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Abstract

Carbon isotopes in speleothems can vary in response to a number of complex processes active in cave systems that are both
directly and indirectly related to climate. Progressing downward from the soil zone overlying the cave, these processes include
soil respiration, fluid–rock interaction in the host limestone, degassing of CO2 and precipitation of calcite upflow from the
speleothem drip site, and calcite precipitation at the drip site. Here we develop a new approach to independently constrain
the roles of water–rock interaction and soil processes in controlling stalagmite d13C. This approach uses the dead carbon pro-
portion (dcp) estimated from coupled 14C and 230Th/U measurements, in conjunction with Sr isotope analyses on stalagmite
calcite from a central Sierra Nevada foothills cave in California, a region characterized by a highly seasonal Mediterranean-
type climate, to determine the roles of water–rock interaction and soil processes in determining stalagmite d13C. Increases in
stalagmite dcp between 16.5 and 8.8 ka are coincident with decreased d13C, indicating a varying yet substantial contribution
from the soil organic matter (SOM) reservoir, likely due to significantly increased average age of SOM in the soil veneer above
the cave during wet climatic intervals.

We use geochemical and isotope mixing models to estimate the host-carbonate contribution throughout the d13C time ser-
ies and determine the degree of degassing and calcite precipitation that occurred prior to precipitation of stalagmite calcite.
The degree of degassing and prior calcite precipitation we calculate varies systematically with other climate indicators, with
less degassing and prior calcite precipitation occurring during wetter climatic intervals and more during drier intervals. Mod-
eled d13C values and degassing calculations suggest that some degree of prior calcite precipitation is necessary at all time inter-
vals to explain measured stalagmite d13C values, even during relatively wet intervals. These results illustrate the importance of
constraining degassing and prior calcite precipitation in the interpretation of speleothem d13C records, particularly those from
caves that formed in seasonal semi-arid to arid environments.
� 2010 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Speleothems, or secondary cave precipitates, provide ar-
chives of paleoenvironmental change in the terrestrial envi-
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ronments where humans evolved and currently live and
raise food (McDermott, 2004). The majority of speleo-
them-based paleoclimate studies have focused on speleo-
them d18O records as proxies of variability in the isotopic
composition of rainfall (e.g., Wang et al., 2001, 2005; Partin
et al., 2007; Cruz et al., 2009; Cheng et al., 2009; Wagner
et al., 2010; Asmerom et al., 2010). However, many other
proxies can shed light on regional climate variability,
including d13C (Dorale et al., 1998; Genty et al., 2003; Cruz
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et al., 2006), trace element concentrations (Treble et al.,
2005; Johnson et al., 2006; Oster et al., 2009), strontium iso-
topes (Banner et al., 1996; Oster et al., 2009), and growth
rates (Baker et al., 1998; Polyak et al., 2004; Ersek et al.,
2009). Whereas multi-proxy studies allow the investigation
of a range of environmental processes, including climati-
cally driven water–soil–rock interactions and shifts in vege-
tation, they can also highlight the complexity and
variability of cave systems. For example, changes in the de-
gree of open versus closed-system dissolution or local
hydrology in a cave system may confound or mask the
influence of climate change on speleothem proxy records
(Hendy, 1971; Genty et al., 2001; Oster et al., 2009). Spele-
othem d13C variations in particular can be challenging to
interpret given the wide range of processes that can influ-
ence speleothem d13C values. These include: (1) the ratio
of C3 to C4 plant species above a cave (Dorale et al.,
1998), (2) the rate of soil respiration and the relative contri-
bution to dissolved inorganic carbon of soil-respired CO2

versus atmospheric CO2 (Genty et al., 2001, 2003), (3)
kinetically induced isotopic disequilibrium during calcite
precipitation (Hendy, 1971; Mickler et al., 2004), (4) the ex-
tent of fluid–rock interaction (Hendy, 1971; Genty et al.,
2001), and (5) degassing of CO2 and precipitation of calcite
upflow from the speleothem drip site (Baker et al., 1997;
Mickler et al., 2004; Fairchild, 2006).

Previously, we showed that variations in d13C along with
d18O, 87Sr/86Sr, and [Sr], [Mg], and [Ba] in a stalagmite
from a central Sierra Nevada foothill cave (Moaning Cave,
CA, Fig. 1) primarily reflect changes in precipitation
amount during the past deglacial (16.5–8.8 ka) (Oster
et al., 2009). The Moaning Cave stalagmite proxies record
drier and possibly warmer conditions, signified by elevated
Fig. 1. (A) Location of Moaning Cave (MC: 38.07�N, 120.47�W, 520
transect across north Central Valley Region, California. MC, Moaning
Moaning Cave showing location of sample collection (after Short, 1975)
d13C, d18O, trace element contents, and 87Sr/86Sr values,
during Northern Hemisphere warm periods (Bølling, early
and late Allerød) and wetter and possibly colder conditions
indicated by decreased d13C, d18O, and trace element con-
tents and less radiogenic 87Sr/86Sr during Northern Hemi-
sphere cold periods (Older Dryas, Inter-Allerød Cold
Period, and Younger Dryas).

Here we use geochemical modeling and 14C, 87Sr/86Sr,
and d13C measurements from the same Moaning Cave sta-
lagmite (MC3) to illustrate how dead carbon proportion
(dcp) and 87Sr/86Sr ratios provide independent constraints
on the origin of d13C variability previously documented
(Oster et al., 2009). Our results illustrate how the integrated
use of 14C, 87Sr/86Sr, and geochemical modeling, for a given
cave system, further constrains: (1) the degree of interaction
of vadose waters with the carbonate host to the cave, (2) the
extent of CO2 degassing and prior calcite precipitation
along the vadose-water flow path to the drip site, and (3)
the influence of the soil carbon reservoir on speleothem
d13C variability. These processes are three of the primary
influences on stalagmite carbon isotope values in karst sys-
tems and are closely tied to climate variability, in particular
in temperate, semi-arid climates where drip rates can have
substantial seasonal variability. Caves in these regions are
relatively poorly understood compared to caves from trop-
ical and subtropical environments where surface humidity
and cave drip rates are less variable.

2. SITE AND SAMPLE DESCRIPTION

Moaning Cave (Fig. 1) is a vertical solution cavity and
dome pit developed along vertical fractures within one of
several discrete carbonate masses in the Sierra Nevada
m a.s.l.) in western North America. (B). Relief map of east–west
Cave; LT, Lake Tahoe. (C) Cross-section through a portion of

.
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foothills (Clark and Lydon, 1962; Bowen, 1973; Short,
1975). The carbonate consists of lenticular masses of meta-
morphosed Permo-Carboniferous limestone and dolomite
tectonically interleaved with other metasedimentary and
metavolcanic rocks of the Calaveras Complex. Moaning
Cave is developed in the Columbia carbonate mass, which
is oriented NE–SW and is 6.5 km long by 2.4–4 km wide
(Clark and Lydon, 1962). The cave has two natural en-
trances at 520 m above sea level situated above a large
>37 m tall room. Additional rooms extend 64 m below
the main room (Short, 1975).

The climate above Moaning Cave is characterized by
cool, wet winters and hot, dry summers. Jamestown, Cali-
fornia, a town 13 km to the southeast of Moaning Cave
(550 m elevation), experienced an average yearly rainfall
of �430 mm between March 2006 and July 2009. Approx-
imately 88% of yearly precipitation falls between October
and April when the polar jet stream migrates southward
bringing winter storms from the North Pacific into the re-
gion. Railroad Flat, a higher elevation site (800 m) 26 km
to the north of Moaning Cave with longer-duration moni-
toring (1989–present), experiences a similar yearly distribu-
tion (76% rainfall occurs during the winter months), but
higher annual rainfall (820 mm/year). The soil above
Moaning Cave is a moderately drained inceptisol resting
on fractured marble that ranges from a few centimeters to
half a meter in thickness. Present vegetation above the cave
consists of C3 plants, including manzanita (Arctostaphylos

sp.), toyon (Heteromeles arbutifolia), and other chaparral
species.

