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Abstract

Trace element variations in ancient cave speleothems are often interpreted as indicators of changes in paleo-rainfall and
hydrologic conditions. However, these records are difficult to interpret without an understanding of the physicochemical con-
trols on stalagmite chemistry plus site-specific calibration of changes in net rainfall to variations in dripwater and speleothem
chemistry. In this study we examine geochemical relationships between net rainfall (Precipitation minus Evapotranspiration;
P�ET), drip rates, drip water chemistry, and contemporaneous calcite chemistry to test the hypothesis that speleothem Mg/
Ca and Sr/Ca records are proxies for rainfall amount.

HRC is contained within four low-magnesium limestone units capped sporadically by a remnant dolomitic limestone.
Aqueous concentrations of magnesium (post evapotranspiration) decrease with increasing vertical travel distance between
the soil zone and the point of in-cave drip emergence (Drip Path Length – DPL) as dissolved high-Mg solutions sourced from
the dolomitic caprock are diluted with dissolved low-Mg limestone waters sourced from the host limestone. Dripwater Mg/Ca
and Sr/Ca ratios covary and provide diagnostic indicators of the two dominant mechanisms controlling dripwater chemistry:
(1) mixing of post-evaporative solutions derived from two geochemical endmembers (dissolution of dolomite and limestone);
and (2) evolution of hydrochemistry away from dissolved bedrock compositions due to Prior Calcite Precipitation (PCP)
above the drip sites. By resolving the linear mixing relationships for drip water Mg/Ca and Sr/Ca sources and the distribution
coefficients for trace element transfer in the PCP dripwater-to-calcite precipitation reactions and applying these principles to
our time series, we find that the extent of PCP production within the karst is directly controlled by the balance between Pre-
cipitation (P) and Evapotranspiration (ET): higher net rainfall (P�ET > 1: wet conditions) reduces PCP, and lower net rainfall
with increased evapotranspiration (P�ET < 1) increases PCP.

Farmed calcite X/Ca ratios faithfully track hydrologically-influenced seasonal variations in dripwater chemistry for
X = Mg, Sr, and Na. However, the relationship between changes in net rainfall and changes in Mg/Ca and Sr/Ca ratios in
modern calcite is unique at each site and differs significantly at closely-spaced drip/stalagmite locations. This suggests that
in situ modern hydrochemical calibrations should be performed atop individual speleothems prior to harvesting for paleocli-
mate investigations, and that such calibrations may not reflect past conditions as drip paths change. We apply this under-
standing to published dripwater data and speleothem time series from other caves. A major implication is that in order to
interpret stalagmite Sr/Ca and Mg/Ca ratios as ‘wet vs. dry’ proxies, speleothem Sr/Ca and Mg/Ca variations must be coher-
ent and in-phase over all time periods (i.e., Sr/Mg ratios must be constant). These criteria will help to distinguish ‘rainfall
amount’ versus ‘rainfall source’ in speleothem d18O records.
� 2013 Elsevier Ltd. All rights reserved.
016-7037/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.

ttp://dx.doi.org/10.1016/j.gca.2013.07.026

⇑ Corresponding author. Tel.: +1 513 315 2583.
E-mail address: tremaine@magnet.fsu.edu (D.M. Tremaine).
1. INTRODUCTION

Cave formations, or speleothems, are valuable archives
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of paleoclimate information because they preserve fluctua-
tions in stable isotopic compositions and trace element
chemistries of their formation waters (Holland et al.,
1964a; Hendy, 1971; Gascoyne, 1983). Speleothem oxygen
isotopes (d18O) have long been used to reconstruct regional
rainfall source and amount variations (Bar-Matthews et al.,
1996; Burns et al., 2001; Wang et al., 2008). However, water
vapor sources and rainfall amount are often difficult to sep-
arate, a problem that has led to investigations of additional
speleothem-based hydrologic proxies such as growth rates,
annual banding thickness, crystal habit, humin content, and
trace element compositions (Broecker et al., 1960; Baker
et al., 1993, 1997; Fairchild et al., 2000; Frisia et al.,
2000; Polyak and Asmerom, 2001; Baldini et al., 2002; Tre-
ble et al., 2003; Johnson et al., 2006; Borsato et al., 2007;
Cruz et al., 2007; Tremaine, 2010).

Seasonal (cyclical) variations in Mg/Ca and Sr/Ca have
been measured in dripwaters inside many caves throughout
Europe and UK (Baker et al., 2000; Fairchild et al., 2000,
2006; Spötl et al., 2005; Baldini et al., 2006, 2012; Verhey-
den et al., 2008; Riechelmann et al., 2011)), USA (Mus-
grove and Banner, 2004; Tremaine, 2010; Wong et al.,
2011; Oster et al., 2012), Australia (McDonald and Drys-
dale, 2004; McDonald et al., 2007), and Brazil (Karmann
et al., 2007). Fluctuations in element to calcium ratios (X/
Ca) have been observed in speleothems on millennial time-
scales (Goede and Vogel, 1991; Ayalon et al., 1999; Bar-
Matthews et al., 1999; Hellstrom and McCulloch, 2000;
Verheyden et al., 2000; Li et al., 2005; Cruz et al., 2007)
and on decadal to seasonal timescales (Goede et al., 1998;
Roberts et al., 1998, 1999; Fairchild et al., 2001; Huang
et al., 2001; Baldini et al., 2002; Finch et al., 2003; Treble
et al., 2003, 2005; McMillan et al., 2005; Desmarchelier
et al., 2006; Johnson et al., 2006; Borsato et al., 2007; Grif-
fiths et al., 2010; Jo et al., 2010).

The current hydrochemical paradigm commonly in-
voked to explain variations in stalagmite chemistry holds
that drier conditions (less rainfall, more evapotranspira-
tion) promote longer water residence times in the epikarst,
decreased drip rates, and enhanced CO2 degasing into air
voids within the unwetted epikarst, a form of ventilation.
These conditions lead to Mg/Ca and Sr/Ca ratios higher
than congruent limestone dissolution due to preferential re-
moval of Ca (discrimination against Mg and Sr) during dia-
genetic calcite deposition upstream from the stalagmite,
known as Prior Calcite Precipitation (PCP) (Fairchild
et al., 2000). PCP can occur in the overlying regolith or
on the cave ceiling, walls, flowstone, stalactites, or soda
straws above the dripwater collection site. Conversely, wet-
ter conditions (more rainfall, less evapotranspiration) are
thought to promote higher hydraulic head, faster drip re-
sponse times, reduced water residence times, slower CO2

degasing, and lower Mg/Ca and Sr/Ca ratios due to re-
duced PCP and enhanced limestone dissolution (Fairchild
et al., 2000; Treble et al., 2003; Johnson et al., 2006; Cruz
et al., 2007). Once the aquatic soil and epikarst system
has come to saturation with respect to calcite by limestone
dissolution in very high pCO2 (soil gas) conditions, any
ventilation that subsequently removes CO2, whether via
aeration of soils or epikarst, or inside caves that are breath-
ing (Kowalczk and Froelich, 2010), promotes PCP-calcite
precipitation along flow and drip pathways.

Although variations in elemental compositions of calcite
dripstones have evoked a variety of interpretations, they are
seldom calibrated in present-day conditions to provide
quantitative paleoclimate proxies. The purpose of this paper
is to demonstrate a method to quantify modern calcite trace
element changes related to contemporaneous hydrologic
variations, complementing our previous isotopic calibra-
tions of modern calcite d18O and d13C for both in situ cave
temperature and cave air ventilation (Kowalczk and Froe-
lich, 2010; Tremaine et al., 2011). Here we link local clima-
tology and cave dripwater chemistry to contemporaneous
calcite chemistry from semi-continuous snapshots at several
drip sites inside one shallow Florida cave, and then inter-
pret the relationships with respect to modern rainfall and
in situ drip rate conditions. Our HRC dripwater-calcite
Sr/Mg calibrations are then tested with other cave drip-
water data sets and speleothem records to judge general
applicability over a range of different cave conditions.

1.1. Distribution coefficients

Cave dripwaters often exhibit drip rate and drip chemis-
try variations between drip sites in response to changing
rainfall recharge and dripwater flow paths through the bed-
rock (Smart and Friedrich, 1986; Genty and Deflandre,
1998; Baker et al., 2000; Tooth and Fairchild, 2003; Baldini
et al., 2006). These chemical fluctuations may then be im-
parted to speleothem calcite and preserved as an indicator
of contemporaneous hydrologic activity. Laboratory-based
inorganic calcite precipitation experiments similar to natu-
ral cave precipitates have been performed under well-
controlled solution chemistry conditions to determine trace
element partitioning into calcite (Kitano et al., 1971; Katz
et al., 1972; Lorens, 1981; Huang and Fairchild, 2001;
Gabitov and Watson, 2006, and others). Huang and Fair-
child (2001) examined trace elements under variable but
controlled [Ca2+], [HCO3

�], and pCO2 conditions that clo-
sely mimicked natural cave systematics. Despite this multi-
tude of laboratory studies, proxy calibrations of trace
element compositions based on modern natural speleothem
calcite farmed under active drips in natural cave systems are
rare (see Holland et al., 1964a; Gascoyne, 1983; Huang
et al., 2001; Stern et al., 2005; Guilfoyle, 2006).

A first step toward calibrating modern calcite chemistry
to drip chemistry is to establish field-based H2O–CaCO3

distribution coefficients [DX] analogous to the lab-based
work (Henderson and Kraček, 1927; McIntire, 1963; Morse
and Bender, 1990):

DX ¼
ðX=CaÞCaCO3

ðX=CaÞAq

where X is the concentration of the cation of interest. A
number of laboratory and cave studies have demonstrated
a temperature dependence on DMg (Katz, 1973; Gascoyne,
1983; Mucci and Morse, 1990; Huang and Fairchild, 2001).
Others have reported growth rate dependencies on DNa,
DSr, and DBa in both laboratory calcite and in speleothems
(Lorens, 1978, 1981; Mucci and Morse, 1983; Ishikawa and
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Ichikuni, 1984; Tesoriero and Pankow, 1996; Huang and
Fairchild, 2001; Treble et al., 2003, 2005; Gabitov and Wat-
son, 2006). In Section 4.5 we develop DX for several ele-
ments, and then in Section 5 we apply these to dripwater
and calcite precipitates. We examine partitioning at multi-
ple drip sites in a single cave to enable ‘unmixing’ of the
geochemical sources and processes leading to changes in
both drip and calcite chemistry.

1.2. Hydrologic controls on dripwater chemistry

It has long been recognized that bedrock and dripwater
chemistry are primary controls on speleothem chemistry
(Holland et al., 1964a; Hendy, 1971; Gascoyne, 1983; Ban-
ner, 1995). Early work with ultraviolet fluorescence re-
vealed light and dark annual banding in stalagmites
(Baker et al., 1993). These color laminae were attributed
to fulvic and humic acid content that peaked with autumnal
rainfall. Corresponding seasonal variations were later ob-
served in stalagmite Mg/Ca, Sr/Ca and Ba/Ca ratios (Rob-
erts et al., 1998) which were thought to be hydrologically
modulated. In addition to hydrologic controls, crystallogra-
phy has also been invoked to describe micro-scale factors
such as crystal cleavage and fractures, annual dissolution
horizons, growth hiatuses, incongruent weathering of car-
bonate sources, enhanced dissolution of dolomite, and
selective leaching of Mg and Sr from non-carbonate miner-
als (Busenberg and Plummer, 1982; McGillen and Fair-
child, 2005; Desmarchelier et al., 2006). Although
fluctuations in speleothem chemistry are often inferred to
be caused by concentration changes in source water, con-
temporaneous dripwater and speleothem chemistry data
are generally lacking. As a result, hydrochemical con-
straints on speleothem chemistry are not well established
(Roberts et al., 1998, 1999; Finch et al., 2003; Treble
et al., 2003; Li et al., 2005; Smith et al., 2009; Griffiths
et al., 2010).

