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that our account of the decadal variability in tropical North Atlantic
SST26 is an alternative to the hypothesis that this region is under the
control of processes local to the tropical Atlantic27,28.
By exploiting the memory inherent in the decadal fluctuations,
our results suggest it may be possible to predict a significant fraction
of the low-frequency variability in North Atlantic SST and sea-level
pressure several years in advance. Although further work will be
needed before a serious attempt at forecasting can be made,
particularly investigation with models of the mechanisms we have
discussed, we consider briefly the outlook for the decadal fluctuations. We have examined the most recent evolution of North
Atlantic SST in the NOAA NCEP analyses29 and of North Atlantic
sea-level pressure in the NCEP reanalyses30. SST in the stormformation region reached a maximum in the late 1980s and has
since been falling. In line with our expectations of the atmospheric
response, sea-level pressure in the region marked C in Fig. 2b peaked
at the end of the 1980s and has since been falling, whereas sea-level
pressure in the region marked B reached a minimum at the same
time and has since been rising. Also consistent with our understanding, SST in the mid-Atlantic at �50� N reached a minimum in
the late 1980s and has since been rising. Similar, if somewhat less
clear, behaviour is seen in tropical North Atlantic SST. Based on the
apparent period of 12–14 years, and to the extent that other
influences (for example, El Niño and multidecadal fluctuations)
allow, we expect all these trends to continue into the next century
�
before reversing.
Received 12 May; accepted 17 June 1997.
1. Deser, C. & Blackmon, M. L. Surface climate variations over the North Atlantic ocean during winter:
1900–1989. J. Clim. 6, 1743–1753 (1993).
2. Kushnir, Y. Interdecadal variations in North Atlantic sea surface temperature and associated atmospheric conditions. J. Clim. 7, 141–157 (1994).
3. Battisti, D. S., Bhatt, U. S. & Alexander, M. A. A modelling study of the interannual variability in the
wintertime North Atlantic ocean. J. Clim. 8, 3067–3083 (1995).
4. Hansen, D. V. & Bezdek, H. F. On the nature of decadal anomalies in North Atlantic sea surface
temperature. J. Geophys. Res. 101, 8749–8758 (1996).
5. Delworth, T. L. North-atlantic interannual variability in a coupled ocean-atmosphere model. J. Clim.
9, 2356–2375 (1996).
6. Molinari, R. L., Mayer, D., Festa, F. & Bezdek, H. Multiyear variability in the near surface temperature
structure of the midlatitude western North Atlantic ocean. J. Geophys. Res. 102, 3267–3278 (1997).
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The late Oligocene and early Miocene periods, some 21 to 27
million years ago, have generally been viewed as times of moderate
global warmth and ice-free conditions. Yet several lines of evidence suggest that this interval was punctuated by at least one,
and possibly several, episodes of high-latitude cooling and continental glaciation1–3. Here, we present stable-isotope and per cent
coarse-fraction data from an equatorial, western Atlantic deepsea-sediment core that provide high-resolution records of the
climate variability across the Oligocene/Miocene transition
(22.5–25.7 million years ago). A strong 40-kyr periodicity in the
oxygen isotope record is consistent with a high-latitude orbital
(obliquity) control on ice-volume and temperature. Orbital influences are also apparent at precession and eccentricity frequencies,
including a series of �400-kyr oscillations that culminate in
distinct maxima at the Oligocene/Miocene boundary, about 23.7
million years ago. Covariance between the carbon and oxygen
isotope records suggests that the oceanic carbon cycle may have
contributed to global cooling during the �400-kyr cycles, particularly at the Oligocene/Miocene boundary.
The Oligocene/Miocene boundary represents a significant climate transition in Cenozoic Earth history; ocean temperatures were
slowly increasing and continental ice-volume was apparently
decreasing from the large accumulations of the middle–late Oligocene2–4. Oxygen isotope records indicate that this trend may have
been interrupted by a series of brief glaciations that began in the
earliest Miocene and continued up to the time of significant middle
Miocene cooling2. The first and largest of these events, Mi-1,
occurred at the Oligocene/Miocene boundary.
As with most other pre-Pliocene intervals, previous isotope
records that span the Oligocene/Miocene boundary lack the sampling density needed to resolve palaeoenvironmental changes
occurring on timescales of �105 years. Attempts to construct
higher resolution records have been hampered either by the lack
of continuous, undisturbed sedimentary sections, or by diagenetic
overprinting. These deficiencies were recently resolved with the
successful recovery of an expanded and hiatus-free section of upper
Oligocene and lower Miocene nannofossil chalk in Hole 929A, on
Ceara rise in the western equatorial Atlantic Ocean (ref. 5) (4360 m
