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A B S T R A C T   

Mineral dust flux is an important component of the global climate system, but chronological uncertainties 
complicate interpretations of the timing and magnitude of paleo-dust fluxes. This study establishes a correlation 
between modern satellite-derived atmospheric dust concentration data and stalagmite thorium concentrations 
(from published records of stalagmites growing over the last 500 years), and subsequently applies this rela-
tionship to reconstruct Asian dust flux during the late Pleistocene using published records. Thorium is an element 
often associated with mineral dust, and because most stalagmite records are dated using uranium-thorium 
disequilibrium techniques, a spatiotemporally large, yet untapped, database of thorium concentrations exists. 
Specifically, 194 thorium records from South-East (SE) Asian stalagmites were compiled to produce a composite 
SE Asian dust flux record for the past 100,000 years. The new dust flux record is consistent with the perspective 
that dust flux is a function of westerly wind strength across Asia and regional aridity. Dansgaard-Oeschger (D-O) 
event expression within the median stalagmite 232Th record is variable, with several D-O events evident within 
stalagmite δ18O records not evident within the new dust record. This may reflect East Asian Summer Monsoon 
(EASM) moisture source region Sea Surface Temperature (SST) variability (affecting stalagmite δ18O) but stable 
westerly wind regime (resulting in invariant 232Th concentrations) or the fact that these events were too brief to 
trigger biome shifts. This study presents encouraging first results suggesting that stalagmite thorium concen-
trations partially reflect dust flux over cave sites. Although here we use a compilation of records, and the spread 
of data within each time slice is high, future studies at well-understood cave sites where thorium input to the 
cave is predominantly via dry deposition may require only single stalagmites to produce adequate absolutely 
dated dust reconstructions.   

1. Introduction 

Wind-blown mineral dust is highly influential for the Earth’s climate, 
affecting solar radiation reaching the Earth’s surface and acting as a 
significant source of nutrients for remote oceanic locations (Marti-
nez-Garcia et al., 2014). Dust emission, distribution, and deposition 
comprises a feedback loop involving the hydrological cycle, vegetation 
growth, surface winds, and changing climatic conditions (Choobari 
et al., 2014). Understanding the connections between atmospheric dust 
and climate therefore improves simulations and constructions of global 
Earth System Models (Albani et al., 2018). 81% of current global dust 
emissions are produced by natural sources (Chen et al., 2018) and 

reconstructing spatiotemporal distributions of ancient dust fluxes en-
hances our understanding of the mechanisms controlling dust fluxes, as 
well as how dust fluxes contribute to climate shifts (e.g., via iron 
fertilization, etc.). Dust aerosols interact both directly and indirectly 
with the Earth’s radiation budget by affecting the atmosphere’s radia-
tive flux at both solar and thermal wavelengths (Miller et al., 2014). Dust 
aerosols in the lower levels of the atmosphere can indirectly influence 
the earth’s energy budget by affecting cloud and particle size (Allen, 
2017). Through analysis of lidar and radiosonde observations, Mikami 
et al. (2006) also found that dust particles act as nucleation sites for ice 
particles at the ice-saturated region of the atmosphere. By acting as 
cloud condensation and ice nuclei, dust aerosols affect cloud lifetime 
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and albedo, impacting how clouds reflect and absorb terrestrial radia-
tion (Allen, 2017). Mineral dust deposition can also greatly reduce 
surface albedo (e.g., Albani et al. 2018). 

Despite its importance, the reconstruction of the paleo-dust flux is 
hampered by archives that are either not widely distributed geograph-
ically and/or are not easily dateable. Pure mineral dust is almost 
insoluble and is quantifiable in sedimentary deposits (such as loess) as 
the insoluble dust number and volume concentration (Guo et al., 2009). 
These measurements allow dust mass accumulation rates (DMAR) 
derivation when combined with chronological information from radio-
carbon or luminescence ages in loess deposits (Ujvari et al., 2010). 
However, these methods are subject to large uncertainties and are 
limited in their temporal range (Liu et al., 1985) because soil horizon 
age uncertainties translate to their respective DMAR calculation. As a 
result, dust flux reconstructions from loess are limited in their temporal 
coverage and are associated with high levels of chronological 
uncertainty. 