Five 2.5 cm diameter cores (Fig. 2) were drilled through
(MC3-A) and around (MC3-B through E) the modern drip
center of a meter-wide stalagmite (MC3) in order to capture
movement of the drip center through time. MC3, which is
fed by a fracture in the cave ceiling �12 m above, is 1.5 m
tall along the central axis and sits on a slope 30 m vertically
below the cave entrance. At the sample location, rock thick-
ness above the cave is �15 m. A HOBO� data logger left at
the MC3 sample site between August 2005 and August 2007
Fig. 2. Photograph of MC3 stalagmite with locations of cores A–
E. Cores are 1 in. in diameter. Photograph of top 9 cm of core
MC3-A. Scale bar increments in cm.
documents temperature and humidity variations from 15.2
to 17.5 �C and 90% to 100%, respectively, throughout the
year. Natural drip-water flow within the cave increases sub-
stantially during the winter season (up to 60 drips/m) and
almost entirely ceases (1–2 drips/m) during the summer.
3. METHODS

3.1. U-series

Four samples for U–Th dating were drilled from MC3-
A following visible growth bands. Five additional samples
were sawed from MC3-B, C, and D. The locations of sam-
ples from these cores were correlated to MC3-A by visually
matching growth bands and d18O and d13C series among
the cores (Oster et al., 2009).

Chemical separation of U and Th was carried out
according to procedures described in Edwards et al.
(1987). Isotopic analyses were performed at the Berkeley
Geochronology Center on a Micromass Sector-54 TIMS
equipped with a wide-angle, retarding-potential energy fil-
ter and Daly-type ion counter. Mass discrimination for U
was corrected using the known 233U/236U ratio of the spike,
whereas thorium ratios were uncorrected. The U–Th spike
was calibrated against solutions of HU-1 (Harwell urani-
nite) standard and solutions of 69 Ma uranium ore from
the Schwartzwalder Mine that have been demonstrated to
yield concordant U/Pb ages (Ludwig et al., 1985) and sam-
ple-to-sample agreement of 234U/238U and 230Th/238U ra-
tios. Instrumental performance was monitored by
frequent analyses of the Schwartzwalder Mine secular equi-
librium standard. Procedural backgrounds for m/e = 230
averaged <0.6 femtogram 230Th equivalent, and were negli-
gible for 238U and 232Th. Ages were determined using the
decay constants of Cheng et al. (2000). Ages and errors
were calculated using Isoplot (Ludwig, 2003).

3.2. Stable isotope compositions

Stable isotope samples (25–75 lg) were microdrilled
from thick sections along the growth axis of the Moaning
Cave core using an automated Merchantek microdrilling
system with �50 lm spatial resolution providing decadal
to centennial temporal resolution. Stable isotope samples
were roasted at 375 �C in vacuo to eliminate organic vola-
tiles and fluid inclusions (Sarkar et al., 1990). d13C values
were determined using a Fisons Optima IRMS with a
90 �C Isocarb common acid bath autocarbonate system in
the Department of Geology stable isotope laboratory at
UC Davis. Values are reported relative to Vienna Pee
Dee Belemnite (V-PDB) using standard delta notation;
long-term analytical precision for d13C is �±0.1& (2r)
based on repeat analysis of an in-house carerra marble stan-
dard. d13C profiles were also completed for dated intervals
of cores MC3-B and MC3-C.

3.3. Strontium isotopes

Calcite from the speleothem, microsampled at a 1 mm
intervals, and six samples of host carbonate were processed
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for Sr isotope analysis using chemical pre-treatments to re-
move Sr associated with absorbed or included non-carbon-
ate phases (Montañez et al., 2000). Seven soil samples from
the area immediately above Moaning Cave were leached
with progressively stronger solutions (1 M ammonium ace-
tate, 4% acetic acid, concentrated (48 M) hydrofluoric acid)
in order to characterize the 87Sr/86Sr ratio of leachable Sr in
soil components (carbonate, volcanic grains, and phyllosil-
icates). In addition, four samples of metamorphic rocks
(metamorphosed ash, basalt, and amphibolite) that occur
in the vicinity of Moaning Cave were fully dissolved in or-
der to determine their 87Sr/86Sr value. For all rock samples
and leachates, strontium was isolated using Spex cation ex-
change resin. 87Sr/86Sr ratios were measured in solution
mode on a Nu MC-ICPMS in the Geology Department
at UC Davis and values were normalized to a nominal va-
lue for SRM987 of 0.710248. SRM987 for the measurement
period was 0.710147 (2r = 4.5 � 10�5) based on 18 stan-
dards analyzed during this period.

3.4. Radiocarbon

Twenty-six samples, 61 mm in width, were sawed from
cores MC3-A, B, and C for radiocarbon analysis, providing
a temporal resolution of 50–300 years. Coarsely crushed
subsamples (�12–17 mg) were leached with 0.1 N HCl to
remove surface calcite that may have adsorbed atmospheric
CO2, rinsed twice with 18-X miliQ water, and dried. Sam-
ples were placed in individual reaction vessels, evacuated,
heated, and acidified with orthophosphoric acid. The
evolved CO2 was purified, trapped, and converted to graph-
ite in the presence of an iron catalyst in individual reactors
in a process similar to that described by Vogel et al. (1987).
Graphite targets were measured at the Center for Accelera-
tor Mass Spectrometry at Lawrence Livermore National
Laboratory. Analyses are reported as per the convention
put forth by Stuiver and Polach (1977) and include a matrix
specific background correction using speleothem calcite
that was 230Th/U dated to 200 ka. Uncertainties are propa-
gated as described in Guilderson et al. (2003).

4. RESULTS

4.1. U-series

U–Th data and ages of the MC3 speleothem were pre-
sented in Oster et al. (2009). U concentrations in the
MC3 speleothem range from �130 to 500 ppb (median
456 ppb). Relatively high concentrations of 232Th in the
speleothem cores (�1–15 ppb, median 4.2 ppb) indicate
the presence of silicate detritus likely derived from wind
blown dust or soil above the cave. As discussed by Hell-
strom (2006), limiting values for initial isotopes of U and
Th consistent with preservation of stratigraphic order
may be derived from a sequence of speleothem samples with
varying 230Th/232Th ratios. Using this approach, we have
corrected for U and Th isotopes contributed by detritus
using activity ratios of (232Th/238U) = 1.45 ± 0.35,
(230Th/238U) = 1.0 ± 0.25, and (234U/238U) = 1.0 ± 0.25.
The uncertainty assigned to the 232Th/238U ratio of detritus
delimits the range of that ratio consistent with preservation
of stratigraphic order, while the uncertainties assigned to
the 230Th/238U and 234U/238U ratios represent generous
estimates of likely uncertainties in those ratios (e.g., Ludwig
and Paces, 2002). Uncertainties in the isotope ratios of
detritus were propagated through to the ages. Ages are
summarized in Table 1, and shown with uncertainties as a
stalagmite growth curve in Fig. 3.

4.2. Strontium isotopes

The Moaning Cave host carbonate has a 87Sr/86Sr value of
0.70744 ± 0.00036. Soil leachate 87Sr/86Sr values are
0.70535 ± 0.0008 for the weak ammonium acetate leaches,
0.7052 ± 0.0013 for the acetic acid leaches, and 0.70412 ±
0.00046 for the HF dissolutions. The overall average for soil
leachates is 0.70489 ± 0.0011. The 87Sr/86Sr values for
Moaning Cave soil leachates that are less radiogenic than
the host marble on which the soils are developed, suggest
some contribution of Sr to the soil from metamorphic and al-
tered volcanic rocks located above the cave (87Sr/86Sr =
0.70353 ± 0.00027). Speleothem 87Sr/86Sr values vary be-
tween 0.70577 and 0.70689 (Fig. 4D), falling between values
for the soil leachates and the host marble.

