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sites, one of which does not take part in the exchange process
because a proton on this site protrudes into the sodalite cage,
which is inaccessible to methane. For the remaining three
accessible pathways, the proton affinity differences are 35 kJ
mol~! or higher. In combination with the appropriate Boltz-
mann factors for the proton occupancy of oxygen sites, this leads
to a reduction of the exchange rate by a factor of 80 at 700 K
compared with the molecular catalyst.

MFTI has a more complex crystal structure with 12 different
T-sites?®. For each of these, we repeated the calculation outlined
above. Between different T-sites, the exchange rate varied by
two orders of magnitude (Fig. 3). The large activity differences
corroborate empirical evidence that the acid sites are heteroge-
neous?®, Assuming a random distribution of aluminium over all
T-sites, the overall exchange rate in MFT is the average of these
exchange rates, which at 700 K is a factor of 20 lower than that of
the molecular catalyst and thus a factor 4 larger than in FAU.
These reduction factors vary with temperature; the predicted
reaction-rate dependencies are shown by dashed lines in Fig. 1.

The theoretical predictions of the relative rates for the two
zeolites and their temperature dependence agree well with
experiment. It should be mentioned that there is a 20 kJ mol~!
uncertainty in the absolute value of the barrier as predicted by
quantum chemistry. But this uncertainty affects the predictions
for all zeolites to the same extent, so the prediction of a factor of
four difference in reactivity between zeolites FAU and MF1 is
not affected.

Our results show that heterogeneous catalysts can be
understood at the atomic level, and that quantitative agreement
between theory and experiment can be achieved. For the
exchange reaction studied here, we have predicted the reaction
path and established the relationship between acidity and
catalytic activity. When combined with theoretical estimates for
the proton affinity of the various oxygen sites within the zeolite,
this gives an ab initio prediction of heterogeneous catalytic
activity. Applying the argument in reverse, it gives a first, albeit
indirect, experimental measure of the acidity differences in
zeolites, which must be ~ 60 kJ mol~! to explain satisfactorily
the reactivity differences between FAU and MFT. 8
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VARIATIONS in the oxygen isotope content (5120) of late Quatern-
ary deep-sea sediments mainly reflect changes in continental ice
mass!, and hence provide important information about the
timing of past ice ages. Because these sediments cannot yet be
dated directly beyond the range of radiocarbon dating (40-50
kyr), ages for the 5'®0 record have been generated®® by
matching the phase of the changes in 5'30 to that of variations in
the Earth’s precession and obliquity. Adopting this timescale
yields a close correspondence between the time-varying ampli-
tudes of these orbital variations and those of a wide range of
climate proxies*, lending support to the Milankovitch theory that
the Earth’s glacial-interglacial cycles are driven by orbital
variations. Recently Winograd et al.’ reported a record of 6'0
variations in a fresh-water carbonate sequence from Devils Hole,
Nevada, dated by U-Th disequilibrium®. They concluded that the
timing of several of the features in the record, which reflects
changes in the temperature of precipitation over Nevada as well
as changes in the isotopic composition of the moisture source®’,
showed significant deviations from that predicted by Milanko-
vitch theory. Here we demonstrate that applying the Devils Hole
chronology to ocean cores requires physically implausible
changes in sedimentation rate. Moreover, spectral analysis of the
Devils Hole record shows clear evidence of orbital influence. We
therefore conclude that transfer of the Devils Hole chronology to
the marine record is inappropriate, and that the evidence in
favour of Milankovitch theory remains strong.

The Devils Hole §'30 record was obtained from a 36-cm core
(DH-11) drilled in a layer of calcite lining a water-filled cavern in
southern Nevada. Ground water here originates as snow and
rain in the surrounding mountains®. The time resolution of the
880 record is comparable to that in deep-sea records and
contains 21 precise radiometric dates® from the 2°Th method8.
The general resemblance of the Devils Hole 8'%0 record to that
of the ocean is striking (Fig. 1). Indeed, the coherency is so
high that it is tempting to overlook how different the physics
underlying each record must be and jump to the conclusion that
they are in fact synchronous. The SPECMAP marine 8'%0
stack is an average of many open-ocean records in which
values become heavier during glacial intervals, mainly because
of storage of fresh water as ice. In contrast, the 8'%0 data
in DH-11 reflect the isotopic distillation of atmos-
pheric moisture, a process linked to local precipitation tempera-
ture’. Values in this record therefore become lighter during
glacial intervals. But to interpret these data properly as an air
temperature signal, one must make assumptions not only about
the isotopic composition of the oceanic moisture source (which
changes over a glacial cycle), but also about air-parcel trajecto-
ries at the relevant seasons’. Winograd et al.’ address some, but
not all, of these complex issues.

