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Abstract

Measurements of the oxygen isotopic composition (d18O value) of rainfall, drip-water and associated calcite (grown on
artificial substrates and in a natural speleothem) at multiple drip sites in a well-ventilated cave in central Texas were conducted
to investigate the potential use of speleothem d18O for quantitative temperature reconstructions. From 2009 to 2011, rainfall
d18O varied by 11.5& (�10.5& to 1.0&, V-SMOW), whereas drip-waters had a much narrower range of 0.3& (�4.7&

to�4.4&, V-SMOW). This contrast indicates that mixing processes along flow paths in the vadose zone above the cave produce
a well-homogenized water reservoir that supplies drip-water to the cave. The d18O values for calcite grown on substrates over the
same time period show seasonal variations (summer: ��6&; winter: ��3&) that are strongly correlated with surface air tem-
peratures (ta) at all three monitored sites (r2 = 0.88-0.96; p < 0.001). These results indicate that the dominant control on calcite
d18O is temperature. An empirical relationship was established for one monitored site: ta = �9.1 (±0.9) � d18O � 103

� 20.6 (±4.1); r2 = 0.88, and applied to a d18O time series of the top 6.7 mm of a stalagmite that grew at this drip site. This yields
a temperature record that appears to reflect seasonal variations for the period 2005–2009. This speleothem-derived temperature
record is offset to lower values (by 0-8 �C) compared to the instrumental temperature record. This offset may be a result of dif-
ferences between substrate and speleothem calcite in terms growth mechanism, extent of non-equilibrium isotopic effects, or tem-
poral shifts in drip-water d18O values. Despite this offset, the speleothem-derived record reconstructs the amplitudes of seasonal
variations and changes in inter-annual summer peak temperatures in the instrumental record. Results of this study have impli-
cations for reconstructing past temperatures, and for establishing a speleothem chronology with seasonal resolution, using spe-
leothem calcite d18O. The results also suggest that relatively seldom-studied speleothem samples near the entrances of caves,
where environmental conditions may be similar to surface conditions, could prove valuable as paleo-temperature archives.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Oxygen isotope (d18O) studies of Pleistocene and Holo-
cene speleothems often interpret these records in terms of
variations in rainfall amount, air temperature and moisture
source on decadal to millennial time scales (Bar-Matthews
0016-7037/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.gca.2013.11.039

⇑ Corresponding author. Current address: Department of Phys-
ics, Astronomy and Geosciences, Valdosta State University,
Valdosta, GA, United States. Tel.: +1 2147147264.

E-mail address: weimin.feng@gmail.com (W. Feng).
et al., 1999; Hu et al., 2008; Mattey et al., 2008; Wagner
et al., 2010). The interpretation of paleotemperature infor-
mation from speleothems, however, may be complicated by
the simultaneous effects on d18O of rainfall amount, tem-
perature and moisture source, and by the potential for
non-equilibrium (or ‘kinetic’) isotope effects during speleo-
them formation (Hendy, 1971; Mickler et al., 2004, 2006;
Feng et al., 2012). These influences on speleothem d18O val-
ues may be expressed regionally, such as (1) the intensity of
ENSO (e.g., Lachniet et al., 2004); (2) frequency of tropical
cyclones (Frappier et al., 2007); (3) the strength of the Asian
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and North American Monsoon (e.g., Wang et al., 2001;
Cheng et al., 2009); (4) the position and strength of the po-
lar jet stream (e.g., Asmerom et al., 2010); and (5) the posi-
tion of the Intertropical Convergence Zone (e.g., Shakun
et al., 2007).

Temperature affects speleothem d18O values through
two different processes: (1) the global distribution of rainfall
d18O values is correlated with temperature in mid- to
high-latitude regions (Rozanski et al., 1993) due to the tem-
perature dependence of both rainfall amount and the li-
quid–vapor fractionation factor for oxygen isotopes; (2)
calcite deposited from solution will acquire varying degrees
of enrichment of 18O in the mineral according to tempera-
ture-dependent equilibrium fractionation factor (Epstein
et al., 1953; Friedman and O’Neil, 1977; Kim and O’Neil,
1997; Coplen, 2007). In ideal cases, the effects of the combi-
nation of these two processes may be used to infer changes
in past temperatures from speleothem d18O values. How-
ever, because rainfall d18O is affected by other factors
(e.g., moisture source, rainfall amount), such inferences
regarding past temperatures commonly have significant
uncertainties. In the central Texas cave of the present study,
drip-waters have a very limited range of d18O values over
multi-year period. This limited variability renders the influ-
ence of temperature on rainfall d18O (process 1 above) and
other surface processes negligible, which in turn constrains
the influence of temperature to occur via in-cave processes
such as calcite-water fractionation (process 2). Other in-
cave processes affecting speleothem calcite d18O values in-
clude kinetic isotopic fractionation (e.g., Hendy, 1971;
Mickler et al., 2004, 2006; Feng et al., 2012); water evapo-
ration, whereby enhanced evaporation increases d18O
values of both drip-water and calcite (e.g., Hendy, 1971;
Deininger et al., 2012); and changes in drip rate, whereby
higher drip rates replenish the water film on the speleothem
surface faster and negate the impact of evaporation (e.g.,
Scholz et al., 2009).

Most speleothem studies have focused on samples form-
ing deep in the cave environment, where meteorological
conditions such as relative humidity, cave-air CO2 concen-
trations, and evaporation rates are stable compared to the
cave exterior. These speleothems, however, tend to grow
relatively slowly due to high cave-air CO2 concentrations
(e.g., Banner et al., 2007) and are subject to little to no sea-
sonal temperature variability. Sub-annual d18O variations
that are occasionally found in speleothems from these deep
settings are likely influenced by factors other than or in
addition to temperature (e.g., Johnson et al., 2006; Mattey
et al., 2008). Recent advances in extracting temperature re-
lated information from speleothems include application of
clumped isotopes and isotopic and noble gas analysis of
fluid inclusions (Affek et al., 2008; Kluge et al., 2008; Sche-
idegger et al., 2010). The clumped isotope methodology
demonstrates significant potential for obtaining absolute
temperatures from analysis of carbonate minerals. Applica-
tions to speleothems, however, indicate that calcite growth
in cave environments is often fraught with significant ki-
netic effects on clumped-isotope variations (Affek et al.,
2008; Daëron et al., 2011), which limits the extraction of
temperature information from speleothems. Fluid inclusion
studies, in practice, require a significant amount of sample
(>0.5 g, e.g., Vonhof et al., 2006), which limits its use in
high-resolution climate reconstruction using speleothems.
The d18O records of speleothems from well-constrained
environments, therefore, may present an important oppor-
tunity for the construction of high-resolution paleotemper-
ature records.

The present study aims to advance temperature recon-
struction from speleothem d18O records by evaluating the
relationship between temperature and d18O values of drip-
water and speleothem calcite. We studied a shallow cave
environment in central Texas characterized by large sea-
sonal temperature shifts. We present d18O results for rain-
fall, drip-water, calcite formed on artificial substrates
placed under active drips, and calcite sampled from an ac-
tively growing stalagmite. These results are then compared
with meteorological conditions over the same time period
to evaluate the relationship between speleothem d18O val-
ues and surface air temperatures.

