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Cave opening and fossil accumulation in
Naracoorte, Australia, through charcoal
and pollen in dated speleothems
Rieneke Weij 1,6✉, Jon D. Woodhead 1, J. M. Kale Sniderman 1, John C. Hellstrom 1, Elizabeth Reed2,3,

Steven Bourne4, Russell N. Drysdale 1,5 & Timothy J. Pollard1,5

Caves are important fossil repositories which provide records extending back over million-

year timescales. While the physical processes of cave formation are well understood, the

timing of initial cave development and opening—a more important parameter to studies of

palaeontology, palaeoanthropology and archaeology—has proved more difficult to constrain.

Here we investigate speleothems from the Naracoorte Cave Complex in southern Australia,

with a rich record of Pleistocene vertebrate fossils (including extinct megafauna) and partly

World Heritage-listed, using U-Th-Pb dating and analyses of their charcoal and pollen con-

tent. We find that, although speleothem formation began at least 1.34 million years ago,

pollen and charcoal only began to be trapped within growing speleothems from 600,000

years ago. We interpret these two ages to represent the timing of initial cave development

and the subsequent opening of the caves to the atmosphere respectively. These findings

demonstrate the potential of U-Th-Pb dating combined with charcoal and pollen as proxies to

assess the potential upper age limit of vertebrate fossil records found within caves.

https://doi.org/10.1038/s43247-022-00538-y OPEN

1 School of Geography, Earth and Atmospheric Sciences, University of Melbourne, Melbourne, VIC, Australia. 2 School of Biological Sciences, University of
Adelaide, Adelaide, SA, Australia. 3 Earth and Biological Sciences (Palaeontology), South Australian Museum, Adelaide, SA, Australia. 4 Limestone Coast
Landscape Board, Mount Gambier, SA, Australia. 5 Environnements, Dynamiques et Territoires de la Montagne, UMR CNRS, Université de Savoie-Mont,
Chambéry, France. 6Present address: Human Evolution Research Institute/Department of Geological Sciences, University of Cape Town, Cape Town, South
Africa. ✉email: rieneke.weij@uct.ac.za

COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:210 | https://doi.org/10.1038/s43247-022-00538-y | www.nature.com/commsenv 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00538-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00538-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00538-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-022-00538-y&domain=pdf
http://orcid.org/0000-0002-8391-2114
http://orcid.org/0000-0002-8391-2114
http://orcid.org/0000-0002-8391-2114
http://orcid.org/0000-0002-8391-2114
http://orcid.org/0000-0002-8391-2114
http://orcid.org/0000-0002-7614-0136
http://orcid.org/0000-0002-7614-0136
http://orcid.org/0000-0002-7614-0136
http://orcid.org/0000-0002-7614-0136
http://orcid.org/0000-0002-7614-0136
http://orcid.org/0000-0002-3963-4049
http://orcid.org/0000-0002-3963-4049
http://orcid.org/0000-0002-3963-4049
http://orcid.org/0000-0002-3963-4049
http://orcid.org/0000-0002-3963-4049
http://orcid.org/0000-0001-9427-3525
http://orcid.org/0000-0001-9427-3525
http://orcid.org/0000-0001-9427-3525
http://orcid.org/0000-0001-9427-3525
http://orcid.org/0000-0001-9427-3525
http://orcid.org/0000-0001-7867-031X
http://orcid.org/0000-0001-7867-031X
http://orcid.org/0000-0001-7867-031X
http://orcid.org/0000-0001-7867-031X
http://orcid.org/0000-0001-7867-031X
mailto:rieneke.weij@uct.ac.za
www.nature.com/commsenv
www.nature.com/commsenv