Roberts et al. (1999) has argued that three coeval stalag-
mite Sr/Ca and Mg/Ca time series records from one cave,
Goddard-Barker “GB” Cave (England), did not match
each other in phase or magnitude. They implied that the
Sr/Mg ratio could not be used as a tool for quantitative
paleotemperature reconstructions as had been suggested
by Gascoyne (1983) and Goede and Vogel (1991). These
findings further underscored the original assertion of Rob-
erts et al. (1998) that “trace element partitioning at the

water–calcite interface cannot be investigated in isolation

from the remainder of the hydrochemical system” but must
be examined with some understanding of the processes con-
trolling dripwater geochemistry.

2. STUDY SITE

Hollow Ridge Cave (HRC) is a shallow phreatic-zone
cave in Marianna, Florida, formed within a 15-m thick
limestone knoll comprised of the flat-lying Marianna,
Bumpnose, and Ocala members of the Oligocene-aged
(38–35 Ma) Ocala limestone formation, capped by sporadic
remnants of dolomitic limestone (Scott, 1991, 2001; Green
et al., 2003; Kowalczk, 2009). There are over 1030 m of
mapped passage within HRC (Fig. EA.1), composed of
southeast-to-northwest trending vertical passages (4–8 m
tall) typical of the regional fault structure, connected by
low east–west tunnels (1.5 m tall) within the more friable
Bumpnose formation. The maximum and minimum over-
head limestone thicknesses are approximately 10 m (Ball-
room) and 1 m (Signature Room) (Tremaine, 2010). HRC
has four known entrances: three at the west end adjacent
to the floodplain of the Chipola River (21 m above sea le-
vel) (Ent. A, B and C; Fig. EA.1), and one on the south side
elevated in the bluff (28 m above sea level) (Ent. D;
Fig. EA.1). The cave is overlain by a thin, poorly devel-
oped, and well drained soil layer (average < 30 cm thick)
composed of Plio-Pleistocene sands and clays with numer-
ous bedrock outcrops (Maddox, 1993). The vegetation is
characterized as an upland mixed forest, composed primar-
ily of C3 trees (mostly slash pine) and C4 shrubs and vines.
Slash pine trees have taproots that penetrate downward
into bedrock, and tree roots are visible at several locations
inside the cave. See Kowalczk (2009) and Tremaine (2010)
for more detailed descriptions.

Subtropical Marianna, Florida normally receives rain-
fall all year long, so that the amplitude of seasonal aqueous
trace element variations is not pronounced. About 80 ± 7%
of the rainfall in this region is evaporated, which is typical
for pine flat-wood ecosystems in the subtropics (Bidlake
et al., 1996). Mean annual precipitation in Quincy, Florida
(71 km east of Marianna, Florida) is approximately
1377 mm yr�1 (1984–2010; www.ncdc.noaa.gov) or about
115 mm month�1. Total mean monthly gross rainfall at
HRC during this study was 118 ± 58 mm month�1 (2007–
2010), near the 25-year average. Mean annual outside air
temperature measured above HRC (2007–2010) was
18.3 �C, and mean monthly temperatures range from
8.6 �C (January 2008) to 26.6 �C (June 2009). Mean annual
cave air temperatures at Cave Station 1 (CS1) and Cave
Station 2 (CS2) were 18.8 �C (ranging from 12.6 to 23.9),
and 19.5 �C (ranging from 17.7 to 22.9), respectively. Cave
Station 1 is near the cave entrances and thus subject to
atmospheric ventilation while Cave Station 2 is in the deep
interior of the cave where air temperature reflects mean an-
nual bedrock temperature (Kowalczk and Froelich, 2010).
This temperature range is not typical of deep caves and is
discussed at length by Tremaine et al. (2011).

3. MATERIALS AND METHODS

Ballroom drip rates were continuously monitored from
June 2008 through February 2010 using a Stalagmate
MK2 Plus acoustic drip recorder (Collister and Mattey,
2005) at the point of maximum overhead epikarst thickness
to monitor seepage-flow response to rainfall recharge (see
Figs. 1 and EA.1 for locations and EA.3 for flow character-
istics). Drip rate snapshots were obtained monthly using a
stopwatch at all other sites during dripwater collection.
Hourly drip rates are converted to volumetric flow rates
(mL min�1) using 0.12 mL drip�1 measured from stalactite
tips (Tremaine, 2010). Brief hiatuses in data collection oc-
curred during three floodwater inundations (Kowalczk,
2009; Tremaine, 2010). Ballroom and Sump (groundwater)

http://www.ncdc.noaa.gov


Fig. 1. Conceptual vertical stratigraphic cross section of HRC drip water flow paths. Relative thickness of each layer is estimated from
vertical surveys, and the location of each dolomitized limestone rind is inferential (dashed lines). Blue lines represent idealized drip water flow
paths through the epikarst, which are likely to be much more convoluted than shown here. Vertical drip path length (DPL) above each calcite
farming location can be estimated from the scale on the left side of the figure. Red circles denote vertical wall-rock transect sampling locations
(data shown in Tables 2, EA.3, and EC.5). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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samples were collected bi-weekly from June 2008 through
February 2010. Smith and Jones Room A (SJA) and Smith
and Jones Room B (SJB) samples were collected bi-weekly
from June 2009 through February 2010. Duece samples
were collected bi-weekly between October 2009 and Febru-
ary 2010. Signature Room samples were sporadically col-
lected directly following large rainfall events. Weekly
rainfall cation and anion concentrations for nearby Quincy,
Florida (71 km east of HRC) were provided by the Na-
tional Atmospheric Deposition Program from 12/25/07 to
2/23/10 (http://nadp.sws.uiuc.edu), and for Pensacola,
Florida (216 km southwest of HRC) by William Landing
(Florida State University) from 6/11/08 to 9/20/09 (see
Landing et al., 2010).

Rainfall precipitation (P) was measured directly atop
HRC. Monthlyevapotranspiration (ET) was estimated
using the “Thornthwaite” equations after Willmot et al.
(1985) (see calculations in Table EA.1). Monthly net rain-
fall (P�ET) was calculated as the difference between the
two parameters. It should be noted that this approach likely
under-estimates actual infiltration into the cave because the
northern Gulf of Mexico (NGOM) region is recharged by
heavy precipitation events that overwhelm ET on short
timescales.

Chloride and sulfate concentrations in cave dripwaters
were measured from undiluted samples on a Dionex 4500i
Ion Chromatograph. Calibrations were performed at the
beginning, middle, and end of each run using in-house IC
check standards prepared from Ultra Scientifice primary
standards. Analytical uncertainties (1r) for each sample
were ±0.95 lmol L�1 for [Cl�] and ±0.25 lmol L�1 for
[SO4

2�]. Data are presented in Table EC.3.
Unfiltered major cation and trace element samples were

diluted to approximately 1 ppm [Ca] by adding 30 lL sam-
ple to 3.95 mL 2% Optimae HNO3 and spiked to 10 ppb
Sc, In, and Y (internal standards). Samples were then mea-
sured for Li, Na, Si, Mg, K, Ca, Mn, and Sr on an Agilente

7500cs Quadrupole ICP-MS following multiple-element
standard-bracketing methods (modified after Yu et al.,

http://nadp.sws.uiuc.edu


526 D.M. Tremaine, P.N. Froelich / Geochimica et Cosmochimica Acta xxx (2013) xxx–xxx
2005). Calibrations were performed approximately every
ten samples using matrix-matched standards created from
gravimetrically prepared serial dilutions of Specpuree stan-
dards. Analytical uncertainties (1r) were less than
±0.05 lmol L�1.

In November 2008 calcite farming was initiated on
2.5 � 7.5 cm glass microscope slides placed under eleven ac-
tive drip sites (Fig. EA. 1). Before deployment, slides were
pre-weighed and then fixed tilted with a flexible wire mesh
atop actively growing (dripping) stalagmites similar to the
methods of Frisia et al. (2000), Mickler et al. (2004), Banner
et al. (2007), and Boch et al. (2009). After visual verification
of calcite growth, slides were removed and replaced season-
ally, approximately every three months. Recovered slides
were rinsed with deionized water to remove residual salts,
then dried and weighed. Low-magnesium calcite growth
was verified using visual microscopy of crystal habit and
X-ray Diffraction. No aragonite or vaterite was observed
(Tremaine, 2010). After weighing, 30–200 lg of calcite
was selectively removed from each glass plate, dissolved
in 100 lL of 7 N HNO3, then diluted with 18 MX deionized
water to �1 ppm [Ca] and analyzed on an Agilente 7500cs
Quadrupole ICP-MS following the dripwater protocols.
Each plate was previously sampled for isotopes and 14C,
thus trace element samples were taken from random spots
on each plate. Even though most plates were covered with
a thin film of crystals, this heterogeneous sampling routine
probably introduces uncertainty in distribution coefficients
due to spatially variable crystal composition (Mickler et al.,
2006; Day and Henderson, 2011).

Fig. 1 depicts an idealized vertical section through
HRC with surveyed estimates of the water travel distance
from ground surface through the epikarst to the point of
drip emergence at each drip site (referred to as Drip Path

Length or DPL). Eighteen wall-rock limestone samples
were collected in a vertical profile inside the cave, starting
at the ceiling at the east end of the Fissure Crack (approx-
imately 0.6 m below ground surface – Fig. 1) and ending
at the ceiling of the base level of the cave 9.2 m below
ground surface. Recrystallized wall-rock rind was removed
at each location and fresh limestone was collected into
pre-cleaned polyethylene bottles. All limestone samples
were analyzed via X-ray Diffraction at MARTECH, Dept.
of Physics, Florida State University. Three soil samples
were also collected from above HRC near the MET sta-
tion, above SJB, and above the Ballroom. Soil and bed-
rock samples were dried for 48 h in glass vials and then
individually homogenized using an aluminum oxide mor-
tar and pestle. Three to five subsamples were weighed
from each vial (30–300 lg each) and then dissolved into
100 lL of 7 N Optimae HNO3. After centrifuging and
passing through a 0.45 lm filter, samples were diluted to
0.5 ppm [Ca] in 2% Optimae HNO3 and analyzed on an
Agilente 7500cs Quadrupole ICP-MS following the drip-
water protocols. Analytical uncertainties (1r, n = 5) calcu-
lated for each sample were ±2.4 mmol mol�1 for Mg/Ca
and ±0.39 mmol mol�1 for Sr/Ca. Data are presented in
Table EC.5.

In order to establish geochemical constraints for speleo-
them paleohydrologic proxy X/Ca interpretations, it is use-
ful to determine solution-calcite distribution coefficients
and compare them with lab calcite experiments and with
other cave studies. To calculate DX, averaged X/Ca ratios
in HRC dripwaters were compared to X/Ca ratios in mod-
ern farmed calcite during each seasonal farming period
(Table EC.1). Distribution coefficients were then compared
among individual drip sites to assess their uniformity
throughout the cave.

