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Abstract

A series of four short-term infiltration experiments which revealed hydrochemical responses relevant to semi-arid karst
environments were carried out above Cathedral Cave, Wellington, New South Wales (NSW), Australia. Dripwater samples
were collected at two sites for trace element and organic matter analysis. Organic matter was characterised using fluorescence
and interpreted using a PARAFAC model. Three components were isolated that represented unprocessed, soil-derived humic-
like and fulvic-like material, processed humic/fulvic-like material and tryptophan-like fluorescence. Principal Component
Analysis (PCA) performed on the entire dataset comprising trace element concentrations and PARAFAC scores revealed
two dominant components that were identified as soil and limestone bedrock. The soil component was assigned based on sig-
nificant contributions from the PARAFAC scores and additionally included Ba, Cu, Ni and Mg. The bedrock component
included the expected elements of Ca, Mg and Sr as well as Si. The same elemental behaviour was observed in recent stalag-
mite growth collected from the site. Our experiments demonstrate that existing paleoclimate interpretations of speleothem Mg
and Sr, developed in regions of positive water balance, are not readily applicable to water limited environments. We provide a
new interpretation of trace element signatures unique to speleothems from water limited karst environments.
� 2014 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Trace elements are preserved in speleothem calcite and
are increasingly used either in chronology (where trace ele-
ments vary rhythmically; Smith et al., 2009) or as a paleocli-
mate proxy (Sundqvist et al., 2013; Wassenburg et al., 2013).
Trace elements can derive directly from precipitation; from
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biogeochemical reactions between recharge and trace
elements associated with organic matter, colloids, clays
and bedrock clasts within the overlying soil; and from
biogeochemical reactions between infiltration water and
trace elements associated primarily with the limestone
bedrock overlying the cave (Fairchild et al., 2000;
Fairchild and Treble, 2009; Tremaine and Froelich, 2013).
Therefore trace element composition of waters infiltrat-
ing into a cave can be a product of many processes which
include metal-organic matter binding (Borsato et al., 2007;
Hartland et al., 2012), soil cation exchange, incongruent
and congruent dissolution of bedrock and soil clasts
(Hansen and Postma, 1995), and the amount of prior calcite
precipitation (PCP). Variable soil water residence times
(related to climatic conditions) and degrees of mixing
between recently infiltrated precipitation, existing older
soil water, and vadose zone water may lead to variable
elemental compositions for elements that are released by
kinetically controlled reactions, such as weathering of
primary silicate minerals (Appelo and Postma, 2005).
Regardless, the trace element distribution in speleothem
deposits will be related to the infiltration water geochemistry
and further modified during calcite precipitation. For full
reviews, we refer the reader to Fairchild and Treble
(2009), Fairchild and Baker (2012), and Tremaine and
Froelich (2013).

Trace elements have been widely investigated in speleo-
them paleoclimatology because they can give insights in
the multitude of processes that determine infiltration.
However they have yielded quantifiable paleoclimate prox-
ies in only a limited number of cases. The majority of
research has focussed on Mediterranean, temperate and
alpine climatic regions, where mean annual precipitation
(P) is typically greater than mean annual evapotranspira-
tion (ET). Pioneering initial research by Roberts et al.
(1998) demonstrated annual variability in Sr/Ca, Mg/Ca
and Ba/Ca in a temperate climate Scottish speleothem.
Fairchild et al. (2000) demonstrated that variations in
water availability, which control the extent of prior calcite
precipitation (PCP) and incongruent dissolution of bed-
rock could be the primary controls on speleothem Sr/Ca
and Mg/Ca, and this has been recently demonstrated
through the investigation of many diverse sites by
Tremaine and Froelich (2013). In drier conditions, there
is longer water residence time in the epikarst leading to
decreased drip rates and enhanced CO2 degasing. This sys-
tem results in higher Mg/Ca and Sr/Ca ratios than those
found in congruent dissolution of limestone due to prefer-
ential removal of Ca (Tremaine and Froelich, 2013).
Organic matter associated trace elements have also been
recognised which include, P, Cu, Pb, Zn and Y (Borsato
et al., 2007), and have been associated with infiltration
events that mobilise soil organic matter and colloids
(Hartland et al., 2012). Where trace element variations
occur regularly, such as in climate regions with strong sea-
sonality, high resolution (sub-annual) analysis of these
trace elements in speleothems provides an annual chronol-
ogy (Smith et al., 2009), which has been successfully used
to provide high precision records of past climate (for
example, Sundqvist et al., 2013).
Although karst infiltration water trace element geo-
chemistry increasingly is well understood, the majority of
research has been undertaken in temperate to alpine envi-
ronments, where on average mean annual P > ET. In these
environments, soil organic matter is relatively abundant,
soil geochemistry is primarily controlled by weathering of
the underlying bedrock, and infiltration and associated
speleothem deposition can be considered to be relatively
continuous (Fairchild and Baker, 2012). These conditions
contrast those in more arid environments: where P < ET,
soil organic matter may be limited and the soil is poor in
nutrients such as phosphorus. In these regions evaporation
processes dominate over infiltration, leading to salt accu-
mulation within the soil profile (McDonald et al., 2007).
With increasing aridity, aeolian processes and dust deposi-
tion becomes an increasingly important contributor to the
soil geochemical profile (Greene et al., 2009). Soil trace ele-
ment geochemistry therefore depends on the interplay
between the extent of soil salinisation (controlled by ET),
the proximity of potential dust sources, a site climatology
that permits dust transport and deposition, the soil organic
matter content and character, and the bedrock geochemis-
try. Infiltration events are irregular, often without an
annual frequency. Consequently speleothem deposition,
and thus trace elemental composition, can be considered
to be episodic rather than seasonal. In a pioneering study
in SE Australia, McDonald et al. (2007) presented 5-yrs
of trace metal data from cave dripwater and noted a more
complex response of dripwater Mg/Ca, Sr/Ca and Ba/Ca to
climate than observed in temperate regions. More recently,
Frisia et al. (2012) demonstrated that the P record pre-
served in Australian speleothems could be both a function
of within-cave microbial processes as well as soil-derived
infiltration. However, despite these two studies, review of
available literature indicate that karst infiltration processes
in arid and semi-arid zones are rarely investigated and thus
require further research.

