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ABSTRACT

The application of stable isotopes in spe-
leothem records requires an understanding of 
the extent to which speleothem calcite isotopic 
compositions refl ect the compositions of the 
cave waters from which they precipitate. To 
test for equilibrium precipitation, modern 
speleothem calcite was grown on glass plates, 
so that the carbon and oxygen isotope compo-
sition of the calcite and the water from which 
it precipitated could be directly compared. The 
plates were placed on the tops of three actively 
growing stalagmites that occupy a 1 m2 area in 
Harrison’s Cave, Barbados, West Indies. Only 
some of the plate δ13C values and none of the 
plate δ18O values correspond to equilibrium 
values, indicating signifi cant kinetic isotope 
effects during speleothem calcite growth. 
We investigate herein mechanisms that may 
account for the kinetic isotope effects.

On each plate, speleothem calcite was 
deposited with distinct δ18O and δ13C com-
positions that increase progressively away 
from the growth axis, with up to 6.6‰ 13C
and 1.7‰ 18O enrichments. The positive δ13C
versus δ18O trends are likely a result of 18O
and 13C Rayleigh-distillation enrichment in 
the HCO

3
– reservoir owing to progressive 

CO
2
 degassing and CaCO

3
 precipitation. The 

magnitude of the δ13C versus δ18O slope is 
likely controlled by the extent to which CO

2

hydration-hydroxylation reactions buffer the 
oxygen isotope composition of the HCO

3
– res-

ervoir during calcite precipitation. Complete 
oxygen isotopic buffering of the HCO

3
– res-

ervoir by CO
2
 hydration-hydroxylation reac-

tions will produce a vertical δ13C versus δ18O
slope in calcite sampled along a growth layer. 
As oxygen isotope buffering of the HCO

3
–

reservoir decreases to no buffering, the δ13C
versus δ18O slope in calcite sampled along a 

growth layer will decrease from vertical to 
0.52 at the cave temperature. In this study, 
modern speleothem calcite sampled along 
the growth layer produced a δ13C versus δ18O
slope of 3.9, indicating incomplete oxygen 
isotope buffering of the HCO

3
– reservoir dur-

ing calcite precipitation.
Both modern and Holocene speleothem 

calcite from Barbados, sampled temporally 
along the growth axis, shows similar positive 
δ13C versus δ18O slopes. These results, along 
with the spatial variations in glass plate cal-
cite carbon and oxygen isotope compositions, 
suggest that the isotopic composition of the 
Holocene speleothems is in part controlled 
by non-equilibrium isotope effects. In addi-
tion, there is a correlation between stalactite 
length and oxygen and carbon isotope ratios 
of calcite precipitated on the corresponding 
stalagmite and glass plate, which may be due 
to 13C and 18O enrichment of the HCO

3
– res-

ervoir during CO
2
 degassing–calcite precipi-

tation along the overhanging stalactite.
We compiled 165 published speleothem 

stable isotope records with a global distribu-
tion and found that most of these records 
show a positive covariation between δ13C and 
δ18O values. Speleothem stable isotope records 
may be infl uenced by kinetic isotope effects 
such that temperature-controlled equilibrium 
fractionation models alone cannot directly 
explain the signifi cance of the variations in 
these records. Advancing the interpretation 
of these records requires the calibration of 
cave environmental conditions with the non-
equilibrium isotope effects that cause δ13C and 
δ18O covariations in speleothems.

Keywords: kinetic isotope effects, speleo-
thems, oxygen isotopes, carbon isotopes, non-
equilibrium, Barbados.

INTRODUCTION

The geochemistry of speleothems, which are 
secondary mineral deposits formed in caves, can 

be used to infer past environmental conditions. 
Speleothems have the potential to be a power-
ful tool in climatic studies because (1) the isoto-
pic and chemical compositions of speleothems 
record temporal changes in groundwater chem-
istry that may be controlled by environmental 
conditions (Hendy, 1971; Banner et al., 1996; 
Bar-Matthews et al., 2000), (2) speleothems are 
commonly deposited continuously over thou-
sands of years and can be placed into a precise 
chronostratigraphy using U-series dating tech-
niques (Edwards et al., 1987; Musgrove et al., 
2001), and (3) speleothems can form in low 
altitude, low-latitude terrestrial environments 
for which other high-resolution climatic records 
may be scarce. These factors can combine to 
produce a long, continuous high-resolution 
record of terrestrial climate change.

The oxygen and carbon isotopic composi-
tions of calcite speleothems, particularly 
stalagmites, are of interest to paleoclimate 
researchers. δ18O variations in speleothems have 
been used to infer: (1) temporal changes in cave 
temperature, which is approximately equivalent 
to the mean annual temperature outside the cave 
environment (Hendy, 1971); (2) an average δ18O
value of precipitation (Hellstrom et al., 1998), 
which may refl ect ice volume, temperature of 
condensation, the seasonality of precipitation, 
the “amount effect,” and sources of water vapor 
(Dansgaard, 1964; Harmon et al., 1978b); and 
(3) the extent of evaporation in the vadose zone 
(Lauritzen and Lundberg, 1999; McDermott, 
2004). δ13C variations in speleothems have 
been used to infer the relative proportions of 
C

3
 versus C

4
 plants that control the δ13C value 

of soil-respired CO
2
 (Holmgren et al., 1995), 

changes in ecosystem productivity that control 
soil P

CO2
 (Genty et al., 2003), changes in the 

δ13C value of atmospheric CO
2
 (Baskaran and 

Krishnamurthy, 1993), and changes in water-
rock interactions (see review by McDermott, 
2004). More detailed explanations that outline 
the interpretations of stable isotope variations 
in speleothems in climatic studies can be found 
in Hendy (1971), Gascoyne (1992), Lauritzen 
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(1995), Desmarchelier et al. (2000), Schwarcz 
(1986), and McDermott (2004). When inter-
preting the stable isotopic composition of spe-
leothems, a common assumption is that calcite 
is precipitated in carbon and oxygen isotope 
equilibrium with its corresponding drip water. 
In our previous study, we assessed the deviation 
of modern speleothem calcite from carbon and 
oxygen isotope equilibrium along stalagmite 
growth axes (Mickler et al., 2004). In the pres-
ent study, we further explore mechanisms for 
this isotopic disequilibrium by examining the 
detailed spatial variations in isotopic composi-
tion of speleothem calcite grown on glass plates 
deployed beneath cave drips.

Tests for Isotopic Equilibrium Precipitation 
of Stalagmite Calcite

For temperature-dependent equilibrium frac-
tionation factors to be used in interpreting spe-
leothem stable isotope records, the speleothems 
must be precipitated in isotopic equilibrium. 
The following are tests for isotopic equilibrium 
precipitation of stalagmites. (1) δ18O and δ13C
values of samples along a single growth layer of 

a stalagmite should lack a progressive increase 
away from the growth axis (Hendy and Wilson, 
1968; Fantidis and Ehhalt, 1970; Hendy, 1971); 
growth-axis and growth-layer sampling schemes 
are shown in Figure 1A. (2) δ18O and δ13C val-
ues of samples taken along a single growth layer 
should not be positively correlated (Hendy and 
Wilson, 1968; Hendy, 1971; Gascoyne, 1992); 
the diffi culty of sampling a discrete layer as it 
thins away from the growth axis (Linge et al., 
2001a; Drysdale et al., 2004) may make resolu-
tion of the full extent of 13C and 18O enrichment 
diffi cult, and may produce false negative results 
from the application of Hendy’s (1971) “test” 
(Dorale et al., 2002). (3) Samples taken along 
the growth axis should lack a positive correla-
tion in δ18O and δ13C values (Goede et al., 1986; 
Goede, 1994; Desmarchelier et al., 2000). This 
last criterion is often disputed by studies that 
attribute the positive correlation in δ18O and 
δ13C values of calcite along the growth axis 
to environmental change that simultaneously 
affects both the δ13C and δ18O values of spe-
leothems (Dorale et al., 1998; Denniston et al., 
2001; Genty et al., 2003; Paulsen et al., 2003). 
Isotopic disequilibrium associated with rapid 

CO
2
 degassing and calcite precipitation would 

cause speleothems to fail these three tests.
In addition to such kinetic isotope effects, 

environmental factors can also produce both 
positive and negative correlations between 
δ13C and δ18O values of speleothem growth axis 
calcite. Here we consider examples of carbon 
and oxygen isotope variations produced by four 
climatic regimes.

1. In tropical and monsoonal climates, the 
amount effect is the dominant process that 
affects the δ18O value of precipitation such that 
an increase in the amount of precipitation will 
result in precipitation with lower δ18O values 
(Rozanski et al., 1993). This increase in precipi-
tation amount might also cause a decrease in the 
δ13C value of speleothem calcite by increasing 
soil moisture content and soil respiration rates 
(Raich and Schlesinger, 1992; Lachniet et al., 
2004b) or by reducing water-rock interactions, 
thereby reducing the amount of 13C-enriched 
carbon derived from the host limestone (Paulsen 
et al., 2003), resulting in a positive correlation 
between the δ18O and δ13C values of speleothem 
calcite (e.g., Li et al., 2000a; Burns et al., 2002; 
China and southern Oman, respectively). In 
contrast, strong summer monsoonal rain, with 
low δ18O values, may also favor high δ13C value 
C

4
 grasses (Stowe and Teeri, 1978), and we sug-

gest that this may explain the negative correla-
tion in δ18O and δ13C values of select stalagmites 
from Hulu Cave, Nanjing, China (Wang et al., 
2001, Table 1).

2. In temperate climates, increasing tem-
perature is correlated with higher δ18O values 
of precipitation (Rozanski et al., 1993). Higher 
temperatures, however, may either decrease the 
δ13C value of speleothem calcite by increasing 
soil respiration rates (Raich and Schlesinger, 
1992; Genty et al., 2003) or increase the δ13C
value by favoring high δ13C value C

4
 plants 

(Stowe and Teeri, 1978; Dorale et al., 1998; 
Denniston et al., 2001) (i.e., positive or negative 
correlations).

3. In general, increased aridity may result in 
increased δ18O values of cave drips owing to 
enhanced soil water evaporation (Allison, 1982) 
while simultaneously increasing the δ13C value 
of speleothem calcite by any of the following: 
increasing productivity of C

4
 plants (Stowe 

and Teeri, 1978); increasing the water stress, 
and thus increasing the δ13C value of C

3
 plants 

(Farquhar et al., 1989); and/or decreasing soil 
respiration rates (Raich and Schlesinger, 1992) 
(positive correlation).