4.3. Radiocarbon results and dead carbon calculations

Radiocarbon measurements on the Moaning Cave sta-
lagmite are reported in Table 2 and Fig. 3. Radiocarbon
ages were calibrated using the IntCal09 calibration set (Rei-
mer et al., 2010). The calibrated radiocarbon ages are con-
sistently older than the corresponding U-series ages of the
Moaning Cave stalagmite (Fig. 3), indicating the presence
of carbon depleted in 14C relative to the contemporaneous
atmosphere. Such carbon could be derived either by disso-
lution of the host marble or CO2 from older soil organic
matter, or both. The difference between the U-series and
calibrated radiocarbon ages varies with stalagmite age, indi-
cating that the proportion of 14C-depleted carbon also var-
ied from 16 to 8.8 ka.

To provide a quantitative measure of 14C-depleted car-
bon in the stalagmite, we calculated the dead carbon pro-
portion (dcp) following the methods of Genty and
Massault (1999) and Genty et al. (2001):

dcp ¼ ½1� ða14Cinit:=a14Catm:init:Þ� � 100%; ð1Þ

where a14Catm.init. is the atmospheric 14C activity at the time
of calcite deposition, determined using the IntCal09 calibra-
tion curve (Reimer et al., 2010) and the U-series age of the
speleothem calcite. The a14Cinit. value is the initial 14C activ-
ity of the calcite given by:

a14Cinit: ¼ a14Cmeas:=ðexpð� lnð2Þ=5730Þ � tÞ; ð2Þ

where t is the U-series age of the calcite in calendar years
and a14Cmeas. is the measured 14C activity of the calcite.

The uncertainties of dcp values were calculated by prop-
agating the 2r errors reported for the U-series and 14C mea-
surements through the dcp calculation. The larger of the
two uncertainties is used. With the exception of the youn-
gest data point, errors on the U-series measurements lead



Table 1
230Th/U analytical data and ages for MC3 speleothem.

Sample Depth
(mm)

Wt
(mg)

U
(ppm)

232Th
(ppm)

230Th/232Th Measured
230Th/238U

Measured
234U/238U

Uncorrected
230Th Age (ka)

Corrected
230Th Age (ka)

Initial
234U/238U

MC1 9 274.5 0.302 0.00281 28.2 0.08672 ± 0.0011 1.097 ± 0.0034 8.98 ± 0.12 8.77 ± 0.14 1.099 ± 0.003
MC9 18 515.2 0.465 0.00473 26.1 0.08753 ± 0.0009 1.091 ± 0.0065 9.12 ± 0.11 8.89 ± 0.14 1.094 ± 0.007
MC8A(1) 21.3 401.5 0.473 0.00418 34.5 0.1004 ± 0.0016 1.093 ± 0.0026 10.51 ± 0.18 10.31 ± 0.19 1.095 ± 0.003
MC8A(2) 21.3 450.7 0.458 0.00402 34.4 0.09958 ± 0.0014 1.086 ± 0.0048 10.49 ± 0.16 10.29 ± 0.18 1.089 ± 0.005
MC8B 21.3 413.5 0.456 0.00424 33.0 0.1011 ± 0.0022 1.093 ± 0.0052 10.58 ± 0.24 10.37 ± 0.25 1.096 ± 0.005
MC 4-1 436.3 0.463 0.01300 11.7 0.1081 ± 0.0021 1.093 ± 0.0087 11.36 ± 0.25 10.72 ± 0.34 1.096 ± 0.009
MC 4-2 532.8 0.461 0.00664 22.3 0.1059 ± 0.0023 1.092 ± 0.0044 11.12 ± 0.26 10.79 ± 0.28 1.095 ± 0.005
MC5B 22.5 356.5 0.457 0.00733 19.7 0.1042 ± 0.0037 1.069 ± 0.0044 11.19 ± 0.42 10.82 ± 0.44 1.071 ± 0.005
MC3 23 391.8 0.493 0.0108 16.6 0.1198 ± 0.0026 1.094 ± 0.0016 12.64 ± 0.30 12.14 ± 0.35 1.098 ± 0.002
MC5 25 401.9 0.443 0.0158 10.3 0.1208 ± 0.0029 1.068 ± 0.0037 13.09 ± 0.34 12.26 ± 0.45 1.071 ± 0.004
MC10 41 803.5 0.168 0.00164 44.4 0.1425 ± 0.0017 1.098 ± 0.0036 15.14 ± 0.21 14.92 ± 0.22 1.103 ± 0.004
MC 4-4 663.0 0.127 0.00090 65.9 0.1547 ± 0.0016 1.102 ± 0.0064 16.48 ± 0.21 16.32 ± 0.22 1.107 ± 0.007
MC2 67 330.5 0.174 0.00093 88.3 0.1564 ± 0.0030 1.105 ± 0.0025 16.63 ± 0.35 16.51 ± 0.35 1.110 ± 0.003
MC 4-5 473.9 0.146 0.00527 13.6 0.1626 ± 0.0036 1.084 ± 0.0063 17.71 ± 0.44 16.88 ± 0.53 1.089 ± 0.007

All isotope ratios are given as activity ratios; errors are 2r. Activity ratios used for detritus correction are (232Th/238U), 1.45 ± 0.35;
(230Th/238U), 1.0 ± 0.25; (234U/238U), 1.0 ± 0.25. Decay constants used are from Cheng et al. (2000). Initial 234U/238U calculated from present
day, detritus-corrected 234U/238U and corrected 230Th age. Samples MC8A(1), MC8A(2), and MC9 were taken from Core MC3-B. Samples
MC5B, MC8B, and MC10 were taken from Core MC3-C. Corresponding depths in Core MC3-A are given. Weighted mean age of samples
MC8A(1), MC8A(2), and MC8B used for age model is 10.32 ± 0.21 ka. Samples MC 4-1 through MC 4-5, taken from Core MC3-D, are not
included in the age model, but were used to determine the (232Th/238U) for detritus correction.

Fig. 3. Comparison of U-series age model (gray) with calibrated
14C ages (black) versus depth for the MC3 stalagmite.
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to larger uncertainty in the dcp value than do errors on the
radiocarbon measurements.

The calculated dcp of the Moaning Cave stalagmite var-
ies from <1% to �16% between 8.8 and 16.5 ka (Fig. 4B).
The dcp remains relatively low (2–11%) between 16 and
12.4 ka. Earlier than 12.4 ka, peaks in dcp generally coin-
cide with d13C minima in the Moaning Cave record, though
the two records are not correlated (r2 = 0.02). Later than
12.4 ka, dcp is much more variable (0.35–16%), and no
clear relationship between dcp and d13C exists.

5. DISCUSSION

In the following sections, we take a three-step approach
to evaluate the sources and processes that influence stalag-
mite d13C. These include the contribution of soil organic
carbon and host-rock dissolution to seepage-water DIC
and stalagmite d13C values at Moaning Cave, and the de-
gree to which degassing and prior calcite precipitation in
the epikarst are required to account for the variability in
the measured d13C record. In the first step, we use the
dcp time series determined for the MC stalagmite to con-
strain the contribution of soil organic carbon to dissolved
inorganic carbon and ultimately to stalagmite d13C. In the
second step, we use geochemical mixing models (Fig. 5)
to define a stalagmite d13C record for which all variability
in d13C is controlled by two carbon end-member sources,
i.e., host carbonate and dissolved CO2 from soil organic
material above Moaning Cave. This mixing model does
not reproduce observed stalagmite d13C values and thus
documents that plausible variations in the contribution of
carbon from these two end-members alone cannot explain
the Moaning Cave d13C record. These results suggest the
additional influence of degassing of CO2 and prior calcite
precipitation in the epikarst on stalagmite d13C. Therefore,
in the third step, we use a Rayleigh-type fractionation to
constrain the magnitude of the influence of degassing and
prior calcite precipitation on the stalagmite d13C record
from Moaning Cave (Mickler et al., 2004).

