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A paleomagnetic power spectrum
Catherine Constable!, Catherine Johnson1

Green Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography,
University of California at San Diego, 9500 Gilman Drive La Jolla, La Jolla, CA 92093-0225, USA

Received 22 November 2004; received in revised form 29 March 2005; accepted 30 March 2005

Abstract

We construct a power spectrum of geomagnetic dipole moment variations or their proxies that spans the period range from
some tens of million down to about 100 years. Empirical estimates of the spectrum are derived from the magnetostratigraphic time
scale, from marine sediment relative paleointensity records, and from a time varying paleomagnetic field model for the past 7 kyr.
The spectrum has the most power at long periods, reflecting the influence of geomagnetic reversals and in general decreases with
increasing frequency (decreasing period). The empirical spectrum is compared with predictions from simple models. Discrepancies
between the observed and predicted spectra are discussed in the context of: (i) changes in reversal rate, (ii) overall average reversal
rate, (iii) cryptochrons, (iv) the time taken for a reversal to occur, and (v) long term paleosecular variations and average estimates
of the field strength and variance from other sources.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The geomagnetic field exhibits a rich array of tem-
poral variation attributable to processes both within and
external to Earth (e.g. Merrill et al., 1996). Today, pa-
leomagnetic data are used to analyze geomagnetic field
variations on time scales ranging from hundreds to bil-
lions of years. Yet there remains much that is poorly
documented about geomagnetic field variations, includ-
ing the nature of the paleomagnetic spectrum. Still unan-
swered is the basic question of how long one needs to
average the geomagnetic field in order to uncover a sta-
ble time-averagedfield, assuming that such a thing exists.
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Paleomagnetic power spectra can help with this question
and also pave the way to extend existing statistical mod-
els for paleosecular variation (PSV) to include temporal
covariance. Such models and the distribution of power
over the full range of frequencies represent important
statistical properties that can be used for comparison
with the burgeoning output of geodynamo simulations
(e.g. McMillan et al., 2001; Kono and Roberts, 2002;
Bouligand et al., 2005).
Spectral analysis is widely used throughout the phys-

ical and Earth sciences as a tool to identify the frequency
content of signals, usually with the hope of categorizing
specific behaviors and their physical causes. Paleomag-
netism is no exception, and there have been numerous
analyses of time series of observations. Substantial ef-
fort has been devoted to seeking or debunking evidence
for periodicities in changes in reversal rate (see e.g.,
Constable, 2000). A plethora of studies deal with pe-
riodic variations at or near timescales characteristic of
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the changes in eccentricity, obliquity, and precession pa-
rameters associated with Earth’s orbit, beginning with
the suggestion by Wollin et al. (1978) and still an ac-
tive source of controversy (e.g. Channell et al., 1998;
Guyodo et al., 2000; Yamazaki and Oda, 2002; Roberts
et al., 2003). At shorter time scales lake sediment records
have repeatedly been analyzed in the hope of uncovering
characteristic time scales of variations and evidence for
long term westward (or eastward) drift (e.g., Denham,
1975; Barton and McElhinny, 1982). However, the het-
erogeneous nature of paleomagnetic data has so farmade
it difficult to establish a spectrum that spans the full range
of paleomagnetic temporal variations. Events like rever-
sals (often treated as point processes) are hardly com-
mensuratewith the directional variations of themagnetic
field that aremost readily recovered from lake sediments.
During the past 20 years a huge number of measure-
ments of relative geomagnetic paleointensity variations
have been derived frommarine sediments, with temporal
spans ranging from a few tens of kyr to several millions
of years.Many of these have been subjected to individual
spectral analyses and the records have been stacked and
averaged to provide estimates of the global dipole mo-
ment for the past 800 kyr (Guyodo and Valet, 1999), but
these have yet to be fully integrated with either shorter
or longer term spectral estimates.
We present a power spectrum for the geomagnetic

dipole moment for the time interval 0–160Ma. The
spectrum is constructed from an array of paleomagnetic
datasets: at the very longest periods we use the magne-
tostratigraphic time scale constructed from marine mag-
netic anomalies; between 106 and 103 years the records
of choice are marine sediments; and from 103 to 102
year periods we draw on a time-varying geomagnetic
field model constructed from lake sediments, young lava
flows, and archeomagnetic observations.We compare di-
rect estimates fromdatawith those acquired from simpli-
fied models concerning reversal rates, and assess the in-
ternal consistency of our results using the time-averaged
field and its variance inferred from absolute measure-
ments of geomagnetic paleointensity for the same time
interval.

2. Spectral analysis: the dipole moment and
choice of method

Our goal is to analyze how variations in the strength
of the paleomagnetic field are distributed as a function
of frequency. The parameter which we choose to repre-
sent magnetic field strength is the geomagnetic dipole
moment or a proxy form for times where we cannot ob-
tain a direct estimate. The choice of dipole moment (as

opposed to some other geomagnetic field parameter) is
motivated in large part by the dominance of the geocen-
tric axial dipole when the field is averaged over long time
intervals: the strength of the axial dipole is a globally rep-
resentative feature of the field, and may be related to the
amount of energy required by the geodynamo or perhaps
to the frequency of occurrence of geomagnetic reversals
(e.g., Cox, 1969; Prévot et al., 1990; Constable et al.,
1998). Although it is possible that other properties of
the field (such as non-dipole field contributions) directly
represent particular physical processes controlling the
secular variation and may interact with the dipole part of
the field, resolving such variations in paleomagnetic time
series that extend back tens of millions of years before
present remains questionable. One might also wonder
whether directional variation can give a better represen-
tation of field variability, thereby avoiding some of the
difficulties inherent in measuring paleointensity. But at
low frequencies the dominance of the axial dipole means
there is very little power in directional variations except
during geomagnetic reversals: in contrast, large varia-
tions in dipole strength are not necessarily associated
with reversals.
A basic requirement for spectral analysis is a time

