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Abstract
Speleothem 5*®0 values can serve as a paleoclimate proxy, yielding information about past temperature and rainfall. An
accurate determination of the equilibrium calcite-water oxygen isotopic fractionation factor and an assessment of kinetic isotopic
fractionation are required for interpretation of speleothem 520 data. In this study, 520 values were measured for calcite
deposited on artificial substrates at four sites in two central Texas caves monitored for over 10 years. The results are used to
evaluate the equilibrium isotopic fractionation factor and the impact of climatic and hydrologic conditions on kinetic isotopic
fractionation.

The 50 values of calcite from the four sites ranged from 24.8 %o to 26.7 %o (V-SMOW), and associated drip water
values ranged from -4.6 %o to -3.9 %o. A comparison of predicted equilibrium calcite 520 values, calculated using a commonly
used isotopic fractionation factor, with measured values indicates that 94 % of the calcite samples are not in oxygen isotopic
equilibrium with respect to their associated drip water. The departure from oxygen isotopic equilibrium (expressed as A¥0¢..c)
ranges from -0.7 %o to 1.4 %.. Three of the four drip sites yield similar linear relationships between A*®0,.. and water
temperature (t,,), and can be collectively expressed as: A0, = 0.3 t,,—4.7; > = 0.56 (n = 93). Therefore, calcite deposited
during time periods of lower t,,, lower cave-air CO, concentration and faster calcite deposition rates, have 50 values closer to
equilibrium. This contradicts conceptual models, which predict that a faster calcite deposition rate leads to a larger departure of
calcite 60 from equilibrium.

If slower calcite deposition indeed facilitates equilibrium fractionation (i.e., 4'®0¢..~>0), then the results of this study
support a larger than commonly accepted value for the equilibrium calcite-water oxygen isotopic fractionation factor. Adopting a
larger published value for the fractionation factor yields negative A*%0,. values of up to -2.4 %o. These negative values cannot
be explained by existing kinetic fractionation models. Alternatively, they may reflect the trapping of a calcite “surface layer” with
a lower 50 value than that of calcite in isotopic equilibrium with ambient water. The relationship between deposition rates and
A0y for this study is consistent with the same relationship using data for synthetic calcite from the literature. This relationship
indicates a -0.8 %o shift of calcite 5*®0 for every ten-fold increase in deposition rate at 5 to 25 °C at a pH of 8.3. The significant
kinetic fractionation effects observed in this study warrant consideration in applying measured speleothem calcite 5'°0 values to
interpret past climate conditions.
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1. Introduction

Speleothem oxygen isotopic compositions are
commonly related to 5*%0 values of cave drip water derived
from surface rainfall. Rainfall 5*%0 values, in turn, contain
climate information (Dansgaard, 1964; Rozanski et al., 1993).
Recent advances in speleothem 60 studies emphasize relative
50 shifts in time series and their implications for variations
of rainfall amount and temperature (e.g., Hendy and Wilson,
1968; Dorale et al., 1992; Holmgren et al., 1995; Bar-Matthews
etal., 1997, 1999; Asmerom et al., 2010). These two
parameters can be further related to regional or global
paleoclimate conditions, including: intensity of ENSO (e.g.,
Lachniet et al., 2004); frequency of tropical cyclones (Frappier
et al., 2007); strength of the Asian and North American
Monsoon (e.g., Wang et al., 2001; Cheng et al., 2007, 2009;
Dong et al., 2010); position and strength of the polar jet stream
(e.g., Asmerom et al., 2010); and positions of the Intertropical
Convergence Zone (e.g., Shakun et al., 2007).

Speleothem 6®0 values are the end result of complex
interactions of environmental processes in the ocean,
atmosphere, soil zone, epikarst, vadose zone, and cave system.
Valid interpretations of these data depend on knowledge of the
relationship between 50 values of drip water and speleothem
calcite (i.e., calcite-water oxygen isotopic fractionation). If
equilibrium isotopic fractionation is achieved, a given
speleothem 520 value can be used to calculate a drip water
50 value using the equilibrium isotopic fractionation factor

a=R calcite /R water

()

where R carcite aNd R wager are the ratio of N(**0)/N(**0) in

calcite and water respectively (Coplen, 2011). The N(**0) and
N(**0), in turn, are the numbers of 20 and *°O isotopes in the
substance of interests. The value of « is temperature dependent
and has been determined experimentally and theoretically (e.g.,
McCrea, 1950; O’Neil et al., 1969; Friedman and O’Neil, 1977,
Kim and O’Neil, 1997).

Both the assumption of equilibrium isotopic
fractionation, and the accepted nominal value of « have been
previously questioned. Non-equilibrium oxygen isotopic
fractionation (termed “Kinetic isotopic fractionation™) in
speleothem calcite has been observed (e.g., Fantidis and Ehhalt,
1970; Mickler et al., 2004, 2006). Several mechanisms have
been proposed to explain kinetic isotopic fractionation (e.g.,
Hendy, 1971; Michaelis et al., 1985; Mickler et al., 2004, 2006;
Dreybrodt and Scholz, 2011). In model studies, it is assumed
that the evolution of oxygen isotopic distributions in the
dissolved inorganic carbon species (DIC, e.g., HCOy, CO3%,
H,COs) in the solution is the primary control on kinetic calcite-
water isotopic fractionation. These models are: 1) diminishing
isotopic fractionation between calcite and DIC species with
increasing calcite deposition rates (e.g., Mickler et al., 2004); 2)
Rayleigh distillation of oxygen isotopes of DIC (Hendy, 1971,
Mickler et al., 2004); and 3) water evaporation (Fornaca-
Rinaldi et al., 1968; Hendy, 1971; Gascoyne, 1992). Model 1
suggests that rapid degassing of CO, and calcite deposition
cause consumption of almost all DIC in the solution. Rapid

loss of DIC leads to calcite inheriting the 630 values of bulk
DIC (the aggregate of all DIC species). At pH=8, the
predominant DIC species in a water solution is HCOj’, thus,
calcite will have 50 values similar to those of HCO3". This
would eliminate the isotopic fractionation between calcite and
HCO; that would occur if the isotopic exchange reaction were
to proceed until equilibrium. Model 2 suggests that CO,
degassing may cause temporary enrichment of 20 in the
remaining DIC because it preferentially removes *°0. The
magnitude of the 80 enrichment in the eventual calcite may be
mainly a competition between time needed for CO, degassing,
calcite deposition, water replenishment, and water-DIC oxygen
isotopic buffering that eliminates the aforementioned
enrichment (e.g., Dreybrodt and Scholz, 2011). Model studies
suggest that equilibrium fractionation is favored at slow calcite
deposition rates, high ambient pCO,, and small drip intervals
(i.e., fast drip rate, Dreybrodt and Scholz, 2011). In model 3,
water evaporation increases the 6**0 value of the remaining
water, and thereby increases the 6'°0 of DIC and calcite. It is
important to note that all three models suggest that kinetic
fractionation will result in calcite with a more positive 50
than equilibrium values. Models 1 and 2 also predict a closer
approach to equilibrium &0 for calcite deposited at a slower
rate (smaller amount of calcite deposition in a given period of
time), at a high ambient pCO, and large drip interval.

Hendy (1971) proposed two tests based on the above
assumption to assess the attainment of equilibrium calcite-
water oxygen isotopic fractionation in speleothems: 1)
invariability and lack of a progressive increase of 5**0 values
along a single growth layer as one moves away from the
growth axis; and 2) lack of covariation of 5**0 and 6-°C values
along a single growth layer. The “Hendy test” has been widely
applied in speleothem studies (e.g., Williams et al., 2005;
Hodge et al., 2008; Moreno et al., 2010). Recent studies
suggest, however, that even if a speleothem fails the Hendy test,
calcite near the growth axis may still be in isotopic equilibrium
with respect to drip water (Dorale and Liu, 2009; Dreybrodt
and Scholz, 2011).

Recent findings from naturally-deposited (Coplen,
2007; Tremaine et al., 2011) and synthetic (e.g., Dietzel et al.,
2009; Day and Henderson, 2011) calcite bring the commonly
accepted equilibrium « value into question. Results of an
oxygen isotope study of Holocene vein calcite from Devils
Hole, Nevada (Coplen, 2007), suggested that the calcite-water
equilibrium oxygen isotopic fractionation may be 1.5 %o larger
at 25 °C than determined by O’Neil et al. (1969). Tremaine et
al (2011) compiled measured cave speleothem calcite 520
values from the literature to obtain a regression line for 1000In
a vs. 10%T that lies between those of Kim and O’Neil (1997)
and Coplen (2007). In a study of 50 values of synthetic
calcite and associated reaction water, Dietzel et al. (2009)
suggested that previously accepted « values may not represent
true equilibrium isotopic fractionation because they were
obtained from fast-growth synthetic calcite that was not in
isotopic equilibrium with reaction water. Day and Henderson
(2011) constructed a laboratory system simulating the cave
environment with controlled temperature, ambient CO,
concentration and drip intervals. They argued that the
measured fractionation between calcite and water can be
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explained by the larger fractionation factor of Coplen (2007)
and a rate-dependent kinetic fractionation as suggested by
Dietzel et al. (2009), although the design of the system does
not eliminate the impact of water evaporation on eventual
calcite 5%0.

In this study, calcite samples were collected from
artificial glass substrates placed under four drip sites in two

central Texas caves every 4 to 8 weeks between 1998 and 2008.

The 6*0 values of these samples are presented and compared
to expected equilibrium values calculated using associated
50 values and temperatures of the drip water (collected at the
same locations where the calcite was deposited, Pape et al.,
2010). The magnitudes of the differences (i.e., departure of
measured calcite 60 from the expected equilibrium value) are
discussed in the sequence: 1) the applicability of previously
accepted values for «; 2) controlling factors on kinetic oxygen
isotopic fractionation between calcite and water; 3)
applicability of a published experimental relationship of rate-
dependent kinetic fractionation from synthetic calcite; and 4)
implications for paleoclimate studies using speleothem 50
records.

2. Hydrogeologic Setting

The study sites are in Inner Space Cavern (1S) and
Natural Bridge Caverns (NB) in central Texas (Fig. 1a). Both
caves are at the eastern edge of the Edwards Plateau,
approximately 130 km apart. IS is located in Williamson
County. Meteorological data (for the period of 1998-2008)
from a nearby National Climatic Data Center (NCDC) weather
station at Lake Georgetown (Cooperative station ID: 413507)
indicates a mean annual temperature (MAT) of 19.8 °C,
monthly mean temperatures (MMT) from 6.2 °C to 30.6 °C,
and mean annual precipitation (MAP) of ~92 cm/year. NB is
located in Comal County. A nearby NCDC weather station at
New Braunfels (Cooperative station ID: 416276) indicates a
MAT of 20.0 °C, MMT of 7.9-30.5 °C, and a MAP of ~84
cm/year.

Moisture in local rainfall for both caves is typically
derived from the Gulf of Mexico, with occasional contributions
from the eastern Pacific Ocean and land-recycled moisture
(Carr, 1967; Larkin and Bomar, 1983). The wettest months, on
average, are May, June and October. The 520 values of rain
water collected at Austin (40 km southwest of IS) typically
range from -7.3 %o to -1.1 %o with an average value of -4.1 %o.
Occasional moisture from Pacific tropical cyclones may
produce rainfall with 60 values as negative as -12.6 %o (Pape
et al., 2010). Ranges of summer and winter rainfall 5**0 values
are indistinguishable. The median 6*®0 value of summer
rainfall (June-July-August) is -3.2 %o, which is in contrast with
a median winter rainfall value of -4.0 %0 (December-January-
February, Pape et al., 2010).

The drip sites studied are IS’s Flowing Stone of Time
(Site ISST, as in Banner et al., 2007) and Lake of the Moon
(ISLM), and NB’s Well Shaft (NBWS, located in the South
Cave of NB) and Castle Table Top (NBCT, in the North Cave
of NB). Physical and hydrogeologic aspects and meteorological
conditions of the drip sites are listed in Table 2. There is clear
seasonal ventilation of the sites, as demonstrated by low cave-

air CO, concentrations (< 1,000 ppm by volume) in the winter
and high (> 2,000 ppm by volume) concentrations in the
summer at all four sites (Table 2). The effect of ventilation on
calcite deposition rates has been well documented at these site
(e.g., Banner et al., 2007), whereby high concentrations of
summer CO, inhibit calcite deposition from drip water.

Water supplying drip site ISST enters the cave at the
ceiling, drops less than 0.3 m to a point on the northwest of the
apex of the flowstone, then flows along the slope for ~1.5 m
before dripping off the margin of the formation and falling ~1
m to the cave floor; it lands either on a substrate (for calcite
collection) and runs off, or into a container (for water
collection, Fig. 1b). At sites ISLM, NBCT and NBWS, water
drops off the ceiling directly onto the substrate or into the
collection container. The drip at site NBCT is complex in that
water discharges from multiple, closely spaced (<10 cm) drips
and falls a relatively long distance of ~10 m. This causes
difficulty in collecting drip water from one unique drip
consistently, and substrates placed at this site occasionally
move a few cm due to the impact of the drip waters.

