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[1] Composite stacks were constructed by superimposing 6 to 13 benthic foraminiferal d18O records covering the period 0–
850 ka. An initial timescale for each core was established using radioisotopic age control points and assuming constant
sedimentation rates between these points. The average of these records is our 13-core ‘‘untuned’’ stack. Next, we matched
the 41 kyr component of each record individually to variations in Earth’s obliquity. Four of the 13 records produced
timescales that were inconsistent with one or more of the known radioisotopic ages. The nine remaining cores were averaged
to create a ‘‘minimally tuned’’ stack. Six of the minimally tuned cores were assembled into a ‘‘tropical’’ stack. For each stack
we estimated the uncertainty envelope from the standard deviation of the constituents. Spectral analysis of the three stacks
indicates that benthic d18O is dominated by a 100 kyr oscillation that has a narrow spectral peak. The contribution of
precession to the total variance is small when compared to prior results from planktic stacks. INDEX TERMS: 3344
Meteorology and Atmospheric Dynamics: Paleoclimatology; 4804 Oceanography: Biological and Chemical: Benthic
processes/benthos; 5416 Planetology: Solid Surface Planets: Glaciation; KEYWORDS: d18O stack, benthic foraminifera,
obliquity tuning, spectral analysis, 100 kyr cycle, sea level

1. Introduction

[2] Sediment core records of d18O from foraminifera are some of
the best data we have to study climate cycles. Since each record
shows variations from local as well as global climate, a procedure
was introduced in the 1970s called stacking. In this process, data
frommultiple cores are added to each other, with the expectation that
global signals add coherently and local signals average out. Impor-
tant d18O stacks include the pacemaker stack of Hays et al. [1976],
the SPECMAP stack of Imbrie et al. [1984], the graphic correlation
stack of Prell et al. [1986], and the low latitude stack of Bassinot
et al. [1994]. Timescales are frequently deduced for new cores by
correlation of their features to features in one of these stacks. These
stacks have provided many insights toward understanding climate
and have provided estimates of the timing and amplitude of climate
cycles against which many theories have been compared.
[3] With the exception of the graphic correlation stack, which

contains two benthic and 11 planktic d18O records, the stacks
above are based exclusively on planktic d18O data from two
(pacemaker), five (SPECMAP), and two (low latitude) sediment
cores. In this paper, we stack d18O data from benthic foraminifera
only. A priori, one might expect the benthic forams to be less
susceptible to local climate conditions since localized variations are
less likely to affect conditions in the deep ocean. The deep ocean,
by virtue of its large volume and rapid mixing, dampens small-
scale heterogeneity introduced from the surface. As there are only
two principal sources of deep water, namely, North Atlantic Deep
Water and Antarctic Bottom Water, large areas of the ocean floor
are bathed with the same water masses. Additionally, the deep
ocean is insulated from local sea surface temperature variations by
the hundreds to thousands of meters of water above it.
[4] This insensitivity of benthic data to local climate has been

argued by Pisias et al. [1984], Chappell and Shackleton [1986],
and Shackleton [1987]. Pisias et al. [1984] constructed a 300 kyr

long stack of benthic d18O by forcing isotopic events in four cores
into alignment with those in a reference core, V19-29. Unfortu-
nately, two of the five cores in this stack only extend to �150 ka.
Data from a small region of the east equatorial Pacific are weighted
heavily in this stack (three of the cores in this stack were from
within 2� of each other), so it may have strong regional over-
printing of the global signal. Chappell and Shackleton [1986] and
Shackleton [1987] used averaged benthic d18O data, but their focus
was not on construction of a global record; rather, they assessed
d18O at specific times in order to estimate global sea level; they
then compared their values with terrace elevation data.
[5] The prior stacks may not have successfully diminished local

effects. The pacemaker stack [Hays et al., 1976] used only two
cores, and these were from the same region of the southern Indian
Ocean; from this one does not expect much averaging out of local
conditions. The SPECMAP stack [Imbrie et al., 1984] was con-
structed using five planktic data sets from the Atlantic, Pacific, and
Indian Oceans. However, two of these cores did not extend beyond
300 ka, and so beyond 300 ka the SPECMAP stack has limited
suppression of local climate variations. The graphic correlation
stack of Prell et al. [1986] used 13 d18O data sets, but 11 of these
were of planktic foraminifera. Thus the benthic signal in the Prell
et al. stack was suppressed by the overwhelming planktic signal. In
the case of the low latitude stack, Bassinot et al. [1994] note that the
planktic d18O in core MD900963 from the equatorial Indian Ocean
records a global ice volume signal and a salinity signal related to the
Indian monsoon. This core was averaged with only one other
(Ocean Drilling Program (ODP) Site 677 from the east equatorial
Pacific Ocean), and so the characteristic salinity variation of the
Indian Ocean is unlikely to have been efficiently suppressed.
[6] The present paper takes advantage of the relatively recent

acquisition of high-resolution d18O data that cover the past�850 kyr.
Each core included in this study was sampled by the original
researchers every 2–6 kyr over the �850 kyr period.