In this paper we present the results of an infiltration
experiment performed at the Wellington Caves, NSW,
Australia. We undertook an artificial infiltration experi-
ment to better understand the trace element geochemistry
of dripwaters in semi-arid climate regions where P < ET.
We believe that this is the first such experiment undertaken
to understand karst dripwater trace element composition.
Furthermore, water sampling comprised both inorganic ele-
ments (trace metals) and dissolved organic matter analysis
by fluorescence, permitting the investigation of the associa-
tion of organic matter with trace elements. Our results are
relevant to the interpretation of speleothem trace element
records from any arid or semi-arid regions where infiltra-
tion events are infrequent and evaporation dominates the
soil water balance. This of course includes modern day
semi-arid and arid climate regions, as well as regions which
have experienced past aridity in the Quaternary or older
time periods. Our results will therefore facilitate the inter-
pretation of speleothem trace element records from regions
such as Israel (Bar-Matthews et al., 1991), Yemen (Van
Rampelbergh et al., 2013), Turkey (Siklósy et al., 2009)
and Morocco (Wassenburg et al., 2013), as well as from
Australia (McDonald et al., 2007).
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2. STUDY SITE

The Cathedral Cave in Wellington, NSW, Australia is
located at 32 370S; 148 560E, in a temperate semi-arid cli-
mate (Fig. 1c), with mean annual precipitation of 619 mm
(1956–2005) and evaporation of 1825 mm (1965–2005)
recorded at the nearby Wellington Research Centre
(Australia Bureau of Meteorology). There is a significant
seasonal temperature variation with monthly mean maxi-
mum ranging from 15 �C in July and 32 �C in January
(1956–1990, Australia Bureau of Meteorology). The lime-
stone bedrock geology has been described previously as a
mixture of massive and thinly-bedded Devonian limestone
(Johnson, 1975). The site of this study is within the massive
limestone, with a red-brown soil comprising clays, iron oxi-
des, fine quartz sands, and calcite nodules (Frank, 1971),
with aeolian contributions (Hesse and McTanish, 2003).

Wellington is situated within a region where dryland
salinity occurs. Dryland salinity is often due to deforesta-
tion over the last 200 years, which results in the saline
groundwater entering the soil by capillary action and subse-
quent evaporation resulting in the accumulation of salts.
Regional soils are ubiquitously affected by aeolian dust
deposition, with current estimates ranging from 13 to
50 t km�2 a�1 in southeast Australia (Greene et al., 2009).
Potential dust sources are diverse, and include distal arid
climate sources such as Lake Eyre, and proximal sources
Fig. 1. (a) Plan view of Wellington Caves, New South Wales, with a
(Adapted from Sydney University Speleology Society survey map 2006
bedrock profile and dripwater sites. (c) Location of study site in the Mur
by arrows and climate zones, adapted from Bowler (1976).
from deflation of alluvial material in the Murray–Darling
Basin (Hesse and McTanish, 2003).

The geomorphology of Cathedral Cave has been exten-
sively researched (Osborne, 2007) and has abundant evi-
dence of hypogene formation processes in addition to
conventional meteoric water features, arguably typical of
many caves in SE Australia (Osborne, 2010). The cave
has been a focus of long-term hydrogeological monitoring
(concurrent to this study) by the investigators, commencing
in 2010 and continuing, primarily using a network of in situ
Stalagmate� drip loggers. Mariethoz et al. (2012) utilised
near-surface infiltration to identify non-linear and chaotic
drip behaviour and its relationship to surface connectivity.
Jex et al. (2012) described infiltration patterns and pro-
cesses within the cave, and identified that infiltration only
occurs after high magnitude and duration rainfall events,
with a total precipitation of over �60 mm within 24–48 h,
however the necessary amount of rainfall needed can vary
dependant on antecedent conditions. Such rainfall events
occur very infrequently, typically 0–2 times a year, and
require slow-moving weather systems. In winter, this is
mostly likely associated with westerly frontal rainfall, where
the associated low pressure system is slow moving, deep,
and relatively close to the site. In summer, instability and
associated convective rainfall caused by slow moving or
stationary troughs and associated upper level systems,
draws moist, unstable air from the north of the region.
boxed area indicating where the surface irrigation was performed
–2007). (b) Cross section from site survey indicating soil surface,
ray–Darling Basin of NSW showing possible dust sources indicated
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These previous investigations have identified a section of
the cave that had numerous near-surface, intermittent
dripping sites (see Fig. 1a). Our irrigation experiment was
therefore located above this section of the cave, and the
two dripwater sites reported here were designated as Sites
1 and 2 (Fig. 1b).

3. METHODS

3.1. The irrigation experiment

In this study, an area, of approximately 3 � 7 m, directly
above the study area in Cathedral Cave was irrigated with
Wellington town supply water. The experiment was done in
the height of the Australian summer and the antecedent soil
moisture was very low (soil moisture was measured at the
nearby Wellington Research Centre as 0.1 weight fraction
at the time of the study). Two Monsoon pumps were used
to distribute the irrigation water from a 1600 L tank. The
irrigations were carried out over a period of two hours each
morning, for four consecutive days from the 8th January
2013. The volume and size of the irrigation area was chosen
to achieve equivalent of more than 60 mm of rainfall over
the irrigation site. Infiltration events were designated 1–4
with the following volumes: Event 1: 840 L (start time
7:00 am Day 1), Event 2: 1500 L (start time 8:00 am, Day
2), Event 3: 840 L (start time 8:00 am, Day 3), Event 4:
1500 L (start time 6:00 am, Day 4). The irrigation on Day
1 was spiked with 0.5 L of 99.8% deuterium (D2O) into
840 L of town water. The resulting deuterium enrichment
was 6100& (VSMOW) as measured by laser cavity ring
down analysis (see below). For reference the tank water
was sampled at the beginning and end of each irrigation
(for chemical composition see Supporting data Table S1).

