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This study investigates the factors that control the oxygen isotopic composition of precipitation and cave
drip waters in central Texas. Precipitation samples collected in Austin, Texas at monthly to bimonthly
intervals between 1999 and 2007 have d18O values between �12.6‰ and �1.1‰ VSMOW and a weighted
average value of �4.1‰. This weighted average value likely reflects the isotopic composition of precipi-
tation generated predominantly by moisture masses that originate from the Gulf of Mexico. Samples with
the lowest d18O values (�12.6 ± 0.1‰) are associated with precipitation from moisture masses related to
Pacific tropical cyclones. Precipitation amount appears to be an important control on the oxygen isotope
composition of rainfall during summertime periods with the warmest weather, but does not account for
the variability of the precipitation isotopic data for colder months. Drip-water samples collected at
monthly to quarterly intervals from multiple drip sites in three regionally distributed central Texas caves
between 1998 and 2007 have d18O values between �5.5‰ and �0.6‰ with individual drip sites generally
varying by no more than 1‰ of their average values. This much narrower range of d18O values relative to
those for rainfall is consistent with mixing of meteoric water in the unsaturated zone. Average drip-water
d18O values of all caves are lower than the weighted average of Austin precipitation, which may indicate
that a threshold of precipitation amount must be exceeded to provide recharge to drip sites. Unlike Aus-
tin precipitation, drip waters at most sites lack seasonal variations and therefore must have a residence
time in the unsaturated zone of approximately annual scale or greater. Drip waters from six caves from
central Texas to eastern New Mexico display a spatial gradient in which their drip-water d18O values are
lower for caves located further inland from the Gulf of Mexico. This likely reflects a combination of con-
tinental and temperature effects on precipitation above the caves. The observed spatial gradient in drip-
water d18O values emphasizes the utility of comparing speleothem paleoclimate records from regionally
distributed caves. Past variations in such a gradient may imply changes in prevailing storm paths or mois-
ture source region.

� 2010 Elsevier B.V. All rights reserved.
Introduction

In seeking to better understand past climate variations, paleo-
climatological studies have used both computer models and a vari-
ety of environmental proxies. One such environmental proxy – the
oxygen isotope composition of cave calcite deposits (speleothems)
– has been used to interpret past temperature and precipitation
variations in paleoclimate reconstructions (Dorale et al., 1992;
Fleitmann et al., 2003; Hu et al., 2008). In regions affected by trop-
ical cyclones, high resolution sampling of speleothems for oxygen
ll rights reserved.

nt of Geosciences, University
St., Tucson, AZ 85721, United

.
e Center, 1505 Ferguson Lane,
isotopes can be used for paleotempestology (e.g., Frappier et al.,
2007). Speleothems have several advantages as a paleoclimate
proxy: (1) they are terrestrial and easily accessible, (2) they are
widespread in a variety of climates, (3) they can grow continuously
for thousands to tens-of-thousands of years, (4) they can be pre-
cisely dated using U/Th methods, and (5) they can potentially re-
cord annual or seasonal climatic variations (Shopov, 2004;
Guilfoyle, 2006; Banner et al., 2007).

Oxygen isotopes are useful as a paleoclimate proxy because the
oxygen isotope composition of meteoric precipitation can exhibit
systematic variation based on: (1) the ambient temperature at
the time of precipitation, (2) the amount of precipitation that oc-
curs, (3) storm paths, (4) the distance of a precipitation event from
its moisture source region in the ocean, and (5) the ground surface
elevation where precipitation occurs (Dansgaard, 1964; Clark and
Fritz, 1997; Ingraham, 1998). In previous studies, cave drip waters
have been found to represent a long-term weighted average of the
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oxygen isotope composition of precipitation (Yonge et al., 1985;
Chapman et al., 1992; Williams and Fowler, 2002; Onac et al.,
2008), demonstrate seasonal-scale temporal oxygen isotope vari-
ability similar to precipitation (Harmon, 1979; Li et al., 2000; van
Beynan and Febbroriello, 2006; Johnson et al., 2007), or, in semi-
arid regions, exhibit seasonal-scale variation based on changes be-
tween semiannual wet and dry seasons (Bar-Matthews et al.,
1996).

Before robust conclusions about paleoclimate can be drawn
from speleothem oxygen isotope records, it is important to estab-
lish the following criteria: (1) the climatic controls on the oxygen
isotope composition of meteoric precipitation in the region where
the caves are located, (2) the extent to which climatic signals in the
oxygen isotope composition of meteoric precipitation above the
caves are preserved in the drip waters that precipitate speleothem
calcite, (3) how drip-water oxygen isotope compositions vary spa-
tially among caves on a regional scale, and (4) whether the oxygen
isotope signal of the cave drip waters is preserved in speleothem
calcite that precipitates from those waters. The present study ad-
dresses the first three criteria through analysis of an eight-year
time series of d18O, rainfall amount, and temperature data for rain-
fall and cave drip waters from central Texas.
Controls on stable isotopes in precipitation

As a result of isotopic fractionation during the condensation of
water vapor masses to form meteoric precipitation, the stable iso-
tope composition of oxygen and hydrogen in precipitation is con-
trolled by the following factors, or effects:

(1) A temperature effect, whereby vapor masses that evolve
through rainout under cold conditions will experience an
enhanced depletion in 18O and 2H compared to warmer condi-
tions. This results from increased Rayleigh distillation of
vapor masses and increased isotope fractionation at colder
temperatures (e.g., Ingraham, 1998). The temperature effect
is most pronounced at high latitudes with lower average
annual temperatures (Dansgaard, 1964; Rozanski et al., 1992).

(2) A continental effect, whereby vapor masses that move pro-
gressively further inland from their original source in the
ocean become increasingly depleted in 18O and 2H. The con-
tinental effect may vary for given regions based upon pre-
vailing storm paths (Craig, 1961; Ingraham, 1998).

(3) An elevation effect, whereby water vapor masses become
increasingly depleted in 18O and 2H over regions of increas-
ing elevation as a result of increased rainout and larger frac-
tionation factors that result from cooler average
temperatures at higher elevations (Friedman and Smith,
1970; Clark and Fritz, 1997).

(4) Finally, in precipitation in monsoonal climates and tropical
latitudes, an amount effect has been observed that results
in precipitation that is increasingly depleted in 18O and 2H
with increasing monthly or mean annual precipitation
(Dansgaard, 1964; Rozanski et al., 1993; Jones and Banner,
2003). In detail, the causes of this effect are influenced by
several factors. First, H2

18O has slightly lower vapor pressure
than H2

16O, leading to increasingly 18O depleted vapor
within a storm cloud, especially in high intensity, strongly
convecting storms (Dansgaard, 1964; Lee and Fung, 2007).
Also, high intensity rainfall tends to have greater numbers
of relatively large raindrops that take longer to reach isoto-
pic equilibrium with ambient vapor layers. These raindrops
tend to preserve the isotopic signature of ambient water
vapor higher in the atmosphere, which generally has lower
d18O values. Because of interaction with these 18O depleted
raindrops, the d18O of water vapor below the cloud base
becomes lower. This contributes to increasingly lower d18O
values below the storm cloud because of continuous isotopic
exchange with falling raindrops. Finally, the amount effect
can be enhanced by decreased re-evaporation of falling rain-
drops in moister conditions (Stewart, 1975; Rozanski et al.,
1993; Lee and Fung, 2007).