The provision of robust time constraints on the evolution of
cave systems and the sediments that they preserve is crucial
to studies of landscape evolution, floral and faunal biodi-

versity, and human origins. Several different methods (e.g., refs. 1,2)
have been applied to this task including palaeomagnetic dating, the
use of indicator fossils, and absolute chronometers employing
radiometric (e.g., radiocarbon, U-series, or cosmogenic nuclides
26Al-10Be) and luminescence (e.g., thermoluminescence, optically
stimulated luminescence (OSL) or infrared stimulated lumines-
cence) techniques. This remains challenging work, however, due to
limitations inherent to the dating methods themselves and because
in-fill sediments often lag cave development1. Speleothems—sec-
ondary cave carbonates such as stalagmites and flowstones—have
an important role to play here in that they can be precisely and
accurately dated using the U-Th and U-Pb chronometers3,4 across
million-year timescales5. In this study we develop two novel spe-
leothem proxies for cave ventilation/opening—charcoal and pollen.
Sedimentary charcoal is a widely used palaeoenvironmental indi-
cator of biomass burning6, but only rarely applied in cave-related
studies, primarily to reconstruct human activity7 or to develop wild-
fire histories8; it has not been used previously in the context of cave
ventilation. Similarly, while the study of fossil pollen is well-estab-
lished, speleothem palynology is an emerging field9. However, since
both charcoal and pollen can be transported into caves by wind
(and pollen also by animals10), their presence within speleothems
can provide important information on the timing and extent of cave
opening.

To test this premise, we studied the Naracoorte Cave Complex
(NCC) (Fig. 1) in southern Australia, a site chosen because of its
rich record of Quaternary vertebrate fauna including Australia’s
extinct megafauna11. Previously published ages for the fossil
deposits (Fig. 2a and Supplementary Table 1) range from Holo-
cene to Middle Pleistocene (ca. <1–>400 ka)12–16 with the
potential for older deposits based only on speculative ages of
~500 ka13,17. However, the absolute antiquity of the NCC and the
sediments preserved therein remain highly uncertain because the
chronometers previously employed (U-Th, OSL, electron spin
resonance) are limited in age range and/or precision.

Previous attempts to unravel the timing of initial cave devel-
opment focused on dating a fossil dune ridge, the East Naracoorte
Range, directly overlying the cave system (Fig. 1c). This ridge is
one of the oldest of a series of Pleistocene to Holocene fossil dune
ridges (Fig. 1b) that record progressive interglacial sea-level high
stands from Naracoorte westward to the modern coastline18 in
response to neotectonic uplift in southern Australia19. As the East
Naracoorte Range was uplifted along the Kanawinka Fault20, it
records the last sea-level high stand at Naracoorte, and therefore
its age can potentially provide a maximum age for when the
system rose above the phreatic zone, i.e., the time of initial cave
development. Palaeomagnetic dating21 shows that the Brunhes-
Matuyama reversal lies between the West and East Naracoorte
Ranges, suggesting that the latter must be older than 781 ka.
Subsequent studies using TL22–24, OSL25,26 and amino-acid
racemization (AAR) dating27 produced maximum ages of

Fig. 1 Overview and geological map of the Naracoorte Cave Complex (NCC) and analysis of the speleothem ages versus elevation. a Location map
showing the study site (yellow star). b Shuttle Radar Topography Mission (SRTM) image of coastal southeast South Australia and the NCC (indicated by
the white rectangle) with Pleistocene and Holocene fossil dune ridges highlighted by thin black lines, modified after Murray-Wallace18. c Geological map of
the study area modified after White and Webb20. The NCC is concentrated along an uplifted portion of the Gambier Limestone, overlain by the Pleistocene
East Naracoorte Range. The main tourist caves are depicted by black dots; the rest of the sampling area is indicated simply by a brown shade, as some
caves are on private property.
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720 ± 70 ka (OSL) and 935 ± 178 ka (AAR), while White and
Webb20 suggested that the caves started to form between 1.1 and
0.8 Ma. However, none of these attempts have proved definitive:
the OSL age is far beyond the limit of the technique28 and AAR is
usually best employed together with independent calibration or as
a relative dating tool29. The age of the East Naracoorte Range, and
thus the timing of initial cave development, still remain highly
uncertain.

