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Recent studies document the synchronous nature of shifts in North Atlantic regional climate, the intensity of
the East Asian monsoon, and productivity and precipitation in the Cariaco Basin during the last glacial and
deglacial period. Yet questions remain as to what climate mechanisms influenced continental regions far
removed from the North Atlantic and beyond the direct influence of the inter-tropical convergence zone.
Here, we present U-series calibrated stable isotopic and trace element time series for a speleothem from
Moaning Cave on the western slope of the central Sierra Nevada, California that documents changes in
precipitation that are approximately coeval with Greenland temperature changes for the period 16.5 to
8.8 ka.
From 16.5 to 10.6 ka, the Moaning Cave stalagmite proxies record drier and possibly warmer conditions,
signified by elevated δ18O, δ13C, [Mg], [Sr], and [Ba] and more radiogenic 87Sr/86Sr, during Northern
Hemisphere warm periods (Bølling, early and late Allerød) and wetter and possibly colder conditions during
Northern Hemisphere cool periods (Older Dryas, Inter-Allerød Cold Period, and Younger Dryas). Moaning
Cave stable isotope records indicate that wet conditions persisted in this area well beyond 11.5 ka,
suggesting the effects of the Younger Dryas event may have been longer lived in the western Sierra Nevada
than in Greenland. However, a shifting drip center and corresponding change in seepage water routing may
have influenced the trace element records between 10.6 and 9.6 ka. Linkages between northern high-latitude
climate and precipitation in the Sierra Nevada suggested here could indicate that, under conditions of
continued global warming, this drought-prone region may experience a reduction in Pacific-sourced
moisture.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Abrupt changes in temperature of up to 20 °C over Greenland that
persisted for centuries to millennia during the last glacial and ensuing
deglacial periods (Alley et al., 1993; Stuiver and Grootes, 2000)
coincided with widespread perturbation of North Atlantic regional
climate (Labeyrie, 2000; Bond et al., 2001; Broecker, 2003; Hemming,
2004; Kienast et al., 2006). Recent studies document the interhemi-
spheric nature of these climate events with coincident changes in the
intensity of the southeast Asianmonsoon, surfacewater temperature in
the Santa Barbara Basin (eastern Pacific), productivity and precipitation
in the Cariaco Basin (Caribbean), and continental climates throughout
the Northern and Southern Hemisphere tropics and subtropics (e.g.,
Peterson et al., 2000; Wang et al., 2001; Hendy et al., 2002; Lea et al.,
2003; Yuan et al., 2004; Polyak et al., 2004; Wang et al., 2004, 2005;
Denniston et al., 2007). Although model simulations indicate that such
widespread, abrupt climate shifts likely occurred via atmospheric
teleconnections between these areas and the northern high-latitudes

(Manabe and Stouffer, 1988; Mikolajewicz et al., 1997; Vellinga and
Wood, 2002), questions remain as to what climate mechanisms
influenced continental regions far removed from the North Atlantic
(e.g. western North America) and beyond the direct influence of the
inter-tropical convergence zone (ITCZ). Speleothem-bearing caves in
the western slope of the Sierra Nevada in California (Fig. 1) offer an
opportunity to evaluate the hydroclimate response in western North
America to northern high-latitude climate shifts.

The Sierra Nevada are sensitive to changes in atmospheric
circulation over the North Pacific given that they are the first major
orographic barrier to winter storms brought eastward from the Pacific
by the polar jet stream. Model simulations highlight the sensitivity of
the average latitude of the polar jet stream andwinter storm tracks over
western North America to changes in the extent of late Pleistocene
North American continental ice sheets (Kutzbach and Wright, 1985;
Bromwich et al., 2004, 2005; Kim et al., 2008, Fig. 1), and, more recently,
to the extent of Arctic sea ice cover (Sewall and Sloan, 2004; Sewall,
2005) and globalwarming (Allen and Ingram, 2002; Seager et al., 2007).
Stalagmites from caves developed in marble terranes on the western
slope of the central Sierra in particular have the potential to provide
proxy records of past motions of the polar jet stream and associated
precipitation changes (Fig. 1) given their latitudinal position (38 to
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39°N) centeredbetween the southernmostextent of thepolar jet stream
during the Last Glacial Maximum (<37°N) and its presentmeanwinter
position (~40°N).

Here, we present isotopic and trace element time series for a
speleothem dated by U-series from Moaning Cave, California (Fig. 1).
These proxies reveal repeated millennial- to sub-century climate shifts
throughoutmuch of the last deglacial period. Stable isotopefluctuations
recorded atMoaning Cave sharemany features that appear coincident—
at the resolution of our dating — with interhemispheric-scale climate
changes revealed by Greenland ice cores, northern and southern
European speleothem and lacustrine records, southeast Asian and
Brazilian speleothems, and eastern Pacific and Caribbean marine
sediments (Stuiver and Grootes, 2000; Genty et al., 2006; Wang et al.,
2001, 2004; Peterson et al., 2000). Abrupt changes in speleothem
geochemical proxies atMoaningCave are interpreted as sudden,marked
increases in effective moisture during past cool periods and shifts to
significantly drier conditions during past global warmings. At ~12.1 ka
there is a shift in the geochemical records from a dominantly climatic
signature to one modified by local hydrologic changes. Stable isotopes,
however, suggest that wet conditions in the Sierra Nevada foothills
beginning at ~12.4 ka, coincident within dating errors with the onset of
the Younger Dryas cold period, may have lasted into the early Holocene.