series of observations. In constructing a paleomagnetic
power spectrum we face several challenges. There is no
single record that covers the time span of interest, so we
must combine different kinds of records. The relative pa-
leointensity records from sediments not only lack an ab-
solute scale, but are usually unevenly sampled in time so
that some stable interpolation scheme is required before
using the standard analysis techniques. It is likely that
some records record a smoothed version of the geomag-
netic signal because of low sedimentation rates, while
in others it may be necessary to consider the possibility
of aliasing. Non-geomagnetic signals may be inadver-
tently interpreted as arising from geomagnetic variations
with time. These issues are considered in more detail in
Section 3 for the specific records we have analyzed.
Power spectral analysis is usually carried out using

variants of one of the following well-known techniques:
(1) direct spectral estimation using extensions and im-
provements to the time-honored periodogram method
introduced by Schuster (1998); (2) the autocovariance
method pioneered by Blackman and Tukey (1958); (3)
parametricmodeling schemes like themaximumentropy
method based on a discrete autoregressive process (Burg,
1967).
It would be tedious to review here the vast array of

analyses conducted on individual paleomagnetic records
and the relative merits of these techniques used for par-
ticular studies. Insteadwe note that we consider (3) inap-



C. Constable, C. Johnson / Physics of the Earth and Planetary Interiors 153 (2005) 61–73 63

propriate for the geomagnetic field because it is unclear
what form of parametric model would apply. Method (2)
is widely used in paleomagnetic and paleoclimate stud-
ies because of the ready availability of the Analyseries
software package Paillard et al. (1996). The Blackman–
Tukey method exploits the fact that the autocovariance
and power spectral density of a stochastic process form a
Fourier transform pair. The autocovariance is estimated
first, then windowed and Fourier transformed to provide
a spectral estimate. The algorithm, often termed an indi-
rect spectral estimate, reflects the fact that before the ad-
vent of the fast Fourier transform in themid-1960s direct
spectral estimation could be computationally challeng-
ing. The method generally provides poor resolution in
the spectral domain compared with modern direct meth-
ods.
Our preferred technique is multi-taper direct spectral

estimation: tapering of the data series and averaging of
independent spectral estimates are commonly used to
offset the twin evils of bias and variance in spectral esti-
mates (e.g., Percival andWalden, 1993). The multi-taper
method uses mutually orthogonal members of families
of tapers, which have approximately uncorrelated spec-
tral estimates. This allows one to exploit the full length
of the data record in each independent spectral estimate
that contributes to the average, thereby obtaining the
largest available frequency range. Two families of ta-
pers are in common use. The prolate spheroidal wave
functions concentrate the spectral energy within a pre-
specified frequency bandwidth (Thomson, 1982), and
can be used in multi-taper spectral estimates that are re-
sistant to broadband spectral leakage. A completely dif-
ferent family of tapers minimize local bias (Riedel and
Sidorenko, 1995) and are closely approximated by sine
functions. The spectral estimationmethod based on these
sine multi-tapers, which we adopt here, has the advan-
tage that it is locally adaptive and one can readily adjust
the amount of spectral averaging to reflect the amount
of detail present in the spectrum at different frequen-
cies. If needed, pre-whitening can be used for protection
against the broadband spectral bias typically associated
with a sharp fall-off in the spectrum. We explored pre-
whitening in our analyses, but did not find it necessary.
The locally adaptive method means that both the res-

olution and the error vary in the frequency domain. In the
multi-taper spectral code used in this work, the errors are
computed as one standard error of the averaged spectrum
at the specified frequency (Parker, personal communica-
tion, 2005). When kmulti-tapers are used in the estimate
the frequency resolution is kfN/Nf with fN the Nyquist
frequency, and Nf the number of frequencies estimated.
The adaptive part of the procedure is the optimal choice

of k. Riedel and Sidorenko (1995) give an asymptotic
result for minimizing the local loss (bias squared plus
variance) of:

kopt =
!
12S(f )N2

S""(f )

"2/5
.

where S"" is determined from a quadratic fit to a pilot
estimate of the local power spectral density, but the above
expressionmust bemodified to restrict the rate of growth
of number of tapers near regions where S"" vanishes.
The spectra from the individual sine tapers are averaged,
with parabolic weighting that tapers to zero beyond the
kth spectral estimate. This weighting scheme ensures a
smooth spectrum as the number of tapers changes with
frequency.
All of the techniques discussed suppose that the un-

derlying process is stationary, an assumption that could
be called into question for the geomagnetic field and the
processes by which it is recorded. Changes in spectral
content with time can be evaluated, by studying seg-
mented sections of the paleomagnetic record.
This is not the first attempt to assess the paleomag-

netic power spectrum. Barton (1983) provided a thor-
ough tutorial on using the periodogram and maximum
entropymethods for the analysis of paleomagnetic direc-
tional data, noting the many potential pitfalls associated
with spectral analysis. He also applied the periodogram
analysis (Barton, 1982) in an attempt to integrate power
spectra from sediment records with those frommagnetic
observatories for periods ranging from less than a year to
105 years. Courtillot and LeMouël (1988) reviewed geo-
magnetic field variations on time scales from seconds to
millions of years and merged Barton’s result with other
spectral estimates to provide a schematic power spec-
trum for an extended time scale. They debated whether
this is compatible with a 1/f 2 spectrum, and concluded
that it was too early to make such an inference. The pur-
pose of this work is to exploit improvements in spectral
estimation techniques offered by themulti-tapermethod,
together with some vastly improved paleomagnetic in-
tensity records, and use them to update the paleomag-
netic part of the spectrum.