The recent development of the speleothem U-Pb chronometer
allows accurate and precise dating of cave deposits far beyond the
~600 ka limit of the U-Th method30. Here we first present a new
U-Th and U-Pb chronology of the NCC shedding new light on its
antiquity. We then integrate charcoal and pollen analyses to provide
insight into the timing of cave opening and hence the potential for
the discovery of older (>300 ka) fossil deposits. The combination of
these novel methodologies has important implications beyond the
vertebrate palaeontology community; for example, in studies of
archaeology, karst geomorphology and landscape evolution.

Results and discussion
Speleothem U-Th and U-Pb ages. In combination with new
U-Th ages, we present the first U-Pb dates obtained on spe-
leothems from the NCC, extending knowledge of its development
prior to 500 ka (Supplementary Table 2). In total we analysed
71 samples for U-Th, of which 15 were within uncertainty of the
infinite-age isochron; the latter were then dated with U-Pb
techniques (Fig. 3 and Supplementary Fig. 1). The new Nar-
acoorte record spans the Early Pleistocene to Holocene interval,
from ~1.3 Ma to ~1.2 ka. The uncertainty on the U-Th ages
increases systematically with increasing age, a characteristic
inherent to the chronometer. As a result, the age precision (2se)
on the younger ages (from 0 ka to ~350 ka) is usually 1–2% with
some exceptions resulting in 3% on average, whereas beyond
350 ka uncertainties average 11%. Precision of the U-Pb ages,
which depends on the quality of the isochron regression, varied
from 1–29% with most samples (n= 13) characterised by a
precision better than 11%. Although these uncertainties are

Fig. 2 Overview of published and new chronological data for the Naracoorte Cave Complex (NCC). a Published ages for the fossil deposits from ten
caves within the NCC. VFC Victoria Fossil Cave, 1. Priya et al.15, 2. Arnold et al.16, 3. Atkins et al.12, 4. Grealy et al.60, 5. Macken et al.61, 6. Darrenougue
et al.62, 7. St Pierre et al.63,64, 8. Macken et al.65, 9. Grün et al.66, 10. Ayliffe et al.31, 11. Moriarty et al.17, 12. Brown and Wells67, 13. Prideaux et al.13. Grey
bars show the range between the upper and lower age estimates of each fossil layer. All age uncertainties (whiskers) are reported as 2σ. Note that several
age estimates were reported without age uncertainties. b Published ages for deposition of the East Naracoorte Range (see text). c New U-Th and U-Pb
speleothem ages and their 2σ uncertainties (whiskers) from this study. Note that 5 U-Pb ages (open boxes) were not analysed for charcoal and pollen
content and are excluded from Fig. 4.
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relatively high for the U-Pb method, due largely to the extremely
low U contents encountered (typically ~150 ppb), such uncer-
tainties are an improvement upon results from other dating
techniques which have been applied to cave sediments (e.g., OSL,
AAR, cosmogenic nuclides). Previously, speleothems from the
NCC have only been dated with the U-Th chronometer17,31; our
new data significantly improve the existing speleothem chronol-
ogy and extend it by ~70%.

Improved knowledge of the antiquity of the Naracoorte Cave
Complex. Although previously reported ages for the Naracoorte
region remain inconclusive, palaeomagnetic data suggest that
cave development may have begun in the Early Pleistocene. The
existing speleothem chronology17,31,32 has been of limited use in
this context because the system is clearly beyond the reach of the
U-Th chronometer. Among the new U-Pb ages from this study
are speleothems that were growing in several caves as early as
1.34 ± 0.04Ma (stalagmite ALEX-11), 1.23 ± 0.08 Ma (flowstone
WB-6) and 1.20 ± 0.02Ma (stalactite DS-10). Our oldest spe-
leothem age of 1.34Ma predates the oldest age estimate of the last
sea-level highstand at Naracoorte by ~400 ka, based on the AAR
age for the East Naracoorte Range of 938 ± 178 ka. These radio-
metric ages indicate cave initiation at least 0.2–0.5 Ma earlier than
previously assumed.

