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Speleothem trace element chemistry is an important component of multi-proxy records of environ-
mental change but a thorough understanding of hydrochemical processes is essential for its interpre-
tation. We present a dripwater chemistry dataset (PCO2, alkalinity, Ca, SIcc, Mg and Sr) from an eight-year
monitoring study from Golgotha Cave, building on a previous study of hydrology and dripwater oxygen
isotopes (Treble et al., 2013). Golgotha Cave is developed in Quaternary aeolianite and located in a
forested catchment in the Mediterranean-type climate of southwest Western Australia. All dripwaters
from each of the five monitored sites become supersaturated with respect to calcite during most of the
year when cave ventilation lowers PCO2 in cave air. In this winter ventilation mode, prior calcite pre-
cipitation (PCP) signals of increased Mg/Ca and Sr/Ca in dripwater are attributed to stalactite deposition.
A fast-dripping site displays less-evolved carbonate chemistry, implying minimal stalactite growth,
phenomena which are attributed to minimal degassing because of the short drip interval (30 s).

We employ hydrochemical mass-balance modelling techniques to quantitatively investigate the
impact of PCP and CO2 degassing on our dripwater. Initially, we reverse-modelled dripwater solutions to
demonstrate that PCP is dominating the dripwater chemistry at our low-flow site and predict that PCP
becomes enhanced in underlying stalagmites. Secondly, we forward-modelled the ranges of solution Mg/
Ca variation that potentially can be caused by degassing and calcite precipitation to serve as a guide to
interpreting the resulting stalagmite chemistry. We predict that stalagmite trace element data from our
high-flow sites will reflect trends in original dripwater solutes, preserving information on biogeo-
chemical fluxes within our system. By contrast, stalagmites from our low-flow sites will be dominated by
PCP effects driven by cave ventilation. Our poorly karstified system allows us to highlight and quantify
these in-cave (PCP) processes, which are otherwise masked at sites where karstification is more
developed and hydrogeology is more complex. Our modelling also shows enhanced CO2 source pro-
duction in the unsaturated zone that is attributed to deeply-rooted vegetation and increasing bio-
productivity which we link to forest recovery after fires impacted our site during 2006 CE.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Speleothem trace elements are derived from minor and trace
concentrations of solutes in cave dripwater. These solutes may be
derived from incoming meteoric precipitation, dust, sea spray and
soil/bedrock leaching (Baker et al., 2000; Musgrove and Banner,
W 2232, Australia.
reble).
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2004; Fairchild and Treble, 2009; Hartland et al., 2012; Baldini
et al., 2015) and their subsequent concentrations in dripwater
modified by biogeochemical processes in the unsaturated zone (e.g.
nutrient cycling and organic matter flux; Hartland et al., 2012;
Wynn et al., 2013) and karst hydrological flowpaths (e.g. mixing
and dilution; Tooth and Fairchild, 2003). The construction of high-
resolution (sub-annual or better) speleothem trace element records
by in situ methods (lasereablation inductively coupled plasma
mass spectrometry, ion microprobe and synchrotron X-ray fluo-
rescence) is becoming a relatively common and straightforward
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process. As such, they are an important component of multi-proxy
information used for paleo-environmental interpretation (e.g.
Treble et al., 2003; Frisia et al., 2005; Fairchild et al., 2006;McMillan
et al., 2005; Johnson et al., 2006; Cruz et al., 2007; Hori et al., 2014;
Orland et al., 2014; Rutlidge et al., 2014; Wynn et al., 2014).

Speleothem formation and the incorporation of minor and trace
elements from dripwater into speleothem calcite are broadly well-
understood (Fairchild and Baker, 2012). Calcite precipitation from
dripwaters leading to stalagmite formation may be generally
described as follows: i) the initial stage of dissolved CO2-degassing
as dripwater emerges from the cave ceiling, ii) equilibration of the
dripwater with cave PCO2 via the hydration of CO2; and iii) calcite
precipitation. This evolution of chemical species is predominantly
characterised by a reduction in dripwater PCO2 during equilibration
and a reduction in both [Ca2þ] and [HCO3

�] during precipitation
driven by consumption of these ions (Hansen et al., 2013). Minor
and trace elements present in dripwater may become incorporated
into the growing speleothem (Gascoyne,1983; Huang and Fairchild,
2001; Fairchild and Treble, 2009; Day and Henderson, 2013). Those
that readily substitute for Ca in the carbonate crystal lattice, such as
Mg and Sr, are known to behave in a predictable manner (see
Fairchild and Treble, 2009). Their uptake has been determined
experimentally, including for cave-analogue conditions (Huang and
Fairchild, 2001; Day and Henderson, 2013), and is defined by the
partition coefficient, K, (Equation (1)). Using Mg as an example:

KMg ¼ ½Mg=Ca�calcite
.
½Mg=Ca�fluid (1)

The origin of trace elements in cave dripwaters may be con-
strained by the chemical characterisation of end-members
(bedrock, dust, etc) providing a basis for interpreting the speleo-
them trace element record (e.g. Goede et al., 1998; Musgrove and
Banner, 2004; Tremaine and Froelich, 2013). However, the most
appropriate interpretation may be more challenging, owing to the
subsequent water/rock interactions occurring along individual
water flowpaths associated with hydrological routing (Tooth and
Fairchild, 2003; Baldini et al., 2006; McDonald and Drysdale, 2007).

A common process that can dominate the ultimate concentra-
tions of these ions in dripwater is prior calcite precipitation (PCP).
PCP is defined as the calcite precipitated from a solution before it
reaches the stalagmite. This is caused by the fluid equilibrating with
lower PCO2 conditions along its flowpath in the unsaturated zone
(Fairchild et al., 2000). PCP is commonly diagnosed using speleo-
themMg/Ca or Sr/Ca, as K << 1 for these ions results in these ratios
becoming higher in the precipitating fluid. Since water-residence
time along a flowpath in the unsaturated zone typically increases
during periods of lower recharge, evidence for enhanced PCP in a
speleothem record has become a useful and common diagnostic for
recharge variations (e.g. Johnson et al., 2006; Karmann et al., 2007;
Sinclair et al., 2012), particularly drought periods (McDonald et al.,
2004).