5.1. Inferring the sources of stalagmite d13C variation

Measured stalagmite d13C values for Moaning Cave are
more negative (�11.2& to �9.5&) during Northern Hemi-
sphere cold periods (e.g., late glacial, Older Dryas, Inter-
Allerød Cold period, Younger Dryas) and less negative
(�5.8& to �8.0&) during warm periods (e.g., Bølling,
early and late Allerød) (Fig. 4C and F) (Oster et al.,
2009). Intervals of lower d13C coincide with lower stalag-
mite d18O (Fig. 4E) increased stalagmite growth rates and
calcite textures consistent with precipitation under rela-
tively high and consistent drip rates. These characteristics



Fig. 4. Comparison of (A) age-depth profile, (B) dead carbon
proportion (dcp), measured (C) d13C, (D) 87Sr/86Sr, and (E) d18O
for the MC3 (core A) stalagmite with (F) d18O for the NGRIP ice
core (Andersen et al., 2005; Svensson et al., 2006). Gray band
indicates errors on dcp. White boxes on d13C profile correspond to
dcp measurements (with the exception of the oldest dcp measure-
ment). Dashed lines tie the onset of the B-A (�14.9 ka) and the YD
(�12.4 ka) and the Older-Dryas (�14.1 ka) and Inter-Allerød Cold
Period (�13.3 ka) in the MC3 record to the NGRIP ice core
record.
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are consistent with a wetter climate above Moaning Cave
during Northern Hemisphere cold periods. Conversely,
Northern Hemisphere warm periods are characterized in
the MC3 stalagmite by slower growth rates, microcrystal-
line calcite fabrics recording intermittent growth, and more
positive d13C and d18O values, which we previously inter-
preted to reflect drier conditions above the cave (Oster
et al., 2009). Overall, long-term (millennial-scale) trends in
stalagmite d13C values coincide with variations in stalag-
mite 87Sr/86Sr, with less negative d13C corresponding with
more radiogenic 87Sr/86Sr and more negative d13C corre-
sponding with less radiogenic 87Sr/86Sr. However, varia-
tions in stalagmite d13C and 87Sr/86Sr do not coincide at
the submillennial-scale (Fig. 4C and D).

Dead carbon percentages for the MC3 stalagmite show
similar systematic variations, in that values are higher dur-
ing the late glacial, Older Dryas, Inter-Allerød Cold period,
and the onset of the YD, intervals when the d13C record
suggests wetter conditions above the cave and lowest during
inferred drier periods characterized by more positive d13C
(Fig. 4). Both the carbonate host-rock and accumulated soil
organic matter (SOM) overlying a cave can contribute car-
bon that is depleted in 14C (‘dead carbon’) to drip waters, in
particular if SOM above the cave has a long (millennial-
scale) turnover rate (Genty et al., 2001). Thus, peaks in
dcp in the Moaning Cave record could reflect periods of in-
creased host-rock dissolution, increased contribution of
carbon from old SOM, or a combination of both sources.

Stalagmite MC3 87Sr/86Sr ratios reflect varying contribu-
tions from two end-members: a less radiogenic soil source
with an average value of 0.70489 ± 0.0011 derived from the
weathering of metamorphic and altered volcanic rocks above
Moaning Cave and a more radiogenic host-carbonate source
with an average value of 0.70744 ± 0.00036 (Oster et al.,
2009). Other potential sources of Sr to the Moaning Cave
seepage water, and thus the stalagmite, include seaspray
and wind-borne dust. Seawater 87Sr/86Sr presently ranges
from 0.70916 to 0.70923 (DePaolo and Ingram, 1985; Palmer
and Edmond, 1989) and has not fallen below 0.70915 during
the Pleistocene (Capo and DePaolo, 1990). As the Moaning
Cave stalagmite 87Sr/86Sr ratios are never more radiogenic
than the host marble values, it is unlikely that seaspray pro-
vided a significant source of Sr to cave seepage water. The
largest potential dust source to Moaning Cave is California’s
Central Valley, which is located to the west of the Sierra
Nevada (Fig. 1B). The Central Valley is dominated by the
Sacramento and San Joaquin River systems, with the Sacra-
mento River and its tributaries draining the northern Sierra
Nevada and the San Joaquin and its tributaries draining
the southern Sierra Nevada. Suspended load sediments in
the Sacramento River have 87Sr/86Sr ratios that range from
0.7039 to 0.7056, while San Joaquin sediments range from
0.7063 to 0.7083. 87Sr/86Sr ratios of sediment cores from
the San Francisco Bay estuary, where both rivers empty into
the Pacific Ocean, suggest that the relative influx of sediment
from these two river systems has varied over the past
�2000 years, and it is hypothesized that this variability is re-
lated to the position of storm tracks over California (Ingram
and Lin, 2002). If this hypothesis is correct, during Northern
Hemisphere warm periods, when the storm tracks are situ-
ated further north, the San Francisco Bay estuary should
be dominated by sediments from the Sacramento River
drainage, which have relatively less radiogenic 87Sr/86Sr val-
ues. This hypothesis, however, would require regional cli-
mate modeling to test further. As 87Sr/86Sr ratios in the
Moaning Cave stalagmite are generally more radiogenic dur-
ing Northern Hemisphere warm periods, it is unlikely that



Table 2
14C data and dead carbon proportion for Moaning Cave stalagmite samples.

CAMS # Depth
(mm)

U/Th age model
(cal BP)

Frac. modern
(measured)

a14Cinit
(pM)

a14Catm
(pM)

calibrated 14C age
(cal year BP)

dcp (%)

126151 12.0 8810 0.3331 ± 0.0013 96.71 107.4 9845 ± 114 9.96
141720 14.0 8837 0.3277 ± 0.0010 95.44 108.1 10172 ± 52 11.71
139888 16.0 8863 0.3262 ± 0.0011 95.31 108.3 10196 ± 40 11.97
141723 16.8 8873 0.3322 ± 0.0012 97.17 108.2 10069 ± 86 10.17
141719 17.0 8877 0.3306 ± 0.0012 96.75 108.2 10039 ± 130 10.56
141722 18.2 8977 0.3200 ± 0.0010 94.79 109.7 10271 ± 34 13.59
126154 20.0 9757 0.3123 ± 0.0013 101.68 109.1 10586 ± 93 6.82
141721 20.9 10169 0.2951 ± 0.0010 100.98 112.5 11222 ± 28 10.25
139885 21.0 10200 0.2967 ± 0.0010 101.90 111.9 11202 ± 35 8.91
141716 21.9 10558 0.2622 ± 0.0010 94.05 112.3 12670 ± 68 16.25
126149 22.7 11401 0.2868 ± 0.0010 113.90 114.3 12797 ± 58 0.36
141717 23.0 12140 0.2528 ± 0.0011 109.77 119.7 12937 ± 138 8.30
139886 24.4 12230 0.2475 ± 0.0010 108.69 120.7 13125 ± 88 9.95
139887 25.6 12356 0.2387 ± 0.0010 106.42 122.2 13338 ± 76 12.91
141718 26.0 12429 0.2443 ± 0.0012 109.87 121.0 13197 ± 83 9.23
126153 26.1 12443 0.2434 ± 0.0010 109.66 121.5 13215 ± 77 9.77
139884 27.5 12676 0.2464 ± 0.0010 114.19 124.0 13157 ± 74 7.88
141715 31.5 13343 0.2168 ± 0.0009 108.88 119.8 14156 ± 157 9.12
141714 34.5 13839 0.2161 ± 0.0009 115.29 119.7 14213 ± 187 3.65
139883 36.3 14139 0.2052 ± 0.0009 113.52 119.9 15072 ± 241 5.30
139882 37.5 14338 0.2054 ± 0.0009 116.37 120.8 15050 ± 241 3.67
139881 40.5 14837 0.1960 ± 0.0009 117.93 126.1 15870 ± 434 6.45
139880 43.0 15042 0.1914 ± 0.0009 118.11 126.3 16197 ± 354 6.52
139879 46.0 15226 0.1958 ± 0.0009 123.49 126.3 15881 ± 432 2.22
139878 49.0 15409 0.1892 ± 0.0010 122.05 126.9 16397 ± 296 3.82
139889 54.5 15746 0.1871 ± 0.0009 125.71 128.5 16566 ± 194 2.17
126156 62.0 16204 0.1745 ± 0.0008 123.93 130.3 17085 ± 120 4.86
126150 67.0 16510 0.1696 ± 0.0008 124.95 131.2 17333 ± 179 4.76