For temporal records from a single location, such as the one pre-
sented in this study from Austin, Texas, the stable isotopic compo-
sition of precipitation on a seasonal-scale commonly reflects a
combination of influences including temperature, local evapo-
transpiration rates, and precipitation amount (Fricke and O’Neil,
1999).
Karst aquifers: diffuse vs. conduit flow

The flow paths through which meteoric waters percolate
through the unsaturated zone into caves in karst aquifers are
broadly characterized within the context of two end-members: dif-
fuse flow and conduit flow. Diffuse flow occurs along centimeter-
scale or smaller interconnected pores, whereas conduit flow occurs
through localized centimeter- and meter-scale fractures or con-
duits (Shuster and White, 1971). Cave drip waters originating from
diffuse flow paths are characterized by lower flow volumes as well
as lower drip rate and geochemical variability. Conversely, drip
waters originating from conduit flow paths exhibit higher flow vol-
umes with higher drip rate and geochemical variability (Smart and
Friedrich, 1987; Musgrove and Banner, 2004).
Study area

The precipitation collection site in Austin and five caverns –
Caverns of Sonora (CS hereafter), Natural Bridge Caverns (NB),
Inner Space Cavern (IS), Kickapoo Cavern (KP), and Devil’s Sinkhole
(DS) – are located across a 300 km regional extent on the Edwards
Plateau of central Texas (Fig. 1). The plateau has a subtropical cli-
mate with a regional east–west subhumid to semi-arid gradient.
The plateau is a well-developed karst region built in lower Creta-
ceous marine carbonates. It comprises parts of two regional aquifer
systems, the Edwards–Trinity aquifer and the Trinity aquifer.

The average annual precipitation above CS is �56 cm/year and
the average annual precipitation above NB and IS is �81 cm/year
(Larkin and Bomar, 1983). CS formed in the thin to massively bed-
ded limestone and dolomitic marls of the Segovia member of the
Cretaceous Edwards Limestone Group (Kastning, 1983). Drip sites
at CS are located at least 35 m from the nearest cavern entrance
and between 15 and 40 m below the surface. NB is located in the
alternating limestone and dolomite beds of the upper Glen Rose
Formation (Elliott and Veni, 1994). The cave system consists of
the disconnected Natural Bridge South and Natural Bridge North
caverns. Drip sites at NB are located within both the north and
south caverns at least 50 m from the nearest cavern entrance and
between 42 and 45 m below the surface (Guilfoyle, 2006). IS was
formed in the chert-rich limestone and dolostone beds of the Ed-
wards Limestone. Drip sites at IS are at least 100 m from the cavern
entrance and between 12 and 18 m below the surface (Guilfoyle,
2006). Stable isotope data for drip-water samples collected be-
tween 1995 and 1997 from NB, KP, and DS, described in Musgrove
(2000), are included in this analysis. KP and DS are both located on
the western portion of the Edwards Plateau (Elliott and Veni,
1994). KP is formed within the Devil’s River Limestone; DS is lar-
gely within the Segovia Formation, although the lower part of
the cave is within the Fort Terrett Formation (Elliott and Veni,
1994).
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Fig. 1. Locations of Caverns of Sonora (CS), Natural Bridge Caverns (NB), and Innerspace Cavern (IS). Also shown are the locations of Kickapoo Cavern (KP) and Devil’s Sinkhole
(DS). Hydrologic zones of the Edwards aquifer and rainfall gradient of central Texas are also shown. Location of Carlsbad Caverns and extent Edwards–Trinity aquifer shown in
upper left insert. Upper right insert shows location of Texas relative to the Pacific Ocean, Gulf of Mexico, and Continental United States. Modified from Musgrove and Banner
(2004).
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Previous workers have characterized the drip sites in this study
as exhibiting a continuum of flow characteristics that vary from
diffuse flow to conduit flow based on observation of drip rates
and analysis of major and trace elements (Musgrove, 2000;
Musgrove and Banner, 2004; Guilfoyle, 2006). Drip sites NBEL,
ISHW, NBWS, and ISBH (Table 1) appear to largely exhibit conduit
flow characteristics compared to the other drip sites studied,
which appear to exhibit largely diffuse flow characteristics (Guilfo-
yle, 2006).
Methods

Sample collection

The daily precipitation and temperature data primarily used in
this study were collected at a weather station operated by KVUE
News Network and located on the rooftop of the Geography Build-
ing on the University of Texas campus. Daily precipitation and
temperature data from the National Climatic Data Center (NCDC)
archive collected at Bergstrom International Airport at Austin,
Texas were also used to supplement the KVUE dataset (National
Oceanic and Atmospheric Administration, 2008). Both NCDC and
KVUE data yield similar daily precipitation and temperature trends
when available over the same time interval.

Cumulative precipitation samples were collected at monthly to
bimonthly intervals from the rooftop of the Jackson Geological Sci-
ences Building on the University of Texas campus between 1999
and 2007. Rainwater samples were collected using glass bottles
and mineral oil to minimize evaporation. These samples were fil-
tered upon collection to remove the mineral oil. To minimize evap-
oration prior to analysis, all rain and drip-water samples were
refrigerated in glass bottles with no head space (Guilfoyle, 2006).

Cave drip-water samples were collected at monthly intervals
from IS and NB, and monthly to quarterly intervals from CS.
Drip-water samples to be analyzed for H and O isotopes were col-
lected directly from the drip sites and were not filtered. For slow-
dripping sites (typically less than 0.01 ml s�1), water was collected
using a 1 L HPDE bottle that was left under the drip for approxi-
mately 2 h. H and O sample bottles were then filled with water
from the 1 L bottle immediately after it was recovered from the
drip site.

Six rainwater samples from a single rain event were collected
on October 17th and 18th of 1998 in northwest Austin. These sam-
ples were collected over a period of approximately 24 h at 3–8 h
intervals. These samples were unfiltered.



Table 1
Drip site names and average drip rates.