Karst CO2 gradients are also an important driver in the PCP
process. Cave CO2 concentration is governed by a balance between
CO2 production by microbial and root respiration in the overlying
soil and vadose zone, cave biological activity, and the loss of CO2

from the cave to the atmosphere (Fairchild and Baker, 2012). It is
now recognised that many caves experience a seasonal build-up of
CO2 concentration that is not primarily related to CO2 production
but controlled by seasonal contrasts in temperature and/or pres-
sure gradients promoting or restricting cave ventilation. The more
typical situations are temperature-driven buoyancy flows pro-
moting stronger ventilation in cooler months and high cave PCO2 in
warmer months (Sp€otl et al., 2005; Frisia et al., 2011; Miorandi
et al., 2010; Kowalczk and Froelich, 2010; Lambert and Aharon,
2011). Ventilation-driven changes in cave PCO2 has been shown
to drive seasonal variability in PCP (Wong et al., 2011).

Cavemonitoring is a useful exercise for understanding processes
in a particular karst system including PCP (e.g. Genty and Deflandre,
1998; Miorandi et al., 2010; Pape et al., 2010; Wong et al., 2011;
Riechelmann et al., 2013; Tremaine and Froelich, 2013). However,
clearly identifying PCP via cavemonitoring has been confounded by
karst systems with complex hydrogeology, with particularly
marked variations in water routing and storage (e.g. Tooth and
Fairchild, 2003). Given these constraints, it would clearly be ad-
vantageous to analyse data from a cave with relatively simple hy-
drogeology when investigating PCP in cave environments.

Here, we examine the impacts of in-cave processes (drip rate,
cave CO2 and ventilation) on a long dripwater dataset (2005e2014
CE) fromGolgotha Cave, SWWestern Australia. Golgotha Cave has a
relatively simple hydrogeology and constant drip rates, identified
previously using dripwater isotopes and a karst hydrology model
(Treble et al., 2013). Both of these features are owing to the pre-
dominance ofmatrix flow pathways in the young dune limestone in
which Golgotha Cave is developed. In the current study, we focus
on the dripwater carbonate species and cave CO2 concentrations,
and examine the potential for in-cave processes to modifying the
dripwater solute chemistry. In a forthcoming paper, we will
examine the processes responsible for the concentrations of these
solutes in our dripwater and examine the environmental signals
contained in their long-term trends.

2. Site description

Golgotha Cave (36.10�S 115.05�E) is located in the Leeuwin-
Naturaliste National Park and is developed in the Spearwood Sys-
tem of the Tamala Limestone, a coastal belt of dune limestone that
extends along >1000 km of the SW Western Australia coastline
(Fig. 1A). The Spearwood System comprises medium-to coarse-
grained Quaternary aeolian calcarenite mantled by weathered sili-
ceous dune sands (Hall andMarnham,2002). GolgothaCave has only
one known entrance, which faces east (Fig. 1B). The entrance is
relatively large, approximately 350 m2, although the cross-sectional
area of the cave narrows by 50% approximately 20 m inside the
entrance, at the point where the floor steeply rises by 10 m towards
the ceiling (Fig. 1C). Here there is a noticeable change to higher
humidity and reduced air movement and quality. Thus while the
relatively large entrance facilitates air exchange, the interior atmo-
sphere ismore stable. Only a narrow range of temperatures between
14.5 and 15.0 �C have been recorded and the relative humidity has
consistently exceeded 90% when determined on cave visits at
different times of the year (Treble et al., unpublished data). Access to
the cave is restricted by an open-grid wooden gate at the entrance.

Golgotha Cave lies in the winter rainfall zone of southern
Australia:>75%of annual rainfall (1113±165mm) falls betweenMay
and September and mean annual evapotranspiration rates are esti-
mated to be 730 ± 42 mm calculated using the climatological mean
1985e2014 (Raupach et al., 2009, 2012). An extensive eucalypt forest
covers Golgotha Cave and the surrounding area. These tall trees have
deep roots that can penetrate tens of metres deep in the Tamala
Limestone andmay be associatedwith the formation of discrete flow
pathways above the cave (Treble et al., 2013). The area above and
around Golgotha Cave has been impacted by fire, most recently in
2006 CE, and prior to this in 1992 and 1998 CE (DPaW, 2012).

Our five long-term monitoring sites are located in two areas of
Golgotha Cave with contrasting dune facies as described in Treble
et al. (2013) (Fig. 1BeC). The first area, approximately 60 m into
the cave and housing sites 1A and 1B, has a 4 m tall ceiling with
sites 1A and 1B receiving water from individual soda-straw sta-
lactites that are 0.5 m apart. The second area housing sites 2A, 2B



Fig. 1. AeC: (A) Location figure for Golgotha Cave, SW Western Australia with grey shading indicating dune limestone, (B) plain view of Golgotha Cave; (C) longitudinal section of
Golgotha Cave relative to the main path through the cave. Red and blue dots indicate dripwater sampling areas (area 1: sites 1A and 1B; area 2: sites 2A, 2B and 2E). Figures A and B
adapted from Treble et al. (2013). (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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and 2E is approximately 90 m into the cave in a much larger
chamber with a taller ceiling than at site 1, but which slopes steeply
downwards towards our collection sites, although the absolute
ceiling elevation is overall lower and the overburden higher
compared with site 1 (Fig. 1C). Stalactites tend to be shorter, more
isolated and populated by relatively fewer soda-straw stalactites at
sampling area 2. Sites 2A, 2B and 2E are fed by soda-straw stalac-
tites, although the stalactite feeding site 2B has thickened via
externally-deposited calcite also. The ceiling is too high at site 2B to
confirm if water is currently flowing over the stalactite exterior, but
at all other drip sites, it appears from our field observations that
dripwater is derived from water flowing inside the soda-straw,
rather than on the exterior. A detailed description of the ceiling
and stalactite morphology, as well as a geostatistically-based
interpretation of the infiltration to these sites will appear in a
forthcoming article (Mahmud et al., in review).