5234 J.L. Oster et al. / Geochimica et Cosmochimica Acta 74 (2010) 5228–5242
variations in the input of dust from the Central Valley con-
trol stalagmite 87Sr/86Sr values. Rather, the most conserva-
tive and likely explanation for the observed stalagmite
87Sr/86Sr values is variation in the contribution of Sr to cave
seepage waters from soil and host-rock sources directly
above Moaning Cave.

Thus, stalagmite MC3 87Sr/86Sr ratios provide a proxy
of groundwater–host-rock interaction in the epikarst that
is independent of dcp. Less radiogenic speleothem 87Sr/86Sr
ratios during inferred periods of increased precipitation
(late glacial, Older Dryas, Inter-Allerød Cold period, and
the onset of the YD), are interpreted to record an increased
contribution of soil-derived Sr due to rapidly infiltrating
precipitation and short residence times of seepage waters
in the host carbonate, following the approach of Banner
et al. (1996). The more radiogenic speleothem 87Sr/86Sr ra-
tios during inferred drier periods, record increased seepage-
water residence time in the carbonate aquifer and increased
meteoric water–marble interaction.

Through the entire record, MC3 dcp values are only
weakly correlated with 87Sr/86Sr (r2 = 0.30), although the
resolution of the dcp record is much lower than that of
the 87Sr/86Sr record (Fig. 4). The overall lack of a correla-
tion between the two records and shifts to less radiogenic
87Sr/86Sr during periods of increased dcp, however, suggests
that variation in host-carbonate dissolution was likely not
the primary influence on observed changes in dcp. Rather,
this relationship suggests that the recalcitrant fraction of
SOM may have been a major contributor of dead carbon
to seepage water and thus to stalagmite calcite d13C values.

The age of SOM directly above Moaning Cave has not
been determined, however, studies of modern soil carbon
cycling at other Sierra Nevada sites at both higher and low-
er elevations than Moaning Cave, indicate relatively short
residence times for soil carbon. For example, SOM at a for-
ested site at 1300 m elevation on the western slope of the
Sierra Nevada is made up of approximately equal fractions
of carbon with 10-, 100-, and 1000-year residence times
(Trumbore, 1993). This SOM would have a mean residence
time of 370 years, which would be equivalent to a dead
carbon content of �3%, assuming a half-life for 14C of
5730 years. This suggests that the contribution of SOM to
dead carbon in the Moaning Cave system at present is sim-
ilar to that in warm intervals of the early B-A and during
the middle YD. For all other times of the Moaning Cave
record, dcp is higher, suggesting a higher contribution of
SOM than present day. If all of the dead carbon in the
Moaning Cave stalagmite originated from aging SOM, then
the range of dcp variability noted in the MC3 record (from
an initial deglacial value of 11% at 16.5 ka, to the maximum
value of 16% at 10.6 ka) would represent about a 600 year
increase in the mean age of SOM above the cave during
much of the last deglacial.

Periods of elevated dead carbon in the Moaning Cave
stalagmite (16.5–15.8, 13.3–12.1, 10.5–10.2, 8.8–8.5 ka,
Fig 4B) coincide with intervals of the most negative



Fig. 5. Schematic of mixing models and degassing calculations
used for this study (see text for description of models).

Fig. 6. Concentration of Sr in the fluid versus fluid 87Sr/86Sr for
model of fluid interaction with carbonate host using ROKWAT.
Starting composition of fluid is shown. Diamonds indicate number
of model iterations (top) (the equivalent of pore volumes of fluid)
and amount of marble dissolved (bottom) for increments of the
model. Gray box outlines the range of measured 87Sr/86Sr for the
MC3 stalagmite.
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measured d13C values. During these intervals, Greenland
ice core records indicate decreased temperatures at high
northern latitudes (Stuiver and Grootes, 2000; Andersen
et al., 2005; Svensson et al., 2006) and additional Moaning
Cave stalagmite proxy records (d18O, trace element con-
tents) suggest that the climate above the cave was wetter
and possibly colder (Oster et al., 2009). Elevated dcp during
these cold, wet intervals could be explained by increased
accumulation relative to oxidative decay of organic matter,
leading to longer mean residence times for SOM above
Moaning Cave. Periods of lower dcp and less negative
d13C values, therefore, indicate higher SOM turnover rates
during warm, dry periods of the past deglacial. These re-
sults are consistent with studies of modern soils that docu-
ment increased rates of SOM decomposition in warmer and
drier climates (e.g., Raich and Schlesinger, 1992; Davidson
and Janssens, 2006).

5.2. Constraining host-carbonate dissolution using stalagmite
87Sr/86Sr ratios

As dcp in the Moaning Cave stalagmite is not primarily
controlled by changes in host-carbonate dissolution, it is
not an accurate proxy of the influence of water–rock inter-
action on speleothem d13C. We use speleothem 87Sr/86Sr as
a proxy of the degree of groundwater interaction with the
host marble in order to constrain, independently of dcp,
the contribution of variation in host-rock dissolution to
the Moaning Cave d13C record. The geochemical model,
ROKWAT (Banner and Hanson, 1990; Banner et al.,
1989) was used to simulate the interaction of soil waters
with the Moaning Cave host marble. The model defines
an initial solution of [Sr], [Ca], and 87Sr/86Sr that interacts
with a host carbonate of specified [Sr], 87Sr/86Sr, and
porosity. For the Moaning Cave system, the starting solu-
tion is the average of the weakest (ammonium acetate) soil
leachates ([Sr] = 0.029 ppm, [Ca] = 5.1 ppm, 87Sr/86Sr =
0.705354) and the host carbonate is the Moaning Cave mar-
ble ([Sr] = 298 ppm, 87Sr/86Sr = 0.707435). [Sr] and
87Sr/86Sr of the resulting fluid is calculated as the water
and rock interact (Fig. 6). The amount of strontium that
must have been derived from the host marble in order to
form stalagmite calcite with the observed 87Sr/86Sr ratios
can be constrained given that there is negligible Sr isotope
fractionation between calcite and the fluid from which it
precipitates (Banner and Kaufman, 1994). In turn, from
these values and the average Sr concentration of the host
marble, an approximate amount of dissolved marble neces-
sary to reach each measured speleothem 87Sr/86Sr value is
inferred (Fig. 6).

5.3. Modeling stalagmite d13C derived from host-carbonate

and soil CO2

The strontium isotopic mixing model constrains the
amount of host marble contribution of Sr to the MC3 spele-
othem during precipitation, and thus can be used to estimate
the influence of variation in host-rock dissolution on the
Moaning Cave carbon isotope record during the last degla-
cial. To investigate this, we constructed a two-component
mixing model of the carbon isotope system for Moaning
Cave (described below) from which a theoretical d13C
value of stalagmite calcite that precipitated in isotopic
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equilibrium with the fluid is calculated (Table 3). The residual
difference between the theoretical and measured stalagmite
Table 3
MC3 87Sr/86Sr, d13CDIC in equilibrium with measured speleothem d13C, m
for the 20% and 40% maximum hrc.

