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An astronomical tuning strategy for
Pliocene sections: implications for

global-scale correlation and phase relationships
By Steven C. Clemens

Box 1846, Department of Geological Sciences, Brown University,
Providence, RI 02912-1846, USA

Astronomical tuning plays a central role in developing the chronostratigraphy of
marine sediment sections. For Pleistocene sections, tuning is typically accomplished
by matching the 41 and 23 ka components of oxygen isotopes (δ18O-41, δ18O-23)
to orbital obliquity and precession with constant phase lags of 69◦ and 78◦, respec-
tively (depleted δ18O-41 lags maximum obliquity by 7.8 ka, while depleted δ18O-23
lags minimum precession by 5 ka). This approach places all records on the same time-
scale relative to one another and relative to insolation forcing because Pleistocene
δ18O is globally correlative. Thus, lead and lag relationships among climate variables
measured at globally distributed sites can be assessed in an effort to understand the
underlying physics of climate change. For Pleistocene sections, variables such as
dust content, magnetic susceptibility, colour reflectance, and gamma-ray attenua-
tion porosity evaluator (GRAPE) are typically tuned directly to precession or to a
precession-dominated insolation target. Unlike Pleistocene δ18O, these variables are
not globally correlative and few have unambiguous models linking them to insolation
forcing. Consequently, the capacity to compare Pliocene lead and lag relationships
among climate variables from different sites is considerably diminished, as is the
capacity to evaluate the climate response to orbital forcing. Here a Pliocene tuning
strategy is presented which builds on the precession-based approach by incorporating
a final tuning step involving δ18O-41. Results from application to Site 659 and the
Mediterranean Rossello Composite Section suggest qualified success. Application to
other Pliocene sections is required to verify the utility of this astronomical tuning
approach.

Keywords: astronomical tuning; Pliocene time-scale; Milankovitch cyclicity;
insolation forcing; non-stationary phase response

1. Introduction

Research over the past 15 years has produced significant advances in the develop-
ment of the Plio-Pleistocene astronomical time-scale (Hilgen 1991a, b; Hilgen et al .
1993; Lourens et al . 1996; Raymo et al . 1989; Ruddiman et al . 1986; Shackleton et
al . 1990, 1995a; Tiedemann & Franz 1998; Tiedemann et al . 1994). Much of this
work has focused on improving the accuracy of the geomagnetic polarity time-scale
(GPTS) and the associated biostratigraphic datums; two primary means of establish-
ing marine and terrestrial chronostratigraphy. Successful application in this respect
requires only that tuned sediment sections be stratigraphically complete and that
orbital-scale (41 and 23 ka) cycles be identified and counted correctly. For example,
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the onset of the Sidufjall {C3n.3n (o)} is dated at 4.47 Ma using the Berggren et
al . (1985) time-scale. Astronomical tuning efforts place this event at 4.878 Ma on
the Shackleton et al . (1995a) time-scale, 4.890 Ma on the Hilgen (1991b) time-scale,
and 4.896 Ma on the Lourens et al . (1996) time-scale. Thus, astronomical tuning has
revised the age of this event of the order of 400 000 years older. If one were to average
the three astronomical estimates, then the resulting age would be 4.888± 0.018 Ma
(n = 3, 2σ). Based on these three time-scales, the average 2σ standard deviation
for the dates of the 12 magnetic reversals from the top of the Kaena to the top of
the Thvera is ±18 ka (Lourens et al . 1996, table 3). Thus, precision of the order of a
plus/minus one precession cycle is readily achieved among independent investigators.
The veracity of the astronomically tuned GPTS has been independently verified by
radiometric dating and the revisions are now widely accepted (Baksi et al . 1992,
1993; Hall & Farrell 1994; McDougall et al . 1992; Tauxe et al . 1992; Walter et al .
1991, 1992).

Another application of astronomical tuning is the stratigraphic correlation of glob-
ally distributed sites at the level sufficient to confidently evaluate lead and lag (phase)
relationships among climate variables. This requires much smaller errors (optimally
±2 or ±3 ka) and is necessary in order to establish the climate response to exter-
nal (insolation) forcing and to understand the physics underlying internal climate
interactions. Such requirements have been met for the Pleistocene but require con-
siderably more work for pre-Pleistocene sections.

During the Pleistocene, when the thermal inertia of the large Northern Hemisphere
(NH) ice sheets sets the phase of the climate response, the phase of δ18O relative to
obliquity (tilt) and precession is reasonably well established; δ18O minima lag NH
summer insolation maxima by ca. 69◦ (7.8 ka) at the obliquity band and ca. 78◦ (5 ka)
at the precession band (Imbrie et al . 1984). Thus, for Pleistocene sections, tuning
δ18O to insolation (with the appropriate phase lags) accomplishes two critical goals.
First, because δ18O is globally correlative, lead and lag (phase) relationships among
climate variables from globally distributed sites can be accurately measured. Second,
phase relationships between insolation forcing and climate response can be measured.
These phase relationships are critical to the development of physical models of cli-
mate change on orbital time-scales (Imbrie et al . 1992, 1993). Such relationships are
not well established for the pre-Pleistocene, a time during which the dominant ter-
restrial ice sheets shift from the Southern Hemisphere to the Northern Hemisphere
and the phase of the climate response to insolation forcing may not be stationary
(Clemens et al . 1996).