4. Environmental change toward a dry-sum-
mer, wet-winter Mediterranean climate may 
decrease δ18O values of average rainfall and 
decrease δ13C values of soil-respired CO

2
 by 

decreasing the proportion of C
4
 plants that grow 
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Figure 1. (A) Schematic diagram of a stalagmite, showing the geometry of samples taken 
along a growth axis (open circles) and samples taken along a growth layer (fi lled squares). 
(B) Rayleigh distillation model of δ13C and δ18O values of CaCO

3
 during progressive CO

2

degassing and CaCO
3
 precipitation, as monitored by the fraction of HCO

3
– remaining in a 

drip water (i.e., f term in equation 2). Note the progressive increase in calcite δ13C and δ18O
values as CO

2
 degassing and calcite precipitation proceeds. Limitations on the model pre-

diction owing to uncertainties in the effects of CO
2
 hydration-dehydration reactions on the 

extent of oxygen isotope exchange between dissolved inorganic carbon (DIC) and water are 
discussed in the text.
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TABLE 1. CARBON AND OXYGEN ISOTOPE TRENDS AND STUDY AREA CHARACTERISTICS OF PUBLISHED SPELEOTHEM RECORDS, LISTED 
BY GEOGRAPHIC REGION

References Speleothem 
name

Sample
type†

Slope‡ R§ Number of 
analyses

Age range
(ka)

G.R.#

(cm/ka)
T.

(°C)
Elev.
(m)

Location

North America

Denniston et al. (1999b)†† CC-A S 1.83 0.29** 125 3–0 11 9.0 332 N45° W92°
Denniston et al. (1999b)†† MC-28 S 0.64 0.54** 109 7.5–0 4 8.7 403 N44° W92°
Denniston et al. (1999b)†† SVC-1 S 1.83 0.83** 226 8.6–0 7.5 8.0 397 N44° W92°
Denniston et al. (1999b)†† SVC-2 S 1.12 0.34** 95 6.6–1.8 11.5 8.0 397 N44° W92°
Denniston et al. (2001) ON-3B S + 13.3–12.4 9.33 14.0 N38° W91°
Denniston et al. (1999c) ON-3 S + 10–2.5 2.66 14.0 N38° W91°
Denniston et al. (1999c) BCC1-1 S + 10–0 0.81 18.0 N36° W93°
Denniston et al. (1999a)†† CWC-3L S 3.68 0.07 291 8.6–2 4.2 8.8 320 N43° W92°
Denniston et al. (1999a)†† CWC-2SS S –2.55 0.60** 74 7.5–1 1.01 8.8 320 N43° W92°
Denniston et al. (1999a)†† CWC-1S S 1.58 0.35** 141 7.7–1.15 1.99 8.8 320 N43° W92°
Dorale et al. (19980 CC\DBL S + 65–25 1.34 N38° W90°
Dorale et al. (1998) CC\E S + 70–35 0.29 N38° W90°
Dorale et al. (1998) CC\C S X 75–25 0.37 N38° W90°
Gascoyne et al. (1981) 75123 S X, - 55–50 4.0 365 N49°W125°
Gascoyne et al. (1981) 75125 Sc-F X 64–28 0.23 4.0 365 N49°W125°
Harmon et al. (1978a) 72041 S X 230–100 0.22 13.5 160 N38° W86°
Lauriol et al. (1997) TITC/GB F 2.1 8 >350 ††0.0 990 N66°W141°
Lauriol et al. (1997) TTH12-3 F X 12 81 ††0.0 1219 N66°W141°
Musgrove (2000) IS-LM F 1.74 0.13 12 35.5–1.8 1.2 22.0 N30°W98°
Musgrove (2000) ISS2 S 1.9 0.44** 157 71.2–13.9 0.05–8 22.0 N30°W98°
Musgrove (2000) IS-ST F 1.35 0.57 11 27.6–13.2 8.3 22.0 N30°W98°
Musgrove (2000) DDS2 S 1.2 0.58** 217 69.6–15.3 0.08–10 N30°W98°
Musgrove (2000) KCS2 F 0.84 0.92** 6 >350–29 600 N29°W100°
Musgrove (2000) KCS1 F 1.5 0.96** 9 >350–20.4 0.25 600 N29°W100°
Musgrove (2000) KCS3 F 0.97 0.69* 10 229.9–11.9 0.16 600 N29°W100°
Musgrove (2000) CWN4 S 1.22 0.53** 40 38.5–7.7 0.05–8 19.0 N30°W99°
Musgrove (2000) NBSwall F 1.7 0.60** 20 16.8–11 14.3 21.0 N30°W98°
Musgrove (2000) NBSwhite F 4.1 0.84** 10 11.5–8.1 3.9 21.0 N30°W98°
Schwehr (1998) Tulum B Sc ++ 0.13–0 196 26.0 N20° W87°
Serefi ddin et al. (2004) RC2 S X 82–24 1.65 8.0 1400 N44°W104°
Serefi ddin et al. (2004) RC20 S-F X 62–50 0.22 8.0 1400 N44°W104°
Thompson et al. (1976) NB10 S X 44 200–165 2 11.0 655 N38° W81°
Thompson et al. (1976) NB11 S X 11 0–2 10 11.0 655 N38° W81°
Thompson et al. (1976) NB4 S + 30 11.0 655 N38° W81°
Thompson et al. (1976) GV2 + 28 180–145,125–62 0.2 11.0 715 N38° W81°
van Beynen et al. (2004) MF1 S X 7.6–0 103–2 7.3 430 N38°W91°

Caribbean/Central and South America

Cruz et al. (2005) BT2 S 0.66 0.21** 690 116.2–0 0.59 230 S27° W49°
González and Gomez (2002) VCZ-1 S + 12–0 N11° W70°
Lachniet et al. (2004b) CHIL-1 S 3.99 0.82** 484 2.184–0.696 33.1 27.1 60 N9.2° W80°
Lachniet et al. (2004a) V-1 S 2.62 0.68** 297 8.84–5.06k 9.15 25.0 N11° W85°
Mickler (2004) AH-L S 3.3 0.45** 33 11.6–8.4 26.6 250 N13° W60°
Mickler (2004) AH-M S 2.6 0.88** 20 93.5–66.6 26.6 250 N13° W60°
Mickler (2004) AH-S S 2.1 0.57* 15 23.1–22.1 26.6 250 N13° W60°
Mickler (2004) BN-3 Sc-F 1.2 0.141 9 51–38 26.6 250 N13° W60°
Mickler (2004) SH S 2.2 0.36 7 25 26.6 250 N13° W60°
Mickler (2004) SHC S 4 0.19 7 25 26.6 250 N13° W60°
Mickler (2004) BC-53 S 3.5 0.29 30 34.4–0 26.6 250 N13° W60°
Mickler (2004) BC-61 S 2.7 0.70** 46 53.9–0 26.6 250 N13° W60°

Europe

Bard et al. (2002) Stalagmite I S X 190–142 0.25 15.8 <40m N42° E11°
Drysdale et al. (2004) CC1 S +,- ** 43.1–383.4 0.05–1 7.5 1200 N44° E10°
Duplessy et al. (1971) d’Orgnac S X 130–90 6 12.6 France
Duplessy et al. (1969) T S X 12.6 France
Duplessy et al. (1969) G S 1.4 France
Fornaca-Rinaldi et al. (1968) Sarteano S X 41 Italy
Fornaca-Rinaldi et al. (1968) Montecello Sc 3.71 0.97** 6 Italy
Fornaca-Rinaldi et al. (1968) S. Lucia Sc 6.12 0.89* 6 Italy
Gascoyne (1992) 76127 F ++ 238–225 N54° W2°
Gascoyne (1992) 77143B F + 126–108 N54° W2°
Gascoyne (1992) 77162 F ++ 114–98 0.75 N54° W2°

(continued)
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TABLE 1. CARBON AND OXYGEN ISOTOPE TRENDS AND STUDY AREA CHARACTERISTICS OF PUBLISHED SPELEOTHEM RECORDS, LISTED 
BY GEOGRAPHIC REGION (continued)

References Speleothem 
name

Sample
type†

Slope‡ R§ Number of 
analyses

Age range
(ka)

G.R.#

(cm/ka)
T.

(°C)
Elev.
(m)

