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An alternative astronomical calibration of the lower
Pleistocene timescale based on ODP Site 677

N. J. Shackleton, A. Berger and W. R. Peltier

ABSTRACT: Ocean Drilling Program (ODP) Site 677 provided excellent material for high
resolution stable isotope analysis of both benthonic and planktonic foraminifera through the
entire Pleistocene and upper Pliocene. The oxygen isotope record is readily correlated with the
SPECMAP stack (Imbrie er al. 1984) and with the record from DSDP 607 (Ruddiman et al.
1986) but a significantly better match with orbital models is obtained by departing from the
timescale proposed by these authors below Stage 16 (620000 years). It is the stronger
contribution from the precession signal in the record from ODP Site 677 that provides the basis
for the revised timescale. Our proposed modification to the timescale would imply that the
currently adopted radiometric dates for the Matuyama-Brunhes boundary, the Jaramillo and
Olduvai Subchrons and the Gauss—Matuyama boundary underestimate their true astronomical
ages by between 5 and 7%.
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topes, SPECMAP, magnetostratigraphy.

It has long been recognised that in most areas of the ocean
the accumulation rate of the sediment is too low to permit
the recovery of an accurate first-order record of Pleistocene
climatic variability (Emiliani 1955; Shackleton & Opdyke
1973; Peng et al. 1977; Morley & Shackleton 1984). A useful
criterion for establishing the potential of the sedimentary
record of an area is that the five discrete substages of Stage
5 (Shackleton 1969), which are generally accepted as having
resulted from the precession cycle during an interval of high
orbital eccentricity (Broecker et al. 1968), should be well
represented. In the Atlantic, several areas satisfy this
criterion (e.g. the equatorial Atlantic — Emiliani 1955; the
North Atlantic -Emiliani 1958; the East Atlantic -
Shackleton 1977; the South East Atlantic — Morley &
Shackleton 1984). In the other oceans the Subantarctic has
provided good records (Hays et al. 1976; Nelson et al. 1986).
In the low-latitude Pacific the only excellent records come
from the eastern side (Ninkovitch & Shackleton 1975;
Shackleton & Pisias 1985). Examination of the record at
Deep Sea Drilling Project (DSDP) Site 504 showed that
long, detailed records could be obtainable in that area but
unfortunately the recovery at that site was not adequate for
continuous detailed analysis (Shackleton & Hall 1983). ODP
Site 677 was cored using the Advance Piston Corer (APC)
at 1°12'N, 83°44'W in 3461 m water depth (Becker et al.
1988), a location very close to DSDP Site 504. Two holes,
677A and 677B, were recovered with the objective of
obtaining a complete Plio—-Pleistocene record (Shipboard
Scientific Party, 1988).

A very unusual advantage of the sediments at this site is
that it has proved possible to generate virtually complete
oxygen isotope records for both Globigerinoides ruber, a
surface-dwelling planktonic species, and benthonic species
(in most samples, Uvigerina senticosa). Analytical data are
available in Shackleton and Hall (1989); additional
measurements are given in Appendix 1. These additional
measurements are of samples for Hole 677B that were
obtained in order to cover the inter-core gaps in Hole 677A.

1. Physical stratigraphy

Figure 1 shows the oxygen isotope record versus adjusted
depth for Holes 677A and 677B. Depth adjustments to each
successively deeper APC core must be made because the
nominal depth relationships (deriving from the progressive
lowering of the drill string in 9-5 metre steps, and the
addition of sections of pipe to increase its length) are subject
to various uncertainties that arise because the drill string is
not perfectly rigid, nor is the drill ship perfectly stationary.
Ruddiman et al. (1987) have given an excellent summary of
the difficulties that ensue. Like Alexandrovich and Hays
(1989), we used data from DSDP504 (Shackleton & Hall,
1983) as well as our data from ODP677B to construct the
best set of depth adjustments to the primary ODP677A data
set (Table 1), The figures in Table 1 differ from those in
Shackleton and Hall (1989) as follows. At about 17m
between 677A cores 2 and 3 (Stage 12), a small gap is
inserted on the basis of the thickness of stage 12 at
DSDP504. At about 27 m between 677A cores 3 and 4, we
have slightly extended the 677B data; agreement with 504 is
excellent but it is now certain that the upper part of 677A
core 4 is disturbed. We now have overlapping data from
hole 677B covering the gaps between hole 677A cores 4 and
5; 5 and 6; 6 and 7; and 7 and 8 (Appendix 1). The overlaps
were checked by aligning core photographs (Shipboard
Scientific Party, 1988). Our adjustments are not identical
with those proposed by Alexandrovich and Hays (1989)
probably largely because our data are spaced at 10cm
whereas their data were mainly collected at 50 cm intervals,
and this has provided a substantially firmer basis for
correlating the holes in detail.

2. Correlation to other records

Oxygen isotope stages as defined by Emiliani (1955),
Shackleton and Opdyke (1973) and Ruddiman et al. (1986)
are readily recognized and for orientation are indicated on
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Table 1 Depth adjustments used to construct a continuous
record by combining data from ODP677A and ODP677B

