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Abstract

Power-spectral analyses of the intensity of Earth’s magnetic field inferred from ocean sediment cores and archeomagnetic
data from time scales of 100 yr to 10 Myr have been carried out. The power spectrum is proportional to 1/f where f is the
frequency. These analyses compliment previous work which has established a 1,/f2 spectrum for variations at time scales
less than 100 yr. We test the hypothesis that reversals are the result of variations in field intensity with a 1 /f spectrum
which occasionally are large enough to cross the zero intensity value. Synthetic binormal time series with a 1/f power
spectrum representing variations in Earth’s dipole moment are constructed. Synthetic reversals from these time series exhibit
statistics in good agreement with the reversal record, suggesting that polarity reversals may be the end result of autocyclic

intensity variations with a 1/f power spectrum. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Earth’s magnetic field has exhibited significant
variability over a wide range of time scales. On time
scales less than a couple of hundred years historical
data are available for variations in the intensity and
orientation of the geomagnetic field. Archeomagnetic
data can be used to infer the intensity of the field
from time scales of centuries to millenia. Sediment
cores provide the widest range of time scales of
variations in the geomagnetic field with internal
origin: 1 kyr to 10 Myr. Techniques of time series
analysis can be used to characterize this variability.
The power spectrum is the square of the coefficients
of the Fourier transform of the time series. It quanti-
fies the average variability of the series at different
time scales. Barton (1982) has performed spectral

analysis of paleointensity using historical observa-
tions and sediment cores. He identified a broad,
continuous power spectrum with a steep dependence
on time scale for time scales less than a century and
a flatter spectrum at longer time scales.

The geomagnetic field also exhibits reversals with
a complex history including variations over a wide
range of time scales. The reversal history can be
characterized by the polarity interval distribution and
the reversal rate. Polarity intervals vary from those
short enough to be barely resolved in the magnetic
anomalies of the seafloor to the 35 Myr Cretaceous
superchron. Reversals are also clustered in time such
that short polarity intervals tend to be followed by
short polarity intervals and long intervals by long
intervals. This clustering has been quantified with
the reversal rate which gradually decreases going
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back to 100 Ma and then increases going back
further in time before the Cretaceous superchron.
Due to the availability of many new time series
data sets for paleointensity of Earth’s magnetic field
since the work of Barton (1982), it would be useful
to perform power-spectral analyses of some of these
recent data sets to further characterize the temporal
variability of the geomagnetic field. In this paper, we
perform power-spectral analyses of time series data
for the intensity of Earth’s magnetic field inferred
from sediment core and archeomagnetic data. We
find that the power spectrum of the intensity of the
geomagnetic field from time scales of 100 yr to 10
Myr is well approximated by a 1/f dependence,
where f is the frequency. Variations in the intensity
of the geomagnetic field in one polarity exhibit a
normal distribution. When a fluctuation crosses the
zero intensity value a reversal occurs. We test the
hypothesis that reversals are the result of intensity
variations with a 1/f power spectrum which occa-
sionally are large enough to cross the zero intensity
value, driving the geodynamo into the opposite po-
larity state. Synthetic time series with a 1/f power
spectrum and a binormal distribution are used to
generate reversal statistics. These are found to be in
good agreement with those of the real reversal his-
tory. The reversal statistics are sensitive to the form
of the power spectrum of intensity variations. We
conclude that the agreement between the synthetic
reversal record produced with 1/f noise variations
in the intensity of Earth’s magnetic field is strong
support for 1/f behavior over the length of the
reversal record. This suggests that processes internal
to the core (autocyclic) may determine geomagnetic
variability up to very long time scales. This contrasts
with the hypothesis that internal core processes dom-
inate secular variations while changes in conditions
at the core—mantle boundary determine variations on
longer time scales (McFadden and Merrill, 1995).