3. The paleospectrum

3.1. The magnetostratigraphic spectrum

3.1.1. A model
In the absence of reliable measurements of very long

(greater than a few million years) time series of pa-
leointensity variations, we use a magnetostratigraphic
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Fig. 1. Sample of a field intensity record simulated using the simple
model described in the text. Reversals are treated as a Poisson process
with rate !. During reversals the field strength drops to zero for a time
period " before returning to full strength.

timescale and a simplistic statistical model which sup-
poses that field strength is constant except during finite
intervals when the field is reversing. During the rever-
sal the dipole moment is diminished, but also constant.
The reversal model is that of a Poisson process, one in
which at any given instant the probability per unit time
of a transition to the opposite polarity state is constant.
(Constable et al., 1998) derived a theoretical estimate for
the spectrum of this kind of boxcar variation under the
assumption that the reversal rate is constant. A hypothet-
ical sample of the reversal model with unit amplitude is
shown in Fig. 1.
The dipole moment, m(t), is constant, here taken to

be A, outside the transition intervals. During a transition,
m drops to zero and stays there for a period of time ",
then returns to A. ! is the rate parameter of a Poisson
process. In the Appendix of Constable et al. (1998), it
is shown that such a process is characterized by a mean
dipole moment of:

E(m(t)) = M = Ae#!". (1)

The autocovariance for the process is

Rm(t) =
#

A2[e#!(|t|+") # e#2!"], if|t| $ ";
0, |t| > ",

(2)

and the theoretical power spectrum is given by the
Fourier transform of the autocovariance of the process:

Sm(f ) = 2
$ %

#%
dt e#2#iftRm(t)

= 4A2! e#!"

!2 + 4#2f 2

&
%
1# e#!"

!
cos 2#f" + ! sin 2#f"

2#f

"&
.

(3)

Under this model, the time required to acquire a re-
liable average for the dipole moment and the average
value itself depend on both the reversal rate and the typ-

Fig. 2. (a) Dependence of mean field and its normalized standard de-
viation on the fraction of time the field spends in a transitional state.
(b) Relationship between the normalized standard deviation and the
normalized mean field.

ical duration of reversals. Fig. 2a shows the dependence
of the normalized average field value (µ = M/A), the
standard deviation (s =

'
Rm(0)/A), and its normalized

value (ŝ = s/M) on the product !", the fraction of the
time that the model field spends in a transitional state (ŝ
is of interest because in paleomagnetism it is often only
possible to derive relative intensity variations). Fig. 2b
shows the corresponding relationship between average
moment and ŝ under this model.
To relate this model to actual field behavior we at-

tempt to place some bounds on plausible values for !".
Over the past 160Ma, the field has reversed 280 times,
but the rate is far from uniform, with typical estimates
ranging from zero during the almost 40Myr long Cre-
taceous normal superchron to about 4Myr#1 near the
beginning and end of the 160Myr period. Point-wise
95% confidence bounds on the rates for a Poisson pro-
cess range up to 20Myr#1 (Constable, 2000). Supposing
the average reversal rate to be 2Myr#1 and the time for
a reversal about 10 kyr, we might expect the appropri-
ate value of !" to be around 0.02. This is not inconsis-
tent with some estimates of the time the field spends in
a transitional state. However, one should keep in mind
that average reversal rates more than twice as high have
been inferred during some time intervals over the past
160Myr, and if the short cryptochrons (Cande and Kent,
1992, 1995) that are believed to represent large inten-
sity variations, geomagnetic excursions, or very short
polarity intervals were also included the rate would rise
higher still. Estimates of the time taken for the field to
reverse have also been highly variable (for review see
e.g., Constable, 2003) with end members ranging from
about 100 years to as high as about 20 kyr when intensity
variations are the criterion used to identify the reversal
time. Thus a conservative viewmight put an upper bound
of 0.4 on !" for the past 160Myr, though it remains a
possibility that over short time intervals or at times in
the more distant past higher values might be relevant.
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A field with !" = 0.4 might be considered rather un-
stable by today’s standards, but it is also worth noting
that the simple model here has quite different behavior
for larger values of !". The probability of individual re-
versals merging to form longer intervals of zero dipole
moment increases, and the variance starts to decrease
after attaining its maximum value at !" = ln 2. A field
that is stable with dipole moment of A with intermittent
reversals is gradually replaced by a zero moment field
with an occasional short excursion to dipole moment
A. One might think of this as an intermittent dynamo
that occasionally turns on. During the Cretaceous nor-
mal superchron from 83 to 124Ma there are no recorded
geomagnetic reversals: one interpretation would be that
!" = 0 at this time. These results may seem trivial, but
the simple model serves to highlight the need for ade-
quate temporal sampling to define themean and variance
of paleomagnetic field intensity.
Although the mean and overall variance are com-

pletely determined by the product !" the spectrum varies
independently for each parameter. For a fixed reversal
rate the spectrum described by Eq. 3 is essentially con-
stant at low frequency and falls off approximately as the
inverse square of the frequency above a critical value de-
termined by the characteristic reversal transition length.
Fig. 3a shows how the transition length influences the
long period part of the spectrum for a reversal rate fixed
at 5 Myr#1. As the transition length increases there is
more energy in the long period field variations. In Fig. 3b
we find that fixing the transition length pegs the corner
frequency at which the power begins to drop off: but the
power level across the whole frequency band increases
with the reversal rate, until reversal rate becomes so
high that adjacent reversals begin to merge with one
another.