ODP Adjusted
Sample depth (m) depth (m)
111-677A-1-1, 40-42 0-40 0-40
111-677A-1-5, 10-12 6-10 6-10
111-677A-2-1, 29-41 6-59 7-84
111-677A-2-7, 58-60 15-78 17-03
111-677A-3-1, 10-12 15-80 17-35
111-677A-3-7, 59-61 25-29 26-84
111-677A-4-1, 8-10 25-28 28-03
111-677A-4-6, 140-142 34-10 36-85
111-677A-5-1, 10-12 34-80 3595
111-677A-5-7, 30-32 44-00 45-15
111-677A-6-1, 10-12 44-30 46-15
111-677A-6-7, 60-62 53-79 55-64
111-677A-7-1,10-12 53-80 56-60
111-677A-7-7, 48-50 63-18 65-98
111-677A-8-1, 10-12 63-30 67-30
111-677A-8-7, 30-32 72-50 76-50
111-677A-9-1,0-2 72:70 76-70
111-677A-9-6, 140-142 81-60 85-60
111-677A-10-1, 0-2 §2-20 86-20
111-677A-10-7, 50-52 91-70 95-70
111-677A-11-1, 0-2 91-72 95-72
111-677A-11-7, 60-62 101-30 105-30
111-677A-12-1, 0-2 101-20 107-20
111-677A-12-7, 60-62 110-80 116-80
111-677A-13-1, 1-3 110-71 11671
111-677A-13-7, 50-52 120-20 126-20
111-677B-1-1, 0-2 0-01 0-81
111-677B-1-6, 10-12 7-61 8-41
111-677B-2-1, 10-12 7-71 771
111-677B-2-7, 10-12 16-71 16-71
111-677B-3-1, 10-12 17-21 19:21
111-677B-3-7, 60-62 26-71 28-71
111-677B-4-1, 20-22 26-81 30-36
111-677B-4-cc-30-32 36-31 39-86
111-677B-5-1, 30-32 36-41 39-96
111-677B-5-7, 50-52 45-61 49-16
111-677B-6-1, 10-12 45-71 50-15
111-677B-6-cc-30-32 55-36 59-81
111-677B-7-1, 30-32 55-41 5891
111-677B-7-cc-25-27 65-16 6866
111-677B-8-1, 60-62 65-21 70-51
111-677B-8-6, 90-92 73-01 78-31
111-677B-9-1, 10-12 7421 77-21
111-677B-9-cc-30-32 83-41 86-41

Figure 2 where the records of Holes 677A and 677B are
combined. Of particular importance is the documentation of
that part of the record deposited during the Jaramillo
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subchron. Figure 3 shows the oxygen isotope data for
equivalent parts of DSDP Site 552A (Shackleton et al.
1984), DSDP607 (Ruddiman ef al. 1986) and ODP677
together with the magnetic stratigraphy (limits of the
Jaramillo Subchron) for DSDP552A and DSDP607. The
isotope stages numbered down to Stage 33 by Ruddiman ez
al. (1986) are clearly recognisable in all three records.

In the lower part of the Pleistocene we have five
biostratigraphic datums that have been accurately deter-
mined in this site (Table 2). These serve to validate the
stage numbers assigned (which we regard as being defined in
DSDP607 by Ruddiman et al. (1986) for this interval). In
particular since the same datums have all been determined
in core V28-239, for which good magnetostratigraphy is
available (Shackleton & Opdyke 1976), they provide
support for our stage numbering to the critical Stage 63,
which has at its base the reversal marking the top of the
Olduvai chron (Ruddiman et al. 1986). Figure 4 shows the
position of each biostratigraphic datum (from Table 2),
the stage numbers for the lower part by correlation with the
record of DSDP Site 607 (Ruddiman ef al. 1986) and the
implied stratigraphic positions of the relevant magnetic
reversals.

In the upper Pliocene section we rely heavily on DSDP
Site 607. Raymo et al. (1990) have already shown
correlations between the two sites over this interval and
since Hole 677B does not provide overlapping data below
70m there is no basis for major modification of the
proposed relationships. The data are shown in Figure 2 to
120 m although we only discuss them to Stage 104 in which
the Gauss—Matuyama boundary is located at DSDP Site
607.

3. Astronomical chronology

The hypothesis that variations in the earth’s orbital
geometry are responsible for the timing of climatic change
has been under consideration for almost two centuries and
was formulated in a modern manner early in this century
(Milankovitch 1930). However, it was Hays et al. (1976) who
provided the first clear documentation that the geological
record does reveal the independent contributions of the
three orbital elements to the determination of past climate.
Imbrie et al. (1984) generated a stacked 6'*O record for the
past 800 ka (thousand years) and used astronomical data to
fine-tune the geological timescale, and Martinson et al.
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Figure 1 Oxygen isotope stratigraphy of the upper 90 m of Holes 677A (solid) and 677B (dotted): above,
planktonic; below, benthonic. The data for Hole 677B have been offset by 1-5 per mil for clarity.



ASTRONOMICAL CALIBRATION OF

-3

THE LOWER PLEISTOCENE TIMESCALE 253

2

580 (%)

E
2

4

5

6
6

B e

At by

I

78 B2 96 100

20 40

T T T T T T T

60 80 100 120

adjusted depth (m)

Figure 2 Oxygen isotope stratigraphy combining Holes 677A and B: above, planktonic; below, benthonic,
to 120 m. Selected isotope stages are labelled for orientation.

(1987) discussed several strategies for accomplishing this
objective. We consider that the time-calibration obtained by
Martinson et al. (1987) for the past 300 ka, based on several
excellent data sets, is correct within the rather narrow limits
that they specify. A convincing test and validation of the
stacking approach is to regard the stacked record as a
prediction that can be tested by obtaining a very detailed
record and comparing it with the stack of less detailed
records; the high resolution record of core V19-30 shown by
Shackleton and Pisias (1985) provides a test of the validity
of the stack produced by Pisias et al. (1984) and used by
Martinson et al. (1987). Back to about 620 ka the data sets
used by Imbrie et al. (1984) are of good quality and are
corroborated by more recent data (Prell et al. 1986) and the
data presented here. It is remarkable, for example, how
similar the data presented here are to the stacked record for
stages 13-15. However below this point there are serious
discrepancies between the data sets used by Imbrie et al.
(1984) and by Prell ef al. (1986), which lead to difficulties in
developing a tuned timescale. Ruddiman et al. (1986) have
made an attempt to improve the astronomical calibrations
proposed by Imbrie et al. (1984) in the interval of time
‘between 620 ka and 800 ka. In this paper we re-examine
astronomical calibrations over this interesting interval,
during which the climate system underwent a major change
from a regime in which the response was dominated by a
41 ka periodicity attributed to obliquity forcing (Ruddiman
et al. 1986), to a regime characterised by 100 ka cycles that
are loosely associated with the eccentricity cycle (Imbrie et
al. 1984).

