil as excess water is unable to be 74 

retained in the soil (Bian et al., 2019; DeBano, 2000; Stoof et al., 2014, Savage, 1974).  75 

Speleothems from shallow caves are potentially ideal for studying the impacts of fires as 76 

confounding factors such as long infiltration pathways, lag times and the mixing of stored 77 

water with post-fire infiltration are minimised (Bian et al., 2019). In this study, we identify the 78 

geochemical ‘fingerprint’ of a fire event by comparing the speleothem geochemical record 79 
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with the known fire history, and extend this information to construct a 245 year record of 80 

paleo-fire events.  81 

Yonderup Cave in Yanchep National Park (YNP), south-west Western Australia (WA), is a 82 

shallow cave (6 m depth) in a region affected by wildfires. An environmentally significant 83 

trace element record was produced from a stalagmite (YD-S2) in Yonderup Cave spanning 84 

the 20th century (Nagra et al., 2017). A hydrochemical response in dripwater from the cave 85 

was detected following a fire event that occurred whilst the cave was monitored (Nagra et 86 

al., 2016), suggesting that this cave is ideal for examining changes in speleothem 87 

geochemical composition caused by wildfires. Here, we present a longer and improved 88 

record from YD-S2, which includes new parameters bromine (Br), sulphur (S) and colloidal 89 

material. This record is developed through the use of 1D (i.e. line plot) time-series (Nagra 90 

e.al., 2017), and lamina counts obtained from 2D elemental and physical maps. We here 91 

include an assessment of speleothem δ18O, δ13C, colloidal material including OM, and trace 92 

elements S and Br, and extend the chronology back to 1760 CE. We hypothesize that high 93 

intensity fire events result in pulses of ash-derived elements and an increase in infiltration 94 

from the surface to the cave due to porosity changes and increased preferential flows 95 

resulting from the formation of a hydrophobic soil layer. The increased drip rate combined 96 

with supersaturation of the dripwater with respect to calcite caused by the calcination of the 97 

limestone is likely to lead to increased speleothem growth rate after intense fires. 98 

2. Environmental Setting 99 

2.1. Geology  100 

Stalagmite YD-S2 was fed by an actively dripping stalactite before its removal and 101 

commencement of dripwater monitoring in July 2005 (Nagra et al., 2016, Site 1a). Yonderup 102 

Cave is located approximately 47 kilometres north-northwest of Perth in YNP, Western 103 

Australia (Figure 1). It is developed in the Tamala Limestone lithostratigraphic unit, an 104 

extensive Pleistocene aeolianite (Playford, et al., 1976; Playford, et al., 2013), outcropping 105 
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along the coast of southwest Western Australia. The lithology of the Tamala Limestone 106 

consists predominantly of aeolianite, with subordinate interbedded paleosols, calcrete and 107 

microbialite (Lipar and Webb, 2014). The aeolianite is comprised predominantly of carbonate 108 

and quartz, as well as smaller amounts of detrital microcline and orthoclase feldspar (Lipar 109 

and Webb, 2014). The carbonate bioclasts within the aeolianite consist of high magnesium 110 

(Mg) calcite and aragonite, both of which commonly transform into low-Mg calcite, which is 111 

the predominant phase in the diagenised aeolianite. Calcarenites of the Tamala Limestone 112 

show a progressive reduction in aragonite and high-Mg calcite content with increasing age, 113 

and a corresponding increase in low-Mg calcite content. Critically, the Tamala Limestone was 114 

subjected to meteoric diagenesis with eogenetic karst development, which resulted in rapid 115 

transmissivity owing to a dual-pore system.  116 

 117 

 ma 118 

 119 
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Figure 1. A) Map of study region with B) inset showing the location of Yonderup Cave and 120 

extent of the Tamala Limestone (adapted from Smith et al., 2012). C) Plan view of Yonderup 121 

Cave showing tourist pathways as dashed lines (State Records Office of Western Australia, 122 

2015) and location of stalagmite YD-S2 (red star). 123 

2.2. Climate characteristics and fire-history 124 

The climate at Yanchep is classified as Mediterranean with hot, dry summers and cool, wet 125 

winters. The Australian Bureau of Meteorology manages a weather station (number 009053) 126 

located approximately 34.5 km south-east of the study site, which has recorded long-term 127 

temperature (1940–2020 CE) and precipitation (1937–2020 CE) data. The long-term 128 

average rainfall rate is 628 mm year-1 ± 168 (1 σ), with most (60%) of the rain falling during 129 

winter and a small proportion (5%) falling during summer. The long-term average maximum 130 

and minimum temperatures are 25.3 ± 1.4 °C (1 σ) and 12.4 ± 1.0 °C (1 σ). A drying trend is 131 

reported in the period after 1970 CE with a further decrease in rainfall after 1990 CE (Hope 132 

et al., 2010).  133 

The Yanchep region is prone to the occurrence of wildfires in summer due to low rainfall, 134 

frequent lightning storms and abrupt wind changes caused by pre-frontal troughs (McCaw et 135 

al., 2003). A number of fire events in the recent past within the bounds of the YD-S2 record 136 

are known to have occurred at YNP. These include three prescribed burns that burned 137 

above or in very close proximity (<10 m) to Yonderup Cave in 1966 CE, 1996 CE and 2001 138 

CE (Figure S1; Nagra et al., 2017). A wildfire in 2005 CE also burnt directly over the cave 139 

approximately 6 months prior to the collection of YD-S2 (Figure S1). Two other wildfires are 140 

also reported to have occurred in the broader YNP region in 1977 CE and 1983 CE and 141 

burnt 500 ha, 800 ha (Department of Environment and Conservation, 2010). Satellite 142 

imagery reveals in the next that the 1983 CE fire burnt to the north-west of the cave (Figure 143 

S1). Imagery for the 1977 CE event is unavailable, and it is unclear whether this fire burned 144 

directly over the cave. 145 
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2.3. Indigenous and European history 146 

Pre-European vegetation near the cave area is classified as low forest and woodland (< 10m 147 

tall) consisting of wattle, banksia, peppermint, cypress pine, casuarina and York gum (Beard, 148 

et al., 2013). Areas of medium forest woodland (10 – 30m tall), scrub heath and thicket were 149 

present to the west of the caves towards the coast (Beard, et al., 2013). Current vegetation 150 

consists of tuart (Eucalyptus gomphocephalla) forest, banksia heath and wetland vegetation.  151 