State-of-the-art tuning of Pliocene and older sections involves mapping cycles in
variables such as dust content, carbonate content, magnetic susceptibility, colour
reflectance, or gamma-ray attenuation porosity evaluator (GRAPE) directly to pre-
cession itself or to a precession-dominated insolation target with the assumption of
a constant phase offset relative to insolation forcing. Unlike Pleistocene δ18O these
variables are not globally correlative and few have reliable models linking them to
insolation forcing. This is an acknowledged deficiency of Pliocene astronomical tun-
ing as indicated, for example, by Shackleton’s statement regarding the phase of the
GRAPE tuning parameter used for ODP (Ocean Drilling Program) Leg 138 sites
(Shackleton et al . 1995a):

In the case of GRAPE density (or the underlying variable, the ratio of
calcite to biogenic opal), we do not have a model linking the forcing
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and the response. Therefore, we have simply used the calculated record
of summer insolation at 65◦ N as the tuning target. We have through-
out assumed that no phase lag existed between insolation and GRAPE
density and that high density (high % CaCO3) is associated with high
Northern Hemisphere summer insolation. . . . whether the same phase
relationship is appropriate in the older part of the record, is not yet
known.

A revised strategy for astronomical tuning within the Pliocene is presented in
subsequent sections. The strategy ultimately relies on tuning the 41 ka component
of δ18O (δ18O-41) to obliquity. The strategy is based on the assumption that, of all
the available tuning parameters, δ18O-41 is the most likely to be globally correlative
and the least likely to be variable in phase relative to orbital forcing. This tuning
strategy is applied to the 3–5 Ma intervals from ODP Site 659 (Tiedemann et al .
1994) and the Mediterranean Rossello (Vrica/Singa) Composite Section (Lourens et
al . 1996) in an effort to assess its strengths and weaknesses.

2. Background

Most researchers have adopted a Pliocene strategy whereby the tuning parameter
(e.g. sapropels, GRAPE, dust, colour reflectance, magnetic susceptibility, etc.) is
mapped directly to orbital precession (P) or to an insolation target dominated by
precession; usually summer insolation at 65◦ N (Clemens et al . 1996; Hilgen 1991a, b;
Hilgen et al . 1993; Lourens et al . 1996; Shackleton et al . 1995a; Tiedemann & Franz
1998; Tiedemann et al . 1994). This approach has been adopted for two primary
(and largely valid) reasons: (1) climate records are often dominated by precessional
variance, especially in the low latitudes, and (2) precession modulates in easily recog-
nized packets of ca. 100 and 400 ka cycles due to the influence of eccentricity. Thus,
correlating 23 ka cycles in the tuning parameter to precession or to a precession-
dominated insolation target is a relatively easy exercise provided the stratigraphic
section is complete. This approach commonly assumes a constant phase relation-
ship between the tuning parameter (GRAPE, dust, magnetic susceptibility, etc.)
and orbital forcing. There are three primary reasons why this assumption may be
unfounded.

First, precession insolation forcing is hemispherically asymmetric. That is, warm
NH and Southern Hemisphere (SH) summers occur 180◦, or 11.5 ka out of phase
with one another at the precession band. In contrast, obliquity insolation forcing
is hemispherically symmetric; warm summers occur in both hemispheres at the
same time—there is no phase offset (figure 1). Second, the location of the domi-
nant continental-scale ice sheets shifts from the SH to the NH over the course of the
Pliocene. Combined, these facts lead to the possibility that the phase of δ18O (as
well as other climate parameters directly or indirectly related to changes in terrestrial
ice volume) may shift by as much as 180◦ (ca. 11.5 ka) within the precession band.
Third, commonly used tuning parameters (GRAPE, magnetic susceptibility, colour
reflectance) respond to the combined influence of dilution by terrigenous material as
well as carbonate and opal production and dissolution; processes which are strongly
influenced by changes in global ice-volume and deep-ocean chemistry on both orbital
and longer time-scales. Thus, there is no a priori reason to believe that the phase
of these parameters should be invariant relative to precessional insolation forcing.
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Figure 1. Phase relationships between Northern and Southern Hemisphere summer insolation
forcing. (a) Summer insolation for December, 65◦ S (dashed line), and June, 65◦ N (solid line).
(b) Precession bandpass filter of summer insolation for December, 65◦ S (dashed line), and
June, 65◦ N (solid line). Summer insolation forcing for the Northern and Southern Hemispheres
is 180◦ out of phase over the precession band. (c) Obliquity (tilt) bandpass filter of summer
insolation for December, 65◦ S (dashed line), and June, 65◦ N (solid line). There is no phase
offset within the obliquity band. The precession (23, 19 ka) bandpass filter uses 4 triangles, 138
filter weights, a central frequency of 0.04715 cycles ka−1, a 2 ka time-step, and a bandwidth
of 0.018 215 cycles ka−1. The tilt (41 ka) bandpass filter uses 3 triangles, 118 filter weights, a
central frequency of 0.02439 cycles ka−1, a 2 ka time-step, and a bandwidth of 0.017 cycles ka−1.