3.2. Cave dripwater sampling

The onset and rate of inflow to the cave was monitored
at three stalactites using Stalagmate� drip loggers located
under drip sites on the cave floor. Water samples were col-
lected below the drip loggers in a plastic funnel which was
mounted at �30 cm height from the cave floor using com-
mercial drainpipe. The base of the funnel drained into 1 L
HDPE water sample collection bottles (Supporting data
Fig. S2a). Two of these drip sites activated during the irri-
gation, and cave dripwater samples were collected from
Sites 1 and 2 for trace element; fluorescent organic matter
analysis; and electrical conductivity (EC) measurements.
Three other sites also activated in close proximity (within
0.2 m either side) of Sites 1 and 2, but sampling was not
possible due to either uneven floor surface or proximity
to Sites 1 and 2. Water samples were collected regularly
from the 1 L sample containers during day time. A subsam-
ple of �20 mL was used for EC measurements on site using
a HACH HQ40d multimeter and EC probe. When drip
rates were slow, samples from Site 1 and 2 were mixed in
equal proportions to permit enough sample volume for
EC analysis. For this reason EC was not included in the
PCA analysis. Subsamples for trace element and fluores-
cence analysis were collected in 30 mL PET containers.
30 mL water samples for water isotope analysis were col-
lected in glass McCartney bottles. Therefore, all were inte-
grated samples: initial sample collection was at 30 min
intervals, reducing to hourly intervals during the recession
phase of each event. When dripping continued overnight,
the sampling interval was increased. A �5 mL aliquot from
the 30 mL PET container was filtered (0.45 lm PSE filters)
and analysed for organic matter fluorescence at the nearby
UNSW Wellington Field Station within 24 h. The remain-
der of the sample was refrigerated for up to 1 week, trans-
ported in a coolbox to the UNSW Analytical Centre,
Sydney, and filtered (0.45 lm PSE filters), acidified
(100 lL of concentrated HNO3 to 10 mL of sample) ready
for trace element analysis. Isotope samples were sealed,
stored and kept in the dark at room temperature until
analysis.

3.3. Cave dripwater analysis

Trace-element analysis of the dripwater samples (with-
out dilution) was carried out using a Perkin Elmer NexION
300D ICP-MS and Perkin Elmer Optima 7300 ICP-OES.
The following elements were analysed by ICP-OES: Ca,
Mg, Si and Sr, and by ICP-MS: Al, Ba, Cu, Fe, Ni, P,
Pb, U and Zn (Supporting data Tables S2 and S3). For
both techniques multi-element standards in 2% nitric acid
were prepared from 1000 mg L�1 single element stock solu-
tions (High-Purity Standardse). Standards were prepared
at the following concentrations for ICP-OES, 0.2, 1, 10,
and 100 mg L�1 and at 0.2, 1, 10 and 100 lg L�1 for ICP-
MS analysis. Of these, the following elements were consid-
ered reliable for interpretation Ca, Mg, Si, Sr, Ba, Cu, and
Ni. P and Pb were below the detection limit (10 and
0.10 lg L�1 respectively) of the ICP-MS and the other
excluded elements exhibited a high proportion of outliers
that would skew the subsequent PCA. A single spike in
the Cu results was removed from the data on the basis that
there was no corresponding spike observed in any other ele-
mental data.

Organic matter characterisation was undertaken using
fluorescence spectroscopy. A Horiba Aqualog fluorescence
spectrometer was used, which measures both absorbance
and fluorescence within the same instrument, with the
absorbance data used to correct for any reabsorption (or
inner-filter) effects. Fluorescence excitation-emission matri-
ces (EEMs) were collected using an excitation range of 240–
400 nm, with a step-size of 3 nm, and emitted fluorescence
detected between 210 and 600 nm with a CCD detector,
at a spectral resolution of 1.64 nm and integration time of
1 s. All data was inner-filter corrected, scatter lines masked,
and Raman normalised (to a mean Raman intensity of
water in a sealed water cell, excited at 380 nm, of 200 inten-
sity units), using proprietary Aqualog software. The resul-
tant dataset of 83 EEMs was analysed using parallel
factor analysis (PARAFAC) using Eigenvector Research
Solo� software. The PARAFAC method models the result-
ing data cube and extracts fluorescence components. Stan-
dard checks (split-half analysis, core consistency analysis,
the presence of physically meaningful components) were
applied to the resultant models to ensure model integrity



Table 1
Selected total elemental analysis results on dried soil and bedrock
samples at the site. (BLD: below limit of detection).

Soil Bedrock
wt% wt%

XRF analysis

Na2O 0.20 0.01
MgO 0.57 0.33
Al2O3 13.33 0.07
SiO2 52.84 0.11
P2O5 0.26 BLD
K2O 1.73 BLD
CaO 2.19 57.49
Fe2O3 7.02 0.13
Loss on ignition 20.63 43.16

lg/g lg/g

LA ICPMS analysis

Ba 165.5 0
Sr 70 118.2
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(Stedmon and Bro, 2008). This resulted in a three compo-
nent PARAFAC model being adopted.

The trace element concentrations and the PARAFAC
scores were analysed by PCA for each individual site. PCA
was performed in the PLS toolbox (Eigenvalue Research,
Inc.) with the data auto-scaled prior to the analysis.

Water isotopic composition of irrigation and dripwater
samples was determined using an LGR-24 d off-axis, inte-
grated cavity output, cavity ringdown mass spectrometer
(ICOS CRMS, Lis et al., 2007; Wassenaar et al., 2008) at
the University of New South Wales. Analytical precision
was 0.1 per mil (1r; calculated from within run internal ref-
erences materials).