Traditionally, Yanchep was a meeting place for the Noongar people prior to European 152 

settlement. It was chosen for its proximity to the coast, lake, forest and wetland areas, which 153 

contained abundant resources. The area has mythological, ritual and ceremonial 154 

significance for Australia’s First People (Department of Conservation and Land 155 

Management, 1989). The first documented account of Europeans visiting Yanchep was in 156 

1834 CE (Department of Conservation and Land Management, 1989). In 1835 CE a stock 157 

route was established and used by drovers however the Yanchep area was not settled by 158 

Europeans until 1901 CE (Department of Conservation and Land Management, 1989). Most 159 

of the caves in YNP were discovered and explored shortly thereafter in 1904 CE 160 

(Department of Conservation and Land Management, 1989). In 1932 CE Yonderup Cave 161 

was officially opened to the public as a tourist attraction.  162 

3. Methods 163 

Stalagmite YD-S2 was analysed using a number of different methods including synchrotron 164 

based x-ray fluorescence (XRF) elemental mapping, excimer laser ablation inductively-165 

coupled plasma mass spectrometry (LA-ICP-MS), thin section scans for colloidal particulates 166 

(including OM) and stable isotope (δ13C, δ18O) analyses. YD-S2 was sectioned in half along 167 

the central growth axis using a 2 mm wide diamond blade. One half was sub-sampled for 168 

U/Th analyses, which are presented in Nagra et al. (2017). The remaining half was 169 

sectioned along the growth axis to produce adjacent slabs for stable isotope ratios and for 170 

elemental analysis. Synchrotron XRF and LA-ICP-MS were conducted on the same polished 171 
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slab and the thin section was cut from the back of this slab. The presence of laminae visible 172 

to the unaided eye permitted verification that sampling depth was comparable across the 173 

sub-sampled pieces for different analytical techniques. Details for the methods are provided 174 

below.  175 

3.1. Synchrotron micro-focused X-Ray fluorescence  176 

We undertook synchrotron XRF elemental mapping of calcium (Ca), bromine (Br), strontium 177 

(Sr) and zinc (Zn) at The Australian Synchrotron, Australian Nuclear Science and 178 

Technology Organisation (ANSTO) in Melbourne at a 2µm resolution using a monochromatic 179 

incident energy of 18.5 keV, the beam was focused to a spot size of 1.5 µm on the sample, 180 

and a dwell per pixel from 1 to 4 milliseconds (ms) was used. XRF elemental maps were 181 

collected using a Maia 384 (Sync) – HYMOD detector with data reduced at the Australian 182 

Synchrotron using CSIRO Dynamic Analysis method and GeoPIXE software. Counts were 183 

then analysed to obtain true-elemental images in absolute values as parts per million (ppm) 184 

(Ryan et al., 2005; Ryan et al., 1995). ImageJ (https://imagej.nih.gov/ij/) was then used to 185 

extract time-series of absolute concentrations at 2 µm intervals perpendicular to the growth 186 

laminae using a 20-pixel line width. A 13-point Savitsky-Golay filter was applied to the Br 187 

map to reduce noise in the dataset that could obscure the long-term trends, whilst also 188 

preserving the peaks and troughs. 189 

XRF elemental maps of light elements (S, Mg and P) were recorded at beamline 10.3.2 190 

(Marcus, et al., 2004) of the Advanced Light Source (Lawrence Berkeley National 191 

Laboratory, Berkeley, California, USA) using a 10 x 10 µm pixel size, a 200 millisecond dwell 192 

time/pixel, an incident photon energy of 3988 eV (50 eV below the Ca K-edge) and a beam 193 

spot size of 7 x 7 µm. The maps were recorded with an Amptek FAST XR-100SDD single 194 

element detector. Maps were then deadtime corrected and extracted with custom LabVIEW 195 

software available at the beamline A line plot of the scan was obtained from ImageJ and 196 

relative concentrations at 10 µm intervals were exported to excel. Absolute concentrations 197 
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could not be determined for P, Mg and S owing to a lack of matrix-matched standards at the 198 

time of these measurements. 199 

3.2. LA-ICP-MS 200 

Aluminium (Al), barium (Ba), uranium (U), zinc (Zn), copper (Cu), lead (Pb), phosphorus (P), 201 

magnesium (Mg) and strontium (Sr) elemental data were analysed using excimer laser 202 

ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) at The Australian 203 

National University (ANU) according to the methodology reported in Nagra et al. (2017). A 204 

motorised stage was used to acquire data in continuous scanning mode at 0.5 mm min-1 with 205 

laser firing at 15 Hz and masked to 5 x 35 µm slit with the wider axis orientated 206 

perpendicular to the growth axis. The LA-ICP-MS data show more defined peaks and 207 

troughs compared to the synchrotron line scans obtained from ImageJ for P, Mg and Sr. 208 

Therefore, the LA-ICP-MS data was selected for use in the principal component analysis 209 

(PCA) for these elements over the line plots obtained from the synchrotron scans. A 210 

comparison of the synchrotron and LA-ICP-MS results is shown in Figure S2. 211 

3.3. Speleothem fabric and colloidal organic matter  212 

Speleothem fabrics were observed via optical microscopy on 30 µm thick thin sections using 213 

a Zeiss Axioplan and Leica MS16 stereomicroscope at the Speleothem Microscopy 214 

Laboratory at the University of Newcastle, Australia. Fabrics were described and coded 215 

following a conceptual framework of fabric development reflecting changes in the cave 216 

environmental parameters (Frisia, 2015). The entire thin sections were imaged using a 217 

flatbed scanner Epson Perfection V550 with a resolution of 2540 dpi, which is sensitive to 218 

fabric changes such as porosity and impurities as determined by optical microscopy. 219 

Relative colloidal concentrations were then extracted from the thin section scan as greyscale 220 

variations using ImageJ, whereby darker brown bands (low greyscale) represent higher 221 

colloidal material. These values were inverted by subtracting each value from 250 to display 222 

high values as relatively high relative colloidal concentrations. The extraction of the 223 
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greyscale values was performed in ImageJ along the growth axis (parallel to the lamination). 224 

Where cracks in the thin section lamina were present, these occurred diagonally, therefore 225 

the corresponding values were extracted along parallel lines on the right or left side of the 226 

master line in order to avoid the damaged area.  227 

3.4. Stable isotope ratios 228 

Speleothem 𝛿18O and 𝛿13C were analysed at the Research School of Earth Sciences, ANU. 229 