2. Climatic Significance of Benthic D
18O

[7] The use of planktic and benthic d18O as proxies for global
ice volume has been a standard practice in paleoclimatology.
Nonetheless, it has been acknowledged for some time that planktic
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data, and perhaps benthic data as well, contain significant salinity
and temperature signals in addition to the ice volume signal [Schrag
et al., 1996; Beck et al., 1997; Hastings et al., 1998; Elderfield and
Ganssen, 2000; Lea et al., 2000; Shackleton, 2000]. Temperature
change may affect both the planktic and benthic d18O values,
accounting perhaps for up to 50% of the variability in benthic
d18O [Schrag et al., 1996; Mashiotta et al., 1999; Shackleton,
2000], but these authors state that this estimate of the temperature
effect remains uncertain because of the small number of records
analyzed using their techniques. In our stacks we will show that the
average change in benthic foraminiferal d18O since the Last Glacial
Maximum is �1.3%. This agrees with the isotopic change of the
oceans (1.26%) estimated by the accumulation of glaciers (volume

equivalent to 120 m of sea level change) with a d18O composition of
�40% [Broecker, 1995]. However, Schrag et al. [1996] conclude
that only 0.7–0.8% could be due to changes in the oxygen isotopic
composition of the ocean water and thus to global ice volume, the
remainder (�1%) being the result of a 4�C temperature change in
the deep ocean. At present we do not believe the benthic stack
created here will shed much light on the magnitude of this deep
water temperature issue, and we do not choose to separate the
temperature versus ice volume components of the benthic data. We
will, however, compare the interglacial values of d18O from our
benthic stack to sea level elevation data from Hearty and Kaufman
[2000] to see whether a linear relationship of d18O versus sea level
exists for interglacial time, when the temperature effect is perhaps
smaller [e.g., Fairbanks and Matthews, 1978].
[8] In another recent study, Shackleton [2000] concluded that

global benthic d18O shows a significant temperature variation on
the basis of the comparison of the relative strengths of the 41 kyr
component in benthic d18O data from core V19-30 and that in the
atmospheric d18O from the Vostok ice core. In that paper, a portion
of the 41 kyr amplitude (that portion in core V19-30 that exceeds
the atmospheric d18O in Vostok) is interpreted to reflect the global
benthic temperature signal.
[9] We do not believe that the data support this interpretation by

Shackleton [2000]. In Figure 1, we compare the amplitude of the
41 kyr peak in Vostok atmospheric d18O (tuned to 65�N summer
insolation as suggested by Petit et al. [1999]), V19-30 benthic d18O
(using the timescale of Imbrie et al. [1992]), and benthic d18O from
nine records we analyze in this paper (based on our obliquity tuning
described below). Each of these 11 records in Figure 1 has a different
41 kyr amplitude (amplitude is the modulus of the complex Fourier
transform, taken using a boxcar window; zero padding is used
to calculate intermediate frequencies); there is not a systematically
larger obliquity response in benthic foraminifera than in Vostok
atmospheric d18O. Core V19-30 has a larger 41 kyr amplitude than
do eight of the nine other benthic records, and Vostok has a 41 kyr
amplitude higher than do four of the nine benthic cores. If we were to
adopt Vostok as the accurate indicator of the changing isotopic
content of the ocean, as suggested by Shackleton [2000], and if we
were to attribute the rest of the obliquity amplitude of a benthic d18O
record to the temperature of the deep ocean, we would have a
different estimate of the benthic temperature signal for each core,
including four with benthic warming, rather than cooling, during
glacial periods. Thus we conclude that the benthic temperature
estimate by Shackleton [2000] is core-specific and is not represen-
tative of the entire deep ocean.
[10] On a related matter, since the 41 kyr amplitude in core V19-

30 is unusually large compared to the amplitude in other benthic

Figure 1. The spectral amplitude of obliquity in the time interval
0–420 ka for Vostok d18Oatm (tuned to 65�N summer insolation as
suggested by Petit et al. [1999]) and benthic foraminiferal d18O
data from cores V19-30 (using the timescale of Imbrie et al.
[1992]) and nine of the cores analyzed here (based on our obliquity
tuning described in the text and listed in order of decreasing
spectral amplitude). Shackleton [2000] interprets the excess
obliquity in core V19-30 relative to Vostok to represent the global
paleotemperature signal in the deep ocean. However, the nine other
deep-sea cores do not show a consistently larger 41 kyr oscillation
in benthic d18O than in Vostok. These data show that it is not
possible to accurately determine the global temperature contribution
to the benthic d18O data from a single core.

Table 1. Cores Examined in This Study

Core Location Water
Depth, m

Average Sampling
Interval, kyr

Average Sedimentation
Rate, cm kyr-1

References

DSDP 502 11�300N, 79�230W 3051 6.1 2.1a deMenocal et al. [1992]
DSDP 552 56�030N, 23�140W 2311 5.8 1.8 Shackleton and Hall [1984]
DSDP 607 41�000N, 32�580W 3427 3.6 4.1 Ruddiman et al. [1989]
ODP 659 18�050N, 21�020W 3070 4.1 3.1 Tiedemann et al. [1994]
ODP 664 00�060N, 23�140W 3806 3.4 3.6 Raymo et al. [1997]
ODP 677 01�120N, 83�440W 3461 2.7 3.9 Shackleton and Hall [1989]
ODP 846 03�060S, 90�490W 3307 2.7 3.7 Mix et al. [1995b]
ODP 849 00�110N, 110�310W 3851 3.7 2.8 Mix et al. [1995a]
ODP 925 04�120N, 43�290W 3040 2.3 3.6 a Bickert et al. [1997]
ODP 927 5�280N, 44�290W 3326 3.3 4.3 a Bickert et al. [1997]
ODP 980 55�290N, 14�420W 2179 0.7 10.9 a Flower et al. [2000],

McManus et al. [1999]
ODP 982 57�310N, 15�530W 1145 2.3 2.5 Venz et al. [1999]
TT013-PC72 00�070N, 139�240W 4298 3.2 1.7 Murray et al. [2000]

aSedimentation rates determined without tuning to obliquity (see text).
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d18O records, we suggest that the stack created by Pisias et al.
[1984], which includes neighboring cores V19-28 and V19-29 in
addition to V19-30, also does not represent the global signal. By
contrast, the benthic stack created here, because it is an average of a
larger number of longer records from more widely distributed sites,
is designed to better approximate the true global signal.
[11] Here we assume that each record represents a different

combination of global ice volume, benthic temperature, and local
climatic and preservational effects. By taking a global average we
hope to suppress these local effects, but we do not attempt to
estimate the temperature component of the deep ocean. The stack
we create is a record only of benthic d18O, useful for climate
modelers who may use this integrated signal to derive conclusions
based on their own model assumptions.