Location

Gascoyne (1992) 79151 F-S X,+ 290–210,320–250 0.3 N54° W2°
Gascoyne (1992) 79158 S X 180–170 2 N54° W2°
Schwarcz (1986) unnamed S -, + 290–190 0.3 N54° W2°
Genty et al. (2003)†† Vil9 S 2.7 0.59** 299 83.1–31.8 2.89 11 N46° E0°
Genty et al. (2003)†† ‡‡ Vil9,D2- S 0.91 0.51** 25 83–79 3.75 11 N46° E0°
Genty et al. (2003)†† ‡‡ Vil9,D2-D3 S 1.1 0.58** 61 76–67 3.11 11 N46° E0°
Genty et al. (2003)†† ‡‡ Vil9,D3-D4 S 3.4 0.50** 40 61–56 2.05 11 N46° E0°
Genty et al. (2003)†† ‡‡ Vil9,D4-D6 S 1.9 0.63** 127 52–40 7.4 11.0 N46° E0°
Genty et al. (2003)†† ‡‡ Vil9,D6- S 2.7 0.61** 46 40–32 0.99 11.0 N46° E0°
Genty et al. (1998) Han-stm5b S 1.2 0.35 10 0.045–0 8.8 8.9 180 N50° E5°
Gewelt (1981) RSM V S 1.3 0.33 15 11–5 9.0 N50° E5°
Horvatinčić et al. (2003) Pos CG-85 S 0.43 0.83** 10 Holocene 8.0 529 N46° E14°
Jiménez de Cisneros et al. (2003) ET Sc 2.2 0.94** 18 190–160 20.0 N37° W4°
Kacanski et al. (2001) Cermosjna S 3.8 0.81 5 2.3–0 6.36 11.6 530 N45° E21°
Kadlec et al. (1996) Zazdìná F X 100, 124–114.4
Kadlec et al. (1996) Holstenjnšká F 1.2 114.4 to 99.9
Labonne et al. (2002) Altamira F X 22–10.7 2.2 18.0 N42° E3°
Lauritzen and Onac (1999) LFG-2 S X 131–58 0.67 545 N47° E23°
Lauritzen and Lundberg (2004) LP6 F + 424–392 0.25–0.66 N66° E14°
Lauritzen (1995) S-88-17 F + 118–6 3.5 920 N68° E16°
Lauritzen (1995)‡‡ S-88-17seg1 F ++ 8–6 3.5 920 N68° E16°
Lauritzen (1995)‡‡ S-88-17seg2 F +,X 118–106 920 N68° E16°
Lauritzen (1995) FM-2 F 2.9 ++ 145–80 0.21 160 N67° E14°
Linge et al. (2001a) FM3 5.6 3.41 160 N67° E14°
Linge et al. (2001a) L-03 3.4 200 N66° E13°
Linge et al. (2001a) Ham85-2 S + 123–73 4.6 3.5 220
Linge et al. (2001a) SG92-1 X Eemian 2.8 280 N67° E13°
Linge et al. (2001b) SG93 S - + 140–10 2.8 280 N67° E13°
Linge et al. (2001b) SG95 S X 4.2–0 3.46 2.8 280 N67° E13°
Linge et al. (2001b) SG92-4 S + 8–4.5 2.8 280 N67° E13°
Berstad et al. (2002)††† SG92-2 S 3.64 0.50** 232 630–330 0.08 2.8 280 N67° E13°
McDermott et al. (1999) ER76 S X 12–0 4 6.6 1165 N45°E12°
McDermott et al. (1999) CC3 S X 9–0 4.04 10.4 60 N52° W9°
McDermott et al. (1999) CL26 S X 11.5–0 4.3 14.5 75 N44° E4°
Plagnes et al. (2002) Cla4 S 2.4 0.73** 75 189–74 0.2–10 14.5 75 N44° E4°
Plagnes et al. (2002)‡‡ Cla4A S 4.7 0.67* 11 75.7–74.5 6 14.5 75 N44° E4°
Plagnes et al. (2002)‡‡ Cla4B S 8 0.22 21 83.4–82.4 20 14.5 75 N44° E4°
Plagnes et al. (2002)‡‡ Cla4C S 10 0.2 10 112.5–99.1 0.2 14.5 75 N44° E4°
Plagnes et al. (2002)‡‡ Cla4D S -–5 0.35 15 128–118 3 14.5 75 N44° E4°
Plagnes et al. (2002)‡‡ Cla4E S 2.9 0.92** 10 170–160 1 14.5 75 N44° E4°
Plagnes et al. (2002)‡‡ Cla4F S –4 0.44 8 189–188 10 14.5 75 N44° E4°
Niggemann et al. (2003b) Stal-B7-1 S >1 0.63** 98 12.5–6 12.5–6 9.4 185 N49° E7°
Niggemann et al. (2003b) Stal-B7-5 S >1 0.55** 50 9–5.5 9–5.5 9.4 185 N49° E7°
Niggemann et al. (2003b) Stal-B7-7 S >1 0.63** 228 18–17,9.5–5,2.2–0 1.8–26 9.4 185 N49° E7°
Niggemann et al. (2003a) AH-1 S + 0.37** 384 6–0.8 7.01 9.4 308 N49° E7°
Onac et al. (2002) Pu2 S X 8–1 3.1 9.8 482 N47° E23°
Pazdur et al. (1995) JWi2 S 0.9 0.81** 53 28–18.9 3.1 1100 385 N51°E19°
Spötl et al. (2002) OBI 12 S + 8–0 3.9 5.4 N47°E15°
Verheyden et al. (2000) Père Noël S + 13–1.8 5.8 8.9? 203 N50° E5°
Wurth et al. (2004) Stal-Hoel-1 S X,+ 14.3–0 1.1–3.6 3.5 1440 N47° E10°

Middle East

Bar-Matthews et al. (2003)†† Peqiin S’s 1.1 0.53** 483 250–0Excl120–128 16.0 650 N33° E35°
Bar-Matthews et al. (2003)†† ‡‡ Peqiin S’s –1.5 –0.27** 568 250–0 16.0 650 N33° E35°
Bar-Matthews et al. (2003)†† ‡‡ Peqiin S’s 1.1 0.55** 239 120–14 16.0 650 N33° E35°
Bar-Matthews et al. (2003)†† ‡‡ Peqiin S’s X 120–131 16.0 650 N33° E35°
Bar-Matthews et al. (2003)†† ‡‡ Peqiin S’s 1.1 0.57** 237 250–135 16.0 650 N33° E35°
Bar-Matthews et al. (2003)†† ‡‡ Soreq S’s 1.4 0.04 1387 184–0 1.5–100 22.5 400 N31° E35°
Bar-Matthews et al. (2003)†† Soreq S’s 0.93 0.67** 1340 184–0 Excl7–7.5,

119–128
1.5–100 22.5 400 N31° E35°

Bar-Matthews et al. (2003)†† ‡‡ Soreq S’s 1.3 0.34** 1149 118–0 1.5–100 22.5 400 N31° E35°
Bar-Matthews et al. (2003)†† ‡‡ Soreq S’s –3.5 –0.94** 18 128–118 22.5 400 N31° E35°
Bar-Matthews et al. (2003)†† ‡‡ Soreq S’s 0.72 0.41** 221 184–128 22.5 400 N31° E35°
Burns et al. (2002) S3 S + 0.740–0 31 Oman

(continued)
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TABLE 1. CARBON AND OXYGEN ISOTOPE TRENDS AND STUDY AREA CHARACTERISTICS OF PUBLISHED SPELEOTHEM RECORDS, LISTED 
BY GEOGRAPHIC REGION (continued)

References Speleothem 
name

Sample
type†

Slope‡ R§ Number of 
analyses

Age range
(ka)

G.R.#

(cm/ka)
T.

(°C)
Elev.
(m)

Location

De Geest et al. (2005) S-Stm1 S 3.6 0.83** 6–0 1.6–23 29.0 N13° E54°
Frumkin et al. (2000)§§ AF12 S - - 170–65 1 17.0 730 N32° E35°
Frumkin et al. (2000)§§ AF12 S + 45–0 2 17.0 730 N32° E35°
Frumkin et al. (1999) NQ38 S + 6–0 4.4 19.0 600 N32° E35°
Vaks et al. (2003)†† ME12+ME5 S’s 1.4 0.55** 389 67–16.6 2–100 21.5 250 N32° E35°

China/Asia

Hou et al. (2003) LS9602 S X 1–0 15 14.5 200 N40°E116°
Hou et al. (2003) TS9701 S X 2.2–0 8.7 14.5 200 N40°E116°
Li et al. (1998b)§§ ††† †† S312top S 1 0.13 133 0.486–0 100 14.5 200 N40°E116°
Li et al. (1997)§§ S312 S –2.63 –0.16 121 3–0 4.2 14.5 200 N40°E116°
Tan et al. (1998) TS9501 S + 0.4** 52 14.5 200 N40°E116°
Huang (1992) Shiquan S 2.183 0.2 8 16.5–3 1 Hubei
Huang et al. (2001) HS-2 S ++ 20.2–10.5 5 205 N31°E111°
Karst-Dynamics-Laboratory Shuinan S ++ 190–90 2.46 N26°E106°
Li et al. (1996) Tian E S 1.109 0.34* 48 220–32 430 Fujian, China
Li et al. (2000b) No 1 S + 44–0 4.27 N26°E106°
Zhang et al. (2004b) Xiangshui S X 6–0 12.44 19.5 400 N26°E106°
Li et al. (1998a) PanlongA S +,X 35–1 3.4 19.5 190 N39°E115°
Li et al. (1998a) PanlongB S + 30–7 1.2 19.5 190 N39°E115°
Li et al. (1998a) PanlongC S +,X 30–7 1.2 19.5 190 N39°E115°
Ma et al. (2003) ZFFS-1 S + 3–0 1 13.0 100 N40°E117°
Paulsen et al. (2003)§§ SF-1seg1 S ++ 0.82** 0.15–0 1.38 14.0 500 N34°E109°
Paulsen et al. (2003)§§ SF-1seg2 S + 1.23–0.15 1.38 14.0 500 N34°E109°
Tsai (2002) TSG-1 S 2.03 0.13 112 41.1–16.2 0.19–4.7 N23°E120°
Tsai (2002) TSC-1 Sc 1.56 0.08 30 13.5–9.0 0.3–3.4 N23°E120°
Tsai (2002) GS Sc 8.1 0.25 20 165–13 0.01–0.2 N25°E121°
Wang (1986) 82-29 S + 6 >350–112 250
Wang (1986) GL S + 16 385–267 2.7 250
Wang et al. (2001)†† ‡‡ ## Composite S –0.13 –0.10** 1652 75–11 15.4 80 N32°E119°
Wang et al. (2001)†† ## MSD S –1.23 –0.79** 268 54–19 1 15.4 80 N32°E119°
Wang et al. (2001)†† ## MSL S -–1.93 –0.62** 285 75–31 1.16 15.4 80 N32°E119°
Wang et al. (2001)†† ## PD S 1 0.53** 149 19–11 0.84 15.4 80 N32°E119°
Wang et al. (2001)†† ## YT S –0.42 –0.48** 338 17–14.5 4.1 15.4 80 N32°E119°
Wang et al. (2000)## MS-1 S 5.102 0.59** 82 463–159 0.027 15.4 80 N32°E119°
Yuan et al. (2004)†† ## H82 S 3.22 0.35** 833 16–11 1.1–5 15.4 80 N32°E119°
Wang et al. (1998)## Hulu S + 32 380–170 0.34 15.4 80 N32°E119°
Zhao et al. (2003)## 996182 S X 17–10 15.4 80 N32°E119°
Wang et al. (1995) BZ4 S + 0.68* 9 76–55 1.1 near Bejing
Wang et al. (1995) BZ4’ S + 0.36 10 158–74 0.53 near Bejing
Wang et al. (1997) ZL01 S 1.18 0.56 8 Zhejing
Zhang et al. (2004a) Q2 S + 45 152–122 7.4 15.8 N26°E108°
Yuan et al. (2004)†† D3 S 2.22 0.52** 118 164–91.5 0.15–19 15.6 680 N25°E108°
Yuan et al. (2004)†† ‡‡ D3* S 5.55 0.37** 74 <124 5.4 15.6 680 N25°E108°
Yuan et al. (2004)†† ‡‡ D3* S 1.47 0.37** 44 >124 0.72 15.6 680 N25°E108°
Yuan et al. (2004)†† D4 S 3.22 0.32** 527 155–0.09 1.1–49 15.6 680 N25°E108°
Yuan et al. (2004)†† ‡‡ D4* S 3.7 0.39** 115 <9.3 18 15.6 680 N25°E108°
Yuan et al. (2004)†† ‡‡ D4* S 11.1 0.06 280 16–9.3 4.5 15.6 680 N25°E108°
Yuan et al. (2004)†† ‡‡ D4* S 1.85 0.67** 59 66–42 1.7 15.6 680 N25°E108°
Yuan et al. (2004)†† ‡‡ D4* S 2.94 0.30** 84 >113 1.6 15.6 680 N25°E108°
Yadava et al. (2004) Akalagavi S ++ 0.62** 301 0.331–0 N15°E73°
Yadava and Ramesh (2005) Dandak S 1.28 0.72** 117 3.54–0 18 25.5 N19°E82°
Yadava and Ramesh (2005) Gupteswar S 1.31 0.58** 233 3.39–0 14 25.5 N19°’E82°