Depth
(mm)

U-series
age (kyr)

87Sr/86Sr
(meas.)

13CDIC

meas.
Sr added
(ppm)

d13CHCO3�

(modeled)
20% max

9 8.77 0.706329 �8.47 0.0219 �14.81
12 8.81 0.706300 �9.29 0.0208 �14.87
15.5 8.86 0.706266 �8.98 0.0195 �14.94
17 8.88 0.706254 �9.16 0.0191 �14.96
20 9.76 0.706255 �11.86 0.0191 �14.96
20.3 9.89 0.706105 �11.94 0.0143 �15.22
20.5 9.97 0.706267 �11.65 0.0195 �14.94
20.95 10.17 0.706223 �11.96 0.0180 �15.02
21 10.19 0.706162 �11.95 0.0160 �15.12

10.20 0.706456 �12.05 0.0274 �14.51
21.2 10.28 0.706177 �11.95 0.0165 �15.10

10.56 0.706493 �11.38 0.0293 �14.41
23 12.14 0.706301 �10.94 0.0208 �14.87
23.5 12.17 0.706291 �11.55 0.0204 �14.89
25 12.26 0.706263 �11.93 0.0194 �14.95

12.36 0.706364 �11.67 0.0233 �14.73
27 12.59 0.706261 �8.98 0.0193 �14.95
28 12.76 0.706014 �8.61 0.0119 �15.35
29 12.93 0.706890 �9.22 0.0615 �12.68
30.5 13.17 0.706447 �9.49 0.0270 �14.53
31 13.26 0.706138 �9.76 0.0153 �15.16
32.5 13.51 0.706136 �8.44 0.0152 �15.17
32.76 13.55 0.706187 �8.90 0.0168 �15.08
33 13.59 0.706129 �9.37 0.0150 �15.18
34 13.76 0.705964 �8.03 0.0106 �15.42
35 13.92 0.706028 �8.06 0.0122 �15.33
36 14.09 0.706355 �9.94 0.0229 �14.75
37 14.26 0.706284 �7.89 0.0202 �14.90
38 14.42 0.706419 �7.48 0.0257 �14.60
39 14.59 0.706646 �7.29 0.0386 �13.91
40 14.75 0.706220 �7.17 0.0179 �15.03
40.5 14.84 0.706396 �7.79 0.0247 �14.66
41 14.92 0.706018 �7.00 0.0120 �15.34
42 14.98 0.706068 �8.72 0.0133 �15.27
43 15.04 0.705964 �10.72 0.0106 �15.42
43.5 15.07 0.705772 �7.71 0.0065 �15.64
44.25 15.12 0.706151 �9.49 0.0119 �15.35
45 15.16 0.706068 �9.49 0.0133 �15.27
46 15.23 0.705965 �9.49 0.0107 �15.42
47 15.29 0.706122 �10.26 0.0148 �15.19
48 15.35 0.706164 �10.12 0.0161 �15.12
49 15.41 0.706171 �10.05 0.0163 �15.11
50 15.47 0.706073 �9.95 0.0134 �15.27
51 15.53 0.705818 �10.28 0.0074 �15.59
52 15.59 0.705970 �10.23 0.0108 �15.41
53 15.65 0.706036 �10.31 0.0124 �15.32
54.5 15.75 0.705915 �10.17 0.0095 �15.48
56 15.84 0.705905 �9.77 0.0093 �15.49
57 15.90 0.706029 �10.21 0.0123 �15.33
58 15.96 0.706237 �10.24 0.0185 �14.99
59 16.02 0.706241 �9.65 0.0186 �14.99
60 16.08 0.706143 �9.65 0.0154 �15.16
61 16.14 0.705957 �9.93 0.0105 �15.43
62 16.20 0.706204 �9.93 0.0174 �15.05
63 16.27 0.705994 �9.66 0.0114 �15.38
64 16.33 0.706265 �9.66 0.0195 �14.94
d13C records is inferred to result from CO2 degassing and cal-
cite precipitation upflow from the speleothem drip site.
odeled d13CHCO3�f
, and fraction of HCO3

�
(aq) remaining in solution

f
d13CHCO3�f

(modeled)
40% max

f HCO3
�

remaining
20% max

f HCO3
�

remaining
40% max

�13.63 0.20 0.27
�13.75 0.24 0.32
�13.89 0.22 0.28
�13.93 0.23 0.29
�13.93 0.45 0.59
�14.44 0.43 0.53
�13.89 0.43 0.56
�14.05 0.46 0.58
�14.26 0.44 0.55
�13.03 0.53 0.78
�14.21 0.45 0.56
�12.83 0.46 0.69
�13.75 0.36 0.49
�13.79 0.42 0.56
�13.90 0.46 0.60
�13.48 0.46 0.63
�13.91 0.22 0.28
�14.71 0.18 0.21
�9.37 0.41 0.96
�13.08 0.27 0.40
�14.34 0.25 0.31
�14.35 0.18 0.22
�14.18 0.20 0.26
�14.37 0.23 0.28
�14.84 0.15 0.17
�14.67 0.16 0.18
�13.52 0.29 0.40
�13.82 0.17 0.22
�13.22 0.16 0.23
�11.83 0.18 0.31
�14.06 0.13 0.17
�13.33 0.17 0.24
�14.70 0.12 0.14
�14.56 0.19 0.22
�14.84 0.30 0.35
�15.29 0.13 0.14
�14.71 0.22 0.26
�14.55 0.23 0.27
�14.84 0.22 0.25
�14.39 0.28 0.35
�14.26 0.28 0.35
�14.23 0.27 0.34
�14.54 0.26 0.31
�15.19 0.26 0.28
�14.83 0.26 0.31
�14.65 0.28 0.33
�14.97 0.26 0.29
�14.99 0.23 0.26
�14.67 0.27 0.32
�14.00 0.30 0.38
�13.98 0.25 0.33
�14.33 0.24 0.30
�14.86 0.24 0.28
�14.12 0.27 0.34
�14.76 0.23 0.27
�13.89 0.26 0.34
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The amount of marble that dissolved at each step (i.e.,
the output from the Sr-based model; Fig. 5 and Table 3)
was converted to a percentage of host-rock carbon contri-
bution to total seepage-water DIC. These values were then
scaled to reflect potential upper and lower limits of host-
rock contribution of carbon to DIC that have been previ-
ously determined based on models and observations of
modern cave systems. In a model of a fully closed-system
cave environment, Hendy (1971), found that up to 50% of
carbon in solution can be host-rock derived. Caves are gen-
erally not fully closed-system environments (McDermott,
2004), however, and field observations of European cave
systems suggest soil CO2 contributes between 80% and
95% of speleothem carbon (Genty and Massault, 1999;
Genty et al., 1999, 2001). As Moaning Cave, a fracture
dominated cave system, is unlikely to be a fully closed-sys-
tem, we modeled two scenarios, one in which the host-rock
contributes 0–20% of the carbon in DIC, and another in
which it contributes 0–40%.

We calculated d13C values of stalagmite calcite that
would have precipitated in equilibrium with seepage water
of theoretical d13C values of DIC. Theoretical DIC d13C
was calculated using two end-member sources (1) host-rock
carbon (d13C = 0.6&) contribution constrained by the Sr-
based mixing model, and (2) soil CO2 associated with
Moaning Cave (Table 3). Plants that utilize the C3 photo-
synthetic pathway are the dominant vegetation in the Sierra
Nevada foothills, and there is no pollen or packrat midden
evidence for C4 flora in the greater study region over the
past 20+ ky (Davis, 1999; Thompson et al., 1993; Cole,
1983). Accordingly, to estimate soil CO2 d13C we used the
d13C of modern leaf litter and root material collected above
Moaning Cave (�25.4& to �32.8&, n = 12) to represent
the d13C of soil organic material throughout the interval
from 16.4 to 8.8 ka. Soil CO2 derived from decay of this
material and root respiration should range between
�21& and �28.4&, taking into account the 4.4& fraction-
ation caused by the differing diffusion coefficients for 12CO2

and 13CO2 (Cerling et al., 1991). Equilibrium fractionation
between soil CO2(g) and HCO3

�
ðaqÞ at 16.2 �C (Table 4)

would result in d13CDIC values between �19.7& and
�12.3& for the soil-derived end-member. We used this
temperature, which is the measured average winter temper-
ature at the Moaning Cave stalagmite collection site (2005–
2007), as drip sites are currently only active and the major-
ity of calcite precipitation occurs during winter months in
Moaning Cave. Thus, this provides a minimum fraction-
ation value. How past soil temperatures above the cave var-
ied is unknown, however the temperature would most likely
Table 4
Carbon isotope fractionation factors (1000 ln a).