2. Cave geology and setting

Moaning Cave is a vertical solution cavity and dome pit developed
along fractures within one of several discrete metamorphosed
limestone and dolomite pods of the Calaveras Complex, of the Sierra
Nevada foothills (Clark and Lydon, 1962; Bowen, 1973; Short, 1975).
The cave has two natural entrances at 520 m above sea level situated
above the largest room, which is >37 m tall. Additional rooms extend
64 m below themain room (Short, 1975). An average yearly rainfall of
~430 mm was recorded at Jamestown, California, 13 km to the
southeast of Moaning Cave (550 m elevation), between March 2006
and July 2009. Approximately 88% of yearly precipitation falls
between October and April when the polar jet stream migrates

southward bringing cyclones from the North Pacific into the region. A
similar yearly distribution of rainfall (76% during the winter months)
occurs at Railroad Flat, a site 26 km to the north of Moaning Cave with
longer-duration monitoring (1989–present). Annual rainfall at this
site (800 m), however, is higher (820 mm/year).

Natural drip-water flow within the cave increases substantially
during thewinter season (up to60drips perminute) andalmost entirely
ceases (1 to 2drips perminute) during the summer.With the exception
of the first large rain event of the season, which takes a few days to
infiltrate through the epikarst, storm events trigger an almost
instantaneous increase in drip-water flow rate within the cave. During
the dry summer months, the tourist operation within Moaning Cave
pumps water from the aquifer below the cave back through the cave to
mimic natural drip water.

Temperature and humidity range from 15.2° to 17.5 °C and 90 to
100%, respectively throughout the year at the sample site within
Moaning Cave. Present vegetation above the cave consists of C3 plants,
including manzanita (Arctostaphylos sp.), toyon (Heteromeles arbuti-
folia), and other chaparral species. A theoretical equilibrium fraction-
ation temperature (15.6 °C, using Kim and O'Neil, 1997) calculated
from the average measured δ18O value of modern winter drip water
(−8.4‰) and the topmost stalagmite calcite (−8.8‰) is close to the
measured average winter cave air temperature (16.2 °C), arguing for
oxygen isotopic equilibrium in the present MC cave system. Although
the top of the stalagmite was wet during collection (collection
occurred during the summer), it has not been dated. Additionally, due
to the artificial pumping of water into the cave during the summer
months, a direct comparison of natural summer drip water to the
topmost stalagmite calcite cannot be made for this cave.

3. Methods

3.1. Sample collection

A 2.5 cm diameter core (MC3-A) was drilled through the modern
drip center of stalagmite MC3, a meter-wide stalagmite with a rounded

Fig. 1. A) Map of winter precipitation changes from LGM to modern in mm/day from GCM simulation (Kim et al., 2008) shown with location of Moaning Cave (star) and locations of
other paleoclimate records mentioned in the text. 1. Owens Lake (e.g. Benson et al., 1996), 2. Santa Barbara Basin (Hendy et al., 2002); 3. Sierra Nevada crest lakes (MacDonald et al.,
2008); 4. Great Salt Lake (Oviatt et al., 2005); 5. Guadalupe Mountains caves (Polyak et al., 2004); 6. Devils Hole (Winograd et al., 2006); 7. San Bernardino Mountains, (Owen et al.,
2003). B). Relief map of east–west transect across north Central Valley Region, California. MC=Moaning Cave, LT= Lake Tahoe. C) Cross-section through a portion of Moaning Cave
showing location of sample collection (after Short, 1975).
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top that grew30mvertically below the caveentrance, usingahand-held
electric drill modified by Pomeroy Industries to fit a 30.5 cm long
diamond coring bit. At the sample location, the rock thickness above the
cave is ~15 m. Although the stalagmite was collected during the dry
summer season, the top was wet, and the location of the single drip
center was obvious. The stalagmite, which sits on a slope and is ~1.5 m
tall along the central axis, is fed by a fracture in the cave ceiling. Four
additional cores (MC3-B–MC3-E) (Fig. 2) were drilled around the first
core to capture movement of the drip center through time. Core
samples, rather than the entire stalagmite, were taken in the interest of

cave preservation. Thick (~200 µm) sections were made continuously
throughout the top 7 cm of MC3-A where banding is horizontal. Thick
sections were also made of the top portions of MC3-B and C (Fig. 2)
which each displays sub-horizontal to horizontal banding.

3.2. U-series dating

Four samples for U–Th dating were drilled from MC3-A following
visible growth bands. Four additional samples were sawed fromMC3-
B and C. The locations of samples from these cores were correlated to

Fig. 2. Comparison of Moaning Cave cores. A) Photograph of sampled stalagmite with core samples MCA-E shown. B) Slide scan image of core MC3-A with δ13C profile and locations
(laminae) of samples for dating indicated by arrows. Dates in italics are taken from cores MC3-B and C. C) Core MC3-B with δ13Cprofile and dating samples. D) Core MC3-C with δ13C
profile and dating samples. All profiles are given in mm. Note laminae in MC3-B (C) are overprinted by sub-horizontal fractures that occurred during sample preparation.
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MC3-A by visually matching growth bands and δ18O and δ13C series
among the cores (Fig. 2).

U-series analytical methods are as follows. Samples were dissolved
completely in HNO3–HF–HClO4 and equilibrated with a mixed spike
containing 229Th, 233U, and 236U. U and Th were separated using Fe-
hydroxide precipitation, followed by two stages of HNO3–HCl anion
exchange chemistry. Th fractions were reacted with HClO4 to remove
any residual organic material from ion exchange resins. Purified U and
Th fractions were loaded with colloidal graphite onto separate,
outgassed rhenium filaments (Edwards et al., 1987). Isotopic analyses
were done on a Micromass Sector-54 TIMS equipped with a wide-
angle, retarding-potential energy filter 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 uraninite)
standard and solutions of 69 Ma uranium ore from the Schwartz-
walder Mine that have been demonstrated to yield concordant U/Pb
ages (Ludwig et al., 1985) and sample-to-sample agreement of 234U/
238U and 230Th/238U ratios. Instrumental performance was monitored
by frequent analyses of the Schwartzwalder Mine secular equilibrium
standard. Procedural backgrounds for m/e=230 averaged <0.6 fg
230Th equivalent, and were negligible 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).