Tuning to 65◦ N insolation or directly to precession with a constant phase does not
allow for the possibility of a time-varying phase response and can result in an astro-
nomical time-scale that is off by up to 11.5 ka (180◦ in the precession band and by
101◦ in the obliquity band).

While an error of ±11.5 ka is small in an absolute sense, and has no impact on
the accuracy of the GPTS, the corresponding uncertainty in phase precludes reliable
interpretation of climate physics. Within the precession band, a 180◦ uncertainty
precludes an understanding of which hemisphere, if either, is dominant. For example,
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in the Pleistocene even SH climate records have precession-band phase responses
linked directly to changes in NH ice volume (Imbrie et al . 1992, 1993). It is important
to understand the extent to which dominance of SH ice volume in the Pliocene
might similarly force aspects of the NH climate response. In terms of the obliquity
response, the corresponding 101◦ uncertainty in phase precludes an evaluation of
time constants internal to the climate system.

Clemens et al . (1996) document a clear example of phase drift within the precession
band at Arabian Sea Site 722 (figure 2). The age model for Site 722 incorporates a
17 ka time constant for the ice-volume response to NH summer insolation. This is
reflected in the near-constant phase of the glacial climate indices (δ18O and dust)
relative to summer insolation maxima. This age model suggests that the phase of
the monsoon indices (lithogenic grain size and opal flux) drifts through time relative
to insolation maxima. Alternatively, had the monsoon indices been tuned to NH
summer insolation with a constant zero phase lag, they would plot along the 0◦ line,
forcing the phase of δ18O and dust flux to drift relative to insolation forcing. Clearly,
both potential age models cannot be correct. In either case, however, the phase of
the monsoon indices drifts significantly relative to dust flux and δ18O. This result
is independent of the age model as all indices were measured from the same core.
These results clearly illustrate the potential problem of tuning in the precession band
assuming a constant phase response relative to insolation forcing.

Based on these issues a rationale is presented for incorporating the obliquity com-
ponent of δ18O into the Pliocene astronomical tuning strategy. This procedure is
then applied to the Site 659 and Mediterranean Rossello sediment sections in order
to evaluate the viability of the approach. Note that neither Site 659 nor the Rossello
records are optimal for this exercise. Site 659 may be missing section at core break
12/13 where overlapping cores required for construction of a composite were not
recovered (Tiedemann et al . 1994). The Mediterranean is an isolated basin; as such
the δ18O signal may be influenced by local/regional temperature and salinity changes.
Indeed, the precessional component of the Mediterranean δ18O (δ18O-23) is thought
to reflect temperature and salinity variability associated with the changing environ-
mental conditions of sapropel formation while δ18O-41 is thought to reflect changes
in global ice volume (Lourens et al . 1996). Nonetheless, these records are used in
this exercise because they have associated climate variables (dust and δ18O) which
have strong precessional responses and reasonably constrained models linking them
to insolation forcing.

3. Proposed tuning strategy incorporating δ18O-41

Obliquity insolation forcing is symmetric in the NH and SH (figure 1). Provided that
variability in δ18O-41 is linked to high latitude processes, the phase of δ18O-41 should
not be significantly influenced by the SH to NH shift in the location of the dominant
ice sheets during the Pliocene nor by changes in the location (SH versus NH) of
predominant deep-water formation. Given this, the proposed precession/obliquity
tuning (POT) strategy centres on the hypothesis that δ18O-41 is the most likely
climate variable to be globally correlative and the most stable in phase relative to
orbital forcing regardless of whether it is driven by temperature, ice volume, or a
combination thereof. On the other hand, variability in δ18O-41 is very small in some
intervals and thus difficult to tune whereas precession-band variance associated with
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Figure 2. Plio-Pleistocene coherence and phase relationships among δ18O, dust flux, monsoon
strength, and orbital precession for Arabian Sea Site 722 (Clemens et al . 1996). (a) Marine
δ18O record (Tiedemann et al . 1994) and schematic evolution of Northern and Southern Hemi-
sphere ice volume. Initial growth of significant NH ice sheets is recorded by three isotopically
heavy events in δ18O at ca. 2.6 Ma. Initiation of 100 ka ice-age cyclicity occurred at ca. 1.2 Ma.
Amplification of the 100 ka cycle initiated at ca. 0.6 Ma. (b) The purpose of the phase plot is to
display cross-spectral relationships among climate tracers and orbital insolation over the pre-
cession band. Each climate record is compared spectrally with the La90 orbital solution using
a bandwidth of 0.008 887 ka−1 and a 500 ka window. The analysis window is stepped through
the length of each record at 100 ka time-steps beginning at 0.25 Ma. The result of each analysis
(and the associated error) is plotted at the midpoint of the 500 ka window provided statistical
significance exceeds the 80% confidence interval (CI). Results where the CI is less than 80% are
represented by a dashed line or are not plotted. Zero on the y-axis is set at maximum precession
(−P; 21 June perihelion), coinciding with maximum NH summer radiation. The y-axis, 0◦ to
−360◦, represents one precession cycle (23 ka, 360◦). Thus, each point, represented by an error
bar, gives the phase of the maximum response of a climate variable relative to insolation forcing
for a 500 ka interval of time. For example, the data point denoted by the asterisk (coordinates
are −247◦, 2.75 Ma) indicates that the monsoon maxima are coherent with orbital precession
(CI more than 80%) and occur −247± 10◦ (15.8± 0.6 ka) after NH summer insolation maxima
for the 500 ka interval from 3.0 to 2.5 Ma. For this plot, spectral results for lithogenic flux and
δ18O are combined as indices of glacial climates. Similarly, lithogenic grain size and opal flux
are combined as indicators of monsoon strength. See Clemens et al . (1996) for details.
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other variables is often quite robust and easy to tune. With these points in mind,
the following strategy is proposed.