The average value for the dipole moment has no in-
fluence on the spectrum, what matters is the difference in
amplitude between the stable state and the reversing state
which contributes to the variance of the process. The ac-
tual geomagnetic spectrum will differ from this model
because of changes in reversal rate, any fluctuations in
paleointensity, and lack of uniformity in the time taken
for individual reversals. Constable et al. (1998) note that
a more complicated shape for the transition to low in-
tensity can be easily accommodated in this model by
convolving the step with a shape factor g(t). Eq. (3) for
S(f ) is then modified to:

S̃(f ) = |ĝ|2S(f )

where ĝ is the Fourier transform of g.

3.1.2. A spectrum based on the real time scale
In this section, we investigate the limitations imposed

by assuming a constant reversal rate in the model de-
scribed above, by calculating the power spectrum for the
real magnetostratigraphic time scale on the time interval
0–160Ma.Weuse the scale ofCande andKent (1995) for
0–84Ma, merged with that of Harland et al. (1990) for
the older part, and refer to this record as CK95. In Fig. 4,
we show the power spectrum estimated using Riedel and
Siderenko’s minimum bias multi-taper adaptive method
for a dipolemoment that drops to zero every time thefield
reverses and remains there for a fixed period of 10 kyr
(blue), 20 kyr (pink), or 30 kyr (black), corresponding to
fields that are transitional roughly 1.8, 3.6, or 5.4% of
the time when averaged over the whole time span. The
theoretical spectrum predicted by Eq. 3 for a constant
rate process of 2Myr#1 is given in green, and agrees
well with the corresponding empirical curve for 1.8%
transitional field for frequencies higher than 0.1Myr#1.

Fig. 3. Variations in power spectral density (PSD) for the simple model of Poisson intensity variations illustrated in Fig. 1. (a) Fixed reversal rate,
!; variable transition lengths, ". (b) Fixed transition length, "; variable reversal rate.
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Fig. 4. Power spectrum estimated for reversal times of the past 160Ma
(containing 280 reversals) using Riedel and Sidorenko (1995) mini-
mum biasmutitaper method (upper panel). Blue, pink and black curves
give estimates fromCK95 assuming " = 10, 20 or 30 kyr, respectively,
for the interval 0–160Ma. Gray curve is for CK95cc: the time interval
is 0–83Ma with " = 30 kyr, and cryptochrons are included. Dashed
lines give one standard error estimates. Green curve is the theoretical
spectrum predicted by Eq. (3) for !" = 0.02, corresponding to the av-
erage reversal rate and length for the blue curve. Lower panel shows
the frequency resolution for the corresponding spectral estimates.

The differences at longer period arise from changes in
the long-term geomagnetic reversal rate; we verified that
it is straightforward to reproduce the green curve empir-
ically by simulation from a Poisson process with con-
stant rate and appropriate parameters. As demonstrated
in Fig. 3a, a larger overall variance is associated with
longer reversal intervals, and the increase in " also de-
creases the corner frequency. We investigated the effects
of non-stationarity in the record, by estimating the spec-
trum independently for 40Myr sections of the record.
The primary effect that we noted is that the variance
scales with the average reversal rate within each sec-
tion, again reflecting the long period changes in reversal
rate.

Cande and Kent (1995) were careful to produce a
timescale that had uniform temporal resolution, despite
the variable nature of the magnetic anomaly records
from which it is constructed. However, they also noted
the presence of cryptochrons which are particularly
prevalent in the better resolved parts of the record,
one of which is Chron 12R (extending from 33.05 to
30.915Ma) in the early Oligocene. Cryptochrons are
ambiguous parts of the anomaly record which might be
very short polarity chrons, long termfluctuations in pale-
ointensity, or geomagnetic excursions. We analyzed the
record for the interval 0–84Mawith the cryptochrons in-
cluded, and " = 30 kyr (gray curve, Fig. 4), treating each
cryptochron like a full reversal in our model. We desig-
nate this intensity record CK95cc, to distinguish it from
the longer andmore uniformCK95. The spectrum shows
more structure which partly reflects the uneven resolu-
tion of the cryptochron time scale, but the higher overall
power is more likely to be representative of the energy
in the magnetic field in this frequency band. As there are
292 events in the 83Myr cryptochron scale, this would
correspond to afield that is transitional 10.5%of the time.
The magnetostratigraphic spectrum is scaled to

provide absolute estimates of dipole moment using
the average value of virtual dipole moments derived
from absolute paleointensity estimates for 0–160Ma.
A current estimate for the mean is given by Tauxe
(2005) as 4.5± 1.8& 1022 Am2, where the 1.8 is not
a standard error in the mean, but an estimate of the
standard deviation of the distribution of moments. If we
accept the model parameters used for the black curve in
Fig. 4, we expect the mean to be M = 0.947A and the
variance Rm(0) = 0.049A2. Scaling accordingly, we
find that for CK95 A = 4.75& 1022 Am2 and the asso-
ciated standard deviation calculated for such a model is
1.05& 1022 Am2. For the cryptochron scale, CK95cc,
we find A = 5.00& 1022 Am2 and standard deviation
calculated for such a model is 1.5& 1022 Am2. The
lower overall variance estimate compared with the
paleomagnetic data should be expected from the fact
that our simple model neglects all intensity variations
apart from the abrupt drop associated with a reversal. In
Section 4, when we merge this low frequency spectrum
with those obtained from marine sediments, we see
that model parameters corresponding to " = 0.03Myr
provide a fit consistent with other observations.