The basic features of the variations in earth orbital
geometry that affect the seasonal and latitudinal distribution
of solar energy at the earth’s surface are now well known
(Berger 1976, 1988). It is widely believed that future
improvements in astronomical theory or computational
methods will not significantly change the data already
available for the past million years or so (Berger 1984;
Berger & Loutre 1988; Berger 1989). For the more remote
geological past, the actual insolation values as a function of
time eventually become indeterminate although the basic
periodicities are stable. We used the algorithm of Berger
(1978) in the early stages of this work. The results shown
here are based on newer calculations (Berger & Loutre
1988; Berger 1989), but it should be emphasised that the

substantial changes in timescale that we propose are not
caused by our using these calculations. The new calculations
diverge from the old ones to an extent that would affect
correlations with the geological record to a significant extent
at about 1-5 Ma (Million years) (Berger 1989), although by
around 2-0 Ma the results differ in a major way. On the
other hand the major revision that we propose here depends
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Table 2 Biostratigraphic Datums at Site 677

Datum (LAD = Last Appearance Datum) Adjusted depth (m)

Helicosphaera sellii LAD' 62:6
Calcidiscus macintyrei LAD' 65-3
Gephyrocapsa oceanica LAD? 68-2
Pterocanium prismatium LAD? 70-6
Globigerinoides fistulosus LAD" 70-6

1J. Backman personal communication (1988).
21, Raffi personal communication (1989).

3], Alexandrovich (1989).

4 Shackleton & Hall (1989).
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Figure 4 Benthonic oxygen isotope record of Site 677 from 30 to
75m. Hs: upper limit of Helicosphaera sellii; Cm: upper limit of
Calcidiscus macintyrei; Go: upper limit of Gephyracapsa oceanica;
Gf: upper limit of Globigerinoides fistulosus; Pp: upper limit of
Pterocanium prismatium. Upward pointing arrows show the
approximate stratigraphic levels corresponding to magneto-
stratigraphic events; (B/M): base of Brunhes normal chron; (Jar):
boundaries of the Jaramillo normal subchron; (CM): Cobb
Mountain normal event; (tO): upper boundary of Olduvai normal
subchron.

on a new interpretation of the records over the interval
between about 0-6 and 1-2Ma where one would obtain
almost identical age estimates whether one used the
calculations of Berger (1978) or the newer ones of Berger
and Loutre (1988).

4. Methods

Oxygen isotope data for Hole 677A and Hole 677B were
combined after making the depth adjustments discussed
above. Unfortunately an unexplained analytical offset
occurred in the analysis of samples from Hole 677B which
were made immediately after delivery of a new mass
spectrometer. To take account of this, 0-2 per mil was added
to 6'%0 values for benthonic species in Hole 677B cores 2 to
7. The section of 677A covering Stage 5 was eliminated
beause the record from 677B is clearly superior and this part
of Hole 677A is probably significantly disturbed. A
conventional piston core would probably provide a far
better record of the upper 10-20 m of the section, and we
have devoted minimal effort to this part of the section. Data
from the top metre of 677A core 4 were discarded due to
obvious disturbance and physical mixing. The sections of
677B below 70m were not used but virtually all the
remaining overlapping data could be combined satisfac-
torily. Duplicate measurements at the same depth were
averaged, except that if a replicate analysis was made
because the result of the initial measurement was suspect,
and if the second measurement confirmed that the first one

was incorrect, the second alone was used (fewer than 1% of
the measurements made have been discarded).

As each version of the age model was developed, the age
of every sample was estimated by linear interpolation
between the control depths (see below). Values were then
estimated at uniform 3ka intervals using a Gaussian
weighting method that introduces a small amount of
smoothing. This interpolated data set was used for statistical
analysis. Spectra and coherencies were calculated using
standard methods (Jenkins & Watts 1968; Imbrie et al.
1984). All the estimates shown here were made with 80 lags
after the data had been linearly detrended.

The records that were carefully documented by Ruddiman
et al. (1986) are very clearly dominated by cycles with a
period near 41ka. The record from Site 677 is similarly
dominated by cycles with a wavelength (in depth terms) of
around 1-6 to 1-8 m over the interval from about 45m to
65m. The transitional interval at Site 677 is especially
interesting because it displays a clearly visible secondary
cycle with a shorter wavelength of a little under 1 m, which
is probably associated with forcing by precession. Because
the effect of precession on the seasonal distribution of solar
insolation is modulated by the eccentricity cycle, the
precession component of the record provides a better tool
for accurate correlation than the more regular obliquity
cycle.

Spectral analysis of the 6'°0 data as a function of depth
confirms the visual evidence for this cyclicity. In Figure 5 we
show the result of filtering the data set in the depth domain
using bandpass filters designed to capture each of the two
cycles. If it is assumed that the 1-6m cycle (which is
clearly recognisable in dark—white alternations on the core
photographs) is derived from the 41 ka obliquity cycle, it is
apparent that the modulation on the shorter 1-0m cycle is
consistent with a derivation from the eccentricity cycle that
provides the envelope for the climatic precession signal. It is
a relatively straightforward process to iteratively generate a
timescale for the record that brings the observed cycles into
phase with the inferred astronomical forcing. In this paper
we proceed on the simplest assumption, that the climate
system as it is monitored by the ocean 'O record, has
responded to forcing by insolation variations with the same
time-constant throughout the interval under discussion. We
have experimented with several procedures for generating
the timescale starting with this assumption. In this paper we
proceed by using the simple model described by Imbrie and
Imbrie (1980) as a tuning target. However, it is important to
examine those sections of the record that have been of
special significance in leading to our conclusion, in the first
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Figure 5 Oxygen isotope record for Site 677 (Fig. 2) filtered in the
depth domain with filters having central frequencies of 1 cycle per
0-9m for the planktonic record (above) and 1 cycle per 1-6 m for
the benthonic record (below).
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instance by looking at the result of filtering in the depth
domain (Figure 5). An analogous procedure was used by
Ruddiman et al. (1986).

