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INTRODUCTION

This paper presents the results on secular variations
in the stable-polarity geomagnetic field of the
Matuyama chron and Jaramillo subchron near the
Matuyama–Jaramillo reversal, obtained within the
framework of our combined study of stable-polarity
and reversal fields. This work, actually continuing the
paper by Gurarii 

 

et al.

 

 [2000], addresses variations in
the declination, inclination, and intensity of the geo-
magnetic field within a wide range of periods (from a
few hundred to a few thousand years) and compares the
inferred characteristics with variations in the scalar
magnetic parameters of rocks studied.

An important feature of the processes considered
below (be it the geomagnetic field behavior or factors
responsible for the variations in rock characteristics) is
the possible nonstationarity of their time spectra.
Therefore, the direct application of traditional spectral
methods is, generally speaking, invalid in this case.
Presently, there are no reasons to believe that spectra of
geomagnetic (climatic, and so on) processes with char-
acteristic times of about 10

 

5

 

 years are due to factors that
are “stationary” in time. In such a situation, the interval
under consideration is usually divided into a few
shorter intervals, and Fourier (or maximum entropy)
spectra are constructed for each of the latter. If the
resulting spectral peaks are insensitive to the subdivi-
sion, the spectrum is considered stationary. A drawback

 

† 

 

Deceased.

 

of such an approach is the fact that results of the analy-
sis depend on the mode of the interval subdivision;
moreover, the response of each peak to the subdivision
is unique. This problem also remains unsolved within
the framework of the spectral variation analysis
[Nikolaev and Gamburtsev, 1994], using a moving win-
dow in the Fourier analysis. In this case, the main diffi-
culty is the decomposition of a nonstationary process
over a “stationary” basis. To study processes whose
spectra are nonstationary in time, geophysicist Morle
and mathematician Gilbert developed, in the mid-
1980s, the wavelet analysis, which provides an effec-
tive means for studying the time evolution of spectra
[Holschneider, 1995; Torresani, 1995; and others].
Note that this method is applicable to time series with
data gaps [Galyagin and Frik, 1996] (see also its appli-
cation to paleomagnetic [Galyagin 

 

et al.

 

, 1998] and
archaeomagnetic [Burakov 

 

et al.

 

, 1998] data).

ROCKS STUDIED

We analyzed time series of declination (

 

D

 

), inclina-
tion (

 

I

 

), and relative intensity of the field; initial mag-
netic susceptibility of rocks (

 

κ

 

); and normal remanence
arising in samples after the application of a constant
magnetic field with an intensity of 0.8 T (

 

IRM

 

0.8

 

). Geo-
logic, mineralogical, and magnetic mineralogy charac-
teristics of the rocks studied, their time correlation,
methods of data acquisition, and data themselves were
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Abstract

 

—Based on the maximum entropy and integral wavelet methods, processing of the stationary geomag-
netic field of the Matuyama chron prior to the Matuyama–Jaramillo reversal and of the Jaramillo subchron pro-
vided the field variation spectrum similar to that derived from archaeomagnetic investigations. However, the
time stability analysis of these spectra using their wavelet diagrams rejected some of the inferred periodicities
which may reflect singular features and quasi-periodic behavior of the series under study. The spectra that were
reliably inferred are discrete and often dissimilar for different field components and time intervals, which may
be evidence of a change in the geodynamo operation mode during the reversal.
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described in detail by Gurarii 

 

et al.

 

 [2000]. Here, we
think it necessary to make the following comments.

1. The aforementioned time series were obtained
from the study of the two following collections: sam-
ples taken from the Matuyama chron zone preceding
the Matuyama–Jaramillo reversal and from the
Jaramillo subchron zone (profiles 1M and 1J); and sam-
ples from a detailed sampling interval in each of the
above chron zones (profiles 2M and 2J, respectively).

2. The average sampling interval in profile 1 was
0.5 m (65 and 74 samples from the Matuyama and
Jaramillo chron zones, respectively). Profile 2 was sam-
pled nearly continuously with an interval of 2.5 cm,
allowing for the losses during cutting handle samples
into 2.0-cm cubes. Samples were taken from 255 levels
on profile 2M and from 237 levels on profile 2J.