1. Tune an appropriate variable (dust, GRAPE, susceptibility, colour reflectance,
etc.) to insolation or precession assuming a constant phase relationship (as
is the currently accepted practice). As illustrated in the following sections,
this often yields an excellent match between the geological data and orbital
precession. This initial tuning, by association, should correlate 41 ka cycles in
the δ18O to the correct obliquity cycles even within intervals of muted δ18O-41
variance.

2. Evaluate the phase of δ18O-41 relative to obliquity. It should be constant. If
not, adjust the age model to make it so. In effect, this relaxes the phase-lock
to precession/insolation established in the first step. Any resulting phase drift
in the climate response thus requires interpretation. As will be illustrated,
this approach suggests the possibility that the phase response in the precession
band may be variable within the 4–4.6 Ma intervals at Site 659 and the Rossello
Section.

Shackleton et al . (1995a) document that a long time constant exists in the
Pliocene climate system, suggesting that a lag between δ18O-41 and obliquity
insolation forcing exists within the Pliocene insolation–ice system. For this
work a 17 ka time constant is employed whereby δ18O minima lag summer
insolation maxima by ca. 7.8 ka at the obliquity band. However, the lag could
be smaller (e.g. Lourens et al . 1996) and even change slightly through time
with the evolution of Pliocene ice-volume. In any case, it is acknowledged that
the time constant issue is underconstrained. For the purposes of this exercise,
however, the choice of time constant is somewhat irrelevant; the phase drift
described in the following sections will exist regardless of the time constant
chosen.

4. Application to sediment records

(a) Equatorial Atlantic Site 659

The age model for Site 659 was developed by oxygen isotope correlation to Site 677
δ18O (Shackleton et al . 1990) for the interval 0–2.85 Ma. In turn, Site 677 δ18O was
tuned to the Imbrie & Imbrie ice-volume model (Imbrie & Imbrie 1980). The Imbrie
& Imbrie model incorporates a 7.8 ka phase lag between obliquity maxima and δ18O-
41 minima, consistent with a 17 ka time constant. For the interval 2.85–5 Ma, dust
flux maxima were tuned to 65◦ N insolation minima using the Ber90 astronomical
solution (Berger & Loutre 1991) assuming a constant zero phase offset (Tiedemann
et al . 1994). This original age model is hereafter referred to as the T94 age model.