Cavern Drip site name Abbreviated name Average drip rate (ml s�1) Time range of drip-rate data collection

Inner Space Press room ISPR 0.023 (n = 21) 5/31/2000–7/7/2003
Inner Space Lake of the moon ISLM 0.009 (n = 86) 5/31/2000–10/25/2009
Inner Space Lake of the moon right view ISLM right view 0.387 (n = 55) 5/31/2000–8/30/2009
Inner Space Hallway ISHW 1.200 (n = 58) 5/31/2000–10/25/2009
Inner Space Drapery column ISDC 0.361 (n = 48) 5/31/2000–10/25/2009
Inner Space Bore hole ISBH 1.540 (n = 37) 5/31/2000–8/30/2009
Inner Space Flowing stone of time ISST 0.148 (n = 101) 5/31/2000–10/25/2009
Natural Bridge Castle table top NBCT 0.623 (n = 59) 8/31/2001–10/19/2009
Natural Bridge Emerald lake NBEL 3.36 (n = 34) 8/31/2001–10/19/2009
Natural Bridge End of path NBEP 0.030 (n = 72) 5/16/2001–10/19/2009
Natural Bridge Fried egg NBFE 0.072 (n = 67) 8/31/2001–10/19/2009
Natural Bridge Switchback NBSB 0.574 (n = 57) 8/31/2001–10/19/2009
Natural Bridge Well shaft NBWS 0.407 (n = 69) 5/16/2001–10/19/2009
Caverns of Sonora Dracula’s cape CSDC 0.005 (n = 16) 1/5/2001–8/19/2006
Caverns of Sonora Halo lake CSHL 0.011 (n = 15) 6/28/2000–8/19/2006
Caverns of Sonora Devil’s pit CSDP 0.008 (n = 16) 1/5/2001–8/19/2006
Caverns of Sonora Seven falls CSSF 0.017 (n = 7) 6/28/2000–11/7/2004
Caverns of Sonora Dino lair CSDL 0.031 (n = 7) 7/22/2003–8/19/2006
Caverns of Sonora Righthand passage CSRP 0.010 (n = 8) 6/28/2000–8/19/2006
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Sample analysis

Fifty-six rainwater samples collected over the eight year period
of the study were analyzed for oxygen isotope composition. Four of
these samples likely experienced evaporative effects prior to anal-
ysis based on the presence of head space in their sample vials. Data
from these samples are included in Table 2, but excluded from the
graphs and statistical calculations of this study. Rainwater and
cave drip-water samples were analyzed for their oxygen isotope
composition on either a Prism II dual-inlet mass spectrometer at
the University of Texas at Austin or on Finnigan MAT 251 and
252 mass spectrometers at Southern Methodist University. In both
cases a method similar to that described by Epstein and Mayeda
(1953) was used. A volume of 0.3–5 ml of sample water was equil-
ibrated for at least eight hours with CO2 gas, and the equilibrated
CO2 gas was sampled and analyzed against a reference gas of
known isotopic composition. Replicate O isotope analyses for
waters had a standard deviation of 0.024‰ (n = 5). Results from
standard runs indicate an analytical uncertainty (2r) of ±0.1‰ or
better.

The October 1998 rain event precipitation samples were ana-
lyzed for O isotope compositions at the University of Arizona
Environmental Isotope Laboratory using a Finnigan Delta S mass
spectrometer. A method similar to that described by Craig
(1957) was used in which water samples were equilibrated with
CO2 gas. Values were corrected based on the isotopic composi-
tion of the oxygen in the CO2 used for equilibration. Replicate
analyses had a standard deviation of 0.065‰ (n = 4), and re-
ported values have an analytical precision (2r) of ±0.1‰ or
better.

Drip-water and precipitation samples were analyzed for
hydrogen isotope compositions on Finnigan MAT 251 and 252
mass spectrometers at Southern Methodist University. A method
similar to that described by Bigeleisen et al. (1952) was used for
these analyses. Five microliters of cryogenically purified sample
water was reduced to H2 gas by passing it over depleted
uranium metal at 800 �C. Results from the standard runs and
from replicate analyses indicate an analytical precision (2r) of
±1‰.

All hydrogen and oxygen isotope values obtained through mass
spectrometric analysis are expressed in per mil (‰) deviations rel-
ative to Vienna Standard Mean Ocean Water (VSMOW). All statis-
tical calculations referred to in this study are statistically
significant with a p value of <0.05.
Results

Rainfall O and H isotope results

Cumulative Austin rainfall O and H isotope data are presented
in Table 2. Rainfall d18O values for 56 samples collected between
1999 and 2007 range from �12.6‰ to �1.1‰, although the d18O
values of all but one of the precipitation samples fall between
�7.3‰ and �1.1‰ (Fig. 2a). Because these rainfall samples are
cumulative, larger rainfall events exert a stronger influence on
the d18O values of water collected during a given collection interval
than smaller events. The oxygen isotope composition of Austin
precipitation shows variability that does not appear to be related
to seasonal temperature change (Fig. 2b), and when precipitation
d18O values are compared with average temperature during each
collection interval, there is no correlation. Rainfall d18O values from
the entire dataset trend toward lower d18O values with increasing
precipitation amount, but the correlation is not significant (Fig. 3a).
Rainfall d18O values from the 10 warmest collection intervals
(average temperatures range between 26.9 and 30.4 �C, vs. 9.7 to
30.4 �C for the entire data set) also trend toward lower d18O with
increasing rainfall amount (Fig. 3b) and have a strong correlation
(R2 = 0.79).

Eight hydrogen isotope samples were also analyzed for collec-
tion periods between 7/20/2004 and 5/17/2005 with dD values
ranging from �42‰ to �7‰ VSMOW (Table 2). Precipitation
hydrogen isotope samples are a subset of the oxygen isotope data-
base. The dD and d18O values of these samples are included with
rainfall and meteoric water available from other studies in central
Texas (Oetting, 1995; Fahlquist and Ardis, 2004; IAEA/WMO, 2006;
Otero, 2007; Slattery et al., 2006; US Geological Survey, 2008) to
establish a Local Meteoric Water Line (LMWL; Fig. 4). The equation
of this LMWL is dD = 7.1 � d18O + 6.7 compared to the Global Mete-
oric Water Line which is defined by the equation
dD = (8.17 ± 0.06) � d18O + (10.35 ± 0.65) (Rozanski et al., 1993).
Cave drip-water O and H isotope results

Drip-water oxygen and hydrogen isotope data are presented in
Tables 3–5. Drip-water oxygen isotope data are also presented for
selected drip sites in Fig. 5. Seventy-five water samples from six
separate drip sites at Cave CS were collected between May of
2000 and November of 2004 and have d18O values ranging from



Table 2
Oxygen and hydrogen isotopic composition of Austin rainfall with mean temperature
and normalized mean monthly rainfall during each collection interval.