A convenient way of comparing the DH-11 and SPECMAP
chronologies is to examine a mapping function® that adjusts the
ages in one curve to give the best match with 8'®0 variations in
the other (Fig. 2). Overall, the similarity between these
physically very different records is remarkable (r=0.85). But we
focus here on two glacial intervals, stages 6 and 10, in which the
DH-11 ages are significantly older.
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We consider three possible explanations for these differences:
(1) that the 880 events recorded in these groundwater and
oceanic records are synchronous, and the DH-11 chronology is
wrong; (2) that the events are synchronous, and the SPECMAP
chronology is wrong; or (3) that the events are not synchronous,
and both chronologies are right. The first possibility has been
examined in two recent papers that ask if Devils Hole ages could
be biased by the incorporation of *Th during calcite
growth!011 - Although some avenues of research remain to be
explored, in the absence of compelling evidence for such a bias
we will assume that there is nothing wrong with the chronology
of DH-11.

To test the second possibility, we examine the geological
consequences of applying the DH-11 chronology to the oceanic
8180 record (Fig. 1b). We do this by transferring the Devils Hole
chronology to a set of four deep-sea cores (Fig. 3). The records
chosen come from widely separated locations away from
continental margins, at sites (in the eastern'> and western!
tropical Pacific, equatorial Atlantic’, and Subantarctic'
oceans) where sediments accumulate at different average rates,
in very different oceanographic settings and with different
histories of surface and deep-water masses. Radiocarbon studies
constrain models of sedimentation across the stage 2~-1 transi-
tion at these sites. For V28-238 and V30-40, published dates are
available!>1¢_ For the other two cores there are nearby records
with accelerator mass spectrometry “C dating!7:18, During late
glacial time, sedimentation rates (converted to calendar years)
were 30% lower than post-glacial rates in V28-238; 40% higher
near RC13-110; a factor of 5 lower near RC11-120; and
essentially unchanged in V30-40.

The one thing we would not expect to find during glacial
maxima is a synchronous increase in sedimentation rates at all
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FIG. 1 A stacked 8180 record? from ocean caicite (a, b, ¢) compared
with the 8180 record from groundwater calcite at Devils Hole, Nevada®
(a) on two different chronologies. No effort is made to eliminate the
temperature effect in the oceanic (8180) record of sea level, or the
5180 moisture-source effect in the groundwater record of atmos-
pheric temperature’. In a and b, the SPECMAP oceanic chronology (c)
has been adjusted® to maximize the correlation between the two
records. Shaded portions designate interglacial stages in the stan-
dard sequence of numbered marine 180 stages?°. The stage 6-5
transition in the DH-11 chronology (b) occurs much more slowly,
relative to the 2—1 transition, than in the SPECMAP chronology (a
pattern that conflicts with inferences drawn from multiple sediment
records normalized in the depth domain to obtain a relative chrono-
Iogy19'2°). Black bars show where the two chronologies differ by more
than 10 kyr (narrow bars) and 20 kyr (wide bars).
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four sites. Yet this is what application of the DH-11 chronology
implies for stage 6. Large anomalies in sedimentation rates in
stage 6 are produced in all four cores, with anomalously high
rates followed immediately by anomalously low rates (varying
by a factor of 5 or 6). No similar excursions measured at this
resolution have been detected in these cores over the past 300
kyr on either chronology, and these cores lack lithological
changes that would be expected to accompany such excursions.
In contrast, sedimentation-rate variations implied by the
SPECMAP age model are small, spread rather evenly through
the depth of each core, and are not similar at all sites. Similar
arguments apply to the stage 10 anomaly.

We therefore reject the second hypothesis (that 8'®0 events
in DH-11 and the ocean are synchronous) and reaffirm our
earlier conclusion, based on detailed investigations of relative
accumulation rates'>?, that the SPECMAP chronology (ref. 2,
with modification in the older section in refs 21-23, and higher
resolution provided in ref. 3) is a suitable age framework for
Quaternary deep-sea sediments. Certainly the absolute chrono-
logy of this common temporal framework can be improved?.
For the stage 6-5 transition, we expect that improvements will
come from dates on unaltered corals tied directly to early
portions of the sea-level rise in stage 6 (ref. 25) rather than from
dates, however accurate they may be, that fix the timing of
events on land. As yet, such dates are not available. Meanwhile,
we note that the most reliable coral dates (those with modern
values of initial 2#U/>U on essentially pure aragonite samples
of the reef-crest coral Acropora palmata) for the highest stand of
sea level in Barbados, Haiti and the Bahamas (122 to 126 kyr
before present) seem to support this part of the SPECMAP
chronology?-?.