4. RESULTS

4.1. Net rainfall amount and drip rate

A step toward understanding hydrologic controls of
dripwater and calcite compositions at HRC is establishing
how fluctuations in net rainfall amount (Precipitation
minus Evapotranspiration: P�ET) affect dripwater re-
sponse times and drip rates. Evapotranspiration removes
water from the soil, concentrating ions in soil water by up
to a factor of eighteen (�93% ET). Florida experienced
drought conditions from March through November 2008,
creating generally negative net rainfall at HRC with maxi-
mum monthly water deficits of �121 mm (May) and
�115 mm (September). Average net rainfall during this pro-
nounced 9-month dry period was �27 mm month�1 and ET
was approximately 90.3% (Fig. 2a) (see P�ET calculations
in Table EA.1). During July 2008 high evapotranspiration
and reduced rainfall resulted in the driest in situ conditions
of the study period (drip rate �0.06 mL min�1) (Fig. 2b –
Marker ‘A’). A cold front delivered 70 mm of rainfall on
August 15th, 2008 and Tropical Storm Fay delivered
118 mm of rainfall on August 22nd, 2008. These two events
recharged the epikarst at HRC and increased the Ballroom
drip rate to 2.6 mL min�1 after a lag time of approximately
14 days (Kowalczk, 2009).

The epikarst remained hydrologically saturated (full-
pool) through September 2008 as indicated by a sustained
maximum Ballroom drip rate resulting from piston flow,
likely through cracks and fissures. After the cracks and fis-
sures emptied, the piston flow was exhausted and porous
flow became the dominant flow regime, resulting in an
instantaneous 0.15 mL min�1 reduction in flow rate on
October 10th. A linear fall-off in drip rate began on October
10th and continued through December 12th, after which
flooding rains again recharged the epikarst to maximum
capacity. During the subsequent 6-month wet period
(December 2008–May 2009) average net rainfall was
+22 mm month�1 and ET was approximately 77.6%. After
each month of positivenet rainfall (e.g., August and Decem-
ber, 2008) sustained increases in drip flow volumes were re-
corded. This pattern of epikarst recharge to full-pool
(piston flow) followed by a small instantaneous flow reduc-
tion and subsequent linear drip rate fall-off was observed
over six intervals (marked I to VI in Figs. 2b and 3).

Linear drip loss rates (L) were calculated for each epi-
sode (periods I through VI in Fig. 2b). Linear drip loss rates
ranged from L = �2.6 � 10�3 mL min�1 hr�1 to
L = �0.8 � 10�3 mL min�1 hr�1. Loss rates are similar to
within a factor of two for all events. Water flow halving-
times (time required for drip flow rates to decrease by half)



Fig. 2. (Panel A) Left Y-axis: Monthly precipitation above HRC denoted as [P] (red bars) and monthly evapotranspiration as [ET] (grey
bars). Right Y-Axis: Monthly net rainfall [P�ET] (blue circles and solid blue lines). Data and calculations are presented in the Electronic
Annex (Table EA.1). (Panel B) Left Y-axis: Ballroom drip rate (red points). Right Y-axis: Daily rainfall above HRC (hanging black bars).
Missing drip rate data are periods when the drip logger was displaced by flood events (e.g., December 16th 2008 through January 10th 2009).
Event ‘A’ and bracketing arrows illustrate the 14-day (or longer) lag time between a heavy rain event and the rapid drip rate response after a
dry period of empty epikarst reservoir pool with a long water response time. Markers B, C, and D illustrate a greatly reduced lag time in drip
rate response to rainfall during periods of filling or full epikarst. Periods of drip rate decrease during falling reservoir volume are marked with
Roman numerals I through VI and are expanded in Fig. 3. See Section 5.1.2: Diagonal arrows represent changes in dripwater Sr/Ca and Mg/
Ca ratios taken from the PCP vectors in Fig. 6. The length of the arrow denotes the magnitude of PCP change (DSr/DMg), and the arrow
origins (tails) designate the end-of-event date. Arrow lengths were generated by plotting change in PCP along the Ballroom PCP vector in
Fig. 6b and then translating to Fig. 2 (plots not shown here). Blue arrows pointing toward the lower left indicate reduced dripwater Sr/Ca and
Mg/Ca ratios (toward the origin in Fig. 6), reduced extent of PCP, and should correlate with wet conditions and increasing or high drip rates.
Red arrows pointing toward the upper right indicate increased dripwater Sr/Ca and Mg/Ca ratios (away from origin in Fig. 6), increased
extent of PCP, and should correlate with dry conditions and decreasing or low drip rates. This pattern of increased Sr/Ca and Mg/Ca (dry)
versus decreased Sr/Ca and Mg/Ca (wet) is observed during periods of significant drip rate fluctuation (e.g., June 2008 through December,
2008; September 2009 through January 2010). However, between March 2009 and September 2009 when Ballroom drip rates exhibit a
sustained drip rate ‘high’ there is no clear relationship between drip rate and changes in Sr/Ca or Mg/Ca ratios.
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ranged from 2.1 to 6.7 weeks (Fig. 3). Halving-times are
shorter during periods of lower net rainfall (2008; long
water response times), and longer during periods of higher
net rainfall (2009; short water response times). This drip
rate behavior provides information on the hydraulic re-
sponse time of the water in the epikarst as it penetrates
downward through the system, a reliable indicator of peri-
ods when the epikarst is full (and likely overflowing), and
when it is dry.

A saw-tooth pattern is observed in expanded views of
each drip rate fall-off (Fig. 3, panel VII). These semi-diurnal
drip cycles are directly related to changes in barometric
pressure caused by the diurnal (S1) and semi-diurnal (S2)
atmospheric tides (Chapman and Lindzen, 1970; Dai and
Wang, 1999; Kowalczk, 2009; his Fig. 4.22), illustrating
an air pressure-water pressure connectivity within the epik-
arst. This behavior was first described by Genty and Defl-
andre (1998) as a “wiggles” flow regime, where daily
increases (decreases) in cave air barometric pressure cause
reduced (enhanced) volumetric drip flow rates, and vice ver-
sa. HRC above-cave and inside-cave barometric variations
are synchronous with the semi-diurnal drip cycles (Fig. 3 –
panel VII). The barometric high pressure maxima at HRC
are about two hours before local solar noon and two hours
before solar midnight and have an amplitude of about
1 mbar, the typical lead and amplitude for the atmospheric
tidal highs in panhandle Florida (the low atmospheric pres-
sure induced by local solar heating lags high sun by about
10 h: Dai and Wang, 1999). Rainfall events (marked by ar-
rows in Fig. 3) can cause temporary increases in drip rate.
However, the saw-tooth pattern is preserved. Note that drip
rates decrease when barometric pressure increases, even for
cycles in which the S1 (diurnal) cycle dominates and the S2

signal (semi-diurnal) is absent. This “wiggles” behavior is
more pronounced in HRC during falling drip rate episodes
(porous flow) than during filling or full epikarst conditions
where piston flow dominates, a manifestation of connec-
tions between the volume of partially-filled air voids in
the epikarst and very small pressure differentials acting on



Fig. 3. Six periods of falling drip rate observed at the HRC Ballroom drip site. Each panel is an expanded view of areas labeled I through VI
in Fig. 2. Linear drip loss rates (L) are shown as solid lines and are calculated for each episode as L = (Rt � Ro)/Dt where Ro is the initial drip
rate, Rt is the drip rate at time (t), and Dt is the time duration of the fall. Rainfall events are marked with downward vertical arrows. Major
tick marks on time scales in panel VII are at midnight, minor tick marks are at four-hour intervals. The MET station and Cave Station 1
barometric pressures are offset by an arbitrary 8 mbars to allow visual comparison of each time series.
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the air–water interfaces (air bubble compression and expan-
sion) in the wetted capillary zone.

4.2. Rainfall and evapotranspiration controls on dripwater

chemistry

Sodium (Na) and chloride (Cl) behave quasi-conserva-
tively in forest ecosystems, especially in coastal regions with
high sea salt deposition that overwhelms natural processes
in the soil zone (Stallard and Edmond, 1983). Chloride in
rainwater at HRC is sourced solely from sea salts in the
aerosols from nearby Gulf of Mexico surface seawater.
There are no evaporite deposits, nor other salt sources near
HRC such as fertilized fields, septic tanks, or overlying rail-
ways or roadways (in contrast see Riechelmann et al., 2011
and Münsterer et al., 2012). HRC does not experience
freeze–thaw episodes that could influence aqueous salt con-
centrations by ‘salting out’ during a freeze or diluting dur-
ing a thaw cycle. Therefore we use dripwater Cl
concentrations as a quasi-conservative tracer of evapo-
transpiration in the epikarst directly above each drip site.
Cave drip and groundwaters are four to seventeen times
more concentrated in Cl and three to eleven times more
concentrated in Na than rainwater collected in Quincy,
Florida (Table 1), consistent with our estimates of between
70% and 93% evapotranspiration (Table EA.1).

Sulfate is known to be biologically active in most forest
ecosystems (Likens et al., 1970, 1996) but appears to be-
have conservatively at HRC. Rainfall SO4/Cl ratios are
an order of magnitude higher than sea salt and are not
Table 1
Averages and ranges for chloride (Cl�), sodium (Na+), and sulfate (SO4

2�) concentrations in rainwater, HRC dripwaters, and HRC
groundwater. See full data set in Table EC.3.

Sample
location

#
Samples

Avg
[Cl�]

Range 1r
(range)

Avg
[Na+]

Range 1r
(Range)

Avg
[SO4

2�]
Range 1r

(Range)
[SO4]
/[Cl]

[Na]
/[Cl]

n mmol L�1 mmol L�1 mmol L�1 mmol L�1 mmol L�1 mmol L�1 mmol L�1 mmol L�1 mmol L�1 mol
mol�1

mol
mol�1

Seawater
(35 psu)

559 481 28.9 0.052 0.86

Quincy
Rainfalla

85 0.014 0.172–0.002 0.022 0.013 0.065–0.0013 0.026 0.006 0.033–0.002 0.006 0.45 0.89

Pensacola
Rainfallb

53 0.030 0.169–0.003 0.034 0.031 0.148–0.0009 0.032 0.011 0.025–0.003 0.006 0.37 1.03

Ballroom 37 0.112 0.129–0.101 0.007 0.095 0.158–0.088 0.011 0.063 0.070–0.057 0.003 0.56 0.84
Duece 7 0.248 0.270–0.225 0.032 0.120 0.127–0.115 0.005 0.109 0.110–0.108 0.002 0.44 0.48
Richard 1 0.058 0.036 0.021 0.35 0.62
Signature
Room

3 0.057 0.066–0.048 0.009 0.062 0.065–0.060 0.003 0.020 0.024–0.015 0.005 0.36 1.09

Smith and
Jones Room A

20 0.079 0.106–0.065 0.010 0.062 0.066–0.045 0.001 0.052 0.056–0.047 0.003 0.66 0.79

Smith and
Jones Room B

1 0.068 0.040 0.052 0.76 0.58

Sump
(Groundwater
in cave)

33 0.144 0.160–0.126 0.009 0.137 0.152–0.61 0.016 0.045 0.068–0.037 0.007 0.32 0.95

a Quincy rainwater chemistry data provided by the National Atmospheric Deposition Program (NADP). Average values and Na/Cl and
SO4/Cl ratios are value weighted means (VWM).

b Pensacola rainwater chemistry data provided by William Landing, Florida State University. Average values and Na/Cl and SO4/Cl ratios
are volume weighted means.
constant (Table 1) because local atmospheric sulfur is
dominated by non-seasalt sulfate (NSS). NSS in this region
likely has at least two sources; (1) oxidized dimethylsulfide
(DMS), which is a marine biogenic precursor of atmo-
spheric NSS–SO4 particles, especially in areas of high pri-
mary productivity such as coastal Florida (Barnard et al.,
1982; Andreae, 1990; Parungo et al., 1990); and (2) coal-
fired power plants in the Florida panhandle region (Brezo-
nik et al., 1980; Adams and Farwell, 1981). Cave drip and
groundwaters are three to eighteen times more concen-
trated in SO4 than rainwater collected in Quincy, Florida
(Table 1).