The output resulting from filtering the data in the depth
domain with a filter designed to capture the 1-6 m cycle is
remarkably regular to about 78 m, aside from three
intervals: around 40 m, 47 m and 65 m. At 40 m the output
from the ‘precession’ filter is rather regular, suggesting that
there is no major distortion of the sedimentary record. At
47 m (Stage 35) the uncertainty is more acute. The thickness
of Stage 35 is clearly more comparable to the thickness of
two average cycles above or below this point than to one. In
DSDP607 stage 35 is also anomalously thick for a single
41 ka cycle; on the other hand in DSDP552A its presumed
correlative is rather similar to adjacent cycles. In favour of
assigning to Stage 35 the two 41 ka cycles implied by its
thickness, is the fact that the planktonic signal in the lower
part of the stage contains distinct 1-m scale structure that
would not be of appropriate timescale if the whole were
compressed into a single 4l1ka cycle. At 65m the
irregularity derives from the poor development of Stage 56.
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Figure 6 Insolation at 65°N in July for the past 1-8 Ma (above,
from Berger & Loutre, 1988) and ice volume model (arbitrary
scale) run using the model of Imbrie and Imbrie (1981) (below).
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This stage is also poorly developed in DSDP607 (that is, the
6'0 value is not so positive as in other glacial stages and
the interval with glacial 6'®O values is relatively thin), but
the records of 677 and 607 are remarkably similar and there
seems little doubt that the representation is correct; the
thickness in 607 and in core V28-239 supports the conclusion
drawn by Ruddiman et al. (1986), that two tilt cycles are
represented. The core photographs of both 677A and 677B
show distinct dark—light cycles in this part of the record with
a wavelength somewhat less than 1m. If these represent
precession cyles, they suggest that the accumulation rate was
just a little below average here.

Figure 6 shows the July 65°N insolation record for the past
1-6 Ma, together with an ice volume simulation using the
model of Imbrie and Imbrie (1980). At the outset we chose
to use the latter as our tuning target because it has proved a
convenient target in the upper part of the record (Martinson
et al. 1987). The model has two variable parameters: the
time-constant for ice-sheet response, and the ratio of growth
response-time (dependent on snow accumulation) to decay
response-time (dependent on ice melting). We anticipated
that the older part of the record in Site 677 might require a
change in one of these parameters, but in fact the data for
the lower part of the record that we have examined fit the
model even better than the data for the time interval for
which the parameters were originally specified by Imbrie
and Imbrie (1980). For this reason we have continued to
work with the model using the same parameters throughout
this study despite the logical inconsistency in assuming
identical model parameters for a long interval during which
the characteristic scale of ice sheets must have increased
significantly.

Figure 7 shows the planktonic and benthonic data on a
timescale derived by matching to this record in a manner
consistent with the implications of the filtering experiment.
Procedurally this timescale was developed so as to align
features in the planktonic 'O record with features in the
target, by iteratively assigning age control points and by
assuming uniform accumulation between these points. Table
3 lists the control points used.

Over the time interval 640ka to 1-6 Ma cross-spectral
analysis (Fig. 8, above left) shows that our planktonic data
has proportionally slightly less power at precessional
frequencies relative to tilt than the model. However, overall
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Figure 7 Planktonic and benthonic oxygen isotope data for ODP677 for the past 2-6 Ma after tuning the

planktonic record to the target illustrated in Figure 6.
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the spectral distribution in the data for this time interval is
closer to that of the model than it is for the last 600 ka, for
which the model was developed. This is because the
enormous concentration of power at the 100 ka wavelength
which dominates the record of the last 600 ka, and which is
not adequately predicted by the model of Imbrie and Imbrie
(1980), is absent in the record from 640ka to 1-6 Ma.
Coherency between model and data is 0-95 in the obliquity
band and 0-94 and 0-96 for the precession peaks. The
benthonic data displays even higher coherency (0-97) with
the model over the obliquity band (Fig. 8, above right) and
although this data set contains a smaller precession
component it is also significantly coherent (0-91 and 0-77)
with the main components of climatic precession. We do not
show phase spectra since our tuning procedure is designed
to achieve a zero phase relationship.

In the interval between 1-6 Ma and 2-6 Ma we interpret
the sequence of obliquity cycles in the same way as Raymo
et al. (1989) and Raymo ef al. (1990). We have not taken
orbital tuning to such detail in this part of the record, largely
because of deficiencies in the planktonic §'*O record. There
are intermittent intervals over which the planktonic record
departs markedly from the benthonic one and in some
intervals the planktonic data are very noisy. It is possible
that this arises as a result of slight diagenetic alteration

Table 3 Age control points inserted to develop the age model

Depth (m) Age (Ma) Depth (m) Age (Ma)
0-00 0-00 50-10 1:248
0-40 0-006 51-40 1-280
3-80 0-061 52-90 1-315
4-90 0-085 53-59 1-335
6-10 0-122 54:59 1-355
817 0-194 56-79 1-398
9-05 0-214 59-50 1-449