Collection interval
midpoint

d18O dD T (�C) Normalized mean
monthly rainfall (cm)

3/18/1999 �2.4 16.6 10.5
4/17/1999 �2.9 22.1 2.0
5/19/1999 �3.3 25.2 2.0
6/21/1999 �3.3 27.8 9.0
7/21/1999 �3.7 27.8 10.8
8/19/1999 �3.6a 31.6 2.6
10/18/1999 �5 19.1 4.0
11/21/1999 �1.5 15.8 0.7
12/23/1999 �4 10.6 7.8
1/20/2000 �3.8 11.4 1.8
2/17/2000 �3.3 15.9 9.4
3/23/2000 �4.1 18.8 4.8
5/22/2000 �3.5 26.1 6.0
6/23/2000 �2.4 28.9 1.9
7/22/2000 �1.8 30.4 0.5
8/21/2000 �6.2a 31.0 2.2
9/17/2000 �3.4 27.2 1.7
11/2/2000 �4.6 17.4 11.9
1/6/2001 �4.4 9.6 8.1
3/21/2001 �3.8 17.0 7.3
6/16/2001 �3.1 28.1 4.3
8/19/2001 �7.3 29.5 22.2
9/24/2001 �4.3 24.2 8.2
10/28/2001 �3.2 20.7 2.6
11/27/2001 �4.2a 15.8 33.4
12/26/2001 �4 10.5 8.9
1/24/2002 �3 13.2 3.3
5/21/2002 �1.1 26.3 10.4
9/5/2002 �3.2 25.6 8.9
1/18/2003 �5.8 13.1 6.0
4/23/2003 �1.6 23.7 1.5
5/30/2003 �4.9 26.9 14.1
7/14/2003 �3.1 29.7 2.9
9/9/2003 �6.2 26.8 4.9
11/23/2003 �3.4 17.1 2.4
2/4/2004 �4.6 12.0 11.2
5/20/2004 �3 19.4 8.7
7/20/2004 �4.3 �28 25.2 13.0
9/8/2004 �2.5 �9 28.7 11.4
10/30/2004 �4.5 �28 26.5 3.8
12/27/2004 �2 �9 19.9 22.2
2/12/2005 �6.3 �42 11.2 1.6
3/15/2005 �3.4 �17 13.6 9.6
4/14/2005 �1.7 �7 17.0 8.5
5/17/2005 �3.4 �20 20.8 4.3
7/18/2005 �2.7 25.1 9.3
4/14/2006 �2.8 29.8 12.4
8/29/2006 �12.6 22.6 12.8
11/7/2006 �3.8 18.7 3.8
3/25/2007 �3.1 18.4 7.8
5/10/2007 �2.8 23.5 9.1
6/9/2007 �1.7a 27.6 15.6
7/27/2007 �3.8 28.2 14.2
9/20/2007 �5.8 28.1 10.1

Isotope data in per mil (‰) relative to VSMOW.
a Samples had large bubbles in vial prior to analysis and data have been omitted

from figures and averages.

J.R. Pape et al. / Journal of Hydrology 385 (2010) 203–215 207
�5.5‰ to �4.0‰. Two-hundred and five water samples from seven
separate drip sites at IS were collected between April of 1999 and
January of 2005 and analyzed for oxygen isotopes with d18O values
ranging from �5.5‰ to �2.3‰ VSMOW. One hundred and eighty-
five water samples from six separate drip sites at NB were collected
between December of 1998 and September of 2007 and analyzed
for oxygen isotopes. NB drip-water samples have d18O values rang-
ing from �5.1‰ to �0.6‰. Additional data for NB drip waters col-
lected between 1995 and 1997 (n = 14) have d18O values that fall
within this range (Musgrove, 2000). Oxygen isotope values for KP
(n = 2) and DS (n = 3) have average values of �5.4‰ and �4.9‰,
respectively (Musgrove, 2000).
Compared to Austin rainfall (Fig. 2a), drip waters in all three
caverns have little variation in their d18O values – generally within
1‰ of their average values (Fig. 5, Tables 3–5). All collected and
analyzed drip-water d18O averages and standard deviations from
each drip site in the three caverns are compared with the weighted
average of all collected Austin precipitation d18O values (Fig. 6).
The weighted average of Austin precipitation d18O values lies with-
in the range of the average values and standard deviations for most
NB sites. The average d18O values for IS drip sites are intermediate
between NB and CS, and the average d18O values of CS drip waters
are generally lower than the weighted average of Austin precipita-
tion as well as the drip waters from the other two caves.

A strong negative correlation between distance from the Gulf of
Mexico, and mean drip-water d18O values is observed (Fig. 7a,
R2 = 0.95). A positive trend is also observed between average an-
nual local surface temperature above the caves and mean drip-
water d18O values, although it is not a statistically significant cor-
relation There is a positive correlation between cave entrance ele-
vation and mean drip-water d18O values (Fig. 7c, R2 = 0.90). Drip-
water samples generally plot on or near the LMWL, with the excep-
tion of two samples from drip site ISST that plot above it (Fig. 4).
Discussion

We first consider atmospheric processes that potentially control
the oxygen isotope composition of central Texas precipitation.
Next, we examine hydrologic processes that influence drip-water
oxygen isotopes. We then note regional oxygen isotopic trends ob-
served in-cave drip waters and conclude with the implications of
these results for speleothem paleoclimatology.

Austin rainfall O isotope variation

The oxygen isotope composition of Austin rainfall varied from
�12.6‰ to�1.1‰ VSMOW over the 8 year time period of the study
(Fig. 2a; Table 2). Temporal d18O variations in meteoric precipita-
tion at a specific location in middle latitudes can be controlled by
a variety of factors including temperature, precipitation amount,
the moisture source of individual rain events, the path those vapor
masses traveled, and variations in kinetic effects during evapora-
tion of the vapor mass in the marine source region (Dansgaard,
1964; van Beynan and Febbroriello, 2006).

Effects of moisture source

There is evidence that variability in the source of water vapor
masses plays an important role in determining the oxygen isotope
value of individual rain events in central Texas. The majority of
moisture falling as precipitation in central Texas originates from
the Gulf of Mexico (Bomar, 1995; Slade and Patton, 2003). Thus,
it is likely that the weighted average d18O value of precipitation
(�4.1‰) primarily reflects the composition of typical vapor masses
that originate from the Gulf of Mexico. Over the eight year period
of this study, the majority of monthly precipitation data varied
within �2‰ of this average value (Fig. 2a); however, there were
at least two central Texas rain events that reached very low d18O
values. The first such event occurred in Austin, Texas on October
17th and 18th of 1998. During these two days, moisture originat-
ing from Pacific Hurricanes Madeline and Lester, both of which oc-
curred off the west coast of Mexico (Avila and Guiney, 2000),
tracked northeast into Texas. Six instantaneous precipitation sam-
ples (Table 6) were collected over a period of �24 h from this rain
event and reached a minimum d18O value of �12.6‰, which is
�8‰ below the average value for cumulative samples of Austin
precipitation over the 8 year study. The second rain event occurred
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on September 17th and 18th of 2006. This event was associated
with a storm system originating from the Pacific Ocean off the west
coast of Mexico. This rain event may also have been related to Pa-
cific tropical cyclone activity as tropical storm Miriam was located
off the coast of Northern Mexico prior to its occurrence. Water col-
lected from this event was part of the cumulative rooftop precipi-
tation sampling between 8/9/2006 and 9/19/2006 (Table 2). Based
on NCDC rainfall data from Bergstrom International Airport, rain
from this single event comprised �80% of the cumulative sample
collected during the 41 day collection interval. Thus, it can be as-
sumed that the isotopic composition of the rain water collected
during this interval is dominantly influenced by this single rain
event. The d18O value of water collected during this interval was
�12.6 ± 0.1‰, which is within uncertainty of the isotopic composi-
tion of rain from the October 1998 rain event and, similarly, is very
low compared to the average value for Austin.



Table 3
Caverns of Sonora: oxygen and hydrogen stable isotopic composition of drip-waters.