3.4. Soil and rock analysis

A limited sampling of the soil and bedrock was per-
formed at the site. A single limestone sample from the bed-
rock at an accessible exposure at the edge of the irrigation
area was collected, and a single soil sample was obtained
approximately 30 cm below the soil surface from within
the centre of the irrigated area (Fig. 1a). The soil and rock
samples were analysed to determine their mineralogy and
elemental composition. Cave rock samples were crushed
to a ca. 20 micron powder in a tungsten-carbide ring mill.
Soil samples were prepared by drying for 3 h at 90 �C, fol-
lowed by grinding to a ca. 20 micron powder in a mortar
and pestle. The powdered samples were used for XRD anal-
ysis. Analysis for major and trace elements was performed
by preparing a glass bead using 1:10 weight percent of the
powdered sample in a 12:22 lithium metaborate flux
(Norrish and Hutton, 1969). The resulting bead was ana-
lysed for the major elements using a Panalytical PW2400
wavelength dispersive XRF Spectrometer fitted with a rho-
dium anode end window X-ray source and calibrated using
glass beads prepared from the Panalytical WROXI element
set and processed using the Panalytical SuperQ software.
Semi-quantitative trace element analysis was conducted
on the prepared glass bead using laser ablation ICPMS
on a New Wave NWR213 laser ablation unit coupled to
a Perkin Elmer NexION 300D ICP-MS and calibrated
using the NIST 612 silicate glass standard.

X-ray diffraction of soil and rock samples was performed
on a PANalytical MPD diffractometer fitted with a Pixel
array detector and a copper anode X-ray source. Measure-
ments were performed between 5� and 70� with a step size
of 0.001 2h whilst spinning the sample. All powders were
side-loaded into stainless steel sample holder for analysis.
Diffraction data was processed using the PANalytical High-
Score Plus software to remove artefacts from copper Kb
radiation, baseline-corrected using a polynomial function,
then fitted to a series of pseudo-Voigt functions to obtain
the peak areas. A single calcite phase was identified in the
cave rock sample. In the soil samples low angle peaks at
9.95, 9.01, 7.10 Å supported the presence of illite, smectite,
and kaolinite clays, along with strong diffraction from a
quartz phase. A semi-quantitative analysis was performed
using the clay 090 reflection (62.1� 2h, 1.49 Å) and the
neighbouring quartz 211 reflection (60.0� 2h, 1.54 Å) based
on reliability of the 090 peak for clay quantitation, and the
absence of overlap with other peaks (Srodon et al., 2001).
Semi-quantitation of the diffracting mineral phases was per-
formed using a standard addition of quartz (20 wt%), and
then the resulting mineral phase composition adjusted to
include an amorphous (non-diffracting) phase of iron
oxide/hydroxide identified in the XRF measurements.

3.5. Stalagmite collection and analysis

The cave area below the irrigation site is in a public sec-
tion of the cave and hence stalagmite collection was not
possible. However sampling was possible away from the
public section in a hydrologically active area known as
South Passage, which is approximately 30–40 m from the
infiltration site and approximately 20 m deeper (Fig. 1a)
and within the monitoring network reported by Jex et al.
(2012), where drip rates generally increase 10–20 days after
rainfall. We therefore conceptualize that stalagmites in this
area are subject to the same parent hydrochemistry as Sites
1 and 2. A stalagmite was collected from South Passage in
2011. The trace element record was measured along the
growth axis on one half of the cut stalagmite by a New
Wave NWR213 laser ablation unit coupled to a Perkin
Elmer NexION 300D ICP-MS. Elemental data was col-
lected continuously with a 25 lm spot size and a scan speed
of 25 lm s�1. The following elements were analysed Ba, Cu,
Mg, Ni, P, Si and Sr and reported relative to Ca and con-
verted to semi-quantitative data using NIST612 silicate
glass standard. PCA was performed on the stalagmite data
using PLS toolbox (Eigenvalue Research, Inc.) after the
data were auto-scaled.

4. RESULTS

4.1. Soil and rock mineralogy and elemental composition

A subset of relevant results for the XRF and LA ICPMS
elemental analysis of the soil and rock samples are given in
Table 1, and the complete analysis is given in the Support-
ing data Table S4. From these results it appears that Mg is
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present at similar levels in the soil and in the bedrock, and
Ba is only detectable in the soil sample. The soil sample
contains a high level of Si. P is only detected in the soil, pre-
sumably associated with organic matter. The majority of
the limestone bedrock sample comprised of calcite, with
trace quantities of other minerals, including quartz. The soil
was found to be a mixture of kaolinite, illite, and smectite
(bentonite) clays (56%) that have been reported at this site
(Frank, 1971; Gingle and de Deckker, 2005), quartz (15%),
and iron oxides (7%), with 20–22% volatiles.

4.2. Drip rates and dripwater stable isotope time series

The time series of drip rate and stable isotopes of the
cave dripwater during the four days of the short-term irri-
gation experiment above Cathedral Cave are plotted in
Fig. 2. On Day 1, no dripwater was observed at any of
our drip samplers, including Sites 1 and 2. Therefore, we
hypothesise that the irrigation water was primarily held in
the overlying soil. On Day 2, three hours after the start of
irrigation Event 2, dripping was observed at Sites 1 and 2
for a period of two hours and peaking at rates of
8.25 mL min�1 for Site 1 and 2.95 mL min�1 for Site 2.
On Day 3, following irrigation Event 3, dripping restarted
at Sites 1 and 2 2.5 h after irrigation commenced and
peaked at rates of 12.10 mL min�1 for Site 1 and
10.20 mL min�1 for Site 2. Site 1 then dripped continuously
while Site 2 dripping ceased after 17.5 h. On Day 4, after
irrigation Event 4, Site 1 continued to drip and dripping
restarted at Site 2 one hour after the start of the irrigation.
Rates peaked at 11.55 mL min�1 for Site 1 and
6.15 mL min�1 for Site 2. Both sites were monitored for a
further 24 h, during which time both sites continued to drip.

The irrigation water on Day 1 was spiked with deute-
rium and used as an artificial tracer of water movement
and to permit a calculation of the dilution of cave dripwater
with respect to the irrigation water. Isotope analysis of the
dripwater samples (Fig. 2) demonstrated that an increase
above the background natural variability of deuterium
(�9.2& vs �15.8&) was not observed until the end of drip-
ping on Day 2 with the maximum value of +11.5& reached
on Day 3 and then steadily decreasing until the end of mon-
itoring on Day 4 to values of about �4&, still above the
natural background level.