10-20 0-238 60-70 1-471
12-02 0-286 61-29 1-490
12:30 0-295 61-50 1-499
13-54 0-329 63:05 1-532
14-04 0-339 63-99 1-564
16-34 0-405 64-50 1-572
17-40 0-428 65-29 1-603
18-65 0-459 66-49 1-641
19:25 0-481 6709 1-650
19-85 0-501 67-80 1-668
20-25 0-509 69:90 1-716
21-25 0-534 70-69 1-736
22-50 0-573 71-40 1-757
22:70 0-582 72-89 1-788
2325 0-595 73-89 1-809
23-50 0-602 74-60 1-829
23-85 0-616 75-89 1-851
24-40 0-626 76:29 1-880
26:74 0-688 76-69 1-910
27-50 0-709 77-69 1-944
30-43 0-784 79-55 1-983
32-40 0-821 81-99 2:021
3375 0-860 87-39 2:079
37-49 0-953 89:99 2-155
38-39 0-976 90-69 2-131
39-09 0-996 91-69 2-147
39-49 1-005 93-00 2-187
40-09 1-027 95-19 2-231
40-59 1-033 97-69 2-304
41-99 1-069 98-69 2:346
42-89 1-089 100-29 2-388
43-55 1-111 101-49 2-428
44-33 1-125 104-99 2-479
45-41 1-145 107-55 2:523
46-45 1-163 109-59 2-550
47-03 1172 111-55 2-594
47-89 1209 113-29 2-635
49-60 1-240 142-80 3-160

in the thinner-walled planktonic specimens. Despite the
reduced quality of the data, coherency with the precessional
component of the tuning target is highly significant: 0-87 and
0-91 for the planktonic (Fig. 8, below left), 0-88 and 0-92 for
the benthonic (Fig. 8, below right). Over this interval the
benthonic data are again more highly coherent with the
orbital data in the obliquity band (0-94) than are the
planktonic data (0-89).

In Figure 9 the planktonic data are filtered in the time
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Figure 8 Cross-spectral comparison of (dotted) the model (from
Fig. 6, below) and (solid) the data (from Fig. 7). Above left:
planktonic, 639 ka to 1-599 Ma; above right: benthonic 639 ka to
1-599 Ma; below left: planktonic, 1-599 to 2-598 Ma; below right:
benthonic, 1-599 to 2-598 Ma. Coherency is shown (dashed) in the
lower part of each panel and is high at the obliquity and precession
frequencies in all four plots.
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Figure 9 Oxygen isotope record for planktonic foraminifera in Site
677 (Fig. 7) filtered in the time domain and compared with the
model (Fig. 6, below) similarly filtered. The filter used has a central
frequency of 0-045 c/ka and a bandwidth of 0-036 ¢/ka.
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domain for comparisons with filtered components of the
modelled record. The resemblance between the eccentricity
modulation of the precessional component in the model
output, and the modulation on the filtered planktonic data,
is remarkable and it seems very unlikely that this match
could have been obtained with an incorrect timescale.

5. Discussion

The chronology that we have developed may be used to
estimate the ages of the last six major reversals of the
Earth’s magnetic field. Table 4 compares our ages with
currently accepted geochronological estimates, and with the
figures given by Ruddiman er al. (1989) and Raymo et al.
(1989). Our estimates differ from those of Ruddiman et al.
(1986, 1989) as a result of three divergences between our
interpretation and theirs. First, we have inferred an extra tilt
cycle in the lower Brunhes. For this interval our solution
resembles that proposed by Johnson (1982). Second, we
have interpreted Stage 21 as containing three precession
peaks where Ruddiman et al. (1986) compressed this stage
into a single tilt cycle. Third, we have interpreted Stage 35
as representing more than a single tilt cycle. The first of
these conclusions would perhaps have been drawn by
Ruddiman et al. (1986) had they proceeded, as we did, by
initially filtering entirely in the depth domain. However they
chose to filter after setting literature ages for the magnetic
reversals, so that their procedure is only analogous to ours
for the interval of Stages 32 to 64. As discussed above, their
data is open to the interpretation that we propose for this
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Table 4 Comparison of our estimates and those previously ob-
tained for selected magnetic reversal boundaries

1 3

Isotope stage Correlative reversal Age' Age® Age’
base 19 base Brunhes 073 073 078
mid 27 top Jaramillo 092 090 099
mid 31 base Jaramillo 098 097 1.07
base 35 Cobb Mountain 1-10 110 1-19
base 63 top Olduvai 1-66 1-65 177
base 71 base Olduvai* 1-88  1-82 195
104 top Gauss 247 248  2-60

! From Berggren et al. (1985) and Maniken & Grommé (1982).

2 Ruddiman et al. (1989); Raymo et al. (1989).

3 This work.

4 Since Ruddiman ef al. (1986) discuss two alternative positions for
the base of the Olduvai it should be mentioned that in most
deep-sea cores the extinction of Discoaster brouweri is very close to
the base of the Olduvai (Backman & Shackleton 1983) and that this
event is identified with the base of Stage 71 both in DSDP607 as
Ruddiman et al. (1986) finally determined it, and in ODP677 (A.
Chepstow-Lusty, pers. comm. 1989).

section (that is, their Stage 35 is significantly thicker than
would be predicted by their interpretation). As mentioned
above, our interpretation of the interval between Stages 71
and 104 is consistent with that of Raymo et al. (1989) and
Raymo et al. (1990). Thus in Table 4 our estimate for the
interval of time between the top of the Gauss chron and the
base of the Olduvai subchron is essentially the same as
estimated by Raymo et al. (1989).

A revision of the ages of the most recent three reversals
could possibly be accommodated by an assumption that the
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Figure 10 Age—depth plots for core ODP677, V28-238, DSDP552A and ODP607 on the timescales of
Raymo et al. (1990), SPECMAP (Imbrie et al. 1984), and Ruddiman et al. (1986), compared with age-depth

plots using the timescale of this work.
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relatively limited number of measurements are systemati-
cally in error at the young end of the K/Ar timescale.
However, if the older reversals are also older than currently
believed it is perhaps more likely that the decay constant
generally adopted (Steiger & Jager 1977) is in error. This
conclusion would be consistent with that reached by Hilgen
and Langereis (1989), who argue that the duration of the
interval from the top of the Gilbert Chron to the base of
subchron C1 is greater than currently believed.