Water samples were collected at the same locations as
the glass substrates. Drip water samples were collected every 4
to 8 weeks; collection procedures and 520 values are detailed
in Pape et al. (2010). In contrast to surface rainfall, measured
drip water 630 values are relatively invariable. For ISST and
ISLM, most water 50 values are within the range
of -4.4%0.2 %o, while NBCT and NBWS water have 5°0
values of -4.3+0.2 %o (Table 3, Pape et al., 2010). Four
additional ISST drip water samples were collected weekly from
February 20" to March 20" of 2003, encompassing two rainfall
events (Feb. 21% and Mar. 4™ that produced 28 mm and 44
mm of rainfall, respectively (NCDC). These drip water 520
values are -4.5 %o, -4.6 %o, -4.6 %o and -4.5 %o, respectively
(Pape et al., 2010). These values are within the aforementioned
range of -4.4+0.2 %o. The similarity suggests that drip waters
are well homogenized with respect to 520 values and that
significant variation of drip water 6'°0 values between two
consecutive measurements taken every 4 to 8 weeks seems
unlikely. The mean values of -4.4 (IS) and -4.3 (NB) %, for
drip water are more negative than the weighted average Austin
rainfall 5*%0 value of -4.1 %o. This suggests that large rainfall
events with more negative 6'°0 values may have contributed
proportionally more to the water reservoir of IS and NB sites,
as has been found in multiple tropical settings (Jones and
Banner, 2003).

3. Samples and Methods

The methods of collection and isotopic analyses of
water samples were presented in Pape et al. (2010). Upon
collection, an aliquot of drip water (several ml) was analyzed
on site for pH and temperature using a Myron L Co. Ultrameter
11 6P, which was calibrated before each trip.

Glass substrates (10 x 10 cm plates) were frosted
using glass beads to facilitate calcite nucleation. The substrates
were cleaned and placed under the drip site to receive drip
water and calcite deposition following procedures detailed in
Mickler et al. (2004) and Banner et al. (2007). Substrates were
harvested and renewed every 4 to 8 weeks. Harvested
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substrates were rinsed with DI water on site and dried in a
laminar flow hood. The calcite deposition rate (in mg/day) for
each substrate was determined by weighing the substrate before
and after deployment. Weighing procedures and uncertainties
are described in Banner et al. (2007). The deposition rate is
also expressed as “R.” (in umol hr m™) for some substrates.
The calculation of R, assumed 1) the surface area of each
substrate is 100 cm? (+ 5%), and 2) calcite deposited on the
substrates uniformly. The latter assumption has uncertainties
due mainly to the uneven distribution of calcite on a typical
glass plate substrate sample.

Sampling of the substrate calcite was carried out in a
laminar flow hood, where ~200 pg of calcite was gently
scraped off the surface. Sampling areas range from ~0.3 to ~10
cm?, depending on the thickness of calcite. Up to sixteen
samples were collected from different areas on each substrate
to assess spatial variations in calcite 520. Because of
inhibitive effects of high cave-air CO, concentration on calcite
deposition during the summer months (Banner et al., 2007),

substrates from these months have little to no calcite deposition.

Therefore, some of these substrates were not sampled. On each
substrate, samples collected within a 4x4 cm square area
centered on the approximate impact point between the drip
water and substrate are referred to as “center samples”, and
samples collected outside this area are termed “edge samples”.

Isotopic analyses of calcite samples were carried out at
the University of Texas at Austin (PRISM 11 dual-Inlet MS,
Thermo Finnigan MAT 253), the Minnesota Stable Isotope Lab
(Thermo Finnigan MAT 252), or the University of California at
Davis (GV Instruments Optima) using the modified method of
McCrea (1950). In summary, 100-200 pg of calcite powder
was reacted with 100 % H3PO, at elevated temperature (70-

90 °C). The resultant gaseous mixture of H,0O and CO, was
cryogenically separated, and CO, was transferred into the mass
spectrometer for measurement of 6:°0 values. The long term
average value of NBS-19 in the Minnesota Stable Isotope Lab
is -2.24 £ 0.10 (25) %o (V-PDB) for 6'°0. Eleven NBS-19
standards were run with the samples at University of California
Davis and have a mean value of -2.20 + 0.12 %o for 50 (V-
PDB). Fifteen NBS-19 standards were run with the samples at
the University of Texas Austin and have a mean value of -2.20
+0.12 %o for 50 (V-PDB). Isotopic results are reported
relative to V-PDB standard (Vienna Pee Dee Belemnite, Craig,
1957) by individual laboratories on a normalized scale such
that 630 of NBS-19 is -2.2 %o. These results were converted to
V-SMOWY/SLAP (Vienna Standard Mean Ocean Water,
Standard Light Antarctic Precipitation, Gonfiantini, 1978)
using the following equation (Coplen et al., 2002):

Sv-smow = 1.030916 \.ppg + 30.91 )
Results are expressed on the normalized scale such that 50 of
SLAP is -55.5 %o (Coplen, 1996).

The §notation is defined as:

6= R sampte/ R standard -1

©)
For 60, R sample @Nd R giangarg are the isotopic ratios of
N(*®0)/N(*®0) in the sample and standard respectively (Coplen,
2011).
4. Results

All analyzed substrates from sites ISST (n = 77),
NBCT (n=6) and NBWS (n=7) presented in this study were
completely covered by calcite deposition. The petrographic
characters of the substrate calcite are the same as those in
Banner et al. (2007). There are growth patterns on many of the
studied substrates. Thirteen of the ISST substrates (~30 %)
display concentric, doughnut-shaped patterns. These patterns
are not exclusive to a certain season. More than 30 of 46
substrates from ISLM display concentric patterns, whereby
denser calcite deposition can be seen in a circular area with an
approximate diameter of ~3-6 cm, centered on the impact
points between drip water and substrates. Outside the circular
area, there is little visible calcite deposition. The center area
(~1-2 cm in diameter) of four NBWS substrates are covered by
less calcite deposition than the remainder of the substrates.

Calcite 6'°0 values (5%0,) ranged from 24.8 %o to
26.7 %o for all samples (V-SMOW, Supplementary Table 1).
The 50 values of ISST center samples had the same range,
with a mean of 25.6 %o.. ISLM center samples had a smaller
range of 25.3 %o to 26.0 %o. NBCT center samples ranged from
24.8 %o to 25.3 %o, while NBWS center samples ranged from
24.9 %o to 26.1 %o (Table 3). Edge samples (mostly from ISST
substrates) encompass the full range above. 6"C results will be
presented and discussed in a separate paper (Feng et al., in
prep.).

Measured drip water temperatures (t,,) and 6*°0 values
(6®0,,) are also listed in Table 3. In order to represent the
temperature of calcite deposition, t,, is the average of the two
water temperatures taken when the substrate was deployed and
when it was collected. For ISST, t,, values ranged from 14.9 °C
to 21.6 °C for the period of 2000-2008 (Fig. 2). A single low t,,
value of 14.9 °C is 2.3 °C lower than the range of 61 other t,,
measurements (mean value is 20.2 °C, standard deviation (S.D.)
is 1.1 °C; Table 3) and was not associated with a decrease in
surface air temperature. This erroneous value is not considered
further. Similarly, a single low 6'%0,, value of -5.5 %o (for drip
water collected in January of 2003) is ~1 %o more negative
than all other values (mean value is -4.4 %o, S.D. = 0.15), and
was not associated with a large amount of rainfall or a more
negative rainfall 5'®0 value (Pape et al., 2010). This value is
also likely erroneous and not considered further. For ISLM, t,,
values ranged from 20.7 to 22.4 °C (Table 3). The narrower
range is consistent with reduced ventilation and more stable
conditions at this site. For NBCT and NBWS, measured t,,
values ranged from 20.5 to 22.3 °C, and from 18.5 to 22.6 °C
respectively. These ranges of t,, values at all drip sites are
smaller than those of surface MMT (Table 2). Calculated
calcite deposition rates range from 0.45 mg/day to 106 mg/day
(Table 3), with higher rates occurring in the winter months at
all four sites when the caves were well ventilated (Banner et al.,
2007).

5. Discussion
There is no statistically significant relationship
between measured %0, values and cave-air CO,
concentration, t,, or drip interval (tg). In this discussion,
measured 50, values of associated drip water (Pape et al.,
2010) and t,, are used to calculate equilibrium, or 51809, values
for substrate calcite with the commonly accepted equilibrium
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fractionation factor (&) of Kim and O’Neil (1997). These
calculated equilibrium 6'0, values are subsequently compared
to measured 520, values to assess if substrate calcite was
deposited in isotopic equilibrium with associated drip water.
The magnitude of the difference between 50, and 5%0,
(termed “A'804..”, calculated as 6**0-5'%0,, Table 1) is used
to assess the control of calcite-water kinetic isotopic
fractionation.

5.1 Equilibrium status of measured calcite 6**0,

Measured isotopic fractionation () can be calculated
for the studied substrate calcite (Table 1). On a plot of 1000In
a Vs. t, results of this study from four different sites in NB
and IS yield no significant linear relationship. The results plot
away from the “equilibrium lines” predicted by previously
published “equilibrium” isotopic fractionation factors (e.g.,
Friedman and O’Neil, 1977; Kim and O’Neil, 1997; Coplen,
2007; Tremaine et al., 2011; Fig. 3). These two observations
indicate the influence of kinetic oxygen isotopic fractionation
in the studied substrate calcites.

To quantitatively assess the kinetic fractionation, the
departures of the measured calcite 50, from predicted
equilibrium values were calculated using the following
approach. If calcite was deposited in oxygen isotopic
equilibrium with the associated drip water, its 620 value
(6"0,) can be predicted using water 6'°0 values (5*%0,,) and
the calcite-water equilibrium oxygen isotopic fractionation
factor (). Values of « have been obtained by experimental
studies (McCrea, 1950; O’Neil et al., 1969; Friedman and
O’Neil, 1977, Tarutani et al., 1969; Kim and O’Neil, 1997;
Jiménez-Lopez et al., 2001; Beck et al., 2005; Dietzel et al.,
2009) or theoretical calculations (Kieffer, 1982; Dove et al.,
1992; Watson, 2004; Chacko and Deines, 2008). Among
published results, the equation given by Kim and O’Neil (1997)
is commonly used:

10001ne = 18.03 x 10°T - 32.42
4)

where T is temperature in Kelvin. Eqg. 4 was acquired using an
acid-fractionation factor of 1.01050 at 25 °C (Kim and O’Neil,
1997), as opposed to the commonly accepted value of 1.01025
(Friedman and O’Neil, 1977). Some studies have applied a
0.25 %o correction to the constant of 32.42 (e.g., Zhou and
Zheng, 2003); such a correction does not affect the discussion
below. Calculated 6'*0, values range from 24.6 %o to 25.1 %o

indicative of kinetic isotopic fractionation. The 4'30... values
of the studied substrate calcite are listed in Table 3 and range
from -0.7 %o to 1.4 %o (Table 3). The calcite from all but six
substrates display kinetic fractionation with the associated drip
water (|40 ¢c.o| > 0.1 %o).

The largest A0, data set (ISST, n=62) was
examined as a time series and compared to meteorological
parameters inside and outside the cave (Fig. 2) to explore
possible causes of kinetic fractionation between A0 and
associated drip water. While there is no apparent correlation
between A0, and water chemistry, such as Ca®*
concentration (r* = 0.01), the A®0¢.. and t,, (Fig 2) show
similar time-series variations, and are linearly correlated (Fig.
4):

A®0.=0.31t,—5.1; r2
=0.56 (5a)
Similar correlations were also observed for ISLM and NBWS
samples:

ISLM :
=0.49

A®0,.=0.3t, - 5.6; r?
(5b)

NBWS: A%0,.=0.2t,—3.4; r?=0.45
(5¢)

Collectively, results from ISST, ISLM and NBWS vyield:

A®0 e =031, —4.7; r’
=0.56 (5d)
The lack of significant correlation between A0, and t,, for
NBCT calcite may be attributed to the aforementioned unique
characteristics of this particular site, which makes the location
of the substrate’s center of calcite deposition difficult to
identify. If there were differences in 6:°0 values between
center and edge calcite sample, the NBCT results in Table 3
may not represent the center calcite 6**0 values and may not
yield a true relationship between 4O and t,,. For the other
three sites, the similarity of both slopes and intercepts indicates
that the mechanism controlling the kinetic effects acts on scale
greater than an individual drip site. While there is insufficient
evidence to suggest a cause and effect between t,, and A0,
Eq. 5a-d describes a temporal correlation between the two. It
shows that, using the « values of Kim and O’Neil (1997),
calcite of closer-to-equilibrium 620, was deposited during

(ISST, n=62), 24.6 %o to 24.9 %o (ISLM, n=8), 24.3 %o to 25.4 %operiods of low t,, (in the winter), when cave-air CO,

(NBWS, n=7), and 24.6 %o to 25.0 %o (NBCT, n=6). Some of
the 6'°0, values for ISST and ISLM were calculated using an
assumed 520, of -4.4 %o, when no measured value was
available (Table 3). This nominal value was selected based on
the observation that ISST drip water samples had mostly
invariable 5'°0,, values for the period of 2000-2004 (Pape et al.,
2010).