Data from the five long-term monitoring sites indicate that drip
rates were relatively constant at each site in the seven years re-
ported in Treble et al. (2013) despite the highly seasonal winter
precipitation and summer soil moisture deficit. This is typical of
infiltration into Golgotha Cave, confirmed by the more recent
deployment of 28 automated drip loggers in 2012 CE (Treble et al.,
unpublished data). We infer that water movement to Golgotha Cave
occurs almost solely via a matrix flowmechanism facilitated by the
high primary porosity of the host rock at this site (Treble et al.,
2013). Using dripwater oxygen isotopes, Treble et al. (2013) rec-
ognised that these matrix-flow pathways could be spatially distinct
and preferential. For example, site 2E (referred to as our high-flow
site) is located within a zone of higher dripwater flux interpreted to
arise from seepage from a relatively large and discrete water store
(Treble et al., 2013). Site 2B is on the periphery of this zone (5 m
from 2E) whilst site 2A is several metres further away; dripwater
fluxes are lower here, but flux rates are comparable to the majority
of drips elsewhere in Golgotha Cave. At the beginning of the
monitoring period, the drip rate at site 2B was higher and Treble
et al. (2013) interpreted that 2B was receiving overflow from the
larger water store (associated with site 2E) but these fluxes
apparently ceased in February 2007 whereupon site 2B reverted to
low constant discharge similar to site 2A.

3. Methods

3.1. Cave and soil CO2

Cave CO2 was measured at sites 1A-1B from January 2008,
initially by manual spot sampling, and from March 2009 onwards,
continuously logged, at 30 min intervals, via a Vaisala GM70/
GMP222 (manufacturer's precision ±1%) with an overlapping in-
terval of 9 months. Manual spot sampling was conducted by
opening a 12 ml pre-evacuated glass tube, which was flushed three
times with cave air using a 20ml syringe, before re-sealing the tube
with a rubber stopper. CO2 concentrations were determined by an
infra-red gas analyser at the Australian National University with a
precision of ±0.5% (1 s.e., n ¼ 10). Periods of missing CO2 data are
owing to either batterymalfunction or the logger requiring removal
for factory calibration. Soil CO2 was measured using a Draeger de-
vice (manufacturer's precision ±5%) and soil probe described in
Miotke (1974) at an approximate depth of 40 cm in approximately
the same location, during cave visits from May to December 2008.

3.2. Dripwater analyses

Cave dripwaters accumulated in 1 L high-density polyethylene
(HDPE) collection vessels, fitted with funnels, with overflow
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permitted via a 5 mm hole punched below the bottle neck. At in-
tervals of between 4 and 6 weeks, pH, EC and temperature of these
bulk water samples were measured using a hand-held TPH1-Myr-
onL TechPro II meter, calibrated using fresh buffer solutions (pH 7
and 10) equilibrated to cave temperature. The remaining water was
collected for transport out of the cave and the vessel emptied.
Additionally, in situ monitoring of dripwater pH was carried out
during cave visits in September 2008 using a 3 mmmicro electrode
(Orion PerpHecT ROSS combination) immersed inside a custom-
built small volume flow-through cell (0.4 ml) positioned directly
beneath our high (2E) and low-flow (1A) drip sites. The micro-
electrodes were calibrated using the same buffer solutions as
above, and both electrodes produced pHmeasurements that agreed
within the manufacturer's precision.

Outside of the cave, total alkalinity (as mg/l CaCO3) was deter-
mined by acid-base titration (1.6 N H2SO4) to a methyl-orange
endpoint using a Hach digital titrator (model 16900) on duplicate
100 ml sub-samples of the bulk water within 1 h of water collec-
tion. The remaining water was filtered with 0.45 mm mixed-
cellulose filters into two 50 ml polypropylene bottles and refrig-
erated below 5 �C until analysis at ANSTO. One sub-sample was
used for anion concentrations (Cl and SO4) determined using a
Dionex DX-600 ion chromatograph with self-regenerating sup-
pressor while the other was acidified to 2% HNO3 in the collection
bottle and used for cation concentrations (Ca, K, Mg, Na, Si and Sr)
using a Thermo Fisher inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) ICAP7600. An internal standard with con-
centrations approximating the cave waters was included in each
cation batch to check for between-run reproducibility. Saturation
indices for calcite (SIcc) and PCO2 were calculated using the
WATEQ4F thermodynamic database in PHREEQC 2.4.2 program
(Parkhurst and Appelo, 1999). Seven samples at site 1A had K
concentrations between 4 and 450 times higher than the mean.
These occurred between May 2009 and January 2010 during the
period in which the micro-pH electrodes were installed at this site
and as such, we suspect that they were contaminated by KCl from
the electrode storage solution. We discarded the K data for these
and a correction was made on the affected Cl data by subtracting
the calculated contribution of Cl from the KCl, assuming that the K
in the affected data was overwhelming due to contamination.
Charge balance errors were checked for samples with a full suite of
major ion chemistry and 89% of our data were within ±5% and the
remaining within ±10%.