Species pair Fractionation
factor (&)
16.2 �C

Fractionation
factor (&)
12.2 �C

Reference

CaCO3
�HCO3

�
ðaqÞ 1.0 1.0 Romanek

et al. (1992)
HCO3

�
ðaqÞ–CO2(g) 8.9 9.4 Zhang et al.

(1995)
have been lower during the deglacial and YD. For compar-
ison, the d18O of planktonic foraminifera in the Santa Bar-
bara Basin suggest that sea surface temperatures decreased
by �4 �C at the onset of the YD (Hendy et al., 2002). A
similar reduction in winter temperatures at Moaning Cave
would result in soil end-member d13CDIC values shifted to
�19.2& and �11.8 & (Table 4), yielding modeled stalag-
mite d13C values that are elevated by only 60.4& relative
to the warmer temperature used in our model.

A value for the d13CDIC (d13CHCO3�f
) was determined

using the equation:

d13CHCO3�f
¼ ðF C–Sr � d13CmarbÞ þ ðð1� F C–SrÞ � d13CsoilÞ;

ð3Þ

where FC–Sr is the fraction of carbon contributed from the
host carbonate derived from the Sr-based mixing model.
We computed d13CHCO3�f

using host-rock contributions
(hrc) based on both the 20% and 40% maximum contribu-
tion limits (Table 3). Modeled d13C values for HCO3�f fall
between �12.7& and �15.6& for a 20% hrc and �9.4&

and �15.3& for a 40% hrc. These values for d13CDIC fall
within the range of values expected for seepage-water
DIC in open (�14& to �18&) and closed (�11&) cave
systems overlain by C3 ecosystems and saturated with re-
spect to CaCO3 (Hendy, 1971; Dulinski and Rozanski,
1990), but are generally lower than measured winter
d13CDIC for Moaning Cave drip water (�10.2& to
�8.4&, n = 2). Average 87Sr/86Sr measurement error
(4.5 � 10�5) when propagated through the Sr and the car-
bon mixing models results in errors of ±0.1& on the 20%
hrc values and ±0.2& on the 40% hrc values.

The dampened degree of variability in the modeled d13C
relative to that delineated by measured stalagmite d13C
(Fig. 7) indicates that temporal changes in the degree of
host-carbonate dissolution cannot account for the observed
trends in measured d13C and dcp. Rather, the modeled d13C
values suggest that variations in the contribution of carbon
from SOM exerted the larger influence on speleothem d13C
variability (and dcp) at Moaning Cave during the deglacial.
More negative stalagmite d13C values during periods of
wetter climate suggest increased ecosystem productivity,
which coupled with possibly less well-drained soils, would
have favored organic matter accumulation, an increased
proportion of refractory organic carbon, and longer mean
ages of the SOM reservoir. In contrast, the less negative
d13C values associated with warm, dry periods, suggest
overall lower soil productivity that would have led to more
rapid SOM turnover rates in better drained soils.

Comparison of measured stalagmite d13C (Fig. 7A) with
model predictions of d13Ccarb (Fig. 7B) also indicates that,
with the exception of one point at 12.9 ka, values for stalag-
mite d13C cannot be successfully predicted using the two-
component mixing model alone. Accordingly, we conclude
that an additional process must have influenced stalagmite
d13C. Two such additional processes that could influence
stalagmite d13C are: (1) kinetic effects during calcite precip-
itation and (2) 13C-enrichment of the HCO3

�
ðaqÞ reservoir

due to CO2 degassing and calcite precipitation upflow from
the speleothem drip site (Baker et al., 1997; Fairchild et al.,
2000; Mickler et al., 2004).



Fig. 7. (A) Measured MC3 d13C and (B) modeled speleothem d13C
for 20% (bottom curve), 40% (top curve) maximum host-rock
contribution (hrc). (C) Fraction of HCO3

� remaining in solution
after degassing and prior calcite precipitation is shown for 20%
(upper curve) and 40% (lower curve) maximum hrc. Black lines tie
the onset of the B-A (�14.9 ka) and YD (�12.4) in the MC3 d13C
record. Dashed line highlights a spike in host-carbonate dissolution
defined by an increase to maximum stalagmite 87Sr/86Sr ratios
leading to modeled speleothem d13C values that closely approxi-
mate the measured value. Given that this spike is defined by one
speleothem 87Sr/86Sr ratio, it cannot be confidently interpreted to
have climatic significance.
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Moaning Cave stalagmite d18O and d13C values exhibit
significant down axis correlation (r2 = 0.81) that could be
interpreted to record non-equilibrium isotope precipitation
(e.g., Hendy, 1971; Mickler et al., 2006). In order to empir-
ically test for the influence of kinetic effects in stalagmite
MC3, we analyzed partial d18O and d13C profiles in three
off-axis cores (MC3-B, MC3-C, and MC3-D). We chose
to analyze off-axis d18O and d13C profiles given the docu-
mented shortcomings of, and difficulty in, performing tradi-
tional Hendy tests for kinetic processes (e.g., Mickler et al.,
2006; Dorale and Liu, 2009). All four cores display similar
d18O and d13C values, and excursions are reproduced in two
off-axis cores (Oster et al., 2009). The ability to reproduce
d18O and d13C in off-axis cores suggests that kinetic effects
did not significantly influence the stable isotope values in
the MC3 stalagmite and cannot account for the difference
between modeled and measured stalagmite d13C values
delineated in this study. The differences in modeled and
measured d13C values thus likely record the influence of
degassing and attendant prior calcite precipitation upflow
from the speleothem drip site. Such processes are particu-
larly common in semi-arid, highly seasonal epikarst envi-
ronments, leading to more 13C-enriched drip water and
speleothem calcite (e.g., Baker et al., 1997).
5.4. Effects of degassing and calcite precipitation in the

epikarst

The calcite dissolution/precipitation equation can be
written as follows:

2HCO3
� þ Ca2þ () CaCO3 þH2Oþ CO2 ð4Þ

Equilibrium fractionation factors between CO2(g) and
HCO3

� and CaCO3 and HCO3
� at the average winter tem-

perature in Moaning Cave (16.2 �C) are given in Table 4.
The d13C value of the HCO3

�
ðaqÞ reservoir follows Ray-

leigh-type enrichment in 13C with progressive degassing,
as the loss of isotopically light 12C from degassing cannot
be offset by the loss of isotopically heavier 13C through cal-
cite precipitation (Mickler et al., 2004), assuming a one for
one loss of CO2 and CaCO3. The effects of this Rayleigh
distillation due to degassing and calcite precipitation on
measured Moaning Cave stalagmite d13C values can be
modeled using the equation:

ðd13CHCO3
� þ 1000Þ=ðd13CHCO3

�
f
þ 1000Þ ¼ f ða�1

p�rÞ; ð5Þ

where d13CHCO3
� is the isotopic composition of HCO3

�
ðaqÞ

in equilibrium with measured speleothem d13C, d13CHCO3�f

is the isotopic composition of HCO3
�
ðaqÞ before degassing

(Eq. (3)), and f is the fraction of HCO3
�
ðaqÞ remaining in

solution following degassing (Mickler et al., 2004; Bar-Mat-
thews et al., 1996). The fractionation factor (ap�r) between
HCO3