Each dripwater collection site exhibits a unique cluster-
ing and range of chloride, sodium, and sulfate concentra-
tions (Fig. 4). We take the best-fit lines through all cave
and rainfall data ([SO4]/[Cl] = 0.42 mol/mol and [Na]/
[Cl] = 0.86 mol/mol) as the initial conservative rainwater
and marine aerosol input ratios. All cave drip sulfate and
chloride concentrations plot near the volume weighted va-
lue of rainfall [SO4]/[Cl] = 0.45 mol/mol (Fig. 4a). And
with the exception of Duece, all cave drips and Quincy rain-
water sodium and chloride concentrations plot on the sea-
water [Na]/[Cl] line (Fig. 4b).

There is a weak relationship between the drip path
length (DPL) and enrichments in dripwater Cl and SO4

(Fig. EA.4a). As DPL increases, Cl and SO4 increase
along the [SO4]/[Cl] = 0.42 line (Fig. EA.4c), presumably
due to integrated cumulative evapotranspiration along
the water flow pathway. For example, at a DPL of only
1 m, Signature Room Cl (57 lmol L�1) and SO4



Fig. 4. (Panel A) [SO4
2�] vs. [Cl�] in HRC dripwaters, groundwater, Quincy rainwater, and Chipola River water. The SO4/Cl = 0.42

(mol mol�1) line includes all cave drips, groundwater, and rainwater. Rainwater SO4/Cl ratios are not constant (see Table EC.3). But the
rainfall volume weighted mean value (SO4/Cl = 0.45; Table 1) is within error of the line. (Panel B) [Na+] vs. [Cl�] in HRC dripwaters,
groundwater, Quincy rainwater, and Chipola River water. Analytical uncertainties (±0.95 lmol L�1 for [Cl�]; ±0.25 lmol L�1 for [SO4

2�];
±0.05 lmol L�1 for [Na+]) are smaller than data symbols.
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(20 lmol L�1) are only slightly more concentrated than Cl
and SO4 in rainwater (Fig. EA.4a). At a DPL of 10 m,
Ballroom Cl (112 lmol L�1) and SO4 (63 lmol L�1) reflect
a 2–3-fold flow-path enrichment due to evapotranspira-
tion. Unlike SO4 and Cl, the relationship between DPL
and dripwater Na concentrations is not so clear
(Fig. EA.4b). Dripwater Na concentrations at Signature
Room, SJA, SJB, and Richard range from 36 to
65 lmol L�1 and exhibit little flow-path enrichment. How-
ever, drips at Sump and Ballroom are 3–5 times more en-
riched in Na than Richard. Na concentrations at Duece
are significantly lower than expected from a conservative
Na/Cl ratio. Except for Duece, HRC dripwaters exhibit
conservative SO4/Cl and Na/Cl ratios (Fig. EA.4c), but
Na concentrations are not strongly correlated to DPL.
Note that transpiration, which accounts forapproximately
80–90% of terrestrial water flux (Jasechko et al., 2013),
does not enrich groundwater d18O or dD (Williams
et al., 2004).

4.3. Bedrock and soil chemistry

As shown in Fig. 1 there are five geologic units at
HRC. Soil Mg/Ca ranges from 16.7 to 139.8 mmol mol�1

and soil Sr/Ca ranges from 0.45 to 0.59 mmol mol�1. Sam-
ples collected from the caprock along the ceiling of the
Fissure Crack (TR11; see Fig. 1) are composed of dolo-
mitic limestone with Mg/Ca ranging from 407 to
427 mmol mol�1 and Sr/Ca ranging from 0.43 to
0.46 mmol mol�1. The presence of dolomite rhombs was
verified by optical microscopy and by X-ray Diffraction
(Fig. EA.5). Marianna and Bumpnose limestones are
low-Mg calcite with Mg/Ca ranging from 1.6 to
14.6 mmol mol�1, and Sr/Ca ranging from 0.23 to
1.0 mmol mol�1 (Tables 2 and EA.5). Ocala limestone is
below the water table and was not sampled.
4.4. Dripwater cation chemistry

Aqueous calcium concentrations increased from 2008
through 2009 at all drip sites. However, magnesium and
strontium concentrations remained relatively stable or in-
creased slightly (Fig. EA.6). Although significant rainfall
occurred in August 2008, the epikarst reached “full capac-
ity” for only a few weeks (Fig. 2). It was not until the epik-
arst experienced positive net rainfall and sustained “full
capacity” conditions for nearly two months that Ballroom
drip water X/Ca ratios began to trend downward in Febru-
ary 2009 (Fig. EA.6). Thus we explicitly assign December
2008 as the end of the dry period and as the beginning of
the following wet period.

Similar to [Cl�] and [SO4
2�], [Mg] and Mg/Ca ratios in

dripwater correlate with drip path length: Mg/Ca ratios de-
crease dramatically with increasing Drip Path Length
(DPL) (Fig. 5a) presumably as a result of dilution of dis-
solved high-Mg dolomitic caprock with dissolved low-Mg
limestone along the vertical flow path. Dripwater Mg/Ca
ratios are in fact strongly negatively correlated with DPL,
more so than either Na/Cl or SO4/Cl ratios. Converseley,
dripwater Sr/Ca ratios tend to increase only slightly with
increasing DPL (Fig. 5b).

4.5. Farmed calcite chemistry and trace element distribution

coefficients

Farmed calcite Mg/Ca ranges from 1.8 to
10.5 mmol mol�1, decreasing dramatically with increasing
DPL. Farmed calcite Sr/Ca ranges from 0.46 to 0.
90 mmol mol�1 and decreases slightly with increasing DPL
(Table 3). All calcite X/Ca ratios are shown in
Table EC.4. Cave calcite Mg and Sr distribution coefficients
(DMg = 0.031 ± 0.008, DSr = 0.092 ± 0.018) (1r) are in
good agreement with previous cave and laboratory studies,



Table 2
Average cation concentrations and X/Ca ratios in rainwater, HRC dripwater and groundwater, and X/Ca ratios in HRC bulk limestone and
dolomite with 1r (range) at each sampling location. Seawater is shown for comparison.

Location #
Samples

Li Na Mg K Ca Mn Sra Si

n lmol L�1 lmol L�1 lmol L�1 lmol L�1 lmol L�1 lmol L�1 lmol L�1 lmol L�1

Seawater (35 psu) – 24.5 481 � 103 54.1 � 103 10.5 � 103 10.5 � 103 0.074 92.8 103
Rainfall Pensacolaa 53 0.009 35 3.6 3.4 4.4 0.027 0.0070 4.7
Rainfall Quincyb 85 0.006 17 2.2 1.3 2.8 0.018 0.0043 3.1
Ballroom 37 0.033 95 86 1.1 937 5.6 � 10�3 0.96 37
Duece 7 0.010 120 97 2.3 1,416 7.8 � 10�3 1.17 47
Lucky 1 0.040 43 236 7.1 1,166 11.4 � 10�3 0.60 126
Richard 1 0.071 36 194 8.8 1,691 3.1 � 10�3 0.72 121
Signature Room 3 0.070 62 799 2.1 1,164 2.8 � 10�3 0.64 143
Smith and Jones Site A 20 0.092 62 412 1.8 1,046 2.3 � 10�3 0.71 113
Smith and Jones Site A1 1 0.073 44 251 5.6 1,583 6.8 � 10�3 0.79 123
Smith and Jones Site A2 1 0.064 42 298 7.4 1,330 4.8 � 10�3 0.66 148
Smith and Jones Site B 3 0.045 40 242 8.6 1,087 15.1 � 10�3 0.84 172
Sump (Groundwater) 33 0.041 139 241 12.8 1,272 8.9 � 10�3 1.01 189

Li/Ca Na/Ca Mg/Ca K/Ca Mn/Ca Sr/Ca Si/Ca (Sr/Ca)/
(Mg/Ca)

mmol mol�1 mmol mol�1 mmol mol�1 mmol mol�1 mmol mol�1 mmol mol�1 mmol mol�1 Ratio

Seawater (35 psu) – 2.3 45810 5152 1000 7 � 10�3 8.84 9.8 0.00172

Rainfall Pensacolaa 53 2.1 8139 772 906 6.1 1.59 1068 0.00206
Rainfall Quincyb 85 2.2 7515 919 711 6.4 1.53 1108 0.00193

Limestone (mmol mol�1) 75 0.020 0.346 7.8 0.73 0.61 0.46 25.2 0.0850
Dolomite (mmol mol�1) 2 – – 417.2 – 0.69 0.44 120.5 0.0010
Soil (mmol mol�1) 9 0.028 0.587 65.6 2.88 8.60 0.53 184.0 0.0081

Ballroom 37 0.038 109 96 1.2 6.7 � 10�3 1.07 44 0.0112
Duece 7 0.008 89 72 1.9 6.6 � 10�3 0.87 35 0.0121
Lucky 1 0.034 37 202 6.0 9.7 � 10�3 0.52 108 0.0026
Richard 1 0.042 22 115 5.2 1.9 � 10�3 0.43 72 0.0037
Signature Room 3 0.063 56 721 1.9 2.4 � 10�3 0.57 129 0.0008
Smith and Jones Site A 20 0.091 61 408 1.8 2.2 � 10�3 0.70 110 0.0017
Smith and Jones Site A1 1 0.046 28 159 3.6 4.3 � 10�3 0.50 77 0.0032
Smith and Jones Site A2 1 0.048 32 224 5.6 3.6 � 10�3 0.49 111 0.0022
Smith and Jones Site B 3 0.042 36 223 7.90 13.9 � 10�3 0.77 158 0.0035

Sump (Groundwater) 33 0.032 112 194 10.2 7 � 10�3 0.81 152 0.0042

a Pensacola rainwater data from William Landing, Florida State University.
b Quincy rainwater data from NADP. Quincy [Sr] values were scaled from Pensacola rainfall, calculated as [Sr]Q = ([Mg]Q/[Mg]P) � [Sr]P.
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and appear uniform inside HRC despite wide variations in
Mg and Sr solution chemistries (Table 4). We observe no
relationship between temperature and DMg. Weak relation-
ships are observed between temperature and DLi, DK, and
DSr (Table EA.4), but the lack of correlation between DMg

and temperature is likely due to the small range in tempera-
ture at interior drip sites in HRC (Tremaine et al., 2011).
Growth rate dependencies were not observed for any of
the measured elements, including Sr (Table EA.4). The lack
of correlation between DSr and growth rate is likely due to
our poorly constrained slow growth rates. HRC calcite pre-
cipitates slowly compared to other caves such as those in the
Edwards Plateau (Banner et al., 2007).