4.3. Trace element analysis

Fig. 2 shows the dripwater EC and selected elemental
concentration changes over time for Site 1 and 2. Every
elemental plot is characterised by certain features. The drip-
water EC data generally started out high for each event with
EC ranging from 430 to 493 lS cm�1 for Site 1 and 430 to
488 lS cm�1 for Site 2, depending on the day. As drip rates
decreased the EC decreased to between 406–430 lS cm�1 for
Site 1 and 406–466 lS cm�1 for Site 2, depending on the day.
For most elements (Fig. 2) the initial dripwater sample,
collected on Day 2, had high relative concentrations
suggestive of initial flushing of ions during the first flow.
Subsequent samples on Day 2 showed a rapid decrease
in concentrations, with the exception of Si. Elemental
concentrations on Day 3 showed an initial high concentra-
tion similar to that observed initially on Day 2. This initial
peak was smaller for Ba and Mg compared to the initial peak
on Day 2. Day 3 behaviour was repeated on Day 4 though on
a smaller scale. When the rate of dripping reduced, all trace
element concentrations increased with the exception of Ca
(and EC), which decreased. Over the period of the experi-
ment, Si and Sr show an upward trend at both sites. Within
each site Cu and Ni show very similar behaviour over the
period of the experiment. However, when comparing these
elements between sites a notable difference is the lack of a
concentration spike on Day 4 for Site 1. Ba also shows a dif-
ference between the two sites, with a concentration spike
present on Day 3 at Site 2 and Day 4 at Site 1.

4.4. Organic matter analysis

For the organic matter analysis, PARAFAC indicated
that a three factor model provided realistic excitation and
emission spectral profiles and appropriately modelled the
data. The three factors were identical to those widely
reported as the most common factors in fluorescence EEMs
from a wide range of aquatic environments (Stedmon et al.,
2003; Dainard and Guéguen, 2013). These three factors are
characterised following Ishii and Boyer (2012). Factor 1
fluoresces at relatively long emission wavelengths (peak
centred at 460 nm) and is commonly identified as unpro-
cessed, soil-derived humic-like and fulvic-like material that
has a high aromaticity and/or molecular weight. Factor 2
fluoresced at a shorter emission wavelength (peak centred
at 400 nm) and is commonly identified as biogeochemically
processed humic/fulvic-like material, where aromatic struc-
tures have been bio- or photo-degraded, with a resulting
structure that is less aromatic and/or has lower molecular
weight. Factor 3 fluoresced in the short UV (peak centred
at 340 nm) that is associated with living or dead microbial
matter (tryptophan-like fluorescence) and is therefore indic-
ative of microbiological activity (Hudson et al., 2007). We
hypothesise that all of the factors are soil-derived given
the 0–0.3 m thickness of soil overlying the infiltration site
and a bedrock thickness of 1.7–3 m limiting the likelihood
of other sources of organic matter between the soil surface
and the drip sites.

The PARAFAC score for each factor (which provides a
quantitative measure of fluorescent dissolved organic mat-
ter (fDOM) for each component) is shown in Fig. 3. Similar
to the trace element data on Day 2, each factor had an ini-
tial high amount of fDOM followed by a rapid decrease
suggestive of initial flushing. On the subsequent days the
amount of fDOM levelled out, peaking in the middle of
Day 3 and 4 for Factors 1 and 2, potentially related to time
of maximum soil moisture.

4.5. Trace element and DOM PCA

For each site an individual PCA was performed on the
entire dataset, comprising the trace element concentrations
and PARAFAC scores (representing the organic matter).
For both sites, the first two components account for
approximately 70% of the variance in the dataset. The



Fig. 2. Time series of drip rates, deuterium, EC and concentrations of a selection of metal elements in response to infiltration events at Site 1
(red) and Site 2 (black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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contribution of each variable in the analysis is given in
Table 2. The most notable observation about component
1 in both sites is the contribution of the PARAFAC scores
with the concentrations of Ba, Cu, Mg, and Ni. The pres-
ence of the PARAFAC scores in component 1 (but not
component 2) suggests that component 1 represents soil-
derived material. Component 2 has significant contribu-
tions from Ca, Mg, and Sr for both sites, cations that are
typically derived from limestone bedrock, and in addition
Si. These elemental assignments are supported by the soil
and bedrock elemental results, as Mg was present at similar
levels in the soil and bedrock component and Ba only
detected in the soil sample. However, despite PCA suggest-
ing that the dissolved Si is a bedrock-derived element, it was
present at a high level in the soil sample. Further discussion
of the Si results is found in Section 5.
The score plot for the soil and bedrock component
is given in Fig. 4 for Site 1 and 2. Both components show
evidence of an initial flushing on Day 2, however the soil com-
ponent is significantly higher indicating a higher proportion
of elements and organics in that fraction. On the subsequent
days the level of the soil component remains relatively consis-
tent, however the daily average bedrock component
increases. The reasons for this behaviour are unclear but
might be attributed to longer residence time or to contribu-
tions from zones not activated on the previous days.

5. DISCUSSION

Prior to the experiment the soil surface above the cave
was dry and there were no active drip sites, which is gener-
ally the case for the site. Dripping only activates after major



Fig. 3. PARAFAC scores over the course of the experiment for
each factor at both sites. Factor 1 (F1: unprocessed soil-derived
humic and fulvic like material); Factor 2 (F2: biogeochemically
processed humic and fulvic like material; Factor 3 (F3: microbially-
derived material). (N.B. no calibration was performed hence
relative difference between factor scores do not necessarily repre-
sent the same relative differences in concentrations).

Table 2
Elemental and PARAFAC scores contributions to PC1 (bedrock
component) and PC2 (soil component).