Australia/New Zealand

Desmarchelier et al. (2000) SC-S11 S 1.9 0.77** 90 190–152 0.83 16.8 70 N37°E141°
Fischer et al. (1996) FSDC S ++ 55–18,2.6–0 S20°E140°
Goede et al. (1996) RO S X+ 2, 13.2–10.9 2.2 15.0 80 S37°E148°
McDonald et al. (2001) MC4 S + 0.64 105–88 NSW Aus.
Treble et al. (2005)§§ MND-S1 S 3.7 0.75** 26 0 .075–0.050 12.3 16.2 S36°E115°
Treble et al. (2005)§§ MND-S1 S 4.5 0.92** 16 0.095–0.076,

0.051–0.007
12.3 16.2 S36°E115°

Desmarchelier and Goede (1996) LT S –1.77 –0.4** 119 110–72 4.05 9.5 460 S42°E146°
Goede et al. (1990) FC S X - –0.19 36 4.25–2.9 26.7 8.3 360 S43°E146°

(continued)



MICKLER et al.

70 Geological Society of America Bulletin, January/February 2006

best in a hot growing season, as observed in 
parts of speleothem records from several caves 
in Israel (positive correlation; e.g., Bar-Mat-
thews et al., 1997, 1999). In contrast, Frumkin 
et al. (2000) invoke intense soil erosion during 
times of intense rainfall as the cause of nega-
tive δ13C and δ18O correlation during discrete 
intervals from these same records. The pres-
ent study will show, following the theory of  
Hendy (1971), that a positive δ13C and δ18O
covariation can occur from non-equilibrium 
isotope effects, independent of environmental 
changes, that result from the isotopic evolution 
of the dissolved inorganic carbon (DIC) res-
ervoir during progressive CO

2
 degassing and 

calcite precipitation.

Modern Speleothems

We compare the isotopic compositions of 
speleothem calcite and the water from which 
the speleothems precipitate to assess whether 
calcite is precipitated in isotopic equilibrium. 
Modern speleothems refer here to the tips of 
actively growing stalagmites and to calcite 
grown on frosted glass plates placed on those 

stalagmites as substrates for calcite precipita-
tion (Fig. 2). The spatial variations in δ18O and 
δ13C values of calcite grown on these plates are 
analogous to Hendy’s (1971) tests 1 and 2 for 
isotopic equilibrium on calcite along single 
growth layers in ancient speleothems, with three 
important distinctions: (1) There is no ambigu-
ity regarding the age of the glass plate calcite 
layer, because the timing of the placement 
and collection of the plate is precisely known. 
Stalagmite growth layers thin away from the 
growth axis, so the ability to sample the same 
time interval along a growth layer depends on 
the resolution of the sampling method. This 
introduces errors that increase as growth layers 
thin (Dorale et al., 2002). (2) Glass plate calcite 
can be sampled in any direction relative to the 
growth axis. Natural speleothems, which are 
commonly sliced in half, allow sampling along 
only one plane. (3) The carbon and oxygen 
isotope composition of the corresponding drip 
water and the temperature of formation can be 
measured and compared, using equilibrium 
isotope fractionation factors, to the carbon and 
oxygen isotope composition of corresponding 
glass plate calcite. This provides a direct test for 

carbon and oxygen isotope equilibrium during 
calcite precipitation.

Sample Site Description

Modern speleothem calcite was sampled 
from the tips of three actively forming stalag-
mites from Harrison’s Cave, Barbados. The 
three stalagmites studied from Harrison’s Cave 
are in the Upper Passage (see map in Mickler et 
al., 2004) and occupy an area of ~1 m2 (Fig. 2). 
We would expect that conditions in the Upper 
Passage sites are conducive to the precipita-
tion of speleothems in isotopic equilibrium 
with their corresponding drip water relative to 
other locations in the cave. Speleothems at these 
sites form under high relative humidity (>98%; 
Mickler, 2004) and from relatively slow, steady 
drips. These conditions limit evaporative 18O
enrichment in the drip water and may limit 
kinetic isotope effects caused by large variations 
in drip rates and the accompanying changes in 
drip water chemistry.

All three stalagmites are ~1 m in height and 
of comparable diameter and are fed by drips 
fl owing at <0.3 mL/min. However, the drips 

TABLE 1. CARBON AND OXYGEN ISOTOPE TRENDS AND STUDY AREA CHARACTERISTICS OF PUBLISHED SPELEOTHEM RECORDS, LISTED 
BY GEOGRAPHIC REGION (continued)

References Speleothem 
name

Sample
type†

Slope‡ R§ Number of 
analyses

Age range
(ka)

G.R.#

(cm/ka)
T.

(°C)
Elev.
(m)

Location

Goede (1994) FT S - –0.089 170 98–55 1.99 8.3 360 S43°E146°
Goede and Vogel (1991) LC S + 0.73** 40 15–11.7 22.2 9.5 300 S42°E146°
Xia et al. (2001) LYN S ++,X 9.9–5.1 26.9 9.5 300 S42°E146°
Hellstrom et al. (1998) ED1 F + 17–0 0.12 7.0 685 S41°E173°
Hellstrom et al. (1998) MD3 F + 31–0 2–5 5.0 390 S41°E172°
Williams et al. (2004) RK-C S X 11.0–6.1 5.8 13.0 S38°E175°
Williams et al. (2004) Max’s S X 56 6.2–2.6 8.9 11.5 325 S38°E175°
Williams et al. (2004) GG1 S X 42 9.7–0 3.7 13.3 100 S38°E175°
Williams et al. (2004) GG2 S X 63 11.8–0 6.5 13.3 100 S38°E175°
Williams et al. (1999) Waipuna-1 Sc + 0.37** 51 0.1–0 11.5 320 S38°

Africa

Holmgren et al. (1995) LII4 S X 51–43,38–35,28–21 0.86 20.6 1128 S25° E26°
Holmgren et al. (2003)†† T7 S 1.3 0.23** 480 6.4–0 18.5 18.0 400 S24° E29°
Holmgren et al. (2003) †† T8 S 1.01 0.09** 1230 24.4–12.7,10.2–0 2,11 18.0 400 S24° E29°
Repinski et al. (1999) T5 S + 4.4–4,0.8–0 50 18.0 400 S24° E29°
Talma and Vogel (1992) V3 S X 45–12,5–0 17.5 S33° E22°
Talma et al. (1974) T24 S -,X 21.0 486 S24° E30°

†Types of speleothems are designated as: S—stalagmite; F—fl owstone; Sc—stalactite; with composite stalagmite records designated S’s.
‡Speleothems are designated with a slope of δ18O vs. δ13C (X vs. Y) graph for those studies providing either raw data, regressions, or graphs. When 

data were available, these slopes were determined by orthogonal regression. We categorized those speleothem studies that provide spatial or temporal 
variations in δ18O and δ13C values into fi ve qualitative categories, corresponding to synchronous positive (+) or negative (-) covariation in δ18O and δ13C
values, as indicated by coincident minima or maxima and overall temporal trends. Those with no apparent covariation are designated as X, and those 
with strong covariation are designated + + or - -. Some speleothems display discrete parts with positive, negative, or non-correlation, and are designated 
accordingly (e.g., +,X).

§The linear correlation coeffi cient, R, between δ18O and δ13C values, is designated as signifi cant with * (>95% confi dence), or highly signifi cant with ** 
(>99% confi dence). The lack of either * or ** indicates a correlation without rigorous signifi cance.

#Average or range of speleothem growth rates.
††Data archived at the World Data Center for Paleoclimatology, Boulder, Colorado, USA.
‡‡Indicates parts of speleothems or composite speleothem records that are excluded from the compilation in Table 4.
§§These two segments of a single speleothem were merged as one item for Table 4.
##All of these speleothems are from the Hulu/Tangshan cave. Presumably, for an unknown environmental reason, 3 of 7 of these speleothems have 

negative correlations between δ18O and δ13C values, Table 4.
†††Excluding one outlier in regression.
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feeding the stalagmites originate from the tips of 
corresponding stalactites of different shapes and 
sizes (Table 2). Site BC-98-1 is fed by a bent-
soda-straw stalactite ~25 cm long that thickens 
toward the roof of the cave. Site BC-98-2 is fed 
from a carrot-shaped stalactite that formed by 
the connection of two soda straws ~40 cm in 
length and 7 cm in diameter near its top. The 
stalactite feeding site BC-98-2 no longer has 
an open central cavity, and water runs down the 
stalactite along its outside surface. Site BC-98-3 
is fed from a 7-cm-long bent soda straw, a much 
smaller stalactite than those at the other sites.

METHODS

Collection of Modern Calcite

Glass plate calcite was collected by placing 
10 cm × 10 cm frosted glass plates on actively 
growing stalagmites. Glass plates were prepared 
by frosting with a sandblaster and then clean-
ing in an ultrasonic bath in microsolution, fol-
lowed by de-ionized water. These stalagmites 
were fi rst covered with a plastic bag to protect 
them from the experiment (Fig. 2). A model-
ing-clay base was constructed on the bag, and 
the plates were placed on the clay base so they 
were horizontal and the discrete drip feeding the 
speleothem fell in the middle of the plate. Glass 
plates were placed on 1 February 1999 and were 
collected on 1 July 2000. In addition, cores of 
the underlying stalagmite tips were collected 
(Mickler et al., 2004).