Distribution coefficients for Na (DNa = 0.0058 ± 0.004)
are also uniform throughout the cave and agree with litera-
ture values. However, lithium (DLi = 0.044 ± 0.046) and
potassium (DK = 0.061 ± 0.054) partitioning into HRC cal-
cite are both highly variable and an order of magnitude larger
than laboratory results reported by Okumura and Kitano
(1986). One possible reason is because our unfiltered samples
may contain sporadic contamination from cation-bearing
clays in dripwaters and farmed calcite. Silicon partitioning
was calculated (DSi = 0.018 ± 0.013) but to our knowledge
has not been previously reported in the context of cave-based
paleohydrologic investigations. All elements discussed here
have distribution coefficients much less than unity and are
thus strongly discriminated against in speleothem calcite.
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5. DRIPWATER AND CALCITE CHEMISTRY –

DISCUSSION

5.1. Dripwater cation chemistry

Dripwater chemistry is controlled primarily by dissolu-
tion of host carbonate rock minerals (aragonite, calcite,
or dolomite). Several interchangeable terms are used in
the literature to describe cation extraction from bedrock
into dripwater. We use the terms ‘differential dissolution’
and ‘preferential calcite dissolution’ to mean that calcite
limestone dissolves preferentially while leaving dolomite be-
hind because the kinetics of calcite dissolution are several
orders of magnitude more rapid than dolomite dissolution.
We consider the terms ‘incongruent (calcite or dolomite)
dissolution’ and ‘selective leaching’ to denote a preferential
extraction of Mg and/or Sr from a homogeneous bedrock
phase. Selective leaching occurs on fresh surfaces, but this
short-lived extraction happens within the first few lattice
sites of freshly crushed or cracked carbonate (Busenberg
and Plummer, 1982; Fairchild et al., 1999; McGillen and
Fairchild, 2005). Selective leaching of calcite does not occur
in nature in older limestone beds (Palmer and Edmond,
1992). We find no evidence of incongruent dissolution at
HRC, and there is no aragonite remaining in the host rocks.

Fairchild et al. (2000) considered that “variations in the

proportion of dolomite and calcite weathering due to varying

residence time should result in antipathetic trends on the

Mg/Ca-Sr/Ca plot” (see their Fig. 8). Karmann et al.
(2007) later noted “variation in bedrock composition at

the beginning of flow routes is possibly the cause of spatial

differences in mean values of Mg and Sr between dripwa-

ters”. Thus cave dripwater chemistry is affected by at least
three factors: (1) dissolution of host bedrock and soil min-
erals; (2) mixing of these source solutions; and (3) pre-drip
CO2(aq) degasing from percolating water and resulting
PCP upstream of the drip during dry periods of negative
net rainfall (Fairchild et al., 2000; Karmann et al., 2007;
ig. 5. (Panel A) HRC dripwater Mg/Ca ratios, plus limestone, dolomi
timated drip path length (DPL). (Panel B) HRC dripwater, groundwater
PL. Error bars are 1r (n = 5) range.
Sherwin and Baldini, 2011; Wong et al., 2011; Oster
et al., 2012).

These processes can be separated by normalizing ele-
ments to calcium and by depicting their influences graphi-
cally. This approach inherently assumes that
karstlimestones and dolomites dissolve congruently during
weathering, and that the bedrock left behind after partial
dissolution has the same bulk composition as the limestone
bedrock that has been dissolved into epikarst percolation
waters (as defined by Busenberg and Plummer, 1982;
Morse, 2003). We do not assume that host dolomite dis-
solves at the same rate as host limestone. This approach
also allows graphical isolation of ‘incongruent dissolution’
or ‘selective leaching’.

5.1.1. A model of dripwater mixing and PCP evolution

Mixing between bedrock fluid reservoirs controls drip-
water Sr/Ca and Mg/Ca ratios inside karstic caves (Fair-
child et al., 2000; Tooth and Fairchild, 2003; McMillan
et al., 2005). At HRC the reservoirs include dissolved lime-
stone and dissolved dolomite. The large difference in Mg/
Ca between the dolomitic capstone and the underlying
low-magnesium limestone is important. Waters traveling
through the dolomitic caprock carry the dolomite signature
(high Mg/Ca ratios), while waters that do not travel
through the dolomite carry only the limestone signature
(low Mg/Ca ratios). Mixing of the two endmembers sets
the initial dripwater composition.

To illustrate the concept of mixing, we depict the mixing
‘domain’ as the first quadrant of a clock – an XY plot of Sr/
Ca vs. Mg/Ca between “Noon” and “3 pm” (shaded area in
Fig. 6a). The Y-axis (clock hand at “Noon”) represents
pure dissolved limestone (Sr/Mg = 0.085 mol mol�1) and
the X-axis (clock hand at 3 pm) represents pure dissolved
HRC dolomite (Sr/Mg = 0.001 mol mol�1). Mixing be-
tween the two creates drip compositions that plot along a
mixing arc between source-rock endmembers (see also Fair-
child et al., 2000; their Fig. 8). On this clock analogue, mix-
te, soil and rainfall Mg/Ca ratios (vertical dotted lines) versus
, limestone, dolomite, and rainfall Sr/Ca ratios versus estimated



Table 3
Average Mg/Ca and Sr/Ca ratios in HRC farmed calcite with
DPL. Averages were calculated by summing all available data at
each site and dividing by the number of data points.

Location DPL Mg/Ca 1r Sr/Ca 1r
m mmol mol�1 mmol mol�1

Ballroom 10 1.8 0.60 0.068 0.0010
Duece 10 1.5 0.14 0.046 0.0053
Lucky 9 7.8 0.15 0.054 0.0082
Richard 8 5.1 0.67 0.050 0.0045
SJA-1 8 6.0 0.32 0.052 0.0033
SJA-2 6 9.6 0.67 0.050 0.0053
SJB-1 4 8.1 0.59 0.082 0.0093
SJB-2 4 8.9 0.09 0.074 0.0044
SJB-3 4 7.6 0.19 0.090 0.0056
SJB-5 4 8.4 0.33 0.072 0.0057
SJB-6 4 10.5 0.15 0.074 0.0051
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ing between source-rock reservoirs is depicted as radials of
the hour hand (Fig. 6a – dotted lines). The purple hour
hand at “2 pm” points to a starting dripwater composition
that is 2/3 dolomite-derived Sr and Mg and 1/3 limestone-
derived Sr and Mg. Mixing fractions above each drip site
are presumed constant under stable hydrologic conditions.
Changes in hydrology such as altered dripwater flow paths
or enhanced dissolution of one endmember over another
(preferential dissolution) can shift the starting composition
along the mixing arc toward the dominant endmember. In
reality this mixing domain is not strictly a circular arc
and does not extend to the origin, but is bounded by the
natural range in bedrock Sr/Ca and Mg/Ca ratios (data
presented in Table EA.3).

After mixing between limestone and dolomite endmem-
ber solutions, dripwaters then evolve via Prior Calcite Pre-
cipitation (PCP) from this ‘starting’ composition toward
higher X/Ca ratios along vectors of almost constant Sr/
Mg slope (Fig. 6a – dashed lines). These model vectors pre-
dict the stepwise evolution of dripwaters as calcite PCP pro-
gressively excludes magnesium and strontium from the
solid phase and enriches them in the residual solution (after
Fairchild and Baker, 2012):

Sri ¼ Sro � ðCai � CaoÞðDSrÞ ð1Þ
Mgi ¼Mgo � ðCai � CaoÞðDMgÞ ð2Þ

and

DCa ¼ Cai � Cao ð3Þ

where Sro, Mgo, and Cao are the initial compositions at
each step, Sri, Mgi, and Cai are the ‘new’ incremental drip-
water compositions, and DCa is the arbitrary small step
increment of calcium precipitated from solution as PCP-
calcite (CaCO3). On a Sr/Ca vs. Mg/Ca plot, PCP vectors
(see Table EC.6 for calculations) can be described by:

DSr

DCa
¼ Sro � DCaðDSrÞ

DCa
ð4Þ

and
DMg

DCa
¼Mgo � DCaðDMgÞ

DCa
ð5Þ

Rearrangement of Eqs. (4) and (5) gives the PCP slope:

DSr

DMg
¼ Sro � DCaðDSrÞ

Mgo � DCaðDMgÞ
ð6Þ

From a given starting composition (Sro and Mgo), drip-
water chemistry evolves along these PCP vectors as CaCO3

(DCa2+) is precipitated and Mg and Sr are discriminated
against and thus enriched in the residual solution. Example
post-PCP drip compositions are represented by solidred
squares on Fig. 6a. According to Eq. (6) the slope of each
PCP vector is constant, and is set by: (1) the ratio of distri-
bution coefficients (DSr/DMg); and (2) the initial ‘mixed’
source composition Sro/Mgo ratio. As we will show below,
the location along each vector, or the extent of PCP pro-
duction, is controlled by the balance between rainfall and
evapotranspiration (P�ET). Note that PCP vectors are
not radials on Fig. 6a, but are slanted to the right (rotated
clockwise) since the ratio of distribution coefficients is
greater than one (DSr/DMg �3). See Appendix EB.3 for dis-
cussion of this graphical characteristic and Table EC.6 for
example calculations.

During very wet conditions (P�ET > 1), CO2 degasing
from soil and karst waters into air-filled voids within the
epikarst is suppressed. Hydraulic loading promotes higher
drip rates, which in turn reduces the amount of time avail-
able for CO2 degasing at each soda straw or stalactite. Both
of these factors reduce PCP production, driving drip com-
position inward along PCP vectors back toward dissolved
bedrock. If the epikarst were at ‘full-pool’ and draining
so rapidly as to entirely halt PCP, dripwater Mg/Ca and
Sr/Ca compositions would simply remain at the mixed
starting composition of dissolved bedrock and would not
evolve out the PCP vector.

During dry conditions (P�ET < 1), evapotranspiration
removes water from the overlying soil and bedrock, lower-
ing the top of the wetted saturation zone and creating air
voids that promote dripwaters to degas CO2. As bedrock
fluid reservoirs slowly empty, the void space becomes more
prominent. Reduced hydraulic loading decreases drip rates
(see Figs. 2 and 3), which further increases the time avail-
able for dripwaters to degas CO2 at soda straw and stalac-
tite tips. Both of these conditions promote PCP. Therefore
the distal outer ends of each PCP vector represent very dry
conditions with a larger extent of PCP.

It is important to note that after bedrock dissolution
and mixing have occurred, subsequent rainwater or evapo-
transpiration driven changes in PCP production will drive
drip chemistry outward (dry) or inward (wet) along the
PCP vector but will not significantly alter Sr/Mg ratios.
Evaporation and dilution do not affect this treatment of
PCP because (Mg/Cl)/(Ca/Cl) = Mg/Ca and (Sr/Cl)/(Ca/
Cl) = Sr/Ca (i.e., enrichment by evapotranspiration or dilu-
tion by adding rainwater does not alter Sr/Mg). Said an-
other way, variable mixing between bedrock reservoirs
can alter dripwater Sr/Mg ratios, but PCP alters Sr/Mg ra-
tios only according to the ratio of the DXs. Inherent in this
concept is that once limestone has dissolved and re-precip-
itated as the new diagenetic calcite phase (PCP), this diage-



Table 4
Averaged distribution coefficients (DX-in bold) of modern calcite farmed in situ at drip sites in HRC and values from the literature for
inorganic calcites. HRC averages were calculated by summing all available data at each site and dividing by the number of data points (see

Table EA.2). Coefficients are calculated as DX ¼
ðX=CaÞCaCO3

ðX=CaÞAq
and are reported in units of [mmol mol�1/mmol mol�1]. See Table EC.1 for all data

used to calculate DX.