The calculated 5'%0, values would be identical with
measured 6'%0, values, i.e., A®0 ... = 0, if the studied
substrate calcite was in equilibrium with drip water, while non-
zero A'80,. values outside of analytical uncertainty are

concentrations are low, and calcite deposition is relatively
rapid. Similarly, Eq. 5d indicates that calcite with further-from
equilibrium 80 was deposited during periods of high t,, (in
the summer), when cave-air CO, concentrations are high, and
calcite deposition is slow in rate and low in magnitude (see
Banner et al., 2007 for the impact of cave ventilation on the
cave-air CO, concentration and calcite deposition rate). This
observation is further strengthened 1) by the similarities in
slopes and intercepts among different sites from different caves,
and 2) because the slow-depositing ISLM calcite (Banner et al.,
2007) has A0 values indicating further departure from
equilibrium (Fig. 4). This observation contrasts with most
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published conceptual models of calcite-water kinetic
fractionation (e.g., Hendy, 1971; Mickler et al., 2004). These
models predict a closer-to-equilibrium calcite 5**0,; for a
slower calcite deposition rate (smaller amount of calcite
deposition in a given period of time) and high ambient CO,,
while further departure from equilibrium (a larger A4'%0.)
occurs at fast calcite deposition and low ambient CO,.

Water evaporation is not an important factor in this
discussion for several reasons. First, this study compares water
collected just before it strikes the substrate (Fig. 1b). Any
evaporation effect would be limited to that occurring while the
water is resident on the substrate. The maximum possible effect
of evaporation during this residence can be estimated by
assuming RH = 81% (the minimum value associated with the
caves), an air velocity of 5 cm/s, air and water temperatures of
20 °C, a 300 um water thickness on the substrate, a drop size of
0.1 ml, and a 63 second drip interval (the maximum observed
during the study period). Using these conditions, the equation
of Carrier (1918) shows that evaporation would remove ~11
mg or 0.37% of the water on the substrate in the time between
each drip. Assuming 1) Rayleigh fractionation and an
equilibrium water-water vapor oxygen isotopic fractionation
factor of 1.0098, 2) repeated 63 second evaporation intervals,
and 3) thorough mixing of a 0.1 ml drip every 63 seconds,
evaporation would yield a maximum enrichment of ~0.05%o in
6®0,, when the system reaches steady-state. This enrichment is
within the analytical precision. Furthermore, the above
estimate represents an extreme scenario, as air velocities at the
studied sites are below detection, and the average t, values for
each sites is much smaller than the value used in the estimate
and do not vary significantly from summer to winter (Table 2,
average tq values are 1.5 s for ISST, 0.5 s for NBCT, 0.9 s for
NBWS, 16 s for ISLM). Therefore the extent of water
evaporation is likely 4 to 130 times smaller than that estimated
above. Additionally, the A0, value is much less affected by
water evaporation than 620, because evaporation results in
increases in both water and calcite 5*®0 values. For an increase
of Ain water 6°0,, by evaporation, calcite 5**0 will increase
by an amount a#4. The impact of evaporation on the value of
A®0¢.. would be (o, - @)A. Here, o is the equilibrium
fractionation factor, while o, is the measured fractionation
factor (Table 1). The values of (&, - @) for the studied
substrate calcite range from -0.0004 to 0.0014 (Table 3). If
evaporation was responsible for the observed A0y of up to
1.4 %o, A would be at least 1000 %o, which is very unlikely.

5.2 Re-evaluating the calcite-water equilibrium isotopic
fractionation factor

If slower calcite deposition rates (during periods of
higher CO, and t,,) indeed facilitate equilibrium fractionation,
the calcite from the present study with slower deposition rates
should have smaller 40, values that are close to zero,
instead of the observed positive values (Table 3). Since the
A0y values are calculated using measured 6°0; and 5*°0,,
values, and the assumed « of Kim and O’Neil (1997), it is
likely that this commonly accepted « value is too small to
describe the calcite-water equilibrium oxygen isotopic
fractionation in these natural low temperature cave
environments. As noted earlier, several recent studies have

reached similar conclusions. Coplen (2007) measured 50 of
naturally deposited slow-growth Holocene vein calcite in
Devils Hole, Nevada. The results suggest that the commonly
accepted equilibrium oxygen isotopic fraction of O’Neil et al.
(1969) might be 1.5 %o too low at 25 °C. Tremaine et al (2011)
compiled published speleothem calcite studies and proposed a
fractionation factor that is between those of Kim and O’Neil
(1997) and Coplen (2007), although evidence is not presented
that those speleothems were deposited in oxygen isotopic
equilibrium with their associated drip waters. Dietzel et al.
(2009) experimentally synthesized calcite by spontaneous
deposition at relatively slow rates. These authors examined
postulated the oxygen isotopic fractionation between the
resultant calcite and the reaction water and concluded that the
“equilibrium oxygen isotopic fractionation factor might be
greater than the commonly accepted value”. Day and
Henderson (2011) studied slowly deposited calcite in a
simulated cave environment with controlled ambient CO,, drip
interval, and air temperature. The resultant calcites have 60
values more positive than predicted by the « of Kim and
O’Neil (1997), which prompted Day and Henderson (2011) to
adopt the larger « of Coplen (2007). However, because the
water analyzed by Day and Henderson (2011) was not
collected at the same place where the drip hits the calcite
deposition surface, the effect of evaporation was unconstrained.

The present study compares measured 6*°0 values of
substrate calcite and associated drip water at a high temporal
resolution in two natural caves. The results are in accord with
findings of Coplen (2007), Tremaine et al (2011), Dietzel et al.
(2009) and Day and Henderson (2011) in that they support a
larger equilibrium o value at 20°C, which is the approximate
deposition temperature of the studied substrate calcites. The
revised fractionation factor of Coplen (2007) is hereafter
adopted as a working model:

1000 In @ =17.4x10°T™ - 28.6
(6)

Eq. 6 was proposed for the temperature range of 13 to 40 °C,
and was obtained using a measured equilibrium « value of
1.0285 + 0.0001 at 33.7 °C and a commonly accepted da/dT
value of -0.0002 K™* (Epstein et al., 1953). Using Eq. 6, the
A¥®0,.. values were recalculated for studied substrate calcites
(expressed here as A4*0.. *, and listed in Table 3). These
values range from -2.4 %o to -0.4 %o. For each substrate, the
A0 * value is more negative than the A*0., value
calculated using Eq. 4. All samples still have non-zero A0
values (Table 3), which suggests that kinetic oxygen isotopic
fractionation remains a significant factor. Using the proposed
equilibrium fractionation factor of Tremaine et al. (2011),
instead of Coplen (2007), would yield smaller, but still none-
zero and mostly negative, A0, values (Fig. 3).

#

5.3 Mechanisms for negative departure from equilibrium 50

The A'0..." values calculated using the fractionation
factor of Coplen (2007) are all negative. This is in contrast to
the predictions of existing kinetic fractionation models (three
models as described in Introduction section), none of which
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yields a negative A0, value. Therefore, other mechanism(s)
must be responsible for the observed negative A'®0..* values.

Consistent with the results of Dietzel et al (2009), the
results of the current study support the hypothesis that a
negative 40" value may be a result of entrapment
formation of calcite as proposed by Watson and Liang (1995)
and Watson (1996, 2004). This model suggests that a thin,
nanometer-scale layer of calcite exists at the mineral surface.
Because this surface layer is primarily formed by attachment of
CO3% and Ca®* (Watson, 2004, Dietzel et al., 2009), it may
have a 6'%0 value similar to that of CO5> in the solution, which
is 6.8 %o more negative than the inner lattice (Watson, 2004).
When the mineral grows, a new surface layer forms, and the
former surface layer is trapped in the inner lattice (Fig. 5).
Subsequently, isotopic exchange between the inner lattice and
former surface layer occurs via slow ion diffusion, and will
evolve the 60 of the former surface layer to a high value that
is in equilibrium with bulk DIC and water. If calcite deposition
rates are sufficiently high, however, such exchange will be
limited and therefore the relatively low 60 values of the
surface layer would be preserved. It can be speculated that the
maximum negative shift of calcite 520, from the equilibrium
value would be expected when a calcite crystal is completely
composed of multiple trapped “surface layers”. This maximum
negative shift may therefore be approximated as the value of
equilibrium isotopic fractionation between calcite and CO5*
(4**0¢c-co4%). which would be 5.6 %, at 20 °C. (Beck et al.,

2005; Coplen, 2007).
5.4 Correlation between 40" and calcite deposition rate

Both the model study of Watson (2004) and the
experimental study of Dietzel et al. (2009) suggest that the
magnitude of A0, may be related to the deposition rate (Ry).
Dietzel et al. (2009) further demonstrated linear relationships
between the kinetic calcite-water oxygen isotopic fractionation
and R.. These relationships, if confirmed, may be useful in
adjusting speleothem 50 records to enable more accurate
interpretation.

Such relationships are difficult to obtain from the data
of the current study, because R, is not the only factor affecting
the eventual calcite-water oxygen isotopic fractionation. For
example, the experimental results of Dietzel et al. (2009)
demonstrated an impact of solution composition on kinetic
fractionation at higher deposition rate. Other factors may
include ambient air CO, concentration and drip interval
(Dreybrodt and Scholz, 2011). The substrate calcite of the
current study was deposited in a much less constrained
environment. Variable water pH, t,,, and drip interval, together
with uncertainties related to the calculation of R, (see section 3.
Samples and Method), make a precise rate-dependent
fractionation factor difficult to determine. A linear regression
between 40" and R, is not statistically significant.
However, it is possible to compare the results of the current
study to the experimental study of Dietzel et al. (2009) to
assess the applicability of a A*®0,., - R relationship based on
measurements of synthetic calcite to results from a natural cave
environment.

Dietzel et al. (2009) synthesized calcite at a range of
deposition rates (1.8 < log R < 4.4 pmol m? h™), pH (8.3-10.5)
and temperatures (5 °C, 25 °C and 45 °C). The study did not
yield a calcite sample in isotopic equilibrium. To calculate
A0 values for the synthetic calcite, an expected 520,
value must be determined for the experimental temperature. In
this study, the equilibrium fractionation factor of Coplen (2007)
was adopted to calculate 6°0, and A0y for 25 °C and
pH=8.3 (commonly observed in cave environments). In a plot
of A0 vs. R, a linear regression yields (Fig. 6a):

A®0y. =-0.77 log R, r?=0.70,
n=12 7
It was not possible to calculate an exact A0 vs. log R,
relationship for 5°C because Eq. 6 is only applicable to
temperatures of 13-40 °C (Coplen, 2007). Nevertheless, the
results of Dietzel et al. (2009) suggest that for both 5 °C and
25 °C, the regression slopes for plots of A'®O., vs. log R,
would be similar. If this inference is correct, then the slope of
Eq. 7, i.e., A0/ log R., suggests that at a pH of 8.3 and
temperatures of 5 to 25 °C, every ten-fold increase in R, may
cause an approximately -0.8 %o shift in the calcite 50 value
without a change in the drip water 520 value. There is
considerable scatter in the data of Dietzel et al. (2009).
Examining individual samples indicates the values of
A0./log R, ranged from -1.1 to -0.3 %o (Fig. 6b).

Using data of the current study, the departure of 6°0,
from the equilibrium value for every ten-fold increase of
deposition rate can be calculated as A®0..*/ log R, for each
of the studied substrates (Table 3). Substrates of this study
have A'%0...* / log R values that ranged from -0.8 %o to 0 %o
(for ISST, average -0.4 %o, N=53), -0.7 %o to -0.2 %o (for ISLM,
average -0.4 %o, n=18), -0.9 %o to -0.3 %o (for NBCT, average -
0.5 %o, n=6), and -0.7 %o to -0.3 %o (NBWS, average -0.5 %o,
n=7) These ranges are comparable to each other, and to the
range of -1.1 to -0.3 %o for the synthetic calcite of 25 °C
experiments (Fig. 6b, Dietzel et al., 2009). The mean values
0f -0.4 %o (ISST, ISLM) and -0.5 %o (NBCT, NBWS) are
smaller (in absolute value) than -0.8 %o suggested by Eq. 7,
although the maximum value of -0.8 %o is identical. The
smaller A*0..*/log R, of this study may be a result of lower
pH values for the drip water (6.8-8.4, Table 2), the effects of
which is demonstrated in the experimental study of Dietzel et
al. (2009). Based on the agreement among different natural
drip sites (this study), and with the results of synthetic calcite
(Dietzel et al., 2009), it is speculated that both the negative
shifts of 6*®0. from equilibrium values and the quantitative
impact of calcite deposition rates on the kinetic fractionation (-
0.8 %o / log R, ) may be applicable to other settings.