�
ðaqÞ and the bulk product of CO2(g) and precipitated

CaCO3 is defined following Mickler et al. (2004) as:

ap�r ¼
1

2
ðaCO2–HCO3

�Þ þ 1

2
ðaCaCO3–HCO3

�Þ ð6Þ

given that the C in HCO3
�
ðaqÞ is evenly divided between

CO2(g) and CaCO3 solid during degassing and precipitation.
The results of the degassing calculations for the MC3 re-

cord demonstrate that a substantial amount of the observed
variability in Moaning Cave d13C is due to changes in the
degree of degassing and prior calcite precipitation between
warm, dry, and cold, wet periods of the past deglacial. Esti-
mated lower fractions of HCO3

�
ðaqÞ remaining in solution,

and thus higher degrees of prior calcite precipitation, corre-
late with more positive speleothem d13C, whereas, higher
fractions of HCO3

�
ðaqÞ remaining in solution and decreased

amounts of prior calcite precipitation are associated with
more negative d13C (r = �0.85 for 20% hrc and �0.54%
for 40% hrc; Fig. 7). This relationship is consistent with
the previously suggested hypothesis using coupled isotopic
and trace element proxy records for the MC3 stalagmite
(Oster et al., 2009), that northern hemisphere warm periods
were associated with decreased rainfall above the cave,
leading to decreased soil respiration (and higher stalagmite
d13C) and increased seepage-water residence time (and in-
creased prior calcite precipitation) in the epikarst.

The overall fraction of HCO3
�
ðaqÞ remaining in solution

(Fig. 7C), over the 20% maximum hrc (0.1–0.3) and 40%
maximum hrc (0.1–0.4) range, however, is low during the
late glacial and B-A relative to the period following the on-
set of the YD at �12.4 ka. The shift to overall higher values
for the estimated fraction of HCO3

�
ðaqÞ remaining in

solution is interpreted to record a substantial decrease in
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degassing and prior calcite precipitation during the YD.
This indicates that either seepage-water residence times
were significantly decreased or cave air pCO2 was higher
due to decreased seasonal cave ventilation during the YD
as compared to the early deglacial and B-A (Banner
et al., 2007; James and Banner, 2008). If winters were colder
during the YD, as is suggested by other regional proxy re-
cords (e.g., Vacco et al., 2005) and possibly also the Moan-
ing Cave d18O record, mean surface air temperature and
thus cave air temperature would have decreased. However,
colder winters likely would have also led to enhanced differ-
ence between winter and summer surface air temperatures
during the YD relative to the B-A. Thus, cave air ventila-
tion was likely increased during the YD, leading to lower
cave air pCO2 relative to the B-A. As the estimated fraction
of HCO3

�
ðaqÞ remaining in solution is at its overall lowest

(and therefore the amount of degassing is at its highest) dur-
ing the B-A, it is unlikely that changes in cave ventilation
can fully explain variations in prior calcite in the MC re-
cord. Rather, the estimated high fraction of HCO3

�
ðaqÞ

remaining in solution for the �2000 year period between
the onset of the YD continuing to �9.7 ka, suggests that
the YD in the central foothills of the Sierra Nevada was
not only the wettest period of the past deglacial but that
wet conditions persisted above Moaning Cave for an inter-
val of time substantially longer than the conventionally de-
fined YD (�12.9–11.5 ka) (Stuiver and Grootes, 2000;
Andersen et al., 2005; Svensson et al., 2006).

Notably, the estimated fraction of HCO3
�
ðaqÞ remaining

in solution rarely rises above 0.7 even within inferred wet
intervals characterized by highest seepage-water flow rates
and soil respiration rates. This suggests that degassing
and prior calcite precipitation in the Moaning Cave epik-
arst exerted an influence on stalagmite d13C values through-
out its formation. While speleothem records have been
developed from other similarly arid and semi-arid regions,
such as the Levant region (e.g., Ayalon et al., 1999; Frum-
kin et al., 2000; Verheyden et al., 2008), Oman and Yemen
(e.g., Neff et al., 2001; Fleitmann et al., 2007; Shakun et al.,
2007), and the western United States (e.g., Polyak et al.,
2004; Asmerom et al., 2007, 2010; Denniston et al., 2007;
Wagner et al., 2010), such cave systems are less well studied
relative to those from humid and sub-humid environments
(e.g., China, Europe, the Midwestern United States). Nota-
bly, a study of stalactite drip waters from the semi-arid Sor-
eq Cave system, Israel, documented that up to 85% of the
drip water HCO3

� reservoir can be lost due to degassing
and prior calcite precipitation (Bar-Matthews et al.,
1996). Furthermore, Mickler et al. (2006) found that degas-
sing and prior calcite precipitation may have significantly
influenced up to 55% of published speleothem stable iso-
tope records (n = 128). This study further documents the
importance of assessing the effects of degassing and prior
calcite precipitation in the interpretation of speleothem
d13C records, in particular for those from caves in semi-arid
to arid environments, and provides a quantitative approach
to constraining these processes in paleo-cave environments.
In turn, an ability to better constrain the various soil and
epikarst processes that govern speleothem d13C values
greatly expands the potential of stable isotope records for
reconstructing past climate changes above cave systems.
The integrated use of 14C, 87Sr/86Sr, and geochemical mod-
eling may provide the necessary framework for interpreting
complex speleothem d13C records, which are published
much less frequently than records of speleothem d18O var-
iability, but have the potential to provide valuable insight
into regional changes in effective moisture.

6. CONCLUSIONS

A record of dead carbon proportion (dcp), estimated
from coupled stalagmite calcite 14C and 230Th/U measure-
ments and independently calibrated records of atmospheric
radiocarbon content, was developed for a Moaning Cave
stalagmite (MC3). The dcp for this stalagmite is not well
correlated with 87Sr/86Sr, an independent proxy of water–
rock interaction, suggesting that variations in dcp do not
solely reflect changes in host-rock dissolution. Increases in
dcp during intervals of decreased stalagmite d13C indicate
a varying yet substantial contribution from the soil OM res-
ervoir, likely due to significantly increased average resi-
dence time of SOM in the soil veneer above the cave
during wet periods. These results may have implications
for speleothem 14C records that use constant dcp correc-
tions through time or that assume all speleothem dead car-
bon is derived from the carbonate host-rock (e.g.,
Hoffmann et al., 2010; Beck et al., 2001).

A three-step approach allows us to evaluate the contri-
bution of soil organic carbon and host-rock dissolution to
seepage-water DIC and to assess the degree to which degas-
sing and prior calcite precipitation in the epikarst influ-
enced the measured stalagmite d13C values at Moaning
Cave during the past deglacial. The Moaning Cave dcp,
degassing calculations, and d13C and 87Sr/86Sr records sug-
gest that Northern Hemisphere cold periods during the last
deglaciation (late glacial, Older Dryas, Inter- Allerød Cold
Period, YD) were associated with an increase in the average
residence time of soil OM and elevated soil pCO2, decreased
water–rock interaction, and decreased degassing and prior
calcite precipitation for the Moaning Cave system. This is
consistent with wetter conditions in the central Sierra Neva-
da during these Northern Hemisphere cold periods.

Modeled d13C values and degassing calculations for the
Moaning Cave stalagmite demonstrate that some degree of
degassing and prior calcite precipitation in the epikarst oc-
curred throughout the period recorded by the stalagmite.
This documents the strong, yet variable, influence of these
processes on the speleothem C isotope records, in particular
from arid and semi-arid environments. The coupled radio-
genic and stable isotope analysis integrated with the geo-
chemical mixing model approach illustrated by this study
provides a quantitative strategy to better constrain these
processes in modern and paleo karst systems.
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