3.3. Modelling dripwaters

Cave environment datasets are complemented by a modelling
approach to elucidate their meaning (Fairchild and Baker, 2012, p.
180e186). Broadly three approaches can be envisaged to trace
element modelling:

a) conceptual, grey-box modelling where a parameterized
approach is used to demonstrate the possible impact of con-
trolling processes, e.g. the roles of rainfall and PCO2 variations
on Mg and Sr chemistry in speleothems in the study of Wong
et al. (2011).

b) a mass-balance, equilibrium thermodynamic approach, using
thewell-characterized carbonate system parameters encoded in
chemical speciation models and estimated values of water-
calcite partition coefficients (e.g. Fairchild et al., 2000; Mattey
et al., 2010; Tremaine and Froelich, 2013). A similar mass-
balance philosophy underpins the carbon isotope studies of
Sp€otl et al. (2005) and Frisia et al. (2011) and such an approach
can includemixing of defined end-members as well as evolution
of solutions.
c) a combination of the mass-balance approach with kinetic
models. For example, Fairchild et al. (2000) modelled the con-
sequences of competitive dissolution of dolomite and calcite on
karst water chemistry. The most complete study of this kind is
the I-STAL model of Stoll et al. (2012) which incorporates
mathematical functions for hydrological controls onwatererock
interactions during weathering, crystal growth rate in relation
to solution supersaturation and growth rate controls on parti-
tion coefficients.

In this paper, we take a pure mass-balance approach, using the
standard assumptions in the above literature. We do not explicitly
consider the weathering reactions here, but in a future paper will
discuss the contributions made by carbonate bedrock, biomass and
atmospheric salts. We model dripwaters supersaturated for calcite,
implying degassing of CO2 from a previously saturated solution.
Hence, the starting point we consider, based on the fast dissolution
kinetics of calcite, is a solution in equilibriumwith calcite, whose Ca
content reflects the highest PCO2 encountered in the soil and epi-
karst. The data arrays in the hydrologically simple case presented
by Golgotha Cave do not require us to consider mixing of fluids
from different aquifer compartments. The supersaturated solution
will evolve in composition by precipitation of calcite which has a
much lower Mg/Ca and Sr/Ca than the precipitating solution and
hence the solution with the lowest values of these ratios (and the
highest Ca) is likely to be closest to the original solution before
calcite precipitation. Standard calculations (Fairchild et al., 2000;
Tremaine and Froelich, 2013) are used to produce PCP trendlines
for our dripwaters, as outlined here for Mg/Ca using molar
concentrations:

i) starting with the highest measured Ca concentration (Ca0)
for each site, we set-up an array of decreasing Ca concen-
trations i.e. Ca0, Ca1, Ca2, …, etc;

ii) using the measured Mg/Ca ratio for Ca0 i.e. Mg/Ca(aq)0, we
calculate the Mg/Ca of calcite precipitating from this solu-
tion, Mg/Ca(cc)0 ¼ Mg/Ca(aq)0 � KMg;

iii) we calculated the small amount of Mg lost from solution as
Mg(cc)0 ¼ Mg/Ca(cc)0 � (Ca0eCa1);

iv) the above is used to calculate the Mg concentration of the
remaining solution, Mg(aq)1 ¼ Mg(cc)0 e Mg(aq)0, and hence
generate Mg/Ca(aq)1 and further values as an iterative
process.

This approach may be used to estimate a theoretical slope of Sr/
Mg (depending on partition coefficients used) to diagnose PCP in
dripwaters (cf. Sinclair et al., 2012) that takes into account a given
starting composition. Partition coefficients adopted here are:
KMg ¼ 0.019 for Mg (Huang and Fairchild, 2001) and KSr ¼ 0.1, the
latter as a mid-range estimate for Sr from Fig. 8.11 in Fairchild and
Baker (2012).

Reverse and forward mass-balance modelling experiments on
carbonate system behaviour were undertaken using the chemical
speciation software MIX4 (Fairchild and Baker, 2012, p. 150), an
operationally convenient simplified relative of the program
PHREEQ which yields the same results for saturation index and
PCO2 within 0.01e0.02 using the accepted solubility product for
calcite of 10�8.43 at a cave temperature of 15 �C.

4. Results

4.1. Cave CO2 and seasonal ventilation

The CO2 concentration in cave air has a strong seasonal cycle
with highest values during the warmer months and lowest values,
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just above typical atmospheric concentrations, during the cooler
months (Fig. 2). For caves like Golgotha, with a single entrance,
buoyancy-driven ventilation is the most likely process behind the
ten-fold seasonal variation in CO2 (Fairchild and Baker, 2012).

To show that buoyancy-driven flows actually are dominant in
Golgotha Cave, we examined the relationship between variations in
outside air temperature, the main cause of a buoyancy force, and
cave CO2. Evidence that such a relationship exists is shown in Fig. 3,
where an outside temperature of ~15 �C separates the high-CO2
from low-CO2 modes. This threshold temperature is within the
range of our cave air temperature measurements (14.5e15.0 �C)
and close to the external mean air temperature (15.9 �C for
1999e2013; Bureau of Meteorology, 2014), which we have taken to
be equal to the temperature measured at the nearby Witchcliffe
weather station (Fig. 1A). The CO2 response is not instantaneous, so
to clearly visualise this effect the external air temperature has been
Fig. 2. Time series of P-ET, drip rate, PCO2, alkalinity, SICC, Ca, and Mg data at each of the d
shading representing the 1970e2014 P-ET mean. P-ET is calculated using precipitation min
AWAP database (Raupach et al., 2009, 2012). (For interpretation of the references to colour
smoothed and lagged with an exponentially weighted moving
average (EWMA) filter, using a span of 48 h.

4.2. Dripwater chemistry

Time series of P-ET, drip rate, PCO2, Ca, alkalinity and SICC are
shown in Fig. 2. Dripwater PCO2, Ca, alkalinity, SICC are dominated
by strong seasonality at all sites except at our high-flow site, 2E,
which has much less variability (Fig. 2). Our low-flow sites are
following the seasonal cycle of cave air PCO2 and are much closer to
being completely degassed and in equilibrium with cave air, in
contrast to the high-flow site (2E) where higher dripwater PCO2
values are typically maintained when cave CO2 lowers (Fig. 2). All
sites become supersaturated with respect to calcite (SIcc) indi-
cating that the potential for calcite precipitation increases from
April until October/November when cave air PCO2 falls, although
rip sites for Golgotha Cave. Monthly P-ET values are the blue line superimposed over
us modelled evapotranspiration (parameter ‘FEW’) extracted at our location from the
in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. In situ hourly measured cave air CO2 versus hourly external air temperature. A
vertical grey bar indicates the range of internal cave air temperatures measured near
site 1. Air temperature is filtered using an EWMA with a span of 48 h. The EWMA is
defined as: yi ¼ (1 � a)yi�1 þ axi, where yi is the i th output and xi the i th input. The
parameter, a, which determines the degree of smoothing is related to the span, s, via
a ¼ 2/(s þ 1).