3.2. Relative geomagnetic intensity variations from
marine sediments

Relative paleointensity records from sediments can
provide spectral estimates at periods shorter than those



C. Constable, C. Johnson / Physics of the Earth and Planetary Interiors 153 (2005) 61–73 67

Table 1
Relative paleointensity records used in spectral analyses

Record Site location Time interval (Ma) Average sedimentation
rate (cm kyr#1)

Interpolation
interval (kyr)

Scaling factor

522a 26(S, 5(W 29.4–34.7 0.5–1 4 3.5545& 1022
848/851/852b 2(N, 110(W 0–4 <2.5 2 1.0045& 1022
983c 60.4(N, 23.6(W 0–1 10.4 0.1 10.8766& 1022
984d 61.4(N, 24.1(W 0–0.5 12.6 0.1 11.194& 1022
Sint-800 Multiple Variable Variable 1 –
a (Constable et al., 1998).
b (Valet and Meynadier, 1993).
c (Channell, 1999).
d (Guyodo and Valet, 1999).

available from the reversal timescale. The frequency
content of such spectra is influenced by the record length
and the sediment accumulation rate. We investigate
four individual paleointensity records: two of length
4–5Myr with mean sedimentation rates 1–2.5 cm kyr#1
(Valet andMeynadier, 1993; Constable et al., 1998), and
two of length 0.5–1Myr with mean sedimentation rates
of 10.40–12.6 cm kyr#1 (Channell, 1999). The longer
records overlap the spectrum from the reversal record;
the higher sedimentation records overlap the spectrum
obtained from 0 to 7 kyr global model for the dipole
moment (Korte and Constable, 2005). We also examine
a global paleointensity stack, Sint-800, spanning the
last 800 kyr (Guyodo and Valet, 1999). In order to
compare data from geographically distinct locations
we assume that the reported paleointensity reflects field
(not lithological) changes, and we take the relative
paleointensity records to be a proxy for the dipole
moment. Individual paleointensity records are scaled
to correspond to a mean virtual axial dipole moment
(VADM) of 4.2& 1022 Am2—the average value for
the 0–4Myr record of Valet and Meynadier (1993),
and not inconsistent with Tauxe (2005). Locations,
mean sedimentation rates, the time interval spanned by
each record, and the normalization applied to scale the
mean paleointensity to the mean VADM are provided in
Table 1.
Power spectral density (PSD) estimates are made for

each scaled relative paleointensity record again using
the Riedel and Sidorenko (1995) minimum bias adaptive
multi-taper method. Temporal sampling within each in-
dividual record is variable, due to data gaps and changes
in sedimentation rate within a core. In each case, we ac-
cepted the age scales assigned to the published data set.
We use Akima (1970) splines to interpolate onto an even
sampling interval. The sampling interval is chosen such
that, where possible, we preserve the frequency content
of the record corresponding to the greatest sedimenta-

tion rate, but avoid excessive interpolation across data
gaps (see Table 1). The spectral resolution achievable
will depend on the overall record length, the sedimen-
tation rate and how much it fluctuates throughout the
record, the quality of the age constraints used to trans-
form depth to age, and the sampling interval at which
measurements are made. It can be difficult to evaluate
the resulting age uncertainty, which will be quite vari-
able among our different records. McMillan et al. (2004)
discuss these issues at some length in the context of the
cores that collectively make up the Sint-800 record and
conclude that modest errors in the dating of tie points
can significantly degrade the coherence among coeval
records. This results from the increased spectral bias and
loss of resolution in individual spectra compared with
those that could be obtained with perfect age scales and
infinitely dense sampling, and is especially pronounced
at high frequency.
The time series and corresponding spectra for our

longer records are shown in Fig. 5. The longest record
is that from the Deep Sea Drilling Project Leg 73, Site
522, currently located at 26(S, and at 33(S at the time
the sediments were deposited (Hartl et al., 1993). The
age-depth model was developed by Tauxe (1997) using
linear interpolation between tie points to reversals in the
marine magnetic anomaly timescale of Cande and Kent
(1995), and reflects a steady change in sedimentation
rate from about 10 to 5mMyr#1. The sampling interval
ranged from 4 to 8 kyr. As there are significant data gaps
in the younger part of the record we use the lower part of
this core, spanning 5Myr and 9 polarity intervals (Table
1 and Fig. 5). The second record, that of Valet and
Meynadier (1993), hereafter VM93, comprises several
cores from sites 848, 851 and 852 of ODP Leg 138 and
spans the last 4Myr. VM93 state that the time-depth
correlation is based on detailed analyses of approxi-
mately 25 kyr density variations, that reflect carbonate
content and can be tuned to the insolation curve at
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65(N (Shackleton et al. (1995)). The temporal sampling
interval in VM93 increases with age from about 0.9 to
about 3.2 kyr. The spline interpolation across data gaps
occurring at 0.59 and 3.34Myr was inspected visually.
Spectra calculated for the full 0–4Ma record showed no
significant difference from reduced-length time series
that excluded these data gaps, and so we retained the
complete VM93 record. The adaptive process introduces
a variable resolution and error in the frequency domain,
and these are shown in Fig. 5 to aid interpretation of
the spectra. The 2 kyr (4 kyr) interpolation of VM93
(522) corresponds to a Nyquist frequency of 250Myr#1
(125Myr#1). Spectra for both records are red (more
power at long periods), as expected. The spectrum for
522 shows increased power centered at about 8Myr#1,
previously reported to result from dips in paleointensity,
possibly associated with cryptochrons (Hartl et al.,
1993; Constable et al., 1998). The peak is significant
compared with uncertainties in the spectral estimates,
and is resolved in frequency, but as noted by Constable
et al. (1998) its presence is dependent on including
Chron 12R in the analysis. This peak is not seen in
the VM93 record, which shows a smooth increase
in power with decreasing frequency, likely reflecting
the long-period sawtooth nature of the record. The
frequency resolution decreases by about a factor of 3 for
periods shorter than 20 kyr in VM93. In addition to the
full spectrum of VM93 shown in Fig. 5 we investigated
spectra derived from 1Myr subsections. The effect of
decreasing sediment with age (and resulting filtering
of the signal) is apparent in decreased power at fre-
quencies higher than 100Myr#1 in the early part of the
record.
Higher frequency estimates of the PSD are made