Charcoal and pollen as indicators of cave opening. We screened
a large pool of dated speleothems (see “Methods”) to produce a set
of 66 samples which were analysed for microcharcoal (10–100 µm)
and pollen concentrations. Pollen and charcoal concentrations
(Fig. 4) can be considered independent proxies for cave openness,
by which we mean an opening to the surface large enough to allow
dynamic airflow (i.e., air speed sufficient to keep dust in suspension)
including, but not limited to cave entrances, dolines with entrances
and larger solution pipes. Charcoal is likely more reliable because it
is much more oxidation-resistant than pollen, and consequently is
more frequently observed and more abundant in the NCC spe-
leothems. To use charcoal and pollen in this way, the following
taphonomic criteria should be fulfilled: (1) charcoal must be
sourced from naturally occurring wildfires on the surface above and
not from anthropogenic fires within a cave; (2) drip water must be
ruled out as the main mode of transport and (3) the cave must not
have experienced significant influx of floodwaters (as it may act as
additional sources of charcoal and pollen).

The data reveal a sharp increase in charcoal concentration after
~250 ka. This inflection greatly predates current estimates for
earliest human arrival in Australia of around 65 ka33, and we do
not observe any further increase in charcoal concentrations after

this point. Charcoal concentrations in our speleothem samples
are therefore apparently insensitive to any changes in charcoal
production and transport related to possible human landscape
burning practices over the past ~65 ka. Previous pollen studies9,34

conclude that drip water is generally not a source of pollen in
caves. In our case, we would expect that all speleothems would
contain similar charcoal/pollen concentrations if drip water was
the dominant source. Instead, a significant portion of the
Naracoorte speleothems contain negligible non-calcite residue,
in contrast to charcoal-rich samples which typically contain both
mineral (e.g., siliciclastic silts, quartz) and biological (e.g.,
charcoal, pollen, fungal spores, invertebrate remains) dust
fractions (Fig. 4 and Supplementary Fig. 2), suggesting that drip
water is not an important source of charcoal or pollen within the
caves. In addition, a detailed study of karst features and
speleogenesis within the NCC20 suggests that only localised
flooding occurred in lower passages after heavy rainfall events.
For these reasons, we are confident that the charcoal fragments
are primarily wind-derived, and that pollen was transported into
the caves either by air currents or by animals (presumably, mainly
insects).

Minimum air-flow velocities necessary for the transport of
charcoal and pollen into caves have been suggested to vary from
0.01 to 0.1 m/s35 depending on the particle size (typically
10–100 μm). Such velocities generally occur close to cave
entrances, or between two entrances when a cave has multiple
openings36. However, we find charcoal is a common component
in speleothems from ventilated caves in multiple Australian cave
provinces based on our own unpublished data, suggesting that
transport dynamics of microscopic particles into caves may be
more complex. Therefore, we interpret higher concentrations of
charcoal and pollen in the speleothems as reflecting more
dynamic cave ventilation.

In general, we observe an increase in charcoal concentration,
and to a lesser extent in pollen concentration, with younger
speleothems. The oldest samples (>600 ka) uniformly contain
very few charcoal fragments or pollen, indicating that little cave
ventilation occurred in the period 1.3 Ma to 600 ka and that, at
that time, the caves were most likely closed during speleothem
formation. Note that the air flow required to displace the air in a
cave is far less than the magnitude required to suspend dusts/
aerosols35, such as charcoal and pollen within the incoming,
lower pCO2 air. Therefore, large, open cavities are not a pre-
requisite for speleothem formation as, during the early stages of
karst development, CO2 degassed from seepage waters and/or
diffusing through fractures from the overlying soil can be
removed via streamflows, small fissures, etc., keeping the pCO2

low enough for speleothem precipitation.