5.5 Spatial variations of calcite 5°0 values on substrates

Center samples have more negative 62Oy values than
edge samples for each individual substrate (Fig. 7, Table 4). A
similar center-to-edge trend was previously observed in
substrate calcites grown over 12-18 months in a cave in
Barbados, West Indies (Mickler et al., 2004, 2006). The
maximum center-to-edge 5:°0,. shift measured for each of the
65 substrates range from 0 to 1.4 %o, although these values may
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not represent the true maximum differences due to potential
sampling bias. The 40 % of the substrates show no difference
within analytical uncertainty, while 30 % show a difference of
up to 0.3 %eo.

The observed center to edge shifts could be due to
slower calcite deposition at the edge than at the center. The
water film at the edge of the substrates may contain less Ca*
and DIC due to longer exposure to the cave-air and earlier
calcite deposition in the center. Slower deposition rates may
result in calcite with more positive 5*%0,, than the center
sample (i.e., Dietzel et al., 2009). However, DIC loss in the
water film is likely small, (Feng et al., in prep). Similar center
to edge positive shifts are observed for the 5**C of substrate
calcite (Feng et al., in prep). Because water evaporation does
not affect the carbon isotopic distribution among DIC species,
these 5**C and %0 shifts from center to edge indicate a
negligible role for water evaporation in determining the
isotopic compositions

5.6 Implications for paleoclimate studies based on
speleothem 6*°0 records

Results of this study suggest that the fractionation
factor of Coplen (2007) may better describe the calcite-water
equilibrium oxygen isotope fractionation for low temperature
environments. At 13-40 °C, this fractionation factor indicates a
~1.5 %o larger calcite-water fractionation than that predicted by
the previously accepted equilibrium fractionation factors of
O'Neil et al. (1969) and Kim and O’Neil (1997). The current
study supports the entrapment formation of calcite and a
control of calcite deposition rate in leading to negative
departures of calcite 5*0 from the equilibrium value (Watson,
2004; Dietzel et al., 2009). Results of the current study support
the experimental study of synthetic calcite (Dietzel et al., 2009),
which indicates a -0.8 %o shift of calcite 5**0 value for every
ten-fold increase in calcite deposition rate at 25 °C and a pH of
8.3. These results lead to several important implications for
paleoclimate studies based on speleothem 520 records.

5.6.1 Paleo-rainfall 5*%0 values inferred from speleothem 50
values

Similar to modern rainfall, paleo-rainfall 5'°0 values
can be affected by multiple factors, such as distance from the
moisture source (i.e., continental effect), amount of rainfall,
temperature, altitude, and seasonality (e.g., Dansgaard, 1964;
Rozanski et al., 1993). Stable isotope variations of near-surface
materials such as paleosols (e.g., Yapp, 1993, 2008; Feng and
Yapp, 2009) and speleothems (e.g., Dorale et al., 1992) may
serve as proxies for contemporaneous rainfall 520 values and
climate conditions. The two common methods of inferring
paleoclimate conditions from speleothem calcite 6'°0 are: 1)
solving the equation for equilibrium isotopic fractionation (e.g.,
Egs. 4, 6) for cave-air temperature using measured speleothem
50 values and independently estimated 50, values (e.g.,
Gascoyne, 1992); 2) using measured speleothem 530 values
and independently estimated temperature to calculate paleo-
water 6°0,, values, which can be related to surface temperature
or amount of rainfall (e.g., Hendy and Wilson, 1968; Bar-
Matthews et al., 2003). For these quantitative calculations of

paleoclimate conditions, the calcite-water oxygen isotopic
fractionation factor is essential.

If the equilibrium calcite-water oxygen isotopic
fractionation is indeed ~1.5 %o larger than commonly assumed
for commonly observed temperatures (Coplen, 2007; Dietzel et
al., 2009; this study), the paleo-rainfall 5%0 value inferred
from a given speleothem calcite sample would be ~1.5 %o more
positive than that calculated using previously accepted
equilibrium fractionation factors (e.g., O’Neil et al., 1969; Kim
and O’Neil, 1997), thereby impacting paleoclimate inferences.
Taking the speleothem 60 geothermometer as an example
(method 1 above), a temperature calculated using a larger value
for awould be ~7 °C warmer than that calculated using
previously accepted values for «. In method 2 above, a larger «
would result in a ~1.5 %o more positive value for the inferred
rainfall 5**0 (in contrast to using Eq. 4). Using a meteoric
water 5%0- temperature relationship of -0.58 %0/°C (Rozanski
et al., 1993), more positive rainfall 520 values would lead to a
3 °C underestimation of the temperature calculated using the
equilibrium isotopic fractionation factor of Kim and O’Neil
(1997). Similarly, using a 50 - rainfall amount relationship
of -1.0 %o / 200 mm (Bar-Matthews et al., 2003), a 1.5 %o more
positive water 6'°0 value would lead to 300 mm
underestimation of local annual rainfall amount.

Negative shifts of 50 due to kinetic calcite-water
isotopic fractionation, as observed in all substrate calcite of the
current study, may also contribute to inaccurate estimates of
climatic conditions using speleothem 60 values. Again, using
the speleothem calcite 5%0 geothermometer as an example, if
speleothem calcite 6*®0 values are more negative than
equilibrium values due to faster deposition, the inferred
contemporaneous water 620 value would also be more
negative. This would result in an underestimation of
temperature or overestimation of local rainfall amount.

5.6.2 Non-climate driven 60 shifts in speleothem time series

In paleoclimate studies, negative shifts of speleothem
50 values in a time series are commonly interpreted as an
indication of 1) wetter climate conditions due to the “amount
effect” (e.g., Bar-Matthews et al., 1997, 1999; Wang et al.,
2001; Frappier et al., 2007; Asmerom et al., 2007, 2010; Cheng
et al., 2009; Wagner et al., 2010), and/or 2) warmer
temperatures (e.g., Hendy and Wilson, 1968; Dorale et al.,
1992; Holmgren et al., 1995; Lauritzen, 1995). These
interpretations are based on the premise that for a given
speleothem, 60 values of all calcite samples are related to
contemporaneous surface rainfall 520 values by either the
equilibrium fractionation factor, or by a common kinetic
fractionation factor. Results from this study indicate that this
interpretation may not always be valid, because kinetic calcite-
water isotopic fractionation is observed for a wide range of
deposition rates and varies with deposition rates. Therefore, a
speleothem with a varying growth rate history can display
variations in a 5*%0 time series with no changes in the 6°0
value of corresponding drip water.

During the last glacial period, the climate of the
southwestern U.S. has been inferred to have been much wetter
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compared with present day (Toomey et al., 1993; Musgrove et
al., 2001; Asmerom, et al., 2007, 2010; Wagner et al., 2010).
During this period, speleothem growth rates were up to two
orders of magnitude faster than during the Holocene

associated drip water, based on the commonly accepted oxygen
isotopic fractionation factor of Kim and O’Neil (1997). The
magnitude of the departures from expected equilibrium values
(4*®0,...) were mostly positive, and were positively correlated

(Musgrove, 2000; Musgrove et al., 2001; Asmerom et al., 2010; with temperature of associated drip water. The closer-to-

Wagner et al., 2010). Based on the relationship determined in

equilibrium 580 values are achieved during time intervals

Eq. 7, this growth rate increase could have caused up to a -1.6 %oewhen temperature and cave-air CO, is low and calcite

shift in speleothem 50 values independent of variations in
surface rainfall 5*%0 values. Because growth rate variations in
speleothems are common and span several orders of magnitude
(e.g., Musgrove et al., 2001), this is an important factor to
consider when interpreting 620 shifts in a speleothem time
series.

5.6.3 The Hendy Test

Previous studies have questioned the validity of using
the Hendy test to assess if speleothem calcite has formed in
oxygen isotopic equilibrium with its associated drip water
(Mickler et al., 2006; Dorale and Liu, 2009). One concern is
the difficulty of sampling calcite along a single growth layer
(e.g., Dorale et al., 2009). Simulations have suggested
(Dreybrodt and Scholz, 2011) that although drip water could
gradually be enriched in 0 while on a speleothem surface, the
enrichment may not be recorded in calcite deposited near the
growth axis. This is because at a site with rapidly dripping
water, water on the speleothem surface is rapidly replaced by
new water. Therefore, calcite near the growth axis is always
deposited from newly arrived drip water, and the 20
enrichment in the “old water” is not recorded in the growth-
axis calcite (e.g., Dreybrodt and Scholz, 2011). Furthermore,
some speleothem calcite studies show negative shifts of calcite
50 values along a growth layer, away from the growth axis
(e.g., Williams et al., 2005; Moreno et al., 2010).

Results of this study suggest that the model
simulations of the evolution of oxygen isotopic distribution in
DIC species which support the utility of the Hendy test do not
account for all factors controlling kinetic calcite-water oxygen
isotopic fractionation. The Hendy test does not account for the
entrapment formation at the mineral surface and rate dependent
kinetic fractionation, as suggested by Watson (2004) and
supported by other studies (Dietzel et al., 2009, Day and
Henderson, 2011, this study). As such, the Hendy test may not
be valid for all speleothem studies.

One of the principal criteria of Hendy (1971) is that
the invariability of calcite 6°0 values along a single growth
layer implies attainment of equilibrium isotopic fractionation
between calcite and water. If the calcite deposition rate is the
primary control on kinetic oxygen isotopic fractionation, then
invariable 5°0 values could indicate invariable calcite
deposition rates along the growth layer. Invariable deposition
rates along the growth layer, however, do not necessarily imply
a slow calcite deposition rate, which is required for equilibrium
isotopic fractionation.

6. Summary and Conclusions
Almost all calcite (94 %) deposited on artificial glass

substrates for the period of 1998-2008 at four drip sites in two
central Texas cave was not in oxygen isotopic equilibrium with

deposition is rapid. This is in contrast to previously proposed
kinetic fractionation mechanisms that predict a positive
departure from equilibrium values at faster calcite deposition
rates. These results indicate that a re-evaluation of equilibrium
fractionation factors and the controlling factors on kinetic
fractionation are required and lead to the following conclusions:

1. The commonly accepted equilibrium oxygen
isotopic fractionation factor (Kim and O’Neil,
1997) between calcite and water may be too low
at the studied temperature of ~20 °C, which is
typical of many natural environments. Results of
this study support the equilibrium fractionation
factor of Coplen (2007), which predicts a ~1.5 %o
larger equilibrium calcite-water oxygen isotopic
fractionation at the studied temperature.

2. Observed negative departure of 5**0, from
equilibrium values can be explained by the
surface attachment formation theory of Watson
(2004). This negative shift may have an upper
limit of -5.6 %o. Therefore, variations of
speleothem growth rates may cause shifts in
speleothem calcite 6'%0 values in the absence of
changes in drip water 6*%0 values. This has
implications for paleoclimate studies based on
oxygen isotope studies of speleothems.

3. Results of this study support the applicability of
the published experimental study of synthetic
calcite (Dietzel et al., 2009), which suggests a
shift of about -0.8 %o in calcite 6'°0 for every
ten-fold increase in growth rate at 5-25 °C and a
pH of 8.3.

4. The Hendy test may not adequately assess the
attainment of oxygen isotopic equilibrium.
Invariable 60 values along a speleothem
growth layer do not necessarily indicate that the
calcite was deposited in isotopic equilibrium with
respect to the associated drip water.

Ackno
wledgements

This research was supported by NSF P2C2 grant #08-
505 to J. Banner and L. Yang, and by the Geology Foundation
and Environmental Science Institute of the University of Texas.
We thank Kevin Meyer and Kyle Meyer for constructive input.
We also thank the owners, management and staffs of Inner
Space Cavern and Natural Bridge Caverns, Richard Casteel,
Ashley Payne, and many other students over the past decade
for assistance in the field.