2. HYDROGEOLOGIC SETTING

Westcave Preserve (Fig. 1a) is located within the Heinz
Branch watershed in central Texas, on the eastern edge of
the Edwards Plateau (Fig. 1b). The study site is a small,
shallow cave in the Preserve. The regional climate ranges
from subtropical/sub-humid to semi-arid (Larkin and
Bomar, 1983). In terms of temperature and rainfall, this
amounts to dry, hot summers, generally wetter springs
and falls, and dry, mild winters. The probability for
drought in the region is high with intermittent droughts dis-
persed amongst wetter periods (Banner et al., 2010). For the
study period from July 2009 to February 2011, mean an-
nual rainfall was �91 cm (measured at the Preserve), while
mean monthly temperature (MMT) ranged from 8 to 32 �C
(NOAA station ID: GHCND: US1TXTV0019). The region
experienced a record drought and high temperatures
(MMT > 33 �C) in the summer of 2011 (Combs, 2012).

Thin soils (<20 cm) in the region support pasture
grasses, Ashe juniper trees and shrubs, and oaks, on a sub-
strate of the Lower Cretaceous Cow Creek Limestone For-
mation. The cave (“Westcave” hereafter) formed along the
wall of a 30-m-deep canyon by travertine draping over and
partly enclosing an overhang of resistant Cow Creek strata
(Caran, pers. comm., 2012). The overburden above the drip
sites is �20–25 m thick. The cave has a volume of �1400 m3

(LHW � 35 � 5 � 8 m) and several openings (Fig. 1a),
resulting in an opening area to cave volume ratio of
�0.02 m�1. This large ratio and multiple openings allow
the cave to ventilate throughout the year. This is in contrast
to other caves in the region that are deeper, have much
smaller opening area to cave volume ratios (�0.001–
0.0003 m�1), and ventilate seasonally (Banner et al., 2007;
Feng et al., 2012; Cowan et al., 2013). As a result, Westcave
has an internal atmosphere with temperature and CO2 con-
centrations similar to that of the surface atmosphere
(Casteel, 2011). The narrow range and low, near atmo-
spheric, values of cave-air CO2 concentrations (volume frac-
tion: 420–640 ppm; Fig. 2) throughout the year allow
for year-round calcite growth, in contrast to the strong
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Fig. 1. Location map and cave map for Westcave Preserve. (a) Map of Westcave; monitored sites are labeled; (b) location of Westcave
Preserve in Texas, USA; (c) image of stalagmite WC-3. Top 6.7 mm (area indicated by a box) are micromilled at 167 lm steps for stable
isotope analysis. Three layers sampled at depths of 5.0, 6.5 and 8.0 cm for U-series dating are also marked (Table 7).
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seasonality in cave-air CO2 and calcite growth observed in
other caves in the region (Banner et al., 2007; Feng et al.,
2012; Cowan et al., 2013). A�200 m2 pond fed by a waterfall
sits near the cave openings, which may help maintain elevated
relative humidity in the cave and moderate local temperature
(Fig. 1a).

An ongoing monitoring study at Westcave has provided
samples and measurements of environmental parameters
since July 2009 (Casteel and Banner, 2011). The present
study presents results from three drip sites (WC-1, 3, 6;
Fig. 1a). For WC-1 and WC-3, drips emanate from soda
straws (2.5-15 cm in length), while the drip for WC-6 flows
down a 30-cm-long drapery prior to drip. The drip rates for
these sites are not influenced by rainfall variations and are
thus considered to be fed by diffuse flow paths (Casteel and
Banner, 2011).

3. METHODS AND SAMPLES

3.1. Sample collection

Methods of cave monitoring and sample collection
follow protocols developed over a 12-yr period (e.g.,
Musgrove and Banner, 2004; Banner et al., 2007; Feng
et al., 2012; Cowan et al., 2013). Relevant methods are
briefly described below.

Sampling was conducted every 4–5 weeks at Westcave
since July 2009. Monitored cave conditions include cave-air
CO2 concentration, cave-air temperature (tc), relative
humidity (RH), drip rate, and drip-water temperature (tw).
Collection time for water samples ranged from 40 min to
4–6 h, depending on the drip rate. Drip-water temperatures
were measured after water sample collection. To determine
if drip-water temperature changes from the discharge point
on the cave ceiling to the collection in the bottle, direct mea-
surements of water temperature from drapery and stalactite
tips were also carried out for collection trips from January
2011 to June 2013. The results were compared to the mea-
surements made on water collected in the bottles during the
same field trips. This test showed no significant differences
(on average <1 �C) between the two methods of measure-
ment, indicating that before dripping, drip-water attains a
stable temperature, which it likely maintains during speleo-
them calcite deposition. Upon collection, aliquots of drip-
water for oxygen isotope analysis were transferred to clean
4-ml glass vials. Vials are filled and sealed with screw thread
cap with Polytetrafluoroethylene/Silicone septa, wrapped
with Parafilm, and kept refrigerated until analysis.



Fig. 2. Time series of daily rainfall, mean monthly surface air temperature (ta), cave-air temperature (tc), cave-air relative humidity (RH),
cave-air CO2 concentration, drip-water temperature (tw) and calcite growth for three drip sites, and average calcite growth for all sites. Calcite
growth rates for each site are standardized to each drip site’s mean growth rate. For each site, there is a positive correlation between calcite
growth and ta, tc and tw. Changes in cave-air CO2 concentration are very small and do not correlate with calcite growth.
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Sanded and cleaned 10 � 10 cm glass substrates were
placed under monitored drip sites to collect calcite depos-
ited from drip-water between consecutive field trips. Col-
lected substrates were rinsed with deionized water on site
and dried overnight in a laminar flow hood. Substrates were
weighed using a Sartorius MC1 RC 210P electronic balance
prior to deployment and after collection to calculate calcite
growth (in units of mg/day, following methods in Banner
et al., 2007).

An actively growing stalagmite WC-3 (underneath drip
site WC-3, Fig. 1a) was sampled in July 2009, at the start
of the monitoring study described above. The stalagmite
is �10 cm in length, comprised of white to pale orange
growth bands of calcite, and has pores along its growth axis
(Fig. 1c). The upper 6.7 mm of the stalagmite was sampled
at an increment of 167 lm parallel to the growth axis using
an automated micromill system. Of 40 milled samples, 37
had sufficient calcite for oxygen isotope analysis.