water depth). This section is characterized by prominent decimetrescale oscillations in sediment colour and magnetic susceptibility
with periods similar to those associated with orbital forcing6.
‡ Present address: Department of Marine Science, University of South Florida, St Petersburg, Florida
33701, USA.
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Using samples from Hole 929A, we assembled high-resolution
(10-cm sampling) isotope and per cent coarse-fraction time series
for the Oligocene/Miocene boundary (22.5–25.7 Myr ago). Initially,
samples were collected from four cores (929A 34X–37X) spanning a
40-m interval across the boundary7. We subsequently increased the
length of the record to 60 m by adding samples from two additional
a
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cores (929A 33X-38X) to create time series nearly 3.2 Myr long
across the Oligocene/Miocene boundary. Core recovery was 100%
over this interval. Site-to-site comparisons of magnetic susceptibility and colour reflectance data suggest inter-core gaps of �40 cm
(�20 kyr)5. The stable-isotope record, plotted in Fig. 1 along with
per cent coarse fraction (% CF), is based on the carbon and oxygen
isotope ratios of the benthic foraminifer, Cibicidoides mundulus.
The age model is based on sedimentation rates derived from the
Hole 929A biostratigraphy5 and the wavelength of the 40-kyr cycle
in the magnetic susceptibility record6 (Table 1). Ages are cumulative, starting from an assigned age of 22.5 Myr for the uppermost
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level (core 929A-33X, 10 cm; 301.10 m below sea floor) of the
sampled section. This age is based on an interpolation of two
biostratigraphic age datums calibrated against the most recent
Geomagnetic Polarity Time Scale (GPTS)8.
The oxygen-isotope time series shows changes on several different
scales, including pervasive high- and low-frequency (�104 –105 yr)
oscillations and a brief positive d18O excursion of 1.2‰ just above
the Oligocene/Miocene boundary (Fig. 1a). The high-frequency
oscillations have amplitudes of between 0.5 and 0.6‰; the lowerfrequency oscillations have slightly larger amplitudes. The 1.2‰
excursion initiated 24.0 Myr ago and peaked at 23.7 Myr. The
magnitude and timing suggest it is equivalent to the Mi-1 event.
In detail, it consisted of a series of higher-frequency cycles of varying
amplitude superimposed on a longer-term increase (Fig. 1b). The
carbon isotope record also shows variability on several scales,
including high- and low-frequency oscillations, and a long-term
rise. The high-frequency cycles are of small amplitude, generally
�0.4‰. The lower-frequency cycles are of significantly larger
amplitude, in excess of 0.8‰, and appear to covary with oxygen
isotopes over most of the record. The long term rise began
�25.0 Myr ago and peaked at 23.65 Myr with mean d13C values
increasing by �0.7‰.
The coarse fraction (�63-�m) of these sediments consists largely
of planktonic foraminifer tests. The %CF record is dominated by
high-frequency variability (�104 yr) with values varying between
0.1 and 12%. A low-frequency pattern is present as well; there are
three intervals, each 100–200 kyr long, with low mean concentrations and values of %CF rarely exceeding 1%. These three intervals
are centred at roughly 22.8, 24.1 and 25.1 Myr ago.
To identify the main periods of variance in the isotope and %CF
records, as well as internal phase relationships (coherency) between
variables, spectral and cross-spectral analyses were carried out using
a program based on the Blackman–Tukey method9 (for details see
legends of Figs 2 and 3). High concentrations of variance in the d18O
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between %CF and d18O at the 40-kyr period with −d18O lagging
%CF by 40� (4:4 � 1:7 kyr; Fig. 3b).
The strong response in the oxygen isotope record at the obliquity
(40-kyr) period is significant. Because the effects of obliquity on
insolation are strongest at high latitudes10, oscillations with a 40-kyr
period suggest a high-latitude climate control (ice-volume and/or
temperature) on d18O across the Oligocene/Miocene boundary.
This finding, along with evidence of similar periodicities in earliest
Oligocene and early middle Miocene oxygen isotope records11,12, as
well as in Plio-Pleistocene records, suggests that a strong response to
obliquity forcing has been a common feature of the global climate
signal for at least the past 34 Myr.
These obliquity-paced climate oscillations were closely linked to
deep-water circulation patterns and chemistry. At the 40-kyr
period, %CF appears to be tightly coupled to d18O over most of
this record (Fig. 3a). Three factors can influence %CF: surface
production, dilution by terrigeneous debris, and dissolution13. At
Hole 929A, a general association of low %CF with increased
fragmentation and low carbonate concentration (as inferred from
magnetic susceptibility and colour reflectance5) indicates that dissolution was the controlling factor. This coupling of d18O and
carbonate dissolution is similar to patterns observed in Quaternary