Published paper (may contain minor typographic differences), doi: http://dx.doi.org/10.1016/j.chemge0.2012.02.004
Citation: Feng, W., Banner, J., Guilfoyle, A, Musgrove, M and James, E. 2012 Oxygen isotopic fractionation between drip water
and speleothem calcite: A 10-year monitoring study, central Texas, USA, Chemical Geology, Vol 304-305, 53-67

References cited

Asmerom, Y., Polyak, V., Burns, S., and Rasmussen, J. (2007)
Solar forcing of Holocene climate: New insights from a
speleothem record, Southwestern United States.
Geology. 35, 1-4.

Asmerom, Y., Polyak, V., and Burns, S. (2010) Variable winter
moisture in the southwestern United States linked to
rapid glacial climate shifts. Nat. Geosci. 3, 116-117.

Baker, A., Genty, D., Dreybrodt, W., Barnes, W.L., Mockler,
N.J., and Grapes, J. (1998) Testing theoretically
predicted stalagmite growth rate with recent annually
laminated samples implications for past stalagmite
deposition. Geochim. Cosmochim. Acta. 62, 393-404.

Banner, J.L., Guilfoyle, A., James, E.W., Stern, L.A., and
Musgrove, M. (2007) Seasonal variations in modern
speleothem calcite growth in central Texas, USA. J.
Sediment. Res. 77, 615-622.

Bar-Matthews, M., Ayalon, A., and Kaufman, A. (1997) Late
Quaternary paleoclimate in the eastern Mediterranean
region from stable isotope analysis of speleothems at
Soreq cave, Israel. Quat. Res. 47, 155-168.

Bar-Matthews, M., Ayalon, A., Kaufman, A., and Wasserburg,
G.J. (1999) The Eastern Mediterranean paleoclimate as
a reflection of regional events: Soreq cave, Israel. Earth
Planet. Sci. Lett. 166, 85-95.

Beck, W.C., Grossman, E.L., and Morse, J.W. (2005)
Experimental studies of oxygen isotope fractionation in
the carbonic acid system at 15 °C, 25 °C, and 40 °C.
Geochim. Cosmochim. Acta. 69, 3493-3503.

Buhmann, D., and Dreybrodt, W. (1985) The kinetics of calcite
dissolution and precipitation in geologically relevant
situations of karst areas: 1. Open system. Chem. Geol.
48, 189-211.

Carr, J.T. Jr. (1967) The Climate and physiography of Texas:
Texas Water Development Board Report 53, 27 pp.

Carrier, W.H. (1918) The temperature of evaporation, ASHVE
Transactions 24, 25.

Chacko, T., and Deines, P. (2008) Theoretical calculation of
oxygen isotope fractionation factors in carbonate
systems. Geochim. Cosmochim. Acta. 72, 3642-3660.

Cheng, H., Edwards, R.L., Wang, Y., Kong, X., Ming, Y.,
Kelly, M.J., Wang, X., Gallup, C.D., and Liu, W. (2007)
A penultimate glacial monsoon record from Hulu Cave
and two-phase glacial terminations. Geology. 34, 217-
220.

Cheng, H., Edwards, L., Broecker, W.S., Denton, G.H., Kong,
X., Wang, Y., Zhang, R., and Wang, X. (2009) Ice age
terminations. Science. 326, 248-252.

Clark, 1.D., and Lauriol, B. (1992) Kinetic enrichment of stable
isotopes in cryogenic calcites. Chem. Geol. 102, 217-
228.

Coplen, T.B. (1996) New guildlines for reporting stable
hydrogen, carbon, and oxygen isotope-ratio data.
Geochim. Cosmochim. Acta. 60, 3359-3360.

Coplen, T.B., Hopple, J.A., Bohlke, J.K., Peiser, H.S., Rieder,
S.E., Krouse, H.R., Rosman, K.J.R., Ding, T., Vocke,
Jr., R.D., Revesz, K.M., Lamberty, A., Taylor, P., and
De Biévre, P. (2002) Compilation of minimum and
maximum isotope ratios of selected elements in
naturally occurring terrestrial materials and reagents:
U.S. Geological Survey Water-Resources Investigations
Report 01- 4222, 98p.

Coplen, T.B. (2007) Calibration of the calcite-water oxygen-
isotope geothermometer at Devils Hole, Nevada, a
natural laboratory. Geochim. Cosmochim. Acta. 71,
3948-3957.

Coplen, T.B. (2011) Guidelines and recommended terms for
expression of stable-isotope-ratio and gas-ratio
measurement results, Rapid Commun. Mass Spectrom.
25, 2538-2560.

Dansgaard, W. (1964) Stable isotopes in precipitation. Tellus.
16, 436-68.

Day, C.C., and Henderson, G.M. (2011) Oxygen isotopes in
calcite grown under cave-analogue conditions. Geochim.
Cosmochim. Acta. doi:10.1016/j.gca.2011.04.026

Dietzel, M., Tang, J., Leis, A., and Kéhler, S.J. (2009) Oxygen
isotopic fractionation during inorganic calcite
precipitation - Effects of temperature, precipitation rate
and pH. Chem. Geol. 208, 107-115.

Dong, J., Wang, Y., Cheng, H., Hardt, B., Edwards, R.L., Kong,
X., Wu, J., Chen, Sh.,, Liu, D., Jiang, X., and Zhao, K.
(2010) A high-resolution stalagmite record of the
Holocene east Asian monsoon from Mt Shennongjia,
central China. The Holocene. 20, 257-264.

Dorale, J.A., Gonzélez, L.A., Reagen, M.K., Pickett, D.A.,
Murrell, M.T., and Baker, R.G. (1992) A high-
resolution record of Holocene climate change in
speleothem calcite from Coldwater cave, northeast
lowa. Science. 258, 1626-1630.

Dorale, J.A., and Liu, Z. (2009) Limitations of Hendy test
criteria in judging the paleoclimatic suitability of
speleothems and the need for replication. J. Cave &
Karst Studies. 71, 73-80.

Dove, M.T., Winkler, B., Leslie, M., Harris, M.J., and Salje,
E.K.H. (1992) A new interatomic potential model for
calcite: Applications to lattice dynamics studies, phase
transition, and isotope fraction. Am. Mineral. 77, 244-
250.

10



Published paper (may contain minor typographic differences), doi: http://dx.doi.org/10.1016/j.chemge0.2012.02.004
Citation: Feng, W., Banner, J., Guilfoyle, A, Musgrove, M and James, E. 2012 Oxygen isotopic fractionation between drip water
and speleothem calcite: A 10-year monitoring study, central Texas, USA, Chemical Geology, Vol 304-305, 53-67

Dreybrodt, W., and Scholz, D. (2011) Climatic dependence of
stable carbon and oxygen isotope signals recorded in
speleothems: From soil water to speleothem calcite.
Geochim. Cosmochim. Acta. 75, 734-752.

Epstein, S., Buchsbaum, R., Lowenstam, H., and Urey, H.C.
(1953) Revised carbonate-water isotopic temperature
scale. Bull. Geol. Soc. Am. 64, 1315-1326.

Fantidis, J., and Ehhalt, D.H. (1970) Variations of the carbon
and oxygen isotopic composition in stalagmites and
stalactites; evidence of non-equilibrium isotopic
fractionation. Earth Planet. Sci. Lett. 10, 136-144.

Feng, W., and Yapp, C.J. (2009) ¥0/**0 and D/H ratios of
pedogenic kaolinite in a North American Cenomanian
laterite: Paleoclimatic implications. Geochim.
Cosmochim. Acta. 73, 6249-6263.

Fornaca-Rinaldi, G., Panichi, C., and Tongiorgi, E. (1968)
Some causes of the variation of the isotopic
composition of carbon and oxygen in cave concretions.
Earth Planet. Sci. Lett. 4, 321-324.

Frappier, A.B., Sahagian, D., Carpenter, S.J., Gonzélez, L.A.,
and Frappier, B.R. (2007) A stalagmite proxy record of
recent tropical cyclone events. Geology. 7, 111-114.

Friedman, I. and O’Neil, J. R. (1977) Compilation of isotopic
fractionation factors of geochemical interest. U.S.
Geological Survey Professional Paper. 440-KK.

Gascoyne, M. (1992) Palaeoclimate determination from cave
calcite deposits. Quat. Sci. Rev. 11, 609-632.

Gonfiantini, R. (1978) Standards for stable isotope
measurements in natural compounds. Nature. 271, 534-
536.

Hendy, C.H., and Wilson, A.T. (1968) Palaeoclimatic data
from speleothems. Nature. 219, 48-51.

Hendy, C.H. (1971) The isotopic geochemistry of speleothems-
I. The calculation of the effects of different modes of
formation on the isotopic composition of speleothems
and their applicability as palaeoclimatic indicators.
Geochim. Cosmochim. Acta. 35, 801-824.

Hodge, E., Richards, D., Smart, P., Andreo, B., Hoffmann, D.,
Mattey, D., and Gonzélez-Ramon, A. (2008) Effective
precipitation in southern Spain (~266 to 46 ka) based
on a speleothem stable carbon isotope record. Quat. Res.
69, 447-457.

Holmgren, K., Karlen, W., and Shaw, P.A. (1995)
Paleoclimatic significance of the stable isotopic
composition and petrology of a late Pleistocene
stalagmite from Botswana. Quat. Res. 43, 320-328.

Jiménez-L6pez, C., Caballero, E., Huertas, F.J., and Romanek,
C.S. (2001) Chemical, mineralogical and isotope
behavior and phase transformation during the
precipitation of calcium carbonate minerals from

intermediate ionic solution at 25°C. Geochim.
Cosmochim. Acta. 65, 3219-3231.

Kieffer, S.W. (1982) Thermodynamics and lattice vibrations of
minerals. 5. Applications to phase equilibrium isotopic
fractionation, and high-pressure thermodynamic
properties. Rev. Geophys. Space Phys. 20, 827-849.

Kim, S., and O’Neil J.R. (1997) Equilibrium and
nonequilibrium oxygen isotope effects in synthetic
carbonates. Geochim. Cosmochim. Acta. 61, 3461-3475.

Larkin, T.J. and Bomar, G.W. (1983) Climatic atlas of Texas:
Texas Water Development Board Limited Publication
192, 151 pp.

Lauritzen, S.E. (1995) High-resolution paleotemperature proxy
record for the last interglaciation based on Norwegian
speleothems. Quat. Res. 43, 133-146.

Lachniet, M.S., Burns, S.J., Piperno, D.R., Asmerom, Y.,
Polyak, V.J., Moy, C.M., and Christenson, K. (2004) A
1500 year El Nifio/Southern oscillation and rainfall
history for the Isthmus of Panama from speleothem
calcite. J. Geophys. Res. D: Atmos. 109.
doi:10.1029/2004JD004694.

McCrea, J.M. (1950) On the isotopic chemistry of carbonates
and a paleotemperature scale. J. Chem. Phys. 18, 849-
857.

Michaelis, J., Usdowski, E., and Menschel, G. (1985)
Partitioning of *3C and **C on the degassing of CO, and
the precipitation of calcite—Rayleigh-type fractionation
and a kinetic model. Am. J. Sci. 285, 318-327.

Mickler, P.J., Banner, J.L., Stern, L.A., Asmerom, Y., Edwards,
R.L., and Ito, E. (2004) Stable isotope variations in
modern tropical speleothems: Evaluating equilibrium vs.
kinetic isotope effects. Geochim. Cosmochim. Acta. 68,
4381-4393.

Mickler, P.J., Stern, L.A., and Banner, J.L. (2006) Large
kinetic isotope effects in modern speleothems. GSA
Bull. 118, 65-81.

Moreno, A., Stoll, H., Jiménez-Sanchez, M., Cacho, 1., Valero-
Garces, B., Ito, E., and Edwards, R.L. (2010) A
speleothem record of glacial (25-11.6kyr BP) rapid
climatic changes from northern Iberian Peninsula.
Global Planet. Change. 71, 218-231.

Musgrove, M. (2000) Temporal links between climate and
hydrology: Insights from central Texas cave deposits
and groundwater [Ph.D. Thesis]. The University of
Texas at Austin, Austin, TX. 432pp.

Musgrove, M., Banner, J.L., Mack, L.E., Combs, D.M., James,
E.W., Cheng, H., and Edwards, R.L. (2001)
Geochronology of late Pleistocene to Holocene
speleothems from central Texas: Implications for
regional paleoclimate. GSA Bull. 113, 1532-1543.

11



Published paper (may contain minor typographic differences), doi: http://dx.doi.org/10.1016/j.chemge0.2012.02.004
Citation: Feng, W., Banner, J., Guilfoyle, A, Musgrove, M and James, E. 2012 Oxygen isotopic fractionation between drip water
and speleothem calcite: A 10-year monitoring study, central Texas, USA, Chemical Geology, Vol 304-305, 53-67

O'Neil, J.R., Clayton, R.N., and Mayeda, T.K. (1969) Oxygen
isotope fractionation in divalent metal carbonates. J.
Chem. Phys. 51, 5547-5558.