3. Data and Methods

[12] Thirteen benthic d18O records were identified that each
have sufficient duration and sampling frequency to study climate at

orbital frequencies. The cores considered for this study are listed in
Table 1; sampling localities are shown in Figure 2. Supporting
material, including the time series generated here, are available
electronically.1 The data are concentrated in three geographic
regions: the North Atlantic, the tropical Atlantic, and the tropical
Pacific Oceans. The cores were drilled at widely varying water
depths, from 1145 m in the case of ODP Site 982 [Venz et al.,
1999] to 4298 m in the case of TT013-PC72 [Murray et al., 2000].
For each record used in this study we have subtracted the mean
value of d18O but have not normalized the variance. Subtracting the
mean compensates for systematic offsets among the records, such
as the sampling of isotopically different water masses or variation
of temperature with depth but preserves the true magnitude of
climate signals recorded at different locations.
[13] A critical task when constructing a composite stack is to

establish a common timescale for the individual records prior to
stacking. However, accurately determining the sedimentation rates
for deep-sea cores has been a challenge. There are very few
accurate radioisotopic decay systems that can be used to date
sediment core material. Recent attempts to date aragonitic sediment
by U series methods [Henderson and Slowey, 2000] offer promise
in this regard and perhaps will lead to more direct age determi-
nations on sediment cores. Geomagnetic polarity stratigraphy is
limited by the fact that there has been only one geomagnetic
reversal in the last �850 kyr. Radioisotopic ages of sea level
highstand deposits, when applied to deep-sea core isotopic data,
are among the most useful tie points for age determination. In the
present paper, we take advantage of some new sea level highstand
measurements by Karner and Marra [2002], who reassess the
timing of the marine isotopic stage 11 sea level rise using dated
volcanic horizons deposited in coastal onlap deposits of the Tiber
River delta west of Rome.

Table 2. Depths of Preliminary Control Pointsa

Core
Core Top
(0 ka)

Termination II
(135 ka)

Termination V
(434 ka)

Centroid MIS
19 (790 ka)

DSDP 502 0 2.25 7.85 16.17
DSDP 552 0 2.46 6.96 14.11
DSDP 607 0 5.89 17.42 31.78
ODP 659 0 4.29 13.87 24.75
ODP 664 0 4.68 15.71 28.65
ODP 677 0 6.19 17.11 30.88
ODP 846 0 5.48 16.26 28.66
ODP 849 0 4.07 13.15 22.52
ODP 925 0 5.12 16.52 28.51
ODP 927 0 6.25 19.72 34.43
ODP 980 0 17.58 56.45 87.89
ODP 982 0 2.97 10.03 19.88
TT013-PC72 0 2.39 7.42 13.45

aDepths are in meters.

Figure 2. Locations of the cores used in this study. Information about each core is listed in Table 1.

1Supporting material, including the time series generated here, are
available electronically at World Data Center-A for Paleoclimatology,
NOAA/NGDC, 325 Broadway, Boulder, CO 80303, USA (email: paleo@
mail.ngdc.noaa.gov; URL: http://www.ngdc.noaa.gov/paleo/data.html)
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[14] The most frequently used alternative to radioisotopic dating
is orbital tuning. In this process the timescale of the core (i.e., the
relationship between depth and age) is adjusted to bring variations in
isotopic data into agreement with calculated variations in the Earth’s
orbital parameters. The major drawback of orbital tuning is that not
all variations in the climate proxy are due to orbital changes, so there
is a danger that variations will be misidentified. Alignment of
misidentified data with an orbital target can exaggerate the per-
ceived significance of the climatic response to orbital variations.
Even a signal that consists entirely of random noise can be made to
closely match orbital parameters [Neeman, 1993]. Muller and
MacDonald [2000] give several examples from the paleoclimate
literature of probable ‘‘overtuning’’ in which they argue that noise
was orbitally tuned to match and artificially enhance agreement with
the target model. Similarly, the graphic correlation method outlined
by Prell et al. [1986] has the potential to exaggerate the amplitude of
isotopic events since this process can lead to the alignment of noise
in some cores with true isotopic events in other cores.
[15] In order to avoid overtuning we chose to use the 41 kyr

obliquity cycle as the sole orbital tuning target. Obliquity appears
to be a significant driving force in most benthic d18O records, with
a signal-to-noise ratio that is relatively high when compared to that
found from the precession signal. Therefore we have greater
confidence that the 41 kyr signal in the data is a response to
orbital forcing rather than noise. By avoiding use of the precession
cycle in tuning we have the opportunity to study precession
without the potential bias of artificially enhancing it. Additionally,
the nature of the �100 kyr cycle observed in many proxy records
has been mysterious. Its amplitude is larger than that predicted in
virtually all climate models (see reviews by Imbrie et al. [1993]

and Muller and MacDonald [2000]). In many models the strong
100 kyr climate cycle does not arise directly from eccentricity
forcing but instead comes from a nonlinear response of climate to
the envelope of the precession parameter [Imbrie and Imbrie,
1980]. Muller and MacDonald [1997] suggest the �100 kyr cycle
is better matched by variations in orbital inclination, the inclination
angle of Earth’s orbital plane with respect to the invariable plane of
the solar system. By using obliquity as the tuning target our results
can be used to test the significance of climate response to
precession forcing and also whether the �100 kyr climate cycle
is a better match to variations in eccentricity or orbital inclination.
[16] We established a preliminary timescale for each core by

assigning radioisotopically determined ages to three d18O ‘‘control
point’’ events. On the assumption that sedimentation continues at
the present day and following the practice of the original authors of
each record, depth 0 was assigned an age of 0 ka (see Table 2). The
timing of glacial Termination II (marine isotopic stage 6.0) was set
to 135 ka (representing an average of dates by Mesolella et al.
[1969], Broecker and van Donk [1970], Winograd et al. [1997],
and Henderson and Slowey [2000]). Termination V (marine iso-
topic stage 12.0) was set to 434 ka (based on interglacial highstand
coastal deposits discussed by Karner and Marra [2002]). Mindful
of the study by Tauxe et al. [1996], we initially set the Brunhes-
Matuyama geomagnetic reversal to the centroid of marine isotopic
stage 19, though we later make an allowance for the fact that in any
given record, the reversal may be recorded several kiloyears before
or after the centroid. We use the age of 790 ka for the reversal on
the basis of the data of Singer and Pringle [1996], recalculated here
to take into account the revised age of the Taylor Creek rhyolite
standard as in the work of Renne et al. [1998]. Control point depths

