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• Atmospheric inputs contribute to drip
water: Na, K, Zn and other trace ele-
ments.

• K-fixation in soils controlled drip water
K during the Millennium Drought.

• Na and K respond to soil processes and
to higherwaterflux at drought termina-
tion.

• Zn colloidal mobilisation is linked to a
decrease in soil pH.

• Na, K and Zn show promise as
speleothem palaeo-climate proxies.
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Constraining sources and site-specific processes of trace elements in speleothem geochemical records is key to an
informed interpretation. This paper examines a 10-year data set of drip water solutes from Harrie Wood Cave,
south-eastern Australia, and identifies the processes that control their response to El Niño-Southern Oscillation
eventswhich varies the sitewater balance. The contributions of aerosol and bedrock end-members are quantified
via hydrochemicalmass balancemodelling. The parent bedrock is themain source for the dripwater solutes:Mg,
Sr, K and trace elements (Ba, Al, V, Cr, Mn, Ni, Co, Cu, Pb and U), while atmospheric aerosol inputs also contribute
significantly to drip water trace elements and Na, K and Zn. A laboratory investigation evaluating water-soluble
fractions of metals in soil samples and soil enrichment factors provided a basis for understanding metal
retainment and release to solution and transport from the soil zone. These results identified the role of the soil
as a sink for: trace metals, Na and K, and a secondary source for Zn. Further, soil processes including: cation ex-
change, K-fixation,metal adsorption to colloids and the release of Zn associatedwith organicmatter degradation
further modify the chemical composition of the resultant drip waters. This research is significant for the south-
eastern Australian region, as well as other sites in a karst setting with clay-rich soil. In particular these results re-
veal that the response of drip water chemistry to hydroclimatic forcing is non-linear, with the greatest response
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observed when the long-term gradient in the cumulative water balance reverses. This longer-term drip water
monitoring dataset is significant because it provides the pivotal framework required to reliably identify suitable
trace element proxies for interpretation in geochemical speleothem records on multi-decadal timescales.

Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.
1. Introduction

In eastern Australia, droughts, floods, bushfires, dust storms and cy-
clones are natural phenomena associated with El Niño and La Niña
events with significant economic, social and environmental ramifica-
tions (Au, 2017). ENSO-related rainfall variability in south-east
Australia has increased and these extremeweather events have become
more frequent since 1950 (Nicholls, 2003). In Australia, ENSO is the
main driver for dust events, where high dust activity is correlated
with El Niño phases of the Southern Oscillation (Shao et al., 2013). Ex-
tended drought reduces vegetation cover and results in aeolian dust
being transported from Australia's deserts, as well as from the alluvial
and lacustrine environments of the Lake Eyre and Murray-Darling Ba-
sins, to Australia's east coast (Greene et al., 2009; Speer, 2013; Tadros
et al., 2018). South-east Australia is also one of the most bushfire
prone areas in the world. The current severity of bushfire events com-
pared to observations since the 1940s, are related to more frequent
hot and dry El Niño conditions (Lucas et al., 2007). Dust storms and
bushfire events release significant amounts of aerosols to the atmo-
sphere providing a novel opportunity to investigate in more detail, the
potential contribution of dust to the trace element record in
speleothems from south-east Australia (Rutlidge et al., 2014).

Aerosols are introduced into the atmosphere from sea spray, volca-
nic and geothermal activity and from biogenic emissions, as well as
from anthropogenic sources such as mining, industry, agricultural and
transportation sources (Tomasi et al., 2017). Dredge et al., 2013 pre-
sented the first investigation into the potential contribution of in-cave
aerosols to speleothem geochemistry, highlighting the important role
of aerosols as endmembers in the supply of trace elements (Tooth and
Fairchild, 2003; Fairchild and Treble, 2009; Baldini et al., 2012;
Tremaine and Froelich, 2013; Rutlidge et al., 2014; Treble et al., 2016).
Based on atmospheric aerosol measurements over the years
2013–2017, Tadros et al. (2018) identified the chemical characteristics
and sources of atmospheric aerosols in the SnowyMountains alpine re-
gion, Yarrangobilly, SE Australia, postulating that deposited ambient
particulate matter may be a significant source of trace metals to the
site ecosystem. Trace elements are removed from the atmosphere by
wet deposition (dissolved in precipitation) or by dry deposition of par-
ticles. Aerosols need to be considered as theymay significantly affect the
physical and chemical properties of karst soil (Rutlidge et al., 2014).

Above the cave, soil represents the major sink for trace metals re-
leased from the atmosphere and plays an important role in the retention
and release processes (Kabata-Pendias, 2010). Generally, trace elements
in the soil solution phase are affected by adsorption onto mineral sur-
faces or present as aqueous ions or solutes where they are mobilised
through the soil profile. In solution they exist as: free trace metal ions
(hydrated cations or oxyanions), as stable complexes with inorganic
compounds or as organic compounds bound to suspended colloids in-
cluding clay, organic matter and sesquioxides (Hartland et al., 2012).
Trace elements in soil solution are biotransformed by microorganisms
and also readily interact with biomass (Adriano, 2001; Hooda, 2010).
Chemical weathering of bedrock through partial or complete dissolu-
tion, also releases rock-derived trace elements.

In karst environments, trace elements in soil solution may be
leached and transported through the unsaturated zone, where further
transformations occur. Between the soil zone and the cave ceiling, mul-
tiple hydrological flowpathways through the host rock and the capacity
of storage,mixing and open system conditions can produce variations in
the drip water trace element composition through dissolution-
precipitation processes. Within the cave, increased ventilation and CO2

degassing from drip waters or prior calcite precipitation (PCP), causes
the removal of Ca through calcite precipitation along the flow path
prior to reaching the stalagmite. Thus trace elements incorporated
into speleothems have potential atmospheric, soil and bedrock sources.
Dust transport, bushfires, weathering, and infiltration of meteoric water
are often strongly influenced by climate. These events determine the
supply of trace elements to the surface soil and bedrock, hence the
drip-water thereby provides a potentially rich archive of palaeo-
climate and palaeo-environmental information that is recorded in the
geochemistry of stalagmites (Johnson et al., 2006; Siklosy et al., 2009;
Sundqvist et al., 2013). Therefore, the motivation for the current re-
search is to constrain sources and sinks and to differentiate between cli-
mate and karst processes impacting the drip water trace element
composition in Harrie Wood Cave, Yarrangobilly, south-east Australia.
This will build further validation on the potential use of trace elements
as proxies for palaeo-environments.

In recent decades south-east Australia has experienced ENSO-
related rainfall variability that has led to multi-year trends in the site
water balance, including the Millennium drought from 1997 to 2009
that was followed by a short relatively wet phase during July 2010 to
March 2011, and a dry episode in 2015 (BoM, 2017). A previous cave
monitoring study from a different karst region in south-east Australia;
Wombeyan Caves, located approximately 85 km from Harrie Wood
Cave, demonstrated a relationship between PCP and climate
(McDonald et al., 2004). McDonald et al. (2004) proposed that reduced
recharge during the 2002–03 El Niño event resulted in more open sys-
tem conditions, driving PCP and consequently raising drip water Mg/
Ca and Sr/Ca ratios. At the current study site, Tadros et al. (2016) con-
firmed an enhanced PCP response to the 2006–07 and 2009–10 El
Niño events. This longer study (2007–2013) also captured the opposite
hydroclimate phase, the 2010–12 La Niña event that followed. Dilution
dominated at the onset of the LaNiña phase and a period of reduced PCP
ensued in response towetter conditions. Additional processeswere also
found to be linked to the extreme climate phases e.g. hydrological
routing, and enhanced limestone dissolutionmediated bymicrobial res-
piration in warmer soils was identified.