Powders were continuously milled along the edge of the growth axis using a 2 mm diameter 230 

tungsten carbide end-mill bit, effectively shaving samples at 0.1 mm increments, following 231 

the method of Gagan et al. (1994).  A ‘clear cut’ was made at each increment by milling an 232 

additional 1 mm into the sample to account for the curvature of the bit before cutting the next 233 

sample. 180–220 µg samples were weighed and analysed using a Finnigan MAT-251 dual-234 

inlet stable-isotope ratio mass spectrometer coupled to a Kiel I micro-carbonate preparation 235 

device. Analyses were calibrated using the National Bureau of Standards NBS-19 standard 236 

(18OVPDB = −2.20‰ and 13CVPDB = +1.95‰). A further linear correction for 18O was made 237 

using the NBS-18 standard (18OVPDB = −23.0‰). The original delta values for NBS-19 and 238 

NBS-18 are used to maintain consistency of results through time in the RSES Stable Isotope 239 

Laboratory.  Long-term measurement precision for NBS-19 at the time of measurements 240 

was ±0.07‰ (2 σ) for 18O and ±0.04‰ (2 σ) for 13C. 241 

3.5. Chronology  242 

A chronology for YD-S2 (0–12.15 mm distance from top; DFT) was already obtained by 243 

Nagra et al. (2017) by using one dimensional LA-ICP-MS line scans. In the two-dimensional 244 

dataset presented here (covering 0–18.87 mm DFT), the clearest laminae information was 245 

visible in the thin section and from the synchrotron map for Sr concentrations (Figure S3). 246 

Accordingly, development of the chronology was primarily based on visible laminae on the 247 

thin section in the region of 0 mm–18.87 mm DFT. These were verified against the Sr XRF 248 
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maps, and for a few laminae (< 5% of the total laminae across the 18.87 mm area of 249 

interest), Sr bands were used as the primary counting method due to low amounts of 250 

colloidal material. 251 

3.6. Statistical analysis 252 

Shapiro-Wilk’s tests for normality were performed in RStudio (v.1.1.456) on individual 253 

variables. All variables returned a p value <0.05 suggesting that the distributions are 254 

significantly different from normal. Non-parametric Spearman’s correlations were therefore 255 

used to assess correlations between variables in the results section. The mean peaks in P 256 

pre- and post-1900 CE were compared using a two sample t-Test assuming unequal 257 

variances. 258 

Change-points in the mean and variance of the data were examined with RStudio (v.1.1.456) 259 

changepoint package using a binary segmentation method (Scott and Knott, 1974) and 260 

pruned exact linear time (PELT) method (Killick et al., 2012). The PELT method reportedly 261 

has increased accuracy relative to other change-point identification methods (Killick et al., 262 

2012), however it was only suitable for assessing Mg variability. For the other time-series it 263 

resulted in an identification of almost all values as change-points. In these instances, the 264 

binary segmentation method was used.  265 

In order to assess the longer-term changes that we hypothesise could have occurred from 266 

changes in hydrology following a fire, PCA was performed on the YD-S2 time-series data. 267 

Data from 1897 CE were excluded due to the observation of unusually large short-term 268 

peaks in parameters P, Mg, 13C and 18O. For P, Mg, Sr, Ba, U, 13C and 18O data, we 269 

used the time-series utilised in Nagra et al. (2017). The colloid/OM and XRF Br and S time-270 

series were obtained from thin section and XRF maps respectively after processing in 271 

ImageJ. Data were linearly interpolated to the resolution of the stable isotope ratio data (100 272 

µm intervals) in OriginPro v.9.7.5.184. PCA was then performed in Python using 273 

sklearn.decomposition.PCA, with the loadings of each parameter on the leading principal 274 
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components, and changes in the principal component values over time assessed. Metals 275 

(Cu, Pb, Zn, and Al) were removed from the PCA when assessing the longer-term variability 276 

in hydrology, as they reduced the total percent variance explained by the first two 277 

components from 65.9% to 51.8%.  278 

Peaks in soil-derived parameters P and OM on PC3 were further investigated to determine 279 

whether PC3 can shed light on potential fire events which should result in a pulse of ash-280 

derived elements deposited on the soil. In order to achieve this, all variables were 281 

interpolated to high resolution LA-ICP-MS data (0.63 µm intervals), with U, Br and δ13C data 282 

smoothed using a rolling median (window size = 50). The PCA was then re-run to include 283 

the 1897 CE data and metals Cu, Pb, Zn and Al.  284 

Biplots were generated in RStudio (v.1.1.456) using the PCA() and fviz_pca() functions of 285 

the FactoMineR (Lê et al., 2008) and factoextra (Kassambara and Mundt, 2020) packages. 286 

Groups are based on k-means using the loadings of each variable on the PCA components, 287 

whereby variables are assigned to a cluster based on Euclidean distances between the 288 

variable and the closest cluster centroid. Variables within the same cluster have high intra-289 

class similarity of loadings on the PCA components. 290 

4. Results 291 

4.1. Chronology building 292 

The upper 18.87 mm of stalagmite YD-S2 contains visible, flat and parallel laminae over a 293 

width of at least 20 mm. Darker bands in the thin section indicate relatively higher colloids. 294 

These likely consist of OM as shallow cave depths result in negligible OM filtering effects (cf. 295 

Frisia and Borsato, 2010) (Figure S4). Nagra et al. (2017) identified that dripwaters at the 296 

YD-S2 site experience seasonal fluctuations in Sr concentrations as a result of prior calcite 297 

precipitation, however we identify a negative seasonal relationship between Mg and Sr in 298 

speleothem YD-S2 suggesting an additional process affecting Sr during incorporation into 299 

the speleothem (see Section 5.1). Alternating dark and light bands coincide with low and 300 
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high Sr concentrations, respectively, demonstrating that a higher proportion of colloids/OM 301 

incorporated into the speleothem is associated with low incorporation of Sr. This points to 302 

low supersaturation of the drip with respect to calcite during the wet season at this site. The 303 

appearance of seasonal colloidal particulates in YD-S2 is consistent with highly seasonal 304 

recharge and a short flow path length implying relatively fast transmission from the soil zone.  305 

A total of 246 ± 12 annual layers were counted in the upper 18.87 mm of YD-S2 using the 306 

combined images of colloids/OM in the thin section and the Sr XRF maps. This results in an 307 

age span from 1760 ± 13 CE to the known collection date of July 14th 2005 CE at 0 mm DFT 308 