Daily rain gauge amounts are recorded by Westcave
Preserve staff, and thus daily rainfall statistics were avail-
able for the study period. Daily surface air temperature
(ta) was obtained from the nearest weather station, located
11 km southeast of Westcave (Bee Cave, Texas; NOAA sta-
tion ID: GHCND: US1TXTV0019). For isotopic analysis,
rainfall samples were collected monthly from the roof of the
Jackson Geological Sciences Building on the University of
Texas at Austin campus, �50 km to the east of Westcave.
3.2. Isotope analyses

Isotopic compositions (d18O, d13C and dD values) were
measured at the University of Texas at Austin. For water
samples, d18O values were measured on CO2 equilibrated
with the water samples on a Thermo GasBench II con-
nected to a Thermo ConFlo IV and a Thermo Delta V Plus.
The dD values were measured on H2 equilibrated with
water. For the calcite samples, �200 lg of calcite powder
were scraped with dental-grade steel tools and spatulas
from an area close to the center of calcite growth when dis-
cernible or closest to the center of the substrate when there
was no visible growth center. The d18O and d13C values
were measured for CO2 liberated from the mineral by reac-
tion with H3PO4 in a Thermo Kiel IV Carbonate Device at-
tached to a dual inlet Thermo MAT 253. Ten NBS 19
standards run with the unknown calcite samples yield a
mean value of 2.20 ± 0.10& (2r) (V-PDB) for d18O. Oxy-
gen isotopic results were reported relative to V-PDB stan-
dard (Craig, 1957). Conversions to V-SMOW/SLAP
standard (Gonfiantini, 1978) were made using the following
equation (Friedman and O’Neil, 1977):

dV-SMOW ¼ 1:03091dV-PDB þ 30:91 ð1Þ

Results are expressed on the normalized scale such that
d18O of SLAP is �55.5& (Coplen, 1996). The d notation
is defined as:
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d ¼ Rsample=Rstandard � 1 ð2Þ

For d18O, Rsample and Rstandard are the number ratios of
18O/16O in the sample and standard respectively.

3.3. U-series geochronology

Three growth layers of stalagmite WC-3 were analyzed
using U-series methods (Fig. 1c) at the University of Texas
at Austin. For each layer, after removal of the surface of the
polished slab (�200 lm deep), �500 mg calcite powder was
hand-drilled in a laminar flow hood along the growth layer.
Powdered samples were chemically prepared in a clean lab
following the procedures of Musgrove et al. (2001), and
measured for the U and Th isotope ratios on a Thermo-
Fisher Triton thermal ionization mass spectrometer. Ages
were calculated using published half-lives (Cheng et al.,
2000), and were corrected for detrital thorium using an ini-
tial 230Th/232Th ratio of 5.8 ± 0.6 ppm measured at this
drip site (calcite deposited in Westcave displays a large
230Th/232Th range of 5.8–15.2 ppm, Wortham et al., 2013).
4. RESULTS

4.1. Cave meteorological conditions and substrate calcite

growth

Seasonal cycles are observed in mean monthly surface
air temperature (ta, 8–32 �C, Table 1), cave-air temperature
(tc, 9–25 �C, Table 1), and drip-water temperature (tw,
10–27 �C, Table 2; Fig. 2) at Westcave. Note that tw were
measured every 4–5 weeks, rather than daily as ta records.
The three temperature records directly correlate with each
Table 1
Meteorological conditions and substrate calcite growth rates at the West

Date Avg. monthly ta (�C)a Avg. monthly tc (�C) RH

8/28/2009 32.2 76.8
9/15/2009 27.8 99.2
10/5/2009 24.3 99.9
10/29/2009 20.4 99.9
11/18/2009 14.8
12/7/2009 8.9 97.8
1/21/2010 9.4 99.4
2/20/2010 13.5 99.9
3/28/2010 20.0 85.9
4/27/2010 25.5 90.9
5/31/2010 29.0 21.6 95.1
7/6/2010 29.6 24.0 99.9
7/28/2010 31.6 24.7 97.1
8/26/2010 28.2 25.0 97.1
9/28/2010 22.4 23.7 93.5
10/24/2010 18.1 17.9 92.4
12/15/2010 14.4 12.8 98.4
1/27/2011 10.4 8.8 83.5
2/24/2011 8.3 9.0 95.0

a Surface air temperatures are from a weather station 11 km from
US1TXTV0019).

b Values are in volume fraction.
c Deposited on a 10 � 10 cm glass substrate.
d Measured at site WC-3.
other, with peak values in July–October and the lowest val-
ues in December–February (Fig. 2). These large seasonal
temperature ranges contrast with much narrower cave-air
and drip-water temperature ranges (<5 �C) typical of most
caves in the region (Banner et al., 2007; Feng et al., 2012;
Cowan et al., 2013).

Monthly measurements of relative humidity in the cave
ranged from 77% to 100% with an average of 95% (Table 1).
Drip rates ranged from 1.6 to 8.0 ll/s (WC-1), 0.02 to
2.2 ll/s (WC-3), and 38 to 97 ll/s (WC-6). There is no sea-
sonal or other temporal pattern in the changes of drip rates
(Table 2).

Cave-air CO2 concentrations ranged from 390 to
640 ppm (n = 18, Table 1, Fig. 2), with a mean value of
460 ppm. These CO2 values are near-atmospheric and at
the low end of the 370–38,000 ppm range observed in most
other caves monitored in central Texas (Banner et al., 2007;
Feng et al., 2012; Cowan et al., 2013). In the absence of high
cave-air CO2 concentrations that inhibit calcite deposition
(Banner et al., 2007), calcite growth on substrates at all mon-
itored Westcave sites occurred year-round. Substrate growth
rates ranged seasonally from 5 to 67 mg/day, with highest
rates in summers (Table 2, Fig. 2). For WC-1, growth rates
were 21-32 mg/day in the summer months and 7–9 mg/day
in the winter months. For WC-3, growth rates were 11–
28 mg/day in the summer months and 5–11 mg/day in the
winter months. For WC-6, growth rates were 31–67 mg/
day in the summer months and 11–19 mg/day in the winter
months. A positive correlation between drip rate and calcite
growth rate was observed for WC-6 (r2 = 0.43) but not for
WC-1 and WC-3. The fastest drip site (WC-6) had the highest
mean calcite growth rate, while slowest drip site (WC-3) had
the lowest mean growth rate.
cave.

(%)d CO2 (ppm)b Ave. calcite growth for 3 sites (mg/day)c

430
470
420 27.5
510 24.0

15.4
440 7.6
450 9.5
480 10.7
390 16.9
420 20.1
640 27.4
440 34.2
460 39.6
450 35.3
430 25.6
480 16.9
450 14.3
470 11.1
450 13.0

Westcave, in Bee Cave, Texas (NOAA station ID: GHCND:



Table 2
Substrate calcite growth conditions and drip-water and calcite oxygen isotope results.

Dates Growth rate (mg/d) Drip rate (ll/s) tw (�C)a d18Occ& V-PDB d18Ow& V-SMOW a D18Occ–e&
b

WC-1

8/10/2009 �4.4
9/16/2009 28.8 2.5 26.5 �5.7 �4.5 1.0297 �0.2
10/17/2009 20.5 7.4 22.6 �5.7 �4.6 1.0298 �0.9
11/17/2009 12.7 7.9 19.6 �4.7 �4.6 1.0308 �0.5
12/29/2009 8.4 5.5 17.2 �3.8 �4.6 1.0317 �0.1
2/5/2010 8.5 3.8 17.8 �3.8 �4.6 1.0317 0.0
3/10/2010 9.2 1.8 21.1 �4.2 �4.6 1.0313 0.3
4/12/2010 12.5 1.6 21.9 �5.0 �4.5 1.0304 �0.4
5/14/2010 15.1 1.6 19.1 �5.7 �4.5 1.0297 �1.7
6/18/2010 23.5 4.2 25.3 �6.2 �4.5 1.0291 �1.0
7/17/2010 27.2 4.2 24.6 �6.5 �4.5 1.0288 �1.4
8/11/2010 32.4 8.0 �6.6 �4.6 1.0288
9/10/2010 32.2 7.4 21.3 �6.4 �4.7 1.0291 �1.8
10/10/2010 25.6 6.9 20.0 �5.3 �4.6 1.0302 �1.0
11/5/2010 16.4 7.0 17.3 �4.8 �4.5 1.0306 �1.2
12/1/2010 13.2 4.5 �4.8 �4.5 1.0306
1/5/2011 9.6 4.5 11.5 �3.6 �4.5 1.0318 �1.2
2/10/2011 7.1 4.3 12.9 �4.4
3/21/2011 5.0 16.8 �4.4

