GEOPHYSICAL RESEARCH LETTERS, VOL. 38, L18701, doi:10.1029/2011GL048560, 2011

Milankovitch‐paced Termination II in a Nevada speleothem?
Jeremy D. Shakun,1 Stephen J. Burns,2 Peter U. Clark,3 Hai Cheng,4,5
and R. Lawrence Edwards5
Received 20 June 2011; revised 18 August 2011; accepted 20 August 2011; published 17 September 2011.

[1] The Devils Hole (DH) calcite record from the Great
Basin, Nevada, provided the first radiometrically dated
time series of late‐Pleistocene climate fluctuations,. In
doing so, DH suggested that the penultimate deglaciation,
Termination II (T‐II), occurred at 142 ± 3 ka, which is
∼10 kyr before the associated rise in summer insolation,
helping to launch the “causality problem” for Milankovitch.
The interpretation of the DH record has been subject to
considerable discussion ever since. We present the first
attempt to reproduce the DH record of an early T‐II in the
Great Basin based on a stalagmite from Lehman Caves,
Nevada, which is ∼400 km northeast of Devils Hole. Our
speleothem records at least the latter part of T‐II over its
period of growth from ∼133–129 ka, which appears to
disagree with the early timing of T‐II in DH. DH also
exhibits important differences from many other paleoclimate
records over the past two deglaciations, though these are
reduced somewhat after ice‐volume correcting DH d18O. We
suggest that the climatic signal in the DH record remains to
be fully explained. Citation: Shakun, J. D., S. J. Burns, P. U.

Ludwig et al., 1993; Winograd and Coplen, 1989], and the
causality problem remains a major focus of research [Cheng
et al., 2009; Drysdale et al., 2009; Thomas et al., 2009].
More recently, it has been suggested that the DH record
reflects Pacific sea surface temperatures (SSTs), rather than ice
volume, and may therefore not pose a problem for a Milankovitch control on glacial cycles [Herbert et al., 2001; Lea
et al., 2000; Winograd et al., 1997, 2006]. Questions also
surround the geographic significance of the DH signal
[Herbert et al., 2002; Winograd, 2002], with suggestions
ranging from regional [Herbert et al., 2001] to interhemispheric [Winograd et al., 2006] in scale. Given the historical
and continued importance of the DH record in our understanding of late‐Pleistocene climate, it is notable that other
Great Basin calcite records have not been developed to verify
its interpretation. Here we address this issue by developing a
brief but well‐dated d18O record from a stalagmite (LC‐2)
from Lehman Caves, Nevada, and examining the hypothesis
that DH records Great Basin precipitation isotopes related
to Pacific SSTs.

Clark, H. Cheng, and R. L. Edwards (2011), Milankovitch‐paced
Termination II in a Nevada speleothem?, Geophys. Res. Lett., 38,
L18701, doi:10.1029/2011GL048560.

2. Methods

1. Introduction
[2] The Devils Hole (DH) vein‐calcite d18O record from
the Great Basin of Nevada is one of the most well‐known
and controversial paleoclimate records. It provided the first
radiometrically dated time series of late‐Pleistocene climate
variations, and these first results were thought to raise a
major challenge to the Milankovitch theory [Winograd
et al., 1988, 1992]. In particular, DH placed the penultimate deglaciation, Termination II (T‐II), at 142 ± 3 ka,
which is ∼10 kyr before the associated rise in insolation,
forming the basis of the “causality problem” for Milankovitch
[Karner and Muller, 2000]. Considerable debate ensued over
the validity of the Milankovitch theory [Broecker, 1992;
Edwards and Gallup, 1993; Emiliani, 1993; Imbrie et al.,
1993; Johnson and Wright, 1989; Landwehr et al., 1994;
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[3] Stalagmite LC‐2 was collected in June 2004 from
Lehman Caves in Great Basin National Park, Nevada, which
is ∼400 km northeast of DH (Figure 1). It was sliced in half
lengthwise and its interior surfaces were polished (Figure 2d).
We obtained 18 230Th ages along the 60‐cm length of the
stalagmite on the University of Minnesota Isotope single
MasCom multiplier in peak‐jumping mode. Approximately
200 mg of calcite were used for each date. We also measured 53 stable isotope samples along the LC‐2 growth axis
at ∼1‐cm resolution using a Finnegan Delta XL ratio mass
spectrometer coupled to an automated carbonate preparation
system at the University of Massachusetts Stable Isotope
Laboratory. Stable isotope samples weighed ∼100 mg and
were collected with a 0.5 mm carbide dental burr. Analytical
precision is ±0.11‰ for d18O and ±0.07‰ for d 13C.