(Figure 2). Complex stratigraphy below 18.87 mm prevents the interpretation of the earlier 309 

YD-S2 paleo-environmental record. 310 

  311 

Figure 2: Chronology of YD-S2 based on lamina counts. Lamina age (Year CE) is shown on 312 

y-axis and distance from the top (DFT µm) of the speleothem shown on the x-axis. Grey 313 

shading shows the envelope of uncertainty for the lamina counts. Red dashed line 314 

represents the chronology as reported in Nagra et al. (2017). 315 

Figure 2 shows the previous chronology developed by Nagra et al. (2017) for YD-S2 316 

developed on LA-ICP MS line scan (1D) data between 0 – 12.15 mm DFT. Nagra et al. 317 
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(2017) use an automated peak-finding method based on peaks in multiple transects of Ba, 318 

Sr and U to determine a date of 1818 CE at the maximum DFT (12.15 mm). In contrast, the 319 

lamina counting method employed here identifies an age of 1841 CE at the same depth. 320 

Both chronologies are within the published U/Th age uncertainty at 8.10 mm DFT and 12.15 321 

mm DFT where initial 230Th/232Th activity ratios of 1.5 and 1.33 are used (Nagra et al., 2017), 322 

however it does suggest that over-counting may occur when fitting peaks based exclusively 323 

on 1D time-series data (LA-ICP-MS tracks). The Nagra et al. (2017) chronology assumed a 324 

missing peak resulting from poorly defined annual cycles if no peak was identified within two 325 

times the average annual growth rate and there is variation of > 30% of the average peak 326 

height, which could result in additional peaks being counted. The identification of laminae 327 

from 2D maps used here is expected to reduce these types of user error due to availability of 328 

the whole map as opposed to individual transects. 329 

Laminae counting and error estimate in this study was made by determining the position of 330 

the colloidal laminae and Sr peaks on thin section images and synchrotron Sr maps at five 331 

confidence levels (> 95%, 75–95%, 50–75%, 25–50%, 5–25%, and < 5% confidence) using 332 

ImageJ software package (Faraji, et al., 2021). The calculated error is up to 13 years for 333 

1760 CE to 1887 CE, and up to 4 years for 1888 CE to 2005 CE.  334 

4.2 Extension rate 335 

The average annual vertical axis extension rate for YD-S2 is 77 ± 30 µm yr-1 (1σ). Change-336 

point analysis shows a high mean extension rate occurred in 1760–1775 CE (116 ± 26 µm 337 

yr-1, 1σ). The rate decreases between 1775–1854 CE (72 ± 23 µm yr-1, 1σ) (Figure S5, Table 338 

S1) and then drops to the lowest rate observed in the data between 1854 and 1896 CE (44 ± 339 

23 µm yr-1, 1σ). A pronounced long-term shift to higher extension rates occurs after 1896 CE 340 

(Figure S5, Table S1) and declines after 1995 CE. 341 

4.3 δ18O, δ13C, minor and trace elements 342 
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There is a strong correlation between δ18O and δ13C values for the entire dataset (rs = 0.85, 343 

p < 2.2 x 10-16), which is weaker during the period 1900–1940 CE (rs = 0.52, rs < 2.2 x 10-16). 344 

A positive correlation between δ18O and Mg (rs = 0.56, p < 2.2 x 10-16), δ13C (rs = 0.72, < 2.2 345 

x 10-16) and Br (rs = 0.54) is observed. All of these proxies show higher mean values from the 346 

late 1820s, generally followed by a shift to lower overall mean values from the late 1890’s 347 

CE (δ18O, δ18O and Mg) and 1911 CE (Br) as supported by change point analyses (Table 348 

S1). Additionally, Mg and stable isotopes (δ18O and δ13C) display a short-lived maxima at 349 

1897 CE and 1898 CE respectively, during or immediately after the occurrence of a large 350 

peak in P concentration. These parameters abruptly shift to the lowest mean concentrations 351 

thereafter. 352 

Figure 3 indicates that S and Ba mean concentrations increase from approximately 1870 CE 353 

to the mid-1880’s CE. Concentrations of both elements rapidly drop in the mid 1880’s CE, 354 

approximately 11 years prior to the peak in P in 1897 CE (Figure S5, Table S1). Change-355 

points indicate that Ba, Sr and S mean concentrations begin to rise after the mid to late-356 

1980’s CE. Change-points in the mean are not detected in the U data, likely due to high 357 

variability in the dataset. Significant correlations (p < 2.2 x 10-16) are, however, observed 358 

between Ba and U (rs = 0.61), Ba and S (rs = 0.74), S and U (rs = 0.56), Sr and S (rs = 0.66) 359 

and Sr and Ba (rs = 0.62) (Table S3).  360 
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 361 

  Figure 3: Time-series of extension rate (top panel) and geochemical variables included in 362 

the PCA. The 1897 CE event is marked by a red dashed line. The black dashed lines 363 

represent an approximately 5-year (window size = 100) rolling mean concentration. 364 

4.4 1897 CE event 365 

The sudden shift in the extension rate after 1896 CE closely coincides with a change in 366 

mean values for other climate and environmental proxies: i. a maximum in δ18O and δ13C in 367 

early 1898 CE (-1.9‰ and -2.3‰ respectively); ii. an abrupt peak in Mg concentration (4527 368 

ppm), followed by a 70% decrease in mean Mg concentrations by 1900 CE that then remain 369 

low (Figure 3, Figure S5, Table S1); iii. an abrupt increase in the mean relative abundance of 370 

colloids/OM  in 1897 CE (Table S1), and iv. a clear maximum in P in 1897 CE (Figure 3), 371 

with the value reaching 161.2 ppm (more than 5 times the median concentration, Table S2).  372 

The fabric immediately prior to the 1897 CE event (< 1 year, 9.35 – 9.45 mm DFT) is defined 373 

by a micro-hiatus or very slow deposition of compact calcite crystals (see thin section in 374 
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Figure 4 and Figure S3). There appears to be continuity in crystal growth before and after 375 

this “micro-hiatus” and erosion of crystal tips is not evident, which suggests that the feeding 376 

drip was very slow or ceased for only a short period of time. A transition to porous columnar 377 

fabric after the “micro-hiatus” (i.e. above 9.35 mm DFT) is evident in the Ca map, with the 378 

tips of open columnar crystals clearly visible in the S, Sr and Mg maps. The development of 379 

open columnar fabric is consistent with rapid infiltration of supersaturated waters (Frisia et 380 

al., 2015). This evidence points to the dissolution of lime likely resulting from fire (discussed 381 

in further detail in Section 5.4), and the subsequent abrupt increase in vertical extension rate 382 