WC-3

7/16/2009 24.2 �5.6 �4.5 1.0298
8/12/2009 28.1 0.02 �5.3 �4.5 1.0301
9/16/2009 18.2 0.9 �5.2 �4.5 1.0302
10/17/2009 20.3 24.8 �5.2 �4.5 1.0302 �0.1
11/17/2009 13 1.1 19.7 �4.0 �4.5 1.0314 0.1
12/29/2009 6.4 0.9 16.4 �3.3 �4.5 1.0322 0.2
2/5/2010 7.3 1.1 18.4 �4.5
3/10/2010 8.3 1.1 21.0 �3.7 �4.5 1.0317 0.7
4/12/2010 9.4 1.0 21.5 �4.5 �4.5 1.0309 0.0
5/14/2010 10.1 1.0 19.5 �5.1 �4.5 1.0303 �1.0
6/18/2010 11.2 1.0 26.0 �5.5 �4.5 1.0299 �0.1
7/17/2010 14.2 1.0 26.0 �5.3 �4.5 1.0301 0.1
8/11/2010 19.0 1.0 25.0 �5.2 �4.5 1.0302 0.0
9/10/2010 18.6 1.1 21.4 �5.6 �4.5 1.0298 �1.1
10/10/2010 14.7 1.2 20.1 �4.7 �4.6 1.0308 �0.4
11/5/2010 11.0 2.0 17.1 �4.6 �4.6 1.0309 �0.9
12/1/2010 10.5 2.2 12.7 �3.9 �4.5 1.0315 �1.2
1/5/2011 6.4 2.2 10.6 �3.1 �4.5 1.0324 �0.9
2/10/2011 5.3 1.7 12.7 �3.8 �4.5 1.0316 �1.1
3/21/2011 �4.5
5/11/2011 �4.9
7/6/2011 �6.0
8/18/2011 �5.7

WC-6

9/16/2009 35.6 38 22.3 �5.3
10/17/2009 31.2 80.9 23.1 �5.3 �4.5 1.0301 �0.5
11/17/2009 20.5 71.3 19.4 �4.2 �4.5 1.0312 �0.1
12/29/2009 10.5 45.5 16.5 �3.3 �4.5 1.0322 0.2
2/5/2010 63.5 17.7 �3.4 �4.6 1.0322 0.4
3/10/2010 14.5 78.0 17.1 �3.9 �4.7 1.0317 �0.1
4/12/2010 28.8 76.4 16.1 �4.8 �4.7 1.0308 �1.2
5/14/2010 35.1 75.8 15.8 �5.3 �4.6 1.0302 �1.9
6/18/2010 47.4 97.0 24.7 �5.8 �4.5 1.0296 �0.7
7/17/2010 61.2 97.0 24.2 �5.6 �4.5 1.0298 �0.6
8/11/2010 67.4 89.0 24.8 �6.2 �4.5 1.0291 �1.1
9/10/2010 55.0 89.6 20.2 �6.1 �4.6 1.0294 �1.8
10/10/2010 36.6 90.0 19.1 �5.0 �4.6 1.0305 �0.9
11/5/2010 23.2 48.0 21.3 �4.5 �4.6 1.0310 0.0

(continued on next page)

238 W. Feng et al. / Geochimica et Cosmochimica Acta 127 (2014) 233–250



Table 2 (continued)

Dates Growth rate (mg/d) Drip rate (ll/s) tw (�C)a d18Occ& V-PDB d18Ow& V-SMOW a D18Occ–e&
b

12/1/2010 19.4 62.0 12.0 �4.1 �4.5 1.0313 �1.6
1/5/2011 17.3 62.0 10.2 �3.5 �4.5 1.0319 �1.4
2/10/2011 11.2 64.0 13.0 �4.4

a Values are either averaged over two field measurements during two consecutive field trips (when both values available), or a single
measurement during a field trip carried out 20 days before or after the date specified.

b Calculated using Eq. 4 and fractionation factor of Coplen (2007).

Table 3
Amount and isotopic compositions of Austin rainfall.a

Date d18O (V-SMOW, &) dD (V-SMOW, &) Austin rainfall amount (cm)b

4/27/2009 �2.5 �12 6.9
5/27/2009 �3.2 �16 4.7
6/27/2009 �2.3 �15 2.5
7/23/2009 1.0 8 0.2
8/22/2009 �2.2 �15 0.2
8/31/2009 �1.5 1.9
9/23/2009 �6.2 �35 16.6
9/30/2009 �5.5 0.8
10/22/2009 �5.4 �25 11.5
11/20/2009 �8.4 �56 11.9
12/31/2009 �5.6 7.9
1/10/2010 �7.3
1/15/2010 �5.9
1/15/2010 �7.5
2/9/2010 �8.0 13.0
2/28/2010 �7.7 3.2
4/5/2010 �4.1 7.1
5/9/2010 �1.9 5.5
6/6/2010 �6.5 7.5
7/1/2010 �7.2 �51 12.5
7/1/2010 �6.8 �41
8/28/2010 �2.8 �10 8.3
9/7/2010 �8.6 �52 28.9
9/12/2010 �10.5 �74
10/12/2010 �3.5 3.4
11/9/2010 �2.8 0.7
2/1/2011 �6.0 10.9
4/21/2011 �1.2 2.1
5/13/2011 �2.1 7.6
6/30/2011 �8.0 �59 3.5
12/15/2011 �4.3 �19 7.6
1/30/2012 �4.6 �25 22
3/7/2012 �5.7 �34 11
5/31/2012 �4.4 �28 13.4
9/1/2012 �3.4 �17 7.7
10/9/2012 �6.3 �37 12.1
11/16/2012 �1.6 �2 2.1

a Sites and methods after Pape et al. (2010).
b Data from a weather station located in Austin, TX at Camp Mabry (NOAA station ID: TX410428).
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4.2. d18O variability

Over the period of April 2009–November 2012, rainfall
d18O values ranged from �10.5& to 1.0& (V-SMOW,
Table 3, Fig. 3). There is a weak correlation between
monthly rainfall amount and d18O values (r2 = 0.34),
whereby d18O values decrease with increasing rainfall
amounts at a rate of �2&/100 mm. There is, however,
no correlation between surface air temperature and rain-
fall d18O. These results are similar to a previous study
in central Texas for the period 1999–2007 (Pape et al.,
2010).

Drip-water d18O (d18Ow) values at the three Westcave
drip sites ranged from �4.7& to �4.4& (mean �4.5&)
over the period of September 2009–March 2011 with no dis-
cernible seasonal changes (Fig. 3). Rainfall d18O values thus



Fig. 3. Time series of d18O values of Austin rainfall, Westcave drip-water and associated substrate calcite samples for each of three drip sites
(WC-1, WC-3, and WC-6).

Table 4
The dD and d18O analysis results of Westcave drip-water.