This research reports 10 years of cave drip water data (2007–2016)
collected from three drip sites in Harrie Wood Cave, thus extending the
dataset presented in Tadros et al. (2016) by a further three years. The
objective is to firstly quantify the source(s) and sink(s) of solutes from
Harrie Wood Cave. Secondly, to investigate the mobility of metals
through the soil and assess processeswhichmodulate the trace element
concentrations in cave drip-water. This research is required for full char-
acterisation of the source contributions and processes which have not
yet been investigated for south-east Australia. Lastly, the implications
of these findings for interpreting trace elements in stalagmite records
for south-east Australia are also discussed.

2. Study area

2.1.1. Region and climate
The study site is located in the Snowy Mountains alpine region of

south-eastern Australia along the Great Dividing Range. This region is
the highest part of Australia and provides the headwaters to major
river systems in the Murray Darling Basin, one of Australia's most im-
portant drainage basins (Fig. 1a). Situated in a temperate climate



Fig. 1. (a)Map ofAustralia showing the study site location,Murray-Darling river systemandGreatDividingRange. Also shownare themajor climate zones (BoM) andeightmajor air-mass
types affecting weather across Australia: modified polar maritime (NPm); Southernmaritime (Sm); Tropical maritime Tasman (tTm); Tropicalmaritime Pacific (pTm); Tropical maritime
Indian (iTm); Equatorial maritime (Em); Tropical continental (Tc); and Subtropical continental (sTc) (after Sturman and Tapper, 1996). (b) Location of the study site within Kosciuszko
National Park (Shaded). (c) Physiographic bioregions in the Australian Alps in south-eastern Australia (elevation data: Creative Commons 4.0 International License; classification after
Pickering and Growcock, 2009).
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zone, the region receives a median rainfall amount of 1178 ± 29 mm
annually (Tadros et al., 2016); however significant interannual rainfall
variability in the region is recognised as being influenced by ENSO
(Dai et al., 1997; Risbey et al., 2009). The mean wintertime (austral
June–August) maximum rainfall was 349 ± 15 mm over the period
1985–2015, based on records from the closest Bureau of Meteorology
(BoM) weather station at Yarrangobilly Caves (BoM station 72141). In-
creased rainfall in the study region during winter (JJA) is due to cut-off
lows, cold fronts and pre-frontal airflow strongly influenced by themid-
latitudewesterlywind belt (Chubb et al., 2011; Pook et al., 2014; Callow
et al., 2014; Theobald et al., 2016). During winter, the Southern mari-
time (Sm) and polar maritime (Npm) air masses bring cool, moist and
unstable air arising in the Southern Ocean to south-eastern Australia
(Fig. 1a; Sturman and Tapper, 1996). During the warmer months in
the austral summer (DJF), inland heat troughs and lows from the trop-
ical latitudes results in lower precipitation overall (Theobald et al.,
2016), with a summertime minimum rainfall amount of 191 ± 5 mm
(BoM station 72141). These tropical continental (Tc) air masses which
arise over Central Australia are very hot, and dry, and may bring
heatwave conditions to southern Australia in summer under a strong
northerly air flow. Also, southern maritime (Sm) air masses, as a result
of high pressure systems, bring easterly winds to the east coast of
Australia during summer (Sturman and Tapper, 1996).

Situated on the western slopes of the Great Dividing Range, the
study site is exposed to winds that have passed over Australia's deserts,
receiving 11.3 ± 0.5% of fine particulate matter in air from soil contain-
ing aeolian salts originating from the inland salt source regions of the
Lake Eyre and Murray Darling Basins and agricultural regions in the
Murray Darling Basin (Johnston, 2001; Tadros et al., 2018). Our inland
high altitude study site is approximately 152 km from the Pacific
Ocean on the south-east coast of Australia and wind-blown salt from
aged sea spray from the Southern Ocean contributes 10.1 ± 0.4% to
the total airborne particulate matter (Tadros et al., 2018).

The study site is located in Kosciuszko National Park (Fig. 1b) and
with an area of 6900 km2 the Park is covered by four physiographic bio-
regions, including alpine, sub-alpine, montane and tableland (Fig. 1c).
Our study site lies within the montane area of the bioregion and sur-
rounding vegetation currently consists of open snowgum (Eucalyptus
pauciflora subsp. Pauciflora) and black sallee (E. stelullata) woodland
with a snow grass (Poa sieberi) dominated understorey (Aplin et al.,
2010). Bushfires and hazard reduction burns are a common occurrence
of the park ecosystem that produce transient peak smoke emissions of
airborne particulate matter (Wotawa and Trainer, 2000; Tadros et al.,
2018). Furthermore, drought and El Niño conditions increase terrestrial
soil-derived and smoke aerosol loadings at Yarrangobilly (Tadros et al.,
2018). Coleborn et al., 2018 demonstrated, soluble ash-derived metals
from fires occurring directly above a cave site can be mobilised;
influencing the drip water geochemistry for up to one year after a fire.
In January 2003, the Australian Alps, including the surface environment
directly above HarrieWood Cave, were affected by the largest bushfires
in more than 60 years (Tadros et al., 2016). This occurred four years
prior to the commencement of the long-term cave drip water monitor-
ing study at Harrie Wood Cave and as such the impact of the intense
bushfire on data presented here is negligible.

2.1.2. Location
The study site is located at Yarrangobilly Caves; formedwithin a Late

Silurian limestone block, of approximately 18 km2, and containing ex-
tensive independent cave systems. This research uses drip-water data
collected over 10 years from three monitoring drip sites (HW1, HW2
and HW3). The drip sites are active stalactites, centrally located in
Harrie Wood Cave (35° 44′S, 148° 30′E; 965 m a.s.l; Fig. 1b). A survey
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map of the drip sites and a detailed description of the drip collection set-
ting were previously published in Tadros et al. (2016).

Soils above HarrieWood Cave lack horizons, are rocky and relatively
shallow (~0–0.5 m deep) on highly fractured hard massive limestone
(~34 m thick). The different flow routes within Harrie Wood Cave
have been characterised by extensive drip water logging (Markowska
et al., 2015). Importantly, the hydrochemical investigation of the drip
waters by Tadros et al. (2016) confirmed the flow path of karst waters
through the aquifer to drip sites HW1-3 are fed by fracture flow from
a well-mixed pocket reservoir with variable head space, within the
epikarst storage reservoir.

3. Methods

3.1. Rainfall, soil moisture and cumulative water balance

Daily rainfall totals (reported to 0.1mm)were obtained from the Bu-
reau of Meteorology (BoM) rainfall gauge at Yarrangobilly Caves (BoM
station 72141). Data from 2007 to 2013 were presented in Tadros
et al. (2016) and were updated to July 2016 for this investigation.

Soil moisture saturation, at a depth of 25–30 cm, is measured at two
sites above HarrieWood Cave by a Stevens Hydra Probe®. Soil moisture
is sampled at 15-min intervals and thewater fraction volume (accuracy;
3% v/v) is recorded by a dataTaker DT80 data logger (Tadros et al.,
2016). Soil moisture data fromOctober 2011 to December 2012 andDe-
cember 2012 to April 2016 were presented in Markowska et al. (2015)
and Coleborn et al. (2018), respectively. These two dataset were com-
bined and updated in this paper to August 2016 to form a continuous
time series from October 2011 to December 2016. Markowska et al.
(2015) showed that when the water fraction of the total soil volume
(Lwater/Lsoil) lies between a field capacity of 0.30 and 0.45 (Lwater/Lsoil),
rainfall events N13 mm infiltrated initiating an increased discharge re-
sponse. As such, infiltration is inferred from the soil moisture data
when rainfall events exceed a recharge threshold of 0.30 (Lwater/Lsoil)
or in the absence of soil moisture data, when rainfall events exceed
13 mm.