Site 1 Site 2

PC 1 PC 2 PC 1 PC 2

% Explained variance 47.08 27.25 55.16 25.22
Ba 0.41 0.12 0.40 0.06
Ca �0.003 0.49 0.01 0.24
Cu 0.17 �0.06 0.35 0.16
Mg 0.35 0.34 0.34 0.32
Ni 0.32 0.05 0.39 0.15
Si �0.18 0.51 �0.15 0.54
Sr 0.02 0.58 0.14 0.58
PARAFAC1 0.41 �0.08 0.36 �0.26
PARAFAC2 0.42 �0.12 0.39 �0.20
PARAFAC3 0.43 �0.02 0.37 �0.22
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rain events of more than about 60 mm, although this
depends the on antecedent conditions of the soil (Jex
et al., 2012). In this area of the cave, dripping will only last
for a maximum of two weeks in accordance with the
semi-arid conditions of the site. The residual soil moisture
is immobile for long periods of time between events and
able to equilibrate with minerals and organic material in
the soil. The flow path on the cave wall below the exfiltra-
tion point is observed to dry up between rain events to pre-
sumably leave traces of dissolved salts and organic matter.
Evidence of organic matter deposition can be seen by the
discolouration along the flow paths (see Fig. S2b). This
could explain the high concentrations of both trace element
and organic components during the first flush on the second
day of the experiment. Also, it was seen albeit to a smaller
degree on the subsequent days, indicating that the system
was continually wetting up during the entire experiment.
A conclusion supported by the more sustained dripping
on subsequent days.

During this study, the drip rates for Site 1 were consis-
tently higher than for Site 2 and had a longer recession
on Day 3 (Fig. 2) and at the end of dripping after Event
4 (not shown). However, the longer recessions at Site 1 only
corresponded to a small additional volume, for example on
Day 3 there was an additional 96 mL at Site 1 after dripping
stopped at Site 2. We believe the small differences in the
hydrology of the two sites are due to the flow paths for Site
1 and 2 only diverging within the cave (see Fig. S2b). Dur-
ing periods of high drip rates all sites are activated (addi-
tional dripping was observed at three adjacent sites). As
the drip rate slowed the outer flow paths dry up and drip-
ping ceased at these sites, with Site 1 having a longer reces-
sion as it appears to be supplied by the central flow path.

The hypothesis that the irrigation water was initially
held in the overlying soil is supported by the morphology
of the site and the deuterium results. The area irrigated
was 3 � 7 m with a continuous thin surface soil layer that
we estimate to generally vary between 0 and 0.3 m. How-
ever, additional soil is present at deeper levels in fractures
in the underlying bedrock. From these figures the estimated
the soil volume is 2.1–6.3 m3 equivalent to 3.8–11.3 tonne
of soil (assuming bulk density of 1.8 g mL�1). The soil
moisture records (November 2011 to May 2013) from the
nearby Wellington Research Station indicate a soil mois-
ture capacity of up to 0.6 wfw, and the existing soil mois-
ture was 0.1 wfw. Hence a conservative estimate of the
soil’s additional water storage capacity is approximately
1890–5670 L supporting the hypothesis that the 840 L of
water from Event 1 was stored initially in the soil. In addi-
tion, the appearance of an increase above the background
natural variability of deuterium in the dripwater confirms
that the water from Day 1 was initially stored in the over-
lying soil. Since this increase was not observed until the end
of dripping on Day 2 this demonstrates that the initial cave
dripwater on Day 2 was stored water from before the
irrigation experiment, pushed into the cave by the applied
irrigation water, and that the irrigated water did not start
to appear until the end of dripping on Day 2, with the
majority of the irrigation water appearing on Day 3.

The deuterium data permits an estimation of dilution of
the irrigation water (in the tank) with pre-existing soil and
vadose zone water. The deuterium value measured for the
irrigation water on Day 1 was 6100& and the maximum
deviation from the background of the collected dripwater



Fig. 4. Score plots of the principal component analysis of elemental and PARAFAC data over time at Site 1 and Site 2.
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samples was �27& at Site 1 and �25& at Site 2. Using
these values the minimum dilution of the irrigation water
was 0.45%. When this dilution factor is applied to the ele-
mental concentrations of the irrigation water, the measured
elemental cave dripwater concentrations are several orders
of magnitude higher for all elements and organic compo-
nent scores (values are given Supporting data Table S1).
This is an important observation as it demonstrates that
the organic or elemental signature of the water used for
the irrigation does not need to be considered further and
validates the use of the artificial irrigation to investigate
contributions of soil and bedrock to the chemistry of cave
dripwaters.

In absolute terms the collected dripwater cation
inorganic chemistry is dominated by the dissolved Ca with
concentrations ranging between 73 and 94 mg L�1, as
would be expected in this system. When comparing to the
EC values using the condition that the sum of cations (on
a milli-equivalent basis) should equal EC/100 (in lS cm�1),
Ca explains between 90% and 100% of the dissolved cation
load. Interestingly, both EC and Ca are observed to
decrease when drip rates are decreasing towards the end
of each day (Fig. 2). We hypothesise that this due to slower
flow on the cave features which allows more time for dis-
solved CO2 to equilibrate and degas to the cave atmo-
sphere. This process could be driving PCP and explain
the decrease in Ca and consequently EC. Unfortunately,
this hypothesis could not be tested by calcite saturation cal-
culations since the experimental setup and collected sample
volumes did not allow for alkalinity analysis and reliable
pH measurements.
It was somewhat surprising that the PCA grouped dis-
solved Si with the limestone bedrock trace elements since
the total element analysis demonstrated that Si was of signif-
icantly greater abundance in the soil than found in the bed-
rock (Table 2). This can be explained by the generally dry
nature of the site, and hence the relatively long water resi-
dence times in the soil between infiltration events that allow
weathering reactions in the soil to reach conditions where Si
concentrations are controlled by the equilibrium of precipi-
tating secondary minerals. Si concentrations therefore are
controlled by equilibrium conditions rather than by kineti-
cally controlled weathering of primary silicate minerals
(Appelo and Postma, 2005). This is supported by the con-
centrations of Si and dissolved aluminium (Tables S2 and
S3), which are consistent with equilibrium conditions for
kaolinite (observed in the soil) at a reasonable soil pH ca
4.8. Likewise Si concentrations are observed in a very tight
range 5.4–6.1 which is in the concentration range observed
for equilibrium with a SiO2(s) solid somewhere in the range
between quartz and amorphous SiO2(s) (Appelo and
Postma, 2005). We hypothesise that the narrow observed
range of Si is due to equilibrium control in the soil. We fur-
ther hypothesise that the PCA grouping of Si with the lime-
stone bedrock trace elements could be due to the frequent
precipitation and re-dissolution of Si on the cave features
along the flow path related to the drying and wetting events.