Fig. 4. Dripwater ln(Sr/Ca) versus ln(Mg/Ca) (weight ratio) data, with linear fits for
each site, plus calculated PCP trendlines for sites 1A, 2E and 2A. PCP trendline for site
2A is shown twice, using KSr ¼ 0.1 and KSr ¼ 0.05, see text in section 4.3. See Methods
for PCP trendline calculation.
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SIcc values are higher overall for the high-flow site owing to higher
Ca and alkalinity. Mean Ca concentrations are also 20% higher, with
reduced seasonality, for site 2B during the period of higher drip
rates that occurred prior to February 2007. Low-flow sites exhibit
periods where calcite is undersaturated. Thus calcite deposition is
more likely to be uninterrupted at the high-flow site whilst it may
be seasonally limited at the low-flow sites.

A potential uncertainty with field collection of cave dripwaters
is the degassing of dripwater CO2 and precipitation of CaCO3 in our
collection vessels during the 4e6 week field visits i.e. prior to
measurement (e.g. Riechelmann et al., 2013). To assess this,
instantaneous in situ measurements of dripwater pH using micro-
electrodes, were compared with pH measured (using the same
electrodes) in the water accumulated over the previous 36 days in
our regular collection vessels. We performed this experiment at our
high and low-flow sites during September 2008. At our high-flow
site, the accumulated sample was 0.2 pH units higher than the
instantaneous measurement of 7.98 (which rose 0.02e0.03 after
each drip before re-settling to 7.98 prior to the next drip). By
contrast, instantaneous pH measurements were identical to those
from the accumulated sample at our low-flow site (8.15). This is
consistent with our observations of minimal calcite deposition on
our collection vessels at our low-flow site versus significant calcite
deposition on our high-flow vessel. This implies that our dripwater
PCO2 and SIcc calculations for our high-flow site may be under-
estimated although we expect that the impact on our low-flow
site is minimal. In the following section, we quantitatively inves-
tigate the impact of PCP on our dripwaters and assess where PCP is
occurring in our system. We highlight that with our reverse
modelling approach, any degassing prior to pH measurement is
corrected in our first experiment and any calcite precipitation in the
vessel is also corrected in our second experiment.

Dripwater Mg concentrations are also shown (Fig. 2) and
contain a long-term rise of approximately 1e2 mg l�1 from 2006 to
2014 CE, although there are shorter-term variations between sites.
We comment further on this trend in section 5.3, but reserve a
more complete examination of Mg and other dripwater solutes, to a
forthcoming paper.

4.3. PCP signal in dripwaters

The seasonal cycle in Ca and alkalinity concentrations suggests a
PCP mechanism i.e. loss of Ca. This is confirmed by comparing the
ln(Sr/Ca) vs ln(Mg/Ca) slopes of our dripwater data (0.95e1.00)
with the calculated PCP trendlines which have slopes of 0.92,
shown for sites 1A, 2E and 2A in Fig. 4. In this case, the slope of a
PCP trendline is a function of the partition coefficients used. For
example, re-calculating this trendline for site 2A using KSr ¼ 0.05
rather than 0.1, brings this slope into agreement with that of site 2A
dripwater data (0.97; in Fig. 4). These values also compare favour-
ably with the theoretical value derived by Sinclair et al. (2012) to
diagnose water/rock interactions such as PCP (0.88 ± 0.13).

From Fig. 4, we can interpret that the high-flow site, 2E, appears
to have been impacted least by PCP indicated by data plotting to the
lower left corner of the ln(Mg/Ca) versus ln(Sr/Ca plot. Additionally,
Fig. 4 suggests that the dripwater infiltrating sites 1A and 1B, was
originally derived from fluid with higher Sr/Ca.

5. Discussion

In the following sections, we further investigate the PCP history
of the dripwaters and the implications for speleothem records from
Golgotha Cave. In section 5.1 we investigate whether the con-
trasting behaviour between low and high-flow sites can be entirely
explained by the PCP process, or require differences in dripwater
composition since our previous study confirmed that our high-flow
site derives water from a distinct store (Treble et al., 2013). By
restoring these solutions to their composition when they were
originally in equilibrium with limestone, we can quantify the
impact of PCP and also examinewhether or not there is a long-term
evolution of the carbonate system over our period of monitoring. In
section 5.2, we discuss where PCP is occurring in the flowpath and
the relationship between PCP and stalactite drip rate. In section 5.3,
we discuss the implications of our findings for stalagmite trace
element records and forward model the predicted Mg/Ca values for
the underlying stalagmite at our low-flow site.

5.1. Modelling of dripwater flowpath history

Most of our dripwaters are supersaturated with respect to
calcite, a condition that requires degassing of CO2 from a solution
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that had previously been in equilibriumwith limestone. Our Mg/Ca
to Sr/Ca relationship (Fig. 4) also indicates that at least some
dripwaters have experienced PCP. In order to estimate the original
concentration of ions equilibrated with our host rock, we con-
ducted two reverse modelling experiments using our contrasting
solutions (site 1A: low-flow and site 2E: high-flow). Model exper-
iment 1 involves returning the solution to calcite saturation by
simple addition of CO2, thus simulating the consequence of
degassing as the sole process for modifying solution chemistry.
Model experiment 2 reverses the effects both of degassing and of
calcite precipitation in order to yield a solution, in equilibriumwith
calcite, with Mg/Ca equal to the minimum value for each site (see
Section 3.3). Since calcite precipitation is stoichiometric, the Ca
required to restoreMg/Ca to the lowest value in the series is used to
calculate the required CaCO3 addition, and speciation software is
then used to calculate the CO2 addition required to restore the
solution to equilibrium at this low Mg/Ca value.