(Figure 3). The singular conspicuous peak in P in the LA-ICP-MS track (Figure 3) which 383 

reaches a maxima at 9.35 mm DFT is also evident in the synchrotron-generated P map in 384 

Figure 4 as a continuous lateral feature coincident with a depletion in S, and peak 385 

concentrations in Mg and Sr. This event appears to occur during the dry season, where the 386 

lamina in the thin section are lighter due to reduced colloid/OM incorporation (Figure S4).  387 

 388 
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Figure 4: Thin section parallel-polar image (PPL), cross-polar image (XPL), and synchrotron 390 

XRF maps for calcium, sulphur, strontium, magnesium, phosphorus and bromine. The 1897 391 

CE event is preceded by a micro-hiatus in the PPL image, a strong peak in P and smaller 392 

peaks in Mg and Sr. The post 1897 CE period is characterised by higher colloidal/OM 393 
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concentrations, a decline in Mg and Sr, and an increase in the calcite porosity evident in the 394 

Ca, Sr, S and Mg maps.  395 

4.5 Principal Component Analysis 396 

We undertook an initial PCA on the combined information from hydroclimate sensitive 397 

proxies to infer climatic conditions that lead to wildfires and obtain information about 398 

potential changes in water storage times, infiltration or flow paths brought about by fire. The 399 

results of the PCA are shown in Figure 5 and Table S4. PC1, PC2 and PC3 explain 46.7%, 400 

19.2% and 8.8% of the variation in the dataset respectively.  401 

 402 

Figure 5: A) PCA time-series showing PC1 (blue), PC2 (yellow) and PC3 (green). The timing 403 

of the extreme event at 1897 CE is shown as red dashed line. B) PCA bi-plot showing three 404 

groupings of variables based on k-means (Table S5, between group sum of squares = 3.9). 405 

Note: data for 1897 CE have been removed from the analysis to decrease the influence of 406 

this one-off event on the PCA results.   407 

4.5.1 PC1 and PC2 – Aridity and source components 408 

Variables Mg, Ba, δ13C, δ18O, Br, U and colloids load most strongly on PC1 (Table S4), 409 

whereas S loads most strongly on PC2. The Sr loading is relatively evenly spread between 410 

PC1 and PC2, with P loading most strongly on PC3. PC1 represents a hydroclimate / aridity 411 
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component, reflecting changes in water-rock interactions (dissolution of host-rock and PCP) 412 

and salinity (evaporation and dilution). Parameters loading positively on PC1 (groups B and 413 

C in Figure 5) include elements derived from host-rock and aerosol inputs which decrease in 414 

concentration due to dilution or reduced water-rock interaction during periods of high 415 

meteoric precipitation or decreased evaporation. PC2 denotes the separation between soil 416 

(P) / aerosol (Br and Mg) elements and bedrock-derived elements This is supported by the 417 

expanded PCA shown in Figure S8 which includes soil-derived metals (Pb, Al, Cu and Zn) 418 

loading positively on PC2, opposite to Group B bedrock parameters. 419 

Treble et al (2016) determined that the source of Mg and SO4 are aerosols, while Sr was 420 

sourced from bedrock in dripwater at Golgotha Cave, a similar distance from the coast and 421 

similarly developed in the Tamala Limestone. Dripwater monitoring by Nagra et al. (2016) at 422 

two sites in Yonderup Cave show that Mg is correlated with Cl (R2 = 0.82, n = 14 and R2 = 423 

0.76, n = 36), and additional Br data (Figure S6) are correlated with Cl (R2 = 0.13, n = 14 and 424 

R2 = 0.58, n= 36). The Cl:Br molar ratio in the dripwaters (0.00130) are close to that of sea 425 

water (0.00158), suggesting that Mg and Br are likely sourced from aerosols at Yonderup 426 

Cave also. Mg, δ13C and δ18O have previously been interpreted as proxies to distinguish 427 

wetter and drier conditions in south-west WA speleothems (Treble et al 2005) and the 428 

inclusion of Br in this group is consistent with this. PC1 also differentiates between the soil-429 

derived parameters (OM/colloidal material and P) and bedrock-derived parameters, further 430 

supporting that this component represents aridity. Thus, PC1 describes the 431 

hydroclimate/aridity signal in this speleothem, with more bedrock and aerosol input under 432 

drier conditions as a result of evaporation, reduced water movement and increased water-433 

rock interaction times resulting in higher PC1 values. This is supported by an increase in 434 

PC1 values after 1970 CE which is a known dry period for the region (Hope et al., 2010).  435 

Overall, PC1 displays multi-decadal behavior with positive values observed prior to 1900 CE, 436 

suggesting drier conditions accompanied by increased aerosol and host-rock inputs during 437 

1829 – 1845 CE and 1868 – 1887 CE (Figure 3). PC1 scores become negative after 1900 438 
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CE and continue to decline until approximately 1940 CE suggesting reduced water storage 439 

times and increased infiltration. After this time and particularly from about 1970 CE onwards, 440 

PC1 values begin to increase again up until the time of stalagmite retrieval, indicating 441 

increasingly dry conditions in the modern portion of the record. PC2 shows multi-decadal 442 

changes, with a notable increase from negative to positive values occurring in the 19th 443 

century, and a decline in PC2 values occurring after 1985 CE. 444 

4.5.2 PC3 – Fire event component 445 

PC3 shows high variability and largely represents pulses of P derived from soils (Figure 5) 446 

as represented by its strong loading on PC3 (Table S4). Peaks in PC3 were assessed to 447 

determine whether these align with known fire events in the modern record (as detailed in 448 

Section 2.2) and might assist in identification of fire events in the historical record. The 449 

original PCA shown in Figure 5 was re-run to include metals (Cu, Pb, Al and Zn) with all 450 

variables interpolated to high resolution LA-ICP-MS data (see Methods for more details). 451 

The biplot shown in Figure S8 confirms the soil source of these metals as they cluster with 452 

variables P and colloids/OM, which all load most strongly on PC3 in the updated PCA, and 453 

improve the percent variance explained by PC3 from 8.8% in the initial PCA, to 11.9%.  454 