5.1. Sr and Mg in dripwater

In a review of dripwater Sr and Mg trace element
concentrations from diverse cave research monitoring
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campaigns, Tremaine and Froelich (2013) concluded that
Sr/Ca and Mg/Ca in dripwaters and stalagmites are likely
to be useful indications of groundwater residence time at
sites where there was a single source of Sr and Mg (e.g.,
bedrock). Where this was stable over time, Sr/Ca and
Mg/Ca could be used as paleoclimate proxies, and the sta-
bility could be tested through the analysis of the Sr/Mg
ratio in stalagmites over time. Following the work of
Fairchild et al. (2000) and Tremaine and Froelich (2013)
clearly demonstrated that for sites where precipitation dom-
inates over evaporation, PCP is the dominant process that
controls dripwater and stalagmite Sr and Mg.

Fig. 5 presents Sr/Ca vs Ca and Mg/Ca vs Ca for the
three days of the infiltration experiment. Due to the short
duration of the experiments, we expect PCP would be
Fig. 5. Ca versus Sr/Ca and Mg/Ca m
limited during the initial stages of infiltration, but would
increase as drip rates slow and residence time increases.
Overall, we would hypothesise that the evolution of Ca,
Sr/Ca and Mg/Ca over time would be dominated the inter-
play between rapid dissolution of carbonate minerals, and
any subsequent prior calcite precipitation, assuming a
single bedrock source of Mg and Sr. Fig. 5a and b demon-
strates that this is the case, with increasing Ca concentration
between Days 2, 3 and 4, a strong correlation between Ca
and Sr/Ca during each drip event, and with no significant
change in Sr/Ca ratio between the drip events. However,
Fig. 5c and d demonstrates a complex response, both within
individual irrigation events and between events. The
complex behaviour of Mg results in extensive scatter in the
Sr/Ca versus Mg/Ca plot (Supporting data Fig. S4) that
olar ratio for Site 1 and Site 2.
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precludes the use of this type of plot to identify PCP by
divergence from the mixing radial as demonstrated by
Tremaine and Froelich (2013). The difference in dripwater
Sr and Mg responses during the irrigation events reflects
the relative geochemistry and mineral solubility of the soil
and bedrock at our site (Table 2). Whereby, soil geochemis-
try dominated by silicates and bedrock chemistry by carbon-
ates, and a similar abundance of magnesium in both the soil
and bedrock when analysed as total elemental composition.

At our site, in a region where loess contributes to the soil
and salt accumulation within the soil profile is expected to
occur (Hesse and McTanish, 2003), Mg fails the ‘single
source’ test of Tremaine and Froelich (2013). Instead, Mg
accumulation occurs in the soil due to evaporation, the rel-
atively low proportion of Mg in the Devonian Limestone
limits its signature from the bedrock, and there is a rela-
tively low contribution of regolith derived Mg to the soil
geochemistry at a site where dust deposition is frequent.
Our observations are made at an event scale, and the extent
to which they apply at seasonal inter-annual timescales
needs further investigation. It is possible, that over long-
time periods, PCP may become a more dominant, and the
Fig. 6. Trace element record from the top 2.6 mm of stalag
Mg signature might be dominated by this process. We con-
sider this further in Section 5.3.

5.2. Soil and bedrock trace element signatures in dripwater

Potentially, Sr is identified as a useful trace element sig-
nature of bedrock contact time over the scale of individual
irrigation events, typical of the occasional high rainfall
amount events that generate groundwater recharge at our
research site. At the timescale of individual recharge events,
dripwater Sr concentration is dominated by dissolution.
The Sr appeared in the PCA as component 2, along with
Si and Ca (Table 2, Fig. 4), and component 2 had a negative
correlation with fDOM, indicating that this was a grouping
of bedrock-derived trace elements.

Dripwater PCA analysis demonstrates that trace
elements which can be uniquely attributed to being
soil-derived are Ba, Ni, and less conclusively Cu. Both Ni
and Cu have been previously recognised as organo-colloid
associated trace elements (Borsato et al., 2007; Hartland
et al., 2012) and their association with fDOM is expected.
Ba has been previously interpreted as a bedrock-derived
mite C collected from Wellington Caves in 2011 A.D.
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trace element due to its ability to replace calcium in octahe-
drally-coordinated lattice positions within CaCO3

(Fairchild et al., 2010). However, Ba was undetectable in
the Devonian limestone sample, but found in the soil.
Given the high solubility of barium in water and acids,
and its strong absorption by clay minerals, we hypothesise
our clay-rich soils provide the dominant source of Ba and it
is therefore a soil signature. McDonald et al. (2007),
sampling dripwaters at Wombeyan Caves, 250 km to the
SE, found that Ba concentrations did not represent water
residence times in the bedrock.

Therefore we hypothesise that Ba and organo-colloid
associated trace elements such as Ni and Cu provide trace
element signatures of soil and only Sr provides a signature
of the bedrock, at least over event timescales. At our tem-
perate semi-arid site, long term and frequent aeolian depo-
sition to the land surface has formed a silicate and clay rich
soil which can strongly bind Ba (Eylem et al., 1990), and
provides a source of Si. Soil-derived dripwater contains
high concentrations of fDOM and associated metals with
a high binding affinity. The concentrations of Si, also a
soil-derived element at this site, is controlled by the equilib-
rium of the precipitation of secondary silica minerals.
Where water is in contact with the bedrock, Sr should be
increasing with time. Over longer than event timescales,
dripwater Sr concentration will also be controlled by
PCP. This suggests that Mg in the environment of this
study is a poor tracer as it has potential sources from soil
salt accumulation due to the high ET, a potential source
in high Mg clays weathered from aeolian deposition, and
a limestone dissolution source. In addition, Mg will vary
with the degree of PCP within the bedrock above the cave.
This suggests it may be necessary to investigate and inter-
pret the trace element response to recharge on a site-by-site
basis to calibrate these proxies in stalagmites. To test these
Fig. 7. PCA loadings plot for components
hypotheses, we consider the recent stalagmite trace element
record from the cave.