This glass plate method of evaluating speleo-
them isotopic equilibrium supports cave conser-
vation, because collecting speleothem calcite on 
glass plates causes no permanent damage to cave 
formations. Because this method is nondestruc-
tive, a great many sites can be studied, increas-

ing our understanding of the controls on the 
chemistry of speleothems potentially with much 
higher temporal resolution than is possible with 
natural cave formations. Alternatively, coring 
the tips of, or collecting whole, actively growing 
stalagmites and stalactites, or breaking the tips 
of soda straws, is required to obtain similar data. 
This glass plate method is effective for assessing 
isotopic equilibrium during calcite precipitation 
on the basis of the similarity of both carbon and 
oxygen isotope composition of the center of the 
glass plate calcite and the underlying stalagmite 
tips (Mickler et al., 2004).

Plate Sampling

Temporal variability in the δ18O and δ13C
values of plate calcite was assessed by sam-
pling calcite, using a dental drill, from a 1 cm2

area near the locus of precipitation on the glass 
plate (Fig. 3A). The calcite within this 1 cm2

area was sampled in 0.02 mm layers over its 
entire thickness. This is analogous to sampling 
a speleothem along the growth axis. The relative 

heights of the dental drill and glass plates were 
monitored using a digital micrometer with a 
resolution of 1 µm.

The spatial variability in the oxygen and 
carbon isotope composition of the calcite was 
assessed by sampling calcite in a grid with a 
spacing of 2 cm × 2 cm (Fig. 3). At each grid 
point a small area ~2 mm in diameter was 
sampled, using a dental drill, encompassing the 
entire thickness of the calcite. This is analogous 
to sampling a speleothem along an individual 
growth layer.

Carbon and Oxygen Isotopic Composition 
of Calcite

Calcite samples were analyzed for carbon and 
oxygen isotope composition at the University of 
Texas at Austin. Approximately 200–350 µg
of calcite was analyzed in individual reaction 
vessels at 90 °C, using a Micromass Multi-
prep system. The resulting gas was released 
into a VG Prism II dual-inlet, triple-collector 
mass spectrometer and analyzed using standard 

BC-98-1BC-98-1BC-98-2BC-98-2

BC-98-3BC-98-3

TABLE 2. DRIP SITE CHARACTERISTICS AND
STABLE ISOTOPE COMPOSITIONS OF CALCITE AND WATER 

FROM HARRISON’S CAVE, BARBADOS

Site

BC-98-1 BC-98-2 BC-98-3

Maximum calcite thickness (mm) 0.8 0.7 1.1
Drip rate (mL/min) 0.1–0.3 0.1–0.2 0.1–0.3
Stalactite length (cm) 25 40 7
Cave air temp. (°C) 11 July 1998 26.3 26.3 26.3
Cave air temp. (°C) 1 Feb. 1999 25.9 25.9 25.9

δ13C value (VPDB)

DIC 9 July 1998 –12.1 –10.1 NA
DIC 11 July 1998 –11.5 –9.8 –10.9
DIC 1 Feb. 1999 –13.4 –11.4 –13.5
DIC 1 July 2000 –12.7 –9.9 –12.8
Plate calcite minimum –11.3 –8.1 –11.5
Plate calcite maximum –7.1 –5.2 –4.9
Stalagmite tips –10.1 –8.0 –10.5†

Minimum calcite in equil.* with DIC –11.4 –9.4 –11.5
Maximum calcite in equil.* with DIC –9.5 –7.8 –8.9

δ18O value (SMOW)

Drip water 9 July 1998 –2.7 –2.7 NA
Drip water 1 Feb. 1999 –2.7 –2.8 –2.7
Drip water 1 July 2000 –2.8 –2.7 –2.9

δ18O value (VPDB)

Plate calcite minimum –4.1 –3.3 –4.0
Plate calcite maximum –3.0 –2.6 –2.3
Stalagmite tips –3.8 –3.3 –3.9†

Minimum calcite in equil.* with drip –5.3 –5.3 –5.3
Maximum calcite in equil.* with drip –5.4 –5.4 –5.5

Note: VPDB—Vienna Peedee belemnite; DIC—dissolved 
inorganic carbon; SMOW—standard mean ocean water.

*Isotopic equilibrium calculated at 26.1 °C.
†Average of two samples.

Figure 2. Experiment with glass plates at 
stalagmite sites BC-98-1, 2, and 3 in the 
Upper Passage of Harrison’s Cave, Bar-
bados, West Indies. Individual glass plates 
measure 10 cm × 10 cm.
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 procedures. Analytical precision was 0.18‰ for 
δ18O values and 0.12‰ for δ13C values (2 σ of 
40 standard runs). The results of isotopic analy-
sis are presented in conventional delta (δ) nota-
tion, defi ned as δ = [(R

sample
 – R

standard
)/R

standard
] × 

1000, where R is the ratio 18O/16O or 13C/12C. 
The oxygen and carbon isotope values for car-
bonate samples and the carbon isotope values of 
DIC are expressed relative to the Vienna Peedee 
belemnite (VPDB) standard.

Field Chemistry

Water was collected on three dates (11 July 
1998, 1 February 1999, 1 July 2000) by placing 
a 1L polypropylene bottle on top of the stalag-
mites for 24 h, at which time water temperature 
and pH were measured, using a pH electrode 

and temperature probe. Two 40 mL amber VOA 
vials were collected for each water sample for 
alkalinity determination and δ13C value of DIC. 
These samples were transported in a dark and 
cool container, and alkalinities were determined 
at the end of each fi eld day by titrating 25 mL of 
cave water to a pH of 4.5, using 0.1M HCl.

Carbon and Oxygen Isotopic Composition 
of Waters

Cave water samples were prepared for δ18O
analysis by equilibrating CO

2
 with 300 µL

of water at 40 °C for 7 h, using a Micromass 
 Multiprep system, and analyzed on a VG Prism 
II dual-inlet mass spectrometer at the Univer-
sity of Texas at Austin. The oxygen isotopic 
values of water samples are expressed relative 

to Vienna Standard Mean Ocean Water. Analyti-
cal precision (2 σ) was 0.1‰, as determined by 
analysis of internal laboratory standards.

The C isotopic composition of dissolved 
inorganic carbon was determined by injecting 
5 mL of the cave drip water into an evacuated 
sample vial with H

3
PO

4
. The resulting mixture 

of CO
2
, water vapor, and noncondensable gases 

was released into a vacuum line, and the CO
2

was cryogenically purifi ed. The CO
2
 gas was 

analyzed on a VG Prism II dual inlet mass spec-
trometer. Analytical precision (2 σ of 0.1‰) was 
determined by analyzing a solution of Na

2
CO

3

(aq) with a known C isotope composition and 
DIC concentrations similar to cave drip waters.

Cation Analysis

Approximately 15 mL of cave water was col-
lected in an acid-cleaned polypropylene bottle 
and acidifi ed to 1‰, using ultrapure HNO

3
,

after it was returned to the University of Texas. 
Major elemental concentrations were analyzed 
from these waters at the University of Minne-
sota, using an inductively-coupled-plasma mass 
spectrometer, Perkin Elmer/Sciex Elan 5000 
(Xia et al., 1997).

RESULTS

Calcite grown on the glass plate was depos-
ited much like a natural speleothem. The 
greatest calcite thickness was found where the 
cave drip fell on the plate, analogous to the 
component of maximum calcite growth along 
the speleothem growth axis (Fig. 3A and B). 
The calcite thickness decreased away from 
the growth axis from maximum thicknesses of 
1.1 mm on plate BC-98-3 to a minimum value 
of <0.1 mm. Microscopy reveals rhombohedral 
crystals hundreds of micrometers in diameter, 
suggesting calcite mineralogy, which was con-
fi rmed by powder X-ray diffraction analysis.

The spatial variability in δ13C and δ18O values 
of glass plate calcite shows consistent trends. 
The δ13C values of calcite from sites BC-98-1, 
BC-98-2, and BC-98-3 increase away from the 
growth axes (Fig. 3C). Only the lowest δ13C val-
ues, those near the growth axes, are consistent 
with precipitation in C isotope equilibrium with 
DIC of the corresponding drip waters (Table 2; 
Fig. 4), as are the tips of the corresponding 
stalagmites (Mickler et al., 2004). Some 13C
enrichment likely occurs in the DIC due to 
CO

2
degassing during collection of the water 

samples, and possibly during storage prior to 
analysis.  Adjusting the DIC δ13C values for 
such an effect would only increase the extent of 
C isotope disequilibrium observed between DIC 
and the plate calcites.
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Figure 3. Spatial variations at site BC-98-3. (A) Photograph of glass plate BC-98-3; ~1 cm2

area was sampled to determine the temporal variability of calcite δ13C and δ18O values at A; 
small sample pits were drilled on a 2 cm × 2 cm grid to determine the spatial distribution of 
calcite δ13C and δ18O values. (B) Spatial distribution of calcite thickness. (C) Spatial distri-
bution of δ13C values of calcite, with −10‰ and −8‰ isopleths shown. (D) Spatial distribu-
tion of δ18O values of calcite, with −3.5‰ and −3.0‰ isopleths shown.
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The δ18O values of calcite from the glass 
plates also increase progressively away from 
the growth axes (Fig. 3D). In all three plates the 
lowest δ18O value of the calcite is higher than 
equilibrium values by 1.2‰ to 2.0‰, as are the 
tips of the corresponding stalagmites (Table 2). 
There is little temporal or spatial variation in the 
oxygen isotope composition of the drip waters 
and groundwaters throughout Barbados, nor is 
there substantial variation among the drip sites 
described here (Table 2; see also Jones et al., 
2000; Jones and Banner, 2003). The mechanisms 
responsible for the high δ18O values are outlined 
in Mickler et al. (2004). Briefl y, the δ18O values 
of calcite that exceed those in oxygen isotope 
equilibrium with coexisting water likely result 
from the combination of direct incorporation of 
HCO

3
– into the calcite during rapid calcite pre-

cipitation, and the evolution of the HCO
3
– res-

ervoir during progressive calcite precipitation as 
modeled by Rayleigh distillation.