The cumulative water balance (CWB) represents the monthly water
budget trend at the study site and is calculated as the cumulative sumof
the monthly precipitation minus evapotranspiration. CWB data from
2007 to 2013 were presented in Tadros et al. (2016) and updated to
2016 for this investigation to distinguish between wet and dry rainfall
periods.

3.2. Drip water analyses

Cave dripwaters were collected at a two-week frequency from three
drip sites (HW1, HW2 and HW3) over the period July 2006 to July 2016
(n = 642). At each drip site, two 50 mL aliquots from the bulk drip
water sample, collected in 1 L HDPE containers, were filtered through
amixed cellulose ester 0.45 μm filter into polypropylene bottles and re-
frigerated until analysis. A description of the parameters measured, col-
lectionmethodology and apparatus are specified in Tadros et al. (2016).
Drip water Ca, Cl, Mg/Ca and Sr/Ca datasets, between July 2006 and De-
cember 2013, from the three drip-water monitoring sites (HW1–3),
were previously reported in Tadros et al. (2016) and updated to July
2016. In addition the solutes: Na, SO4, K, Ba, Al, As, V, Cr, Mn, Ni, Co,
Cu, Zn, Pb and U have not been previously investigated and are exam-
ined in this paper.

Prior to cation analysis, one 50 mL drip water sub-sample was acid-
ified with 0.5 mL Merck Suprapur® 65% HNO3. For the drip water sam-
ples, Ca, Mg, Sr, K, and Nawere measured on a Thermo Fisher iCAP7600
inductively coupled plasma-atomic emission spectroscopy (ICP-AES) at
ANSTO, while Ba, Al, As, V, Cr, Mn, Ni, Co, Cu, Zn, Pb and U were below
the limit of detection. Therefore ultra-trace concentrations of these ele-
ments from drip site HW1 were measured on a Varian 820MS induc-
tively coupled plasma-mass spectrometry (ICP-MS) at ANSTO. Rh and
In were used as an internal standards for ICP-AES and Li, Sc, Rh, In, Re
and Bi for ICP-MS to correct for instrument drift, matrix effects and
plasma fluctuations. A set of standards from 0.005–50 ppm for ICP-
AES and 1–500 ppb for ICP-MSwere also analysed after every 20th sam-
ple to monitor for instrument drift. An in-house reference sample was
analysed in each ICP-AES run to check reproducibility between runs.
The in-house reference sample was made to have concentrations of
55 ppm Ca, 1.2 ppm Na, 0.53 ppm Mg, 0.1 ppm K, 0.048 ppm Sr and
0.006 ppm Ba, similar to the cave drip water levels. All standards were
prepared from certified single element standards (1000 ± 3 ppm) and
National Institute of Standards and Technology (NIST) traceable.
Anion concentrations; Cl and SO4, on the un-acidified 50 mL drip
water sub-samples were determined by ion chromatography (IC)
using a Dionex DX-600 ion chromatograph with a self-regenerating
suppressor at ANSTO.

3.3. Soil and bedrock analyses

Five surface soil samples were collected on the slope above Harrie
Wood Cave with a 48 mm diameter × 45 mm height stainless steel
corer. Soil samples were stored in polyethylene bags and refrigerated
at 4 °C until analysis. The sampling protocol for the bedrock samples
used in this investigation (n = 4; YGB_R7 – R10) are described in
Tadros et al. (2016). Only the Ca concentrations andMg/Ca and Sr/Ca ra-
tios of the bedrocks were previously investigated in detail (Tadros et al.,
2016).

Bulk bedrock and soil samples were oven-dried (40 °C) and pow-
dered. A subset of each sample (0.2 g) was then microwave digested
(180 °C for 15 min) in aqua regia (1 mL HCl: 3 mL HNO3) and diluted
to 30 ml for the elemental analysis of the non-silicate component by
ICP-AES at ANSTO.

Leaching experiments to simulate infiltration from rainfall and as-
sess the mobile, water soluble fractions of metals in soil samples, were
conducted in triplicate using the extraction procedure of Tessier et al.
(1979) as described inMa and Rao (1997). The soil sampleswere sieved
to pass a 2.36 mm stainless steel screen and the b2.36 mm fraction was
used. The samples were oven-dried at 40 °C to constant weight. One
gram of each soil sample was weighed into a 50 mL polypropylene cen-
trifuge tube. The water soluble fraction was extracted with 30 mL of
deionised water for 2 h. The supernatants were filtered through 0.2
μm polyethersulfone filters and preserved by acidification with Merck
Suprapur® HNO3 for metal analysis. The concentration of: Na, Mg, Al,
P, S, K, Ca, Sc, Fe and Y were determined by ICP-AES while other trace
metal concentrations were determined by ICP-MS at ANSTO. Soil pH
measurements were performed on a 1 part soil to 5 part water suspen-
sion (Rayment and Higginson, 1992).

3.4. Data processing

3.4.1. Mass balance model
Themass balance equation is used to calculate for each element, the

net concentration (mg L−1) addedby a source or removed from solution
by a sink. A mass balance should be conducted over a sufficiently long
time scale otherwise variability in the system may contribute to large
uncertainties (Drever, 1997). Therefore, we adopted the mass balance
model outlined by Treble et al. (2016), and summarised in Table 1, to
quantify sources and sinks of elements within the karst system using
the full 10-year data set. Data collected from the measurement sites,
provides well-defined end-member sources. First, the mass balance is
performed to quantify the drip water solute concentration frommarine
aerosol and bedrock contributions by solving Eqs. (1) and (3) (Table 1),
respectively. As in Treble et al. (2016), the minimum measured drip
water ratio prior to any impact of PCP, [Mg/Ca]PCP, was applied to esti-
mate the initial Ca concentration, [Ca]initial. The PCP correction was
then applied for Mg and Sr (Eq. (4); Table 1) and accounted for 0.7 to



Table 1
Summary of the overall mass balance equation and equations used to calculate the concentration of marine aerosol, nss aerosol, bedrock and residual contribution to the cave drip water
samples.

Contribution Equation (s) Remarks

Marine aerosol [ion]marine aerosol = [Cl]dw × [ion/Cl]seawater [1] [ion/Cl] molar ratios of major ions in seawater (Na, Mg, SO4, Ca, K and Sr)
were taken from Chester (2009).

Non-sea salt
aerosol

[ion]nss = [S]dw × [(ion/S)atm]nss

where:
[ionatm]nss = [ionatm]–([Clatm] × [ion/Cl]seawater)

[2] S is used as a tracer of atmospheric aerosols (Sarnat et al., 2002).
[ion/Cl] molar ratios of trace ions in seawater were taken from Turekian
(1968)

Bedrock [ion]bedrock = [Ca]initial × [ion/Ca]bedrock

where:
[Ca]initial = [Mg]dw / [Mg/Ca]PCP

[3] For each drip site, [Mg/Ca]PCP corresponds to the minimum
measured drip water ratio prior to PCP.

PCP [ion]PCP = [Ca]PCP × [ion/Ca]dw × KMg

where:
[Ca]PCP = [Ca]initial − [Ca]dw

[4] [ion]PCP calculated for Mg and Sr only
Partition coefficients:
KMg = 0.019 (Huang and Fairchild, 2001)
KSr = 0.1 (Fairchild and Baker, 2012).

Residual [ion]residual = [ion]dw − [ion]marine aerosol − [ion]nss − [ion]bedrock +
[ion]PCP

[5] A positive residual value indicates an additional source not constrained by
the end-members, while a negative residual value indicates a sink.

Overall [ion]drip water = [ion]marine aerosol + [ion]nss + [ion]bedrock + [ion]residual [6]
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1.1% of Mg concentrations in drip water and 3.8 to 6.0% of Sr concentra-
tions in drip water.