Over the interval 1–3 Ma, the T94 age model yields an excellent phase lock between
δ18O-41 and tilt prime (Tprm; obliquity with a 17 ka time constant) (figure 3a, b).
This is consistent with having tuned Site 659 δ18O to Site 677 δ18O. Note, however,
that the phase of dust-23 (the 23 ka bandpass filter of dust concentration) relative
to precession is variable; it is ca. 180◦ out of phase over the interval 1.2–1.6 Ma
(figure 3c).
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Figure 3. 41 and 23 ka bandpass filters of Site 659 (T94) and Rossello (L96) composite records
(1–3 Ma) using the original age models. (a) 659 δ18O and its 41 ka bandpass filter (δ18O-41). (b)
659 δ18O-41 and Tilt prime (Tprm). (c) 23 ka bandpass filter of 659 dust concentration (dust-23)
and precession (P). (d) Rossello δ18O and Rossello δ18O-41. (e) Rossello δ18O-41 and Tprm. (f)
Rossello δ18O-23 and precession prime (Pprm). Tprm (Pprm) is orbital obliquity (precession)
passed through a single exponential system with a time constant of 17 ka. B90 is the Ber90
astronomical solution (Berger & Loutre 1991). La90 is the Laskar (1990) (0,1) astronomical
solution (Laskar et al . 1993).
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On the other hand, over the interval 3–5 Ma, the T94 age model yields an excellent
phase lock between dust-23 and orbital precession (P), consistent with having tuned
dust to insolation (figure 4a). However, comparison between δ18O-41 and Tprm indi-
cates that the isotopic phase response is quite variable for this dust-tuned age model
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Figure 4. Bandpass filter and amplitude modulation of Site 659 dust concentration and δ18O
records (3–5 Ma) comparing the original (T94) and revised (T94R) age models. T94 was devel-
oped by tuning dust maxima to 65◦ N insolation minima using the B90 astronomical solution
(Berger & Loutre 1991). T94R builds on T94 by further tuning depleted δ18O-41 to Tprm using
the La90(0,1) astronomical solution. (a) Site 659 dust-23 (T94 age model) compared with pre-
cession. (b) Site 659 dust-23 (T94R age model) compared with precession. (c) Site 659 δ18O-41
(T94 age model) compared with Tprm. (d) Site 659 δ18O-41 (T94R age model) compared with
Tprm. (e) Amplitude of the dust record on both the T94 and T94R age models compared with
precession. For the purposes of examining amplitude modulation B90 and La90 are compara-
ble, either could be used here. The amplitude modulation is calculated from Hilbert transform
(Barnett 1983) of the bandpass filters.
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(figure 4c); sometimes leading (e.g. 4.8–4.6 Ma), sometimes in phase (e.g. 4–3.6 Ma)
and sometimes out of phase (e.g. 4.4–4.1 Ma). Thus, relative to the 1–3 Ma interval,
the phase relationship between δ18O-41 and Tprm is significantly degraded over the
interval 3–5 Ma where the T94 tuning strategy shifts from mapping δ18O-41 to Tprm
to mapping dust to insolation.

Following the proposed tuning strategy, a revised age model (T94R) is developed
for the interval 3–5 Ma in which δ18O-41 is tuned to Tprm. For this tuning the Laskar
(1990) (0,1) orbital solution (hereafter La90) is used as a target since it is now widely
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Figure 5. Age differences between the original and revised age models for (a) Site 659 and
(b) the Rossello Composite Sections over the 3–5 Ma interval.

accepted as more appropriate than the B90 solution (Laskar 1990; Laskar et al . 1993;
Lourens et al . 1996). While Lourens et al . (1996) prefer the La90 (1,1) solution, it
makes little difference, for the purposes of this exercise, which version of the La90
solution is used.

The most significant difference between the T94 and T94R age models is the addi-
tion of a 41 ka cycle at core break 12/13 at ca. 3.9 Ma (figure 5). The revised age
model (T94R) yields an improved phase and amplitude match between δ18O-41 and
Tprm (figure 4c, d). On the other hand, it yields a somewhat degraded amplitude
match between dust-23 and precession (figure 4e). Of primary relevance to this exer-
cise, the T94 age model removes the phase lock between dust-23 and precession.
The result is that dust-23 is out of phase with precession over the interval 4.6–4 Ma
(figure 4b). The significance of the drift within this interval is somewhat uncertain,
especially from 4.4 to 4.1 Ma where the δ18O record has little 41 ka variance and a
small-amplitude response (figure 6a) which makes tuning difficult within the obliq-
uity band. However, it is important to recall that a similar out-of-phase response
also occurs in the interval 1.6–1.2 Ma where the δ18O-41 variance is strong and eas-
ily tuned (figure 3a–c).

(b) Mediterranean Rossello Composite Section

The age model for the lower Pliocene Rossello Composite Section from southern
Sicily is based on tuning sedimentary carbonate (sapropel) cycles to NH summer
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Figure 6. Comparison of δ18O and δ18O-41 for Site 659 and Rossello. (a) 659 δ18O and δ18O-41
on the revised (T94R) age model. (b) 659 δ18O-41 and Rossello δ18O-41 on the revised age
models (T94R and L96R). (c) Rossello δ18O and δ18O-41 on the revised (L96R) age model. (d)
659 δ18O-41 and Rossello δ18O-41 on the original precession-tuned age models (T94 and L96).
Comparison of (b) and (d) shows that the revised (precession/obliquity-tuned) age models yield a
good amplitude correspondence between the two δ18O-41 records. The original precession-tuned
age models do not.

insolation (June and July averaged at 65◦ N) using the L90(1,1) solution (Laskar et
al . 1993; Lourens et al . 1996). To be specific, the midpoints of low carbonate grey
marl beds are correlated to insolation maxima (precession minima) with a constant
3 ka lag imposed throughout the Pliocene section. The 3 ka lag is based on the differ-
ence between the calendar age of the youngest Holocene sapropel (S-1) (radiocarbon
dated at 8.5 ka) and the correlative 65◦ N summer insolation maximum (11.5 ka).
This original age model is hereafter referred to as the Lourens et al . (1996) (L96)
age model.