Support for our interpretation of the critical interval
between Stages 15 and 22 comes from examination of
accumulation rates. Figure 10 compares accumulation rates
of four cores on conventional timescales and on the one
proposed here. Core V28-238 was used as the reference core
in the studies of Imbrie et al. (1984) and of Prell er al. (1986)
because it was regarded as the core with the most uniform
accumulation rate of all those for which data were available.
DSDP Site 552A is from Rockall at 55°N in the North
Atlantic (Shackleton et al. 1984) and DSDP607 from the
mid-Atlantic Ridge at 40°N (Ruddiman er al. 1986). In each
case, the previous timescale requires greater changes in
accumulation rate than are implied by our new timescale.
Although a systematic change in accumulation rates at the
inception of larger scale glaciation might be expected, a
change in accumulation rate in the same direction over a
limited time interval in four such different depositional
settings in two ocean basins does seem unlikely.

6. Conclusions

Both the effect of changes in the obliquity of the ecliptic,
and of axial precession together with its modulation by
eccentricity variations, are clearly present in the Quater-
nary and late Pliocene oxygen isotope records from ODP
Site 677. A timescale has been developed on the assumption
that there has been a consistent phase relationship between
the astronomical forcing and the climatic response over the
past 2-6Ma. This timescale demonstrates coherencies
between modelled and observed variations for the whole of
the past 1-6 Ma that are as high as those previously observed
for the last 0-6 Ma, while for the previous million years
(2:6-1-6 Ma) they are almost as high. However, the time-
scale developed requires ages for the last few reversals of
the Earth’s magnetic field that are around 5-7% greater
than the currently accepted values.
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APPENDIX 1

Additional isotopic data obtained subsequent to the main
body of analyses going to press (Shackleton and Hall, 1989).

Laboratory code Depth (ODP) 80  8'3C
Globigerinoides ruber 300-350um
A 89/24170DP677B 3.10 -1.12 1.29
A 89/24180DP677B 3.20 -1.20 1.34
A 89/24190DP677B 3.30 -1.21 1.39
A 89/24200DP677B 3.40 -1.43 1.51
A 89/24210DP677B 3.50 -1.59 1.52
A 89/24220DP677B 3.60 -1.66 1.68
A 89/24230DP677B 3.70 -1.83 1.64
A 89/24240DP677B 3.80 -1.91 1.65
A 89/24250DP677B 3.90 -1.79 1.59
A 89/24260DP677B 3.98 -1.58 1.47
A 89/24270DP677B 4.10 -1.18 1.74
A 89/24280DP677B 4.20 -1.66 1.67
A 89/24290DP677B 4.30 -1.74 1.85
A 89/24300DP677B 4.40 -1.71 1.74
A 89/24310DP677B 4.60 -1.91 1.68
A 89/24320DP677B 4.70 -1.85 1.55
A 89/24330DP677B 4.80 -1.73 1.47
A 89/24340DP677B 4.90 -1.44 1. 74,

Laboratory code Depth (ODP) 80  8'3C
Globigerinoides ruber 300-350um (contd)

A 89/24350DP677B 5.00 =1.81 1.38
A 89/24360DP677B 5.10 -1.83 1.52
A 89/24370DP677B 5.20 =173 1.68
A 89/24380DP677B 5.30 -2.50 1.35
A 89/24390DP677B 5.40 -1.70 1.18
A 89/22810DP677B 26.10 -0.94 1.10
A 89/22820DP677B 26.20 -1.17 1.35
A 89/22830DP677B 26.30 -1.29 1.36
A 89/22840DP677B 26.40 -1.45 1.23
A B89/22850DP677B 31.15 -0.83 0.92
A 89/22860DP677B 31.25 -0.75 0.85
A 89/22870DP677B 31.35 -0.69 0.87
A 89/22880DP677B 31.48 -0.68 1.04
A 89/22890DP677B 31.55 =-0.73 1.04
A 89/22900DP677B 31.65 =0.75 0.97
A 89/22910DP677B 31.75 -0.92 1.03
A 89/22920DP677B 31.81 -1.30 1.00
A B9/22930DP677B 31.95 =1.30 1.01
A 89/22940DP677B 32.05 -1.34 0.93
A B9/22950DP677B 32.18 -1.25 0.80
A B89,/22960DP677B 32.25 =1.36 0.61
A 89/22970DP677B 32.33 -0.80 0.60
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Laboratory code Depth (ODP) 80  8'3C

Laboratory code Depth (ODP) 8'%0 813C
Globigerinoides ruber 300-350um (contd)

Globigerinoides ruber 300-350um (contd)

A 89/22980DP677B  32.45 -0.96 0.73 A 89/24020DP677B  51.65 -1.44 1.25
A 89/22990DP677B  32.55 -0.95 0.88 A 89/24030DP677B  51.75 -1.34 1.14
A 89/23000DP677B  32.65 -1.03 1.04 A 89/24040DP677B  51.85 -1.84 1.38
A 89/23010DP677B  32.75 -1.16 0.99 A 89/24050DP677B  51.95 -1.93 1.38
A 89/23030DP677B  32.95 -1.25 1.07 A 89/24060DP677B  52.05 -1.75 1.60
A 89/24480DP677B  32.95 -1.26 1.46 A 89/24070DP677B  52.15 -1.73 1.42
A 89/23040DP677B  33.05 -1.43 1.02 A 89/24080DP677B  52.25 -1.59 1.67
A 89/24490DP677B  33.15 -1.34 1.51 A 89/24090DP677B  52.35 -1.91 1.48
A 89/23060DP677B  33.25 -1.36 1.27 A 89/24100DP677B  52.45 -1.61 1.58
A 89/23070DP677B  33.37 -1.72 1.60 A 89/24110DP677B  52.55 -1.61 1.58
A 89/23080DP677B  33.45 -1.35 1.46 A 89/24120DP677B  52.67 -1.82 1.39
A B9/23090DP677B  33.55 -1.55 1.61 A 89/24130DP677B  52.75 -1.85 1.37
A 89/23100DP677B  33.68 -1.76 1.63 A 89/24460DP677B  52.85 -1.87 1.22
A 89/24400DP677B  33.75 -1.89 1.64 A 89/24150DP677B  52.95 -1.83 1.44
A 89/24410DP677B  33.86 -1.73 1.35 A 89/24470DP677B  53.05 -1.74 1.30
A 89/24420DP677B  33.95 -2.24 1.13 A 89/24440DP677B  64.10 -1.13 0.86
A 89/24430DP677B  34.05 -1.61 1.15 Uvigerina senticosa