3. Results
[4] 230Th ages span 133.5–126.5 ka and have an average
2s error of 0.6 kyr (Figure 2a and auxiliary material).1 All
ages but one are in stratigraphic order within error. We
created an age model by fitting a 4th‐order polynomial
through the ages excluding the topmost one and the one that
is out of order. The conclusions presented below are insensitive to the choice of age model. Initial thorium corrections
are negligible. The LC‐2 d 18O record is dominated by a secular increase of nearly 2‰, whereas the d13C record is nearly
1
Auxiliary materials are available in the HTML. doi:10.1029/
2011GL048560.
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Figure 1. Location of Lehman Caves and Devils Hole in Nevada. The map displays modern weighted mean annual precipitation d18O over the United States (modified from Bowen et al. [2007]).
flat and uncorrelated with d 18O (r2 = 0.0001) (Figures 2b, 2c,
and 2e and auxiliary material), suggesting that the isotope
record has not been compromised by disequilibrium effects.
[5] Three observations suggest that LC‐2 d18O records T‐II.
First, a d18O value of −11.3‰ on modern calcite from an
active stalagmite adjacent to LC‐2 is slightly lower than
the highest values seen near the end of the LC‐2 record
(Figure 3f), consistent with LC‐2 reaching full interglacial
conditions following the termination. Additionally, we note
that although the isotopic shift recorded by LC‐2 may be
larger since there is no plateau near the beginning of the
record, the observed 2‰ amplitude is nearly identical to that
seen in terminations in DH d18O, including T‐II (Figure 3h).
Finally, the d18O shift recorded in LC‐2 is centered on 132 ka,
which is roughly in phase with T‐II in the marine d18O
record on both depth‐derived [Huybers and Wunsch, 2004]
and orbitally‐tuned (Figure 3i) [Imbrie et al., 1984] age
models, well‐dated speleothem records from Italy, Israel,
and China (Figures 3a, 3c, and 3d) [Bar‐Matthews et al., 2003;
Cheng et al., 2009; Drysdale et al., 2009], and O2/N2‐dated

Antarctic ice cores (Figure 3e) [Kawamura et al., 2007]. We
thus suggest that LC‐2 records T‐II, or at least its latter part,
but up to 10 kyr later than in the DH record and, interestingly,
at a time consistent with Milankovitch forcing.

4. Discussion
4.1. Stalagmite LC‐2 and Devils Hole
[6] Why do the DH and LC‐2 records appear to disagree
on the timing of T‐II in the Great Basin? The 10‐kyr offset
between them cannot be attributed to dating uncertainties
as the offset is over an order of magnitude larger than the
uncertainties. Given the integrity of the dating, it is unlikely
that the penultimate deglaciation occurred at such different
times within the state of Nevada, suggesting that the climate
signal in one or both of these records has been compromised
by other factors and/or misinterpreted.
[7] LC‐2 is a much simpler recorder of climate than
Devils Hole. The 60‐cm long T‐II record in LC‐2 is from a
cave stalagmite that communicated rapidly with the surface

Figure 2. LC‐2 data. (a) 230Th dates with 2s errors and age model (gray line). Dates excluded from the age model are
shown with open symbols. (b) d 18O. (c) d 13C. (d) Photograph of LC‐2. (e) Scatterplot of LC‐2 d18O versus d 13C.
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Figure 3. Well‐dated records of Terminations (left) I and (right) II. (a) Corchia Cave, Italy speleothem d18O [Drysdale
et al., 2009]. (b) PC1s for SST records from the North (blue), eastern tropical (green), western tropical (yellow), and
South (red) Pacific (Clark et al., submitted manuscript, 2010). (c) Soreq and Peqiin Caves, Israel speleothem d18O [Bar‐
Matthews et al., 2003]. (d) Hulu and Dongge Caves, China speleothem d 18O [Wang et al., 2001; Dykoski et al., 2005;
Cheng et al., 2006; Kelly et al., 2006]. (e) Dome Fuji, Antarctica d18O [Kawamura et al., 2007]. (f) Lehman Caves, Nevada
speleothem LC‐2 d18O (this study). (g) Fort Stanton Cave, New Mexico [Asmerom et al., 2010] and Cave of the Bells,
Arizona [Wagner et al., 2010] speleothem d18O. (h) Uncorrected (solid line) and ice‐volume corrected (dashed line) Devils
Hole, Nevada d 18O [Winograd et al., 1992, 2006]. The ice‐volume correction has been zeroed at Last Glacial Maximum
values to facilitate comparison of the terminations in the corrected and uncorrected time series. (i) SPECMAC d18O stack
[Imbrie et al., 1984]. (j) 65°N insolation on June 21 [Laskar et al., 2004]. (k) Coral‐based relative sea level record (compilation from Clark et al. [2009]). 230Th dates are shown as triangles beneath each speleothem record, and the error associated
with the timing of T‐II in the O2/N2‐dated Dome Fuji ice core is shown. The triangle on the Lehman Caves, Nevada y‐axis
shows the d18O of modern calcite. The midpoints of T‐I and T‐II in the DH record are designated by the vertical dashed lines.
and was fed by local rainfall. Furthermore, stalagmites from
this region appear to faithfully record Northern Hemisphere
warming events, as suggested by the presence of Dansgaard/
Oeschger events in speleothems from nearby Goshute Cave,
Nevada [Denniston et al., 2007]. In contrast, the DH T‐II
record is from 1 cm of vein calcite deposited from groundwater that traveled 80 to >160 km through a regional aquifer
over several millennia. On the other hand, LC‐2 is limited by
its short duration. For instance, as LC‐2 does not record the
onset of warming, it is possible that LC‐2 captures only the
latter part of the termination and thus underestimates
the age of T‐II. We emphasize that this is an important
uncertainty and cannot be discounted without more speleothem records from this region. Nonetheless, the DH
record levels off at interglacial values at or before (when