Our reverse modelled dripwater PCO2 values for our high and
low-flow dripwaters are compared with the measured dripwater
and cave PCO2 in Fig. 5. For both sites, our modelled undegassed
PCO2 values (experiment 1) are similar to those measured when
cave PCO2 is high, suggesting that our dripwaters are in equilibrium
with cave CO2 during high CO2 mode. A few points result in
measured dripwater PCO2 which was higher than modelled (e.g.
February, October and November 2010; Fig. 5) indicating that they
were undersaturated at the time of measurement. This implies
open-system dissolution conditions with the dissolution of
aqueous CO2 having outpaced dissolution of CaCO3 at some point
Fig. 5. AeC: A comparison between measured and modelled dripwater PCO2 values for our
from solution via PCP are also shown (C). Grey dots are our in situ measured cave air PCO2

restores dripwater PCO2 to saturation with respect to calcite (i.e. undegassed values) and m
above the cave in these cases. This could be attributed to build-up
of CO2 within the host rock and insufficient dissolution time and/or
availability of CaCO3 near the cave roof to maintain calcite satura-
tion. Similarly, a build-up of CO2 could explain transient maxima in
dissolved Ca associated with the summer high PCO2 for site 2E in
recent years (Fig. 2) if dripwaters associated with this sitewere able
to access and dissolve host-rock calcite.

Modelled (undegassed) dripwater PCO2 show a clear reduction
in seasonality for our high-flow data but not for our low-flow site
(Fig. 5). This suggests that the annual cycle in our measured high-
flow dripwater PCO2 is driven simply by equilibration with the
cave atmosphere (i.e. degassing) whilst that in our low-flow drip-
water may be dominated by an additional process (e.g. PCP). This
was confirmed by model experiment 2 which involved reverse
modelling the composition of waters before they experienced PCP.
This resulted in a further reduction in PCO2 seasonality, particularly
for our low-flow site, when dripwaters were restored to their
minimum Mg/Ca values (0.111 for low-flow; 0.0887 for high-flow)
representing a minimum estimate of the highest PCO2 that the
waters had encountered. These PCO2 values are 10�2.43 to 10�2.11 for
the low-flow site and 10�2.17 to 10�1.90 for the high-flow site.
However, if our low-flow waters were also restored to the high-
flow minimum Mg/Ca value of 0.0887, higher PCO2 values with
an identical mean to the high-flow drip calculation are found,
implying that both waters originally equilibrated at similar CO2

concentrations. This suggests that the variability in SIcc between
our low and high-flow sites (Fig. 2) is driven by PCP rather than the
alternative possibility of contrasting initial solution chemistries.
high-flow site (A); and our low-flow site (B). The calculated amounts of Ca precipitated
data. Black vertical bar indicates range of soil CO2 measurements. Model experiment 1
odel experiment 2 reverse-models the PCP process on the undegassed waters.
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We argue that our modelling has also shown that the greater
impact of PCP at our low-flow site is a function of drip rate, dis-
cussed further below.

Our modelling demonstrates that high-flow dripwater PCO2
data primarily responds to equilibration with the cave atmosphere
whilst low-flow dripwater PCO2 data are additionally, and signifi-
cantly, impacted by PCP. Both processes are comparatively sup-
pressed during high CO2 mode when reduced ventilation raises
cave air PCO2 to the point that it is in equilibrium with its original
source CO2 from the unsaturated zone. By contrast when Golgotha
Cave ventilates, lowering cave air PCO2, dripwaters equilibrate to
cave PCO2, producing seasonal minima in dripwater PCO2 at both
high and low-flow sites, but with further progression to in-cave PCP
at our low-flow site where drip rates are sufficiently long for PCP to
occur and affect stalactite water. The relationship between drip rate
and PCP in Golgotha Cave is further evident by the >20% decrease in
mean dripwater Ca, indicating enhanced PCP, following the
reduction in drip intervals from approximately 1 to 5 min in
February 2007 at site 2B (Fig. 2).

Our values obtained from restoring the original chemistry of the
source water via our reverse modelling experiments are: i) much
higher, at least for our high-flow site, than our shallow measure-
ments (0.2e0.5 m) of soil PCO2 (10�2.4 to 10�2.2); and ii) lack sea-
sonality (Fig. 5). This implies that our dripwaters encounter a
relatively deep source of CO2 and this helps to explain seasonally
undersaturated waters also. This result is consistent with tree roots,
injecting CO2 into the deeper unsaturated zone (cf. Meyer et al.,
2014) or the presence of sufficient vadoze zone microbial respira-
tion to generate significant CO2 there (cf. ground air CO2, Atkinson,
1977). A rise in CO2 concentrations in the vadose zone owing to
these processes is not uncommon (Langmuir, 1997). For example,
Wood et al. (2014)measured the soil CO2 in five vadose zone profiles
in central Australia. In the top 5mof each profile, CO2 concentrations
were less than 10,000 ppmv, while CO2 concentrations increased to
20,000e30,000 ppmv at 10e15 m below the ground surface.

Further consideration of our reverse-modelled PCO2 for high
versus low-flow data, indicates that both show an overall rising
parallel trend, implying rising concentrations of our CO2 source
between 2009 and 2013 CE, consistent with the measured rise in
cave PCO2 during high-CO2mode over the same interval (Fig. 5).We
suggest that this rising trend may be capturing the long-term ef-
fects of the recovery from fires that impacted this site in 2006 CE,
given the time required for forest regrowth and for root respiration
to revert to previous maximum levels (Coleborn et al., in review).