2. Power-spectral analyses of the virtual axial
dipole moment

Paleomagnetic studies clearly show that the polar-
ity of the magnetic field has been subject to rever-
sals. Kono (1971) and Tanaka et al. (1995) have
compiled paleointensity measurements of the mag-

netic field from volcanic lavas for 0-10 Ma. They
concluded that the distribution of paleointensity is
well approximated by a symmetric binormal distribu-
tion with mean 8.9 X 102 Am? and standard devia-
tion 3.4 X 102 Am?. One normal distribution is
applicable to the field when it is in its normal
polarity and the other when it is in its reversed
polarity.

We have utilized four datasets for computing the
power spectrum of the intensity of Earth’s magnetic
field. They are archeomagnetic data from time scales
of 100 yr to 1.6 kyr from Kovacheva (1980), marine
sediment data from the Somali basin from time
scales of 1.6 kyr to 25 kyr from Meynadier et al.
(1992), marine sediment data from the Pacific and
Indian Oceans from 25 kyr to 4 Myr from Meynadier
et al. (1994), and marine sediment data from 10 kyr
to 10 Myr from Tauxe and Hartl (1997). The data
were published in table form in Kovacheva (1980),
obtained from L. Meynadier (Meynadier, 1995) for
the marine sediment data in Meynadier et al. (1992)
and Meynadier et al. (1994), and obtained from L.
Tauxe (Tauxe, 1998) for the marine sediment data in
Tauxe and Hartl (1997). The archeomagnetic data
from Kovacheva (1980) is a master curve for south-
eastern Europe. The intensity is expressed in terms
of the Virtual Axial Dipole Moment (VADM) where
the effects of latitude of the measurement locations
were taken into account in estimating the strength of
Earth’s dipole moment. This calibration is important
for comparison with marine sediment data on longer
time scales which are calibrated in units of VADM
by comparison with the average paleointensity esti-
mated from volcanic lavas from the same time range
as that of each sediment core. Thus, although each
core represents variations in the geomagnetic field at
different locations, they are calibrated with respect to
the estimated dipole intensity so that they may be
compared and compiled to obtain information of the
variation of the geomagnetic field over a continuous
range of frequencies.

Techniques for assessing the paleointensity of
Earth’s magnetic field are reviewed in Tauxe (1993).
King et al. (1983) has established minimum quality
standards for establishing the reliability of a sedi-
ment core to determine accurate relative paleointen-
sity measurements. All of the cores we analyze
satisfy these criteria (Meynadier et al., 1992; Mey-
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nadier et al., 1994; Tauxe and Hartl, 1997). The
cores were tested for the homogeneity of rock mag-
netic properties and for the stationarity of sedimenta-
tion rate. Meynadier et al. (1992, 1994) noted that
except for the topmost sections, their cores had
homogeneous magnetic properties within the stan-
dards of King et al. (1983). The cores of Tauxe and
Hartl (1997) were described as ‘remarkably consis-
tent” in terms of their magnetic properties. All cores
feature steady sedimentation rates. The effect of
variable sedimentation rate has been investigated by
Guyodo and Valet (1996). They found that variable
sedimentation rate can act as a high-pass filter re-
moving some of the variance at the highest frequen-
cies of the core. However, this is not expected to be
the case in these cores due to their uniform sedimen-
tation rates. The other potential uncertainty in the
data we analyze is associated with the time scale
calibration of the core. In our spectral analysis we
are interested in obtaining the exponent of the
power-law characterizing the power spectrum. The
exponent quantifies how strongly the power-spectral
density depends on frequency. If the calibration of
the core is in error, this does not affect the power-
spectral exponent at all since the relative power at
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different frequencies is unchanged. This can also be
seen by considering the units of power-spectral den-
sity: field intensity squared multiplied by time. If the
time scale changes by a constant factor, the power-
spectral density at all frequencies simply goes up or
down by the same factor and the exponent is un-
changed.