Figure 3. The 13 benthic d18O records with the radioisotopically determined (‘‘untuned’’) timescale. The control
points used are shownwith vertical lines and include the core top (0 ka), glacial Terminations II (135 ka) and V (434 ka),
and the centroid of marine isotopic stage 19, set to the age of the Brunhes-Matuyama geomagnetic reversal (790 ka).
The depths of these control points are listed in Table 2.
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for each core are listed in Table 2. Because there is uncertainty in
the ages of each of these events, when we later applied orbital
tuning, we relaxed the age constraints significantly to accommo-
date for these uncertainties (see section 4).
[17] Our initial timescale for each core was obtained by

assuming constant sedimentation rates between each pair of
control points. Because we use no radioisotopic age control older
than the Brunhes-Matuyama geomagnetic reversal, the preliminary
age scale beyond 790 ka is based on linear extrapolation and so
becomes increasingly uncertain. We therefore truncated all cores
by marine isotopic stage 22 (�850 ka). Figure 3 shows the
benthic d18O records from the 13 cores with their untuned time-
scales. In most cases the data are taken from the benthic
foraminifera species Cibicidoides wuellerstorfi, but some records
contain data from other Cibicidoides species and from Uvigerina;
species correction offsets (values used are from Shackleton and

Hall [1984]) were applied to these data either by the original
researchers or by us (see original references in Table 1). Sed-
imentation rates resulting from this initial age model typically
vary by �10% from their mean value, though the sedimentation
rate at ODP Site 980 varies by 19%.

4. Results and Discussion

[18] Figure 4 shows the power spectra of the 13 untuned cores;
each power spectrum is normalized to unit mean (the power
spectrum is the square of the Fourier transform using zero padding
and a boxcar window). Note that the spectra are arranged in columns
based on geographic location of the drill site. There are statistically
significant peaks in many of the spectra at the frequency of 0.01
cycles kyr�1 (period 100 kyr), and most of the cores have excess

Figure 4. Power spectra of the 13 benthic d18O records with the untuned timescale. The left column includes cores
from the tropical Pacific, the middle column includes cores from the tropical Atlantic, and the right column includes
cores from the North Atlantic Ocean. The signal:noise of the spectral power near 0.01 cycles kyr�1 (100 kyr period)
ranges from 8 (24:3) at ODP Site 659 to �2 (8:4) at DSDP Site 502. We assess background noise in this paper based
on the height of spectral peaks at nonorbital frequencies that are near the peaks of interest. Expected orbital
frequencies are identified with arrows, with their corresponding periods in kiloyears.
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power in the vicinity of 0.024 cycles kyr�1, corresponding to a
period of 41 kyr.
[19] Figure 5 is the stack of these 13 cores that was composed

using their untuned timescales. The uncertainty envelope repre-
sents the standard deviation of the 13 cores calculated at every
kiloyear interval. The pattern for several of the cycles is very
similar to the pattern seen in the planktic stacks mentioned above,
with sharp terminations of glacial periods, brief interglacial peri-

ods, and a gradual onset of glaciation. Note that the widely
described ‘‘saw-tooth shape’’ is clear in the periods 0–150 and
370–450 ka but is weak for the other cycles. The saw-tooth may
be an artifact in that the sharpest terminations occur at our control
points, at which all the cores are aligned. At other times, small
variations in the sedimentation rate can cause the sudden termi-
nations to appear to occur at different times, and this tends to blur
the terminations into a more gradual shape.

Figure 5. Stack (average value) of the13 benthic d18O records with their untuned timescales and shown with the 1s
uncertainty envelope. The timescale for each core was based on radioisotopic ages of control points (identified with
arrows at top of the plot) and assuming constant sedimentation between control points. TII and TV refer to glacial
Terminations II and V, and MIS 19 refers to marine isotopic stage 19. The maximum sedimentation rate variation
from the mean using these control point ages was 19% for ODP core 980; most cores had variations closer to ±10%.

Figure 6. Power spectrum of the untuned stack. Expected orbital frequencies are identified with arrows, with their
corresponding periods in kiloyears. The largest peak is centered at 0.01 cycles kyr�1, with a period of 100 kyr. The
full width at half the maximum power of this 100 kyr peak is Df/f = 0.13.
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[20] Figure 6 shows the power spectrum of this 13-core
untuned stack. The spectrum has peaks of high statistical sig-
nificance (relative to local background) at 0.024 cycles kyr�1 and
0.01 cycles kyr�1, near those predicted by orbital theory. These
results indicate that despite the absence of orbital tuning the
untuned timescale is reasonably accurate. In particular, the
spectrum is dominated by a single narrow peak at 0.01 cycles
kyr�1. Broecker and van Donk [1970] discovered the presence of
the 100 kyr cycle, although its nature is still disputed. The
narrowness of the 100 kyr peak (Df/f = 0.13), particularly in
untuned data, was cited as evidence for its astronomical origin
[Muller and MacDonald, 1997].
[21] The presence of significant power in the vicinity of the