Fig. 3 Example U-Pb isochrons from two speleothem samples from the Naracoorte Cave Complex. a Stalagmite sample ALEX-11 from Alexandra cave.
b Flowstone sample JQ-2 from James Quarry. See Supplementary Fig. 1 for all U-Pb isochrons.
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From ~600 ka to ~250 ka, the pollen content remains low,
while more speleothems have charcoal concentrations with
intermediate values which we interpret as the initiation of
ventilation as caves started to open. A sharp increase in
speleothem samples with high charcoal and pollen concentrations
is observed from ca. 250 ka, suggesting dynamic airflow through
parts of the caves coincident with extensive cave opening. We
thus interpret the trend of increasing charcoal concentrations as
representing a progressively more open nature of at least seven
caves within the NCC (Alexandra, Blanche, Dead Sheep, New,
Robertson, Specimen and Victoria Fossil caves) (Supplementary
Fig. 3). Another five sites (Bat, Fox, and Whale Bone caves,
Henschke and James quarries) are relatively under-sampled for
charcoal and pollen but are still consistent with the model
developed above in which older speleothems contain fewer
charcoal fragments than younger ones. While these caves record
high charcoal/pollen concentrations from 250 ka, some passages
within each cave must have remained sheltered from dynamic
airflow, as we also observe speleothems of all ages with low
concentrations. An alternative explanation, that rates of cave
ventilation did not change during the past 1 Ma but that biomass
burning increased abruptly at ~250 ka, is inconsistent with the
covariance of charcoal and other mineral and biological dusts.

Implications for the antiquity of fossil deposits. Shallow cave
systems like the NCC often feature binary modes of sedimenta-
tion in which clastic lenses alternate with speleothem
deposition17,37. At the NCC, solution-pipe cave entrances have

blocked and re-opened over time. Open caves allowed the ingress
of sediments, and the accumulation of faunal remains via pitfall
entrapment or predator accumulation17,38,39. The lack of major
sediment reworking provides a well-preserved site stratigraphy
and bone deposits. The sharp increase in the number of spe-
leothems with high pollen and charcoal concentrations after
250 ka is consistent with most vertebrate fossil deposits dating to
younger than 250 ka. However, while the charcoal and pollen data
show that caves were probably largely closed during the oldest
phase of speleothem formation (1.3 Ma to 0.6 Ma), the increase in
charcoal concentrations after ~600 ka shows significant potential
for filling the gap in the fossil record beyond 300 ka (Fig. 4).

Application to cave dynamics. Speleothems are associated with
many of the world’s most diverse Pleistocene vertebrate deposits
(e.g. refs. 40–42) and early human remains or artefacts (e.g.
refs. 37,43,44). For such settings, the approach we outline here may
not only assist with the chronology but also with detecting early
signs of cave opening and determining the timing of initiation of
palaeo-entrances permitting fossil accumulation. U-Th-Pb dating
combined with charcoal/pollen analysis of speleothems allows the
detection of cave opening earlier than that suggested by dating the
fossil deposits alone and adds a new dimension to understanding
the fundamental and dynamic processes of cave evolution. A key
finding is that initial cave development started twice as early as
initial cave entrance development, which implies that these pro-
cesses can be widely separated in time. The advantage of our
approach is that (1) our use of the U-Th-Pb system provides a

Fig. 4 Chronology of the Naracoorte Cave Complex in the context of proxies of cave ventilation dynamics. Charcoal and pollen concentrations within the
speleothem samples by age, with 2σ uncertainties (whiskers). Charcoal and pollen concentrations are presented on log scales (natural log values <2
indicate ≤7 pieces of microcharcoal or pollen per gram of calcite) because differences in their abundance between caves, and varying individual
speleothem growth rates, are uncontrolled variables. See text for further discussion. Grey box indicates the suggested “sweet spot”: old speleothems with
intermediate to high charcoal/pollen contents indicating early cave ventilation, which indicate caves that can serve as potential targets for future studies
looking for older vertebrate fossil deposits.
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much firmer basis for establishing the minimum age of cave
openings than other techniques; and (2) charcoal and pollen are
independent proxies which together demonstrate temporal and
spatial trends in cave ventilation. Both appear to be powerful
indicators of cave ventilation dynamics with implications relevant
to many other disciplines concerned with understanding the
timing of cave openings. Caves, or sections within them, that
contain speleothems with intermediate to high concentrations of
charcoal and/or pollen—for example as highlighted in Fig. 4—can
then serve as potential targets in the search for older fossil
deposits. These techniques can place robust constraints on the
temporal extent of the fossil record within any fossil-bearing cave
system, of which there are many worldwide.