Relatively high concentrations of 232Th in the speleothem (~1 to
15 ppb, median 4.2 ppb) indicate the presence of silicate detritus,
likely derived from windblown dust or soil above the cave. As
discussed by Hellstrom (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. We have corrected for U and Th isotopes contributed by
detritus assuming activity ratios of (232Th/238U)=1.45±0.35, (230Th/
238U)=1.0±0.25, and (234U/238U)=1.0±0.25. Uncertainties associ-
ated with the detritus correction were propagated through to the age.

3.3. Stable isotope analyses

Stable isotope samples (25 to 75 µg) were microdrilled from thick
sections along the growth axis of MC3-A using a fully automated
Merchantek microdrilling system with ~50 µm spatial resolution.
Stable isotope samples were roasted at 375 °F in vacuo to remove
organic volatiles. δ18O and δ13C values were determined using a

Fisons Optima IRMS with a 90 °C Isocarb common acid bath
autocarbonate system in the Stan Margolis Stable Isotope Lab, UC
Davis. Values are reported relative to Pee Dee Belemnite (PDB) using
standard delta notation; analytical precision for both δ18O and δ13C is
<±0.1‰ (1σ). δ18O and δ13C profiles were also completed for dated
intervals of MC3-B and C in order to facilitate the correlation of U-
series samples between cores.

3.4. Trace element and Sr isotope analyses

Trace element analyses were carried out by laser ablation ICPMS
using an Agilent 7500 series quadrupole ICPMS coupled to a New
Wave Research UP-213 ablation system at the Interdisciplinary Center
for Plasma Mass Spectrometry, UC Davis. Measurements were made
on thick (~400 µm) polished sections using a 20 µm spot size and
80 µm spacing.

Additionally, speleothem, microsampled at a 1 mm intervals, and
host calcites were processed for Sr isotope analysis using chemical pre-
treatments to remove Sr associated with absorbed or included
noncarbonate phases (Montañez et al., 2000). Samples of soils above
Moaning Cave were leached with progressively stronger solutions (1 M
ammonium acetate, 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 phyllosilicates). 87Sr/86Sr
ratiosweremeasured in solutionmodeonaNuMC-ICPMS in theGeology
Department at UC Davis and values were normalized to a nominal value
for SRM987 of 0.710248.

4. Results

U-series ages preserve stratigraphic order, and ages for two
samples (MC8A) from the same speleothem layer in core MC3-B
show excellent reproducibility (Table 1; Fig. 2), consistent with a
closed 238U/234U/230Th system in the speleothem since precipitation.
MC8B, taken from the correlative position in core MC3-C, yields the
same age as MC8A (10.37±0.25 ka and 10.30±0.18 ka, respectively),
supporting the correlations among cores. U-series ages for MC3 range
from 16.5 to 8.8 ka, indicating that the isotopic and trace element time
series span the latest glacial period through early Holocene. In MC3-A,
the average growth rate is relatively rapid (16.4 µm/year) between
16.5 and 14.9 ka, slows to 6.0 µm/year between 14.9 and 12.3 ka
during the Bølling–Allerød (B–A), and at 12.3 ka, increases again to

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

Sample Depth Wt U 232Th 230Th/232Th Measured
230Th/238U

Measured
234U/238U

Uncorrected 230Th age Corrected 230Th age Initial
234U/238U

(mm) (mg) (ppm) (ppm) (ka) (ka)

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 asactivity ratios; errors are 2σ. Activity ratiosused fordetritus correction are (232Th/238U)=1.45±0.35, (230Th/238U)=1.0±0.25, and (234U/238U)=1.0±0.25.
Decay constants usedare fromCheng et al., 2000. Initial 234U/238U calculated frompresent day, detritus-corrected 234U/238U and corrected 230Th age. SamplesMC8A(1),MC8A(2), andMC9
were taken from Core MC3-B. Samples MC5B, MC8B, and MC10were 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 throughMC 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.
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16.7 µm/year following the onset of the Younger Dryas (YD) (Fig. 3).
For the interval of rapid growth rate between 16.5 and 14.9 ka, the
stalagmite exhibits fibrous and elongate columnar fabrics indicative of
continuous precipitation under relatively high and consistent drip
rates, low CaCO3 supersaturation, and near fluid–carbonate equilib-
rium conditions (Frisia et al., 2000). Similar fabric is observed for the
interval 12.3 to 12.1 ka, suggesting a possible second brief period of
increased growth rates during the initial YD. For the interval 14.9
to12.3 ka where average growth rate slowed by >50%, the elongate
columnar fabric is intercalated with mm-scale intervals of microcrys-
talline calcite, which are characteristic of intermittent growth under
variable flow conditions and elevated influx of detrital and/or
colloidal particles (Frisia et al., 2000). Following an inferred increase
in average growth rate between 12.3 and 12.1 ka, growth rate in MC3-
A decreases dramatically to 0.4 µm/year between 12.1 and 10.8 ka.
The stalagmite continues to display elongate columnar fabric during

this interval, however breaks in the crystal growth pattern and a
possible dissolution surface suggest the calculated average growth
rate has large uncertainty. Growth rates in MC3-B and C are estimated
to be 100 to 200% greater (0.8 to 1.1 µm/year) than for MC3-A during
this interval. For the interval 10.8 to 8.9 ka, the average growth rate in
MC3-A increases to 2.4 µm/year before rising dramatically to 75 µm/
year between 8.9 and 8.8 ka. During this interval, the stalagmite again
exhibits an elongate columnar fabric intercalated with mm-scale
intervals of microcrystalline calcite.