expected obliquity peak (near 0.024 cycles kyr�1) in Figure 6
suggests that obliquity tuning could be employed to improve the
timescales of the individual cores. The �41 kyr component of each
record, based on the untuned timescale, was isolated with a
Gaussian filter. An important issue was the selection of the correct
bandwidth for this filter. We tried 39 different Gaussian filters, with
bandwidth (root-mean-square deviations) from 8.66 � 10�4 to 6.35
� 10�3 cycles kyr�1. The former is comparable in width to the
spectral peak of a pure 41 kyr sine wave of 850 kyr duration and so

is unable to accommodate much variation in sedimentation rate.
The latter includes some frequencies closer to the expected
precession and eccentricity/inclination frequencies than to the
obliquity frequency and so is incautiously wide for obliquity
tuning.
[22] A filter with a wide passband allows for more variability in

sedimentation rate than does one with a narrow passband, but a
wide filter also increases the likelihood that noise variations (those
not associated with orbital changes) can be forced to match
variations in the obliquity target. To limit such overtuning, we
selected a passband that, for most of the cores, successfully
produced obliquity-tuned ages that were consistent with the radio-
isotopic age limits of the control points. The age range we used for
glacial Termination V (421–447 ka) included the systematic
uncertainties inherent in 40Ar/39Ar dating, as discussed by Karner
and Renne [1998], and the 95% confidence limit for this event as
discussed by Karner and Marra [2002]. We permitted the age of
Termination II to occur between 124 and 145 ka to encompass the
dates of Mesolella et al. [1969], Broecker and van Donk [1970],
Winograd et al. [1997], and Henderson and Slowey [2000]. The
centroid of marine isotopic stage 19 was permitted to take an age
between 770 ka and 810 ka, allowing for systematic and analytical

Figure 7. All 13 cores objectively tuned to obliquity (‘‘minimally tuned’’). Each core was tuned individually to the
obliquity target, and the radioisotopic control points of Terminations II and V and marine isotopic stage 19 were
permitted to slide, provided they remained within their 2s radioisotopic age limits (limits shown with light gray bars).
Vertical lines identify common isotopic events in the 13 cores. The upper four cores fail the filter test at radioisotopic
control points labeled ‘‘F’’. The lower nine cores pass the age control test at all radioisotopic control points. Shaded
areas of cores DSDP 552, 607 and ODP 982 show where these three North Atlantic cores differ from the mean and
often from each other by more than half an obliquity cycle, indicating inaccurate obliquity tuning. At no time does a
tropical core that passed the filter test deviate from the mean by more than half an obliquity cycle, giving us
confidence that the tuned timescale is accurate.
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uncertainties in the age of the Brunhes-Matuyama geomagnetic
reversal and in the uncertainty in the precise correlation of the
reversal event and the stage 19 centroid. We note that while based
on radioisotopic data, the age limits that we have chosen for each
control point are consistent with most orbitally based age scales
that have been developed in the last decade [e.g., Shackleton et al.,
1990; Bassinot et al., 1994; Tauxe et al., 1996]. An additional
uncertainty arises from the discrete sampling of the data in each
core. To account for this uncertainty, half the spacing between
measured data points was added to the uncertainty bracketing each
control point age.
[23] The final choice of filter was one of intermediate width,

with a relatively large number of cores that could be automatically
tuned without adjusting the control point ages beyond their
allowed uncertainties. The filter selected has a bandwidth (RMS)
of 2.165 � 10�3 cycles kyr�1 and is centered on the obliquity
frequency (1/40.8 cycles/kyr�1). We note, however, that the results
we present here are not sensitive to this choice of filter width.
Nearby filters produce stacks that are almost indistinguishable from
the one we present here, and even the stacks produced from much
wider filters, some of which include different cores, have identical
timing for isotopic events. Tuning was accomplished using an
automated program (written in the computer language Matlab) by
applying the filter to both the individual core and to the obliquity
signal. The computer program was written to find the maxima in the
filtered isotopic data and assigned to these points the ages of the
successive maxima in the filtered obliquity data. Thus there was an
average of one tuning point every 41 kyr. Following this alignment
procedure, a single-phase adjustment was made to return each core
top age to 0 ka. Phase adjustments for the cores that passed the filter
test varied from +5 kyr to �6 kyr, with three cores (ODP sites 659
and 982 and PC72) having negative values. The phase shift
imposed to restore the core top ages to 0 ka seems to be unrelated
to geographical location or water depth. This could indicate a flaw
in our assumption of the core top age being 0 ka, or it could indicate
unique phase lags at each site.
[24] All 13 records with the obliquity-tuned ages, including

those that failed the filter test, are shown in Figure 7. Though

the ages of the radioisotopic control points were permitted to slide
during the obliquity tuning (provided they stayed within their
respective 2s age limits), there remains excellent alignment of
marine isotopic stages 6.0, 12.0, and 19.1. Cores Deep Sea Drilling
Program (DSDP) 502, ODP 925, ODP 927, and ODP 980 could
not be automatically tuned with this filter; they yielded ages that
were not consistent with the radioisotopic age limits (at positions
‘‘F’’ in Figure 7). In these four records, noise with periods near
41 kyr appears to cause objective obliquity tuning to fail. It might
have been possible to hand-tune these cores to bring them into
concordance with the cores that passed the filter test. Rather than
introduce the possibility of bias, however, we chose to eliminate
these cores from subsequent stacks. This seems a small price to
pay, as nine records remain in our study, and the average of these
should still suppress local variations more effectively than did
previous stacks.
[25] A composite stack of the nine successfully obliquity-tuned

cores was created by interpolating each record to 1 kyr intervals,
then calculating the mean and standard deviation at every age
point. This minimally tuned stack is shown in Figure 8. The
uncertainty envelope in Figure 8 is narrower than was the envelope
of the untuned stack, indicating that obliquity tuning has improved
the alignment of isotopic events. The 1s uncertainty envelope of
the untuned stack had a mean width of 0.31%; the nine-core
minimally tuned stack has a mean width of its 1s uncertainty
envelope of 0.27%. Figure 9 shows the power spectrum of the
minimally tuned stack. The largest difference between this spec-
trum and that of the untuned stack is the dramatic enhancement of
the 41 kyr peak. Of course, obliquity tuning would create such a
peak even from random noise; the true obliquity response is
probably somewhat less than depicted in Figure 9. As with the
untuned stack, the minimally tuned stack has a significant peak
near 0.01 cycles kyr�1. This �100 kyr peak has a full width at half
the maximum power of df/f = 0.14, comparable to that in the power
spectrum of the untuned stack. Two peaks near the precession
frequencies of 0.0425, 0.0446, and 0.0529 cycles kyr�1 are higher
with respect to the local background than they are in the untuned
stack (Figure 6). However, only one of the peaks actually coincides