Methods
Cave morphology and speleogenesis at the NCC. The caves within the NCC are
horizontal, phreatic maze systems ranging from small single passages to more
complex morphologies with several passages and chambers20. The cave entrance
types are solution pipes (<1 m diameter and up to 20 m deep) and roof collapse
windows (up to 10 m diameter). Currently, several caves have multiple entrances
(e.g., Smoke-Tortoise Cave, Blanche Cave, Stick-Tomato Cave and Cathedral
Cave), or single entrances (e.g., Whale Bone Cave, Crawford’s Dead Sheep Cave,
Bat Cave), allowing dynamic air flow through the caves to transport aerosols. The
base level of the deepest caves is around 61 ± 5m ASL5 and they are located >20 m
above the present-day groundwater level.

The East Naracoorte Range (overlying most of the caves, Fig. 1) is the first of a
set of Early to Late Pleistocene fossil dunes that record interglacial sea-level high
stands westward from Naracoorte to Robe at the present-day coastline. These
topographic ridges are preserved parallel to the modern shoreline recording
successive sea-level high stands. Chronological studies18 and references therein
showed that the dunes become progressively younger towards the modern
shoreline in the southwest. There has been gradual neotectonic uplift in the region
during the Pleistocene with the Australian continent slightly tilted north-down,
southwest-up45. It is generally understood that this uplift was accompanied by
progressive relative lowering of the groundwater table and that the caves were
never flooded at times of rising sea level20, although some aspects of the karst
geomorphology require further research.

Sample collection and preparation, and analytical procedure for U-Th and
U-Pb dating. Samples were collected during three field campaigns from ten caves
within the NCC with appropriate sampling permits in all cases. To aid in cave
conservation, only previously broken “speleothem rubble” was collected, following
the approach of Weij et al.46. A range of sample sizes and speleothem types (e.g.,
flowstones, stalagmites, stalactites, etc.) were used to avoid a sampling bias.

We first dated 74 samples using the U-Th technique, of which 14 were beyond
the limit of this chronometer (here taken as those within 3σ of the infinite
isochron); these samples were subjected to U-Pb dating. Sampling locations within
a given speleothem fragment were constrained by the most suitable regions for
dating (i.e., translucent or white calcite)—we did not target a specific zone, such as
top or base.

Analytical procedures followed Hellstrom47 for the U-Th chronology and
Woodhead et al.48 and Engel et al.49 for the U-Pb chronology. In brief, the U-Th
ages were produced from single aliquots (100–200 mg) of individual speleothem
rubble samples. These were weighed and dissolved in concentrated nitric acid then
spiked and equilibrated using a 229Th-233U-236U mixed tracer. U and Th
purification used Eichrom ion-exchange columns with a TRU-spec/pre-filter resin-
mix followed by sample dry down. After dissolving the purified U-Th samples with
a mixed nitric-hydrofluoric acid, they were analysed on a Nu Instruments MC-
ICPMS. Two standards, HU-1 and YB-1, with known age were used to test for
reproducibility and to correct for instrumental drift. All samples were corrected
with a Naracoorte-specific initial 230Th/232Th ratio of 0.65 ± 0.35 using
stratigraphic constraint as described in Hellstrom50. With the 234U and 230Th half-
life values of Cheng et al.30 and Monte-Carlo iterations to solve Eq. (1) in
Hellstrom50, we calculated corrected ages and their 2se uncertainty for which the
uncertainties of the measured activity ratios as well as the assumed initial 230Th/
232Th are fully propagated (Supplementary Data 1 Table 1).