Date of sample collection d18O (V-SMOW, &) dD (V-SMOW, &)

WC-1

8/4/2011 �4.4 �27
9/1/2011 �4.4 �27
11/13/2011 �4.3 �26
12/15/2011 �4.4 �27
2/6/2012 �4.3 �27
3/8/2012 �4.4 �27
4/12/2012 �4.6 �27
6/2/2012 �4.5 �27
9/21/2012 �4.6 �27
11/2/2012 �4.3 �27
12/19/2012 �4.6 �28

WC-3

11/13/2011 �4.3 �27
12/15/2011 �4.4 �26
2/6/2012 �4.6 �27
3/8/2012 �4.4 �27
4/12/2012 �4.4 �26
8/4/2011 �4.3 �26
9/21/2012 �4.5 �27
11/2/2012 �4.4 �27

WC-6

9/1/2011 �4.1 �25
10/6/2011 �4.2 �25
11/13/2011 �4.4 �26
2/6/2012 �4.4 �27
3/8/2012 �4.5 �26
4/12/2012 �4.6 �27
7/19/2012 �4.5 �26
9/21/2012 �4.6 �27
11/2/2012 �4.4 �26
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have a 38-fold larger range (11.5&) than that of the drip-
water d18Ow values (0.3&).
Additional drip-water samples were collected from
August 2011 to December 2012 to test the impact of water



Table 5
r2 values for linear regressions between substrate calcite d18O values and various temperature measurements.a

WC-1 WC-3 WC-6

Average monthly surface air temperature (ta) 0.95 0.88 0.96
Average monthly cave-air temperature (tc) 0.84 0.87 0.86
Drip-water temperature (tw) 0.54 0.67 0.50

a p < 0.001 for all correlations.
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evaporation. These samples have d18O values ranging from
�4.6& to �4.3& (WC-1 and WC-3), �4.6& to �4.1&

(WC-6), and dD values from �28& to �26& (WC-1),
�27& to �26& (WC-3) and �27& to �25& (WC-6) (Ta-
ble 4). Drip-water of this period has analytically identical
mean d18O values (�4.4&) as drip-water collected over
the study period of 2009–2011.

Substrate calcite samples from three drip sites (n = 54,
WC-3: July 2009–August 2011; WC-1 and WC-6: Septem-
Table 6
Oxygen and carbon isotope analysis results for stalagmite WC-3.

Distance from top (mm)a d13C (&

0.167 �7.7
0.334 �8.1
0.501 �8.8
0.668 �9.1
0.835 �9.4
1.002 �9.4
1.169 �8.9
1.336 �8.5
1.503 �8.2
1.670
1.837 �8.9
2.004 �9.2
2.171 �9.3
2.338 �8.4
2.505 �8.4
2.672 �8.7
2.839 �8.8
3.006 �8.7
3.173 �8.4
3.340 �8.5
3.507 �8.8
3.674 �9.0
3.841 �9.1
4.008
4.175 �9.2
4.342 �8.9
4.509 �8.5
4.676 �8.7
4.843 �8.9
5.010 �8.4
5.177
5.344 �7.6
5.511 �8.5
5.678 �8.9
5.845 �9.1
6.012 �9.1
6.179 �8.4
6.346 �8.3
6.513 �8.4
6.680 �8.6

a Samples were micromilled at 167 lm step.
ber 2009–January 2011) have d18O values (d18Occ) ranging
from �6.6& to �3.1& (V-PDB, Table 2), with all sites
showing similar ranges (WC-1: �6.6& to �3.6&; WC-3:
�6.0& to �3.1&; WC-6: �6.2& to �3.3&; Fig. 3). The
d18Occ variations are also seasonal, with less negative values
in the winters and more negative values in the summers
(Fig. 3). The d18Occ variations do not correlate with amount
or d18O values of rainfall, or d18Ow of drip-water, but cor-
relate strongly with temperature (ta: r2 = 0.88–0.96,
V-PDB) d18O (& V-PDB)

�4.0
�3.5
�3.1
�3.5
�4.2
�4.9
�4.8
�4.0
�3.1

�2.9
�3.3
�4.4
�4.4
�4.4
�4.6
�4.7
�4.6
�4.4
�3.7
�3.2
�3.5
�3.9

�4.4
�4.6
�4.6
�4.8
�4.9
�4.8

�4.0
�3.9
�3.4
�3.1
�3.6
�4.2
�4.4
�4.7
�4.9



Table 7
U-series ages for stalagmite WC-3.

Depth (mm) Agea Age (corrected)b 238U (ppb) d234Ui d234Up
232Th (pg/g) 230Th/232Th ppm

50 150 ± 9 50 ± 13 572 ± 0.8 182.8 ± 1.3 182.7 ± 1.3 1791 ± 6 9 ± 0.5
65 310 ± 15 160 ± 20 563 ± 1.1 179.7 ± 1.9 179.5 ± 1.9 2532 ± 6 12 ± 0.6
85 150 ± 11 70 ± 13 620 ± 0.8 186.0 ± 1.6 185.9 ± 1.6 1456 ± 7 11 ± 0.8

a 2-sigma uncertainties.
b Age corrections were made assuming an initial 230Th/232Th of 5.8 ± 0.6 ppm (Wortham et al., 2013).
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p < 0.001; tc: r2 = 0.84–0.87, p < 0.001; and tw: r2 = 0.50–
0.67, p < 0.001; Table 5). Stalagmite WC-3 d18O values
(from the upper 6.7 mm of the sample) ranged from
�4.9& to �2.9& (Table 6). There are four cyclical peaks
and valleys in the stalagmite d18O time series, with ampli-
tudes of 1.5–2.0&. On average, each cycle spans a distance
of 1.8 mm along the stalagmite’s growth axis. Temporal
variations of d13C are approximately opposite of d18O val-
ues, whereby higher d18O values are mostly associated with
lower d13C values. There is, however, no correlation be-
tween d13C and d18O values (r2 < 0.1). As d13C values are
likely controlled by different factors than those affecting
d18O values (Breecker et al., 2012), the d13C results are
not discussed further.

From top to bottom, three U-series ages were deter-
mined for stalagmite WC-3: 50 ± 13 (at 50 mm), 162 ± 20
(65 mm), 70 ± 13 (85 mm) yrs before present (Table 7). As
the middle layer has the oldest age, there is an age reversal.
It is possible that the measured modern day 230Th/232Th ra-
tio (Wortham et al., 2013), which was used to calculate cor-
rected ages (Table 7), is different from, or has a larger
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Fig. 4. The dD–d18O variations for Westcave drip-water and Austin rainf
Rainfall data for 2009–2011 (n = 21) are in Table 3. Data for August 2
LMWL is defined by all Austin rainfall data. Within analytical uncertain
but one fall on the LMWL.
uncertainty than, those during deposition of respective da-
ted calcite layers. Nonetheless the measured ratio represents
the best value applicable to the specific sample. These three
ages correspond to growth rates ranging from 360 to
1500 lm/yr for WC-3.