Stalagmites are a potentially suitable archive for dust flux re-
constructions because they are globally ubiquitous and amenable to 
high precision radiometric dating using uranium-thorium methods. 
Unlike uranium (U), thorium (Th) is insoluble and is not transported or 
deposited authigenically by groundwater as the speleothem forms. 
Ideally (for U-Th dating), no Th is initially present in newly deposited 
stalagmite carbonate, with 230Th accumulation only occurring following 
the radiogenic decay of U. 232Th is not part of the 238U decay chain, and 
any 232Th within a stalagmite reflects detrital material either flushed 
into the cave via dripwater (Wong & Breecker, 2015) or advected into 
the cave via air circulation (Jamieson et al., 2015; Baldini et al., 2012). 
232Th concentrations are routinely measured during uranium-series 
dating analyses to assess the accuracy of the date and to quantify allo-
genic initial 230Th concentrations for any correction (Hellstrom, 2003). 
Consequently, every U-Th date has an associated 232Th concentration 
value; this study utilizes a compilation of published stalagmite 232Th 
concentration data to reconstruct ancient dust fluxes. 

2. Methodology 

We compile the corrected U-Th ages and associated 232Th concen-
trations of 435 globally distributed stalagmites synthesized in the Spe-
leothem Isotopes Synthesis and Analysis database version 1 (SISALv1; 

Atsawawaranunt et al., 2018) (Fig. 1). Areas of high record density 
include SE Asia and Europe, whereas Northern Africa, central Australia, 
and higher latitudes have noticeably limited coverage. A fundamental 
requirement for stalagmite growth is sufficient meteoric precipitation to 
allow for effective infiltration into the subsurface (Vaks et al., 2010), 
explaining the lack of stalagmite occurrence in hyper-arid regions, such 
as the Sahara Desert and central Australia. Equally, stalagmite growth is 
strongly correlated to temperature and the amount of CO2 available in 
the soil (Baldini et al., 2005), explaining the lack of samples at high 
latitudes, along with factors such as ice sheet cover restricting growth. 

2.1. Stalagmite thorium and Dust Column Mass Density (DCMD) 
correlation 

Here, we demonstrate the presence of a relationship between Dust 
Column Mass Density (DCMD), a measure of mineral dust in the atmo-
sphere, and mean stalagmite 232Th concentrations over the recent past. 
DCMD data were obtained from the Modern-Era Retrospective analysis for 
Research and Applications version 2 (MERRA-2) dataset, a NASA atmo-
spheric reanalysis for the satellite era using the Goddard Earth 
Observing System Model, Version 5 (GEOS-5) with its Atmospheric Data 
Assimilation System (ADAS), version 5.12 (GMAO, 2015). The data were 
extracted as area-averaged time-series of a monthly temporal resolution, 
for an area of 1◦ squared containing each cave site. A mean DCMD value 
for the last 20 years was calculated per grid square and used to evaluate 
correlations with recent 232Th concentrations for that cave site. 

For inclusion within the calibration dataset, a stalagmite required a 
minimum of two U-Th dates within the last 500 years, allowing for the 
calculation of a mean 232Th concentration. Additionally, detrital fea-
tures (clear flooding horizons, macro-scale detrital layers, etc.) were 
assessed on images of the stalagmites, and any stalagmites with visible 
detrital components (n = 31, Table S4) were omitted from the analysis. 
Ultimately, 56 samples met these criteria. Ideally, the satellite and U-Th 
calibration data would derive from a common interval, but the satellite 
dataset’s brevity precludes the extraction of a meaningful 232Th con-
centration dataset (because the data resolution is typically centennial- 
scale). The threshold of a minimum of two dates over the past 500 
years was chosen to maximise the calibration dataset’s population while 
also attempting to avoid major climate transitions. To minimize the 
influence of isolated events (e.g., flooding, hydrological pulses, etc.), 