Marine sediment data can be accurate measures of
relative paleointensity but give no information on
absolute intensity. In order to calibrate marine sedi-
ment data, the data must be compared to absolute
paleointensity measurements from volcanic lavas
sampled from the same time period as the sediment
record. Meynadier et al. (1994) have done this for
the composite Pacific and Indian Ocean dataset.
They have calibrated the mean paleointensity in terms
of the virtual axial dipole moment for 0-4 Ma as
9 x 1022 Am? (Valet and Meynadier, 1993). This
value is consistent with that obtained by Kono (1971)
and Tanaka et al. (1995) for the longer time interval
up to 10 Ma. Using this calibration, we calibrated the
Somali data with the time interval 0-140 ka from the
composite Pacific and Indian Ocean dataset. The
data from Meynadier et al. (1994) are plotted in Fig.
1 as a function of age in Ma. The last reversal at
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Fig. 1. Paleointensity of the intensity of Earth’s magnetic field as inferred from sediment cores for the past 4 Ma from Meynadier et al.
(1994). The data are expressed as the virtual axial dipole moment (VADM) with reversed polarity data given by negative values.
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approximately 780 ka is clearly shown. We com-
puted the power spectrum of each of the time series
with the Lomb periodogram (Press et al., 1992). This
technique is used for data which are nonuniformly
sampled in time. The compiled spectra are given in
Fig. 2 with the frequencies where one spectrum ends
and the other begins given by a solid dot. The
composite sediment record from the Pacific and In-
dian Oceans are plotted up to a frequency corre-
sponding to a period of 25 kyr. Above this time scale
good synchroneity is observed in the Pacific and
Indian Ocean datasets (Meynadier et al., 1994). This
suggests that non-geomagnetic effects such as vari-
able sedimentation rate are not significant in these
cores above this time scale. From frequencies corre-
sponding to time scales of 25 kyr down to 1.6 kyr we
plot the power spectrum of the Somali data. Al-
though the Somali data has a uniformly high sedi-
mentation rate (all sections of the core have rates
greater than 5 cm /kyr), the highest frequencies in
this section of the spectrum may not be reliable since
sediment cores are usually thought to be reliable
only down to time scales of several thousand years.
From time scales of 1.6 kyr to the highest frequency
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we plot the power spectrum of the data of Ko-
vacheva (1980). A least-squares linear regression to
the data yields a slope of —1.09 over 4.5 orders of
magnitude. This indicates that the power spectrum is
well approximated as 1 /f on these time scales.

We have performed similar analyses on sediment
cores covering the time scales of 10 kyr to 10 Myr
obtained by Tauxe and Hartl (1997). This core en-
abled us to cover the same frequency range, 25 kyr
to 4 Myr, with cores from two different time periods.
The core of Meynadier et al. (1994) cover 0-4 Ma
and the cores of Tauxe and Hartl (1997) cover 11
Ma during the Oligocene. The power spectrum of the
Tauxe and Hartl (1997) core, estimated with the
Lomb periodogram, is presented in Fig. 3. Although
the variations in time in this core are very different
from that of Meynadier et al. (1994), the power
spectrum is nearly proportional to 1 /f just as for the
Meynadier et al. (1994) data. This suggests that the
1/f spectrum is a universal feature of geomagnetic
variations at these time scales.

Many analyses of variations in paleointensity of
Earth’s magnetic field concentrate on identifying
characteristic time scales of variation. In contrast,
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Fig. 2. Power spectrum of the geomagnetic field intensity variations estimated with the use of the Lomb periodogram from sediment cores

of Meynadier et al. (1992) and Meynadier et al. (1994) and archeomagnetic data from Kovacheva (1980). Solid dots indicate the two
frequencies where the three spectra meet. The power spectrum S is given as a function of frequency f for time scales of 100 a to 4 Ma.
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Fig. 3. Power spectrum of the geomagnetic field intensity variations estimated with the use of the Lomb periodogram from 11 Myr of
sediment cores from the Oligocene obtained by Tauxe and Hartl (1997). The power spectrum S is given as a function of frequency f for

time scales of 10 ka to 10 Ma.