Sample collection date CSDC CSHL CSDP CSSF CSDL CSRP

5/29/2000 �4.4
6/28/2000 �5.1
6/29/2000 �5.2 �4.8
7/27/2000 �5.1 �4.6
9/30/2000 �5.3 �4.8
10/28/2000 �5.1 �5.1 �4.8
12/2/2000 �5.2 �5.2 �4.8
1/6/2001 �5.3 �5.1 �4.8
5/3/2001 �5.2 �4.6 �4.7
7/7/2001 �5.2 �5.0 �4.0
4/13/2002 �5.2 �5.0 �4.8
7/20/2002 �5.2 �5.0 �4.8
9/22/2002 �5.0 �4.8
11/23/2002 �5.2 �5.0 �4.8
6/9/2003 �5.2 �5.1 �4.8
7/22/2003 �5.3 �5.1 �4.8
8/25/2003 �5.1 �5.0 �4.8 �5.5 �4.9 �4.8
10/10/2003 �5.2 �5.1 �4.8 �5.2 �4.0
1/15/2004 �4.7 �4.9 �4.6 �5.1 �4.2 �4.7
5/9/2004 �5.2 �4.8 �4.8 �5.1 �4.8 �5.0
7/29/2004 �5.2 �4.7 �4.8 �4.9 �4.5 �4.9
11/7/2004 �5.2 (�35) �4.6 (�33) �4.7 (�28) �4.2 (�35) �4.0 (�25) �4.5 (�27)

All data in per mil (‰) relative to VSMOW; dD values in parentheses.
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Two possible explanations can account for the very low d18O
values recorded in these rain events. First, both of these events
were potentially related to Pacific tropical cyclone activity. Trop-
ical cyclones in the eastern Pacific can produce d18O values in
precipitation that fall below �12‰ (Lawrence et al., 2002). There-
fore, it is possible that the initial isotopic compositions of the va-
por masses were strongly depleted in 18O. Alternatively, since
both of these rain events were associated with moisture sourced
from the Pacific Ocean, the relatively long terrestrial transit dis-
tance for Pacific moisture to reach central Texas compared to that
for moisture originating from the Gulf of Mexico may also ac-
count for the observed low d18O values of these rain events. Va-
por masses originating in the Pacific Ocean travel at least
1000 km before reaching central Texas compared to �250 km
for Gulf of Mexico vapor masses, thereby experiencing increased
Rayleigh distillation during transit. All other factors being equal,
a Pacific vapor mass and any resulting precipitation will therefore
have lower d18O values due to distillation of the parent vapor
mass.

The data collected in this study are insufficient to conclusively
determine whether the transit distance of Pacific sourced vapor
masses or the influence of Pacific tropical cyclones is primarily
responsible for the low d18O values observed in these two rain
events. It is also important to note that precipitation from tropical
cyclones in the Gulf of Mexico can have d18O values that are as low
as �14.3‰ (Lawrence and Gedzelman, 1996). Thus, it can be con-
cluded that, without prior knowledge of the source of the parent
moisture mass, very low d18O values in central Texas precipitation
most likely reflect the influence of tropical cyclones in the Gulf of
Mexico or Pacific Ocean, increased vapor mass evolution related
to the relatively long distance traveled by Pacific sourced moisture
masses, or a combination of these factors.

Temperature and amount effects

If the temperature effect were a control on the temporal oxygen
isotope composition of meteoric precipitation in Austin, one would
expect to see a positive correlation between increasing local tem-
perature and increasing d18O values in precipitation (Dansgaard,
1964). No such correlation exists for Austin precipitation (Fig. 2b)
indicating that variation in temperature is not a primary factor
influencing oxygen isotope composition in local precipitation.
Precipitation amount may also be a control on the oxygen iso-
tope composition of Austin precipitation. If this is the case, d18O
values in precipitation will correlate negatively with increasing
precipitation amount, as commonly observed in tropical rainfall
time series (Dansgaard, 1964; Jones and Banner, 2003). In regions
outside of the tropics, the amount-effect correlation is often stron-
ger during warmer periods (Dansgaard, 1964; Higgins and MacF-
adden, 2004). A comparison of mean monthly precipitation
amount and d18O for the 10 warmest collection intervals from
the Austin cumulative rainfall dataset (Fig. 3b) shows that an
amount effect correlation is evident in Austin precipitation during
the warmest time periods (average temperatures between 26.9
and 30.4 �C). The correlation decreases significantly when the en-
tire dataset is considered (Fig. 3a). Although there is a trend of
decreasing d18O values with increasing precipitation amount, an
amount effect cannot account for most of the variation in the data.

Several effects may cause some Austin precipitation d18O values
to plot off of the general amount-effect trend. During cold periods,
the temperature effect can potentially produce negative outliers in
the amount effect trend. For the Austin precipitation data, two neg-
ative outliers of �5.9‰ and �6.3‰ (Fig. 3a) occurred during peri-
ods when the average temperature was below 13 �C. Another likely
cause of negative outliers in the data is variability in the source of
water vapor masses. As noted above, moisture input from tropical
cyclones in central Texas precipitation can have low d18O values,
and meteoric waters originating from a Pacific moisture source
could also have low d18O values due to their relatively long terres-
trial transit distance. Thus, precipitation inputs in the monthly
cumulative rain samples from Pacific Ocean sourced moisture
and/or tropical cyclones will bias those samples toward low d18O
values. Similarly, variability in the paths that individual vapor
masses travel will also cause scatter in this amount-effect trend. Fi-
nally, kinetic effects that occur during vapor mass development via
evaporation from the ocean in the marine source region will favor
the preferential incorporation of lighter isotopic masses into vapor
masses evaporating from the ocean. During evaporation from the
ocean, kinetic effects occur to some extent because evaporation
typically occurs under conditions of less than 100% relative humid-
ity (Dansgaard, 1964; Ingraham, 1998). Thus, if greater than usual
kinetic effects occur during evaporation from the Gulf of Mexico,
this will produce initial vapor masses with lower d18O values,
which will subsequently precipitate 18O-depleted rainfall.



Table 4
Inner Space Cavern: oxygen and hydrogen isotopic composition of drip-waters.