Pape, J.R., Banner, J.L., Mack, L.E., Musgrove, M., and
Guilfoyle, A. (2010) Controls on oxygen isotope
variability in precipitation and cave drip waters, central
Texas, USA. J. Hydrol. 385, 203-215.

Polag, D., Scholz, D., Mihlinghaus, C., Spétl, C., Schroder-
Ritzrau, A., Segl, M., and Mangini, A. (2010) Stable
isotope fractionation in speleothems: Laboratory
experiments. Chem. Geol. 279, 31-39.

Rozanski, K., Araguas-Araguas, L., and Gonfiantini, R. (1993)
Isotopic patterns in modern global precipitation. AGU
Geophys. Monogr. 78, 1-36.

Rozanski, K., and Rzepka, J. (1991) Modification of D and 20
content of water samples due to evaporation from leaky
containers. Int. J. Radiat. Applic. Instrum. Part A. 42,
129-133.

Scholz, D., Mihlinghaus, C., and Mangini, A. (2009)
Modelling 6**C and 6*0 in the solution layer on
stalagmite surfaces. Geochim. Cosmochim. Acta. 73,
2592-2602.

Shakun, J.D., Burns, S.J., Fleitmann, D., Kramers, J., Matter,
A., and Al-Subary, A. (2007) A high-resolution,
absolute-dated deglacial speleothem record of Indian
Ocean climate from Socotra Island, Yemen. Earth
Planet. Sci. Lett. 259, 442-456.

Tarutani, T., Clayton, R.N., and Mayeda, T.K. (1969) The
effect of polymorphism and magnesium substitution on
oxygen isotope fractionation between calcium
carbonate and water. Geochim. Cosmochim. Acta. 33,
987-996.

Toomey, R.S., lll, Blum, M.D., and Valastro, S., Jr. (1993)
Late Quaternary climates and environments of the
Edwards Plateau, Texas. Global Planet. Change. 7,
299-320.

Wagner, J.D.M., Cole, J.E., Beck, J.W., Patchett, P.J.,
Henderson, G.M., and Barnett, H.R. (2010) Moisture

variability in the southwestern United States linked to
abrupt glacial climate change. Nat. Geosci. 3, 110-113.

Wang, Y.J., Cheng, H., Edwards, R.L., An, Z.S., Wu, J.Y.,
Shen, C.C., and Dorale, J.A. (2001) A high-resolution
absolute-dated Late Pleistocene monsoon record from
Hulu Cave, China. Science. 294, 2345-2348.

Watson, E.B., and Liang, Y. (1995) A simple model for sector
zoning in slowly grown crystals: Implications for
growth rate and lattice diffusion, with emphasis on
accessory minerals in crustal rocks. Am. Mineral. 80,
1179-1187.

Watson, E.B. (1996) Surface enrichment and trace-element
uptake during crystal growth. Geochim. Cosmochim.
Acta. 60, 5013-5020.

Watson, E.B. (2004) A conceptual model for near-surface
kinetic controls on the trace- element and stable isotope
composition of abiogenic calcite crystals. Geochim.
Cosmochim. Acta. 68, 1473-1488.

Williams, P.W., King, D.N.T., Zhao, J., and Collerson, K.D.
(2005) Late Pleistocene to Holocene composite
speleothem O-18 and C-13 chronologies from South
Island, New Zealand — did a global Younger Dryas
really exist? Earth Planet. Sci. Lett. 230, 301-317.

Yapp, C.J. (1993) The stable isotope geochemistry of low
temperature Fe(III) and Al “‘oxides” with implications
for continental paleoclimates. In Climate Change in
Continental Isotopic Records (eds. P. K. Swart, K. C.
Lohmann, J. McKenzie and S. Savin). Geophys.
Monogr. 78, 285-294.

Yapp, C. J. (2008) ¥0/**0 and D/H in goethite from a North
American oxisol of the early Eocene climatic optimum.
Geochim. Cosmochim. Acta. 72, 5838-5851.

Zhou, G.-T., and Zheng, Y.-F. (2003) An experimental study of
oxygen isotope fractionation between inorganically
precipitated aragonite and water at low temperatures.
Geochim. Cosmochim. Acta. 67, 387-399.

12



Published paper (may contain minor typographic differences), doi: http://dx.doi.org/10.1016/j.chemge0.2012.02.004
Citation: Feng, W., Banner, J., Guilfoyle, A, Musgrove, M and James, E. 2012 Oxygen isotopic fractionation between drip water
and speleothem calcite: A 10-year monitoring study, central Texas, USA, Chemical Geology, Vol 304-305, 53-67

Tables

Table 1. Symbols and terms used in this paper

Equilibrium calcite-water oxygen isotopic fractionation factor

o

O Kinetic calcite-water oxygen isotopic fractionation factor, calculated as (5:%0, + 1)/(5®0,, + 1)*

Re Calcite deposition rate, in pmol m2h™

RH Relative Humidity

ty Time elapsed between two consecutive drips

50, Measured calcite oxygen isotopic composition

5o, Measured drip water oxygen isotopic composition

50, Equilibrium calcite oxygen isotopic composition, calculated using 50, and the & of Kim and
O’Neil (1997)

Algocc-e Algocc-e = é‘lgocc - é‘lgoe

A%0g." AB0ge = 6%0 - 520", 5'%0," is predicted equilibrium calcite oxygen isotopic composition,
calculated using the « of Coplen (2007)

A'80cc.co32- Equilibrium oxygen isotopic fractionation between calcite and CO5> in the water

1as defined by Coplen (2011)
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Table 2. Summary of conditions of the studied sites

Site distance from Depth Temperature (°C) RH drip characteristics - "
entrance * (m) (m) (%) Size Interval, t ’
Surface Air? Water rate (ml/min) ()’ ()" i

ISST 230 17 6.2-30.6 14.9-24.1 83-100 0.12-18.5 0.1-63 400-7000 7.5-8.4
mean 19.8 20.2 92 3.3 ~0.1 15 1100 8.1
Summer mean® 283 21.0 92 7.8 13 2100 7.8
winter mean 104 19.0 93 5.6 2 600 8.2

ISLM 350 20 20.7-24.6 81-100 0.1-3.4 9.3-56 400-8500 7.1-84
mean 21.7 93 0.8 ~0.2 16 3100 7.8
summer mean 218 92 13 17 4500 7.6
winter mean 215 94 0.5 15 970 8.0

NBCT 7.9-30.5 17.1-27 85-100 6.9-200 0.2-5.7 380-9300 6.8-8.3
mean 20.0 22.2 93 46 ~0.4 05 2600 7.8
summer mean 28.3 23.0 92 41 05 4800 7.6
winter mean 10.9 21.0 94 40 0.8 770 8.0

NBWS 17.5-26 81-100 2.9-300 0.2-3.3 600-33000 6.8-8.2
mean 218 92 48 ~0.7 0.9 6700 7.6
summer mean 226 92 70 15 10000 7.4
20.6 93 31 0.6 1700 7.9

winter mean

1 commercial entrance. > Monthly mean temperature (Data from NCDC). ® Calculated as ratio of the averaged drip rate in ml/min to the averaged drip rate in drops/min. * Each drip
interval value was averaged over 1-3 measurements using a stop watch during each cave visit. > Measurements made using a Telaire 7001 CO, meter (in ppm by volume, the
accuracy of the volume fraction is the greater of + 50 ppm or 5%),calibrated monthly at CO,= 0 ppm using a N, filled container. ® Summer refers to the months of June, July and
August; winter refers to the months of December, January and February.
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Table 3. Results of calcite §%0,, meteorological conditions, calcite deposition rates, and values of A0,

Date 70 fy(-cy? ~ deposition (ulﬁ?cﬂ st 7O -’ 7o AOee 40w 10001n g,
V(%;)IN rate (g/d) hh \EZZ';A)CZW v-smow (%0)°  vosmow (%0)  v-smow (%o)
ISST

12/10/1998 25.4

1/11/1999 25.6

2/12/1999 25.7

3/21/1999 25.2

4/29/1999 25.2

6/12/1999 25.2

7/28/1999 24.9 -4.5 29.1
9/13/1999 26.1 -4.5 30.3
11/2/1999 26.3 -4.4 30.3
12/31/1999 26.7 -4.4 30.7
2/17/2000 25.2 -4.4 29.3
3/20/2000 25.1 -4.3 29.1
4/20/2000 25.7 -3.9 29.2
5/18/2000 25.8 -3.9 29.3
6/15/2000 25.7 -4.3 29.6
9/23/2000 25.9 20.5 -4.5 0.0011 24.8 11 -0.6 30.0
10/21/2000 25.9 20.7 -4.5 0.0011 24.7 12 -0.6 30.0
11/21/2000 25.9 20.3 -4.4 0.0010 249 1.0 -0.7 30.0

1/1/2001 254 20.7 -4.4 0.0006 24.8 0.6 -1.1 29.5
2/10/2001 25.6 21.1 0.013 -4.4 0.0009 24.7 0.9 -0.9 29.7
3/16/2001 25.3 20.0 -4.4 0.0004 25.0 0.3 -1.4 29.4
4/20/2001 25.4 20.2 0.014 2.75 -4.4 0.0004 249 0.5 -1.3 29.5
5/23/2001 255 21.4 0.013 2.73 -4.4 0.0009 24.7 0.8 -0.9 29.6
6/24/2001 254 21.2 0.017 2.84 -4.5 0.0008 24.6 0.8 -1.0 29.6
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9/24/2001 25.7 21.2 -4.5 0.0011 24.6 11 -0.7 29.9
10/22/2001 25.7 20.8 0.03 31 -4.5 0.0010 24.7 1.0 -0.7 29.9
11/26/2001 25.6 21.3 0.022 2.96 -4.4 0.0009 24.7 0.9 -0.8 29.7
12/31/2001 25.7 20.7 0.032 3.12 -4.4 0.0009 24.8 0.9 -0.9 29.8
1/29/2002 25.6 19.8 0.015 2.79 -4.4 0.0006 250 0.6 -1.2 29.7
2/26/2002 25.6 19.7 0.011 2.65 -4.4 0.0006 250 0.6 -1.1 29.7
3/29/2002 255 20.2 0.01 2.63 -4.4 0.0005 249 0.6 -1.2 29.6
4/27/2002 25.4 20.5 0.007 2.44 -4.4 0.0005 249 0.5 -1.2 29.4
5/23/2002 253 21.0 0.006 2.37 -4.4 0.0006 248 0.5 -1.1 29.4
6/23/2002 25.7 21.0 0.006 24 -4.3 0.0008 249 0.8 -0.9 29.7
9/27/2002 25.6 21.2 0.017 2.85 -4.4 0.0009 24.7 0.9 -0.8 29.7
10/29/2002 25.7 20.9 0.036 3.18 -4.4 0.0009 248 0.9 -0.9 29.7
11/26/2002 25.7 20.2 0.015 281 -4.5 0.0008 248 0.9 -0.9 29.8
12/27/2002 255 19.7 0.022 2.96 -4.5 0.0006 24.9 0.6 -1.1 29.7
2/2/2003 255 19.3 0.022 2.95 -4.5 0.0005 25.0 0.5 -1.2 29.7
2/24/2003 25.2 18.9 0.014 2.76 -4.5 0.0001 251 0.1 -1.6 29.4
4/3/2003 25.6 194 0.011 2.67 -4.5 0.0006 25.0 0.6 -1.1 29.8
5/21/2003 255 20.1 0.003 2.16 -4.6 0.0008 24.8 0.7 -1.0 29.8
6/21/2003 25.5 20.2 0.004 2.2 -4.6 0.0008 24.7 0.8 -0.9 29.8
10/5/2003 26.2 19.9 0.01 2.62 -4.6 0.0014 248 1.4 -0.3 30.4
12/13/2003 26.2 19.2 0.018 2.87 -4.5 0.0011 251 11 -0.6 30.3
2/12/2004 25.8 18.8 0.015 2.79 -4.6 0.0007 25.0 0.8 -1.0 30.0
4/10/2004 25.3 19.1 0.016 2.82 -4.6 0.0003 25.0 0.3 -1.4 29.6
6/13/2004 25.3 19.6 0.014 2.78 -4.6 0.0005 249 0.4 -1.2 29.6
8/11/2004 25.4 19.9 0.002 1.88 -4.6 0.0007 248 0.6 -1.1 29.7
10/7/2004 25.4 19.7 0.014 2.75 -4.6 0.0006 248 0.6 -1.2 29.7
11/21/2004 251 194 0.016 2.83 -4.6 0.0002 24.9 0.2 -1.5 294
12/25/2004 25.2 19.2 -4.5 0.0001 251 0.1 -1.6 294
2/9/2005 25.1 18.9 0.028 3.07 -4.4 -0.0002 252 -0.1 -1.9 29.2