Fig. 1. The distribution of stalagmites used in this study. Sites marked with a star symbol are used in the calibration curve. Blue stars indicate single stalagmites, red 
stars indicate multiple asynchronous samples from the same cave site, and green stars highlight caves where multiple stalagmites were combined to form a cave data 
point (see Supplemental Information). Stalagmites marked by black circles are not used in the calibration curve but are available for dust reconstructions. The base 
map shading illustrates mean Dust Column Mass Density (kg m− 2) between January 2000 and 2020. Data is sourced from the public EarthData Giovanni 
NASA database. 
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232Th concentrations higher than one standard deviation from the mean 
of the stalagmite were excluded from the calibration dataset. Where 
multiple stalagmites within the same cave met the criteria for inclusion 
in the calibration dataset, a single mean value was calculated for the 
cave by compiling the two stalagmite data sets (Supplemental Table S1). 
The same procedure as applied to single stalagmites was followed when 
calculating compiled mean 232Th concentrations from a region with a 
single DCMD value. 

2.2. Stalagmite 232Th concentrations as a proxy for Asian dust flux 

SE Asia was chosen because of the large number of well-dated sta-
lagmite records produced from that region and the existence of other 
regional dust flux records (e.g., from loess) which facilitate comparison. 
To produce a continuous reconstruction of Asian dust flux, the 232Th 
concentrations of 194 stalagmites from SE Asia (see Supplemental In-
formation, Table S3) were linearly interpolated at a decadal resolution 
and compiled into a single curve. Gaps of more than 5000 years in a 
stalagmite record were not interpolated across because these were 
deemed too large to accurately interpolate. A median value for all sta-
lagmites available was calculated for each 10-year time slice. We used 
the median instead of the mean to minimise the impact of data points 
with anomalously high 232Th concentrations that potentially reflect 
anomalous events rather than regional climate trends. 

3. Results and discussion 

3.1. Global calibration curve 

The final calibration dataset included 56 stalagmites from 48 caves 
(Fig. 1); once stalagmites from the same cave and/or DCMD grid square 
are combined this yields 41 thorium concentration datapoints for the 
calibration curve. The relationship between mean 232Th concentrations 
from this dataset and mean DCMD values at the cave sites is strong and 
highly significant (r2 = 0.38, p < 0.0001, n = 41) (Fig. 2). 

The global calibration curve strongly suggests that speleothem 232Th 
concentrations are partially linked to DCMD values, and that atmo-
spheric dust is either i) blown directly into the cave by dynamic venti-
lation processes (Dredge et al., 2013; Jamieson et al., 2015) or ii) flushed 
into the cave by percolation water (Baldini et al., 2012). We find no 
correlation between stalagmite 232Th concentrations and Total Surface 
Precipitation (TSP) values from the MERRA-2 dataset using a 1◦ grid 
centered around each cave site, from monthly values recorded since 
January 1, 2000 (r2 = 0.04, p = 0.78, n = 41). 