The δ13C and δ18O values of the spatially 
sampled calcite from the three plates exhibit 
a strong positive correlation, characterized by 
the orthogonal regression line δ13C = 4.2 + 3.9 
× δ18O (R2 = 0.84), with minimum δ13C and δ18O
values of −11.5‰ and −4.1‰, and maximum 
δ13C and δ18O values of −4.9‰ and −2.3‰, 
respectively (Fig. 4). Site BC-98-3 shows the 
largest 13C and 18O enrichments away from the 
growth axis of 6.6‰ and 1.7‰, respectively.

Calcite sampled vertically, and thus tempo-
rally, along the growth axis shows a similar 
trend. The δ13C versus δ18O values of all three 
plates fall along the line δ13C = 3.9 + 3.8 × δ18O
(R2 = 0.94) (Fig. 5). Individual plates sampled 
along the growth axis exhibit low isotopic vari-
ability. Only plate BC-98-3 shows a signifi cant 
positive covariance (line A, δ13C = −2.7 + 2.1 × 
δ18O, R2 = 0.59) between δ18O and δ13C values.

Theoretical Determination of Potential 
Extent of DIC Loss

Calcite speleothem formation typically 
results when water, at or near equilibrium with 
a high P

CO2
 soil environment and calcite, enters 

the cave environment with a lower P
CO2

 (Hol-
land et al., 1964). The water will move toward 
chemical equilibrium with its new environment 
by degassing CO

2
, and the calcite precipitation-

dissolution reaction (equation 1) will be driven 
to the right and calcite will precipitate.

2HCO
3
– + Ca++ ↔ CaCO

3
 + CO

2
 + H

2
O.  (1)

As calcite precipitation, driven by CO
2
 degas-

sing, progresses, the HCO
3
– reservoir in the drip 

water will undergo 13C enrichment if C isotope 
exchange reactions between DIC and CO

2
 (g) in 

BC-98-1
BC-98-2
BC-98-3

δ13C = 3.9*δ18O + 4.2
R2=0.84
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Figure 5. δ13C vs. δ18O plot of glass plate calcite sampled along vertical transects near the 
locus of precipitation to determine the temporal variation of stable isotopes. On plates BC-
98-1 and BC-98-2, there is not enough temporal variability to produce a signifi cant trend 
in the data. Plate BC-98-3 does show a positive correlation between δ13C and δ18O values, 
indicated by line A. Excluding the samples with the two lowest and one highest δ18O values 
(open triangles) yields a slope of 2.6 (dashed line B). A regression line through all the data 
can be expressed by the line δ13C = 3.8 × δ18O + 3.9.

Figure 4. δ13C vs. δ18O plot of glass plate calcite sampled spatially (as shown in Fig. 3) for 
plates from sites BC-98-1, BC-98-2, and BC-98-3. VPDB—Vienna Peedee belemnite.
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the cave atmosphere are suffi ciently slow. This 
13C enrichment results from the relatively low 
δ13C value of the CO

2
 that is lost from the drip 

water by degassing. The extent of 13C enrichment 
is a function of the fractionation factors between 
the C species and the fraction of total DIC lost 
to CO

2
 degassing and CaCO

3
 precipitation. This 

isotopic evolution may be modeled as a Rayleigh 
distillation process, as discussed in Bar-Mat-
thews et al. (1996) and Mickler et al. (2004). The 
fraction of DIC lost to degassing and calcite pre-
cipitation was estimated by modeling the evolu-
tion of the geochemical composition of the cave 
water, using the PHREEQC program (Parkhurst 
and Appelo, 1999). Several assumptions are 
made in the modeling: (1) Upon entry into the 
cave environment and prior to CO

2
 degassing, the 

water is in chemical equilibrium with a high P
CO2

soil environment and calcite (Table 3B). To cal-
culate this end member, PHREEQC was used to 
model CO

2
 addition to bring the collected water, 

which was supersaturated with calcite, to chemi-
cal equilibrium with calcite. (2) The geochemical 
composition of the water collected in the cave 
has been altered since fi rst entering the cave by 
CO

2
 degassing, but not CaCO

3
 precipitation, 

prior to measuring alkalinity, pH, and DIC δ13C. 
The presence of the stalactites indicates some 
calcite precipitation prior to drip water sam-
pling. Neglecting this process underestimates the 
amount of DIC initially present upon entry of the 
drip water into the cave. (3) CO

2
 degassing and 

CaCO
3
 precipitation (equation 1) continue until 

the water is in chemical equilibrium with cave 
P

CO2
 and calcite (Table 3C). Assumptions 1 and 

3 defi ne two end-member conditions of DIC con-
centrations that conservatively defi ne the possible 
range of DIC loss. In this study, atmospheric P

CO2
was used as the end member because cave P

CO2
was not measured, but natural cave environments 
commonly have P

CO2
 concentrations higher than 

atmospheric values.

Maximum Modeled 13C and 18O Enrichment

An estimation of the maximum 13C enrich-
ment in the HCO

3
– reservoir owing to CO

2

degassing and CaCO
3
 precipitation was made, 

using a Rayleigh distillation model outlined in 
Bar-Matthews et al. (1996) and Mickler et al. 
(2004), published isotope fractionation factors, 
and the conservative upper limit estimation of 
DIC loss described in the previous section. The 
effects of Rayleigh distillation on the δ13C value 
of the DIC reservoir can be modeled by:

 (δ + 1000)/(δ
o
+ 1000) = ƒ(α

p-r
–1),  (2)

where δ is the C isotope composition of HCO
3
–

(aq), δ
o
 is the initial C isotope composition of 

HCO
3
– (aq), ƒ is the fraction of HCO

3
– (aq) 

remaining at a given point in the drip water’s 
evolution, and α

p-r
 is the equilibrium carbon 

isotope fractionation factor between a bulk 
product and the HCO

3
– (aq) reactant. The vari-

able ƒ was estimated by using the extent of 
DIC loss with the results given in Table 3 and 
discussed in the previous section. Because the 
C in HCO

3
– (aq) is evenly partitioned between 

CaCO
3
 and CO

2
 (g) during calcite precipitation, 

we defi ne a fractionation factor between a bulk 
product and HCO

3
– (aq) such that α

(bulk product 

– HCO3
– )

 is 1/2(α
CO2 – HCO3

–) + 1/2(α
calcite – HCO3

–). 
Using fractionation factors for α

CO2 – HCO3
– and 

α
calcite – HCO3

– of 0.9922 and 1.0010, respectively 
(Romanek et al., 1992; Zhang et al., 1995), the 
α

(bulk product – HCO3
–)
 is 0.9966 at 26.1 °C, the aver-

age temperature measured at the glass plate sites 
during calcite collection (Table 2).

We modeled the oxygen isotope effects of 
CO

2
 degassing, CaCO

3
 precipitation, and H

2
O

formation, using an analogous Rayleigh distil-
lation approach with the following assumptions: 
There is no oxygen isotope exchange between 
DIC and water, and the fractionation factor 
between the bulk product and HCO

3
– (reactant) 

is 2/6(α
CO2 – HCO3

–) + 3/6(α
calcite – HCO3

–) + 1/6(α
H

2
O

– HCO3
–), or in proportion to the oxygen in each of 

the three products. Using fractionation factors 
for α

CO2 – HCO3
–, α

calcite – HCO3
–, and α

H
2
O – HCO3

– of 
1.0062, 0.9939, and 0.9667, respectively, the 
α

(bulk product – HCO3
–)
 is 0.9935 at 26.1 °C. Fraction-

ation factors between HCO
3
– and other O-bear-

ing species in equation 1 were calculated from 
the fractionation factors of Brenninkmeijer et al. 
(1983), Usdowski and Hoefs (1993), and Kim 
and O’Neil (1997).

This approach is an end-member calculation 
because it neglects CO

2
 hydration and hydrox-

ylation reactions (equations 3 and 4), which will 
buffer the oxygen isotopic composition of the 
HCO

3
– (aq) reservoir and reduce the magnitude 

of the oxygen isotope effects of CO
2
 degassing. 

TABLE 3. HARRISON’S CAVE WATER CHEMISTRY

Site Date pH Concentration (mol/L) Fraction of DIC SI
m/d/y Ca+2 DIC CO2* HCO3

– CO3
–2 CO2* HCO3

– CO3
–2

(×10-3) (×10-3) (×10-4) (×10-3) (×10-5)

(A) Chemistry of water collected in the cave

BC-98-1 2/1/99 7.8 2.18 4.41 1.29 4.14 1.72 0.03 0.94 0.00 0.76
7/1/00 8.1 1.83 4.19 0.64 3.98 3.08 0.02 0.95 0.01 0.93

BC-98-2 2/1/99 8.1 1.84 4.07 0.60 3.85 3.18 0.01 0.95 0.01 0.97
7/1/00 8.1 1.49 3.01 0.49 2.87 2.08 0.02 0.95 0.01 0.71

BC-98-3 2/1/99 7.7 2.14 4.36 1.59 4.08 1.35 0.04 0.93 0.00 0.66
7/1/00 8.1 1.96 4.24 0.69 4.02 2.92 0.02 0.95 0.01 0.94

(B) Calculated water chemistry in equilibrium with calcite and a theorized high pCO2,
as described in text

BC-98-1 2/1/99 7.0 2.18 5.10 7.75 4.22 2.98 0.15 0.83 0.00
7/1/00 7.1 1.83 4.81 6.07 4.12 3.50 0.13 0.86 0.00

BC-98-2 2/1/99 7.1 1.84 4.72 6.24 4.01 3.32 0.13 0.85 0.00
7/1/00 7.4 1.49 3.27 2.65 2.95 4.06 0.08 0.90 0.00

BC-98-3 2/1/99 7.0 2.14 4.99 7.52 4.14 2.96 0.15 0.83 0.00
7/1/00 7.1 1.96 4.89 6.50 4.15 3.33 0.13 0.85 0.00

(C) Calculated water chemistry in equilibrium with calcite and atmospheric CO2, allowing 
calcite precipitation to equilibrium, as described in text

BC-98-1 2/1/99 8.3 4.53 0.87 8.31 0.84 1.02 0.01 0.96 0.01
7/1/00 8.4 3.03 1.14 8.98 1.10 1.58 0.01 0.97 0.01

BC-98-2 2/1/99 8.4 3.14 1.03 8.23 1.00 1.44 0.01 0.97 0.01
7/1/00 8.3 4.56 0.93 8.98 0.90 1.06 0.01 0.97 0.01

BC-98-3 2/1/99 8.2 4.87 0.94 10.39 0.91 0.95 0.01 0.97 0.01
7/1/00 8.4 3.64 1.04 8.98 1.00 1.31 0.01 0.97 0.01

Fractional loss Potential 13C enrichment 
owing to DIC loss (‰)DIC HCO3

– Ca+2

(D) DIC losses based on water compositions

BC-98-1 2/1/99 0.83 0.80 0.79 6.0
7/1/00 0.76 0.73 0.83 4.8

BC-98-2 2/1/99 0.78 0.75 0.83 5.1
7/1/00 0.72 0.70 0.69 4.3

BC-98-3 2/1/99 0.81 0.78 0.77 5.6
7/1/00 0.79 0.76 0.81 5.3

Note: Ca+2 error ± 0.05 × 10-3 mol/L; CO2* = CO2 (aq) + H2CO3 (aq). DIC—dissolved organic 
carbon.
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The forward and backward reactions outlined in 
equations 3 and 4 will result in the HCO

3
– acquir-

ing a δ18O value closer to equilibrium with the 
large reservoir of oxygen in H

2
O. Note that in the 

pH range of interest, reaction 3 is dominant.