Sample collection date ISPR ISLM (right view) ISLM ISHW ISDC ISBH ISST

4/8/1999
4/9/1999 �4.3
5/19/1999 �4.3 �4.6
5/20/1999 �4.7
7/6/1999 �4.4
7/7/1999 �4.3 �4.6
8/19/1999 �4.4 �4.5
8/20/1999 �4.5 �4.5
10/7/1999 �4.4
10/8/1999 �4.3 �4.6
11/28/1999 �4.5
1/31/2000 �4.3 �4.5 �4.4
3/3/2000 �4.3
3/4/2000 �4.5
4/4/2000 �4.5 �4.5 �4.2
5/4/2000 �4.2 �4.3 �3.5
5/31/2000 �4.2
6/30/2000 �4.3 �4.3
7/1/2000 �4.2
8/1/2000 �4.3
9/8/2000
9/9/2000 �4.4
10/6/2000
10/7/2000 �4.6
11/3/2000 �4.4
11/4/2000 �4.3
12/8/2000
12/9/2000 �4.3 �4.4
1/23/2001 �4.3 �4.4 �4.4 �4.6
1/24/2001 �4.1 �4.4
2/27/2001 �4.4 �4.2
2/28/2001 �4.2 �4.4
4/2/2001 �4.5 �4.3 �4.6 �4.7
4/3/2001 �3.5 �4.4
5/8/2001 �4.4 �4.2
5/9/2001 �4.1 �4.5 �4.4
6/7/2001 �4.1 �4.4 �2.3 �4.4
7/12/2001 �4.2 �4.3 �4.5
8/16/2001 �4.2 �4.5
9/13/2001 �4.4 �4.4 �4.4 �4.4 �4.4
10/5/2001 �4.3 �4.1 �4.5
10/7/2001 �4.5
11/9/2001 �4.3 �4.4 �4.4
12/14/2001 �4.3 �4.3 �4.3 �4.3 �4.3
1/16/2002 �4.3 �4.4 �4.3 �4.4
2/11/2002 �4.3 �4.2 �4.5 �4.4
3/12/2002 �4.4
4/15/2002 �4.1 �4.3 �4.4
5/9/2002 �4.4
5/10/2002 �4.3 �4.4
6/6/2002
6/7/2002 �4.2 �4.4
7/10/2002 �4.1 �4.4 �4.1 �4.3 �4.3 �4.2
8/7/2002 �4.2 �4.1 �4.4 �4.3
9/13/2002 �4 �4.3 �4.2 �4.3 �4.4
10/11/2002 �4.3 �4.3 �4.3 �4.4
11/15/2002 �4.4 �4.4 �4.5
11/16/2002 �4.4 �4.4 �4.4
12/7/2002 �4.2 �4.4 �4.5 (�23)
12/8/2002 �4.5
12/9/2002 �4.3
1/16/2003 �4.4 �4.4 �4.6 �5.5
1/17/2003 �4.2 �4.4
2/20/2003 �4.4 �4.6 �4.5
2/21/2003 �4.3 �4.4
2/28/2003 �4.3 �4.6
3/6/2003 �4.4 �4.6
3/14/2003 �4.4 �4.6
3/20/2003 �4.5 �4.4 �4.4 �4.6 �4.5 (�25)
3/21/2003 �4.3
4/17/2003 �4.2 �4.3 �4.4 �4.5
5/6/2003
5/7/2003 �4.3 �4.5 �4.5
6/5/2003 �4.4 �4.6 (�14)
7/7/2003 �4.3 �4.4 �4.5
8/4/2003 �4.5
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Table 4 (continued)

Sample collection date ISPR ISLM (right view) ISLM ISHW ISDC ISBH ISST

9/4/2003 �4.3 �4.6
11/6/2003 �4.3 �4.5
1/19/2004 �4.3 �4.6 �4.5
3/8/2004 �4.3 �4.2 �4.2 �4.3 �4.7 �4.6
5/13/2004 �4.5 �4.4 �4.6
7/15/2004 �4.4 �4.4 �4.5 �4.6
9/8/2004 �4.6 �4.5 �4.4 �4.6 (�14)
11/5/2004 �4.3 �4.3 �4.4 �4.5
12/7/2004 �4.5 �4.4 �4.3 �4.5 �4.6 (�25)
1/12/2005 �4.4 �4.5 �4.4 �4.5 �4.4

All data in per mil (‰) relative to VSMOW; dD values in parentheses.

Table 5
Natural Bridge Caverns: oxygen and hydrogen isotopic composition of drip-waters.

Sample collection
date

NBCT NBEL NBEP NBFE NBSB NBWS

12/14/1998 �4.5 �4.8
5/26/1999 �4.4 �4.6
6/24/1999 �4.5 �4.6 �4.4 �4.4
8/2/1999 �4.8 �4.3
9/15/1999 �4.4 �4.6 �4.4
9/15/1999 �4.3
10/14/1999 �4.3 �4.6 �4.5
5/25/2000 �4.1 �4.3 �3.3 �4.4
12/22/2000 �4.4 �4.6 �4.6 �4.8 �4.5
5/16/2001 �4.3 �4.5 �4.4 �3.8 �4.4
5/17/2001 �4.5
6/28/2001 �4.4 �0.6 �4.4 �4.3 �3.6 �4.0
7/31/2001 �4.4 �4.4 �2.9 �3.9
8/31/2001 �4.4 �4.8 �4.3 �5.1 �4.5
11/30/2001 �4.5 �4.6 �3.6 �4.0 �4.4 �4.4
12/18/2001 �4.5 �4.7 �4.5 �4.4 �4.1 �4.4
3/22/2002 �4.3 �4.6 �4.5 �4
6/5/2002 �4.3 �4.5 �4.5 �3.7 �4.4
7/9/2002 �4.3 �4.2 �4.1 �4.3
8/30/2002 �4.1 �4.3
10/4/2002 �4.3 �4.6 �4.3
11/8/2002 �4.5 �4.7 �4.5 �4.4 �4.7 �4.6
2/6/2003 �4.3 �4.6 �4.4 �4.2 �4.6 �4.5
3/4/2003 �4.4 �4.5 �4.5 �4.3 �4.4 �4.5
4/1/2003 �4.4 �4.4 �4.5 �4.4 �4.6 �4.5
5/15/2003 �4.3 �4.6 �4.5 �4.4 �4.5
6/19/2003 �4.4 �4.6 �4.5 �4.3 �4.1 �4.4
7/17/2003 �4.4 �4.6 �4.5 �4.3 �4.1 �4.4
8/14/2003 �4.3 �4.6 �4.5 �4.2 �3.5 �4.3
10/16/2003 �4.5 �4.6 �4.7 �4.4
12/17/2003 �4.3 �4.6 �4.2 �4.1 �4.3
2/7/2004 �4.2 �4.5 �4.2 �4.2 �4.1 �4.2
4/7/2004 �4.2 �4.4 �4.3 �4.0 �3.8 �4.2
6/9/2004 �4.3 �4.4 �4.2 �3.9 �3.9 �4.2
8/23/2004 �4.2 �4.5 �4.2 �4.1 �3.9 �4.2
10/23/2004 �4.2 �4.6 �4.2 �4.0 �4.0 �2.6
12/28/2004 �4.2 �4.4 �4.2 �4.1 �4.0 �4.2
2/12/2005 �4.4 �4.4 �4.3 �4.6 �4.4
4/2/2005 �4.4 �4.5 �4.5 �4.3 �4.6 �4.4
4/22/2007 �3.9

(�20)
5/16/2007 �4.0

(�21)
6/14/2007 �4.1

(�23)
7/17/2007 �3.7

(�19)
9/19/2007 �4.5

(�25)

All data in per mil (‰) relative to VSMOW; dD values in parentheses.
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Relation of cave drip waters to meteoric waters

The stable isotope compositions of the majority of drip waters
plot close to or slightly below the LMWL established from central
Texas precipitation (Fig. 4). This implies that their oxygen isotopic
compositions reflect the composition of meteoric waters above the
caves. Cave drip waters plotting below the LMWL may have expe-
rienced evaporative effects prior to infiltrating into the unsatu-
rated zone above the caves (Dansgaard, 1964). Three of five
stable isotope values for drip site ISST (Table 2) plot on the LMWL,
with values from two samples plotting well above this line. The
three samples plotting near the LMWL were collected between late
fall and spring, whereas the two samples that plot above the LMWL
were both collected during warm periods in June of 2003 and early
September of 2004 (Table 4). The timing of these deviations sug-
gests a seasonal component to the observed variation. Cave drip-
water samples could be displaced above the LMWL if they origi-
nate from precipitation that originally evaporated from the ocean
under conditions of higher than average relative humidity.
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Table 6
Oxygen isotopic composition of rainfall during single storm event, Austin, Texas.