The Moaning Cave stalagmite δ18O time series exhibits systematic
fluctuations between −7.0‰ and −9.7‰, while δ13C fluctuates over a
larger range (−5.9‰ and−11.2‰) and records several large shifts that
generally coincide with δ18O fluctuations (Fig. 3). Mickler et al. (2004,
2006) showed that non-equilibrium fractionation of stable isotopes can
occur during speleothem growth due to rapid and extended degassing
of CO2 driven by decreased seepage water flow rates, increased
evaporation, and/or changing cave air–water CO2 ratios. Such kinetic
effects lead to 13C- and 18O-enrichment in the speleothem and elevated
concentrations of trace elements such as Mg, Sr, and Ba (Lorens, 1981).

Moaning Cave δ18O and δ13C values exhibit significant down-axis
correlation (r2=0.81) that could be interpreted to record non-equilib-
rium isotope precipitation (e.g., Mickler et al., 2006). However, the values
and patterns in δ18O and δ13C between 12.3 and 9.6 ka in MC3-A are
reproducible in two other cores (MC3-B and C) taken off the growth axis
through the same stalagmite. If kinetic effects were dominating the
Moaning Cave record, δ18O values, in particular, would be expected to
vary substantially perpendicular to the growth axis (Hendy, 1971); rather
than the good agreement observed in δ18O values for on- and off-axis
samples from the same layer. Furthermore, similar down-axis correlation
between δ18O and δ13C has been observed in other speleothem records
and interpreted to reflect climatic processes rather than non-equilibrium
calcite precipitation (e.g. Genty et al., 2003; Frappier et al., 2007), Similar
long-term trends in MC3 87Sr/86Sr and trace element concentrations (see
below), in particular through the late glacial and B–A, also argue against a
significant influence of kinetic effects given the negligible environmental
fractionation of 87Sr/86Sr values (Banner et al., 1996).

MC3 [Mg] varies between 1800 and 9000 ppm, [Sr] between 25
and 85 ppm, and [Ba] between 3 and 7 ppm. 87Sr/86Sr values vary
between 0.70577 and 0.70689. Overall, changes in [Mg], [Sr], and [Ba]
and 87Sr/86Sr values through the late glacial and the first half of the YD
(~12.4 to ~12.2 ka) define general trends similar to those delineated
by the stable isotope time series, with intervals of low trace element
concentrations and less radiogenic 87Sr/86Sr values generally coinci-
dent with the most negative δ18O and δ13C values (Fig. 4). This trend
of positively covarying stable isotope and geochemical proxies is
interrupted between 10.6 and 9.4 ka by a shift to a generally inverse
relationship between trace elements and δ13C (Table 2). From 9.4 to
the end of the record (8.8 ka), there is a return to positive correlation
between proxies, though the correlations are less pronounced.

5. Evaluation of paleoclimate and paleohydrology time series

In the following section, we first evaluate the processes that affect
speleothem δ18O, δ13C, [Mg], [Sr], [Ba], and 87Sr/86Sr in the context of
the MC3 time series. Subsequently, we discuss the climatic and
hydrologic interpretations for the Moaning Cave record in three time
intervals, 16.5–10.6 ka, 10.6–9.4 ka, and 9.4–8.8 ka. These intervals
are defined by distinct changes in the correlations among isotopic and
trace element proxies in the speleothem.

5.1. δ18O

MC3 δ18O variations, which have been corrected for changes in
seawater δ18O (cf., Vacco et al., 2005) using the record of deglacial sea-
level rise (Fleming et al., 1998), can be interpreted as changes in surface
air temperature and/or rainfall amount. Present day air temperature

Fig. 3. Comparison of Moaning Cave δ18O (top) and δ13C with GISP2 δ18O (Stuiver and
Grootes, 2000). Red line is 5 pt running mean of GISP2 data. Bølling–Allerød and
Younger Dryas intervals in GISP2 record are shaded, respectively, green and purple.
Widths of gray bars indicate uncertainties in the GISP2 age model. Black boxes show U-
series ages and errors (2σ) of Moaning Cave samples. Black dashed lines tie the onset of
the Bølling, the Older Dryas, and the Inter-Allerød Cold Period intervals in both records.
MC δ18O values have been corrected for changes in seawater δ18O with sea level using
Fleming et al., 1998.
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within Moaning Cave varies by 2.3 °C during the year, a variation that
could account for only a 0.5‰ change in the δ18O of speleothem calcite
(using theequilibriumfractionation relationshipofKimandO'Neil, 1997).

Furthermore, more stable cave air temperature variations would be
expected prior to artificial ventilation of the cave (1922). Thus, we
interpret the oxygen isotope values in Moaning Cave speleothems to
primarily record the δ18O value of drip water and thus the δ18O of
precipitation falling above the cave (Dorale et al., 1998; McDermott,
2004). Precipitation δ18O is related to changes in continental ice volume,
surface air temperature, moisture source, rainfall amount, and evapora-
tion (Dansgaard, 1964; Vaks et al., 2003). Although we discount changes
in cave air temperature as the source of variation in MC3 δ18O, the
observed shifts (up to 2‰) could suggest surface air temperature changes
of 1 to 4 °C, using the range of 0.5–0.7‰/°C for δ18O in precipitation
proposed by Rozanski et al. (1993), if no other effects were influencing
precipitation δ18O. Furthermore, there is no reason to believe that the
source of moisture to the Sierra Nevada foothills changed on these
timescales, as it is unlikely that the North American Monsoon, which
currently affects the southwestern United States, extended this far to the
north and west during the last glacial period (Adams and Comrie, 1997).
Additionally, precipitation amount effects on δ18O would lead to more
negative δ18O when rainfall amounts are higher (Dansgaard, 1964).