our work shows that a continuous spectrum de-
scribed by 1/f is most appropriate. Many such
characteristic time scales have been identified. Valet
and Meynadier (1993) suggested, based on the same
sediment core data analyzed in this paper, that Earth’s
magnetic field regenerates following a reversal on a
time scale of a few thousand years and then decays
slowly on a time scale of 0.5 Ma before the next
reversal. They termed this an ‘asymmetric saw-tooth’
pattern. More recent data have shown that the ‘asym-
metric saw-tooth’ is not a robust pattern. Longer
cores show a slow decay preceding a reversal to be
rare (Tauxe and Hartl, 1997). These authors ob-
served most intensity patterns between reversals to
be characterized by broad, symmetric arches. More-
over, Lehman et al. (1996) has shown that the mag-
netic field does not always regenerate quickly after a
reversal. McFadden and Merrill (1997) have tested
the sawtooth-variation hypothesis against the record
of reversals and found it to be unsupported. Thibal et
al. (1995) have quantified the rate of decrease in
field intensity preceding a reversal and found it to be
inversely proportional to the length of the polarity

interval. The authors concluded from this that the
length of the reversal was predetermined. Such be-
havior is not indicative of a predetermined polarity
length. This can be concluded by considering the
null hypothesis that variations in the field are charac-
terized by any stationary random process. By defini-
tion, a stationary time series has a variance which is
independent of the length of the series. The average
rate of change of the time series over a time interval
will then be a constant value divided by the interval
of time, i.e., inversely proportional to time interval.
Therefore, any stationary random function satisfies
the relationship that Thibal et al. (1995) observed.
In the power-spectral analyses of geomagnetic
variations inferred from sediment cores by Lund et
al. (1988), Meynadier et al. (1992), Lehman et al.
(1996), Tauxe and Shackleton (1994), and Tauxe and
Hartl (1997) dominant periodicities in the record
were identified and proposed as characteristic time
scales of geodynamo behavior. However, it must be
emphasized that any finite length record will exhibit
peaks in its power spectrum, even if the underlying
process is random, such as a 1/f noise. Periodicity
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tests such as those developed by Lees and Park
(1995) need to be applied to data in order to assess
the probability that a peak in a spectrum is statisti-
cally significant. The periodicity tests developed by
Lees and Park (1995) are especially valuable because
they do not depend on a particular model of the
stochastic portion of the spectrum. Some of the
periodicity tests that have been used in the geomag-
netism literature assume forms for the stochastic
portion of the spectrum that are not compatible with
the 1/f process we have identified. See Mann and
Lees (1996) for an application of these techniques to
climatic time series.

The power spectrum of secular geomagnetic in-
tensity variations has been determined to have a
1/f2 power spectrum between time scales of one
and one hundred years (Currie, 1968; Barton, 1982;
Courtillot and Le Mouel, 1988). This is consistent
with the analysis of McLeod (1992) who found that
the first difference of annual means of geomagnetic
field intensity is a white noise since the first differ-
ences of a random process with power spectrum
1/f? is a white noise. Our observation of 1/f
power-spectral behavior above time scales of approx-

interval duration (Myr)
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imately 100 yr together with the results of Currie
(1968) and Barton (1982) suggests that there is a
crossover from 1/f to 1/f? spectral behavior at a
time scale of approximately one hundred years.