3.2. Mechanism for dust flux recording in caves 

The low correlation between rainfall and median stalagmite 232Th 
record across the calibration dataset strongly suggests that increased 
mechanical transport of soil colloidal material via percolating drip water 
is not the dominant control on stalagmite 232Th concentrations. Instead, 
we suggest that stalagmite 232Th predominantly reflects aeolian dust 
transport and regional ambient dustiness. Nearly all caves ventilate 
either on seasonal or daily timescales (Baldini et al., 2006; James et al., 
2015), and it is likely that dust entering the cave via ventilation (Dredge 
et al., 2013) is deposited not only on the growing stalagmite, but also on 
the walls and ceiling of the cave (Jamieson et al., 2015). Percolation 
(and potentially condensation) of water then transports dust particles to 
the growing stalagmite where they are incorporated into the deposited 
calcite. Cave-specific ventilation dynamics, drip hydrology, sampling 
bias (both in stalagmite selection and in the selection of dating locations 
within a sample), proximity to cave streams, and other factors will 
however likely impact 232Th concentrations and contribute to variability 
in the signal and noise within the calibration dataset. A consequence of 
these observations is that if stalagmite 232Th values are not related to 
transport of local sediment particles via percolating water, the use of 

local sediment geochemical composition when determining the detrital 
fraction for U-Th dating requires re-evaluation. Temporal variability in 
dust composition affecting the cave site is potentially more important 
than previously thought and may require consideration in U-Th dating 
correction. 

The good correlation between dust and DCMD values globally sug-
gests that 232Th records from other archives should be investigated for 
their potential to reconstruct dust flux, particularly in areas with few 
stalagmites. Ice cores dated by 234U recoil ages (Aciego et al., 2011) 
could, if combined with 232Th measurements, provide a complementary 
high latitude equivalent to the stalagmite dust archive. 

3.3. Asian dust flux reconstruction and comparison with existing records 

Our calculation of median speleothem 232Th from the SE Asia region 
shows substantial 232Th concentrations variability over the past 600 ka 
(Fig. 3), but the number of available records decreases substantially 
after ca. 25 ka BP and then remains about constant until ca. 120 ka BP. 
Here we focus our analysis on the most robust portion of the record, the 
late Pleistocene period (0–120 ka BP), but the potential exists to use this 
new technique to produce a record extending back to ~600 ka. 

Despite the low number of data points over the older portions, over 
the last 500 ka the median stalagmite 232Th record suggests that SE Asia 
was dustier during glacials than interglacials (Fig. 3), consistent with 
previous studies (Yancheva et al., 2007). Over the well-resolved last 20 
ka BP, the median stalagmite 232Th record displays similarities with the 
winter monsoon record from Lake Huguang Maar, China (Fig. 4) (Yan-
cheva et al., 2007). Because northerly winter monsoon winds are the 
main input of aeolian input to the Lake Huguang Maar, this record re-
flects ambient dustiness over time. The similarities between our median 
stalagmite 232Th record and the Huguang Maar record reinforce our 
interpretation that median stalagmite 232Th values are an effective 

Fig. 2. A Spearman’s Rank Correlation plot of modern Dust Column Mass 
Density (DCMD) (mean value of the previous 20 years) from the EarthData 
Giovanni NASA database and recent (mean over the last 500 years) stalagmite 
thorium concentrations (Table S1). The blue envelopes represent the 95% (dark 
blue) and 99% (light blue) confidence intervals, showing the estimated ranges 
of regression lines representing other samples drawn from the same statistical 
population (based on 5000 iterations for each interval). The envelopes 
demonstrate that there is a very high likelihood that the relationship between 
stalagmite thorium concentrations and DCMD is positive. 
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tracer for windblown dust. 
On centennial-millennial timescales, we find a clear relationship 

between the Asian dust flux reconstruction, global ice volume (reflected 
in sea level records), Chinese stalagmite δ18O, and the Greenland NGRIP 
ice core δ18O record (Figs. 5 and 6). For example, lower sea level reflects 
high ice volume and colder conditions in Greenland (lower ice core 
δ18O) and across the Northern Hemisphere, resulting in a weakened 
EASM (elevated SE Asian stalagmite δ18O), and enhanced westerly wind 
strength over SE Asia (elevated median 232Th) (Fig. 5). Therefore, the 
link between ice volume and our median 232Th record likely reflects ice 
volume’s influence on westerly wind position and SE Asia winter 
monsoon strength, which also affects dust flux to SE Asia. By looking at 
the correlation between EASM δ18O and our median 232Th record 
compared with sea level, it is possible to further evaluate the control of 
ice volume on the dust/δ18O relationship (Fig. 7). Although no strong 
relationship exists (R2 = 0.21, p = 0.01, n = 28), in general during high 
ice volume intervals the correlation between dust and stalagmite δ18O is 