DMg Max
Min

DSr Max
Min

DNa Max
Min

DLi Max
Min

DK Max
Min

DMn Max
Min

DSi Max
Min

Cave studies

This study (speleothem) 0.031 0.041 0.092 0.112 0.0058 0.0150 0.044 0.13 0.061 0.15 4.9 9.5 0.018 0.041
0.019 0.061 0.0030 0.01 0.007 0.7 0.003

Holland et al. (1964a) 0.140 0.160
0.120

Gascoyne (1983) 0.035 0.057 0.130 0.298
0.013 0.088

Huang and Fairchild
(2001)

0.031 0.038 0.075 0.111
0.014 0.057

Huang et al. (2001)a 0.014 0.016 0.155 0.160
0.012 0.150

Stern et al. (2005)b 0.023 0.120

Karmann et al. (2007)b 0.023 0.059

Fairchild et al. (2010) 0.0177 0.020 0.110 0.130
0.015 0.079

Laboratory studies

Holland et al. (1964b) 0.076 0.102
0.056

Kitano et al. (1971)c 0.081 0.400
0.080

Katz et al. (1972), Katz
(1973)d

0.097 0.124 0.070 0.170
0.057 0.050

Lorens (1978, 1981) 0.054 0.126 14.6 33
0.031 5

Mucci and Morse (1983) 0.019 0.032 0.27 0.400
0.010 0.150

Pingitore and Eastman
(1984, 1986)

0.08 0.193
0.030

Okumura and Kitano
(1986)

0.002 0.006 0.004 0.009 0.00005 0.0020
0.001 0.003 0.0005

Zhong and Mucci (1995) 0.0006 0.0040
0.0002

Tesoriero and Pankow
(1996)

0.021 0.140
0.020

Gabitov and Watson
(2006)

0.12 0.350
0.120

a DX values were reported for stalagmites (Max number) and stalactites (Min number).
b Only average DX values were reported.
c Both calcite and aragonite were precipitated in these studies, however only calcite numbers are reproduced here.
d Pure aragonite was precipitated from solution, then recrystalized into calcite at various experimental durations.

534 D.M. Tremaine, P.N. Froelich / Geochimica et Cosmochimica Acta xxx (2013) xxx–xxx
netic calcite phase is thermodynamically more stable than
the surrounding limestone (Berner, 1981). Thus we make
the explicit assumption that PCP-calcite does not dissolve
in the presence of limestone and that dripwater starting
composition represents only mixing between dissolved bed-
rock phases. If PCP-calcite were to dissolve it would be
quite apparent on a Sr/Ca vs. Mg/Ca plot. A discussion
of how PCP-calcite dissolution can be chemically identified
in dripwater is presented in EB.3.

5.1.2. Measured drip chemistry

Aqueous cation chemistry, like anion chemistry, is dis-
tinct at HRC each drip site (Fairchild et al., 2000, 2006;
Verheyden et al., 2000; Huang et al., 2001; Musgrove
and Banner, 2004; Spötl et al., 2005; Baldini et al., 2006;
Guilfoyle, 2006; McDonald et al., 2007; Wong et al.,
2011; Riechelmann et al., 2011). Drip sites with long
DPL (e.g., Duece) have higher Sr/Mg slopes than those
with shorter DPL (e.g., Smith and Jones A or Signature
Room), suggesting lower proportions of dissolved dolo-
mite (and higher dissolved limestone) with increasing ver-
tical distance below the dolomitic caprock (Fig. 6b). PCP
vectors were calculated from Eqs. (4) and (5) at several
source rock mixing ratios (i.e., at 6%, 20%, 37%, and
80% dolomite) and are represented by dashed lines on
Fig. 6b (see Table EC.6 for calculations). PCP vectors
were derived from common starting conditions of



ig. 6. (Panel A) Conceptual schematic of the predicted evolution of cave dripwaters as a function of only two geochemical processes: (1)
ixing between dissolved bedrock endmembers (limestone and dolomite); and (2) Prior Calcite Precipitation (PCP). We depict the dissolved

edrock “mixing regime” as radials on a Sr/Ca vs. Mg/Ca plot, illustrated schematically as a clock quadrant between 12 pm and 3 pm (gray
aded area). Mixing between dilute rainwater (the origin, x = 0, y = 0) and these two dissolved geochemical endmembers results in dripwater

ompositions that lie within a continuous mixing zone (depicted as the gray arc). Fractional mixing sets the “initial” dripwater composition
olid blue circles are examples). Drip chemistry then evolves away from the dissolved bedrock source mixture toward higher Sr/Ca and Mg/
a ratios. Note that all PCP vectors are slanted to the right (rotated clockwise) of each mixing radial (dashed lines vs. dotted lines). Wet
eriod drip chemistry trends inward along PCP vectors. Dry period Sr/Ca and Mg/Ca trend outward toward the distal ends of PCP vectors.
anel B) Measured Sr/Ca vs. Mg/Ca in HRC dripwaters and groundwater. Short solid black lines depict average measured limestone and

olomite Sr/Mg ratios (Table 2). The gray arc illustrates the domain where endmember mixing fixes the ‘starting’ composition of dripwaters
alues from Table 2). Dotted lines labeled 6% to 80% are PCP vectors modeled from different dissolved limestone bedrock mixtures (light

lue ovals). (Panel C) Sr/Ca vs. Mg/Ca ratios in HRC farmed calcite plotted with predicted calcite chemistry vectors at each site. See
lectronic Annex B for a discussion of the graphical characteristics of these PCP plots.
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Ca2+] = 2500 lmol L�1, a calculated pH = 6.88 (see pH
calculation in Table EC.8), measured mean soil
pCO2 = 4,077 ppmv, DMg = 0.031, DSr = 0.092, and aqua-
tic carbonate equilibrium constants at 20 �C (after Pilson,
1998) where dripwater is assumed saturated with respect to
calcite (X = 1.0). Initial Mg and Sr starting conditions are
chosen from arbitrary points inside the mixing domain



Table 5
Response relationships between drip chemistry, calcite chemistry, and fluctuations in rainfall and in situ drip rates. Changes in drip rate,
dripwater X/Ca ratios, and calcite X/Ca ratios for each site are taken as two-point differences between the beginning and end of the sample
period. The symbol (D) denotes ‘change’ or ‘difference’.

Table row Location Sample period D Drip rate Hydrochemical response

(mL min�1) DðX=CaÞH2O=Dðdrip rateÞ
mmol mol�1/mL min�1

Na/Ca Mg/Ca Sr/Ca

1 Ballroom 12/2009–2/2010 +1.80 �28 �22 �0.25
2 Duece 11/2009–2/2010 +0.44 �91 �73 �0.88
3 Smith and Jones A 9/2009–1/2010 +1.20 �29 �235 �0.33

Speleochemical response

DðX=CaÞCaCO3
=Dðdrip rateÞ

mmol mol�1/mL min�1

Na/Ca Mg/Ca Sr/Ca
4 Duece 11/2009–2/2010 +0.44 �0.57 �0.16 �0.023

D Net rainfall Speleochemical rainfall response

(mm) DðX=CaÞCaCO3
=Dðnet rainfall

mmol mol�1/mm

Na/Ca Mg/Ca Sr/Ca
5 Duece 11/2009–2/2010 +33 �7.6 � 10�3 �21 � 10�4 �3 � 10�4

D Drip Volume calculated from a measured 0.12 mL drip�1 (Tremaine, 2010).
D Net Rainfall calculated from Table EA.1 as [(NRDec 2009 + NRJan + NRFeb 2010)/3] � [(NRSept + NROct + NRNov 2009)/3].
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where dolomite fraction is defined by Mg/Ca and Sr/Ca
ratios. These points adequately represent this system.

As a test for sensitivity of pH to starting conditions, we
tested these calculations over a range of [Ca2+] from 1500 to
3500 lmol L�1 (resulting pH �6.80 to 6.99), a range of
pCO2 from 3700 to 5700 ppmv (resulting pH �6.83 to
6.94), and a range of temperatures from 15 to 25 �C
(resulting pH �6.85 to 6.91). This wide range of inputs
has little impact on pH, suggesting that pH is well buffered
in the soil–limestone system (see Table EC.8).

Drip chemistries at Ballroom and Duece range from dis-
solved bedrock composition to highly enriched Mg/Ca and
Sr/Ca compositions, reflecting periods of both very wet and
very dry rainfall conditions (Fig. 6b). Ballroom and Duece
drip chemistries closely mimic the PCP vector modeled
from a 6% dolomite contribution, suggesting that: (1) their
bedrock-mixing ratios are the same; (2) the mixing ratios
are constant; and (3) PCP is the only process affecting
post-mixing chemical evolution at these sites. Furthermore
their chemistry suggests that even at the deepest point in the
cave (Ballroom and Duece have the longest DPLs) the
dolomitic caprock contributes a measurable portion of
magnesium in dripwater.

Smith and Jones A (SJA) drip chemistry plots around a
37% dolomite PCP vector. This scatter suggests that the
bedrock-mixing ratio of the water supplying SJA is not con-
stant, but oscillates along the mixing arc between about
30% and 44% dolomite (these vectors not shown). One
important characteristic of the SJA drip site is that even
though the mean drip rates are higher than almost all other
sites (see Fig. EA.3), SJA is usually the last site to stop drip-
ping during dry periods. This suggests that SJA underlies a
larger reservoir than other drips. Bi-weekly grab-sample
drip rate information at SJA is not sufficient to test if there
is a correlation between drip rate and Sr/Mg ratios. But
SJA dripwater Sr/Mg ratios that plot to the left of the PCP
vector are coincident with the period of Ballroom drip rate
decline between August 29th, 2009 and November 21st,
2009. As discussed in Section 4.1, this period is character-
ized by a shift from piston flow to porous flow at the Ball-
room site. This suggests that SJA drips have more
dolomite-derived magnesium during very wet periods when
the bedrock fluid reservoir is filled to the stratigraphic level
of the dolomitic caprock. Conversely, SJA drips contain
less dolomite-derived magnesium during dry periods when
reservoir fluid levels fall below the contact point with dolo-
mitic caprock.

Signature Room (SR) dripwaters closely mimic the 80%
dolomite PCP vector, suggesting a constant bedrock-mixing
ratio with magnesium concentrations higher than all other
drip locations. The SR is directly overlain by dolomitic
limestone (DPL < 1 m), thus SR dripwater starting compo-
sition has the highest Mg/Ca ratios. The SR drips are active
only after heavy rainfall events and are classified as shaft-
flow drips (Fig. EA.3).Under even high-flow conditions,
degasing and PCP along the 4–5 m tall flowstone drapery
that transmits ceiling flow to the drip site is sufficient to sig-
nificantly increase Mg/Ca ratios.