5. DISCUSSION

5.1. Reservoir d18O homogenization

For the period of July 2009–February 2011, Austin area
rainfall d18O values had a range of 11.5&, from �10.5& to
1&, with a weighted mean of �6.4& (Table 3). This con-
trasts with the much narrower d18Ow range of 0.3& for
Westcave drip-waters of the same period (weighted mean:
�4.5&, Fig. 3). Relatively invariant drip-water d18O values
over time are commonly interpreted as an indication
of a well-homogenized water reservoir above a cave (e.g.,
Williams and Fowler, 2002; Pape et al., 2010). Mean
rainfall d18O values and mean drip-water d18Ow values are
notably different for this study period at Westcave.
-4 -2 0 2

Westcave drip water, 2011-2012
Austin rainfall, 2004-2005, Pape et al., (2010)
Austin rainfall, 2009-2012

GMWL

LMWL

all. Rainfall data for 2004–2005 (n = 8) are from Pape et al. (2010).
011–December 2012 Westcave drip-water (n = 28) are in Table 4.
ty, all but six Westcave drip-water samples fall on GMWL, and all
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Drip-water hydrogen and oxygen isotopic compositions
plot along the global and local meteoric water lines
(“GMWL” and “LMWL”), indicating that evaporative ef-
fects are not significant (Table 4, Fig. 4). The difference be-
tween mean rainfall and drip-water d18O values may be a
result of (1) geographic differences in rainfall amounts
and isotopic compositions between the rainfall collection
site (Austin) and the drip-water sites (Westcave); (2) the
presence of recharge source(s) other than directly infiltrat-
ing rainfall for the vadose reservoir above the cave; or (3)
a seasonal bias in recharge feeding drip pathways, wherein
a significant fraction of large rainfall events runs-off the sur-
face rather than recharges. In any case, the relatively invari-
ant drip-water d18Ow values imply a well-mixed vadose
reservoir and thus provide a framework for interpreting
the observed speleothem calcite d18O variations.

5.2. Factors controlling Westcave substrate calcite d18O

values

Given a well-mixed vadose water reservoir supplying the
drip sites, the variation in speleothem calcite d18O values is
likely controlled by one or more of the following in-cave
processes: (1) temperature-dependent equilibrium fraction-
ation (e.g., Epstein et al., 1953; Coplen, 2007); (2) kinetic
isotope fractionation initiated by rapid CO2 degassing
and calcite deposition (Mickler et al., 2004, 2006; Dreyb-
rodt and Scholz, 2011; Feng et al., 2012); and (3) evapora-
tion (e.g., Hendy, 1971; Deininger et al., 2012). The relative
impacts of these factors are discussed below.

5.2.1. Temperature-dependent equilibrium fractionation

Temperature-dependent equilibrium oxygen isotope
fractionation between calcite and water, combined with
invariant drip-water d18O values, predict that higher tem-
peratures (summer) should be associated with smaller isoto-
pic fractionation and lower d18Occ values, whereas lower
temperatures (winter) should result in larger isotopic frac-
tionation and higher d18Occ values. These predictions are
consistent with the Westcave substrate calcite results
(Fig. 3), suggesting a significant control of temperature on
these d18Occ values.

To quantitatively assess the influence of temperature on
substrate calcite d18Occ values, an empirical calcite-water
oxygen isotopic fractionation factor can be calculated for
each substrate calcite sample using measured drip-water
and associated substrate calcite d18O values:

a ¼ ðdcc þ 1Þ=ðdw þ 1Þ; ð3Þ

dcc and dw are the d18O values of calcite and water for the
same corresponding time interval, respectively. These calcu-
lated a values indicate the extent to which equilibrium frac-
tionation is attained, and the extent of kinetic isotope
effects. Calculated a values range from 1.0288 to 1.0324
(Table 2), a variation of 0.0036. Using previously published
a – temperature relationships (�0.00017 to �0.0002 /�C,
e.g., Epstein et al., 1953; Kim and O’Neil, 1997; Coplen,
2007; Tremaine et al., 2011), this range of a values corre-
sponds to temperature ranges of 18–21 �C. This agrees with
the measured range of tw at all three sites at Westcave. Similar
agreements exist for each of the three individual drip sites.
Measured a value ranges are 0.003, 0.0026 and 0.003 for
WC-1, WC-3 and WC-6 for substrate samples with both
d18O and associated water temperature measurements
(Table 2). These values correspond to temperature ranges
of 15–18, 13–15 and 15–18 �C, which agree with measured
water temperature ranges at the respective sites (13, 15 and
15 �C). These results are consistent with the hypothesis that
substrate calcite d18Occ values are primarily controlled by
temperature-dependent equilibrium fractionation.

5.2.2. Kinetic isotope effects

Although temperature-dependent equilibrium fraction-
ation can account for most of the Westcave substrate calcite
d18Occ values, non-equilibrium isotope effects (‘kinetic’ iso-
tope effects) may also influence the d18Occ values. This is
evidenced by the deviation of d18Occ values from expected
equilibrium values based on published equilibrium fraction-
ation factors (Fig. 5a). Whereas there is significant variabil-
ity in published fractionation factors, the variability in
fractionation factors determined using the d18Occ, d18Ow,

and temperature for the three WC drip sites is not ac-
counted for by any one published factor (Fig. 5a).

Following Feng et al. (2012), the magnitude of a kinetic
effect can be calculated as the difference between expected
equilibrium calcite d18O (d18Oe, calculated using measured
water temperature and the fractionation factor of Coplen,
2007) and measured calcite d18Occ:

D18Occ–e ¼ d18Occ � d18Oe ð4Þ

Non-zero values outside of analytical uncertainty indicate
the presence of kinetic effects. These calculated D18Occ–e val-
ues range from �1.9& to 0.7& (average �0.6&, Table 2).
Ninety three percent of the D18Occ–e values are negative
(64%) or zero (29%). Using the fractionation factor of Tre-
maine et al. (2011), 61% of the D18Occ–e values are negative
or zero. There is no significant correlation between drip
rates and D18Occ–e values for WC-1 and WC-6 substrate cal-
cite. However, a negative correlation exists between drip
rate and D18Occ–e at WC-3 (r2 = 0.43), whereby faster drip
rate led to more negative D18Occ–e values. These negative
D18Occ–e values are consistent with the hypothesis that cal-
cite deposits by surface trapping of CO3

2� with more nega-
tive d18O values than those in the calcite’s inner lattice (e.g.,
Watson, 2004; Feng et al., 2012). Faster calcite deposition
rate removes the calcite surface layer more quickly from
isotopic exchange with water, thus hindering ion diffusion
and preventing isotopic equilibrium from being achieved.
This hypothesis implies that a faster calcite deposition rate
leads to more negative calcite d18O values.

This hypothetical relationship between D18Occ–e and cal-
cite growth rate is observed for WC-1 substrate calcites,
whereby D18Occ–e values vary seasonally. Near-zero values
were observed for calcite deposited in the winter months
and more negative values in the summer months at this site.
Linear regression between D18Occ–e and substrate calcite
growth rate yields a weak, but notable correlation (Fig. 5b;
r2 = 0.29, p < 0.05, n = 14). A similar correlation is not ob-
served in WC-3 (r2

6 0.05) or WC-6 (r2 = 0.12) samples.
For WC-3, the site of our stalagmite sample, D18Occ–e values
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Fig. 5. Comparison of measured substrate calcite d18O values with predicted equilibrium values. (a) Measured calcite-water oxygen isotope
fractionation vs. drip-water temperature (1000lna vs. 1000/T). Lines depicting equilibrium calcite-water fractionations are based on equations
from published studies in laboratory and natural systems (Kim and O’Neil, 1997; Coplen, 2007; Tremaine et al., 2011). WC drip sites results
were determined using measured d18Occ, d18Ow, and water temperature. (b) D18Occ–e (measured d18Occ minus equilibrium d18Oe) compared
with calcite growth rates.
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range from�1.2& to 0.7&, and 53% of the |D18Occ–e| values
are 0.4& or less. This smaller D18Occ–e range (than the other
two sites), and lack of seasonal variation of D18Occ–e values of
WC-3 substrate calcite indicate that kinetic effects are not a
significant control on calcite d18Occ values for most of the
WC-3 substrate samples.