Similar to the Site 659 dust record, the Rossello planktonic δ18O record has an
exceptional precession signal. The L96 age model yields an excellent amplitude match
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Figure 7. Bandpass filter and amplitude modulation of the Rossello δ18O records (3–5 Ma)
comparing the original (L96) and revised (L96R) age models. L96 was developed by tuning
sedimentary carbonate cycles to NH summer insolation (June and July averaged at 65◦ N)
using the L90(1,1) solution. L96R builds on L96 by further tuning depleted δ18O-41 to Tprm
using the La90(0,1) astronomical solution. (a) Rossello δ18O-23 (L96 age model) compared with
Pprm. (b) Rossello δ18O-23 (L96R age model) compared with Pprm. (c) Rossello δ18O-41 (L96
age model) compared with Tprm. (d) Rossello δ18O-41 (L96R age model) compared with Tprm.
(e) Amplitude of the δ18O-23 records on both the L96 and L96R age models compared with
Pprm. Amplitude modulation is calculated from the Hilbert transform (Barnett 1983) of the
bandpass filters.
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and phase lock between the 23 ka component of δ18O (δ18O-23) and Pprm (precession
with a 17 ka time constant) (figure 7a, e). However, on this precession-tuned age
model the phase of δ18O-41 relative to Tprm is quite variable (figure 7c). A small
portion of this mismatch is due to the difference between the La90(1,1) tuning target
used in the L96 age model and the La90(1,0) solution used in this paper. However,
the difference between the two astronomical solutions is relatively constant (ca. 3 ka)
over the interval 3–5 Ma whereas the differences between Tprm and δ18O-41 range
from 0 to 20 ka. Thus, the use of the two different solutions is of little consequence
to the overall results of this exercise.

Phil. Trans. R. Soc. Lond. A (1999)

 rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


1964 S. C. Clemens

Following the proposed tuning strategy, a revised age model (L96R) is developed in
which δ18O-41 is tuned to Tprm. The revised age model (L96R) yields an improved
overall match between δ18O-41 and Tprm (figure 7c, d). With one exception, the age
model adjustments are of the order of ±11 ka (figure 5). For the interval 3.77–3.67 the
L96R ages are ca. 23 ka younger; this change improves the amplitude match between
δ18O-41 and Tprm within this interval. However, examination of the phase plot
(figure 7d, ca. 3.7 Ma) suggests that the match to Tprm could be improved, making
the 23 ka age difference smaller within this interval. Similar to the Site 659 results,
the L96R age model yields a slightly degraded amplitude match between δ18O-23 and
Pprm relative to the L96 age model (figure 7e). The primary difference is that phase
of δ18O-23 is allowed to drift. The result is that δ18O-23 is out of phase over the
interval 4.4–4.1 Ma (figure 7b). This is similar to the drift found within the interval
4.6–4.0 Ma at Site 659. Rossello δ18O has marginally better 41 ka structure within
this interval relative to 659 (figure 6a, c) and the match to Tprm is somewhat better
(figure 7d). However, given the overall marginal δ18O-41 variability, the significance
of the phase drift in this interval remains in question.

(c) Age model evaluation

As pointed out by Shackleton et al . (1995b) complex demodulation is more appro-
priate than cross-spectral analysis for comparing the amplitude modulation of a
climate record with that of a proposed forcing mechanism while spectral and cross-
spectral analysis is more appropriate for assessing phase relationships and the relative
concentrations of variance at orbital periods. The revised age models for the Site 659
and Rossello records yield somewhat degraded amplitude matches with precession
(figures 4e and 7e). However, the revised age models result in significantly increased
concentrations of variance in δ18O-41 for the Rossello Section, significantly increased
coherence between Rossello δ18O-41 and Site 659 δ18O-41, and increased coherence
between Site 659 dust and orbital parameters at both the eccentricity and tilt bands.

The T94R age model results in significantly increased coherence with eccentricity
and obliquity for both dust (figure 8a, b) and δ18O (figure 8c, d). However, coherence
at the 23 and 19 ka bands is dramatically decreased for both. This results directly
from phase drift within the precession band. Averaged over the interval 3–5 Ma,
phase drift causes coherence to decrease below significant levels. However, analysis
over short intervals where phase drift is small indicates coherence well above the 80%
confidence interval (CI).

The revised age model for the Rossello record (L96R) yields a 60% increase in
δ18O variance at the obliquity band (figure 8e, f). As with Site 659, coherence with
precession is much reduced when averaged over the 3–5 Ma interval but very strong
when analysed over shorter intervals of time marked by smaller phase drift.

A primary rationale for tuning δ18O to Tprm is the hypothesis that δ18O-41 is the
most likely variable to be globally correlative. If so, one expects coherence between
δ18O-41 from Site 659 and the Rossello Section. The original, precession-tuned age
models, show no coherence between the two δ18O-41 records at the obliquity band
(figure 9a). The revised age models show coherence well above the 95% CI at the
obliquity band with coherence above the 95% CI at the precession band as well
(figure 9b). Note that the low coherence in figure 9a is not related to the difference
in astronomical solutions (B90 versus La90). Cross-spectral analysis of these two
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Figure 8. Cross-spectral analyses for Site 659 and Rossello records (3–5 Ma). (a), (b) 659 dust
and ETP for the T94 and T94R age models. ETP is a record of normalized and averaged
eccentricity (E), obliquity (tilt; T) and precession (P). Non-zero coherency at the 80% and 95%
confidence intervals (CI) are indicated by solid horizontal lines.

solutions over the interval 3–5 Ma show coherence well above the 95% CI at all
orbital periods (figure 10).