Sump chemistry closely follows a 20% dolomite PCP
vector, suggesting a constant bedrock-mixing ratio that
probably reflects the average post-PCP groundwater com-
position below the cave. Drip chemistries at Richard,
SJA-1, SJA-2, and SJB plot between those of Sump and
SJA. There are insufficient data at these sites to evaluate
the constancy of their bedrock-mixing ratios or their sensi-
tivities to wet vs. dry hydrologic effects on PCP.

Dry period (2008) drip waters have lower [Ca] (higher
extent of PCP), while 2009–2010 drips have increasing
[Ca] from dissolved bedrock and decreased extent of the



ig. 7. Published dripwater Sr/Ca and Mg/Ca data plotted with PCP vectors for each cave end-member starting bedrock composition (see
able EA.5). (Panel A) Dripwater Sr/Ca vs. Mg/Ca ratios at published high-magnesium sites: Natural Bridge Caverns (NB) (Wong et al.,
011); Père Nöel Cave (PN) (Verheyden et al., 2008; their Fig. 13); and Clamouse Cave (CL) (Fairchild et al., 2000). PCP vectors are plotted
ith slightly different mixed-bedrock starting compositions based on bedrock chemistry at each cave, illustrated as grey boxes with cave
ecific colors (see Table EA.5). Dolomite mixing fractions for each cave are a function of mixed starting compositions and do not necessarily

verlap with other caves. (Panel B) Dripwater Sr/Ca vs. Mg/Ca ratios at published low-strontium and low-magnesium sites: Crag Cave (CC)
ooth and Fairchild, 2003); Natural Bridge Caverns (NB) (Wong et al., 2011); Bunker Cave (BC) (Riechelmann et al., 2011); Obir Cave (OC)
pötl et al., 2005); and Grotta di Ernesto (ER) (Fairchild et al., 2000). (Panel C) Dripwater Sr/Ca vs. Mg/Ca ratios from published high-
rontium sites: Santana-Pérolas Cave (SP) (Karmann et al., 2007; their Fig. 8); Black Chasm Cavern (BCC) (Oster et al., 2012); Crag Cave
C) (Tooth and Fairchild, 2003); Jinapsan Cave (JC) (Partin et al., 2012); and Père Nöel Cave (PN) (Verheyden et al., 2008; their Fig. 13).
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PCP reaction. See Fig. EA.6 for [Ca], [Mg], and [Sr] time
series. Dripwater Sr/Ca and Mg/Ca ratios at each site
tended to migrate along nearly constant Sr/Mg PCP vectors
toward the origin of the axes (dissolved bedrock-mixing do-
main) during very wet periods, and away from the origin of
the axes during dry periods. This is illustrated by diagonal
arrows in Fig. 2b; blue down-arrows indicate reduced PCP
during periods of increasing or very high drip rate, and red
up-arrows indicate increased PCP during periods of falling
or very low drip rates. These migrations in Mg/Ca and Sr/
Ca (and other X/Ca) ratios at Ballroom, Duece, and SJA
are illustrated in Figs. EA.6 and EA.7. This is a serendipi-
tous result that allows us to unambiguously calibrate be-



Fig. 8. Published speleothem geochemical records. The symbology is the same for panels A, B, C and D. (Panel A) Speleothem Sr/Ca (red
open squares; right Y-axis) and Mg/Ca (blue open circles; left Y-axis) timeseries record from Heshang Cave (China) stalagmite HS-4 (Johnson
et al., 2006; their Fig. 5) and a Sr/Ca vs. Mg/Ca (Sr vs. Mg) crossplot of data from a correlated section (box I: red open circles, from 1481 to
3296 lm) and an uncorrelated section (box II: blue closed circles, from 5051 to 6579 lm). (Panel B) Speleothem Sr/Ca and Mg/Ca timeseries
record from Botuverá Cave (Brazil) stalagmite Bt2 (Cruz et al., 2007; their Fig. 3) and a crossplot of data from a correlated section (box I:
from 11.1 to 33.3 Kyr) and an uncorrelated section (box II: from 67.05 to 77.78 Kyr). (Panel C) Spleothem Sr/Ca and Mg/Ca timeseries
record from Perè Noël Cave (Belgium) stalagmite PN-95-5 (Verheyden et al., 2008; their Fig. 19) and a crossplot of data from a correlated
section (box I: from 10 to 190 mm) and an uncorrelated section (box II: from 530 to 645 mm). (Panel D) Speleothem Sr/Ca and Mg/Ca
timeseries record from Jinapsan Cave (Guam Island) stalagmite “Big Guam” (Sinclair et al., 2012; their Fig. 2) and a crossplot of data from
both the correlated “Peak” (from 0 to 24 cm) and the uncorrelated “Plateau” (from 24 to 35 cm). Constant Sr/Ca vs. Mg/Ca (Sr/Mg) ratios in
these records suggest that these stalagmites precipitated from drips with constant dissolved bedrock-mixing ratios. Fluctuations in Sr/Ca and
Mg/Ca in correlated sections can thus be interpreted as a PCP-modulated wet versus dry records. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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tween dripwater chemistry and calcite chemistry during
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both wet and dry periods.

5.2. Farmed calcite chemistry

To test whether speleothems preserve chemical fluctua-
tions in drip chemistries, we compare modern farmed
calcite (equivalent to PCP-calcite) to coeval dripwaters on
a Sr/Ca vs. Mg/Ca plot (Fig. 6c). We take an approach
similar to modeling PCP vectors by calculating the
predicted vector of calcite chemistry evolution as a function
of measured dripwater composition and distribution coeffi-
cients at each site. We estimate vertical and horizontal vec-
tors as:

Sr

Ca

� �
PCP

¼ Sr

Ca

� �
Aq

ðDSrÞ ð7Þ

and

Mg

Ca

� �
PCP

¼ Mg

Ca

� �
Aq

ðDMgÞ ð8Þ

where subscript ‘PCP’ denotes farmed calcite, and ‘Aq’ de-
notes cations in solution. Rearrangement of these two
equations gives the predicted vectors (slopes) of calcite
PCP evolution:

Sr

Mg

� �
PCP

¼ Sr

Mg

� �
Aq

DSr

DMg

� �
ð9Þ

We make two assumptions in this approach: (1) that dis-
tribution coefficients are nearly constant under the range of
modern cave temperature and growth rate conditions; and
(2) that calcite growth rates are slow and therefore insensi-
tive to very short-term (1–2 week) fluctuations in dripwater
chemistry associated with large rainfall events.

Farmed calcite chemistry displays chemical groupings
similar to those of dripwaters (Fig. 6c), trending from
dry-period higher Mg/Ca and Sr/Ca ratios to wet-period
lower ratios. Duece and Ballroom calcite plots along the
evolution vector predicted from Duece dripwater Sr/Mg
compositions, suggesting that Duece and Ballroom calcites
faithfully record changes in Mg/Ca and Sr/Ca in drip-
water. Calcite at Richard, SJA-1, SJA-2, SJB-2, SJB-3,
and SJB-6 also plot near predicted calcite evolution vec-
tors suggesting that calcites at those sites successfully ar-
chive contemporaneous hydrochemical trends in their
parent dripwaters.

Calcite at Smith and Jones sites B1 and B3 plot at higher
Sr/Ca than the predicted 20% dolomite calcite evolution
vector. Lucky calcite scatters around the 24% dolomite evo-
lution vector (Fig. 6c). One likely reason for the scatter in
data is that bedrock-mixing ratios at these three sites may
not be constant, but are oscillating between geochemical
endmembers as a function of net rainfall. Indeed only a
15 percent change in endmember contributions is needed
to explain the range in Lucky calcite chemistry. We do
not have sufficient dripwater data at these sites to fully de-
velop such an argument, and more data is needed to under-
stand site-specific changes in hydrochemistry at each drip
site. In general calcite Sr/Ca and Mg/Ca ratios (Sr/Mg ra-
tios) trend with observed dripwater chemistry as a simple
function of distribution coefficients.

5.3. Calibrating hydrogeologic conditions to dripwater and

calcite chemistry – An attempt at response functions

In Section 4.1 we demonstrated a direct link between in-
creased monthly net rainfall [P�ET], increased drip rate,
and decreased water response time. To directly test the
hypothesis that changes in net rainfall can contribute to
variations in calcite chemistry, we monitored rainfall
amount, evapotranspiration, drip rates, dripwater chemis-
try, and calcite chemistry at sufficient resolution to evaluate
geochemical variability in modern calcite at the Ballroom,
Duece, and Smith and Jones A sites. Duece was the only
site where calcite growth was fast enough to monitor sub-
seasonal variations in speleochemistry. Therefore we use
the limited data available at Duece to attempt a four month
two-point snapshot calibration of modern calcite chemical
variation versus net rainfall, an interpretation that is fre-
quent in the literature (see review by Fairchild and Treble,
2009).

Changes in dripwater X/Ca ratios with respect to
changes in drip rates [D(X/Ca)Aq/D(Drip Rate)], which
we call the hydrochemical response, exhibit negative rela-
tionships at all sites: cation (X/Ca)Aq ratios decrease as
drip rates increase (Table 5, Rows 1, 2, and 3). This re-
sponse is expected if increased hydrologic saturation, re-
duced void space, and increased drip rates promote a
reduction in the extent of PCP. It is important to note
that although changes in (Sr/Ca)Aq ratios are similar at
all sites, the SJA response in (Mg/Ca)Aq is ten times stron-
ger than at the Ballroom drip site. For a given increase or
decrease in PCP production in a cave, drip sites with high-
er dolomite mixing ratios have proportionally higher re-
sponses in Mg/Ca ratios while exhibiting the same range
in Sr/Ca. It is equally important to recognizethat even
though Ballroom and Duece are only a few meters apart
and are subject to the same net rainfall and share a com-
mon dissolved bedrock source and have similar mixing
fractions, they exhibit a threefold difference in hydrochem-

ical response. This illustrates the heterogeneity of drip geo-
chemistry to drip rate response, and suggests that
relationships between dripwater response and residence
time are unique at each site.

The change in Duece farmed calcite X/Ca ratios with re-
spect to the change in drip rate [D(X/Ca)CaCO3/D(Drip
Rate)], which we call the speleochemical response (Table 5,
Row 4), exhibits a negative relationship: X/CaCaCO3 ratios
decrease as drip rates increase. Calcite chemistry at Duece
also displays a negative response to changes in net rainfall
[D(X/Ca)CaCO3/D(Net Rainfall)], which we call the speleo-

chemical rainfall response. For this calibration DNet Rain-
fall was calculated as the difference between autumn net

rainfall (average of Sept., Oct., and Nov. 2009) and winter
net rainfall (average of Dec., Jan., and Feb. 2010) to
approximate a seasonal change. Thus the seasonal
speleochemical rainfall responses in Duece calcite are:
�21 � 10�4 mmol mol�1/mm for Mg/Ca, �3 � 10�4

mmol mol�1/mm for Sr/Ca, and �7.6 mmol mol�1/mm
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for Na/Ca (Table 5, Row 5). We find that hydrologically
driven variations in dripwater chemistry at the Duece farm-
ing site are preserved in modern calcite at a level well within
the limits of detection. This is an important first step in
quantifying the speleochemical response to climate-induced
variability in dripwater trace element ratios.