3. Analysis of the reversal history

In this section, we will test the hypothesis that
reversals are the result of intensity variations in one
polarity state becoming large enough to cross the
zero intensity value into the opposite polarity state.
We will show that the statistics of the reversal record
are consistent those of a binormal, 1/f noise pale-
ointensity record which reverses when the intensity
crosses the zero value. We will compare the polarity
length distribution and the clustering of reversals
between synthetic reversals produced with 1 /f noise
intensity variations and the reversal history accord-
ing to Harland et al. (1990) and Cande and Kent
(1992a, 1995). The sequence of polarity intervals
according to the time scale of Harland et al. (1990) is
presented in Fig. 4. The polarity interval length is
plotted as a function of the order of occurrence. This
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Fig. 4. Polarity interval duration as a function of order of occurrence from the magnetic time scale of Harland et al. (1990). The series of
intervals shows a wide distribution and correlation of interval duration such that long intervals tend to be clustered with long intervals and

short ones with short ones.
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figure illustrates the broad distribution of polarity
interval lengths that characterizes the reversal history
(with both very short and very long polarity inter-
vals) and the clustering of clustering of reversals
with long polarity intervals clustered with long polar-
ity intervals and short polarity intervals clustered
with short ones. Note that in Fig. 4, the Cretaceous
superchron is far off scale.

First we consider the polarity length distribution
of the real reversal history. The polarity length distri-
bution calculated from the chronology of Harland et
al. (1990) is given as the solid line in Fig. 5. The
polarity length distribution is the number of interval
lengths longer than the length plotted on the horizon-
tal axis. A reassessment of the magnetic anomaly
data has been performed by Cande and Kent (1992a,
1995) to obtain an alternative magnetic time scale.
Their chronology, normalized to the same length as
the Harland et al. (1990) time scale, is presented as
the dashed curve. The two distributions are nearly
identical. These plots suggest that the polarity length
distribution is better fit by a power law for large
polarity lengths than by an exponential distribution,
as first suggested by Cox (1968). The same conclu-
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sion has been reached by Gaffin (1989) and Seki and
Ito (1993). The entire distribution of polarity lengths
is also well fit by a Gamma process (McFadden and
Merrill, 1986). It should be emphasized that the
polarity length distribution is a very different analy-
sis than that of the spectral analysis of Section 2.
There is no simple relationship between the power
spectrum of intensity variations and the polarity
length distribution of reversals. The observation of a
power-law power spectrum in Section 2 does not
necessarily imply a power-law polarity length distri-
bution.

The third curve, plotted with a dashed and dotted
line, represents the polarity length distribution esti-
mated from the magnetic time scale between C1 and
C13 with ‘cryptochrons’ included and scaled to the
length of the Harland et al. (1990) time scale. Cryp-
tochrons are small variations recorded in the mag-
netic anomaly data that may either represent varia-
tions in paleomagnetic intensity or short reversals
(Blakely, 1974; Cande and Kent, 1992b). Crypto-
chons occur with a time scale at the limit of temporal
resolution of the reversal record from magnetic
anomalies of the sea floor. The form of the polarity
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Fig. 5. Cumulative frequency-length distribution of the lengths of polarity intervals during the last 170 Ma from the time scale of Harland et
al. (1990) (solid curve), Cande and Kent (1992a, 1995) (dashed curve), and the Cande and Kent (1992a, 1995) time scale from C1 to C13

with cryptochrons included (dashed and dotted line).
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length distribution estimated from the record be-
tween C1 and C13 including cryptochrons is not
representative of the entire reversal history because
of the variable reversal rate which concentrates many
short polarity intervals in this time period. However,

this distribution enables us to estimate the temporal
resolution of the reversal record history. The distri-
bution estimated from C1 to C13 has many more
short polarity intervals than those of the full reversal
history starting at a reversal length of 0.3 Myr.
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Fig. 6. (a) A 1/f noise with a normal distribution with mean of 8.9 X 10?2 Am? and standard deviation of 3.4 X 1022 Am? representing the
geomagnetic field intensity (VADM) in one polarity state. (b) Binormal 1 /f noise constructed from the normal 1 /f noise of (a) as described
in the text.
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Above a time scale of 0.3 Myr the magnetic time
scale is nearly complete. Below it many short polar-
ity intervals may be unrecorded.