accounting for groundwater transit time) the onset of the 2‰
shift in LC‐2 at 133.5 ka, pointing to what are perhaps
irreconcilable differences between the records if both are
interpreted to record the timing of changes in the isotopic
composition of precipitation. With the data at hand, we
cannot resolve the apparent discrepancy between LC‐2 and
DH and leave this issue to future research.
4.2. Devils Hole Interpretation
[8] We turn now to the interpretation of the DH record.
Much of our discussion focuses on T‐I given the large
number of well‐dated records from this interval. DH also
shows an early timing for this termination relative to
insolation and sea level (Figures 3j and 3k), with a ∼1‰
increase from 27–17 ka (Figure 3h) [Winograd et al., 2006],
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suggesting that insights gained from T‐I may apply to T‐II
as well.
[9] While DH was originally interpreted as a record of
global glacial cycles [Winograd et al., 1988, 1992], it is
generally now thought to be linked to Pacific SSTs via an
atmospheric teleconnection [Herbert et al., 2001; Lea et al.,
2000; Winograd et al., 1997, 2006]. Compelling evidence
for this interpretation was first presented by Herbert et al.
[2001]. They developed alkenone‐based SST records along
the western margin of North America spanning the past
several glacial cycles and found that warming at more
northerly sites preceded global deglaciation, as recorded by
benthic d18O, by ∼10–15 kyr during terminations. They
suggested that DH records this anomalous early warming of
the northeast Pacific and thus provides a record of regional,
but not global, significance. While attractive, this interpretation has some drawbacks. Perhaps most important, California
margin alkenone and foram‐based SST records diverge during
T‐I, raising some questions over the reliability of these proxies
during terminations [Hendy, 2010]. There are also some
notable disagreements between the alkenone records and DH.
First, during T‐II the SST records begin warming at ∼145 ka
on their orbitally tuned benthic d18O chronologies, which lags
behind initial warming in the DH record by 5–10 kyr. This lag
is likely even longer when considering that the DH record
must be shifted older to account for groundwater transit time
and the SST records should perhaps be shifted younger as
terminations in Pacific benthic d18O may be delayed by several kyr [Lisiecki and Raymo, 2009; Skinner and Shackleton,
2005]. Second, SST records show a two‐step warming pattern over T‐II (ODP 1012 and 1020 [Herbert et al., 2001];
ODP 1014 [Yamamoto et al., 2004]), in contrast to the smooth
termination in the DH record. Third, the DH record plateaus
after 17 ka during T‐I despite the ∼1‰ decrease in seawater d 18O associated with ice‐sheet melting [Adkins et al.,
2002]. This ice‐volume effect is apparently masked in the
DH record by warming of equal and opposite magnitude.
No such warming is evident in the alkenone records, however.
We return to this issue below.
[ 10 ] Winograd et al. [2006] extended Herbert et al.’s
[2001] interpretation, suggesting that DH is associated
with early warming of Pacific SSTs not just in the northeast
part of the basin, but perhaps also in the tropics [Lea et al.,
2000] or even in both hemispheres of the Pacific. They point
to high correlations (r) of 0.66–0.83 over the last glacial
cycle between DH and several SST records from 2–41°N in
the eastern Pacific as evidence of this linkage. We suggest
that these correlations are largely a function of the strong
100‐kyr signal present in most paleoclimate records of the
last glacial cycle and may not necessarily imply that the
early warming in DH during terminations is related to
Pacific SSTs. For example, we obtain similar correlations
between DH and the following records that do not display
early terminations using the same approach as Winograd
et al. [2006] (i.e., 160–4.5 ka window, a common 1.7 kyr
time step): LR04 benthic d18O, −0.50 [Lisiecki and Raymo,
2005]; Vostok CO2, 0.62 [Petit et al., 1999]; Dome C dD,
0.72 [EPICA Community Members, 2004]; Aghulas core
MD962077 SSTs, 0.85 [Bard and Rickaby, 2009]. We also
use the leading principal components of radiocarbon‐dated,
high‐resolution SST records of T‐I from several regions
of the Pacific (P. U. Clark et al., Global climate evolution
during the last deglaciation, submitted to Nature Geoscience,
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2011) to determine if and/or how DH is related to large‐scale
modes of SST variability. The PC1s account for 53, 44, 84,
and 81% of the variance in the North (n = 8), eastern tropical
(n = 9), western tropical (n = 11), and South (n = 8) Pacific,