5.2. δ13C and trace element concentrations

Variations in MC3 δ13C are most likely due to shifts in the amount
of soil-derived CO2 contributed to seepage waters and/or changes in
calcite precipitation up-flow from the stalagmite drip site. Soil
respiration rates above Moaning Cave likely decreased during dry
periods, leading to decreased contribution of soil CO2 to seepage
water DIC andmore positive speleothem δ13C values (e.g. Quade et al.,
1989; Genty et al., 2003; Cruz et al., 2006). Conversely, soil respiration
could have been at its maximum during wet periods, leading to
minimum values of seepage water DIC δ13C. Furthermore, the lack of
pollen or packrat midden evidence for C4 flora in the greater study
region over the past 20+ky (Cole, 1983; Thompson et al., 1993; Davis,
1999) argues against changes in the C3:C4 plant ratios leading to
changes in soil-derived δ13C aboveMoaning Cave (Dorale et al., 1998).

Variations in δ13C, aswell as [Mg], [Sr], and [Ba] inMC3are also likely
controlled through most of the record by variations in the amount of
calcite precipitated in the aquifer up-flow from the speleothemdrip site
(prior calcite precipitation). As CO2 is degassed from drip water, the
lighter 12CO2 molecule is preferentially released, leading to more
positive δ13C in the remaining drip water. Likewise, as calcite is
precipitated from drip water, the remaining water possesses higher
[Mg], [Sr], and [Ba], as the distribution coefficients for these elements in
calcite are much less than 1 (Lorens, 1981; Fairchild et al., 2000). Prior
calcite precipitation in a cavewill increase due to increased evaporation
or degassing or slower seepage rates that allow saturation to be reached

Fig. 4. Comparison of Moaning Cave 87Sr/86Sr, [Sr], [Mg], [Ba], and δ13C. Onset of the B–A
(15 ka) and YD (12.5 ka) in the Moaning Cave δ13C record are indicated by solid lines.
Blue bar indicates the extent of wet conditions above Moaning Cave as shown by the
δ13C record. The end of YD conditions at Moaning Cave at 9.6 ka is shown with a dashed
line. Thin gray bars highlight the Older Dryas, and the Inter-Allerød Cold Period
intervals. Dash–dotted lines demarcate the interval of potential hydrologic variability
between 10.6 and 9.6 ka as indicated by the trace element records. Increases in δ13C
suggest either decreased soil respiration or increased prior calcite precipitation.
Increases in [Mg], [Sr], and [Ba] also suggest increased prior calcite precipitation.
Increased 87Sr/86Sr suggests elevated water rock interactions.

Table 2
Correlation coefficients for proxies by time period.

Proxies 8.8–9.4 9.4–10.6 10.6–16.5

(ka) (ka) (ka)

δ13C vs δ18O 0.85 0.82 0.88
δ13C vs [Mg] 0.11 −0.36 0.66
δ13C vs [Sr] 0.30 0.11 0.80
δ13C vs [Ba] 0.26 −0.19 0.76
δ18O vs [Mg] 0.14 0.00 0.55
δ18O vs [Sr] 0.03 0.16 0.60
δ18O vs [Ba] 0.04 0.05 0.64
[Mg] vs [Sr] 0.37 −0.13 0.57
[Mg] vs [Ba] 0.36 0.41 0.79
[Sr] vs [Ba] 0.94 0.72 0.87

Proxy r2 values were calculated by interpolating proxy records onto one age model
using the ARAND software package (Howell et al., 2006). Correlation coefficients were
not calculated for 87Sr/86Sr with the other proxies given that the resolution of the 87Sr/
86Sr record is much lower.
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earlier in the water travel path (Fairchild et al., 2000). Slower seepage
rates, and therefore increased groundwater residence times, would
occur during periods of increased aridity resulting in decreased water
supply to the cave. In addition, increased evaporation and degassing of
drip waters may arise during periods of increased cave air ventilation.
When surface air temperatures are relatively low, cold, dense outside air
will sink into the cave, displacing warmer, high pCO2 cave air and
leading to an overall decrease in cave air pCO2 (Banner et al., 2007). In
this scenario, increased degassing and prior calcite precipitation driven
by decreased cave air pCO2 would have occurred in Moaning Cave
during colder periods. This relationship, however, is not consistent with
the observed positive correlation between δ18O and δ13C (Table 2;
Fig. 3). Rather, the strong covariation between δ18O, δ13C, [Mg], [Sr], and
[Ba] during periods of increased warming over Greenland favors an
increase in prior calcite precipitation, probably due to decreased
seepage rates and increased groundwater residence time during dry
periods in the central Sierra Nevada.

Variation in [Mg] in theMoaning Cave speleothemmight also result
from differential dissolution of limestone and dolomite in the dolomite-
bearing marble host-rock (Hellstrom and McCulloch, 2000; Fairchild
et al., 2000). Dolomite dissolution in the aquifer, however, is not likely
the dominant control on [Mg] concentrations given the positive
correlation between [Mg], [Sr] and [Ba], as dolomite typically has
lower concentrations of Sr and Ba than calcite (Hellstrom and
McCulloch, 2000). Additionally, dolomite dissolution would not lead
to concurrent variations in δ13C, as dolomite δ13C is typically rock-
buffered to host limestone δ13C values (Machel et al., 1996). Lastly,
given that Moaning Cave is located ~200 km from the coast and there is
no evidence of major shifts in wind direction over the region since the
last glacial period, the contribution of [Sr] and [Ba] from sea spray and
dust to the Moaning Cave record should be relatively constant (Ayalon
et al., 1999). Thus, we conclude that variations in prior calcite
precipitation due to changes in groundwater residence time are most
likely the dominant control on Moaning Cave trace element concentra-
tions throughout much of the record.