Figure 8. The minimally tuned benthic d18O stack of nine cores, with the 1s uncertainty envelope.
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with precession (0.0446 cycles kyr�1). The other equally high peak
is several times its own width from true precession frequencies and
so is probably not a precession peak.
[26] Because our tuning procedure made adjustments to filtered

data with periods already close to 41 kyr, derived sedimentation rates
did not change by more than ±35% from the mean value for any of
the cores. The RMS deviation frommean value of the sedimentation
rates for the nine benthic stack cores averaged 9.5%. This seems
physically more plausible than sedimentation rates required to
construct the SPECMAP stack [Imbrie et al., 1984], whose RMS
deviation from mean values averaged 58.4% and exceeded ±300%
in some places [see Muller and MacDonald, 2000].
[27] As an alternative to simple averaging of the cores’ isotopic

data, we examined the nine records with empirical orthogonal
function (EOF) analysis [see Peixoto and Oort, 1992]. Each EOF is
a linear combination of the nine records chosen in such a way as to
be completely uncorrelated with all other EOFs and with the
variance of the system concentrated in as few EOFs as possible.
Having done this, we found that the principal component of the
EOF analysis is virtually indistinguishable from the stack created
by averaging, and it accounts for 59% of the variance of the nine-
core system.

4.1. Other Orbital Signals in the Minimally Tuned Stack

[28] Because the nine-core stack is minimally tuned to a target
containing only obliquity, we can use this stack to study other
orbital cycles in the data. In the power spectrum of the minimally
tuned stack (Figure 9) the dominant feature is the single narrow
peak at 0.01 cycles kyr�1, corresponding to a period of 100 kyr.
We note that this peak was present using the untuned timescale.
The presence of spectral power in the 100 kyr region is well known
and is usually attributed to variations in the Earth’s orbital
eccentricity (see, for example, the review by Imbrie et al.
[1993]). However, Muller and MacDonald [1997, 2000] drew
attention to the narrow width of this peak, as observed in the
analysis of many planktic and benthic data sets as well as in prior
stacks. The shape of the peak in the present stack agrees with that
reported by them and is inconsistent with the triplet of peaks
expected if the variation were driven by eccentricity.
[29] In Figure 9, the statistical significance of peaks at expected

precession frequencies is marginal. The entire frequency range

0.04–0.06 cycles kyr�1, which might loosely be called the
precession band, contains only 1.7% of the total variance of the
nine-core stack. To be sure that we have not missed the precession
response by tuning to obliquity and to place an upper limit on the
benthic d18O response to precession forcing, we conducted several
tests. First, starting with the obliquity-tuned timescale, we applied
a band-pass filter to isolate and tune the precession signal (the
band-pass filter was wide enough to include the 24 and 22 kyr
doublet). After aligning core top ages to 0 ka and stacking again,
the variance in the precession band was 3.2%. Because this is
based on precession tuning, Figure 9 is an appropriate benchmark
only if there is, a priori, a reason to believe that the response to

Figure 9. Power spectrum of the minimally tuned stack. Largest peaks are centered at �0.01 cycles kyr�1 (full
width at half the maximum power is Df/f = 0.14) and 0.024 cycles kyr�1. The latter peak is a necessary product of
obliquity tuning.

Figure 10. Power spectrum of the precession-tuned nine-core
stack. The largest peak is centered at �0.01 cycles kyr�1. The
precession frequencies are expected at 0.042 and 0.045 cycles kyr�1.
Obliquity, at 0.024 cycles kyr�1, does not improve substantially
relative to the power exhibited in the untuned stack (see Figure 6).
This plot shows that objectively tuning to precession does not yield
an accurate timescale.
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precession stands out above background, so that it makes a
suitable tuning target. With wider filters, designed to include the
24, 22, and 19 kyr precession peaks, only one core (ODP Site 659)
passed our consistency test with the radioisotopic control point
ages.
[30] As a second test we started with the untuned timescale and

used precession as the sole tuning target. After adjusting core top
ages to 0 ka, tuning to precession alone increased the spectral power
in the precession band to 3.8% of the total variance (Figure 10). As
a test of the accuracy of the precession tuning, we checked the
significance of the obliquity peak in the precession-tuned stack. A
precession-tuned timescale, if valid, should produce an obliquity
peak because adjusting the timescale to align every �20 kyr
‘‘precession’’ peak guarantees that the timescale will also be correct
on the scale of 41 kyr. However, the power spectrum of the
precession-tuned stack in Figure 10 has a split obliquity peak, with
peak power comparable to that at nearby nonastronomical frequen-
cies. This suggests that the process of tuning to precession produced
an inaccurate timescale for some of the cores, probably because
noise near precession frequencies was tuned to match the precession
target. If so, the upper limit of 3.8% of the variance in the precession
band may be higher than the true response to precession forcing.
[31] As a third exercise, we repeated the precession tuning, this