Finally, the small reversal of this rising CO2 trend at our high-
flow site (2E) during the relatively wetter year 2013 (Fig. 5) may
be highlighting a possible non-linear anomaly to the typical
recharge-PCP relationship (e.g. McDonald et al., 2004; Tremaine
and Froelich, 2013; Karmann et al., 2007). That is, our dripwater
measurements show an example of enhanced PCP during a period
of higher rainfall. We propose a possible scenario of higher infil-
tration during 2013 filling the preferential flow store that feeds this
site (see Treble et al., 2013), trapping air below a zone of high
saturation resulting in enhanced PCP, indicated by model experi-
ment 1 data (Fig. 5). Additionally, the fact that the reverse-
modelled fluid PCO2 starts to decline indicates that this higher
infiltration may also have: i) inhibited downwards diffusion of CO2,
or ii) inhibited vadose-zone microbial CO2-production as local
anoxia occurs.

5.2. Relationship between PCP and drip rate

Our modelling shows that the extent of PCP at Golgotha Cave is
primarily determined by drip rate. That is, water dripping from our
high-flow site does not always have time to fully equilibrate with
the cave atmosphere, and thus significant PCP does not occur
before falling from the stalactite. We attribute greater PCP at our
low-flow sites to stalactite deposition. Long (0.1e1 m) stalactites
are common above site 1 whilst minimal stalactite growth occurs
above site 2 where drip rates are higher.

We have identified that PCP becomes dominant at drip intervals
longer than thosemeasured at site 2E (30 s). Small (~10%) variations
in 2E drip rate (Fig. 5) appear to influence degassing of unsaturated
waters, but are insufficient to impact PCP (cf. Hansen et al., 2013).
Thus the threshold for enhanced stalactite precipitation in Golgo-
tha Cave probably lies between 30 s and 60 s; the latter being the
drip interval at site 2B prior to February 2007, during which drip
water PCO2 is the same as other low-flow sites (Fig. 2). This interval
compares well to our understanding of the rate-determining steps
during speleothem formation (Dreybrodt and Scholz, 2011; Hansen
et al., 2013).

Interestingly, the influence of PCP on a particular drip site could
become significant if drip rates cross this threshold, since stalactite
formation is a balance between water supply and equilibration
time. This has important implications for interpreting the under-
lying stalagmite record since the magnitude of PCP directly varies
with the duration of the drip interval above this threshold. We
discuss this further and examine the implications for the stalagmite
record in Sections 5.3e5.4.

The influence of drip rate on PCP is discussed in other cave
studies (Tooth and Fairchild, 2003; McDonald et al., 2007; Mattey
et al., 2010; Riechelmann et al., 2011; Wong et al., 2011; Stoll
et al., 2012). However, our data offer the clearest evidence of this
relationship which we argue can be attributed to features arising
from the relatively simple hydrogeology of Golgotha Cave. That is: i)
PCP is predominantly isolated on the tips of soda-straw stalactites
rather the additional complication of PCP along the flowpath; and
ii) we are able to compare high and low-flow sites whose drip in-
tervals are relatively temporally consistent, but whose mean values
vary by an order of magnitude making this relationship clearer to
identify. We emphasize that it is the hydrogeology of Golgotha Cave
(specifically the predominance of matrix-flow) that allows us to
highlight these geochemical processes which are masked at sites
with more complex hydrogeology. Additionally, from our field ob-
servations, it appeared that water flowed down the interior of all
soda-straw stalactites feeding our sites (with the possible exception
of site 2B), limiting the opportunity for CO2 degassing until water
reaches the stalactite tip. Water flowing down the exterior of sta-
lactites may promote additional PCP.

5.3. Implications of PCP for speleothem records from Golgotha Cave

The relationship between PCP and drip interval provides
important distinctions in interpreting Mg and Sr trace element
records from speleothems at our high versus low-flow sites and we
have summarized this in the conceptual model below (Fig. 6). Long
drip intervals promote PCP on the stalactite tips at our low-flow
sites, hence (ventilation-driven) in-cave PCP will be the dominant
mechanism driving dripwater Mg/Ca and Sr/Ca at our low-flow
sites and we model how this may appear in Section 5.4. At much
shorter drip intervals, there is less time for stalactite water to
equilibrate, resulting in less evolved solutions at our high-flow
sites. Hence our high-flow sites are relatively insensitive to PCP
and as a consequence, along-axis measurements of stalagmites
from these sites may preserve concentrations of trace elements
from the unsaturated-zonewaters. Hence, an important outcome of
this study is that trace elements from these stalagmites potentially
provide environmental information on changing biogeochemical
fluxes of these ions; i.e. associated with variations in aerosol flux,
bedrock dissolution, forest bioproductivity etc. Stalagmite Mg and



Fig. 6. Conceptual model illustrating the implications of in-cave or stalactite PCP during winter ventilation mode. Stalactite precipitation is enhanced by PCP during longer drip
intervals at our low-flow sites and may likely be the dominant signal in stalagmite Mg/Ca and Sr/Ca records from these sites. Shorter-drip intervals at our high-flow site minimise
stalactite PCP. Stalagmite Mg/Ca and Sr/Ca records from our high-flow sites have greater potential to preserve environmental information from dripwater Mg, Sr and/or other PCP-
sensitive ion fluxes.
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Sr records from our high-flow site could be interpreted in this way.
The specific processes relevant to our dripwater dataset and the
environmental significance of their long-term trends are investi-
gated in detail in a forthcoming article.

5.4. Forward modelling the PCP signal in speleothems from our
low-flow sites

Long-term trends in dripwater chemistry are unlikely to be
preserved in speleothems from low-flow sites if these signals are
smaller than that imparted by the in-cave PCP process. To investi-
gate how dominant this signal is and whether the PCP signal may
itself offer a useful environmental proxy, we forward modelled the
dripwater from our low-flow site (1A) to calculate the Mg/Ca
composition of the resultant fluid that had degassed to equilibrium
with cave air and had reached equilibrium between water and
CaCO3 (i.e. speleothem-precipitating fluid). Fig. 7 shows this
modelled fluid, our measured dripwater Mg/Ca and measured cave
log(PCO2) for site 1A. Shown also for comparison are the final Mg/
Ca ratio measured on the stalagmite collected underneath drip site
1A immediately prior to thismonitoring commencing (unpublished
data). This stalagmite Mg/Ca value is converted to a fluid Mg/Ca
value for comparison, using KMg. The close agreement between
stalagmite and the modelled fluid values (Fig. 7) demonstrates that
our modelled equilibrated fluid Mg/Ca values are realistic for our
low-flow site. This further supports that water dripping from our
low-flow stalactite is already close to equilibration.