Any ages that exceeded the infinite-age isochron or with an infinite upper
bound uncertainty were selected for U-Pb dating (Supplementary Data 1 Table 2).
For this, we used five or more aliquots per speleothem sample obtained using a
hand-held dental drill. The U-Th and reconnaissance U-Pb analyses revealed that
Naracoorte speleothems contain very low U concentrations (between 0.017 and
0.46 ppm, average of 0.092 ppm) and thus very unradiogenic Pb, also of low
concentration (between less than 1 ppb and 70 ppb, average of 4.8 ppb). Because of
these challenging analytical constraints larger sample aliquots (300–400 mg) were
used compared to normal procedures. After obtaining the aliquots, all subsequent
steps were performed in a clean-room environment. For U-Pb-elution chemistry,
we followed Woodhead et al.48 and the improved chemical procedure detailed in

Engel et al.49. In brief, subsamples were cleaned by repeated washes with a mix of
6 M HCl and ultrapure water. The samples were then dried and weighed, after
which they were dissolved completely with 6M HCl and spiked using a 233U-205Pb
tracer. Following Engel et al.49, we used a sandwich-resin set-up, meaning that each
ion-exchange column was filled with both Eichrom TRU-spec/Pre-filter resin-mix
for U purification and extraction and topped with AG1-X8 anion resin for Pb.
Once dried, the U and Pb fractions were dissolved in nitric acid and separately
measured on a Nu Instruments Plasma MC-ICPMS following Woodhead et al.48.

We corrected for instrumental mass bias effects using the sample’s internal
238U/235U ratio (137.88) for U and reference material NIST SRM 981 for Pb.
Instrument data processing, including mass bias and drift corrections, was
performed with an in-house importer within the Iolite environment51,52, after
which the results were blank-corrected and isotope-dilution calculations were
performed.

Where possible, isochrons were constructed using the robust statistical
approach of Powell et al.53, implemented using the software of Pollard et al.54. In
cases where the “spine width” was found to exceed the upper 95% confidence limit
(indicating that the dataset did not meet the assumptions of this approach), a
Model 2 fit55 was implemented instead.

U-Pb ages were calculated as the intercept point between the isochron and the
disequilibrium concordia on a ‘Tera-Wasserburg’ diagram, defined by U-Pb
equations equivalent to Ludwig56 and the inverted 234U/238U age equation48, which
allows measured 234U/238U values to be incorporated in the numerical solving
procedure. The initial 234U/238U activity ratio was calculated using the equation in
Woodhead et al.48, which is solved iteratively with the 234U-corrected U-Pb age.
Initial activity ratios for other intermediate nuclides 230Th/238U, 226Ra/238U and
231Pa/235U were all assumed equal to 0. Age errors were calculated from 50,000
Monte-Carlo iterations, accounting for full regression fitting errors and analytical
errors in the measured 234U/238U activity ratio. Decay constant and natural 235U/
238U errors were not included Monte-Carlo simulations, as these sources of error
have a negligible impact on such young U-Pb ages. Where minor disagreement
exists between U-Th and U-Pb age determinations of the same samples, U-Pb ages
are preferred due to the greater susceptibility of very old U-Th ages to low levels of
post-depositional U mobility.

Sample preparation and analytical procedure for charcoal and pollen ana-
lyses. To evaluate the extent of cave opening and cave ventilation during spe-
leothem deposition, we extracted fossil pollen and charcoal from the speleothem
samples using analytical procedures adapted from Sniderman et al.57,58 and Matley
et al.59. We screened a large pool of dated samples by their visual appearance (silty
textures, opaque, laminated and/or dark-coloured calcite, rather than translucent
and/or white calcite) and by their 230Th/232Th ratio, to produce a set of 66 samples,
which were analysed for microcharcoal (10–100 µm in size) and pollen con-
centrations (Supplementary Table 2 and Supplementary Data 1 Table 3).