Next, since Harrie Wood Cave receives atmospheric aerosols from
local and long-range transport (Section 2.1.1), we also take into account
the contribution of non-sea salt (nss) pollution and dust which was not
relevant at the study site of Treble et al. (2016). We therefore perform
an additional calculation to Treble et al. (2016) to estimate this from
our previously published aerosol measurements (Tadros et al., 2018).
Hence, the nss aerosol contribution was calculated by solving
Eq. (2) (Table 1).

Lastly, as in Treble et al. (2016), sinks, additional sources and pro-
cesses that cannot be constrained are accounted for in themass balance
model via a residual term and are calculated using Eq. (5) (Table 1). A
positive residual value indicates an additional source not constrained
by the end-members, while a negative residual value indicates a sink.
The overall mass balance equation used is summarised by
Eq. (6) (Table 1).

3.4.2. Enrichment factors
Enrichment or depletion of trace elements in the soil was assessed

by calculating the enrichment factors (EF) of elements in the bulk soil
relative to the bulk bedrock material. This calculation is based on the
concentration of an element X in the soil to the bedrock, and referenced
to a chemically inert element:

EF ¼ X=Zr½ �soil= X=Zr½ �bedrock ð7Þ

where X is the element, a square bracket denotes concentration
(mg kg−1) and Zr represents Zirconium, the reference element. We
use chemical bedrock data obtained from our site as a more accurate
representation of the bedrock starting composition, rather than the av-
erage crustal rock concentration (Bowen, 1979; Taylor and McLennan,
1995).

4. Results

4.1. Mass balance

The contribution of marine aerosol, nss aerosol, bedrock and resid-
uals to the drip water geochemistry are quantified in Table 2, and are
similar across the three drip sites. Drip water Mg concentrations are
mainly sourced from the bedrock (97–99%), with 16% supplied from
marine aerosols and the residual term indicating a 13–16% sink. Sr is de-
rived from the local bedrock with 2% or less from other sources and a
negligible residual term. Bedrock is also the dominant source of K con-
centration in drip waters (138–146%) with significant additional
contributions supplied from marine aerosols (23–25%) and nss atmo-
spheric input (20–22%). The large negative residual term indicates a sig-
nificant sink for K. Drip water Na concentrations are predominately
from marine (95–100%) and also atmospheric nss supplied aerosols
(28–29%). A sink for Na is also indicated by the negative residual term.
The cave drip water receives 37–38% of their S input frommarine aero-
sols and 4% from the bedrock. This suggests that qualitatively the nss
contribution will be at least 60%, but this cannot be quantified due to
method assumptions.

For the trace metals: Al, V, Cr, Mn, Ni, Co, Cu, Zn, Pb and U mass bal-
ancedata shows that the contribution frommarine aerosols is negligible
(b0.1%) while atmospheric deposition of nss aerosols supplies a sub-
stantive contribution to the resultant cave drip water solution
(Table 2). However the bedrock-derived contributions for these trace
metals, except for Zn, are significantly over-estimated. This may be at-
tributed to analysis by different techniques: ICP-AES and ICP-MS
(Section 3.2) however drip water Sr concentrations duplicate well
using the two techniques. Alternatively, this could be a consequence
that the analytical conditions i.e. acid digestion of bedrock, resulting in
higher trace metal concentrations than those derived under field condi-
tions. Nevertheless, themass balance data indicates the bedrock is by far
the main source of these dissolved constituents in the drip water. The
contribution of Zn from the bedrock is lower (27%) and this could be
considered to be a maximum given that the bedrock contributions are
over-estimated. While the concentration of the Zn in the drip water is
comparable to the other trace metals, the results of the acid leaching
do show that Zn in the bedrock is three orders of magnitude lower
than the other trace metals (Table. A.1). Overall, these calculations esti-
mate that the quantifiable Zn end-members contribute 44% to drip
water and that there is an additional source of Zn to be considered, indi-
cated by the large positive residual (55%). We interpret this result to
suggest that the soil is a secondary source. Other drip water trace
metals, as well as Na and K, have significant negative residuals. This in-
dicates a sink and it is likely that large quantities of thesemostly derived
bedrock metals are retained in the soil, consistent with a soil sink. The
role of the soil in these processes is considered below.
4.2. Enrichment factors and metals in soil water extracts

Table 3 lists laboratorymeasured soil pH togetherwith thewater ex-
tractable metal concentrations of the soil samples. The solubility of
metals, thus their concentration in the soil water extracts is a direct in-
dication ofmobilisation from the soil zone to the aqueous phase. A com-
pilation of the geochemical data for 24 elements in bulk soil (n=4) and
bedrock samples (n = 4) is included in Table A.1.



Table 2
Average dripwater concentrations (n=642) and contribution of individual elements sourced fromend-members (see Table 1 for details) for each drip site HW1,HW2 andHW3.Dividing
the averaged values by the average dripwater concentration enabled the percentage contribution of the ions to be calculated. The dripwater S concentration is calculated from SO4. #; the
residual component for Mg and Ba is calculated without the nss atmospheric component, as this could not be analytically determined in the aerosol study (Tadros et al., 2018). * indicate
elements re-analysed by ICP-MS for drip site HW1 only. n.d., not determined as S is used as a nss atmospheric tracer. n.a., not applicable.

Drip water concentration
(mg l-1)

Marine aerosol contribution
(%)

Atmospheric nss contribution 
(%)

Bedrock contribution
(%)

Residual contribution 
(%)

Ion HW1 HW2 HW3 HW1 HW2 HW3 HW1 HW2 HW3 HW1 HW2 HW3 HW1 HW2 HW3

IC
P-

A
ES

#Mg 0.58 0.58 0.58 17 16 16 n.a. n.a. n.a. 99 98 97 -16 -13 -13

Sr 0.05 0.05 0.05 1 1 1 2 2 2 101 102 100 0 1 1

Na 0.81 0.82 0.83 100 96 95 29 28 28 1 1 1 -31 -26 -25

K 0.12 0.13 0.12 25 23 24 22 20 21 146 138 141 -93 -81 -86

S 0.18 0.18 0.18 38 37 37 n.d. n.d. n.d. 4 4 4 n.d. n.d. n.d.

HW1 HW1 HW1 HW1 HW1

mg l-1 mg l-1 % mg l-1 % mg l-1 % mg l-1 %

IC
P-

M
S

#Ba 0.01 1.6E-06 < 0.1 n.a. n.a. 4.5 >>100 -4.53 n.a.

*Al 3.4E-02 7.5E-08 < 0.1 1.7E-02 50 0.42 >>100
-0.40

n.a.

*V 1.1E-04 1.4E-07 < 0.1 2.1E-04 185 6.8E-04 >>100
-7.8E-04

n.a.

*Cr 1.4E-03 1.5E-08 < 0.1 4.0E-04 28 0.4 >>100
-0.37

n.a.

*Mn 1.1E-03 3.0E-08 < 0.1 5.4E-04 48 0.01 >>100
-0.01

n.a.

*Ni 3.3E-03 5.0E-07 < 0.1 4.4E-04 14 1.8 >>100
-1.79

n.a.

*Co 4.4E-04 2.9E-08 < 0.1 2.6E-04 61 1.3 >>100
-1.34

n.a.

*Cu 5.8E-03 6.8E-08 < 0.1 7.5E-04 13 0.3 >>100
-0.26

n.a.

*Zn 4.5E-03 3.8E-07 < 0.1 7.9E-04 17 1.2E-03 27
2.5E-03

+ 55

*Pb 6.2E-03 2.3E-09 < 0.1 7.7E-04 12 0.58 >>100
-0.58

n.a.