CO
2
 hydration 

CO
2
 + H

2
O ↔ H

2
CO

3
↔ HCO

3
– (aq) + H+  (3)

and

CO
2
 hydroxylation 

CO
2
 + OH– ↔ HCO

3
– (aq).  (4)

This model of progressive loss of HCO
3
– during 

calcite precipitation (equation 1), while excluding 
oxygen isotope exchange between DIC and H

2
O, 

will cause progressive 18O and 13C enrichment in 
the HCO

3
– reservoir, as shown in Figure 1B.

We use Rayleigh distillation to model the C 
isotope evolution of precipitating calcite because 
if carbon isotopes are fractionated during cal-
cite precipitation, there must be an effect on the 
isotope composition of the remaining reactant. 
During rapid mineral precipitation, like that 
of speleothem formation, it is not uncommon 
for isotopic disequilibrium to occur (Fantidis 
and Ehhalt, 1970; Hendy, 1971). However, we 
use equilibrium fractionation factors as a best 
fi rst approximation because they are known, 
whereas any deviation from isotopic equilibrium 
is unknown. If suffi cient carbon is lost from the 
DIC reservoir to cause the observed 13C enrich-
ment across the glass plates, then this consump-
tion of the HCO

3
– should also affect the oxygen 

isotope composition. Only the relatively slow 
hydration-dehydration reactions permit oxygen 
isotope exchange with water, so if the precipi-
tation of calcite proceeds rapidly, there may be 
progressive 18O enrichment in the HCO

3
– and in 

the CO
3
– that is ultimately incorporated into the 

calcite. We recognize that excess CO
2
 degassing 

beyond that in equation 1 would cause an addi-
tional increase in the δ13C value, which could 
also be modeled by Rayleigh distillation with 
equilibrium fractionation factors (e.g., Michaelis 
et al., 1985). This process, however, should cause 
a decrease in the oxygen isotope ratios, whereas 
we observe coincident increases in both δ13C and 
δ18O values. A CO

2
 degassing mechanism that 

can cause simultaneous increases in both δ13C
and δ18O values is the kinetic isotope effect of 
the back reaction of equation 3 (dehydration), 
which is coupled to degassing (Hendy, 1971).

Estimation of Potential DIC Loss and 13C
Enrichment in HCO

3
– Reservoir

Water collected at the drip sites was super-
saturated with respect to calcite as calculated 

from pH, temperature, alkalinity, and cation 
concentrations (Table 3A). This suggests that 
degassing of CO

2
 prior to analysis altered the 

chemistry of the cave drip water. A maximum 
estimate of the possible extent of DIC losses is 
given in Table 3D. These calculations suggest 
that between 72% and 83% of the DIC could 
have been lost to CO

2
 degassing and CaCO

3

precipitation. Modeling the C isotope effects 
by Rayleigh distillation indicates that this loss 
of DIC would result in a 13C enrichment of the 
HCO

3
– reservoir of 4.3‰ to 6.0‰ (Fig. 1B). 

These are maximum estimates of the potential 
enrichments, from progression of equation 
1, because the cave environment likely has a 
higher P

CO
2
 than atmospheric values. The maxi-

mum observed 13C enrichment within a plate 
was 6.6‰ (BC-98-3), which is between 1.0‰ 
and 1.3‰ higher than the modeled results for 
the site BC-98-3 drips (Table 3D).

DISCUSSION

Rayleigh Distillation Model

Most of the C available for speleothem for-
mation is held in the HCO

3
– reservoir, and no 

other large source of C exists to buffer the δ13C
value of calcite. As CO

2
 degassing and CaCO

3

precipitation proceed, there will be a progressive 
increase in the δ13C value of the HCO

3
– reservoir 

and the corresponding precipitated calcite. If 
CO

2
 hydration and hydroxylation reactions are 

suffi ciently fast relative to the rate of calcite 
precipitation, maintaining oxygen isotopic 
equilibrium between HCO

3
– and H

2
O, there will 

be no change in the δ18O value of calcite during 
progressive CO

2
 degassing and CaCO

3
 precipi-

tation, the processes causing 13C enrichment. On 
a δ13C versus δ18O plot, this will manifest itself 
as a trend with a vertical slope, ∆δ13C/∆δ18O = ∞
(Fig. 6, line A). If no CO

2
 hydration and hydrox-

ylation reactions are operating to buffer the δ18O
value of the HCO

3
– reservoir, an end-member 

condition that will not occur in natural systems, 
then the isotopic composition of the HCO

3
– res-

ervoir, and thus the calcite, will evolve along a 
line with a slope of 0.52 at 26.1 °C (Fig. 6, line 
B). The slope of 0.52 represents the ∆δ13C/∆δ18O
enrichment ratio modeled earlier by Rayleigh 
distillation (Fig. 1B). Owing to the temperature 
effect on the fractionation factors, this slope will 
vary with temperature, but this is a minor effect 
relative to the non-equilibrium isotope effects. 
A δ13C versus δ18O trend with an intermediate 
slope, between ∞ and 0.52, indicates that CO

2

hydration and hydroxylation reactions are too 
slow to maintain oxygen isotope equilibrium, 
and yet not so slow that no oxygen isotope 
exchange occurs. A hypothetical example of a 

∆δ13C/∆δ18O slope of an intermediate value is 
given in Figure 6, line C.

Spatial Isotopic Variability

When considered individually, the three drip 
sites each appear to produce distinct calcite 
carbon and oxygen isotope compositions and 
variability (Fig. 4). For instance, site BC-98-3 
contains the lowest and most variable δ18O and 
δ13C values. Site BC-98-2 contains the highest 
average isotopic compositions, with the lowest 
variability. Thus, even though the three sta-
lagmites occupy an area of ~1 m2 in the same 
cave environment, each drip has its own unique 
isotopic and chemical composition (Tables 2 
and 3). If these were ancient speleothems, one 
might infer distinct paleoenvironmental condi-
tions for each.

When considered as a single system, the δ18O
and δ13C results from sites BC-98-1, 2, and 3 
follow the same linear trends (Fig. 4), consistent 
with the model outlined in Figure 6. Calcite pre-
cipitation and CO

2
 degassing may be proceed-

ing too fast for CO
2
 hydration-hydroxylation 

reactions to buffer the oxygen isotope system 

No Buffering
(slope = 0.52)

Complete O isotope buffering
(vertical slope) 

Sample trend
(intermediate slope)

Increasing non-equilibrium
isotope effects

A.

B.

C.

δ1
3 C

 (‰
)

δ18O (‰)

Figure 6. Oxygen and carbon isotope effects 
of progressive loss of HCO

3
– during CO

2

degassing and calcite precipitation on the 
δ18O and δ13C values of speleothem calcite. 
Line A: maintenance of oxygen isotopic 
equilibrium between dissolved inorganic 
carbon (DIC) through CO

2
 hydration-

hydroxylation reactions. Line B: absence 
of any oxygen isotopic exchange between 
dissolved inorganic carbon (DIC) and H

2
O.

Line C: intermediate path of isotope evolu-
tion in which incomplete oxygen isotopic 
buffering occurs.
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completely. This manifests itself by producing 
a positive correlation between δ18O and δ13C
calcite values, in this case with a slope of 3.9. 
Because of this linear trend among the three drip 
sites, it is likely that upon entry into the cave 
environment, all three drips begin with similar 
DIC concentrations, DIC δ13C values, and water 
δ18O values.

Plate BC-98-3 exhibits the lowest isotopic 
composition and the highest isotopic variability; 
it also has the smallest stalactite feeding drip 
water to the plate site. Plate BC-98-2 exhibits 
the highest average isotopic values, and its drip 
fl ows over a much larger stalactite. Plate BC-98-
1 has an intermediate isotopic composition and 
variability and is fed by an intermediate size sta-
lactite. The correspondence of higher isotopic 
values with larger stalactites and higher isotopic 
variability with shorter stalactites may refl ect 
progressive DIC loss by CO

2
 degassing and 

calcite precipitation. The potential is greater for 
reaction progress along a longer stalactite prior 
to the drip water of a given composition deposit-
ing calcite on the stalagmite, or the glass plate. 
As a result, calcite precipitated on a stalagmite, 
or a glass plate, under a relatively shorter sta-
lactite would be expected to have lower isotopic 
compositions and greater calcite thicknesses 
near the locus of precipitation, and greater isoto-
pic variability along growth layers. By contrast, 
drip water of the same chemical composition, 
but which fl ows over a relatively larger stalac-
tite, and subsequently has more time to degas 
CO

2
 and precipitate calcite, would be expected 

to produce calcite with different growth and 
isotopic characteristics. All other factors being 
equal, calcite formed from water fl owing over 
a relatively large stalactite would have higher 
isotopic compositions and lower calcite thick-
nesses near the locus of precipitation, and lower 
isotopic variability along growth layers.