most negative, suggesting that Dansgaard-Oeschger (D-O) events 
(abrupt millennial-scale warming events) occurring during high ice 
volume conditions are characterised by a weaker EASM and weaker 
westerly wind strength over SE Asia (lower median 232Th) (Fig. 7). On 
the other hand, intervals characterised by lower ice volume (i.e., higher 
global temperatures) experienced stronger EASM rainfall and weaker 

Fig. 3. The median thorium concentration record compiled from 194 Asian 
stalagmite thorium datasets (bottom panel) and a histogram illustrating the 
number of values compiled per decade (top panel). Note the break in the y-axis 
in the bottom panel. Please see SI (Table S2) for sources and references. 
Alternating grey and white boxes represent Marine Isotope Stages (MIS) for 
reference (Lisiecki & Raymo, 2005), with MIS number shown along top. 

Fig. 4. Comparison between median 232Th East Asia dust flux reconstruction 
from stalagmites (blue line) over the interval 0–18 ka BP with the Lake 
Huguang Maar Ti record (smoothed using a 9-point triangular window; (Yan-
cheva et al., 2007), orange line). The Lake Huguang Maar record is interpreted 
as reflecting the strength of the winter monsoon, when aeolian input from the 
Chinese Loess Plateau to the lake is dominant. 

Fig. 5. The median 232Th East Asia dust flux reconstruction (orange in all 
panels) over the interval 10-100 ka BP compared with other datasets: (A) 
NGRIP δ18O (purple, 41-pt MA) (North Greenland Ice Core Project, NGICP 
Members, 2004) and median 232Th East Asia dust flux reconstruction (orange, 
99-pt MA), (B) a compiled EA stalagmite δ18O record (blue, 13-pt MA) (Cheng 
et al., 2016) and median 232Th East Asia dust flux reconstruction (orange, 
401-pt MA), (C) Red Sea sea level reconstruction (black) (Siddall et al., 2003) 
and median 232Th East Asia dust flux reconstruction (orange, 401-pt MA) and 
(D) NH summer insolation (65◦N) reconstruction (dashed grey line) (Huybers, 
2006) and median 232Th East Asia dust flux reconstruction (orange, no MA 
used). Major D-O events are highlighted with grey shading. 
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westerly wind strength during D-O events, more in-line with expecta-
tions of regional increases in moisture reducing dust flux. The somewhat 
surprising result that at high ice volume conditions SE Asian stalagmite 
δ18O and dust flux are anticorrelated (Fig. 7), implying that rainfall and 
dust are correlated, may instead have alternative explanations, as out-
lined below. 

3.4. D-O events within the dust flux reconstruction 

SE Asian stalagmite δ18O records preserve evidence for climate shifts 
associated with North Atlantic D-O events (Figs. 5 and 6). whereas some 
D-O events are clearly evident within the median 232Th record (e.g., D-O 
19.2 and D-O 20), others are not (e.g., D-O 21.1e, Fig. 6) and overall the 
manifestation of D-O events in the dust record is variable. A D-O event’s 
presence or absence within SE Asian stalagmite δ18O records provides 
information regarding environmental and climatological changes in SE 
Asia across these events. Because the δ18O and 232Th datasets are largely 
obtained from the same stalagmites, we can exclude issues related to 
location sensitivity to recording these events. It is interesting to note that 
despite D-O 21 being the longest of the three D-O events discussed here, 
its expression is absent in the dust record, suggesting that either the 
event did not result in biome changes in SE Asia (and was atypical), or 
that the teleconnection between the North Atlantic and SE Asia were 
different than during the shorter D-O events 19.2 and 20. 