To show that the polarity length distribution of
the real reversal record is consistent with that pro-
duced by binormal, 1/f noise variations in Earth’s
dipole moment, we have generated synthetic Gauss-
ian noises with a power spectrum proportional to
1/f, a mean value of 8.9 X 10 Am? and a standard
deviation of 3.4 X 1022 Am?. These synthetic noises
represent the field intensity in one polarity state. The
synthetic noises were generated using the Fourier-
domain filtering technique described in Turcotte
(1992). An example is shown in Fig. 6a. In order to
construct a binormal intensity distribution from the
synthetic normal distribution, we inverted every other
positive polarity interval to the opposite polarity.
This “cut-and-paste procedure’ is the best approxima-
tion of the statistical hypothesis we wish to test. We
wish to test the hypothesis that Earth’s magnetic
field undergoes Gaussian 1 /f noise variations in one
polarity state until the intensity crosses the zero
intensity value and the geodynamo is pushed into
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another basin of attraction characterized by the same
1/f variations with the same variance but now with
a negative mean value. One way to construct such a
stochastic process is to generate a single Gaussian
1/f noise with positive mean and, when the intensity
crosses the zero axis, take the next continuous data
segment above zero and invert it below the zero
intensity axis to simulate the geodynamo flipping
into another basin of attraction characterized by a
negative mean value. The result of this procedure on
the Gaussian, 1/f noise of Fig. 6a is presented in
Fig. 6b. We note that there are several instances in
Fig. 6 where it appears that a single zero crossing
from Fig. 6a does not lead to a reversal in Fig. 6b.
However, in these cases the zero crossings of Fig. 6a
contain two zero crossings so close together that they
appear to be one. The irregular polarity lengths of
Fig. 6b are similar to those in the marine sediment
data of Fig. 1. The synthetic polarity lengths pro-
duced by this model as a function of the order of
occurrence are presented in Fig. 7. This figure can be
compared with that of the real reversal history of
Fig. 4. Although the model does not predict when
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Fig. 7. Polarity interval duration as a function of order of occurrence for the synthetic reversals produced with binormal 1 /f noise intensity
fluctuations. As with the corresponding plot for the real magnetic time scale in Fig. 4, the series of intervals shows a wide distribution and
correlation of interval duration such that long intervals tend to be clustered with long intervals and short ones with short ones. The
distribution of intervals for the synthetic distribution are presented in Fig. 8 and their correlation is analyzed with the pair-correlation

function presented in Fig. 10.
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the polarity intervals will be longest or shortest
(since no stochastic model can predict behavior in
time), there is a wide distribution of polarity inter-
vals and the polarity intervals tend to be autocorre-
lated as in the real reversal history.

The operation of reversing the paleomagnetic in-
tensity when it crosses the zero intensity value is
consistent with models of the geodynamo as a sys-
tem with two symmetric attracting states of positive
and negative polarity such as the Rikitake disk dy-
namo (Rikitake, 1958). Between reversals, the geo-
magnetic field fluctuates until a fluctuation large
enough occurs to cross the energy barrier into the
other basin of attraction. Kono (1987) has explored
the statistical similarity between the Rikitake disk
dynamo and the distribution of paleointensity. Our
construction of the binormal 1/f noise is consistent
with this model.

We have computed the distribution of lengths
between successive reversals for twenty synthetic
noises scaled to 170 Ma, the length of the reversal
chronology, and averaged the results in terms of the
number of reversals. The results are given in Fig. 8.
The dots are the maximum and minimum values
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obtained in the twenty synthetic reversal chronolo-
gies, thus representing 95% confidence intervals.
The polarity interval distribution from the Harland et
al. (1990) time scale indicated by the dashed curve
falls within the 95% confidence intervals of our
synthetic data over all time scales plotted except for
the Cretaceous superchron, which lies slightly out-
side of the 95% confidence interval and reversals
separated by less than about 0.3 Myr. The overpre-
diction of very short reversals could be a limitation
of the model or a result of the incompleteness of the
reversal record for short polarity intervals. As men-
tioned, the temporal resolution of the magnetic time
scale inferred from magnetic anomalies is approxi-
mately 0.3 Myr. In addition, the model fails to
produce a polarity interval as long or longer than the
Cretaceous normal superchron in twenty synthetic
reversal histories. The superchron cannot, therefore,
be reproduced in this model with a high probability.
Nevertheless, we conclude that the polarity length
distribution produced from binormal 1/f intensity
variations are consistent with the observed polarity
length distribution for nearly all time scales at which
the reversal record is complete.
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time, Myr