using paleointensity records from ODP sites 983 and
984 (Channell, 1999) that come from drift sediments in
the Iceland Basin. These records span the last 1.2 and
0.5Myr respectively, and have sediment accumulation
rates about an order of magnitude higher than in 522 and
VM93.Agemodels for each sitewere derived by correla-
tion of oxygen isotope data to a reference curve, and lin-
ear interpolation between individual tie points (Channell
et al., 1998). For 984 the 11 tie points extend to isotopic
stage 12 (about 450 ka) and are spaced about 50 kyr apart,
while for 983 there are 35 tie points to isotopic stage 18
(about 650 ka), which when extrapolated give an age of
779 kyr for the Brunhes–Matuyama boundary. Due to
rounding in the reported ages in the digital data file, we
were unable to use the oldest 200 kyr of the 983 record.
A data gap of 3.8 kyr occurs at about 845 ka in 983—
again we carefully checked the spline interpolation and
resulting spectra to ensure the interpolation did not in-

Fig. 5. Records of dipole moment (lower figures) and corresponding
power spectral density estimates (upper figure) for records 522 (blue)
and VM93 (red). The scaling of relative paleointensity to dipole mo-
ment is described in the text. Themean (solid line) and upper and lower
1# $ error bounds on the spectral estimates are shown. Note the log-
linear scaling. The frequency resolution of the spectral estimates is
indicated.

troduce overshoots and spectral leakage. Spectral esti-
mates are reported for 0–1 and 0–0.5Ma for 983 and
984, respectively (Fig. 6). Shown on a log-linear plot
the spectra for 983 and 984 appear to diverge, however,
closer inspection shows that they are indistinguishable
over the frequency band 40–200Myr#1, corresponding
to periods of 5–25 kyr. At periods longer than 25 kyr,
the power spectral estimates for 983 are about 1.5 times
those of 983. Both spectra decrease smoothly with fre-
quency. Again we investigated the robustness of these
spectra by looking at sequential and parallel 0.1Ma sec-
tions. The averages from these results are essentially in-
distinguishable from the multi-taper result for the whole
time interval. The rather minor differences between the
983 and 984 spectra at high frequency may reflect the
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Fig. 6. Records of dipole moment (lower figures) and the correspond-
ing power spectral density estimates (upper figure)with their frequency
resolution for records 983 (green) and 984 (brown). Figure format as
for Fig. 5.

lower density of tie points for 984 and slight differences
in the sedimentary environment.
Finally, we also compute the spectrum for the global

0–800 ka relative paleointensity stack of Guyodo and
Valet (1999), as it is of interest to compare this with the
spectra obtained from individual locations. The global
stack is reported at 1 kyr intervals, which we use as our
sampling interval in the spectral estimation, although the
work ofMcMillan et al. (2004)makes it clear that the res-
olution is much less. No scaling is applied to this record
since we prefer to preserve the mean VADM (5.8& 1022
Am2) representative of the stack itself. We discuss the
spectral content of this stack in the context of our com-
posite spectrumbelow, noting that the absence of specific
periodicities in the stack, in particular those associated
with orbital modulations, have been reported previously
(Guyodo and Valet, 1999).

3.3. The dipole moment for 0–7 ka

For the final high-frequency piece of the spectrum at
periods from 1 kyr to 100 years we use the dipole mo-
ment from a continuous time-varying geomagnetic field
model, CALS7K.2, that spans the time interval 0–7 ka.
The model, described in some detail in Korte and Con-
stable (2005), is derived from an extensive set of paleo-
magnetic observations drawn from globally distributed
archeomagnetic and lake sediment studies (Korte et al.,
2005). Although the global data distribution is far from
uniform, and particularly sparse in the southern hemi-
sphere, the estimate for the dipole moment reflects the
longest wavelength field structure and is quite robust.
The time-varying model indicates the importance of us-
ing the actual dipole moment, rather than some proxy as
we have done over longer time intervals. The temporal
resolution of the model is no better than 100 years, re-
flecting the quality and internal consistency of the dating,
which in general is better for the archeomagnetic data
than for the lake sediments most of which are dated by
14C. Non-dipole field contributions are quite significant
at periods of 100–1000 years in this model. Fortunately,
we can reject the non-dipole contribution here, but it is
worth noting that we might expect them to be present
at longer periods too. No scaling was necessary for this
part of the dipole spectrum since authors used absolute
paleointensity data in generating the model.