Another means of assessing results of the revised age models is by comparing
the amplitude modulation of the two δ18O-41 signals. With the exception of the
interval from 4.4 to 4.1 Ma, the Rossello and Site 659 records have very similar δ18O-
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Figure 8. (Cont.) (c), (d) 659 δ18O and ETP for the T94 and T94R age models.

41 amplitude modulation (figure 6b), indicating that they share common forcing
within the obliquity band. This is further supported by the fact that the δ18O-
41 variability is similar in both records (ca. 0.35 %% ), whereas the δ18O variability
in the Rossello record (ca. 1.3 %% ) is twice that in the Site 659 record (ca. 0.6 %% ).
Given that the comparison is between a planktonic record from the Mediterranean
and a benthic record from the deep Atlantic, similar δ18O-41 variability in overall
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Figure 8. (Cont.) (e), (f) Rossello δ18O and ETP for the L96 and L96R age models.

amplitude and amplitude modulation indicates that the common forcing is related
primarily to changes in ice volume. Applying the Fairbanks & Matthews (1978) sea-
level calibration (0.011 %% m−1) to the 0.35 %% δ18O-41 variability suggests a sea-level
range of the order of 30 m in the interval 5–3 Ma. This signal should be common to
all marine δ18O records, thus providing a basis for global-scale correlation among
Pliocene sections.

Phil. Trans. R. Soc. Lond. A (1999)

 rsta.royalsocietypublishing.orgDownloaded from 

http://rsta.royalsocietypublishing.org/


1968 S. C. Clemens

659 δ18O T94

Rossello δ18O L96

coherency

659 δ 18O T94R

Rossello δ 18O L96R

coherency

80% level coherency CI

80% CI
95% CI

bandwidth for 150 lags

frequency
period

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
100 50 33.3 25 20 16.7 14.3 12.5 11.1 10

0.14
0.29
0.43
0.57
0.71

0.86

0.99
(a)

80% level coherency CI

80% CI
95% CI

bandwidth for 150 lags

frequency
period

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
100 50 33.3 25 20 16.7 14.3 12.5 11.1 10

0.14
0.29
0.43
0.57
0.71

0.86

0.99
(b)

100
23

41
19

100 2341
19

Figure 9. Cross-spectral comparison of Site 659 and Rossello δ18O records on the original and
revised age models (3–5 Ma). (a) Comparison using the precession-tuned T94 and L96 age
models. Note coherence only at the precession band. (b) Comparison using the precession and
obliquity-tuned T94R and L96R age models. Note coherence at the obliquity and precession
bands. Non-zero coherency at the 80% and 95% confidence intervals (CI) are indicated by solid
horizontal lines.
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Figure 10. Cross-spectral comparison of ETP using the B90 and L90 astronomical solutions
over the interval 3–5 Ma. Note strong coherence across all orbital periods.

5. Further research

Increased concentrations of variance in δ18O-41 for the Rossello Section, increased
and strong coherence between δ18O-41 from the 659 and Rossello Sections, and sim-
ilar δ18O-41 amplitude modulation all support incorporating δ18O-41 into the astro-
nomical tuning strategy. However, the results presented here, from only two sites, are
insufficient to confidently state that the POT strategy should replace the precession-
based tuning strategy or that the revised age models should replace the published
Site 659 and Rossello age models at this point. Confirmation of the proposed strat-
egy will require application of the revised tuning strategy to other Pliocene records
with attention to the following questions and issues.

(a) Is δ18O-41 globally correlative?

Success of the proposed tuning strategy hinges on the correlative nature of δ18O-
41 and its utility as a tool for chronostratigraphic correlation within the Pliocene.
Results from this work indicate similar amplitude modulation and high coherence
between the Site 659 and the Mediterranean δ18O-41 (with the exception of the
interval from 4.4 to 4.1 Ma). This is encouraging given the distinct nature of the two
records; Rossello δ18O is a planktonic record derived from uplifted sections within the
Mediterranean while Site 659 is a benthic record from the deep Atlantic. Comparison
with additional Pliocene records from the Indian and the Pacific are required either to
confirm the utility Pliocene δ18O-41 as a reliable stratigraphic tool or to demonstrate
that the degree of correlation achieved in this exercise is an artefact of overtuning.
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(b) Stationary and non-stationary phase relationships

Clemens et al . (1996) document that the phase of strong monsoons has drifted
relative to glacial maxima (δ18O and dust flux) by ca. 83◦ in the precession band and
ca. 124◦ in the obliquity band. Changes in the rate of phase drift coincide with key
times in the growth of ice volume (at 2.6, 1.2 and 0.6 Ma), implicating the evolution of
ice volume as a factor in driving the non-stationary response. These results suggest
(a) that the monsoon and/or the ice-volume response is not stationary in phase
relative to insolation forcing, and (b) that climate variables from other sites may
also be non-stationary in phase relative to δ18O and/or insolation forcing.