16



Published paper (may contain minor typographic differences), doi: http://dx.doi.org/10.1016/j.chemge0.2012.02.004
Citation: Feng, W., Banner, J., Guilfoyle, A, Musgrove, M and James, E. 2012 Oxygen isotopic fractionation between drip water and speleothem calcite: A 10-year monitoring
study, central Texas, USA, Chemical Geology, Vol 304-305, 53-67

3/24/2005 24.8 18.8 0.023 2.97 -4.4 -0.0004 252 -0.4 -2.1 28.9
4/25/2005 25.0 19.4 0.008 2.54 -4.4 -0.0001 251 -0.1 -1.8 29.1
5/26/2005 25.0 20.4 0.008 2.5 -4.4 0.0001 249 0.1 -1.6 29.1
6/26/2005 25.0 21.1 0.004 2.24 -4.4 0.0003 24.7 0.3 -1.4 29.1
10/21/2005 25.7 20.4 0.01 2.64 -4.4 0.0008 249 0.8 -0.9 29.8
11/17/2005 25.8 20.2 0.011 2.66 -4.4 0.0009 249 0.9 -0.8 29.9
12/22/2005 25.9 20.1 0.015 2.79 -4.4 0.0009 25.0 0.9 -0.8 30.0
1/21/2006 25.6 19.6 0.001 1.58 -4.4 0.0005 251 0.5 -1.2 29.7
4/29/2006 25.9 21.1 0.005 2.35 -4.4 0.0011 24.7 1.2 -0.6 30.0
6/4/2006 25.9 21.6 0.003 2.05 -4.4 0.0012 246 1.3 -0.5 29.9
1/3/2007 25.4 14.9 -4.4 26.1 -0.7 -2.4 29.5
2/8/2007 25.4 17.2 0.009 2.58 -4.4 -0.0002 256 -0.2 -1.9 29.5
3/11/2007 25.4 19.8 0.015 2.79 -4.4 0.0004 25.0 0.4 -1.3 29.5
6/13/2007 25.9 21.3 0.01 261 -4.4 0.0012 24.7 1.2 -0.6 29.9
11/4/2007 25.8 21.1 0.011 2.67 -4.4 0.0011 24.7 11 -0.7 29.9
11/29/2007 25.9 21.4 0.015 2.79 -4.4 0.0012 24.7 1.2 -0.5 30.0
12/25/2007 25.9 20.8 0.013 2.73 -4.4 0.0011 24.8 11 -0.6 30.0
1/28/2008 25.7 20.2 0.01 2.61 -4.4 0.0008 24.9 0.8 -0.9 29.8
3/2/2008 25.7 20.4 0.009 2.58 -4.4 0.0008 249 0.8 -0.9 29.8
3/26/2008 25.9 20.4 0.004 2.22 -4.4 0.0010 249 1.0 -0.7 30.0
4/25/2008 25.9 20.5 0.02 291 -4.4 0.0010 249 1.0 -0.7 30.0
5/25/2008 25.9 21.0 0.027 3.05 -4.4 0.0012 24.8 11 -0.6 30.0
6/19/2008 25.7 214 0.011 2.65 -4.4 0.0010 24.7 1.0 -0.7 29.8
7/14/2008 25.4 21.3 0.002 1.95 -4.4 0.0007 24.7 0.7 -1.0 29.5
ISLM

1/29/2002 25.8 214 0.005 2.32 -4.4 0.0011 24.7 11 -0.7 29.8
3/29/2002 25.7 21.3 0.006 2.39 -4.4 0.0010 247 1.0 -0.7 29.8
4/27/2002 25.8 21.6 0.003 2.15 -4.4 0.0011 246 1.2 -0.6 29.8
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5/23/2002 255 21.9 0.002 1.89 -4.4 0.0009 24.6 0.9 -0.8 29.6
6/23/2002 255 22.0 0.002 1.97 -4.4 0.0010 24.6 0.9 -0.8 29.6
11/26/2002 255 21.1 0.001 1.55 -4.4 0.0007 24.7 0.8 -1.0 29.6
12/27/2002 25.7 21.2 0.005 2.29 -4.5 0.0011 24.6 11 -0.7 29.9
2/2/2003 255 21.8 0.008 2.52 -4.4 0.0009 24.6 0.9 -0.8 29.6
2/24/2003 25.6 20.7 0.002 1.89 -4.4 0.0007 24.8 0.8 -1.0 29.7
3/17/2003 255 20.7 0.001 1.72 -4.4 0.0006 248 0.7 -1.1 29.6
4/26/2003 255 20.7 0.003 211 -4.3 0.0006 249 0.6 -1.1 29.5
5/21/2003 253 20.8 0.006 2.42 -4.5 0.0006 24.7 0.6 -1.1 29.5
6/21/2003 25.3 20.9 0.001 1.57 -4.4 0.0005 248 0.5 -1.2 29.4
12/13/2003 25.6 0.006 2.38 -4.3 29.6
2/12/2004 25.6 0.008 2.54 -4.3 29.5
4/10/2004 255 0.004 221 -4.4 29.6
6/13/2004 255 0.001 1.74 -4.4 29.6
10/7/2004 25.6 0 0.88 -4.4 29.7
11/19/2004 25.4 0 1.17 -4.3 29.4
12/18/2004 254 -0.026 0 -4.4 29.5
2/4/2005 255 0.006 2.39 -4.5 29.7
3/24/2005 25.5 0.006 2.38 -4.4 29.6
4/25/2005 255 0.004 2.25 -4.4 29.6
5/26/2005 25.4 0.003 2.16 -4.4 29.5
6/26/2005 255 0.002 1.92 -4.4 29.6
12/17/2005 25.7 22.2 0.006 242 -4.4 0.0012 245 1.2 -0.5 29.8
1/21/2006 25.7 22.4 0.002 2 -4.4 0.0012 245 1.2 -0.5 29.8
2/24/2006 25.6 0.007 247 -4.4 29.7
3/30/2006 255 0.006 2.36 -4.4 29.6
4/24/2006 254 0.009 2.59 -4.4 295
5/30/2006 255 0.002 181 -4.4 29.6
7/19/2006 255 0 1.27 -4.4 29.6
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11/25/2006 255 0.001 161 -4.4 29.6
1/3/2007 25.6 0.005 231 -4.4 29.7
2/8/2007 254 0.005 2.32 -4.4 29.5
3/11/2007 25.4 0.005 2.34 -4.4 29.5
4/13/2007 255 0.006 241 -4.4 29.6
11/4/2007 25.6 21.0 0.003 212 -4.4 0.0009 24.8 0.8 -0.9 29.7
11/29/2007 25.7 0.003 2.16 -4.4 29.7
12/25/2007 25.8 0.006 2.38 -4.4 29.9
1/28/2008 26.0 21.2 0.007 2.44 -4.4 0.0013 24.7 13 -0.5 30.1
3/2/2008 25.7 20.9 0.007 2.46 -4.4 0.0010 248 0.9 -0.8 29.8
3/26/2008 25.8 0.005 2.35 -4.4 29.9
4/25/2008 25.7 0.006 241 -4.4 29.8
6/30/2008 25.6 0.001 1.52 -4.4 29.7
8/15/2008 25.7 0.002 1.85 -4.4 29.8
NBCT

7/16/2004 25.3 22.3 0.026 3.03 -4.3 0.0008 24.6 0.7 -1.0 29.3
9/22/2004 24.8 22.3 0.001 1.75 -4.2 0.0001 24.7 0.1 -1.6 28.7
11/25/2004 25.3 21.4 0.046 3.28 -4.2 0.0005 249 0.4 -1.3 29.2
1/20/2005 25.2 20.5 0.036 3.17 -4.3 0.0003 25.0 0.2 -1.5 29.2
3/8/2005 25.3 20.8 0.106 3.65 -4.4 0.0005 248 0.5 -1.2 29.4
5/12/2005 25.0 221 0.031 3.11 -4.3 0.0002 24.8 0.2 -1.5 29.0

NBWS

4/23/2003 25.3 22.6 0.015 2.78 -4.5 0.0010 243 1.0 -0.7 29.5
11/16/2003 25.4 19.6 0.011 2.64 -4.4 0.0004 251 0.3 -1.3 29.5
1/12/2004 255 18.7 0.037 3.19 -4.3 0.0002 254 0.1 -1.5 295
3/8/2004 25.3 20.6 0.031 3.10 -4.2 0.0003 251 0.2 -1.4 29.2
5/8/2004 25.4 21.2 0.033 3.14 -4.2 0.0005 249 0.5 -1.2 29.3
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1/20/2005 26.1 18.6 0.056 3.37 -4.3 0.0007 25.4 0.7 -1.0 30.0
3/8/2005 24.9 18.5 0.038 3.2 -4.4 -0.0004 253 -0.4 -2.1 29.0
! Where multiple center samples were analyzed for a substrate, the average 5*°0, value is shown.

2 Most values are the average of the two measurements taken when the substrate was deployed and when is was collected. Occasionally, a single measurement, taken during the
deployment or pick up of the substrate is used (in italic).

® R, was calculated as (deposition rate (g/d)) x10°/24, assuming surface area of each substrate is 10x10 cm, microscopic observation confirms that the calcite covers the full surface
of ISST, NBCT, NBWS substrates.

* Data from Pape et al. (2010).
®See Table 1 for the definition of azand a, the values of « are calculated using Eq. 4 (Kim and O’Neil, 1997).

®\When there is no measured 5'°0,,, a value of -4.4 %o was assumed (in italic), as described in the text.
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Table 4. Spatial distribution of 50 on the studied substrate

é‘lgomax'é‘lsomin 5180max'5180min (%0)

Date vesniow (%o)" Date vesniow (%o)"
ISST
12/10/1998 0.1 4/26/2003 0.2
1/11/1999 0.0 5/21/2003 0.2
2/12/1999 0.2 6/21/2003 0.1
3/21/1999 0.4 2/12/2004 0.2
4/29/1999 0.5 4/10/2004 0.4
6/12/1999 0.5 6/13/2004 0.0
9/13/1999 0.0 8/11/2004 0.2
2/17/2000 0.0 10/7/2004 0.3
3/20/2000 0.3 12/25/2004 0.1
11/21/2000 0.1 2/9/2005 0.5
2/10/2001 0.1 6/26/2005 0.2
4/20/2001 1.3 10/21/2005 0.1
5/23/2001 0.4 11/17/2005 0.2
6/24/2001 0.2 12/22/2005 0.2
9/24/2001 0.8 1/21/2006 0.0
10/22/2001 0.2 3/30/2006 0.4
11/26/2001 0.4 4/29/2006 0.1
12/31/2001 0.3 6/4/2006 0.7
1/29/2002 0.2 1/3/2007 0.2
3/29/2002 0.2 2/8/2007 0.1
4/27/2002 0.0 3/11/2007 0.1
5/23/2002 0.2 6/13/2007 0.3
6/23/2002 0.3 11/4/2007 0.6
9/27/2002 0.2 11/29/2007 0.3
10/29/2002 0.2 12/25/2007 0.8
11/26/2002 0.4 3/2/2008 0.1
12/27/2002 0.3 4/25/2008 0.6
2/2/2003 0.2 5/25/2008 0.2
2/24/2003 0.2 6/19/2008 0.1
4/3/2003 0.4
ISLM
1/28/2008 1.4
NBWS
4/23/2003 0.4 3/8/2004 0.3
11/16/2003 0.7 5/8/2004 0.1
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1/12/2004 1.0

1 50y and 6°0py are the maximum and minimum 820, values measured for calcite on a substrate (when two or
more samples were analyzed from a substrate).
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Supplementary Table 1: calcite 5°0 analyses results