Fig. 8. Cumulative frequency-length polarity interval distributions from the Harland et al. (1990) time scale and that of the binormal, 1 /f
noise model of intensity variations. The distribution from the Harland et al. (1990) time scale (dashed curve) was also given in Fig. 4. The
solid line represents the average cumulative distribution from the 1 /f noise model. The dotted lines represent the minimum and maximum
reversal length distributions for 20 numerical experiments, thereby representing 95% confidence intervals.
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We next consider whether the agreement illus-
trated in Fig. 8 is unique to 1/f noise. We have
computed polarity length distributions using the bi-
normal intensity variations with power spectra f 8
and f~12 These results along with the 1/f result
from Fig. 8 are given in Fig. 9. The shape of the
polarity length distribution is very sensitive to the
exponent of the power spectrum. A slight increase in
the magnitude of the exponent results in many more
long polarity intervals than with 1/f noise. The
analysis of Fig. 2 leads to 1 /f*% and that of Fig. 3
leads to 1,/f %92, The polarity-length distribution pro-
duced by intensity variations with these spectra, as
with those with 1 /f%2 and 1 /f %8 spectra, are not as
consistent with that of 1/f noise variations, which
show a very close match to the polarity-length distri-
bution of real reversals. Here we have implicitly
assumed that, to within the uncertainty in the data,
the spectrum is 1 /f. Either the exponents 1.09 and
0.92 are exact exponents characterizing geomagnetic
processes during the times that each time series
covers and the synthetic reversals produced by varia-
tions with 1 /%% and 1 /f%% spectra do not match
the reversal distribution very well, or the spectrum is

closer to 1/f and the values of the exponents 1.09
and 0.92 are only approximate. We have assumed
that the latter is true. The spectral analysis we em-
ploy here is probably not capable of determining the
exponent to better than 10%. The values of 1.09 and
0.92 are obtained from a least-square fit to a series of
unevenly spaced points and neither value should be
considered an exact value. We conclude that the
agreement in Fig. 8 between the synthetic reversal
distribution and the true reversal history is unique to
1/f noise and provides strong evidence that the
intensity of Earth’s magnetic field has 1/f behavior
up to 170 Ma.

A binormal, 1/f noise geomagnetic field varia-
tion is consistent with the qualitative results of Pal
and Roberts (1988) and Tauxe and Hartl (1997) who
found an anticorrelation between reversal frequency
and paleointensity. This anticorrelation, first sug-
gested by Cox (1968), is evident in the synthetic 1 /f
noise of Fig. 6b. During the time intervals of greatest
average paleointensity the reversal rate is lowest.

In addition to the broad distribution of polarity
lengths, the reversal history is also characterized by a
clustering of reversals. This behavior has been quan-
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Fig. 9. Cumulative frequency-length polarity interval distributions for the 1 /f noise model of intensity variations (shown in the middle, also
given in Fig. 5) and for intensity variations with power spectra proportional to f =% and f ~12. This plot illustrates that the polarity length
distribution is very sensitive to the form of the power spectrum, allowing us to conclude that the agreement between the model and the
observed distribution in Fig. 5 is unique to 1 /f noise intensity variations.
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tified with the reversal rate. The reversal rate has
been relatively high from 0-20 Ma and has de-
creased gradually going back in history to the Creta-
ceous superchron. An alternative approach to quanti-
fying the clustering of reversals is with the pair
correlation function. The pair correlation function
c(t) is the number of pairs of reversals whose separa-
tion is between t and t+ At, per unit time (Vicsek,
1992) where At is a time bin chosen to be small
enough to have adequate temporal resolution of c(t)
but large enough to include enough pairs of reversals
for minimal variance between adjacent bins. The pair
correlation function for a set of points can be com-
pared to that for a Poisson process to detect non-ran-
dom clustering. The pair-correlation function analy-
sis is more appropriate for comparison of the rever-
sal history to the synthetic reversal history generated
by a stochastic model such as model based on turbu-
lent processes in the core. This is because stochastic
models cannot predict behavior in time, such as
when the reversal rate is large or small. However, a
stochastic model may accurately reflect the extent to
which small polarity intervals are followed by small
polarity intervals and long intervals by long intervals
as quantified with the pair correlation function.