*U 6.7E-05 2.5E-07 < 0.1 n.a. n.a. 0.06 >>100
-0.06

n.a.
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Under experimental conditions, the detected solutes leached from
the soils were, in order of highest to lowest concentration, in
mg kg−1: Ca, K, S, Na, Mg, Al, and in μg kg−1: Sr, Mn and Ba (Table 3).
Hence we infer that these metals are mobilised from the soil during
rainfall. While the metals: V, Cr, Co, Ni, Cu, Zn and Pb were detected in
bulk soil digestions (Table A.1), they were not detectable in the water
extracts, likely indicating formation of metal complexes with insoluble
soil organic matter.

Fig. 2 shows the relative enrichment and depletion of metals in soils,
compared to the composition of the bedrock. The soil enrichment fac-
tors indicate that the trace metals: Al, S, K, V, Cr, Mn, Ni, Cu, Zn, Ba and
Pb, are retained in the soil (EF ± s.d. N 1; Fig. 2) and the EF for Na is ap-
proximately 1, thus confirming the soil is a significant net sink for these
metals. Conversely, enrichment factors for Mg, Ca and Sr are b1 consis-
tent with their high abundance in the bedrock.

Zinc concentrations measured in the soil were 40 times higher than
the bedrock in the bulk digestion experiments (Table A.1). Zn is retained
in the soil (Fig. 2) and from the leaching experiments is inferred to be
complexed with organic matter (Table 3). Soil pH was in the range
6.98 to 7.37 (Table 3). Hence it is plausible that under field conditions,
Table 3
Summary of soil pH andmetal concentrations, mean± standard deviation (s.d.), in the soil wat
20 μg kg−1.

Sample code pH Na Mg Al S

mg kg−1 mg kg−1 mg kg−1 mg

YGB_S1 7.34 ± 0.09 5.9 ± 0.2 4.8 ± 0.3 1.9 ± 0.3 6.9
YGB_S2 6.98 ± 0.04 7.5 ± 0.1 4.8 ± 0.1 2.1 ± 0.1 6.2
YGB_S3 7.00 ± 0.06 4.6 ± 0.1 5.1 ± 0.1 1.4 ± 0.2 6.7
YGB_S4 7.07 ± 0.08 6.7 ± 0.1 3.5 ± 0.02 1.5 ± 0.1 6.7
Zn may be released in soil solution becoming a secondary source, if
soil pH is lower than the range recorded in Table 3.

Bulk digestion data show that K is retained in the soil (Fig. 2) and is
readily released under the leachate experimental conditions (Table 3).
In contrast, other chemically similar solutes i.e. Na that are also readily
released in the leachates are not as strongly retained in the soil
(Fig. 2). This difference is attributed to the fact that K-fixation is non-
exchangeable compared to the cation exchange reactions that is acting
on Na, which we further consider below.

4.3. Drip-water chemistry

Time series of Cl, Na, Na/Cl, SO4, Ca, Mg, Sr and K concentrations in
drip site HW1–3 and Zn concentrations in drip site HW1 are presented
in Fig. 3, together with the daily rainfall, infiltration, cumulative water
balance (CWB) and soil moisture. No clear trends were observed in
the drip water dataset for any of the detectable minor elements: Al,
As, Ba, Co, Ni and U (Fig. A.1). Principal component analysis (PCA) was
carried out for seven variables (Ca, Cl, Mg, Na, SO4, K and Sr) in each
drip water dataset from 2009 to 2016 in order to identify processes
er extracts. Concentrations of: V, Cr, Co, Ni, Cu, Zn and Pbwere below the detection limit of

K Ca Mn Sr Ba

kg−1 mg kg−1 mg kg−1 μg kg−1 μg kg−1 μg kg−1

± 0.3 12.2 ± 0.5 225 ± 12 43 ± 4 143 ± 5 20 ± 2
± 0.1 8.3 ± 0.2 201 ± 5 55 ± 9 136 ± 18 20 ± 6
± 0.1 15.9 ± 0.5 222 ± 5 59 ± 10 153 ± 8 19 ± 2
± 0.3 9.3 ± 0.2 210 ± 4 50 ± 2 142 ± 14 21 ± 0



Fig. 2. Soil EF relative to the bedrock material as a function of atomic number, the error
bars are one s.d. Values N 1 denote the enrichment of the element in the soil relative to
the bedrock and values b 1 indicate depletion in the soil profile relative to the bedrock.
For soil and bedrock chemical data see Table A.1 in Supplementary.
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driving the trends in the drip water chemistry. The first three principal
components (PC1, PC2 and PC3) accounted for 87.1%, explainingmost of
the variance in the drip water dataset (Table A. 2), though the temporal
variation in each PC closely corresponded to the time series of the
highest factor loading for each variable (Fig. A.2). PCA highlighted that
the original data can be used to gain a better understanding of the pro-
cesses dominating changes in the drip water.

November 2006 to June 2010 was the driest period, apparent by the
sharp decline in the cumulative water balance (Fig. 3a), and coincided
with the latter four years of the Millennium drought. Overall, Cl, Na
Fig. 3. Time series of (a) daily rainfall, inferred infiltration (Section 3.1) and cumulative water b
(Lwater/Lsoil) is indicated by the horizontal dotted lines. Drip water (c) Cl, (d) Na, (e) Na/Cl, (f
concentration at drip site HW1. The pink and blue coloured bars at the top correspond to a
signifies the onset of the wet 2010–12 La Niña event. (For interpretation of the references to c
and SO4 concentrations were higher during this period (Fig. 3c, d and
f), but were also declining during this drying period. Drip water Na/Cl
ratios are greater than the seawater ratio of 0.86 (Fig. 3e) and the re-
gression slope of Na vs. Cl during these drier years is 1.02 (Fig. A.3),
this is consistent with the mass balance results (Section 4.1; Table 2)
confirming the contribution of Na from non-sea salt sources. Tadros
et al., 2016 suggested that the decreasing Cl trend during this interval
was due to a decreasing supply from a salt rich soil source over time.
The initially enhanced Na/Cl ratio from this research confirms this. Sol-
utes Ca, Mg and Sr largely show similar trends during the dry period,
with the exception of the shift to higher Mg and Sr in late 2007 owing
to a flow path change (Tadros et al., 2016). The rise in Ca concentrations
from ca. 60 mg L−1 in 2008 to ca. 80 mg L−1 in November 2009 was at-
tributed to enhanced weathering due to increased CO2 in the soil atmo-
sphere from soil microbial activity (Tadros et al., 2016).

The cumulative water balance increased overall between July 2010
and April 2012 (Fig. 3a) and soil moisture data collected from probes
installed in October 2011 demonstrate that soil moisture was above
the field capacity threshold during this period (Fig. 3b). This period
was the2010–12 LaNiña event, one of the strongest on recordwhich re-
sulted in above average rainfall at Yarrangobilly Caves (BoM, 2017;
Tadros et al., 2016). Sodium concentrations sharply decline at the
onset of this period of higher water flux (Fig. 3d). Fig. 3e shows that
the Na/Cl ratios fall to approximately the seawater ratio (HW1 and
3) or below (HW2) coinciding with infiltration. Throughout the follow-
ing wetter period, drip-waters show a variable and wide range of Na/Cl
ratios (0.6–1.1) but overall, the regression slope that represents the Na
vs. Cl ratios (0.66) during this wetter period is b0.86 (Fig. A.3). Con-
versely, the concentration of the divalent cations, Ca, Mg and Sr initially
increase (Fig. 3g, h and i); then show greater short-term variability rel-
ative to theprecedingdry period.When infiltrationfirst increases after a
dry period, it may be reasonable to attribute higher drip water Ca, Mg,
and Sr concentrations to increased mineral weathering, however we
argue that the enrichment of Ca,Mg and Sr, accompanied by a depletion
alance (CWB) and (b) soil moisture; the recharge threshold range between 0.30 and 0.45
) SO4 (g) Ca, (h) Mg, (i) Sr and (j) K concentration at drip sites HW1 – HW3 and (k) Zn
decline and increase in the CWB, respectively and the black vertical line at July 2010

olour in this figure legend, the reader is referred to the web version of this article.)
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of Na, indicated by Na/Cl less than seawater, provides evidence that cat-
ion exchange processes also occurred. It is proposed that themobilising
of Na-rich water from the soil during the initial recharge event, results
in the uptake of Na by the soil exchanger. This is expressed as a drop
in drip water Na and Na/Cl ratios, with the concomitant release of Ca,
Mg and Sr, and respective increase in drip water concentrations. Unlike
the elements involved in clay cation exchange, SO4 behaves differently
showing a long-term decrease in concentrations by 60% from July
2010 to July 2016. This suggests the declining drip water SO4 may be
driven by an alternate process, for example uptake into biomass
(Treble et al., 2016).