The EASM sources 37% of its moisture from the Bay of Bengal (Baker 
et al., 2016), and we suggest that some D-O events present in the δ18O 
records do not appear in the dust reconstruction because they predom-
inantly affected Bay of Bengal SST and EASM rainfall δ18O rather than 
westerly wind position. Alternatively, this could also reflect a stronger 
EASM but with no dust flux shift, or the fact that D-O event duration was 

insufficient to change biomes towards those producing dust. However, 
some D-O events that are not expressed in the SE Asian 232Th median 
dust flux record are strong and long-lived in Greenland ice cores, which 
is inconsistent with a more subdued SE Asia dust flux response. Ulti-
mately, the expression of D-O events differs in the EASM domain be-
tween events, consistent with recent research (Shi et al., 2022) 
suggesting that the response partially depends on ice volume and NH 
summer insolation (Figs. 6 and 7). Regardless, the decoupling of the 
median stalagmite 232Th record from EASM records during several D-O 
events suggests that atmospheric reorganisation centred within the 
North Atlantic did not affect dust flux to SE Asia on these timescales. 

3.5. Limitations of the approach 

This study suggests that stalagmite 232Th data compilations can be 
robust proxies for dust flux. However, several limitations to the tech-
nique exist. Although median stalagmite 232Th concentrations for in-
tervals with numerous data points appear to faithfully reflect regional 
dust flux, considerable scatter exists. For intervals with reduced data 
availability, the results are considerably less reliable due to this lack of 

Fig. 6. The median 232Th East Asia dust flux reconstruction (orange, 99-point 
moving average) over the interval 68–76 ka BP compared with: (Top panel) 
NGRIP δ18O (purple, 41-pt MA) (North Greenland Ice Core Project, NGICP 
Members, 2004), (Bottom panel) a compiled EA stalagmite δ18O record (blue, 
13-pt MA) (Cheng et al., 2016). D-O events are highlighted with grey shading. 

Fig. 7. Top panel: A histogram illustrating the number of D-O events with 
various correlations between EASM δ18O (Cheng et al., 2016) and 232Th East 
Asia dust flux reconstruction (unsmoothed data). Bottom panel: The correlation 
between EASM δ18O and 232Th East Asia dust flux reconstruction for different 
events plotted against the mean sea level across the event. Because the more 
negative stalagmite δ18O values are inversely related to monsoonal strength, 
negative correlations with the 232Th East Asia dust flux reconstruction represent 
positive correlations between dust and EASM strength. A second-order poly-
nomial trendline is also shown (R2 = 0.21, p = 0.01, n = 28) (black line). 
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precision. Solutions to this issue include requiring a minimum number of 
datapoints or ensuring that the selected stalagmites respond to dust flux 
but not the hydrological transport of detrital material. This would 
decrease the scatter and increase the precision of the distribution around 
the median value. Thorium measurements are straightforward via ICP- 
MS or laser ablation ICP-MS, and if monitoring studies could identify 
single stalagmites that respond exclusively to aeolian dust flux rather 
than hydrological detrital inputs (e.g., a slow, diffuse flow-fed stalag-
mite (Baldini et al., 2021)), continuous dust flux records from a single 
carefully selected sample might be possible. Lower resolution Sr isotope 
records across the interval could confirm the robustness of the inferred 
relationship between 232Th concentrations and dust flux (Cruz et al., 
2021). A continuous 232Th dataset from a few carefully selected samples 
would also circumvent the issue that horizons with elevated 232Th 
concentrations are under-represented in U-Th dating results. 