Fig. 7 shows a rising trend in modelled fluid Mg/Ca maxima. The
highest values in mid-2013 (Mg/Ca ¼ 0.28) correspond to a coin-
cidence between ventilated cave air conditions and epikarst PCO2
that had reached its maximum value (Fig. 7) producing the stron-
gest CO2 gradient between the original equilibrated chemistry and
the cave air, maximising PCP. Under these conditions, modelled
fluid Mg/Ca was three times higher than its inferred value before
PCP (0.11). Hence, the PCP process is the dominant signal in our
stalagmite from low-flow sites particularly since our SIcc data show
that stalagmites from our low-flow sites will be biased towards
precipitation during the cooler months. For example, the PCP
process would dominate smaller magnitude signals such as the
long-term rise in Mg concentrations observed in our dripwater
(Fig. 2) equivalent to a difference in Mg/Ca values of <0.05.

Thus in stalagmites from our low-flow sites, we would expect
Mg/Ca (and Sr/Ca as well as other PCP-sensitive ions) to act as a
proxy for changes in the CO2 gradient between source and cave,



Fig. 7. Forward modelled fluid Mg/Ca compared with dripwater Mg/Ca, cave air PCO2

and minimum temperature (expressed as monthly mean of daily minimums) for our
low-flow site (site 1A). The Mg/Ca ratio measured on the top of the stalagmite collected
underneath this drip site is also shown. This value is converted to the equivalent in
fluid Mg/Ca for comparison and is bracketed by the range of values measured within
the upper 1.5 mm of calcite, estimated to have precipitated within the last two de-
cades, although our age model for this stalagmite is incomplete. Our forward-modelled
fluid Mg/Ca represent maximum values when equilibrium is fully attained. Thus
similar values would arise if we forward-modelled our high-flow data since our
reverse-modelling showed that both solutions initially equilibrated with similar PCO2

values. In practice, for our high-flow site, this end-member may represent cave pools at
the end of the flowline. Comparison of stalagmite crest and flanks can indicate how
close to the end-member a particular stalagmite has reached.
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either via changes in the source CO2 concentration or cave venti-
lation. The impacts of cave ventilationwill potentially be detectable
in high-resolution measurements (sub-seasonal). For example, our
high Mg/Ca values rapidly decrease between July and August 2013,
several months earlier than in previous years (Fig. 7). This is in
response to the early transition to non-ventilatedmode initiated by
outside air temperatures that were ~2 �C warmer than usual.

As an aside, we could draw from this that the strong inverse
relationship between speleothem Mg/Ca and cave CO2 (Fig. 7) rai-
ses the potential for sub-seasonal measurements of speleothemMg
to be used as a proxy for external temperature information (cf.
Wynn et al., 2014), especially since buoyancy-driven cave ventila-
tion can potentially be modelled as a physical process (Linden,
1999; Gregori�c et al., 2011). This potentially could be applied to
very high-resolution speleothem data to investigate anomalies in
cool-season duration (e.g. our example given above). Such anom-
alies would be relative to the average temperature over a timescale
set by the cave temperature equilibration time.

6. Conclusions

The modification of infiltrating water from the surface to the
stalagmite is particularly straightforward to isolate at Golgotha
Cave because of its relatively simple hydrogeology, i.e. the pre-
dominance of matrix flowpaths and insignificant PCP above the
cave ceiling minimises the complexity of the karst architecture on
the hydrogeochemical signals in the dripwater. Our data-model
comparison has shown that in-cave PCP at the stalactite tip domi-
nates PCP-sensitive ions in our low-flow dripwaters during winter
ventilation mode. As the dripwaters from our low-flow sites
become sufficiently saturated only during the ventilated mode, this
PCP signal will be enhanced in the underlying stalagmites. We have
identified that this process becomes dominant at drip intervals
longer than 30 s and have modelled that the PCP process could
overprint other geochemical signals transmitted from the surface
environment into the underlying stalagmite.

Importantly, we interpret from these findings that stalagmites
formed under variable drip rates could cross such a threshold,
altering both the potential seasonal growth bias as well as their
sensitivity to PCP. In theory, this could result in a stalagmite record
that contains multiple periods where PCP is insignificant (trace
element concentrations driven by biogeochemical fluxes) as well as
periods where PCP is significant (sufficient to dominate other sig-
nals). Stalagmite morphology, crystal fabric and a well-constructed
chronology could be used to detect growth rate changes (e.g. Frisia
et al., 2000; Baldini, 2001; Miorandi et al., 2010) and be used to
identify the potential for such problems.

Our study has quantified the impacts of PCP on our dripwaters
and specifically highlighted the role of in-cave PCP, which is
enhanced on stalactites in the case of longer drip intervals. This
finding is relevant for all cave systems and should be considered
when interpreting stalagmite records from low or variable-flow
drips. There will be some variability around the identified
threshold of drip rates between 30 and 60 s, since soda-straw
stalactites (this study) yield have water that is not fully degassed,
whereas solid stalactites are likely to drip fully degassed water.

Finally, our restored initial solutions suggest a long-term rise in
CO2 in the unsaturated zone, which we attribute to the recovery of
forest growth following fires. Complementary evidence for this
hypothesis will be shown in a forthcoming article that examines
the trends in dripwater solutes. The future investigation of these
dripwater solutes will inform the interpretation of speleothem
trace elements from our high-flow site which will more likely
preserve environmental signals from the unsaturated zone, rather
than be dominated by the PCP effects demonstrated in this paper.
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