In brief, for all speleothems analysed, a reconnaissance aliquot of ca. 15 g was
taken. These were weighed, washed repeatedly in distilled water, then etched with
1 M HCl for 5–10 min to remove possible modern contaminant pollen. Samples
were then rinsed repeatedly in distilled water and spiked with one tablet containing
a known number of Lycopodium spores (available from Lund University, Sweden)
in order to permit later estimation of pollen and charcoal concentrations. Samples
were then dissolved in concentrated HCl, and the residues rinsed with distilled
water, centrifuged and decanted, after which the residues were treated for 24 h with
cold, concentrated HF, then diluted with 1M HCl, centrifuged and rinsed with
distilled water. Samples with voluminous, organic-rich residues were then
acetolysed in a 9:1 mixture of acetic anhydride and concentrated sulfuric acid at
90 °C for 8 min. Finally, samples were dehydrated in ethanol, and mounted in
glycerol on glass slides. Pollen and charcoal were counted at ×320 and ×640
magnifications on a Zeiss Axiolab A1 compound microscope fitted with
N-Achroplan objectives. Charcoal was defined as all angular, opaque objects
>10 µm in diameter. Pollen percentage data will be presented in a subsequent
publication.

Potential biases. To avoid a sampling bias, we randomly collected speleothem
rubble samples throughout the caves with respect to distance from the cave
entrance. We did not record the spatial distribution of our samples: some rubble
samples were in situ, evidenced by intact parts of stalagmites and stalactites on cave
floors and roofs but many other samples were clearly transported small distances,
most likely by the cave management when preparing for visitor paths in show
caves. More importantly, our conclusions are unaffected by whether the rubble
samples are in situ or transported within a cave.

The age difference between top and base of individual stalagmites is small on
average (Supplementary Table 3), and so any “sample position bias” is unlikely to
influence our results significantly over the timescale of the dataset.

The aliquots targeted for charcoal and pollen analysis were mostly taken from
the same section as the aliquot for U-Th dating, but not always. The pollen/
charcoal aliquots had to be an order of magnitude larger than the U-Th aliquots in
order to extract a statistically significant amount of charcoal fragments and pollen.
In this paper, the point is that there is a major increase in charcoal density after ca
250 ka. For that pattern to be an artefact of mismatches between sample U-Th age
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and the age of the sample’s charcoal/pollen aliquot, the mismatch would need to be
at least tens of kyr, probably more (rather than single-digit kyr differences, which
are possible). We top-bottom dated several stalagmites from a larger pool of NCC
samples (not all included in this study) to understand the typical lifespan of a
speleothem (Supplementary Table 3 and Supplementary Fig. 4). The results show
that NCC stalagmites are relatively short-lived, i.e., not longer than ~27 ka on
average. Most charcoal/pollen aliquots were sampled within the age uncertainty of
the U-Th aliquot, and, on the timescale of the entire dataset, any age discrepancy
between U-Th and pollen/charcoal aliquots will not change the conclusions of
this paper.

We believe climate/ecosystem changes are not the primary cause of the changes
in charcoal/pollen concentrations at NCC over the past ~1Ma. This is because,
first, if our pollen and charcoal concentration records were primarily responses to
vegetation change, then the low pollen and charcoal concentrations in most
samples prior to ca. 250 ka would imply a landscape containing essentially no
vegetation, or a situation in which all pollen has been destroyed by oxidation, and
in which no wildfire occurred, over ca. 1 Ma. This is inconsistent with Neogene and
Quaternary vegetation records in southern Australia (e.g. refs. 57,58), which are
dominated by fire-dependent vegetation and taxa. Therefore, the more
parsimonious explanation for the observed increase in charcoal and pollen
concentrations is that, prior to ca. 250 ka, most speleothems were protected from
bio- and mineral-dust by the lack of cave openings. We are confident that the
distance from any modern cave entrance does not bias our data, because we
sampled randomly throughout the caves and most samples will reside close to their
point of origin, and yet still see a clear transition in charcoal and pollen
concentrations at ca. 250 ka.

Data availability
The datasets generated during the current study are available at https://doi.org/10.25375/
uct.20495136. Additionally, all isotope data needed to reproduce the U-Th and U-Pb ages
and U-Pb isochrons are also available in Supplementary Data 1 Tables 1 and 2, and all
data used to generate Figs. 1 and 4 are also available in Supplementary Tables 1 and 2 and
Supplementary Data 1 Table 3.
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