The pair correlation function of reversals accord-
ing to the Harland et al. (1990) and Cande and Kent
(1992a, 1995) reversal history are shown in Fig. 10
as filled and unfilled circles, respectively. We have
used logarithmically-increasing time bins since we
wished to have better resolution for small t where
c(t) decreases rapidly. Also presented in Fig. 10 is
the pair correlation function for a synthetic reversal
data set based on binormal 1 /f noise dipole moment
variations (boxes) and the pair correlation function
for a Poisson process (triangles). The functions are
offset so that they may be placed on the same graph.
The Poisson process was constructed with 293 points,
the same number of reversals as the Harland et al.
(1990) time scale, positioned with uniform probabil-
ity on the interval between 0 and 170 Ma. The
Poisson process yields a correlation function inde-
pendent of separation. The real and synthetic reversal
histories variations exhibit significant clustering with
more pairs of points at small separation and fewer at
large separations than for a Poisson process.
Straight-line fits of the form c(t) o t* were ob-
tained. The purpose of this was to show that similar
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Fig. 10. Pair correlation function of the reversal history according
to the Harland et al. (1990) time scale (filled circles), Cande and
Kent (1992a, 1995) (unfilled circles), synthetic reversals produced
from 1/f noise model of intensity variations (boxes), and a
Poisson process (triangles). The real and synthetic reversals ex-
hibit similar non-random clustering.

clustering is observed in the real and synthetic rever-
sals. The exponents o of the Harland et al. (1990),
Cande and Kent (1992a, 1995), and synthetic rever-
sals are —0.39, —0.31, and —0.42, respectively.
Similar non-random clustering is observed in the real
and synthetic reversals. We conclude from the con-
sistency between the polarity interval distribution
and pair correlation function of real reversals and
those generated by fluctuations of a bionormal 1 /f
noise process that there is strong evidence for 1/f
intensity variations for time scales up to the length of
the reversal record.

It is generally believed that secular geomagnetic
variations are the result of internal dynamics while
longer time scale phenomena such as variations in
the reversal rate are controlled by variations in
boundary conditions at the core—mantle boundary
(CMB) (McFadden and Merrill, 1995). Variations in
mantle activity have been proposed as the driving
force for reversals (Loper and McCartney, 1986;
Gubbins, 1987; Larson and Olson, 1991). However,
our observation of continuous 1 /f spectral behavior
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from time scales of 100 yr to 170 Myr suggests that
internal variability may control variations in geo-
magnetic intensity over the entire range of time
scales analyzed here. Indeed, McFadden and Merrill
(1995) state that due to the complex, nonlinear as-
pects of the dynamo process, it may be that reversals
themselves and the long-term variations in their mean
rate of occurrence are all manifestations of determin-
istic chaos.

4. Conclusions

We have presented the results of power-spectral
analyses of variations in the intensity of Earth’s
magnetic field which show the spectrum to be pro-
portional to 1 /f from time scales of 100 yr to 4 Myr.
We have shown that reversals generated by binor-
mal, 1 /f noise geomagnetic field intensity variations
are consistent with the distribution of polarity lengths
and clustering of real reversals.
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