For the present, therefore, we will assume that both the
SPECMAP and the Devils Hole chronologies are right when
applied to their respective records, and we ask whether the
Devils Hole record, displayed on its own timescale, is “inconsi-
stent with the Milankovitch hypothesis that orbitally controlled
variation in solar insolation plays a direct role in Pleistocene
climate change™. To address this problem convincingly in the
time domain, we require two models that are not yet available:
(1) a time-dependent model of processes governing the response
of the climate system to Milankovitch forcing, including those in
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FIG. 2 Mapping function® used to optimize the correlation between the
oceanic and groundwater 8180 curves in Fig. 1a. Mapping functions
and the oceanic data used in this paper are available in digital form as
SPECMAP Archives 2 and 3 at the National Center for Atmospheric
Research and at the National Geophysical Data Center, both in
Boulder, Colorado.

NATURE - VOL 363 - 10 JUNE 1993

© 1993 Nature Publishing Group



LETTERS TO NATURE

the atmosphere over Nevada and in ground waters of the Great
Basin; and (2) a model that will isolate the local temperature
component of the DH-11 record. But knowing that large ice
sheets have time constants of the order of 15 kyr (refs 27, 28), we
can still make one confident prediction: during the transition to
an interglacial state, some part of the atmosphere must warm
substantially before ice sheets melt and lower the fraction of
180 in the ocean.

Lacking the desired models, we can make some progress by
expressing the data as a spectrum (Fig. 4), thus breaking a
difficult problem into simpler parts. In particular, we can look
for evidence of linear responses to orbital forcing near 23 and 41
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FIG. 3 Depth against age in four deep-sea coresl-12-14 according to
the oceanic (SPECMAP) and Nevada (DH-11) chronologies. Slopes in
the insert (lower left) show accumulation rates in cm kyr'l. Large and
physically implausible changes in sedimentation rate in stages 6 and
10 are implied by the application of the DH chronology to these
cores.
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FIG. 4 Spectra of 8180 records in calcite from DH-11 (Nevada) and the
ocean calculated*38 at a bandwidth of 0.005 kyr'! on the assumption
that the chronology developed for each record is correct. a, Compari-
son of 8180 spectra. Dominant periods in the DH-11 record are
indicated in kyr; in the ocean record, they are 100,41 and 23 kyr. b,
Comparison of DH-11 and radiation3® spectra. Dominant periods in
radiation are 40 and 23 kyr. For a and b, record pairs are significantly
coherent at the 80% level in the frequency bands with shading.
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kyr (ref. 4), where virtually all the insolation change occurs, and
consider these mechanisms separately from those which drive
the broader-band, 100-kyr cycle (in which the response to any
forcing, whether internal or external, must involve strong
nonlinearities). As in the marine data, the spectrum of the
Devils Hole data reveals three main concentrations of variance
(Fig. 4a). Could these reflect orbital influence? Peaks in the
DH-11 spectrum occur at 91 kyr and 42 kyr, with two adjacent
peaks at 27 kyr and 23 kyr, rather than in bands centred at the
periods of the orbital forcing (100 kyr, 40 kyr and 23 kyr) during
this interval as in the marine spectrum. Still, considering the
bandwidth of our analysis, the existence of discrete, coherent
concentrations of variance at or near orbital periods in both
records suggests orbital influence. This suggestion seems to be
confirmed by the observation that the DH-11 record is strongly
coherent (r>0.94) with the two dominant cycles of insolation at
23 kyr and 40 kyr (Fig. 4b). The peak near 27 kyr could reflect
the same nonlinear interaction tone between orbital frequencies
(~29 kyr) that is found in records of the trade winds?-3¢,

Thus even when we assume that the Devils Hole record is a
well-dated and simple measure of climate, we find evidence of
orbital influence. We therefore reject the notion that this record
as a whole is inconsistent with modern versions of the
Milankovitch theory (see, for example refs 31-33). Looking
beyond Devils Hole to other parts of the late Pleistocene world?,
and much farther back in time 2! - 33 we find compelling
evidence in favour of the Milankovitch theory. d0
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