80% confidence interval

Bandwidth for m 100

1.00

80% confidence interval

– δ 18O

– δ 18O
%CF

δ 13C

0.90

0.90

0.80

0.80

0.70
0.60
0.50
0.40
0.30
0.20
0.10

0.70
0.60
0.50
0.40
0.30
0.20
0.10

0.04 0.08 0.12

0.16

0.20 0.24 0.28 0.32 0.36 0.40

Frequency (cycles per 5.4 kyr)

0.16

0.20 0.24 0.28 0.32 0.36 0.40

Frequency (cycles per 5.4 kyr)

205.40
154.05
102.70
51.35

198.72
147.54
98.8
49.18

-51.35
-102.70
-154.05
-205.40

-49.18
-98.86
-147.54
-198.72

101 phase estimates in degrees

0.04 0.08 0.12

101 phase estimates in degrees

Figure 3 Top panels, coherence spectra of the d13C (panel a) and %CF (panel b)

calculated based on 100 lags of the autocovariance function. The coherencies

time series relative to d18O (solid lines). Following SPECMAP convention, all d18O

are plotted on a hyperbolic arctangent scale along the y-axis so that the

values were multiplied by −1 so that phase relationships are relative to glacial

confidence intervals for the coherency estimates are a constant length. The

minima rather than maxima. The isotope time series were detrended by

horizontal line is the 80% confidence interval testing the non-zero hypothesis for

subtracting a locally weighted mean, and then resampled at a constant 5.4-kyr

the estimates. Bottom panels, the phase angles (in degrees) and associated 80%

time interval. Variance density and coherency (solid line with plus signs) were

confidence intervals (vertical lines).

NATURE | VOL 388 | 7 AUGUST 1997

Nature © Macmillan Publishers Ltd 1997

569

letters to nature
Table 1 Age model parameters
Cores

Depth
(m below sea floor)

Wavelength*
(m)

Sed. rate*
(m Myr−1)

Age
(Myr)

301.05–320.36
320.45–339.61
339.70–356.80

0.683
0.659
0.826

17.1
16.5
20.7

22.500–23.626
23.630–24.793
24.797–25.623

.............................................................................................................................................................................