Enhanced evaporation of the water film on the surface
of a speleothem could lead to more positive d18O values in
the residual water and resulting calcite (Hendy, 1971;
Deininger et al., 2012). The majority of calculated speleo-
them calcite D18Occ–e values are negative, however, indi-
cating more negative d18O values in speleothem calcite
compared to the predicted equilibrium values. This sug-
gests that evaporative effects are not a dominant factor
influencing the d18O of substrate calcite. This is consistent
with the inference of lack of evaporation in drip water be-
fore dripping, evidenced by hydrogen and oxygen isotopic
compositions plotting along the GMWL and LMWL
(Fig. 4).
5.3. Empirical d18Occ – temperature relationship

Although ambient cave temperature appears to be the
dominant control on Westcave substrate calcite d18O val-
ues, temperature-dependent equilibrium fractionation fac-
tors pertain to the relationship between calcite d18Occ,
drip-water d18Ow, and water temperature (tw). An empirical
correlation between surface air temperature (ta) and sub-
strate calcite d18O is potentially more useful because surface
air temperature is of direct interest to climate researchers.
The discrepancy between the temperature records is due
to: (1) the surface air temperature was measured daily
whereas the in-cave measurements are spot measurements
taken periodically; and (2) the cave-air temperature and
water temperature are affected by vegetation shading and
regulation of a body of water nearby. The continuity of
the surface air temperature record also most closely corre-
sponds to the continuous growth of calcite on the substrates
and the stalagmite.
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Fig. 6. Substrate calcite d18O values vs. instrumented surface air temperature (ta). Strong linear correlations exist for all three monitored drip
sites (dotted line: WC-1; dash line: WC-3; solid line: WC-6), whereas there are slight differences in slope and intercept of the regression for
each drip site (Eqs. (5a), (5b), (5c)). Linear regression for site WC-3 yields Eq. (5b) (see text), which is used to derive a past temperature record
from stalagmite WC-3 growing at this drip site.
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An empirical correlation between ta and substrate calcite
d18O values should include the effects of not only equilib-
rium and kinetic fractionation processes, but also factors
that control differences in tw and ta. Because each drip site
has slight differences between drip-water temperature and
cave-air temperature (even though they are affected by the
same surface air temperature) and drip characteristics
(i.e., drip rate), a linear regression between ta and d18O is
constructed for each of the three drip sites (Fig. 6):

For site WC-1 : ta ¼ � 7:5ð�0:4Þ � d18O

� 103 � 19:6ð�2:3Þ; r2 ¼ 0:95 ð5aÞ

For site WC-3 : ta ¼ � 9:1ð�0:9Þ � d18O� 103

� 20:6ð�4:1Þ; r2 ¼ 0:88 ð5bÞ

For site WC-6 : ta ¼ � 7:7ð�0:4Þ � d18O� 103

� 16:7ð�2:1Þ; r2 ¼ 0:96 ð5cÞ

These relationships yield uncertainties on temperature esti-
mates of 4, 9 and 4 �C for Eqs. (5a), (5b), (5c), respectively,
for a typical d18O value of �4&. Although these uncertain-
ties on absolute temperature estimates are significant, these
relationships may be used to reconstruct variations in past
surface temperatures based on d18O values of stalagmites
collected from these drip sites, as discussed below.

5.3.1. Absolute temperature reconstruction

The apparent primary control of ambient cave tempera-
ture on calcite d18O values at Westcave suggests that paleo-
temperature records may be reconstructed from stalagmite
d18O values. We test this by applying the empirical surface
air temperature–d18O relationship from substrate calcite
(Eq. (5b), for site WC-3) to reconstruct a temperature re-
cord using d18O values measured on samples collected con-
tinuously over the upper 6.7 mm of stalagmite WC-3
(Fig. 1c).

For the four cycles that constitute the stalagmite WC-3
d18O time series (Fig. 7), the magnitude of peak-to-valley
shifts are 1.5–2.0&. If temperature were the only control
on these d18O values, these shifts would correspond to a
temperature variation of 14–18 �C (Eq. (5b)). This variation
is similar to the recorded seasonal temperature change in
the region (19–23 �C). The peaks likely record winter calcite
deposition at slower rates, whereas valleys represent sum-
mer calcite deposition at faster rates. These inferences indi-
cate that the upper 6.7 mm of stalagmite WC-3 represents
the period from the summer of 2005 to the summer of
2009. This interpretation of seasonal cycles is supported
by several lines of evidence. First, the higher density of sam-
ples from valleys compare to peaks due to constant-interval
(167 lm) sampling (Fig. 7) suggests faster calcite deposition
during warm seasons (when calcite d18O is low). Secondly,
the range of stalagmite d18O values (�4.9& to �2.9&) is
similar to that of substrate calcite d18Occ values (�6.0&

to �3.1&). The variations in calcite d18O values also agree
with seasonal Sr/Ca, Ba/Ca, and Mg/Ca variations in WC-
3 drip-water, WC-3 substrate calcite and stalagmite WC-3
(Casteel and Banner, 2011; Miller et al., 2012). Finally,
U-series geochronology permits interpretation of d18O
peaks and valleys as seasonal variations. The three U-series
ages result in stalagmite growth rates of 360–1,500 lm/yr.
This indicates that the sample collection interval (167 lm/
sample) represents 1/10 to 1/2 of annual sample growth,
and therefore is small enough to resolve seasonal changes.

The stalagmite-derived 2005–2009 surface air tempera-
ture record shows a 0–8 �C offset towards cooler tempera-
tures from the weather station record (Fig. 8). The offset
between the two records is smaller during low temperature
months than high temperature ones. This is likely a result of
slower speleothem growth in winter months than in summer
months. Given our equal-distance sampling, the low tem-
perature intervals in the speleothem record represent multi-
ple months of calcite deposition, recording a temperature
warmer than the lowest single monthly temperature in the
instrumental record. This offset is unlikely to be caused
by kinetic effects observed in substrate calcite, as its effect
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is incorporated into Eq. (5b). The extents of kinetic effect,
however, may be different for the period of 2005–2009.
The offset between two records could also be due to one
or more of the following factors. First, it may be a result
of the large uncertainty (9 �C when d18Occ = �4&)
associated with Eq. (5b). Second, drip-water d18O during
2005-2009 may have been 1–2& higher compared to
2009–2011, for which the measured drip-water d18O value
of �4.5& was required to derive Eq. (5b). Westcave annual
rainfall averaged �66 cm for 2005–2009 and 91 cm for
2009–2011. The increased amount during 2009–2011 could
have produced rainfall with decreased d18O values (Pape
et al., 2010). Even though Westcave drip-waters were well
homogenized in terms of d18O values during the study per-
iod, drip-water was not collected during the period 2005–
2009 and may have been more positive than those from
2009 to 2011. Uncertainties of temperature reconstruction
may also result from (1) the differences in growth mecha-
nism (and, therefore, non-equilibrium effects) between the
flat substrate morphology and the curved stalagmite sur-
face, and (2) the porous nature of the stalagmite growth
axis that represents periodic depressions in the growth sur-
face. These depressions may prolong drip-water residence
time and engender evaporation on the stalagmite surface.
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With a longer stalagmite record and substrate record, a sta-
tistically more robust calibration could be made for recon-
structing temperature records from speleothem d18O values.