4. Conclusion 

A correlation between recent, compiled stalagmite 232Th concen-
trations and satellite derived mean DCMD measured above globally 
distributed cave sites suggests that stalagmite 232Th concentrations are a 
robust proxy for atmospherically suspended dust. The technique is able 
to reproduce existing dust flux records when a sufficiently high number 
of data points exists, albeit with a low precision. This observation per-
mits the application of the large number of published stalagmite 232Th 
concentration datasets towards the reconstruction of regional paleo-dust 
fluxes back to 500 ka BP. Because of the long and well-dated records 
from the region, here we focus on reconstructing dust flux from SE Asia 
over the last 100 ka. 

The 232Th dust flux reconstruction is clearly linked to ice volume, 
and also tracks EASM δ18O reconstructions from Chinese stalagmites, 
with dustier intervals linked to less negative stalagmite δ18O (partially 
reflecting a weaker monsoon). This suggests that SE Asia dust flux is 
predominantly controlled by westerly wind strength, which in turn 
tracks larger-scale atmospheric reorganisations linked to ice volume. 

Generally, D-O events are apparent in both EASM δ18O record and 
the median 232Th dust flux reconstruction. However, some D-O events 
are not expressed in the thorium dust flux reconstruction, such as D-O 
21.1e, and the correlation between EASM rainfall and dust flux is vari-
able, possibly reflecting changes in moisture source temperature 
changes, a decoupling of EASM and dust flux strength, or insufficient 
event duration for biome change in Central Asia that would result in 
increased dust production. 

This study has tested stalagmite thorium concentrations as a proxy 
for atmospheric dust flux and found that this technique is viable. U-Th 
dating of stalagmite carbonate permits a more robust chronology than 
available for most dust flux archives, and the wide availability of 
thorium data permits the construction of highly resolved records which 
complement existing dust flux proxy records. Further refinement of the 
technique raises the possibility of quantitative and accurately dated dust 
flux records over at least the past 600 ka. 
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Mejías, C., Pickering, R., Scroxton, N., & Sisal Working Group Members. (2018). The 
SISAL database: A global resource to document oxygen and carbon isotope records 
from speleothems. Earth System Science Data Discussion, 2018, 1–64. 

Baldini, J. U. L., Lechleitner, F. A., Breitenbach, S. F. M., van Hunen, J., Baldini, L. M., 
Wynn, P. M., & Fohlmeister, J. (2021). Detecting and quantifying palaeoseasonality 
in stalagmites using geochemical and modelling approaches. Quaternary Science 
Reviews, 254, Article 106784. https://doi.org/10.1016/j.quascirev.2020.106784 

Baldini, J. U. L., McDermott, F., Baker, A., Baldini, L. M., Mattey, D. P., & Railsback, L. B. 
(2005). Biomass effects on stalagmite growth and isotope ratios: A 20th century 
analogue from Wiltshire, England. Earth and Planetary Science Letters, 240, 486–494. 

Baldini, J. U. L., Baldini, L. M., McDermott, F., & Clipson, N. (2006). Carbon dioxide 
sources, sinks, and spatial variability in shallow temperate zone caves: evidence from 
Ballynamintra Cave, Ireland. Journal of Cave and Karst Studies, 68, 4–11. 

Baldini, JU. L., McDermott, F., Baldini, LM., Ottley, CJ., Linge, KL., Clipson, N., & 
Jarvis, KE. (2012). Identifying short-term and seasonal trends in cave drip water 
trace element concentrations based on a daily-scale automatically collected drip 
water dataset. Chemical Geology, 330, 1–16. 

Chen, S. Y., Jiang, N. X., Huang, J. P., Xu, X. G., Zhang, H. W., Zang, Z., Huang, K. N., 
Xu, X. C., Wei, Y., Guan, X. D., Zhang, X. R., Luo, Y., Hu, Z. Y., & Feng, T. C. (2018). 
Quantifying contributions of natural and anthropogenic dust emission from different 
climatic regions. Atmospheric Environment, 191, 94–104. 

Cheng, H., Lawrence Edwards, R., Sinha, A., Spötl, C., Yi, L., Chen, S., Kelly, M., 
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