time relaxing the assumption that every core top has an age of 0 ka,

and instead, we aligned the precession response in each record. In
this stack the presumed precession signal in each core is made to
add constructively. This would be an appropriate stack to consider
only if the following are true: (1) there is an a priori reason to
believe that the precession response has a high enough signal:noise
ratio to be useful in tuning, (2) the response to precession is
globally synchronous, and (3) the top of a sediment core may have
any age up to �23 kyr. The stack constructed in this manner had
8.0% of the variance in the precession band. Once again, the
spectral peak corresponding to obliquity was split, with peak
power only at the background level, indicating that the timescale
generated by objectively tuning benthic d18O to precession is
inaccurate. The figure of 8.0% of the variance being in the
precession band is thus likely to be overestimated.
[32] As a final check on the role of precession forcing of benthic

d18O, we performed Monte Carlo simulations to see whether tuning
to obliquity alone ought to be sufficient to bring out�20 kyr peaks if
they were truly present in the signal. The simulations showed that
precession peaks are suppressed proportionately to the amount of
variability in the sedimentation rate. For a precession peak to fall by
a factor of 2 in spectral power, sedimentation would have to vary
routinely by >100% within a single obliquity cycle. Since, over
timescales from hundreds of kiloyears down to 40 kyr, our sed-
imentation rates derived by obliquity tuning vary by less than ±35%,

Figure 11. Power spectra of the nine individual cores with timescales determined by obliquity tuning. Comparison
with Figure 4 shows greatly enhanced components with periods of 41 kyr, the result of tuning to obliquity. As in
Figure 4, the left column includes cores from the tropical Pacific, the middle column includes cores from the tropical
Atlantic, and the right column includes cores from the North Atlantic Ocean. Expected orbital frequencies are
identified with arrows, with their corresponding periods in cycles per kiloyear. Note that the North Atlantic cores lack
the single narrow 100 kyr peak characteristic of all the other records.
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with RMS deviations of �10%, it seems unreasonable to assume
variations in sedimentation of 100% occur on the 20 kyr scale. It is
therefore unlikely that precession is suppressed by more than a
factor of 2, which is consistent with the upper limit of 3–4% of the
total variance being in the precession band that we obtained above.
[33] We do not conclude that the precession response in the

benthic d18O record is absent but only that it is not significantly
stronger than other background fluctuations in the same band, and
therefore it provides a poor tuning target for the benthic d18O
records. In contrast, the pacemaker [Hays et al., 1976], SPECMAP
[Imbrie et al., 1984], and low latitude [Bassinot et al., 1994] stacks
have relatively high spectral peaks at precession frequencies, with
9.0, 12.3, and 11.3% of the variance, respectively, in the frequency
range 0.04–0.06 cycles kyr�1. The difference between these stacks
and the benthic stack created here could arise from the fact that
they used planktic, rather than benthic, d18O. These two proxies
need not be recording the same aspects of climate and so need not
be identical. It is also possible that overtuning artificially enhanced
the strong precession signals in these prior stacks since the
precession signal was part of the target model used in each of
these studies.
[34] The composite benthic record of Pisias et al. [1984] is a

study of d18O as a function of depth in core V19-29 rather than age.

If constant sedimentation is assumed for V19-29, then 11% of the
variance is in the frequency range 0.04–0.06 cycles kyr�1. If,
however, the Pisias et al. stack is correlated with the SPECMAP
stack, then 18% of the variance is in the precession band. The high
variance in the precession band in the Pisias et al. [1984] stack
contrasts with the low precession signal that we see in our stacks. It
is possible that the stronger precession they see is a combined
effect of local climate conditions and possible overtuning of the
SPECMAP record. The ‘‘noise’’ seen in benthic signals could
represent real climate variations that are not due to precession.
Such noise would then be identical in disparate records. If one
record were overtuned, then any other record that was correlated
with it would also be overtuned, in the sense that fluctuations not
associated with precession would be forced to be in phase with it.
As we noted above, the Pisias et al. stack is composed of three
cores from the same part of the Pacific Ocean, and the precession
response recorded there may simply be higher than the global
average.
[35] The weakness of precession in d18O signals has previously

been noted by Karner and Muller [1999; see also Muller and
MacDonald, 2000] who noted it in a record (ODP Site 659) that
simultaneously showed a strong precession signal in wind-blown
dust, which is a proxy for Saharan aridity. They concluded that the

Figure 12. The six obliquity-tuned records from tropical latitudes. These are ODP Sites 659, 664, 677, 846, and 849
and core TT013-PC72. The mean has been subtracted from each, but the amplitudes have not been adjusted.
Therefore the spread in the data reflects the true variation in d18O at the seven drilling sites. See color version of this
figure at back of this issue.
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dust was likely a response to local equatorial climate driven by
insolation but that the d18O record was responding primarily to the
100 kyr climate oscillation.

4.2. Support for a Tropical Stack

[36] We now depart from our ‘‘hands off’’ approach to consider
whether the stack could be improved by omitting several cores.
Figure 11 shows the obliquity-tuned spectrum of each core,
arranged by geographical region. Note that the narrow 100 kyr
peak, the largest feature in untuned benthic d18O records (Figure 4),
is more diffuse in the obliquity-tuned spectra of the North Atlantic
cores. In contrast, the tropical data from both the Atlantic and
Pacific have better core-to-core agreement, with well-defined
100 kyr spectral peaks. From this observation we conclude that
the objective obliquity tuning applied to the North Atlantic cores
was less successful than was the tuning applied to the tropical
records. This may be a consequence of more variable sedimentation
rates in the North Atlantic Ocean plus higher levels of background
noise in these data, perhaps due to close proximity to glacial
meltwater and ice discharge areas. For these North Atlantic cores
we believe that a better timescale could be determined through
hands-on tuning; we prefer not to do this here because of the
subjectivity it would introduce.
[37] An examination of the individual cores shows the apparent