Our experiment uses fl at glass plates, which 
may affect the stable isotope composition of 
calcite along the growth layer by forcing the 
drip water to fl ow across a fl at surface, unlike a 
natural convex stalagmite. This likely prolongs 
the residence time of drip water, relative to a 
natural stalagmite, allowing more time for CO

2

degassing and calcite precipitation. The range of 
δ18O and δ13C values of calcite precipitated near 
the locus of precipitation on the glass plates, 
however, is consistent with values obtained 
from the calcite along the growth axis of the 
plate’s corresponding stalagmite tip (Mickler 
et al., 2004, Table 2). This suggests that the 
stable isotope composition of calcite along the 
growth axes is not affected by any increase in 
drip water residence times that may occur on the 
fl at plates. The long drip water residence times 
on the glass plates relative to a convex natural 

stalagmite, along with our ability to sample 
very thin growth layers, may explain why we 
observe larger isotope variability along growth 
layers relative to natural stalagmites. Standard 
stalagmite sampling procedures, because of 
the diffi culty of sampling discrete layers, may 
prevent the observation of the large isotopic 
variability seen on the glass plates.

The range of carbon isotope compositions 
observed on plates BC-98-1 and BC-98-2 can 
be explained by progressive loss of bicarbon-
ate by the reaction represented by equation 1 
and Figure 1B. However, only 5.3‰ to 5.6‰ 
of the 6.6‰ variation in the calcite δ13C values 
observed on plate BC-98-3 can be accounted 
for by this modeled process. The ~1.0‰ carbon 
isotope enrichment on plate BC-98-3 in excess 
of that accounted for by the Rayleigh distilla-
tion model may be a consequence of other fac-
tors, including the following: (1) Rapid calcite 
crystallization may impart non-equilibrium 
carbon isotope fractionations between the cal-
cite and the DIC. (2) CO

2
 degassing simultane-

ously with calcite precipitation in excess of the 
1:1 CO

2
 to calcite stoichiometry of equation 1 

would decrease the α
(bulk product – HCO3

–)
, thereby 

causing a carbon isotope ratio increase in the 
remaining reactant bicarbonate. (3) Gaseous 
13C diffusional enrichment of up to 4.4‰ in 
the air boundary layer along the air-water inter-
face might cause an increase in the δ13C values 
if this CO

2
 is incorporated back into the plate 

calcite. (4) The measured DIC chemistry of the 
drip waters collected at site BC-98-3 might be 
unrepresentative of the temporal variability at 
this site, and thus the potential reaction progress 
during calcite formation may be underestimated. 
Unfortunately, this study does not permit us to 
distinguish among these mechanisms.

Temporal Isotopic Variability

Analysis of the δ13C and δ18O values of glass 
plate calcite sampled temporally in progressive 
layers near the locus of precipitation is analo-
gous to sampling a speleothem along its growth 
axis. When plotted together, the δ13C versus δ18O
values of the temporal samples fall on a line, 
δ13C = 3.8 × δ18O + 3.9 (Fig. 5), with a similar 
slope and y-intercept to the regression line pro-
duced by glass plate calcite sampled spatially 
along the growth layer (δ13C = 3.9 × δ18O + 
4.2; Fig. 4). Individual drip sites show relatively 
little oxygen and carbon isotope variability, con-
sistent with the limited isotopic variability in the 
waters. The site with the largest temporal vari-
ability, BC-98-3, exhibits a positive δ13C versus 
δ18O trend that may be controlled by the same 
mechanisms responsible for the isotopic vari-
ability seen along the growth layer.

Variation in the isotopic compositions along 
the growth axes of some ancient speleothems 
collected on Barbados, including several from 
Harrison’s Cave, also show positive δ13C ver-
sus δ18O covariation, summarized in Table 1 
(Mickler, 2004). These speleothems show a 
strong positive δ13C–δ18O correlation of >99% 
confi dence (3 of 8 samples), positive correlation 
of >95% confi dence (1 of 8), and no signifi cant 
correlation (4 of 8); see Table 1. Of the speleo-
thems that exhibit no signifi cant correlation, 1 of 
4 (BN-3) has small stable isotope variability that 
makes it diffi cult to ascertain δ13C versus δ18O
covariation. Two Holocene stalagmites from 
Barbados were collected from the Upper Pas-
sage of Harrison’s Cave, the same room where 
modern glass plate calcite was collected. These 
stalagmites, BC-61 and BC-53, were similar in 
size to the stalagmites on which the glass plates 
were placed. BC-61 exhibits strong positive 
δ13C versus δ18O correlation with a slope of 
2.7, similar to the temporal δ13C versus δ18O
covariation seen in calcite from glass plate BC-
98-3, whereas BC-53 has nonsignifi cant posi-
tive covariation. Each of these two stalagmites 
passes Hendy’s (1971) layer tests for isotopic 
equilibrium on two of three layers studied, sug-
gesting that these layer tests do not predict posi-
tive axial speleothem calcite carbon and oxygen 
isotopic covariation. Because several of these 
speleothems show strong positive δ13C versus 
δ18O covariation, the mechanism, or mecha-
nisms, proposed to explain the temporal record 
must also explain the positive δ13C versus δ18O
covariation.

Implications for Speleothem-Based Climate 
Studies

Our results indicate that progressive CO
2

degassing and CaCO
3
 precipitation may 

produce a positive covariance between δ13C
and δ18O values, both along the speleothem 
growth layers and growth axes, with a slope 
>0.52. This covariation can be accounted for 
by Rayleigh distillation of the HCO

3
– reservoir 

combined with incomplete oxygen isotopic 
equilibrium of the HCO

3
– reservoir with H

2
O. 

These non-equilibrium isotope effects may be 
infl uenced by climate. For example, increases 
in temperature will decrease CO

2
 solubility and 

increase chemical reaction rates, including the 
oxygen isotope exchange rates between DIC 
and water (Mills and Urey, 1940), which may 
infl uence the kinetic isotope effects discussed 
in this paper. Conducting a similar plate study 
at a higher temporal resolution may document 
a climatic control on non-equilibrium isotope 
effects. Such research may help to calibrate iso-
topic shifts observed along speleothem growth 
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axes and growth layers to physical conditions in 
a cave environment, such as temperature, drip 
rates, calcite precipitation rates, stalactite geom-
etry, and cave ventilation.

The positive correlation between δ13C and 
δ18O values of speleothem calcite sampled 
along the growth axis is commonly explained by 
climate change, discussed in detail in the section 
on Tests for Isotopic Equilibrium Precipitation 
of Stalagmite Calcite. The results of this study 
offer an additional explanation for positive δ13C
versus δ18O covariation in speleothem calcite, 
and provide support for the tests for isotopic 
equilibrium calcite precipitation (Hendy, 1971; 
Desmarchelier et al., 2000).

A simultaneous increase in δ13C and δ18O
values of speleothem calcite has been identifi ed 
by other researchers who suggested that CO

2

degassing was responsible for 13C enrichments 
but evaporation of the drip water was respon-
sible for 18O enrichments (Fornaca-Rinaldi et 
al., 1968; González and Lohmann, 1988). In 
our study, evaporative 18O enrichment of cave 
water was discounted as a method of producing 
the observed 1.7‰ 18O enrichments seen across 
the glass plate calcite at site BC-98-3 because of 
(1) the high relative humidity in the cave system 
(>98%), (2) the short residence time of the cave 
water on the glass plates (~30 min), and (3) the 
relatively large fraction of water that would have 
to be evaporated to produce the 18O enrichments 
recorded in calcite sampled from the center to 
the edge of the glass plate (16%–19%).

Prevalence of δ18O and δ13C Covariation in 
Speleothem Records

We reviewed published stable isotope stud-
ies of speleothems and found that many dem-
onstrate carbon and oxygen isotope variations 
consistent with our proposed model (Table 1). 
These speleothem studies were broadly divided 
into three groups: those that show positive δ18O
and δ13C covariation, those that show no covari-
ation, and those that show negative δ18O and 
δ13C covariation (Table 4). Most stalagmites, 
55% of 128 studies that presented both δ18O and 
δ13C values of stalagmite calcite sampled along 
growth axes, exhibit positive δ18O versus δ13C
covariation. Some 41% of stalagmites show no 
correlation, and only 4% show negative δ18O
versus δ13C correlation (Table 4A). The per-
centage of stalagmites that shows a signifi cant 
or highly signifi cant positive δ18O versus δ13C
covariation increases to 71% of 63 studies when 
only studies that provide quantitative data are 
included (Table 4B). Most stable isotope studies 
of fl owstones and stalactites also show positive 
δ18O versus δ13C covariations—65% of 37 stud-
ies (Table 4C). Even some speleothem records 

that show no apparent δ18O–δ13C covariation for 
the entire data set contain shorter intervals that 
show strong positive covariations (Holmgren et 
al., 1999; Fig. 7B), and less commonly, strong 
negative covariations. Occasionally, some inter-
vals are found that exhibit a vertical δ13C versus 
δ18O slope (e.g., Peqiin Cave; Bar-Matthews 
et al., 2003). Speleothem records in which the 
entire data set is negatively correlated also may 
contain short intervals that show strong positive 
δ13C versus δ18O covariations (Li et al., 1997, 
in Fig. 7 and Table 1). These short intervals that 
show positive δ13C versus δ18O covariation may 
be caused by variations in non-equilibrium iso-
tope effects consistent with the model we pro-
pose to explain the isotopic variations in speleo-
thems in Harrison’s Cave.

Certainly not all positive δ18O and δ13C
covariations in speleothem records shown in 
Table 1 are the result of kinetic isotope effects 
caused by CO

2
 degassing and CaCO

3
 pre-

cipitation that are independent of environmental 
conditions, as described in the Introduction. 
The Peqiin and Soreq Cave studies, e.g., show 
striking isotopic shifts that correspond to global 
climate changes, but they also manifest strong 

positive  correlations in δ18O and δ13C values 
(Bar-Matthews et al., 2003). Even when strong 
positive δ18O–δ13C covariations occur, pos-
sibly from non-equilibrium isotope effects, 
speleothem stable isotope records can still pro-
vide paleoclimatic information (e.g., Spötl and 
Mangini, 2002).

IMPLICATIONS

Speleothem records may be infl uenced by 
kinetic isotope effects such that temperature-
controlled equilibrium fractionation models 
alone cannot adequately explain the signifi cance 
of the records. Proper interpretation of these 
records may require that the non-equilibrium 
isotope effects, causing δ13C and δ18O covaria-
tions in speleothems, be calibrated to physical 
conditions in the cave, such as temperature, 
cave P

CO
2
, drip rates, calcite precipitation rates, 

stalactite geometry, and drip water chemistry.
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