A 89/23760DP677B  40.65 -1.14 1.16 A 89/23400DP677B 4.40 3.83 -0.98
A 89/23770DP677B  40.75 -0.97 0.91 A 89/23310DP677B 4.60 3.85 -1.07
A 89/23780DP677B  40.83 -0.96 0.75 A 89/23320DP677B 4.70 3.99 -1.14
A 89/24500DP677B  40.98 -0.98 1.00 A 89/23330DP677B 4.80 4.14 -1.13
A 89/23800DP677B  41.05 -1.19 0.91 A 89/23340DP677B 4.90 3.48 -1.17
A 89/23810DP677B  41.15 -1.18 0.76 A 89/23350DP677B 5.00 3.72 -1.12
A 89/23820DP677B  41.25 -1.10 1.10 A 89/23370DP677B 5.20 3.95 -1.01
A 89/23830DP677B  41.36 -1.43 1.15 A 89/23380DP677B 5.30 3.65 -1.07
A 89/23840DP677B  41.47 -1.34 1.03 A 89/23390DP677B 5.40 3.83 -0.98
A 89/23850DP677B  41.55 -1.17 1.37 A 89/21610DP677B  26.10 4.37 -1.28
A 89/23860DP677B  41.68 -1.40 1.34 A 89/22610DP677B  26.20 4.18 -1.31
A 89/23870DP677B  41.75 -1.37 1.39 A 89/21630DP677B  26.30 4.16 -1.27
A 89/23880DP677B  41.86 -1.71 1.46 A 89/21640DP677B  26.40 4.00 -0.87
A 89/23890DP677B  41.96 -1.55 1.42 A 89/22620DP677B  31.15 4.36 -1.54
A 89/23900DP677B  42.05 -1.48 1.55 A 89/21650DP677B  31.15 3.30% -1.75
A 89/23610DP677B  42.15 -1.64 1.69 A 89/21660DP677B  31.25 4.40 -1.64
A 89/23620DP677B  42.25 -1.56 1.84 A 89/21670DP677B  31.35 4.35 -1.64
A 89/23630DP677B  42.36 -1.64 1.79 A 89/21680DP677B  31.48 4.36 -1.44
A 89/23650DP677B  42.45 -1.67 1.68 A 89/21700DP677B  31.55 4.42 -1.60
A 89/23640DP677B  42.55 -1.91 1.78 A 89/21710DP677B  31.65 4.29 -1.46
A 89/23660DP677B  42.65 -1.83 1.85 A 89/21720DP677B  31.75 4.28 -1.66
A 89/23670DP677B  42.75 -1.99 1.89 A 89/21730DP677B  31.81 4.01 -1.49
A 89/23680DP677B  42.86 -1.87 1.68 A 89/21740DP677B  31.95 4.13 -1.39
A B9/23690DP677B  42.96 -1.80 1.81 A 89/21750DP677B  32.05 3.98 -1.59
A 89/23700DP677B  43.05 -1.66 1.83 A 89/21760DP677B  32.18 4.09 -1.69
A 89/23720DP677B  43.18 -1.83 1.60 A 89/21770DP677B  32.25 4.10 -1.74
A 89/24450DP677B  43.25 -1.43 147 A 89/21780DP677B  32.33 4.16 -1.73
A 89/23730DP677B  43.36 -1.38 1.69 A 89/21790DP677B  32.45 4.40 -1.75
A 89/23740DP677B  43.45 -1.51 1.48 A 89/21800DP677B  32.55 4.41 -1.74
A 89/23750DP677B  43.55 -1.44 1.52 A 89/21810DP677B  32.65 4.29 -1.36
A 89/23910DP677B  50.15 -1.68 1.17 A 89/21820DP677B  32.75 4.29 -1.60
A 89/23920DP677B  50.25 -1.36 1.01 A 89/21830DP677B  32.86 4.02 -1.76
A 89/23930DP677B  50.35 -1.26 0.93 A 89/21840DP677B  32.95 4.05 -1.70
A 89/23940DP677B  50.48 -1.23 0.79 A 89/21850DP677B  33.05 3.96 -1.60
A 89/23950DP677B  50.55 -1.26 1.06 A 89/21860DP677B  33.15 3.83 -1.45
A 89/23960DP677B  50.65 -1.41 1.15 A 89/21870DP677B  33.25 3.63 -1.54
A 89/23980DP677B  50.85 -1.38 1.27 A 89/21880DP677B  33.37 3.71 -1.81
A 89/23990DP677B  50.95 -1.52 1.33 A 89/21890DP677B  33.45 3.61 -1.34
A 89/24000DP677B  51.05 -1.53 1.26 A 89/21900DP677B  33.55 3.53 -1.15
A 89/24010DP677B  51.15 -1.41 0.96 A 89/21950DP677B  33.86 3.26 -1.48
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Laboratory code Depth (ODP) s%0  s'3C Laboratory code Depth (ODP) %0  8'3C
Uvigerina senticosa (contd) Uvigerina senticosa (contd)