3.4. A composite spectrum

The spectra derived from the geomagnetic polarity
time scale, marine sedimentary records and a global 0–
7 ka model span over six orders of magnitude in fre-
quency (Table 2). For each spectrum, the longest period
is determined by the record length, and the shortest pe-
riod (or Nyquist frequency) by the sampling interval.
There is considerable overlap in the frequency bands
among different spectra, motivating the construction of
a composite spectrum. We do this as follows. For each
individual spectrum the lowest frequency (flp, Table 2)
we retain corresponds to periods that are 1/4--1/10 the
length of the time series (i.e. the longest period spec-
tral estimates are obtained from at least 4 to 10 cycles
in the original time series). The rationale for the highest
frequency retained (fsp, Table 2) is record-dependent.
For the magnetostratigraphic record, Fig. 4 shows that
the spectral estimates fall off rapidly at periods shorter
than about 100 kyr, asmight be expected given the length
of the shortest stable polarity intervals. We cut this spec-
trum at periods of 10Myr#1. Data contributing to VM93,
983 and 984 are obtained by U-channel measurements
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Table 2
fL (fN)—low (high) frequency limit of individual spectrum based on record determined by the record length and the Nyquist frequency respectively

Record fL (Myr#1) fN (Myr#1) flp (Myr#1) fsp (Myr#1)

Magstrat 0.00625 250 0.025 10
522 0.19 125 1 100
VM93 0.25 250 1.25 150
983 1 5000 10 2500
984 2 5000 10 2500
Sint-800 1.25 500 5 300
CALS7K.2 143 50000 1000 10000

flp(fsp)—low (high) frequency cut-offs applied to individual spectrum to construct the composite.

using pass-through cryogenic magnetometers. The re-
sponse function of the magnetometers has a peak width
at half maximum of 4–5 cm (Weeks et al., 1993) and is
likely to smooth the measured record on a length scale
about twice as long. For cores 983 and 984, 4 cm av-
eraging reduces the temporal resolution in the records
to about 0.4 and 0.3 kyr, respectively, and so we re-
tain only frequencies below 2500Myr#1. For 522, Fig.
5 shows noise in the spectral estimates at frequencies
above 100Myr#1, so we retain spectral estimates at fre-
quencies below this cut-off. For VM93, the dip in the
spectrum at about 160Myr#1 corresponds to larger sam-
pling intervals near the lower end of the section. Because
of the variable sampling interval down this core and
corresponding variations in sedimentation rate, we re-
tain frequencies below a cut-off of 150Myr#1. For Sint-

Fig. 7. Composite spectrum: 0–160Ma reversal record, CK95 (black),
0–83Ma reversal record including cryptochrons, CK95cc (gray), 522
(blue), VM93 (red), 983 (green), 984 (brown), Sint-800 (orange), and
CALS7K.2 (pink).

800 we retain spectral estimates at frequencies below
300Myr#1, because of poor coherence among the con-
tributing records at higher frequencies (McMillan et al.,
2004). CALS7K.2 is reported in 10 year intervals, al-
though as mentioned, the real temporal resolution of the
model is no better than 100 years, determining our short
period cut-off at 104 Myr#1.
The composite spectrum is shown in Fig. 7. Over-

lapping frequency bands among the contributing spectra
are 1–10Myr#1 for the CK95 reversal andCK95cc cryp-
tochron records with VM93 and 522, 10–100Myr#1 of
VM93 and 522 with 983, 984 and Sint-800, and 1000–
2500Myr#1 of 983 and 984 with CALS7K. As noted
in Section 3.1.2 there remains an ambiguity about the
choice of " which determines the power in the mag-
netostratigraphic spectrum. Our choice of " = 30 kyr
means that the magnetostratigraphic spectrum overlaps
with those from 522 to 983 in the 1–10Myr#1 frequency
band, although it generally appears flatter than the sedi-
ment records in this range.

4. Discussion and conclusions

There is a substantial level of agreement among the
independently estimated pieces of the dipole moment
spectrum. We consider this remarkable in itself. We di-
vide the spectrum into three regions roughly delineated
by the dashed lines on Fig. 7. These reflect common per-
ceptions about the time scales for various core processes.
Below 0.02Myr#1 the spectrum is controlled by

changes in long term reversal rate. There is substantial
power in this range, but it is poorly constrained because
of non-stationarity in the reversal rate changes. Between
0.02 and 10Myr#1 the 0–160Ma magnetostratigraphic
spectrum from CK95 is essentially flat, and reflects
the average reversal rate during this interval of about
1.8Myr#1. In this frequency band there is overlap with
the intervals covered by 522 and VM93. There are some
differences among the estimates which might in part be
attributable to the differing average reversal rates in the
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time intervals used. The average rate of decay with fre-
quency for 522 and VM93 is quite gentle with a slope
that appears to be shallower than f#1, but still significant
in comparison with the magnetostratigraphic spectrum.
The differences might also be a reflection of long term
paleointensity variations associated with different rever-
sal rates. This could perhaps be clarified with a much
longer intensity record from sediments. The 0–83Ma
CK95cc cryptochron spectrum is rather similar to that
for 522, although the structure introduced by the cryp-
tochrons is broader than the bump at the cryptochron
frequency previously identified in the 522 record. It has
been debated for some time (Cande and Kent, 1992,
1995), whether the cryptochrons found in the marine
magnetic anomaly records are very short polarity inter-
vals, excursions, or large fluctuations in paleointensity.
The agreement between the 522 and CK95cc spectra
lends support to the idea that they can be any of these,
and leads one to suspect that the same kind of physical
process might be responsible for all three. This would
reinforce the idea that there is nothing special about ex-
cursions and reversals, they are simply part of the con-
tinuum of observed geomagnetic field behavior. Such a
view is compatible with studies of geomagnetic rever-
sals generated in numerical dynamo simulations (Coe et
al., 2000; McMillan et al., 2001). A question that arises
is whether there is an upper limit to the amount of ex-
cursional behavior that can be sustained by the field, or
equivalently to the effective reversal rate. Higher rates in
the real field require more energy in the poloidal part of
the field at high frequencies and would tend to decrease
the slope of the spectrum. In Fig. 7 we draw a limit on
the excursion rate with the dashed line at 20Myr#1, but
this is an entirely artificial construct. The spectrum does
not appear to have a sharp change in slope in this region,
but changes gradually into the behavior seen at higher
frequencies. In the VM93 record which contains a num-
ber of excursions, there is no sign of a peak associated
with reversal or excursion rate, just a continuum of field
variation between 1 and 10Myr#1. This reflects the long
period sawtooth characteristic of the intensity variations
which has been discussed elsewhere (Valet and Mey-
nadier, 1993; McFadden and Merrill, 1997).
There is some disagreement among the marine