failures of the automated tuning process. In particular, we have
identified locations where we believe that the strict computerized
tuning process introduced errors of greater than half an obliquity
cycle, and these are identified with shaded boxes on the North
Atlantic cores in Figure 7. Because these comparisons suggest that
it is not possible to construct a reasonable timescale for the three
North Atlantic cores by our objective methods, we create an
alternative stack using only tropical cores. If we were to adjust
the North Atlantic timescales by the graphic correlation method to

make the peaks agree with those of the tropical data, as suggested
by the vertical lines in Figure 7, then the disagreement could be
eliminated. However, for the present exercise we have not forced
the alignment of any isotopic features; we have chosen to avoid
introducing this type of subjectivity. We plot the six tropical cores
together in Figure 12 to show that the tropical d18O signal is easily
traced from one core to the next. In Figure 12 the mean was
subtracted from each record, but the records were not normalized
to unit variance. Therefore Figure 12 shows the true variations in
d18O for each core. Figure 13 is the tropical stack created using the
six obliquity-tuned tropical cores. The uncertainty envelope of the
tropical stack is much narrower than that of the nine-core stack
(0.22% for the six-core stack versus 0.27% for the nine-core
stack), but the mean values of the tropical stack differ only slightly
from those of the nine-core minimally tuned stack. The power
spectrum of the tropical stack is in Figure 14. Again, there is a
narrow peak near 100 kyr, with full width at half the maximum
power is Df/f = 0.15.

4.3. Comparison With Terrace Elevation Data

[38] In Figure 15 we compare the tropical stack with the
elevations of sea level highstands, estimated by Hearty and Kauf-
man [2000] from a study of coral terraces in the Bahamas. By
considering sea level highstands only, we are comparing the
relationship between interglacial minima in d18O with the minima
in global ice volume. We make a linear approximation between
these two records from sea level highstands of marine isotopic
stages 1, 5, 7, 9, 11, and 13. The best fit straight line between d18O
at peak interglacial conditions and sea level highstand elevations is
given by d18O (%) = 0.014 � sea level (m) + 0.67. This line yields
agreement between benthic d18O and sea level for each of the last
six interglacial periods at better than the 1s level; the largest
disagreement is approximately 6 m, or �0.1%. We note that

Figure 13. Stack of the six obliquity-tuned tropical benthic d18O records, with the 1s uncertainty envelope.
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different assumptions about whether d18O reflects only global ice
volume or a combination of global ice volume and temperature do
not affect this estimate; whatever fraction of the d18O variations is
due to temperature changes, the benthic foram d18O record is
nevertheless a good sea level indicator. Only the value of the
proportionality constant is sensitive to the different interpretations
of the d18O signal.
[39] The measurements of glacio-eustatic sea level are certainly

indicators of global conditions; the tropical benthic stack was
constructed from records that probably contained both global and
local influences. We believe that the slight disagreement between
the d18O stack and the terrace elevation data is due to local
variability which remains in the tropical stack, and we estimate
that this local variability is responsible for roughly 0.1% out of a
total glacial-interglacial amplitude of 1.3%. In this way, we
conclude that local climate effects may be responsible for �10%
of the variance of the tropical stack; the remaining �90% are
probably a true reflection of global climate. This figure is neces-
sarily approximate because there is no guarantee that the relation-
ship between foraminiferal d18O and sea level is exactly linear.

Figure 14. Power spectrum of the tropical stack. The largest peak
is at �0.01 cycles kyr�1.

Figure 15. Comparison of d18O from the tropical stack at peak interglacial conditions with coral terrace elevation
data from Hearty and Kaufman [2000]. Inset shows the best fit line of interglacial sea level versus d18O for marine
isotopic stages 1, 5, 7, 9, 11, and 13. Error limits for each isotopic stage are based on the error envelope of the tropical
stack and the elevation ranges reported by Hearty and Kaufman [2000]. The regression line suggests a shift of
0.014% in d18O m�1 in sea level. The large error envelope of the d18O data precludes us from estimating interglacial
sea level heights to any better than �10 m.
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5. Conclusions

[40] The benthic stacks that we have constructed were produced
with minimal tuning and a ‘‘hands off’’ approach to avoid bias.
They offer a direct assessment of climate preserved in the deep
ocean for the last �850 kyr. The large number of records incorpo-
rated into these stacks offers hope that they could give a true global
average, with minimal contributions from regional effects.
[41] The untuned 13-core stack shows many features in basic

agreement with the previously constructed planktic stacks. They all
show the presence of a single, narrow 100 kyr spectral peak which
dominates the d18O record of the last �850 kyr. In the obliquity-
tuned stack we found that even allowing for rapid variations in
sedimentation rate, precession accounts for probably no more than
3–4% of the variance in the record. This is a lower estimate of the
significance of precession than in previously published planktic
and benthic stacks. To reconcile these differences, either the prior
records reflect climate signals which are surface effects or non-
global effects, or they are affected by overtuning. Alternatively,
variations in the sedimentation rate large enough to suppress
precession by more than a factor of two may exist in our time-
scales, though we think this is unlikely for most cores.

[42] The objective tuning technique we employed produces
more satisfactory results for tropical cores than for North Atlantic
ones. This seems to be due to large sedimentation rate variations in
the North Atlantic, which limited our ability to tune them objec-
tively. The removal of these North Atlantic cores to create the six-
core tropical stack may bias the tropical stack toward an Antarctic
bottom water signal, but we note that there is little difference
between the stacks that we created including or excluding these
three North Atlantic cores. The tropical stack provides estimates of
interglacial sea level that agree with coral terrace data, and the
obliquity-tuned timescale imposes sedimentation rates that seem
more physically plausible than those used to construct the planktic
stacks. We suggest that this stack will be a useful template for
global climate.
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Figure 12. The six obliquity-tuned records from tropical latitudes. These are ODP Sites 659, 664, 677, 846, and 849
and core TT013-PC72. The mean has been subtracted from each, but the amplitudes have not been adjusted.
Therefore the spread in the data reflects the true variation in d18O at the seven drilling sites.
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