5.3. Recent stalagmite trace element profile

An actively-forming stalagmite from South Passage was
sampled in 2011 and the top 2.6 mm analysed using LA-
ICPMS. Although the exact growth rate for this sample is
not known, speleothems in this part of the cave have depos-
ited over infrastructure installed in 1926 when it was the
show cave. A total speleothem accumulation of 22 mm is
indicative of a minimum growth rate of 0.26 mm year�1.
This is in agreement with that expected for the observed
dripwater Ca concentrations of 70–90 mg L�1 (Fig. 2)
(Dreybrodt, 1999). Therefore we hypothesise that the top
2.6 mm represents the last 10 years of deposition. The sta-
lagmite is situated around 20 m below the site affected by
the irrigation experiment. Jex et al. (2012) demonstrated
that drip rates in this part of the cave increases 10–20 days
after long-duration, high volume rainfall events, and drip-
ping is maintained for several weeks to years, depending
on the flow path. We hypothesise that the dripwater from
this section of the cave has the same parent hydrochemistry
as dripwater from the irrigation events and it has likely to
have undergone PCP.

Fig. 6 presents the LA-ICPMS data for Mg, Si, Sr, Cu, P
and Ba, normalised to Ca for the stalagmite and Fig. 7
shows the loading plot for component 1 versus component
2 from the PCA performed on the stalagmite data.
Although P was below detection in the dripwater data con-
centrations were significantly above the detection limit in
the stalagmites, and also detectable in the total elemental
analysis for the soil (Table 2). Whilst a bedrock or a soil
component could not be identified there appears to be a
clustering of the soil-derived dripwater elements in Ba
1 and 2 of the Wellington stalagmite.
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and Cu with P (and additionally Si). This confirms the Ba
concentration being a signature for soil-derived water in
the dripwater samples. We hypothesised that the Mg/Sr
ratio would not be constant over time and this is confirmed
by the separation of these elements in PCA loadings plot
(Fig. 7). In the stalagmite, Sr contains little high-frequency
variability compared to Mg, suggesting that the Sr does
comprise a smoothed, bedrock-derived signal. The elements
Ba and Mg are also separated confirming the complexity of
the Mg signature. The source of the variability of Mg
requires further investigation.

6. CONCLUSIONS

Through a series of short-term infiltration experiments
the trace element geochemistry of dripwater was characterised
in a semi-arid environment at Wellington Caves, Australia.
Use of PCA on the combined trace element concentrations
and PARAFAC scores (representing different fDOM pools)
revealed two dominant components in the dripwater sam-
ples, a bedrock component and a soil component. The soil
component, identified based on the contribution of the
PARAFAC scores, also contained Ba, Cu, Mg, and Ni.
The limestone bedrock component comprised Ca, Mg and
Sr that are typical bedrock-derived elements and in addition
Si, an element not normally associated with bedrock.

In contrast to temperate and alpine environments it is
demonstrated that Mg can have contribution from the soil
in addition to being solely bedrock-derived. It is notable
that Ba, a typical bedrock-derived element was found to
be soil-derived. These results were supported by soil and
rock analysis with similar levels of Mg present in the soil
and limestone samples, and Ba only detectable in the soil.
Analysis of a stalagmite collected from this site supports
these conclusions.

Our results demonstrate that infiltration water trace
element composition at a particular semi-arid to arid site
is likely to be site specific, and highly dependent on the
existence of aeolian soil and salt deposits in the soil pro-
file, and the soil salinity as a function of climate. Results
from this study suggest that calibration of stalagmite trace
element records should be on a site by site basis in these
regions thus further research is needed from other sites.
We show that Mg/Ca is highly unlikely to provide a
unique or stationary paleoclimate proxy in these environ-
ments, and that the test of a constant ratio of Mg/Sr in
stalagmites as proposed by Tremaine and Froelich (2013)
is expected to fail.

In semi-arid to arid regions, recharge events are infre-
quent. Yet, the high rainfall amount required to overcome
soil moisture deficit and evaporation can lead to recharge,
and storage within the soil and the limestone bedrock which
in turn can lead to episodes of both continuous and discon-
tinuous dripping and subsequent speleothem formation.
This was observed at our site. We have identified suites of
trace elements that are indicative of soil and bedrock con-
tact time and dripwater evolution. The observed behaviour
of these trace element proxies in relation to speleothem
paleoclimate reconstructions will form the basis of future
work by the investigators.
Our conclusions have implications for the interpretation
of speleothem trace element records in semi-arid to arid
regions where P < ET. Typically, such sites are desert mar-
ginal and prone to aeolian deposition, and our results are
relevant to any site where aeolian contributions to the soil
might be significant. Overall, trace elements identified in
this study in a semi-arid environment, cannot be assumed
to follow the conventional interpretations that are more
generally applicable in temperature climate zones. At these
sites, models of Sr and Mg dripwater concentration as a sin-
gle source, bedrock residence time signal, are unlikely to
apply. Speleothem trace element records interpreted in this
manner should be treated with caution.
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Siklósy Z., Demény A., Vennemann T. W., Pilet S., Kramers J.,

Leél- }Ossy S., Bondár M., Shen C.-C. and Hegner E. (2009)
Bronze age volcanic event recorded in stalagmites by combined
isotope and trace element studies. Rapid Commun. Mass

Spectrom. 23, 801–808.
Smith C. L., Fairchild I. J., Spötl C., Frisia S., Borsato A.,
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