By phase-locking GRAPE, magnetic susceptibility, carbonate cycles, and dust
cycles to precession, the precession-based tuning approach automatically forces any
and all phase drift onto the δ18O record. Whether or not this is valid can be evaluated
by employing the POT approach to a set of globally distributed sites and assessing
the coherence and amplitude modulation of the associated δ18O-41 records as well
as the coherence and phase relationships of the associated climate variables. Take,
for example, the intervals where Site 659 dust-23 appears to drift (4.6–4.0 and 1.6–
1.2 Ma). Dust concentration at Site 659 is estimated by measuring carbonate (100
minus wt% CaCO3) and assuming a two-component sedimentary system. If similar
phase drift is observed in carbonate-based indices from other sites (e.g. GRAPE and
magnetic susceptibility), then one might evaluate changes in the phase and inten-
sity of carbonate dissolution as a means of explaining phase drift within these two
intervals (figure 11).

(c) The climatic phase response relative to orbital forcing

A better understanding of the phase relationships among climate variables and the
mechanisms behind observed phase drift should provide a means of evaluating the
phase of the climate response relative to insolation forcing. Continuing with the hypo-
thetical dust example, an enhanced understanding of how changes in the intensity
and timing of carbonate dissolution might impact on the phase of the observed dust
signal would allow deconvolution of the signal into its ‘dissolution’ and ‘atmospheric’
components as illustrated schematically in figure 11. The atmospheric component
may prove to be stationary in phase relative to precessional insolation forcing, con-
sistent with the Tiedemann et al . (1994) model relating dust generation to monsoon
intensity and insolation forcing. A stable phase response for both the atmospheric
component of dust-23 and δ18O-41 relative to insolation forcing, with plausible phys-
ical models for each, is the type of independent evidence needed to reliably estimate
the climatic phase response to insolation forcing during the Pliocene.

6. Summary

The two astronomical tuning strategies evaluated in this work have fundamentally
different underlying assumptions. Implicit in the precession-based tuning approach
is the hypothesis that all variables with strong 23 ka cyclicities are phase locked to
one another and to insolation forcing throughout the Pliocene. Taken to its extreme,
this suggests that records of colour reflectance from the central Pacific, magnetic
susceptibility from the equatorial Atlantic, dust from Africa, and carbonate cycles
(sapropels) from the Mediterranean are all highly coherent and phase locked both
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Figure 11. Vector addition cartoon illustrating how the observed phase response of dust concen-
tration might result from atmospheric input of dust as well as CaCO3 dissolution. The length
of each vector represents the relative strength of the process. The observed response (black vec-
tor) is the sum of the labelled atmospheric (grey) and dissolution (dashed) vectors. The dashed
dissolution vector is replicated as a grey vector and added to the atmospheric vector. The phase
of the observed minima in example (b) is different from that in (a) due to a phase shift in the
dissolution forcing and a decrease in the strength of the atmospheric input. The same concept
applies equally to magnetic susceptibility (where the magnetic component is derived from flu-
vial or atmospheric processes) and GRAPE density or colour reflectance (where density and
colour differences stem from relative concentrations of biogenic carbonate, opal, and terrigenous
material). Note that this figure is an illustrative cartoon; it is not based on actual data from
Site 659.
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with one another and with insolation forcing while the phase relationships among
their respective δ18O records vary widely. Given the correlative nature of marine
δ18O, this seems unlikely.

The POT strategy takes the opposite approach; it is based on the assumption
that δ18O-41 is the variable most likely to be globally correlative and least likely
to drift widely in phase relative to insolation forcing. The former is testable by
examination of coherence and amplitude modulation relationships among δ18O-41
records from globally distributed sites. The latter is considerably more difficult to
test. However, if δ18O-41 proves to be correlative, tuning within the obliquity band
will allow further evaluation of phase relationships within the precession band and
thus the development of more reliable models linking the response of specific climate
variables (monsoon indices, dust generation, upwelling, etc.) both to one another and
to insolation forcing. This, in turn will feed back into more reliable estimates of the
δ18O phase response relative to insolation forcing.

I thank John Imbrie and Angeline Duffy for extensive discussions of the issues and strategies
involved in astronomical tuning. Thanks to Sir Nicholas Shackleton, Nick McCave and Graham
Weedon for convening the Royal Society Discussion Meeting where these issues and strategies
could be presented, debated and discussed, and to Lucas Lourens and Ralf Tiedemann for
making available the excellent data-sets used in this work. This manuscript benefited from a
review kindly provided by Lucas Lourens. This work was supported by the National Science
Foundation grant OCE-971412.
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