Peaks in PC3 are classified as values exceeding the rolling median PC3 value (window size 455 

= 40) by 2.5 times the rolling standard deviation. Figure 6 confirms that all known modern 456 

fire events are identified as peaks in PC3, aside from the 1983 CE event. Notably, the 1897 457 

CE event is also clearly visible as a peak in PC3 in the historical record. Pb, Zn and Al load 458 

most strongly on PC3 (each explaining ≥ 15% of the variability on PC3) suggesting these 459 

parameters may be the most useful for identifying fire events.  460 

 461 
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 462 

 Figure 6: YD-S2 LA-ICP-MS time-series data of centred, scaled soil-derived metal (Cu, Al, 463 

Pb and Zn) and P concentrations, and PC3 time-series for the YD-S2 record (main plot). 464 

Data is centred and scaled by subtracting the mean and dividing by the standard deviation 465 

using the scale() function in RStudio. The y-axis limited to values between -1 and 4 for visual 466 

clarity. Blue bands represent points where the rolling median PC3 value exceeds 2.5 times 467 

the rolling standard deviation (window size = 40). The yellow band represents a period when 468 

another large fire has been reported to have occurred in Yanchep National Park 469 

(Department of Environment and Conservation, 2010). Fire extent maps are displayed in 470 

Supplementary Figure S1.  471 

5 Discussion 472 

5.1 Seasonal strontium and magnesium variability 473 
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Dripwaters which have undergone PCP have an altered chemistry which can be identified 474 

through a strong positive relationship (slope = 0.88–0.97) between ln(Sr/Ca) and ln(Mg/Ca) 475 

(Sinclair et al., 2012). Nagra et al (2016) show a strong PCP control (R2 = 0.922 and 0.997, 476 

slope = 0.839 and 0.867 respectively) on seasonal dripwater Sr/Ca and Mg/Ca at YD-S2 and 477 

another drip site in Yonderup Cave. It was therefore interpreted that the seasonal Sr laminae 478 

in speleothem YD-S2 resulted from PCP. In contrast, we observe negative seasonal 479 

relationships between ln(Sr/Ca) and ln(Mg/Ca) through large portions of the YD-S2 480 

stalagmite record (Figure S9), as has been documented in other speleothems from the 481 

region (e.g. MND-S1 in Treble et al., 2003). Mg concentrations and δ18O values show a 482 

positive relationship in both the stalagmite and dripwater from YD-S2 (Nagra et al., 2016), as 483 

well as in MND-S1 (Treble et al., 2005), suggesting PCP controls dripwater and speleothem 484 

Mg/Ca concentrations. In contrast, Sr concentrations do not show seasonal variability in 485 

dripwater at YD-S2 (Nagra et al., 2016). This indicates that the antiphase relationship 486 

between ln(Mg/Ca) and ln(Sr/Ca) through most of the YD-S2 record (Figure S9) must arise 487 

during the incorporation of Sr into the speleothem calcite. The mechanism for this is unclear, 488 

however as Sr irreversibly binds to low molecular weight organic molecules (Boyer et al., 489 

2018), it is possible that in the wet season Sr may be preferentially bound to low molecular 490 

weight organics whilst higher molecular weight organics which are not bound to Sr may be 491 

preferentially incorporated into the speleothem.  492 

5.2 Fire record in YD-S2 493 

5.2.1 Response to known fire events  494 

An examination of the time-series data in Figure 6 reveals that whilst PC3 displays short 495 

term peaks at most known modern fire events (e.g. 1966 CE, 1977 CE, 1983 CE, 1996 CE, 496 

and 2001 CE), the combination of elements that simultaneously increase varies. For 497 

example, a peak in PC3 values is observed around 1966 CE when a prescribed burn took 498 

place over the cave. The peak in PC3 at this time appears to be due to a small increase in 499 

Al, Zn and Cu, and is closely followed by a spike in P the following year (9.2 ppm). The peak 500 
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in P represents the highest concentration in 13 years prior, since 1953 CE. It also represents 501 

the highest P peak until the known wildfire in 1977 CE (Department of Environment and 502 

Conservation, 2010). By contrast, the 1977 CE peak in PC3 is due to increases in P, Al and 503 

Cu (Figure 6), with the 1977 CE annual averages of P exceeding the 80th percentile of all 504 

data (Table S6). This event shows no apparent response in Zn. Nagra et al. (2017) 505 

previously attributed this increase being the result of a heavy rainfall event in 1974 CE, 506 

however our improved chronology places this event at the time of the reported fire in YNP.  507 

The 1983 CE YNP fire event (Department of Environment and Conservation, 2010) is the 508 

only known modern event that does not appear as a peak in PC3. As the fire did not pass 509 

over the top of the cave (Figure S1), it is possible that significant ash deposition may not 510 

have occurred at the surface above YD-S2, particularly if the prevailing wind conditions at 511 

the time did not direct air-borne ash towards the cave.  512 

A small peak in PC3 is observed during the prescribed burn in 2001 CE, where there is a 513 

small increase in Al (Figure 6). This suggests that the response to this fire is minor, 514 

consistent with the small burn extent for this fire event as shown in Figure S1. The 2005 CE 515 

wildfire which occurred over the top of the cave on January 6th, just over 6 months prior to 516 

the stalagmite retrieval, does not show up as increases in metals (Figure 6) at the end of the 517 

record, and suggests that ash from a large fire (Figure S1) may have taken over 6 months 518 

before it is incorporated into YD-S2. A number of additional peaks in P are evident in Figure 519 

6, however, these do not show up as peaks in PC3 and are not accompanied by significant 520 

peaks in transition metals. 521 

5.2.2 Paleo-fire events 522 

The YD-S2 record through recent decades permits validation of short-term peaks in P and 523 

Al, Zn, Cu and Pb as indicators of fire events. Figure 6 also shows peaks in PC3 in the YD-524 

S2 record prior to the 1966 CE fire record. These peaks indicate possible fires also occurred 525 

in the years 1762 CE, 1766 CE, 1769 CE, 1773 CE, 1782 CE, 1787 CE, 1813 CE, 1817 CE, 526 
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1820 CE, 1823 CE, 1863 CE, 1871 CE, 1897 CE, 1902 CE, 1917 CE, 1931 CE, 1942 CE, 527 