929A-33-34X
929A-35-36X
929A-37-38X

.............................................................................................................................................................................
* From ref. 6: ‘Wavelength’ means wavelength of the primary cycles of magnetic susceptibility, ‘sed. rate’ means sedimentation rate.

sediments14,15 and can be explained by increased flux of more
corrosive bottom water into the equatorial Atlantic during glacial
periods. The presence of a south-to-north decrease in deep-water
d13C during the early Miocene16 suggests a Southern Ocean source
for this more corrosive water.
The Hole 929 d18O record resolves two critical features of the Mi-1
glacial maximum. The first is the structure of the Mi-1 excursion; it
actually consisted of a series of higher-frequency (40-, 100-kyr)
oscillations superimposed on a long-term increase (Fig. 1b). The
direct response at the 100-kyr cycle appears to be slightly stronger
just after the Mi-1 event, although further work is needed to resolve
the detailed evolution of the climate spectra over this and other
intervals. The second important feature is the magnitude of Mi-1; a
1.2‰ increase requires an accumulation of continental ice equivalent in volume to the present-day East Antarctic Ice Sheet, or 5–6 �C
cooling of bottom waters, or, more likely, some combination of
ice-volume/temperature change. The presence of Upper Oligocene and Lower Miocene glacial marine sediments in the Ross
Sea1,17, as well as new evidence that links a prominent eustatic
lowering18 to Mi-119 suggests that part of the d18O increase was
due to ice-sheet expansion.
Perhaps the most intriguing features of the isotope spectra are the
high-amplitude �400-kyr oscillations, particularly in d13C. Variance in climate near this period, as well as at the 100-kyr period, is
thought to originate from an asymmetrical response mechanism
that preferentially introduces variance from the warmer portions of
the eccentricity modulated precession cycle20. Although rarely
recorded in Pliocene/Pleistocene20,21, �400-kyr oscillations commonly
arise in lower-resolution Oligocene and Miocene benthic foraminiferal
d13C time series12,22–24. Such a strong expression of this period in the
carbon isotope record indicates a nonlinear relation between the
carbon cycle and eccentricity forcing. At Hole 929A, d18O and d13C
are closely coupled at the �400-kyr period (lag �24 � 20 kyr) as
well as at 100-kyr period, with d18O leading d13C. Covariance
between oxygen and carbon in early Oligocene and middle Miocene
records has previously been attributed to the effects of climate
change on ocean/atmosphere circulation, ocean productivity, and
organic carbon23–25. Investigators speculate that as high-latitude
temperatures decrease and ice sheets grow, oceanic and atmospheric
circulation intensify, increasing oceanic turnover, productivity and
organic-carbon fluxes. In turn, burial rates of organic carbon
increase thereby driving mean ocean d13C towards higher values26.
The process apparently reverses as climate warms and/or nutrient
levels are reduced. This coupling may have helped amplify the
response at the lower frequencies.
Close coupling of climate (as expressed by d18O) and the oceanic
carbon cycle may also explain the unusual scale of the Mi-1 event. If
the low-frequency carbon-isotope cycles reflect periodic changes in
the rate of organic-carbon burial as postulated above, it is likely that
the atmospheric partial pressure of CO2 ( pCO2) was oscillating as
well, and generating a positive feedback. We speculate that the
variations in pCO2 during the Oligocene were within a range where
the feedback on the global radiative balance was comparatively
small until the earliest Miocene (Mi-1) when pCO2 had dropped
below some threshold. The process of reaching this threshold was
probably gradual, as suggested by the progressive step by step
increase in carbon isotope ratios before Mi-1, a trend which
570

indicates significant oceanic carbon-cycle change during the latest
Oligocene.
The Hole 929A isotope times series presented here provide
critical new insight into the character of climate variability across
the Oligocene/Miocene transition. The persistence of a strong 40kyr period in the d18O record is consistent with the presence of
Antarctic ice sheets during this period of moderate global warmth.
Documentation of 100- and 400-kyr periods provides strong support for a palaeoceanograhic response to the longer-period Milankovitch cycles. Covariance between d13C and d18O at these
eccentricity periods hints at a strong coupling between climate
and the ocean carbon cycle. Tuning of the Hole 929 isotope
time series to orbital spectra (N. J. Shackleton, personal communication) will ultimately produce a standard reference section
that will provide a degree of chronostratigraphic control for the
late Oligocene to early Miocene that approaches that of the
�
Quaternary.
Received 10 March; accepted 18 June 1997.
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