5.3.2. Intra- and inter-annual temperature variations

Despite the offset between the speleothem d18O derived
temperature record and the instrumental record, the de-
rived temperature record implies seasonal temperature
changes of 14–18 �C for the 2005–2009 time period. These
temperature predictions are similar to the instrumental sea-
sonal temperature range of 19–23 �C for the same period,
Fig. 9. (a) Comparison of time series of daily (red) and monthly mean (b
calcite d18O. Ages for substrate calcite are midpoint of time interval of su
to match the peaks and valleys of the temperature record. (b) Linear regre
d18O values. (For interpretation of the references to colour in this figure
particularly when considering the large uncertainties associ-
ated with Eq. (5b). As seasonality is an important meteoro-
logical parameter that has a significant impact on various
chemical, geological, and biological processes (e.g.,
Mysterud et al., 2011; Yang et al., 2012), speleothem-derived
temperature records from settings like Westcave may provide
valuable insight into temporal changes in seasonality.

Speleothem-derived temperature records may also pro-
vide information on changes in inter-annual summer peak
temperatures. Combining substrate calcite (Table 2) and
stalagmite WC-3 records (Table 6), a seven year d18O
lack) instrumented temperature and WC-3 substrate and stalagmite
bstrate deployment; ages for stalagmite WC-3 samples are adjusted
ssion between summer peak temperatures and corresponding calcite
legend, the reader is referred to the web version of this article.)
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record can be constructed (Fig. 9a). The most negative d18O
values in each cycle correspond to calcite deposited in the
warmest months of the year. The six seasonal minimum
d18O values (d18Osm) correlate with the recorded maximum
mean monthly surface air temperature (tam) (Fig. 9b).
Linear regression yields:

d18Osm ¼ �0:3ð�0:1Þ � tam þ 5:1ð�2:4Þ r2 ¼ 0:79 ð6Þ

The slightly higher value for this slope (�0.3) than pre-
dicted by equilibrium fractionation factors may be due to
kinetic effects in fast-growing calcite. Still, this slope is iden-
tical (within uncertainty) to the ��0.2&/�C proposed for
the temperature-dependent equilibrium fractionation be-
tween calcite and water in published studies (e.g., Epstein
et al., 1953; Kim and O’Neil, 1997; Coplen, 2007). This is
consistent with temperature variation as the main control
governing Eq. (6), and that drip-water d18O did not change
significantly during this period. Therefore, Eq. (6) may be
used to infer relative changes in intra-annual summer peak
temperatures using the stalagmite WC-3. Note that a simi-
lar relationship between winter minimum temperature and
d18O values cannot be obtained from this data set due to
slower growth of calcite in the winter months and overall
small d18O range (<0.4&) of calcite deposited during the
winter months.

5.4. Implications for paleoclimate studies

The seasonal temperature cycles recorded in Westcave
speleothems, as reflected in d18O values, may also serve as
a chronometer that can provide sub-annual age constraints.
Results from this study further indicate that quantitative in-
ter- and intra-annual variations in surface air temperature
can be inferred from speleothem d18O when certain condi-
tions are met.

The first condition is invariable or known drip-water
d18O values. Although high-resolution drip-water d18O re-
cords may be difficult to infer for speleothem calcite depos-
ited in the past, low-resolution records can be acquired by
analyzing speleothem fluid inclusions (e.g., Vonhof et al.,
2006). These low-resolution drip-water d18O records may
be helpful when an assumption of invariable drip-water
d18O values is valid for multiple years. Such assumptions
can be tested through modern monitoring studies (e.g., Pape
et al., 2010). The second requirement for using speleothem
d18O to infer seasonal temperatures is that the speleothem
growth must be fast enough to permit sub-annual sampling
for d18O analysis. Even if samples grew too slowly for sub-
annual sampling using micromilling, this condition may be
met by methods such as secondary ion mass spectrometry,
which is capable of sampling resolution on the order of
10lm, but at a lower precision than traditional isotope ratio
mass spectrometer (e.g., Orland et al., 2009). Lastly, signif-
icant temperature variations are needed in the speleothem
growth environment. Westcave provides such an environ-
ment, yet most caves in speleothem studies are much deeper
and have little to no change in seasonal temperatures (e.g.,
Feng et al., 2012). This raises the question: How applicable
is the approach outlined in the present study? We note that
the portions of caves near their entrances can maintain low,
atmospheric-level CO2 concentrations and experience signif-
icant seasonal changes in temperature, not unlike Westcave.
These portions of caves have typically been under-studied
because deeper portions of caves are preferred in paleocli-
mate research due to a more stable depositional environ-
ment for calcite. Factors that may complicate the
interpretation of d18O records from near-entrance speleo-
thems include high rates of evaporation and CO2 degassing
from drip-waters, both of which may engender kinetic iso-
tope fractionation (Hendy, 1971; Mickler et al., 2004,
2006; Dreybrodt and Scholz, 2011; Feng et al., 2012). There-
fore, although oxygen isotope analysis of speleothems from
shallow portions of caves may have potential as a paleotem-
perature proxy, monitoring of the modern environment will
be essential to assess the variations (or lack thereof) in drip-
water d18O values and relationship between speleothem
d18O value and ambient temperature.

6. CONCLUSIONS

Analysis of d18O variations of rainfall, drip-water, mod-
ern substrate calcite, and a stalagmite from Westcave in
central Texas provides insights on the prospects for using
speleothem d18O values for the reconstruction of past tem-
peratures and allow us to reach the following conclusions.

(1) Drip-waters at all three Westcave sites studied had
relatively invariable d18O values over a multi-year
monitoring period, indicating that drip sites are fed
by a well-homogenized vadose reservoir.

(2) The d18O values of substrate calcite deposited in the
cave vary seasonally and have a strong linear relation-
ship with surface air, cave-air, and drip-water temper-
atures. The control on d18O values is primarily
temperature-dependent equilibrium fractionation
and, to a lesser extent, kinetic fractionation processes.

(3) Applying an empirical relationship between surface
air temperature and substrate calcite d18O from a
monitored drip site to a stalagmite d18O time series
yields a seasonal temperature record. The speleothem
derived record displays an offset towards lower tem-
peratures when compared to the instrumental record,
but show comparable amplitudes of seasonal ranges
(14–18 �C vs. 19–23 �C) and inter-annual variations
for summer peak temperatures.

(4) With constant or known drip-water d18O values,
records of absolute temperature, seasonality, and rel-
ative peak summer temperature changes may be
derived from d18O time series of speleothems growing
near cave entrances. Interpretation of such records
requires high-resolution (monthly) and long term
(>1 yr) monitoring studies of specific drip sites under
which speleothems grow to calibrate relationships
between temperature and calcite d18O values.
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