5.3. 87Sr/86Sr

We interpret MC3 87Sr/86Sr ratios to reflect varying contributions
from two end-members characterized in this study: a less radiogenic
soil source with a value of 0.70459±16 derived from theweathering of

metamorphic and altered volcanic rocks above Moaning Cave and a
more radiogenic host-marble sourcewith a valueof 0.70745±9 (Fig. 5).
Previous studies of Sr isotopes in speleothems have interpreted
increases in host-rock derived Sr as representing periods of increased
residence time and drier climates (e.g. Banner et al., 1996), and we
interpret the Moaning Cave Sr isotopic record similarly. During periods
of increased precipitation, rapidly infiltrating water would have
produced drip waters with less radiogenic Sr reflecting increased
contribution of soil-dominated Sr. During drier periods increased
seepage water residence time in the carbonate aquifer and increased
meteoric water–marble interactionswould have led tomore radiogenic
speleothem Sr.

5.4. The Moaning Cave record from 16.5 to 10.6 ka

From 16.5 to 10.6 ka stable isotope and geochemical proxies are
positively correlated (r2=0.55 to 0.88; Table 2). δ18O and δ13C values rise
abruptly at 15 ka, coincident (withindating errors of about±220 years in
theMC3 record)with the onset of theBølling–Allerød (B–A)warmperiod
in the GISP2 ice core (14.7±0.29 ka) (Meese et al., 1997; Stuiver and
Grootes, 2000).When temperatures in Greenlandwerewarm during the
Bølling and early and late Allerød periods, δ18O, δ13C, [Mg], [Sr], and [Ba]
increased in the speleothem coincident with shifts to more radiogenic
87Sr/86Sr values. Less negative δ18O values suggest potentially warmer
surface air temperatures above Moaning Cave, increased evaporation,
and/or an overall decrease in precipitation occurred at these times.
Increased δ13C values suggest either a decrease in vegetation leading to
less contribution of soil CO2 to cave water, increased prior calcite
precipitation, or the interaction of both processes. Increases in trace
element concentration further support increased prior carbonate
precipitation during warm periods. This, coupled with more radiogenic
87Sr/86Sr, suggests increased contribution of solution metals from
interaction with the host-rock relative to soil water. All of these
parameters are consistent with a drier and possibly warmer climate
above Moaning Cave during Greenland warm periods between 16.5 and
12.2 ka.

Conversely, abrupt shifts to lower δ18O, δ13C, and [Mg], [Sr], and
[Ba] and less radiogenic 87Sr/86Sr values at ~14.2 ka and ~13.4 ka,
which may be coincident with the Older Dryas (~14 ka), and the
Inter-Allerød Cold period (13.1 ka) as defined in GISP2, are consistent
with shifts to wetter and possibly colder conditions above Moaning
Cave. An abrupt shift to the lowest δ18O, δ13C, [Mg], [Sr], and [Ba]
values in MC3 occurs at 12.4 ka, coincident within dating error
(±450 years) with the onset of the YD. These shifts, as well as a
synchronous increase in average growth rate from 6.0 to 16.7 µm/year
at this time, are consistent with wetter climatic conditions on the
western slope of the central Sierra Nevada at the onset of the YD.

Following the initial decrease into the YD, δ18O and δ13C and trace
element values increase slightly at ~12.2 ka. 87Sr/86Sr values also
increase slightly at this time. These changes suggest a decrease in the
contribution of soil-respired CO2 to seepage waters and an increase in
prior calcite precipitation coupled with increased water–host-rock
interactions, consistent with a slight mid-YD increase in aridity and
possibly temperature in this region.

5.5. Evidence for a shift in drip center at 12.1 ka

Following the slight increase in all of the proxy records at 12.2 ka,
the average growth rate between 12.1 and 10.8 ka in MC3-A falls
dramatically to 0.4 µm/year, while slightly to significantly greater
average growth rates occur in synchronous intervals of MC3-B
(3.9 µm/year between 12.3 and 10.3 ka) and MC3-C (1.1 µm/year
between 12.1 and 10.8 ka) (Table S1). δ18O, δ13C, and [Mg], [Sr], and
[Ba] become stable at this time, with [Mg], [Sr], and [Ba] at minimum
values, and δ18O and δ13C at slightly more positive values.

Fig. 5. 87Sr/86Sr vs. 1/[Sr] for host limestone (triangles), speleothems (circles), spring
water (x) and soil prewash (open squares), acetic acid (half-filled squares), and HF
(black squares) leachates. Error bar for 87Sr/86Sr is shown. Errors for [Sr] are smaller
than the symbols.
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The large decrease in growth rate in MC3-A between 12.1 and
10.8 ka could be interpreted to suggest decreased drip rate due to
increased aridity above the cave or changes in ventilation and cave air
pCO2 (e.g. Musgrove et al., 2001; Banner et al., 2007). Speleothem
growth rates are typically inversely correlated with cave air pCO2,
which varies with seasonal differences between cave and surface air
temperatures (Banner et al., 2007). Thus, the dramatic decrease in
MC3-A growth rate at 12.1 ka could indicate decreased ventilation
due to increased surface air temperatures between 12.1 and 10.8 ka.
The relatively light δ18O values during this interval, however, suggest
surface air temperatures did not significantly increase. Furthermore,
textural evidence of a discontinuity in MC3-A and migration of the
highest growth rates observed in this interval (12.1 and 10.8 ka) to
MC3-B indicates that, rather than an overall decrease in drip rate, the
drip center of the Moaning Cave stalagmite shifted at ~12.1 ka. A
break in the crystal growth pattern with a possible dissolution surface
and numerous fluid inclusions during this interval in MC3-A further
supports this hypothesis. This surface is present to a lesser degree in
MC3-C and is not discernable in MC3-B. Lastly, the continued low
δ13C, [Mg], [Sr], and [Ba] indicate that a wet climate persisted above
Moaning Cave between 12.1 and 10.8 ka. Thus, a shift in drip center
away from the part of the speleothem sampled in MC3-A best
accounts for the observed growth rate changes in this interval.