1946 CE and 1958 CE. Each of these peaks is associated with a spike in Zn, Al, Cu, Pb or 528 

P. It is noted however that the height of the PC3 peak may not be representative of the fire 529 

intensity. For example, moderate intensity events could result in particularly high PC3 peaks 530 

if the burn temperature is not hot enough to result in volatilisation of elements. Alternatively, 531 

volatilisation of elements during extremely high intensity events, and less ash created during 532 

low intensity events could both potentially result in lower PC3 peaks, suggesting that this 533 

geochemical technique may be most useful for identification of moderate intensity or large-534 

scale fire events. It is also noted that the spatial distribution of different trace metals in ash 535 

varies depending on the vegetation species within that local catchment and the 536 

microtopography of the soil (Pereira and Úbeda, 2010), likely resulting in further differences 537 

in trace metal composition of dripwater after wildfires. In addition, some dripwater metals 538 

may have an OM bound soil source (Hartland et al, 2012) as well as a vegetation source, 539 

which is not differentiated by the PCA. Finally, hydrology likely has an impact on the 540 

concentration and incorporation of trace metals into dripwater, which may make the fire 541 

signal recorded in the speleothem inconsistent between events. For example, a single large 542 

recharge event following a fire may flush the ash through the system resulting in some 543 

dilution of the ash leachate.  544 

The highest P concentration (161 ppm) in the record is observed in 1897 CE. Aside from this 545 

event, P concentrations during identified peaks in PC3 are significantly lower (p = 0.02) and 546 

less variable (average = 4.0, variance = 1.9, n = 10) in the pre-1850 CE period than in the 547 

post-1900 CE period (mean = 6.3, variance = 11.5, n = 12). This is consistent with reports of 548 

Indigenous Australian land management as involving frequent low intensity fires to promote 549 

plant regrowth and attract game animals for hunting (Hallam, 2014). Historical records 550 

indicate that the Noongar people continued this practice until approximately 1830 –1860 CE, 551 

after which cultural burning was supressed (Abbott, 2002; Hallam, 2014). It is noted that 552 
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other factors such as climate could also affect PC3 peak identifications pre- and post-553 

European settlement. 554 

5.2.3 The 1897 CE fire  555 

From approximately 1886 CE, PC1 and elements U, S and Ba show a sharp decline (Figure 556 

3 and Figure 5). A comparison of the weight ratios of log(Sr/Ca) and log(Mg/Ca) shows a 557 

negative correlation for most of the time-series, with slopes of between -0.14 and -0.66 558 

(Figure S9). However, during short time intervals such as the six year period prior to the 559 

1897 CE event, YD-S2 is characterized by high Mg, δ18O and δ13C values, and a positive 560 

relationship (R2 = 0.89, slope = 0.347) between ln(Sr/Ca) and ln(Mg/Ca) (Figure S9). This 561 

suggests a short period of PCP, whereby the PCP signal overrides the seasonal signal that 562 

otherwise dominates and results in the negative correlation of Sr/Ca and Mg/Ca in the rest of 563 

the record. It is likely that this period of enhanced PCP, coinciding with high δ18O and δ13C 564 

values, was caused by the Australian Federation Drought (Godfree et al., 2019). This 565 

drought affected much of Australia between 1895 CE and 1902 CE. Reconstructed rainfall 566 

rates for the Southern and South Western Flatlands for the period show that the drought 567 

affected the area encompassing YNP (Freund et al., 2017). This dry period would result in 568 

ideal conditions under which an extreme fire could occur. Peaks in PC3 in the reconstructed 569 

record (Figure 6) confirm that the 1897 CE event was a likely fire event coinciding with the 570 

timing of this drought. Figure 3 and Figure 4 highlight that the 1897 CE fire was an unusually 571 

extreme event in the last two centuries of YD-S2’s growth history that affected the karst 572 

water balance, speleothem crystal fabric, extension rate and also pulse-concentration of 573 

metals associated with ash and/or soil. It also occurs several decades after cultural burning 574 

by Indigenous Australians is thought to have ceased. Thus, it is also possible that this 575 

permitted an increase in fuel load to build up on the forest floor and that this further 576 

contributed to the intensity of the fire event inferred from the geochemical record. 577 
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The changes observed in YD-S2 in 1897 CE are consistent with a flushing of metal-bearing 578 

ash, colloidal particulate and associated adsorbed metals into dripwater. A study conducted 579 

after the Cerro Grande fire in 2000 in New Mexico reported that metals were mostly 580 

associated with ash-derived particulate fraction and not present as dissolved species in 581 

water (Cerrato et al., 2016). Thus, it is likely that ash-derived particulate and phosphate 582 

molecules temporarily poisoned growth sites at calcite crystal surfaces (Dove et al., 1993; 583 

Lin and Singer, 2005). Short-term spikes in parameters Mg are also evident in the record at 584 

1897 CE (Figure 3) consistent with the short period of PCP identified Figure S9. A drop in S 585 

concentrations is also observed at the timing of the event (Figure 4) suggesting soil S was 586 

volatilised during the fire. In some locations where dripwater S is largely derived from 587 

vegetation, S may become source-limited for a prolonged period post-fire due to the removal 588 

of overlying vegetation (Treble et al., 2016). The opposite loadings of S compared to 589 

aerosol-sourced Mg and Br suggests that the predominant source of S in YD-S2 is derived 590 

from the bedrock and is a possible explanation of why it is not source-limited in this case. 591 

A short-term peak in δ18O is observed during the 1897 CE fire. Nagra et al. (2016) previously 592 

identified an increase in dripwater δ18O of approximately 2‰ and concentration of ions after 593 

the 2005 CE fire which burned above Yonderup Cave just prior to the removal of YD-S2. 594 

This increase was observed for > 5 years after the 2005 CE fire event at another drip site in 595 

Yonderup Cave and was therefore attributed to a reduction of canopy cover and albedo 596 

causing increased evaporation and a subsequent concentration of ions. In contrast, the 1897 597 

CE fire led to an initial increase, followed by a steep decline in δ18O values which suggests a 598 

short period of evaporative concentration caused by heat from the fire (Bian et al., 2019) 599 

counteracted by a change in karst hydrology shortly after, as outlined below.  600 