6. DRIPWATER AND CALCITE CHEMISTRY –

INTERPRETATIONS

6.1. Application of bedrock-mixing and PCP to other cave

systems

We have demonstrated that the likely controls on drip-
water and speleothem geochemistry in HRC are bedrock-
mixing and PCP, ideas championed initially by Fairchild
et al. (2000) and later by Karmann et al. (2007). Hollow
Ridge Cave is a shallow, horizontal, well-ventilated cave
with two chemically distinct bedrock layers and significant
monthly rainfall. It is a simple cave that provides clear
examples of bedrock-mixing and PCP. To see if these prin-
ciples can be applied more broadly, we test our interpreta-
tions from HRC with published data in other more
complex cave systems where bedrock-mixing was not recog-
nized or was not fully developed.

These caves represent a wide range of geological charac-
teristics and are hosted in limestone with inferred dolomite
and/or high-magnesium carbonate (reefal) components and
in a few cases, aragonite. In most cases the complete host
rock compositions are not well known. For simplicity we
use the following parameters for all these caves: limestone
Mg/Ca = 9.0 mmol mol�1, stoichiometric dolomite Mg/
Ca = 1000 mmol mo1�1, DSr = 0.092, and DMg = 0.031.
For each dataset, the Sr/Ca starting values used to initiate
PCP vectors are taken as the lowest, average, and highest
dripwater values reported in each study, presumed to reflect
host bedrock (Table EA.5). Only drip sites with three or
more data points in a 1-year period are considered. These
published cave data are here classified according to their
hydrochemical characteristics; high-magnesium dripwaters
(Fig. 7a), low-magnesium and low-strontium dripwaters
(Fig. 7b), and high-strontium dripwaters (Fig. 7c). The de-
tails and nuances of plotting and interpreting these PCP
graphs are discussed in EB.2. A complete discussion of each
cave and drip site is provided in Electronic Annex D.

Bedrock-mixing fractions are constant to within ±3% at
every site except Natural Bridge sites NBFT and NBEL.
Post-mixing dripwater evolution is controlled by PCP at
every site except for two: (1) NBEL drip chemistry
(Fig. 7b) does not follow a PCP vector, but instead exhibits
a large enrichment in Mg/Ca with nearly constant Sr/Ca
that may be a fortuitous result of increasing proportions
of dissolved dolomite in the mixing fraction during a dry-
period enhancement in PCP; and (2) Crag Cave sites A
through J (Fig. 7b) plot along a mixing radial that extends
through (0,0) without exhibiting a clockwise rotation away
from the radial indicative of PCP. As observed at Crag
Cave, PCP does not always accompany bedrock-mixing.
Application of this concept to other caves demonstrates
that drip chemistries in caves are most easily explained by
dissolved bedrock-mixing followed by hydrochemical evo-
lution due to PCP. Our approach of quantifying both dis-
solved bedrock-mixing and extent of PCP provides a
simple graphical tool to diagnose hydrochemical behavior.
One important observation of this analysis is that drip
waters controlled by bedrock-mixing and PCP fall along
nearly constant Sr/Mg slopes despite large variations in
Mg/Ca and Sr/Ca ratios.

6.2. Applying modern calibrations to ancient stalagmites

Speleothem time series records of Sr/Ca and Mg/Ca
have been interpreted traditionally as proxies for prevailing
hydrologic conditions; wet periods with less PCP (lower Sr/
Ca and Mg/Ca ratios) versus dry periods with more PCP
(higher Sr/Ca and Mg/Ca ratios) (Fairchild and Baker,
2012). To test this interpretation we have calibrated the
relationships between net rainfall, drip chemistry, and spe-
leothem chemistry inside Hollow Ridge Cave (see Sec-
tion 5.3). We demonstrated that: (1) increased net rainfall
results in increased hydraulic loading, higher drip rates,
and decreased water response times; (2) drip path length-
dependent mixing between dissolved limestone and dis-
solved dolomite fixes initial dripwater Sr/Mg ratios at each
site; (3) dripwater Sr/Ca and Mg/Ca ratios then evolve
along PCP vectors away from the initial dripwater compo-
sition as a function of net rainfall (wet vs. dry); and (4)
modern farmed calcite incorporates dripwater Sr/Mg ratios
(Sr/Ca: Mg/Ca slopes on a PCP diagram) as a function of
the ratio of distribution coefficients (DSr/DMg) (Fig. 6).
These results suggest that under some conditions speleo-
thems might faithfully archive net rainfall-driven variations
in Mg/Ca and Sr/Ca ratios and provide valuable paleocli-
mate information. There are also conditions where it might
not apply.

One implication of our analysis is that dripwater Sr/Ca
vs. Mg/Ca ratios (Sr/Mg slope) must be more or less
constant (constant bedrock-mixing ratio) in order to be
diagnostic indicators of wet (less PCP) and dry periods
(more PCP). This ‘constant Sr/Mg ratio’ is a first-order
criterion for the interpretation of speleothem Mg/Ca and
Sr/Ca time series: these two ratios must covary, and then
must be in phase (constant Sr/Mg). Any period in a spe-
leothem record where Sr/Ca and Mg/Ca do not covary
coherently is likely due to variable bedrock-mixing (or
some other process) and cannot be interpreted as simply
wet versus dry.

Four high-quality speleothem Mg/Ca and Sr/Ca records
are discussed here for illustration of Sr/Ca and Mg/Ca
behavior (Fig. 8). Stalagmite HS-4 (Heshang Cave, China;
Johnson et al., 2006) contains phase-locked Sr/Ca and
Mg/Ca annual variations and constant Sr/Mg ratios in
the youngest (top) 5000 lm (R2 = 0.55) but this correlation
disappears between 5000 and 6500 lm (R2 = 0.10) (Fig. 8a).
Stalagmite Bt2 (Botuverá Cave, Brazil; Cruz et al., 2007)
contains highly coherent Mg/Ca and Sr/Ca record at mil-
lennial timescales and constant Sr/Mg ratios from present
to 67 ka (R2 = 0.61) and from 78 to 116 ka, but not between
68 and 78 ka (R2 = 0.04) (Fig. 8b). Speleothem PN-95-5
(Père Noël Cave, Belgium; Verheyden et al., 2008) exhibits
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extremely strong centennial correlation between Mg/Ca
and Sr/Ca along the youngest 180 mm (R2 = 0.86) and be-
tween 180 and 540 mm, but no correlation between 540 and
650 mm (R2 = 0.01) (Fig. 8c).

Stalagmite “Big Guam” (Jinapsan Cave, Guam Island;
Sinclair et al., 2012) is an example of how a long-term re-
cord of PCP can be overprinted by other processes such as
variable bedrock-mixing (Fig. 8d). “Peak” Sr/Ca and Mg/
Ca ratios (from 0 to 24 cm from tip) are broadly corre-
lated (R2 = 0.55), but several Mg/Ca increases (e.g., at 7
and 19 cm – arrows on Fig. 8d) are observed without cor-
responding Sr/Ca variation, suggesting that processes
other than PCP (discussed below) controlled hydrochemis-
try during those intervals. “Plateau” Sr/Ca and Mg/Ca ra-
tios are not correlated at all (R2 = 0.05), suggesting that
from 24 to 35 cm from the tip PCP had no effect on drip
chemistry.

In summary, stalagmites HS-4, Bt2, PN-95-5, and Big
Guam exhibit constant Sr/Mg ratios over centennial or mil-
lennial timescales suggesting that these stalagmites precipi-
tated from drips with constant dissolved bedrock-mixing
ratios and are good candidates for wet vs. dry paleohydro-
logic reconstruction. The Big Guam stalagmite exhibits
non-constant Sr/Mg ratios over the “Plateau”, thus it
should not be considered a reliable archive of wet vs. dry
paleohydrologic conditions during that time period. This
criterion of near constant Sr/Mg might thus be a useful fil-
ter in applying paleohydrological interpretation to speleo-
them geochemical records. Several factors might lead to
non-constant speleothem Sr/Mg ratios that would not sup-
port the PCP wet vs. dry interpretation, including: (1)
changes in cave morphology, ventilation, and bedrock drip-
water conduits and mixing; (2) non-constant formation
temperature (Oomori et al., 1987; Huang and Fairchild,
2001); (3) large changes in growth rate (Baker et al., 1998;
Banner et al., 2007; Tremaine et al., 2011) and crystallogra-
phy (Lorens, 1978; Tesoriero and Pankow, 1996); (4)
changes in mineralogy (Holland et al., 1963, 1964b); and
(5) incongruent dissolution of host bedrock (McGillen
and Fairchild, 2005).

Perhaps the most important application of these Sr/Mg
criteria is that speleothem Mg/Ca and Sr/Ca records may
offer insight into separating the ‘amount effect’ and ‘source
effect’ in speleothem d18O records (Liu et al., 2013). Spele-
othem variations in d18O interpreted as monsoon-type
‘amount effect’ (Wang et al., 2008; Cheng et al., 2009)
would require that higher Sr/Ca and Mg/Ca (dry; more
PCP) should correlated with 18O-enriched (heavier) calcite
d18O, and lower Sr/Ca and Mg/Ca ratios (wet; less PCP)
should correlate with 18O-depleted (lighter) calcite d18O in
annually resolved records. Conversely, non-constant or
incoherent speleothem Sr/Mg records that do not covary
with variations in d18O are probably not a simple function
of ‘amount effect’.

7. CONCLUSIONS

High-resolution semi-continuous records of rainfall,
drip rate, dripwater chemistry and seasonally farmed calcite
chemistry at Hollow Ridge Cave have demonstrated that:
(1) Drip rate and water response time in the epikarst
above HRC are controlled by net rainfall [P�ET].
Higher net rainfall results in increased drip rate and
shorter drip rate response time to recharge (lag time).
Drip rate response times are not synchronous
throughout the cave.

(2) Dripwater SO4/Cl and Na/Cl ratios behave quasi-
conservatively in the epikarst, suggesting that they
are suitable proxies for estimating evapotranspira-
tion. Dripwater chloride, sodium, and sulfate concen-
trations are elevated ten to eighteen-fold above
rainwater. Enrichments are weakly dependent on ver-
tical drip path length and associated cumulative
evapotranspiration effects.

(3) Dripwater [Mg2+] and Mg/Ca ratios decrease with
longer drip path lengths, while [Sr2+] and Sr/Ca
ratios increase. Both trends are due to dilution of dis-
solved high-Mg dolomitic caprock with dissolved
low-Mg limestone as water chemistry evolves along
the vertical drip paths.

(4) Dripwater hydrochemistry (Ca, Mg, Sr) in HRC and
many other caves is best explained by two dominant
mechanisms: (1) mixing between dissolved bedrock
limestone and dissolved dolomite; and (2) Prior-Cal-
cite-Precipitation driven evolution of dripwaters
away from starting bedrock compositions toward
higher Sr/Ca and Mg/Ca ratios.

(5) Variations in dripwater Sr/Ca and Mg/Ca ratios are
preserved in contemporaneous speleothem calcite at
sites with constant bedrock-mixing ratios – constant
Sr/Mg. This calibration suggests that interpreting
variations in speleothem Sr/Ca and Mg/Ca ratios
as wet versus dry proxies require that the Sr/Mg ratio
of speleothem calcite must be constant.

(6) Under constant speleothem Sr/Mg conditions, coher-
ent and in-phase variations in speleothem d18O, Sr/
Ca and Mg/Ca may be confidently attributed to
wet vs. dry rainfall amount.
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