5.6. The Moaning Cave record from 10.6 to 9.4 ka

At 10.6 ka, δ18O values fall slightly and δ13C reach their minimum
in the Moaning Cave record, coincident with an abrupt increase in
[Mg]. These shifts are accompanied by slight increases in [Ba] and [Sr]
and a slight shift in 87Sr/86Sr to more radiogenic values.

The [Mg] increase could represent a shift to a more Mg-rich source
within the aquifer. The Moaning Cave host carbonate consists of
metamorphosed limestones and dolomites (Clark and Lydon, 1962;
Bowen, 1973). Thus, a change in groundwater routing could have led to
increased fluid interactionwith amore dolomite-rich (Mg-rich) portion
of the host-rock. If, however, this very large increase in [Mg] was
produced through the increased residence time/prior calcite precipita-
tion mechanism suggested for the earlier part of the MC3 record, a
coincident large increase in δ13Cwould be expected, but is not observed.
Furthermore, the lack of a change in the crystal structure or in inclusion
density during this interval indicates that the abrupt increase in trace
element concentrations is not related to the presence of contaminating
phases in the speleothem. [Sr] and [Ba] also increase at this time, but not
to the same degree as the shift in [Mg]. These changes are consistent
with a shift to a dolomitic source, as dolomite contains less Sr and Ba
than calcite (Hellstrom and McCulloch, 2000). Thus, we argue that the
large increase in [Mg], coupled with the smaller increases in [Sr] and
[Ba], and the near-minimum δ13C values are best explained by a change
in groundwater flow path that does not necessitate a climatic shift to
drier conditions above Moaning Cave.

At 9.6 ka, δ13C values increase abruptly fromapproximately−11‰ to
−7.5‰, suggesting a rapid shift to a drier, and possibly warmer climate
aboveMoaning Cave. At this time, δ18O values continue to gradually rise,
suggesting that either air temperature increases above Moaning Cave
were more gradual than precipitation changes or that vegetation above
the cave reached a soil moisture threshold that led to a rapid decrease in
vegetation density at 9.6 ka (e.g. deMenocal et al., 2000).

5.7. The Moaning Cave record from 9.4 to 8.8 ka

At ~9.4 ka, [Mg] and [Ba] decrease abruptly, while [Sr] falls more
gradually. Following this, δ13C, [Mg], [Sr], and [Ba] are again positively
correlated though the correlations are less strong thanduring the earlier
part of the MC3 record. Stalagmite growth rate in MC3-A increases
dramatically from2.3 µm/year to 75 µm/year at 8.9 ka; the timingof this
growth rate shift, however, is constrained solely by the location of dated

samples. This average growth rate increase and the return to positively
correlated δ13C, [Mg], [Sr], and [Ba]may suggest that another shift in the
flow path supplying the speleothem occurred given the fracture-flow
dominatedhydrologyof the host aquifer. Variations in theproxy records
in this portion of MC3 can therefore be interpreted as recording similar
variations in rainfall in the region and residence time as occurred during
the B–A and early YD. The return to correlated proxies further supports
our hypothesis that the lack of correlation between the trace elements
and stable isotopes during the interval 10.6 to 9.4 ka records a local shift
in hydrology with a shift in drip center.

6. Discussion and summary

The speleothemMC3 records variations in regional climate and local
hydrology between 16.5 and 8.8 ka. We interpret elevated δ18O, δ13C,
[Mg], [Sr], and [Ba] and more radiogenic 87Sr/86Sr to indicate periods of
decreased soil-respired CO2, increased prior calcite precipitation, and
increased groundwater–rock interaction above Moaning Cave. In turn,
we attribute these proxy behaviors to relatively dry and possibly warm
conditions at Moaning Cave during the Bølling, and early and late
Allerød warm periods noted in the Greenland ice core records.
Conversely, lower δ18O, δ13C, [Mg], [Sr], and [Ba] and less radiogenic
87Sr/86Sr record elevated soil-respired CO2, decreased prior calcite
precipitation, and more limited water–rock interaction presumably in
response to increased precipitation above Moaning Cave during the
colder Older Dryas, Inter-Allerød Cold Period, and YD.

Studies of lacustrine, glacial, and speleothem records in western
North America have documented sub-centennial to millennial shifts
in mid-latitude western North American continental climate since the
late Pleistocene, similar to those seen in the early part of the Moaning
Cave record (e.g., Gosse et al., 1995; Clark and Bartlein, 1995; Benson
et al., 1996, 1997, 1998; Lin et al., 1998; Benson et al., 2003; Polyak
et al., 2004; Brook et al., 2006; Ellwood and Gose, 2006). These
records, however, present an inconsistent picture of how regional
climate changes in western North America with distal warmings and
coolings in the North Atlantic during the late Pleistocene, and the YD
in particular. In some studies late Pleistocene cooling events in the
North Atlantic region (e.g., stades of D–O and, B–A, YD) have been
correlated to cool but dry climates in the Sierra Nevada and western
Great Basin regions (e.g., Benson et al., 1997, 1998, 2003; Clark, 2003).
For example, there is no evidence for a YD glacial advance on the east
side of the Sierra Nevada (Clark and Gillespie, 1997; Phillips et al.,
2009). In contrast, other studies indicate possible increases in
effective moisture during the YD in parts of the Great Basin attributed
to a southward displacement of the polar jet stream (Mensing, 2001;
Polyak et al., 2004; Oviatt et al., 2005; MacDonald et al., 2008). Other
records lack sufficient temporal resolution to definitively establish (or
refute) the synchrony of regional climate oscillations with the near-
global YD event (Mensing, 2001 and references within; Owen et al.,
2003; Winograd et al., 2006) (Fig. 1). These disparities confound the
issue of whether actual differences in regional climatic response to
distal climate events noted in the northern high-latitudes occurred.