Date Time d18O

10/17/1998 2:37–3:30 PM �7.4
10/17/1998 3:33–5:20 PM �8.8
10/17/1998 5:20–8:20 PM �9.9
10/17–18/1998 8:00 PM-1:00 AM �10.5
10/18/1998 1:16–9:45 AM �12.6
10/18/1998 9:45–4:00 PM �8.9

All data in per mil (‰) relative to VSMOW.

212 J.R. Pape et al. / Journal of Hydrology 385 (2010) 203–215
However, this is probably not the case at ISST because ISST is a
dominantly diffuse flow drip site (Guilfoyle, 2006) and has very
consistent d18O values over time (Fig. 5). This implies that ISST drip
waters originate from well-mixed reservoirs in the unsaturated
zone and that the influence of individual precipitation events is
dampened. Therefore, the isotopic composition of the drip waters
at ISST should represent an annual or greater weighted average va-
lue of precipitation and plot near the LMWL. Thus, it seems more
likely that processes occurring in the soil zone, unsaturated zone,
or within the cave are responsible for the observed deviation of
these two samples from ISST from the LMWL.

Cave drip waters at all of the drip sites in this study are satu-
rated or supersaturated with respect to calcite (Musgrove, 2000;
Musgrove and Banner, 2004; Guilfoyle, 2006; Banner et al.,
2007). Water–rock interaction modeling of Edwards aquifer drip
water and groundwater compositions indicates that d18O values
have not been significantly altered toward equilibrium with host
limestone and dolostone Compositions (Musgrove, 2000). Thus, it
is unlikely that water–rock interaction has significantly altered
the oxygen isotope ratio of the cave drip waters, and barring large
evaporative effects, the oxygen isotope composition of the cave
drip waters is representative of local precipitation (Bar-Matthews
et al., 1996). This conclusion is also supported by drip waters with
both dD and d18O values that fall along the LMWL (Fig. 4). Since
there are no oxygen isotope data for local precipitation above the
caves in this study, we compare cave drip-water values to the Aus-
tin precipitation oxygen-isotope dataset. Austin precipitation is
probably an adequate representation of precipitation above both
NB and IS because these caves are located within 90 km of Austin
and have similar annual precipitation amounts and average tem-
peratures. Precipitation above CS, which is located �300 km inland
of Austin, at a higher elevation, and has a�1.5 �C lower average an-
nual temperature, is likely to have lower average d18O values than
Austin precipitation due to a combination of continental, elevation,
and temperature effects.

Drip-water O isotope variation

The mean d18O value weighted to precipitation amount for Aus-
tin precipitation is �4.1 ± 2.0‰ (2r), while the average d18O value
and standard deviation for all drip sites in each cave are
�4.9 ± 0.3‰ for CS, �4.3 ± 0.4‰ for NB, and �4.4 ± 0.2‰ for IS
(Fig. 6). A single sample t-test was performed comparing the
drip-water datasets from IS, NB, and CS to the single reference
mean for the weighted rainwater d18O value (�4.1‰). All mean
drip-water d18O values are statistically different from the reference
mean. Two first-order observations can be made from these data:
(1) the mean d18O values of the drip sites in each cave are lower
than the weighted mean value of Austin precipitation, and (2)
the cave drip waters experience significantly less variability in
their d18O values than Austin precipitation. These observations
are also consistent for the individual drip sites within each cave
(Fig. 6).

At least two effects can cause the d18O values of cave drip
waters to be negatively offset from Austin precipitation. First, as
noted above, the local precipitation that feeds the drip sites at each
of the caves can experience continental, temperature, and/or eleva-
tion effects that can drive it to lower average d18O values compared
to the Austin dataset. This is likely the case for local precipitation at
CS and may also occur at IS. The second possible effect is caused by
infiltration thresholds in karst aquifers. Previous studies of karst
aquifers in several tropical settings have found a precipitation
amount threshold that must be exceeded for water to infiltrate into
these aquifers (Jones et al., 2000; Jones and Banner, 2003) and pre-
vious work has proposed this for the Edwards aquifer (Musgrove,
2000). These recharge thresholds exist because small rain events
do not generate enough runoff to transport water into the karst
aquifer through discrete infiltration. Therefore, the resulting pre-
cipitation from small rain events is much more likely to be lost
to evapotranspiration prior to infiltrating into the aquifer than pre-
cipitation from larger rain events. Because central Texas rainfall

http://www.ncdc.noaa.gov
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has been shown to experience an amount effect during periods of
warm weather (Fig. 3b), recharge thresholds that limit the infiltra-
tion of waters from smaller rain events with relatively high d18O
values may contribute to the negative offset observed between
the average values of cave drip waters and precipitation. Therefore,
although the average d18O values of the drip waters at NB, IS, and
CS are negatively offset from the weighted mean d18O value of Aus-
tin precipitation, it is likely that the average drip-water values at
each cave reflect the weighted mean d18O value of local precipita-
tion events that are above a recharge threshold.

Lack of variability of-cave drip-water d18O values compared to
the meteoric precipitation feeding cave drips has been noted in
many other studies on cave drip waters (Yonge et al., 1985; Chap-
man et al., 1992; Williams and Fowler, 2002; Onac et al., 2008).
This lack of drip-water d18O variability is attributed to drip-water
homogenization via mixing of meteoric waters in the matrix and/
or fractures and conduits in the unsaturated zone above the caves.
When this mixing occurs, drip-water d18O values are usually close
to the annual weighted mean of precipitation. This mixing process
can explain the lack of variation in the d18O values of the drip
waters from CS, IS, and NB compared to Austin precipitation.