8 5 18
o ouonon g owe o VoS
(%o0) substrate (%o)
ISSL

12/10/1998 c -5.3 9/27/2002 c -5.2
12/10/1998 c -5.4 9/27/2002 c -5.1
1/11/1999 c -5.2 9/27/2002 e -5.0
1/11/1999 c -5.2 9/27/2002 e -5.1
2/12/1999 c -5.1 9/27/2002 e -5.0
2/12/1999 e -4.9 10/29/2002 ¢ -5.1
3/21/1999 c -5.7 10/29/2002 e -4.9
3/21/1999 c -5.3 10/29/2002 e -5.0
4/29/1999 c -5.8 11/26/2002 c -5.1
4/29/1999 c -5.3 11/26/2002 c -5.1
4/29/1999 e -5.6 11/26/2002 e -5.0
6/12/1999 c -5.3 11/26/2002 e -4.7
6/12/1999 c -5.8 12/27/2002 c -5.2
6/12/1999 e -5.8 12/27/2002 e -4.9
7/28/1999 c -5.8 12/27/2002 e -5.0
9/13/1999 c -4.7 12/27/2002 e -5.2
9/13/1999 c -4.7 12/27/2002 e -5.1
11/2/1999 c -4.5 2/2/2003 c -5.2
12/31/1999 c -4.1 2/2/2003 c -5.3
2/17/2000 c -5.5 2/2/2003 e -5.0
2/17/2000 c -5.5 2/2/2003 e -5.2
3/20/2000 c -5.8 2/24/2003 c -5.5
3/20/2000 c -5.5 2/24/2003 e -5.3
4/20/2000 c -5.1 2/24/2003 e -5.3
5/18/2000 c -5.0 4/3/2003 c -5.2
6/15/2000 c -5.1 4/3/2003 c -5.2
9/23/2000 c -4.9 4/3/2003 e -4.8
10/21/2000 c -4.9 4/3/2003 e -5.2
11/21/2000 c -4.9 4/26/2003 e -5.3
11/21/2000 c -4.8 4/26/2003 e -5.1
1/1/2001 c -5.3 5/21/2003 c -5.2
2/10/2001 c 5.1 5/21/2003 e -5.1
2/10/2001 c -5.2 5/21/2003 e -5.1
3/16/2001 c -5.4 6/21/2003 c -5.3
4/20/2001 c -5.3 6/21/2003 c -5.2
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4/20/2001 c -5.3 10/5/2003 c -4.6
4/20/2001 c -5.5 12/13/2003 c -4.6
4/20/2001 c -5.4 2/12/2004 c -5.1
4/20/2001 e -5.2 2/12/2004 c -5.0
4/20/2001 e -5.2 2/12/2004 c -4.9
4/20/2001 e -4.2 4/10/2004 c -5.4
4/20/2001 e -4.2 4/10/2004 c -5.7
5/23/2001 c -5.2 4/10/2004 c -5.3
5/23/2001 c -5.2 6/13/2004 c -5.4
5/23/2001 c -5.2 6/13/2004 c -5.4
5/23/2001 c -5.2 8/11/2004 c -5.4
5/23/2001 e -4.8 8/11/2004 c -5.2
5/23/2001 e -5.0 10/7/2004 c -55
6/24/2001 c -5.4 10/7/2004 c -5.2
6/24/2001 c -5.4 11/21/2004 c -5.6
6/24/2001 c -5.3 12/25/2004 c -5.6
6/24/2001 c -5.4 12/25/2004 c -55
6/24/2001 e -5.2 2/9/2005 c -6.0
6/24/2001 e -5.2 2/9/2005 c -5.6
6/24/2001 e -5.3 2/9/2005 c -5.7
9/24/2001 c -5.1 2/9/2005 c -55
9/24/2001 c -5.1 2/9/2005 c -5.6
9/24/2001 c -5.0 3/24/2005 c -5.9
9/24/2001 e -5.0 4/25/2005 c -5.7
9/24/2001 e -5.5 5/26/2005 c -5.7
9/24/2001 e -4.9 6/26/2005 c -5.8
9/24/2001 e -4.7 6/26/2005 c -5.7
10/22/2001 c -5.1 6/26/2005 c -5.6
10/22/2001 c -5.0 10/21/2005 c 5.1
10/22/2001 c -5.1 10/21/2005 c -5.0
10/22/2001 c -5.1 11/17/2005 c -4.8
10/22/2001 e -4.9 11/17/2005 c -5.0
10/22/2001 e -4.9 11/17/2005 c -5.0
10/22/2001 e -5.0 12/22/2005 c -5.0
11/26/2001 c -5.1 12/22/2005 c -4.8
11/26/2001 c -5.2 12/22/2005 c -4.8
11/26/2001 c -5.2 1/21/2006 c -5.2
11/26/2001 c -5.1 1/21/2006 e -5.1
11/26/2001 e -4.8 3/30/2006 e -4.7
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11/26/2001 e -5.0 3/30/2006 e -5.1
11/26/2001 e -5.1 4/29/2006 c -4.9
11/26/2001 e -4.9 4/29/2006 e -4.9
11/26/2001 e -4.9 6/4/2006 e -4.2
11/26/2001 e -5.0 6/4/2006 e -4.9
11/26/2001 e -5.0 6/4/2006 c -4.9
11/26/2001 e -4.9 6/4/2006 e -4.8
11/26/2001 e -4.9 10/27/2006 e -4.1
11/26/2001 e -4.8 11/25/2006 e -4.4
11/26/2001 e -4.9 1/3/2007 c -5.3
11/26/2001 e -4.9 1/3/2007 e -5.1
12/31/2001 c -5.1 2/8/2007 c -5.4
12/31/2001 c -5.0 2/8/2007 c -5.3
12/31/2001 c -5.1 3/11/2007 c -5.3
12/31/2001 c -5.1 3/11/2007 e -5.2
12/31/2001 e -4.9 6/13/2007 c -4.9
12/31/2001 e -4.9 6/13/2007 e -4.6
12/31/2001 e -5.0 10/6/2007 e -4.7
12/31/2001 e -4.9 11/4/2007 c -4.9
12/31/2001 e -4.9 11/4/2007 c -5.0
12/31/2001 e -4.9 11/4/2007 e -4.4
12/31/2001 e -4.9 11/4/2007 e -4.9
12/31/2001 e -4.9 11/4/2007 e -4.5
12/31/2001 e -4.8 11/29/2007 c -4.9
12/31/2001 e -4.9 11/29/2007 c -4.9
12/31/2001 e -5.0 11/29/2007 e -4.6
12/31/2001 e -4.9 12/25/2007 e -4.7
1/29/2002 c -5.1 12/25/2007 e -4.8
1/29/2002 c -5.3 12/25/2007 e -4.0
1/29/2002 c -5.1 12/25/2007 c -4.9
1/29/2002 e -5.1 12/25/2007 e -4.8
1/29/2002 e -5.1 1/28/2008 c -5.0
2/26/2002 c -5.1 3/2/2008 c -5.1
3/29/2002 c -5.3 3/2/2008 c -5.0
3/29/2002 c -5.2 3/26/2008 c -4.9
3/29/2002 e -5.3 4/25/2008 c -4.9
3/29/2002 e -5.1 4/25/2008 c -4.8
4/27/2002 c -5.4 4/25/2008 e -4.3
4/27/2002 e -5.4 5/25/2008 e -4.8
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5/23/2002 c -5.4 5/25/2008 e -4.8
5/23/2002 e -53 5/25/2008 e -4.8
5/23/2002 e -5.2 5/25/2008 c -4.9
6/23/2002 c -5.1 5/25/2008 c -4.8
6/23/2002 c -5.1 5/25/2008 e -4.7
6/23/2002 c -5.0 6/19/2008 c 5.1
6/23/2002 e -4.8 6/19/2008 c 5.1
7/24/2002 e -5.1 7/14/2008 c -5.3
ISLM
1/29/2002 c -5.0 5/26/2005 c 54
3/29/2002 c 5.1 6/26/2005 c -53
4/27/2002 c -5.0 12/17/2005 c -5.0
5/23/2002 c -5.2 1/21/2006 c 5.1
6/23/2002 c -5.2 2/24/2006 c 5.1
11/26/2002 c -5.3 3/30/2006 c -5.2
12/27/2002 c -5.1 4/24/2006 c -5.3
2/2/2003 c -5.2 5/30/2006 c -5.3
2/24/2003 c -5.2 7/19/2006 c -5.2
3/17/2003 c -5.3 11/25/2006 c -5.2
4/26/2003 c -5.2 1/3/2007 c -5.2
5/21/2003 c -5.5 2/8/2007 c -5.3
6/21/2003 c -5.4 3/11/2007 c -5.3
12/13/2003 c -5.2 4/13/2007 c -5.2
2/12/2004 c -5.2 11/4/2007 c 5.1
4/10/2004 c -5.2 11/29/2007 c 5.1
6/13/2004 c -5.2 12/25/2007 c -4.9
10/7/2004 c -5.2 1/28/2008 c -4.8
11/19/2004 c -5.4 1/28/2008 e -3.4
12/18/2004 c -5.3 3/2/2008 c -5.0
2/4/2005 c -5.2 3/26/2008 c -4.9
3/24/2005 c -5.3 4/25/2008 c -5.0
4/25/2005 c -5.3 6/30/2008 c -5.1
8/15/2008 c -5.1
NBCT

7/16/2004 c -5.4 1/20/2005 c -5.5
9/22/2004 c -5.9 3/8/2005 c -5.4
11/25/2004 c -5.4 5/12/2005 c -5.7
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NBWS
3/18/2003 e -5.4 5/8/2004 c -5.3
4/23/2003 c -5.4 1/20/2005 c -4.7
11/16/2003 c -5.3 3/8/2005 c -5.8
1/12/2004 c -5.2 12/20/2005 e -5.0
3/8/2004 c -5.4

1 ¢ = center, e = edge. See text for further explanation
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Figure Captions

a) Map of the Edwards Plateau and its location in central Texas, locations of Inner Space Cavern and Natural Bridge
Caverns, and b) schematic of site ISST. Water travels along the slope of the ISST flowstone before dripping onto the
deployed substrate. Other monitored sites drip directly off the cave ceiling.

Time series of ISST substrate calcite 5'*0,. (shaded diamonds) and meteorological conditions outside and inside Inner
Space Cavern. Plotted, top to bottom, are Austin area surface rainfall amount (solid line), drip interval (t4, in seconds,
filled triangle), monthly mean outside air temperature (°C, shaded squares), RH (%, filled diamonds), cave-air CO,
concentration (shaded triangles, dashed line represents average value of the outside air CO, concentration), drip water
temperature (t,, shaded circles), 4O, (%o, filled circles, dashed line represents equilibrium fractionation, that is 40
= 0), drip water Ca®* concentration (ppm by mass, open circles), rainfall 5:%0 values (open diamonds), drip water 5*%0,,
values (filled squares), measured calcite 530, values (shaded diamonds), and expected equilibrium calcite 5*0, values
(open squares) calculated using drip water §20,, (when measured 5'20,, was not available, a value of -4.4 %, was used
based on the invariability of measured 6'%0,,), t,, and « values of Kim and O’Neil (1997). Plotted values for ty, t,,, RH,
and CO, are averaged over the two consecutive measurements before and after the deployment of the substrate.

1000 In ' vs. 1000/T. Filled circles denote the results of this study. Lines show the expected relationships according to
published equilibrium calcite-water oxygen isotopic fractionation factors (Friedman and O’Neil, 1977; Kim and O’Neil,
1997; Coplen, 2007; Tremaine et al., 2011).

A®O¢¢. vs. 1, for drip sites ISST, ISLM, NBWS, and NBCT. Line indicates linear regression of data from ISST, ISLM
and NBWS. A0, values are calculated as 6'°0y - 5*%0,, where 6'%0, values are calculated using measured 50,
where available (a nominal value of -4.4 %o, was assumed for some ISST and ISLM substrates, see Table 3) and « value
of Kim and O’Neil (1997). Conservative uncertainty estimates of + 0.3 in t,,and +0.2 %o in A**0O,_, are shown in the
lower right.

Schematic for the trapping of a calcite surface layer during mineral growth. This surface layer may have 620 value that is
identical to the 520 value of CO3? in the solution, which is more negative than the calcite deposited in oxygen isotopic
equilibrium with DIC species and water. At faster deposition rates, the surface layer is preserved in the calcite crystal, this
“trapping” causes the overall calcite crystals to have more negative 620 value than equilibrium fractionation predicts
(Watson, 2004).

The A0 values plotted against log R.. a) results for thirteen calcite samples synthesized (filled circles, Dietzel et al.,
2009) and one hypothetical calcite in isotopic equilibrium with ambient water (open circle, Coplen, 2007) at 25 °C and
pH=8.3. The regression slope (4'30. /log R.) suggests a -0.8 %o shift in 5**0 values for every ten-fold increase in
deposition rate; b) Histogram of 40, “/log R for results of this study (shaded and textured columns). Frequencies of
the occurrence were counted after rounding the calculated A0 */log R; values to two significant figures. Results of
25 °C experiments (filled columns) of Dietzel et al. (2009) are plotted for comparison.

Spatial variability of 50, on two typical ISST substrates. Numbers are measured calcite 5O, shaded areas represent
the sampling locations, and contours are for 0.2 %o. Light gray lines indicate the estimated contours while black lines are
for contours drawn based on measured calcite 5%0,. values. a) Substrate deployed from December of 2001 to January of
2002 shows a spatial variation of 0.3 %o, relative to an analytical uncertainty of 0.1 %o; b) Substrate deployed between
April and May of 2001 shows a spatial variation of 1.3 %.. The variation observed in (a) is typical of most substrates,
whereas the variation observed in (b) is the maximum observed at ISST. In both substrates, there is an enrichment of 20
in calcite collected near the edge of the substrate relative to the center.
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Fig. 5
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Fig. 7
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