K has a fairly stable concentration during the Millennium drought,
the enhanced weathering episode in 2009 and is sustained during the
onset of the wetter period in July 2010 (Fig. 3j). This stability indicates
the uptake of water-soluble K into internal clay surfaces and becomes
non-exchangeable in the soil. However, a clear transition is observed
inMarch2011 oncewater balancehas been restored to relativelywetter
conditions. At this time, K concentrations increase and become more
variable, evident by transient peaks of 1–2 months, indicating K is re-
leased into solution as the clay particles are weathered. This pattern ap-
pears only for K; strongly supporting the interpretation of K-fixation by
clay minerals.

During the Millennium drought, Zn concentrations peaked at the
same time as Ca in late 2009. The rise in Ca was interpreted to be due
to an increase in carbonic acid under elevated soil CO2 from microbial
respiration (Tadros et al., 2016). Disassociation of carbonic acid causes
an increase in HCO3

− which is also accompanied by an increase in H+

or decrease in pH, in turn supporting our hypothesis of Zn colloidal
mobilisation from soils when pH is lowered. There are two further pe-
riods of higher Zn concentrations: a pulse in August 2010 and a gradual
increase in 2012. The cause of the short-lived pulse in 2010 is ambigu-
ous, however during the longer rising trend in 2012, Zn appears to be-
come mobilised when the cumulative water balance reverses to a
declining trend.

From April 2012 soil moisture capacity was less frequently above
field capacity however the cumulative water balance slowly declined
through to the end of the study in July 2016, but was still higher com-
pared to the earlier Millennium drought period. Although soil moisture
data was not available for the Millennium drought period for compari-
son, from this trend we infer reduced inflow from the soil storage to
epikarst storage reservoir. The impact of the 2015–16 El Niño, between
April 2015 to April 2016, on the site cumulative water balancewasmar-
ginal and thiswas also reflected in thedripwater chemistry (Fig. 3). This
is interpreted to indicate that variability in cave dripwater chemistry in-
creaseswhen there is an increase to the site's cumulativewater balance.
In this investigation, this was instigated by the transition between the
Millennium Drought and 2010–12 La Niña event.

5. Discussion

5.1. Source of drip water ions from end-members

Based on themass balance calculations, the limestone bedrock is the
primary source of Mg, Sr and K, as well as trace elements, to the drip
water (Section 4.1; Table 2). While solute yields in the cave drip water
are predominantly bedrock-derived, we identified atmospheric deposi-
tion supplies a quantifiable source of trace element species from non-
sea salt sources including 20–29% of Na and K and 12–61% of metals
such as Al, Cr, Mn, Ni, Co, Cu, Zn and Pb. The non-sea salt constituents
include those derived from a complex mixture of anthropogenic emis-
sions from industrial, automobile and coal-fired power stations and ae-
olian soil and smoke particles (Tadros et al., 2018), illustrating the
important role of the atmosphere in providing a direct source of ele-
ments to the soil profile above Harrie Wood Cave. Between October
2006 and July 2010, the drier years of our study, drip water Na enrich-
ment (Na/Cl N 0.86) was explained by the additional atmospheric
supply of Na from nss sources (Section 4.3). The interpretation of the
declining drip water Na and Cl trend is due to either a reduced fre-
quency of aeolian supplied salts to site i.e. a decrease in aerosol flux
over time or a diminishing supply from a major dust storm event that
occurred prior to the drip water monitoring period e.g. 2002–03
Australian dust storms (Gabric et al., 2010). We argue that alternate ex-
planations such as geogenic sourcing of Na from halite dissolution can
be neglected, confirmed by the mass balance calculations (Table 2).
Also, the limestone above and within Harrie Wood Cave, is a fossilifer-
ous micritic limestone with brachiopods and breccias of Silurian age.
Soluble minerals such as halite or gypsum would have been removed
during diagenesis and the limestone at Yarrangobilly has undergone at
least one phase of diagenesis (Gillieson, 2009; Frisia et al., 2018). To
date, a considerable number of studies have evaluated the bedrock as
a source of solutes acquired from congruent or incongruent dissolution
of carbonate minerals (Fairchild et al., 2000; Musgrove and Banner,
2004; Tremaine and Froelich, 2013; Hori et al., 2014; Rutlidge et al.,
2014). Comparatively, only a limited number of studies have been
done to constrain the atmospheric composition as a source of solutes
in karst studies (Baker et al., 2000; Dredge et al., 2013; Tadros et al.,
2018).

5.2. Processes influencing drip water ion concentrations

Soil processes regulating the input of metals from these endmember
sources in the dripwater are summarised in Fig. 4 andwere evaluated in
this investigation by examining the changing chemistry of the drip wa-
ters over time (Fig. 3) in relation to the water solubility of elements in
the soil (Table 3). Based on the mass balance (Table 2) and soil enrich-
ment factor results (Fig. 2), the soil zonewas recognised as an important
sink for trace metals, Na and K and a secondary source for Zn.

Cation exchange processes in the soil were identified to moderate
the drip water relationship between Na and Ca, Mg and Sr (Fig. 4a).
After the transition to the La Niña phase in July 2010 increased
weathering was observed to be consistent with the rise in drip water
Ca, Mg and Sr concentrations. Rather than increased weathering rates
solely explaining the rise in dripwater Ca,Mg and Sr concentrations, ev-
idence from this investigation raises an additional process. From drip
water Na concentrations (Fig. 3d) and Na/Cl ratios (Fig. 3e), it was de-
duced the shift from dry to wet conditions facilitated cation exchange
processes; the process of cation exchange by negatively charged clay
particles taking Na from solution in exchange for Ca, Mg and Sr
(Fig. 3d, g, h and i). For cationswith the same valence, the size of the hy-
drated radius determines exchangeability; where smaller ions are held
more tightly to the negatively charged clay surface (Essington, 2004).
Thus we hypothesis it is most likely that Mg exchanges with Na, given
the larger hydrated radii of Mg (0.428 nm) compared to Ca and Sr
(0.412 nm). Sodium build up in the soil from nss atmospheric deposi-
tion is surmised to be rapidly dissolved in solution at the onset of the
wet period. The low Na drip water concentrations after the shift from
dry to wet conditions suggested the uptake of Na from solution by cat-
ion exchange; because if Na-rich water is simply flushed out from the
soil and diluted, a sharp rise followed by a decrease would have been
expected in the dripwater time series. Cation exchange by clayminerals
is a common hydrogeochemical process that influences the bulk solu-
tion during the movement of saline water through aquifer systems
(Capaccioni et al., 2005; Argamasilla et al., 2017). Furthermore, if no ad-
ditional process influenced the drip water, the expected ratio of the in-
filtrating water would have been on average close to 0.86, given the
primary influence of a marine source (Table 2). Alternatively, this de-
crease in drip water Na/Cl ratios could indicate an accumulation of Cl
in the soil. Given that themovement of Cl through the epikarst is largely
determined by water flux (Tadros et al., 2016), we infer that Cl is
transported conservatively through the soil profile; because it does
not complex readily or strongly adsorb to soil components due to the
negative charge, or is chemically altered by microbial activity in the