The extent of drip-water isotopic homogenization has implica-
tions for the residence time of drip waters within the unsaturated
zone above the cave. Based on drip-rate data reported by Guilfoyle
(2006), homogenization of the oxygen isotope composition of drip
waters occurs for both responsive, fast-dripping sites closer to a
conduit flow end-member such as NBEL (average drip
rate = 3.36 ml/s; drip-rate range: <0.09–14 ml/s) and for consis-
tent, slow-dripping, diffuse flow sites such as ISLM (average drip
rate = 0.009 mL/s; drip-rate range = 0.003–0.020 ml/s). In fact, with
the exception of NBSB, regular sub-annual variations in d18O values
are not observed at any of the sampled drip sites, and drip sites
generally vary within a range of less than 1‰ over the eight-year
time period of the study. Some drip sites, most notably NBEL, dis-
play anomalous deviations from their average values, however
such deviations are rare and occur inconsistently. Thus, if mixing
of meteoric waters in the unsaturated zone above the caves is
the cause of homogenization of cave drip waters, the residence
time of meteoric waters in the unsaturated zone above the caves
must be sufficient to damp out seasonal-scale variations in the
d18O values of the meteoric waters feeding the drip sites. Therefore,
with the possible exception of NBSB, residence time for drip waters
at most sites must be on an approximately annual scale or greater.

Regional spatial d18O gradient recorded in-cave drip waters

If the drip waters in CS, NB, and IS are indeed reflective of the
long-term average of local precipitation above each cave, one
may reasonably expect that drip waters in these caves should have
increasingly lower d18O values with increasing distance from the
Gulf of Mexico reflective of the continental effect (Musgrove,
2000). Oxygen isotope variations for drip waters from six caves
across the Edwards Plateau and into eastern New Mexico show a
strong inverse correlation between distance from the Gulf of Mex-
ico and average drip-water d18O (Fig. 7a). This provides evidence
that the continental effect on local precipitation may be recorded
by cave drip waters.

In addition to the continental effect, a temperature effect and
an elevation effect could also create the observed spatial gradi-
ent in the average oxygen isotopic compositions of cave drip
waters. Fig. 7b shows that the drip-water data trend toward
decreasing average drip-water d18O with decreasing local aver-
age annual surface temperature above the caves. The correlation
is not statistically significant; however, this is probably a factor
of the limited cave drip-water data available for this study. Thus,
it is likely that the temperature effect in local precipitation
above the caves does contribute to the negative trend in average
drip-water O isotope compositions moving inland from NB to
Carlsbad Caverns (CC). A correlation between surface elevation
and decreasing average drip-water d18O values also occurs for
the caves (Fig. 7c). However, because the elevation effect relates
to cooling of the vapor mass below the dew point through the
process of orographic lift (Ingraham, 1998) it essentially reflects
a temperature gradient as well.

It is difficult to determine the relative contributions of the
continental and temperature effects in producing this gradient.
Future studies involving regional climate models that incorpo-
rate O and H isotopes may be useful as a way to better under-
stand how the observed spatial gradient among cave drip
waters relates to climatic processes and regional changes in pre-
cipitation d18O values.
Implications for paleoclimate studies

The results of this study have a number of implications for the
application of oxygen isotope composition of speleothems from
these caves as a proxy for paleoclimate. Mixing of meteoric waters
in the unsaturated zone above IS, NB, and CS caves caused drip
waters to experience a large degree of oxygen isotopic homogeni-
zation such that they reflect a long-term weighted average compo-
sition of local precipitation above the caves. This homogenization
occurred regardless of whether the drip sites from which the drip
waters originated exhibited conduit flow or diffuse flow character-
istics. Paleoclimate records based on oxygen isotopes in speleo-
thems growing from such drip sites should reflect annual or
greater scale variations in central Texas paleoclimate. Nonetheless,
seasonal variability of cave atmosphere CO2 levels can affect fac-
tors such as CO2 degassing and calcite precipitation rates from drip
waters, which, in turn, can alter the oxygen isotope composition of
speleothem calcite (Mickler et al., 2006; Guilfoyle, 2006; Banner
et al., 2007). Thus, seasonal-scale variations found in speleothem
paleoclimate records originating from drip sites that have fairly
constant drip-water d18O values may more likely reflect in-cave
processes rather than short-term oxygen isotope variations in local
rainfall.

Although the drip sites catalogued in this study have d18O
values that appear to reflect a long-term weighted average of
precipitation d18O values, other studies have found that cave drip
waters can preserve seasonal-scale variations in the oxygen iso-
tope composition of precipitation (Harmon, 1979; Li et al., 2000;
van Beynan and Febbroriello, 2006; Johnson et al., 2007). It is
possible that similar drip sites could be found in central Texas
as have been identified in this region for seasonal C isotope
and trace element variations (Guilfoyle, 2006; Wong et al.,
2008). In this case, an oxygen isotope record of seasonal climate
variation could be preserved in a speleothem precipitated from
such a drip site, but seasonal controls on speleothem growth
that occur in these caves would result in a seasonally-biased re-
cord (Banner et al., 2007). Negative excursions in the d18O values
of such a detailed record has the potential to reflect inputs from
moisture from Pacific Ocean or Gulf of Mexico tropical cyclones,
or a shift in regional storm paths.

The regional spatial gradient observed in the cave drip waters
may also be of use in paleoclimate studies. For example, a temporal
change in the regional spatial gradient of cave drip-water d18O val-
ues inferred through speleothem paleoclimate records could indi-
cate a major change in regional climatic factors, such as a shift in
the relative contributions from vapor mass source regions. More-
over, the potential for preservation of a regional scale spatial gra-
dient in the oxygen isotope composition of cave drip waters
highlights the utility of speleothem paleoclimate studies that com-
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pare speleothems from multiple, spatially distributed caves. Such
studies may allow for the reconstruction of past weather patterns
by using preserved temperature, elevation, and/or continental gra-
dients in speleothem oxygen isotope compositions.
Conclusions

This study finds that precipitation in central Texas related to Pa-
cific tropical cyclones has very low d18O values compared to the
majority of central Texas precipitation that originates from the
Gulf of Mexico. Tropical cyclones from the Gulf of Mexico can pro-
duce comparably low d18O values to those documented in this
study from Pacific cyclones, such that very low d18O values in cen-
tral Texas precipitation are not an independent indicator of storm
source region. The amount effect appears to exert a strong control
on the oxygen isotope composition of precipitation during periods
of warm weather. However, during colder periods, the amount ef-
fect signal is likely damped by several variable factors that may in-
clude: (1) variability in the source of water vapor masses that
produce precipitation in central Texas, (2) variable kinetic effects
during initial evaporation of water vapor masses from the ocean,
and (3) the temperature effect.

Drip-water d18O values from the three caves in this study are
offset to lower values than the weighted average of Austin precip-
itation. This may reflect continental and temperature effects in lo-
cal precipitation above the caves as well as the effects of recharge
thresholds. Seasonal-scale stable isotopic variations in precipita-
tion appear to be largely homogenized by mixing as meteoric
waters percolate through the vadose zone above the caves. This
homogenization implies a residence time on an approximately an-
nual scale or greater for meteoric waters in the unsaturated zone
above the caves. Drip waters have increasingly lower d18O values
with increasing distance from the Gulf of Mexico. This spatial gra-
dient most likely reflects a combination of the continental and
temperature effects in the precipitation recharging the drip-water.
Paleoclimate studies that examine speleothems from multiple,
regionally distributed caves have the potential to reconstruct oxy-
gen isotope gradients to constrain spatial paleoclimate patterns
and vapor mass source regions.
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