5.2.4 Changes in surface-cave hydrology and climate after the 1897 CE fire 601 

The prolonged decline in δ18O values after the 1897 CE wildfire event suggests an increase 602 

in rainfall infiltration, likely coinciding with a reduction in evaporation and evapotranspiration 603 
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due to decreased water storage and vegetation cover. We propose that the heating of the 604 

limestone also resulted in increased meso- and macro-porosity which resulted in faster 605 

transmission of rainfall into the aquifer, reduced water storage times, and is consistent with 606 

the increased colloid/OM incorporation observed in YD-S2 (Figure 3, see also the dark 607 

banding post-1897 CE in Figure 4). OM particulate in speleothems has been commonly 608 

ascribed as originating in the soil/surface zone and can be adsorbed at calcite crystal 609 

surfaces, thus marking their tips during speleothem growth as determined by both optical 610 

and fluorescent layers (Baker et al., 2008). When OM is dissolved in the water, it is most 611 

likely incorporated within the crystals to yield pervasive fluorescence (Ramseyer et al., 612 

1997). Our observation of increased adsorption of OM particulate onto the speleothem post-613 

fire may be the result of reduced physical filtering of OM colloids due to increased porosity 614 

and ash-related abundance of OM compounds. Furthermore, localised lime formation in the 615 

upper epikarst due to the high temperatures, and subsequent dissolution into dripwaters 616 

could have resulted in an increase in alkalinity and supersaturation, enhancing speleothem 617 

growth rate (Figure 3). 618 

The decline in PC1 observed after the 1897 CE fire event indicates an overall dilution effect 619 

enhanced by the increase in karst porosity post-fire. Some parameters including Mg and 620 

δ13C show an initial increase and then step decline in concentrations after 1897 CE, 621 

suggesting that they are heavily impacted by evaporation during the intense heat of the fire 622 

as well as subsequent reduction in water-rock interaction or dilution caused by a sudden 623 

increase in host rock porosity post-fire. Other elements such as Br slowly decline between 624 

approximately 1900 CE – 1960 CE. This period has been identified from instrumental data 625 

as being relatively wetter in south-west WA as identified by breakpoints in rainfall timeseries 626 

data for the region (Hope et al., 2009). This is supported by the lower δ18O values through 627 

this period which indicate that larger rainfall events impact in the region at this time. The 628 

lower δ18O values are also likely enhanced by increased bedrock porosity or fracture type 629 

flow. The decline in PC1 in the early to mid-1900s CE therefore appears to reflect a mixed 630 
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signal of dilution caused by increased rainfall and decreased water-rock interaction resulting 631 

from changed bedrock hydrology. As noted in Section 4.5.1, Br is likely sourced from 632 

aerosols at this site and is consistent with behaving as a conservative element, mainly 633 

affected by dilution. Br sourced from soil OM or ash has previously been reported (Kabata-634 

Pendias, 2010; Wang et al., 2015), however this is unlikely here given that the post-1897 CE 635 

decline in Br is associated with an increase in OM, and because Br loads negatively on PC3, 636 

opposite to the ash-derived metals, P and OM. 637 

Changes in hydrology post-1897 CE fire, and its impacts on dripwater chemistry and 638 

speleothem growth are summarised in Figure 7. 639 

 640 

 641 

Figure 7: Conceptual figure showing the impacts of fire on stalagmite YD-S2. The reduction 642 

in vegetation cover post-fire results in reduced evapotranspiration and subsequent increased 643 

infiltration of precipitation into the bedrock which is further enhanced by fracturing of the 644 

upper epikarst. Overall, bedrock and aerosol-derived parameters are reduced due to dilution 645 

and reduced water residence times resulting from enhanced meso- and macro-porosity. The 646 

combustion of vegetation results in an ash layer containing OM, P and metals which are 647 

leached into the subsurface and incorporated into the speleothem.  648 
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6 Conclusions 649 

This study utilises a large suite of analyses including stable isotopes (δ13C, δ18O), elemental 650 

and organic matter concentrations, as well as a thorough understanding of the karst 651 

hydrology, to establish a combined fire and climate record for the study site. We provide a 652 

novel demonstration of the ability to pinpoint the timing of palaeo-fire events, particularly 653 

when they form in shallow cave settings. Our results reveal that in Yonderup Cave, 654 

particularly intense wildfires may translate into speleothems as increases in ash-derived 655 

elements such as P, Al and Cu coupled with maxima in δ13C and Mg, and short-term 656 

increases in δ18O after evaporative enrichment. In contrast, lower intensity fires may appear 657 

as pulses in different combinations of metals (Cu, Pb, Al, Zn) and P, and may not be 658 

associated with obvious increases in bedrock-derived elements. Traditional suites of 659 

bedrock-derived elements (Mg, Sr, Ba) therefore do not appear to be reliable indicators of 660 

fire alone. Rather, these elements are useful for interpreting climate leading up to a fire 661 

event, as well as PCP and changes in hydrology post-fire.  662 

Using the geochemical proxies considered here, we interpret that the period from 1760 CE 663 

until approximately 1825 CE is a period characterised by low intensity, high frequency fire 664 

events in the region. There are two possible drier periods between the 1820’s – 1850’s CE 665 

and 1860’s – 1890’s CE. The latter is in the instrumental record and coincides with the 666 

Federation Drought. The YD-S2 record shows that this dry period resulted in an enhanced 667 

PCP signal and culminated in a significant fire in 1897 ± 5 CE. The intensity of the fire is 668 

likely to have been exacerbated by dry conditions, but possibly also due to a transition away 669 

from cultural burning practices by Indigenous Australia which may have resulted in fuel build-670 

up.  671 

Decreases in proxies δ18O, δ13C, Ba, U, Sr, S, Br and Mg after the 1897 CE fire event 672 

indicate a transition to wetter conditions, however, we also present evidence for a significant 673 

change in karst hydrology caused by heat from the fire event that likely intensified the shift in 674 
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these proxies. The decrease in Br during this period demonstrates its applicability for use as 675 

a water balance proxy, and suggests that it may be particularly useful at sites within close 676 

proximity to the coastline due to its apparent aerosol source. The decline in water-rock 677 

interaction resulting from changes in the bedrock hydrology post-fire demonstrates how a 678 

paleoclimate interpretation could be exaggerated without taking into account the impact of 679 

fire on this record. Fire events may result in an increase in OM flushed through fractures or 680 

widened pores, which could also be misinterpreted as higher amounts of surface vegetation. 681 

These findings are particularly relevant for palaeoclimate studies of shallow caves in water-682 

limited environments with thin soil profiles where the impact of fire events should be taken 683 

into account. 684 
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