Fig. 4. A schematic representation of several key soil processes that influence drip water hydrochemical variations at Harrie Wood Cave due to a change to the site's cumulative water
balance. Ions in cave drip are sourced from aerosols and the bedrock, while the soil zone is a sink for ions and a secondary source for Zn. (a) The shift from dry to wet conditions
facilitates cation exchange reactions. Negatively charged clay particles bind Na ions from solution in exchange for cations, in the order Mg N Ca and Sr. (b) Enhanced K-fixation occurs
during the sustained dry period, where K balances negatively charged sites in internal clay surfaces and becomes non-exchangeable in solution. K is released into solution as the clay
particles are weathered by high rainfall. (c) In soil, Zn is adsorbed on colloidal organic matter. Increased soil CO2 produced by microbial respiration, dissolves in H2O releasing
bicarbonate (HCO3

−), and consequently soil pH is lowered via the release of H+. As the soil becomes acidic, colloidal Zn is mobilised. Finally, mobilised metals which are released into
the soil water from processes occurring in (a)–(c) percolate through the soil profile. Adapted from Tadros et al. (2016).
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soil (White and Broadley, 2001), hence there is no evidence to support
Cl soil enrichment at this study site.

K-fixation by clayminerals in the soil was identified as a fundamen-
tal mechanism regulating drip water K during the driest period in the
study (Fig. 4b). K is also highly soluble (Table 3), but can easily enter
into clay lattices and is selectively fixed in the interlayers of clay min-
erals. K is trapped between the layers in the clay mineral and is there-
fore reflected in lower drip-water K concentrations during this period.
While during the La Niña event, a greater amount of precipitation led
to the slow weathering of the clay structure causing a lagged release
of K back into solution. Alternatively, it could be argued that during
the dry period soluble K may precipitate as a secondary mineral such
as jarsite or alunite minerals (Taylor and Eggleton, 2001). However,
we do not favour this explanation, since during the enhanced
weathering episode in the dry phase in 2009 and at the onset of the La
Niña event in July 2010, concentrations of bedrock derived solutes, in-
cluding Ca, Mg, Sr in drip-water increased except for K (Section 4.3;
Fig. 3j). Furthermore, the formation of a secondary mineral would sug-
gest a source of K, contrary to themass balance resultswhere a sinkwas
identified (Table 2). Thus the bulk of soluble K in solution is selectively
sorbed from solution and is fixed in the interlayers of clay minerals.

Within the soil zone, Zn is adsorbed on colloidal organic matter
(Section 4.2) and the large positive Zn residual (Table 2) was attributed
to the soil becoming a secondary source of Zn (Section 4.2). Small col-
loids are known to bind to soil solids (Hartland et al., 2012) and Zn
can be bound by colloids in the drip water as described above
(Borsato et al., 2007; Fairchild et al., 2010) and the recent results of
Frisia et al., 2018. Collecting drip water from the same drip sites exam-
ined in this research program (HW1–3) during September 2016, Frisia
et al., 2018 determined globular colloidal particles composed of Si, Al
and traces of N, Zn, Fe and S precipitatewith calcite nanoparticles; infer-
ring the globular colloidal particles were humic-like natural organic
matter colloids. Colloidal Zn is proposed to be mobilised under condi-
tions of reduced soil pH (Section 4.2; Fig. 4c). The rise in drip water Zn
concentrations in late 2009 supports our proposition of Zn colloidal
mobilisation from soils when pH is lowered due to soil respiration and
small colloids have been demonstrated to be mobilised by a change in
soil pH caused bybiogenic CO2 production (Cruz Jr et al., 2005). The con-
centration of Zn in the dripwater increased after the end of the 2010–12
La Niña in April 2012 (Fig. 3k), simultaneously as the cumulative water
balance was beginning to decline. We can infer that this may also be at-
tributed to reduced soil pH from the decomposition of organic matter
through respiration with the subsequent release and leaching of Zn.
This is plausible; provided there has been organic matter accumulation
in the soil in the preceding wet period, which binds more Zn, and the
decline in cumulative water balance and progressive soil drying in



2184 C.V. Tadros et al. / Science of the Total Environment 651 (2019) 2175–2186
2012 provides more oxygen within the soil zone thereby accelerating
organic matter degradation; however a more comprehensive examina-
tion of Zn mobilisation is warranted.

Previous investigations have shown that the bulk of the soils in the
montane region of the Australian Alps are composed of weathered
rock (Johnston, 2001) and are known to be influenced by aeolian dust
deposits which have high clay content and organic matter (Costin
et al., 1952; Costin, 1954; Costin, 1955; Butler, 1956; Chen et al., 2002;
Tadros et al., 2018). During the transmission of water from the surface
to the stalactite tip, we identify processes within the soil zone involving
these clayminerals and colloids, leading to variations in trace andmajor
element concentrations of cave drip water. Understanding how drip
water solute load varies as water flows through the clay-rich soil profile
in response to changing rainfall and aerosol input has provided impor-
tant information for identifying the range of trace element proxies
which can be used as a palaeo-environmental tool which we discuss
in Section 5.3. These findings from Harrie Wood Cave have wider rele-
vance to other karst sites overlain by clay-rich soils, for example Crag
Cave, southwest Ireland where the karst area is overlain by a glacial
till deposit, which is between 1 to N2 m thickness of clay. By examining
varying flow routes through the soil zone matrix and fracture network,
Tooth and Fairchild, 2003 identified soil and karst aquifer hydrological
controls on Ca, Mg and SO4 drip water concentrations in response to
varying rainfall. This enabled them to conclude that a palaeo-
hydrological signal in speleothems at Crag Cave may be interpreted
throughMg/Ca ratios. As this current research demonstrates, investigat-
ing the effect of soil processes to dripwater chemistry yieldmay provide
greater detail on other trace element proxies relevant to the study site.

5.3. Implications for speleothem records

This research demonstrates the significance of modern long-term
dripwatermonitoring as a framework for developing amore robust un-
derstanding of sources and processes altering the drip water solute
composition as water flows from the surface to the stalactite tip. Al-
though the interpretation of speleothem chemistry from the solution
composition can only be done semi-quantitatively due to uncertainties
in trace element partitioning and controls on ion incorporation into cal-
cite (Fairchild and Baker, 2012; Day and Henderson, 2013), the results
from this and previous studies (Tadros et al., 2016; Tadros et al., 2018)
will provide a perspective on, and form the foundation to the expected
trends of chemical variations in a stalagmite Holocene record.

Drip water chemistry at Harrie Wood Cave is sensitive to large
hydroclimate-driven changes; in particular the Millennium drought
and the 2010–12 La Niña (Section 4.3) confirming the suitability of
speleothem trace elements as a proxy for drier or wetter climatic pe-
riods. Previously, Tadros et al. (2016) demonstrated the sensitivity of
known palaeo-climate proxies in the drip waters from Harrie Wood
Cave. The Mg/Ca and Sr/Ca ratios in drip waters responded to the Mil-
lennium drought and the 2010–12 La Niña period, hence inferring that
displacements to higher values would differentiate between dry and
wet periods, respectively. In this analysis an additional process
impacting Mg, Ca and Sr was identified, although not related to PCP.
When rainfall containing a high load of dissolved Na, from aeolian salt
deposits on the soil surface, percolated through the clay-rich soil, cation
exchange processes occurred releasingMg, and to a lesser extent Ca and
Sr. In this 10-year dataset, ion exchange processes potentially control
the concentration of these solutes in solution for six months, whereas
PCP dominates variability in the ratios throughout the entire dataset.
Thus we infer the PCP processwould subsequently exert a greater effect
on these solutes in our stalagmite record.