Notably, MC3 provides a high-resolution continuous record through
this interval that is consistent with increased effective moisture in the
central Sierra Nevada during past cool periods (Older Dryas, Inter-
Allerød Cold Period, onset of the Younger Dryas) and significantly drier
conditionsduringpastwarmings (Bølling, early and late Allerød). Such a
pattern is consistent with recent models of the impact of greenhouse-
gas forcing on regional climates (Sewall and Sloan, 2004; Sewall, 2005;
Seager et al., 2007). Western North American-focused simulations
highlight the sensitivity of Pacific-sourced winter storm tracks and
precipitation levels in mid-latitude western North America to changes
in Arctic sea ice extent and atmospheric cell stability expected with
globalwarming. DecreasedArctic sea ice leads to a northwarddeflection
of the polar jet stream and with it the present path of winter storms. In
regions such as northern California that are already characterized by
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marginally sufficient water resources, this effect could translate to
significant (up to 30%) reductions in mean annual precipitation relative
to current levels (Sewall and Sloan, 2004; Sewall, 2005).

The MC3 time series document a shift to slightly drier conditions at
12.2 ka followed by a potential change in the local hydrology including
movement of the stalagmite drip center at 12.1 ka. A shift to drier
conditions in themiddle of the YD interval hasbeennoted in anumber of
paleoclimate records in western North America, including diatom and
stable isotope records from lakes just east of the Sierra Nevada crest
(MacDonald et al., 2008), and sedimentological, stable isotope and
pollen records from Owens Lake in the eastern Sierra Nevada (Benson
et al., 1997; Mensing, 2001; Benson et al., 2002; Bacon et al., 2006).
Additionally, a short-lived increase (0.4‰) in the δ18O values of the
foraminifera N. Pachyderma is noted in Santa Barbara Basin (Fig. 1)
sediments at ~12.3 ka, indicating a small increase in surface water
temperatures off theCalifornia coast (Hendyet al., 2002) coincidentwith
the climatic shift on thewestern slope of the central Sierra Nevada. Mid-
YD shifts to warmer conditions have also been noted in other Northern
Hemisphere locations, including the GRIP ice core δ18O record (2‰
increase in at 12.2 ka) (Dansgaard et al., 1993), speleothems from
southern France andnorthern Tunisia (12.2 ka; Genty et al., 2006), and a
German lacustrine ostracod record (von Grafenstein et al., 1999).
Moreover, while the drip center shift seen in MC3 was most likely
caused by a very localized hydrologic change, it is possible that it was
initiated by the slight drying noted in the Moaning Cave record at
12.2 ka, which in turn might be linked with the mid-YD warming
observed throughout the Northern Hemisphere. It is also worth
emphasizing that these hydrologic shifts above Moaning Cave had
dramatic effects on trace element records, and this may have important
implications for the interpretation of such records from other caves.

Despite the influence of a change in seepage water routing on the
MC3 trace element records, the stable isotope records remain low
throughout the period 10.6 to 9.6 ka, with δ13C at its most negative
values, arguing for dense vegetation and a relative increase in
precipitation until 9.6 ka. Therefore, the Moaning Cave record suggests
that wet and possibly colder conditions persisted on the western slope
of the central Sierra Nevada well beyond the end of the YD in GISP2
(~11.5 ka). This is an intriguing observation and warrants further
evaluation in other continental records fromwesternNorth America. By
9.0 ka, stable isotopes and trace elements suggest that conditions above
Moaning Cave were as dry as those at the onset of the Bølling period.

Our interpretation of the MC3 record indicates that, since the last
glacial maximum, warmer episodes in the Sierra Nevada region of
central California were associated with decreased levels of effective
moisture. Dating of the MC3 time series shows that marked climate
fluctuations in the Sierra Nevada region occurred in as little as a few
decades, and that one such shift at ~12.4 ka coincided, within the
limits of dating, with abrupt climate shifts that occurred globally at the
onset of the Younger Dryas climatic event. Past climate shifts in the
Sierra Nevada, as elsewhere, occurred in response to modified
atmospheric circulation patterns likely driven by northern high-
latitude climate anomalies. Such climate shifts persisted throughout
the deglaciation despite evolving boundary conditions (e.g. ice sheet
extent and volume). The clear expression of the onset of the Younger
Dryas, the short-lived drying during the mid-YD and the expression of
the Older Dryas and Inter-Allerød Cold Period in the MC record is
therefore consistent with recent climate models that highlight the
possible importance of such atmospheric teleconnections for Califor-
nia's future climate under conditions of continued global warming and
loss of Arctic ice. If this hypothesis is correct, such linkages indicate
that in response to global warming, effective moisture levels in the
Sierra Nevada region may be reduced not only by enhanced
evaporation due to warmer local temperatures, but also by reductions
in Pacific moisture delivered to the region, thus strongly impacting
water resources in a region already characterized by marginally
sufficient water resources.
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