sediment spectra from different records between about
30Myr#1 (30 kyr) and 200Myr#1 (5 kyr). While 522,
and the two spectra fromGarder drift are quite consistent,
theVM93 and Sint-800 estimates show substantially less
power in the secular variation.Wemight expect this to be
the case for Sint-800, which is derived from the average
of a stack of relative paleointensity records of variable
length, and sedimentation rate. The age correlations

among these records are typically based on SPECMAP
(Martinson et al., 1987) so in addition to averaging
of non-dipole field effects, we would expect a loss of
temporal resolution from combining globally distributed
sites. McMillan et al. (2002, 2004) expect the coherence
of any global dipolar signal to be substantially attenuated
at periods shorter than about 20 kyr, and this is compati-
blewithwhat is seen in the accelerated spectral fall-off in
Fig. 7.
It is less obvious why VM93 should be in such good

agreement with Sint-800 over this frequency band rather
than falling in the same range as the other records. One
would expect a single record to show more variance
than the average. We consider two possibilities: (1) the
sedimentation process, remanence acquisition, and/or
subsequent remagnetization may smooth the record;
(2) variations in VADM records that result from geo-
graphically variable non-dipole field contributions. The
average sedimentation rate for VM93 is about a factor of
five less than for 983 (Table 1), which could well play a
role in this process. This is supported by analyses of the
1Myr segmentswhich showmore power associatedwith
the higher accumulation rate part of the record. However,
the 522 record has an even lower accumulation rate but
higher power than VM93 at the high frequency limit.
It has been suggested (Kok and Tauxe, 1996; Mazaud,
1996) and rebutted (Meynadier andValet, 1996) that vis-
cous or postdepositional realignment of remagnetization
may be responsible for the sawtooth intensity variations,
and it is perhaps possible that this could generate broad-
band attenuation of the spectral content. Geographically
variable non-dipole effects cannot be ruled out as a
contributing factor, but the difference between VM93
and the Garder Drift estimates is about one and one half
orders ofmagnitude,which seems excessively large. Fur-
thermore the overlap of the Garder drift and CALS7K.2
estimates would argue for reliability of Garder 983
and 984 records, since CALS7K.2 is the most reliable
estimate of the dipole moment that we have, and does
not rely on auxiliary calibration. Beyond 1000Myr#1
the Garder drift spectra also drop off steeply. At the
highest frequencies there is a very steep falloff in the
dipole spectrum for CALS7K.2, suggesting very little
power in dipole variations at this frequency. This picture
can be expected to change somewhat as better spherical
harmonic models become available for the 0–50 ka time
intervals.
We conclude with a summary of the results we

consider reliable. The empirical estimates currently
available do not indicate any distinction in spectral
behavior that allows separation of excursional and
transitional field behavior from what might be called
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normal secular variation, although there does seem to
be a characteristic spectral signature associated with the
recurrence time of cryptochrons during the Oligocene:
this signature is also seen in the magnetostratigraphic
record when cryptochrons are included in the analysis
and may reflect short polarity intervals, excursions or
just large intensity variations. We consider it likely
that these can all be generated by the same kind of
process.
Each kind of spectral estimate will be reliable over a

restricted range of frequencies. The CK95 reversal spec-
trum lacks the energy associated with paleosecular vari-
ation, but provides a good representation for long pe-
riod changes associated with average reversal rate and
changes in that rate (frequency range 10#2 to 1Myr#1).
Between 1 and 7Myr#1 CK95 may not resolve cryp-
tochrons and almost certainly underestimates power, but
CK95cc does a better job. Above frequencies of about
7Myr#1 both CK95 and CK95cc fall off rapidly and
severely underestimate the spectral power. VM93 and
522 overlap with CK95 and CK95cc and should pro-
vide the most reliable spectral estimates in the frequency
range 1–70Myr#1. Although VM93 has a Nyquist fre-
quency of 500Myr#1 we infer that the low sedimentation
rate combined with other factors contributes to an atten-
uated PSV record compared with that obtained from the
Garder drift sediments. The upper envelope of the over-
lapping spectra will provide the most reliable paleomag-
netic power spectrum.
The spectrum cannot be described by a simple power

law dependency on frequency as has been advocated by
some earlier studies. If further paleomagnetic investiga-
tions of longer intensity records reveal that between fre-
quencies of 0.2 and 20Myr#1 the spectrum is essentially
flat, then this would provide the first visible evidence of
a separation in the time scales of physical processes in-
fluencing changes in reversal rate from the actual rever-
sal process itself. Then it will also be possible to derive
estimates of how long is needed to determine the time-
averaged field associated with an essentially constant re-
versal rate. There is substantial scope for improvement
of the spectra presented here. Many more relative pale-
ointensity data are now available, particularly for the
0–1Ma time period, and we plan a systematic study
of geographic variations among these records, with a
view to clarifying the spectral structure between 30 and
1000Myr#1.
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