A 89/21960DP677B  33.95 3.40 -1.42 A 89/22580DP677B 51.65 3.90 -1.43
A 89/21970DP677B  34.05 3.34 -1.52 A 89/22590DP677B  51.75 4.00 -1.65
A 89/23270DP677B  34.10 3.61 -1.77 A 89/22600DP677B  51.85 3.63 -1.09
A 89/23280DP677B  34.20 4,11 -1.66 A 89/22700DP677B  52.25 3.53 -1.06
A 89/23290DP677B  34.30 4.20 -1.73 A 89/22310DP677B  64.20 4,28 -1.53
A 89/22140DP677B  40.65 4.18 -1.54 A 89/22330DP677B  64.40 4.15 -1.27
A 89/22150DP677B  40.75 4.17 -1.61 A 89/22340DP677B  64.50 4.04 -1.40
A 89/22160DP677B  40.83 4.40 -1.51 A 89/22350DP677B  64.60 3.94 -1.38
A 89/22170DP677B  40.98 4.35 ~-1.60 A 89/22360DP677B  64.70 3.86 -1.34
A 89/22180DP677B  41.05 4.38 -1.57 A 89/22370DP677B  64.80 3.69 -1.25
A 89/22200DP677B  41.25 4.33 -1.47 A 89/22380DP677B  64.90 3.86 -1.35
A 89/22230DP677B  41.55 3.85 -1.37 Cibicidoides wuellerstorfi

A 89/22240DP677B  41.68 3.91 -1.36 A B9/22570DP677B  51.15 3.47 -0.49
A 89/22250DP677B  41.75 3.95 -1.46 A 89/22800DP677B 52.95 3.00 -0.24
A 89/22260DP677B  41.86 3.80 -1.22 A 89/22710DP677B  53.05 2.91 -0.32
A 89/22270DP677B  41.96 3.80 -1.24 A 89/22290DP677B  64.10 3.53 -0.76
A 89/22280DP677B  42.05 3.78 -1.29 A 89/22320DP677B  64.30 3.58 -0.74
A 89/21980DP677B  42.15 3.73 -1.30 A 89/22390DP677B  64.90 3.02 -0.49
A 89/21990DP677B  42.25 3.78 -1.16 Cibicidoides spp.

A 89/22000DP677B  42.36 3.76 -1.00 A 89/21920DP677B  33.68 2.91 -0.61
A 89/22010DP677B  42.45 3.77 -1.11 A 89/21930DP677B  33.75 2.57 -0.23
A 89/22020DP677B  42.55 3.53 -1.23 A 89/23140DP677B  43.90 3.20 -0.46
A 89/22030DP677B 42.65 3.54 -1.17 Oridorsalis spp.

A 89/22040DP677B  42.75 3.58 -1.08 A 89/23360DP677B 5.10 3.88 -1.48

A 89/22050DP677B  42.86 3.62 -1.00 A 89/21690DP677B  31.48 4.34 -1.91

A 89/22060DP677B  42.96 3.38 -1.03 A 89/22630DP677B  31.15 4.44 -2.05

A 89/22080DP677B  43.05 3.51 -1.02 A 89/22440DP677B  49.95 3.21 -1.58

A 89/22090DP677B  43.18 3.63 -0.91 A 89/22650DP677B  51.95 3.51 -1.50

A 89/22100DP677B  43.25 3.68 -1.19 A 89/22750DP677B  52.55 3.32 -1.54

A 89/22110DP677B  43.36 3.65 -1.03 Hoeglundina elegans

A 89/22120DP677B  43.45 3.68 -1.12 A 89/22640DP677B  31.15 5.18 0.50

A 89/22130DP677B  43.55 3.68 -1.00 Globobulimina pacifica

A 89/23110DP677B  43.60 3.20 -0.55 A 89/21910DP677B  33.68 3.54 -2.44

A 89/23160DP677B  44.10 4.07 -1.44 A 89/22430DP677B  49.83 3.47 -2.43

A 89/23180DP677B  44.30 4.31 -1.65 A 89/22680DP677B  52.15 3.82 -2.21

A 89/23210DP677B  44.50 4.21 -1.70 Globocassidulina subglobosa

A 89/23220DP677B  44.60 4.26 =1.56 A 89/22660DP677B  52.05 3.59 -0.90

A 89/23230DP677B  44.70 4.29 -1.62 A 89/22760DP677B  52.67 3.38 -1.12

A 89/23240DP677B  44.80 4.16 -1.62 Sphaeroidina bulloides

A B89/23250DP677B 44.90 4.12 =1.56 A 89/22690DP677B 52.15 3.44 -0.67

A B9/23260DP677B  45.00 4.00 =1.63 A 89/22730DP677B  52.45 3.42 -0.78

A 89/22400DP677B  49.55 . 3.81 -1.56 A 89/22740DP677B  52.55 3.45 -0.84

A B9/22410DP677B  49.68 3.90 =1.53 A 89/22770DP677B  52.67 541 -0.70

A 89/22420DP677B  49.75 3.36 -1.14 A 89/22780DP677B 52.75 3.56 -0.70

A 89/22450DP677B  50.05 3.23 -1.39 mixtures of Oridorsalis, Globobulimina,

A 89/22460DP677B 50.15 3.34 -1.47 Sphaeroidina, Uvigerina,

A 89/22470DP677B  50.25 3.58 =X.57 Globocassidulina

A 89/22480DP677B  50.35 s ey fu & -1.57 A 89/21940DP677B  33.75 3.24 -1.64
A 89/22490DP677B  50.48 3.84 -1.53 A 89/23300DP677B  34.40 4.44 -1.45
A 89/22500DP677B  50.55 3.96 -1.75 A 89/22190DP677B  41.15 3.60 -2.61
A 89/22510DP677B  50.65 3.95 -1.66 A 89/23150DP677B  44.00 3.73 -1.75
A B9/22520DP677B  50.75 3.86 -1.57 A 89/23170DP677B  44.20 4.13 -2.01
A 89/22530DP677B  50.85 4,10 -1.66 A 89/22670DP677B  52.05 3.79 -1.84
A 89/22540DP677B  50.95 4.10 -1.52 A 89/22720DP677B  52.35 3.57 -1.81
A 89/22550DP677B 51.05 3.81 -1.31 A 89/22790DP677B  52.85 3.52 -0.99
A B9/22560DP677B 51.15 4.02 -1.45
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