In a subsequent study, Tadros et al. (2018) identified an increase in
smoke and soil dust aerosol loadings during below average rainfall con-
ditions and the 2015–16 El Niño period. While this research has shown
that soluble elements sourced from aerosol atmospheric input are me-
diated by processes in the soil zone, variations of the elements Na, K
and Zn in cave stalagmites should be investigated further as potential
new proxies for the boundary of these drought and flood events. Quan-
tification of trace element concentrations of Mg, Sr, Na and Zn in cave
calcite sample are routinely measured by laser- ablation ICP-MS analy-
ses (LA-ICPMS; Borsato et al., 2007; Fairchild and Treble, 2009) and in
principle, trace constituents of these elements, may also be detected in
cave calcite to 0.01–10 ppm, using a secondary ionisation mass spec-
trometer (SIMS; Fairchild and Treble, 2009) and Zn by synchrotron x-
ray fluorescence (e.g. Frisia et al., 2018). Given the premise that Na
and K measurement by LA-ICPMS is limited due to low mass signal in-
tensities, Na and K can be measured at a detection limit of 10 ppm or
better by SIMS (Mason, 1987).

Hartland et al. (2012) demonstrated variations in high-flux and low-
flux transportation of tracemetals bynatural organicmatter in cave drip
waters, postulating a climatic link to rainfall events. Because of the ten-
dency of Zn to be transported as a colloid in solution (Section 4.3), as a
generalisation based on the Zn data, it is envisaged that other colloidal-
transported trace metals, for example V, Cr, Co, Ni, Cu, Zn and Pb
(Section 4.2; Table 3) will likewise be incorporated in speleothem cal-
cite during periods of decreasing infiltration and could serve as an indi-
cator of drier rainfall conditions. Hence enriched [Trace element/Ca]
calcite would most likely parallel periods when the site cumulative
water balance reverses to a declining trend, and as suggested by Frisia
et al., 2018 expect this could give rise to the solid inclusion of organic
matter. Fluorescent lamina has been observed to coincide with high con-
centrations of colloid-associated trace elements in stalagmite records
(Roberts et al., 1998; Huang et al., 2001; Fairchild et al., 2001; Borsato
et al., 2007). Hence, future research examining fluorescent regions in sta-
lagmite records at Harrie Wood Cave may provide useful insight for the
application of Zn and other colloidal-transported trace metals as a proxy
for delineating the termination of a period of high water flux.

In cave dripwaters, K concentrations displayed the greatest contrast
between distinct extreme phases of water flux at the cave site i.e. Mil-
lennium drought event and 2010–12 La Niña flooding event (Fig. 3j),
demonstrating it may be a potential palaeo-climate proxy. In a resultant
stalagmite record from a karst site overlain by clay-rich soil, it is antici-
pated that multi-year shifts of [K/Ca]calcite to higher values may reflect
the onset of wetter surface conditions. Likewise, a clear contrast in the
drip water Na concentrations was observed between the extreme
phases of ENSO, with a well-defined drop in Na. Due to the smaller
ionic radius of Zn (0.71 Ǻ) compared to Ca (0.99Ǻ) andwith a solubility
less than calcite (Log Ksp = −9.82; Crocket and Winchester, 1966), Zn
easily substitutes for Ca in the structure of calcite, however alkali
metal co-precipitation with calcite varies. Ishikawa and Ichikuni
(1984) and Busenberg and Plummer (1985) proposed that both Na
and K ions occupy interstitial sites in the crystal structure of calcite. In
an experiment investigating the co-precipitation of alkali metal ions
(Li, Na, K and Rb) with calcium carbonate, Okumura and Kitano
(1986) confirmed this. In the presence of high Na concentrations in
the drip water solution, Pingitore Jr and Eastman (1986) identified
that Na may be preferentially incorporated over Sr into non-lattice
sites in calcite. Presumably, a greater abundance of Na and K at growth
defect sites in calcite from Harrie Wood Cave may imply periods of
drought, however this hypothesis must be supported by SIMS and LA-
ICPMS analyses (Frisia et al., 2018). Thus, due to the difficulty to predict
the incorporation of Na andK fromdripwater into speleothems, prior to
establishing these elements as proxies in speleothem calcite, our results
highlight the need to further examine trace element distribution in the
calcite structure to aid interpreting calcite geochemistry.

Tadros et al., 2016 demonstrated that the isolated use of oxygen-
isotope proxies is limited as no distinct drip water seasonal isotopic re-
sponse was observed. In this region the modern δ18O signal in meteoric
precipitation is ambiguous (Callow et al., 2014), moreover post infiltra-
tion processes have been demonstrated to influence the dripwater δ18O
composition (Markowska et al., 2015). However, using a diverse suite of
trace elements may be the most promising approach for this site.
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6. Conclusions

We demonstrate the usefulness of combining field sampling of
end-member data sets with long-term cave drip water monitoring
to extensively evaluate the processes controlling changes in the
chemical signatures of drip waters under a changing climate. De-
spite the broad geochemical differences between endmembers,
the supply of ions to the drip waters was differentiated using a
mass balance approach. Mineral weathering of the local bedrock is
the dominant source of Mg, Sr, K and trace elements; however the
importance of aerosols in supplying Na, Cl, K and Zn to the bulk
soil was recognised.

Following themass balance approach of Treble et al. (2016), quanti-
tative insight into the sources of dissolved solutes in the drip water was
obtained. Here, the approach of Treble et al. (2016) has been extended
to quantify the non-sea salt aerosol contribution in the drip water, and
by also including transition metals in this investigation. We revealed
that the concentration of trace and major elements in drip waters not
only depends on sources but highlights the central role of soil zone pro-
cesses in influencing the drip water composition during the movement
of rainfall from the surface to the stalactite tip. Furthermore, this re-
search also took into account soil enrichment factors, relative to local
bedrock, which supported the mass balance calculations and confirmed
that the soil is a significant sink for the bedrock derived transitional
metals. We concluded that the clay-rich soil zone is a significant factor
influencing the retention and transfer of metals from soil solution to
cave dripwaters. These conclusionswere hinged on examining changes
in a range of major and trace drip water solutes over the longer term
and understanding the drip water response during contrasting periods
of rainfall conditions. During drought, Na inputs enriching the soil
from sources other than marine aerosols may become more important
e.g. windblown soil and smoke. At the onset of wetter conditions, the
Na-rich input signal was altered in the soil solution by cation exchange.
Another prominent process during the drought was K-fixation and the
subsequent release to solution under sustainedwet conditions. Further-
more, the soil was identified as a secondary source for Zn and was re-
leased in solution as colloidal particles.

This research greatly adds to our understanding of the geochemical
drip water signal from Harrie Wood Cave, south-eastern Australia and
underlie the value of awell-characterised karst system. As such investiga-
tions of the sources and processes regulating the mobility of solutes in a
modern karst environment allow reliable interpretation of speleothem
trace elemental cycles. Tadros et al. (2016) demonstrated that Ca, Mg
and Sr can be used as palaeo-environmental proxies for contrasting rain-
fall conditions; as reduced rainfall invoked prior calcite precipitation
(PCP) which lead to an increase in drip water (and hence stalagmite)
Mg/Ca and Sr/Ca ratios. Here we show an additional modulation of
these solutes from cation exchange, but conclude that the PCP signal
will likely dominate in the stalagmite trace element record. We expect
that drought periods in the stalagmite-based archive could be detected
by using Mg and Sr, however a key insight which arose is that drip
water elemental variations in Na, K and Zn show particular promise as
useful palaeo-climate proxies, however further research into colloidally-
transported trace metals and Na and K partitioning between fluid and
speleothems would be beneficial.
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