while the PC2s explain 19, 27, 5, and 8% of the variance in
these regions. All of the PC1s are dominated by the deglacial
warming signal from 20–11 ka (Figure 3b), and the PC2s
display millennial‐scale oscillations similar to the Heinrich
1‐Bolling/Allerod‐Younger Dryas sequence in the North
Atlantic. DH, on the other hand, exhibits a steep rise from
19–17 ka followed by a plateau extending to the mid‐
Holocene (Figure 3h). Thus, DH appears largely unrelated to
the two leading modes of SST variability during T‐I around
the Pacific, which together account for 71 to 89% of the
variance in these areas.
[11] Regardless of its driver or spatial significance, the
DH record is fundamentally interpreted as a record of isotopes in precipitation in the Great Basin. If it provides an
at least regionally representative climate record, we would
expect other continental records, particularly those also
recording isotopes in precipitation, to display similar signals. On the contrary, various proxy records from around the
western U.S., including lake sediments [Benson, 2003] and
glaciers [Clark et al., 2009], disagree with the early timing
for T‐I and instead place the regional termination in phase
with the global deglaciation. More significantly, two speleothem records from Arizona and New Mexico bear little
resemblance to DH on the timing and structure of T‐I
(Figure 3g). The speleothems are in phase with the global
deglaciation and are apparently more strongly related to
Atlantic than Pacific forcing, with both exhibiting pronounced millennial variability associated with the Bølling‐
Allerød and Younger Dryas events in the North Atlantic
[Asmerom et al., 2010; Wagner et al., 2010]. These southwestern speleothems are in fact better correlated with distant
speleothem and ice core records of T‐I than with the nearby
DH record, as seems to also be the case with stalagmite LC‐2
during T‐II (Figure 3). Lastly, oxygen isotopes in radiocarbon‐
dated groundwaters from southern Nevada record T‐I from
roughly 20–11 ka [Benson and Klieforth, 1989], well after the
termination in DH. Thus, DH disagrees with various land‐
based climate records from the region during T‐I, much as it
seems to with LC‐2 during T‐II.
4.3. Devils Hole Ice‐Volume Correction
[12] DH, as any isotopic record, is subject to overprinting
by changes in the oxygen isotopic composition of the ocean
associated with variations in global ice volume. At times
when DH diverges from the marine d18O record during
terminations, this effect may be particularly pronounced. We
use an inverse ice‐sheet model reconstruction of seawater
d18O to correct the DH record for changes in ice volume
during the last two terminations (Figure 3h) [Bintanja and
van de Wal, 2008] We use the originally published age
model for this reconstruction, and do not account for the
groundwater transit time of the ice‐volume signal through
the Devils Hole aquifer or for possible local seawater d 18O
changes in the Devils Hole vapor source region. During T‐II,
this ice‐volume correction slightly dampens the initial rise in
DH d18O, and more significantly, extends the termination by
∼7 kyr, thus delaying the onset of peak interglacial conditions until ∼127 ka. This lengthened termination may help
bring DH into better agreement with our LC‐2 stalagmite
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record, although the d18O shift in LC‐2 would still be many
times larger than in DH during their period of overlap. T‐I is
similarly affected. The gradual early warming in DH
becomes more muted and most of the deglacial rise now
occurs from ∼19–11 ka, or in phase with the global sea‐level
rise and SST warming (Figures 3b and 3k). If this admittedly
simple ice‐volume correction is reasonably accurate, therefore, DH’s depiction of terminations and interglacials may
require some reconsideration [Winograd et al., 1997]. We
acknowledge, however, that while this correction brings
DH into general synchrony with the global deglaciation
during T‐I, the much‐discussed onset of T‐II in DH still
begins much earlier than would be expected from classic
Milankovitch forcing.

5. Conclusions
[13] In summary, our brief speleothem record of T‐II from
Lehman Caves, Nevada, appears to disagree with the nearby
DH vein calcite record, as do other regional climate records
during T‐I. We also find that correcting the DH record for
changes in seawater d18O may affect its portrayal of terminations and interglacials, although the early onset of T‐II in
DH remains robust. We suggest that the interpretation of the
DH record remains an open question and awaits the development of additional Great Basin speleothem records.
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