3. The improved correlation of the study section
with the magnetochronological scale [Berggren 

 

et al.

 

,
1995] suggests that the samples of profile 1M are taken
with a 174-kyr interval, and those of profile 1F, with a
1.0-kyr interval; the equivalent time intervals of sam-
pling profile 2 in the Matuyama and Jaramillo chron
zones are 47 and 38 years, respectively. Therefore, the
data from profile-1 samples allow the study of varia-
tions as long as 10 to 100 kyr, and the data from profile-2,
a few hundred to a few thousand years.

4. The geomagnetic field direction characteristics
were taken to be directions of the characteristic compo-
nent of the natural remanent magnetization (NRM),
averaged over five samples for each level; the charac-
teristic component was derived from the component
analysis of data obtained from the stepped thermal
demagnetization of samples. The NRM characteristic
component direction could be compared with that of
the field existing in the study area during the accumula-
tion of rocks because their magnetization has a detrital
origin [Gurarii 

 

et al.

 

, 2000]. The inferred directions are
characterized, with rare exceptions, by the high accu-
racy of their determination: the average intrabed preci-
sion parameters are 

 

k

 

 = 162.0

 

 with 

 

α

 

95

 

 

 

≤

 

 

 

5°

 

.

5. Relative variations in the field intensity were
characterized in terms of the ratio 

 

(

 

NRM

 

300°

 

–

 

NRM

 

500°

 

)/(

 

IRM

 

300°

 

–

 

IRM

 

500°

 

)

 

 denoted below as 

 

Rns

 

 =

 

∆

 

NRM

 

/

 

∆

 

IRM. The NRM values were averaged over
five samples, and the laboratory magnetization was
determined for one sample of each sampling level.

The series that were analyzed are shown in Figs. 1
and 2.

METHOD OF ANALYSIS

The inferred data series were analyzed using the
maximum entropy method (MEM) [Burg, 1968] and
wavelet analysis [Holschneider, 1995]. At the first stage
of the MEM application, five to ten different filter
lengths 

 

m

 

, ranging from 30% to 70% of the total series

length, were used in order to identify main periods of
harmonic oscillations, the sum of which approximates
the series studied. The method of quickest descent was
then employed to refine the period values and to deter-
mine amplitudes, their 90% significance levels, and
phase characteristics of the inferred oscillations [Filip-
pov, 1985]. The same data series were treated in terms
of the wavelet analysis, whose basic principles are
briefly stated below.

Wavelets represent the family of oscillating self-
similar functions of various scales localized in both
physical and Fourier spaces [Holschneider, 1995; Tor-
resani, 1995]. The wavelet analysis is applicable to the
study of spectrally nonstationary processes, the deter-
mination of phase variations in components of a quasi-
stationary process, and the estimation of its amplitude
characteristics. The resulting spectra, in which multiple
and combination frequencies are suppressed, are
smoother than Fourier spectra.

The continuous wavelet transform of a function is
defined as

 

(1)

 

where 

 

a

 

 is a parameter characterizing the oscillation
period; 

 

t

 

 is time; and 

 

ψ

 

(

 

t

 

)

 

 is a function, called the ana-
lyzing wavelet, that obeys the condition

 

(2)

 

ensuring the uniqueness and invertibility of the trans-

formation, where 

 

(

 

ω

 

) = (

 

t

 

)

 

e

 

–

 

i

 

ω

 

t

 

dt

 

 is the Fourier

image of the Fourier image of the function 

 

ψ

 

(

 

t

 

)

 

. Condi-

tion (2) leads to the constraint 

 

(

 

t

 

)

 

dt

 

 = 0; i.e., the

wavelet average is zero.
The wavelet transformation maps a function of one

variable into the plane of two variables 

 

t

 

 and 

 

a

 

. The cor-
responding analogue of the Fourier spectrum is the so-
called integral wavelet spectrum obtained by integrat-
ing the squared modulus of the wavelet transform over
the time interval under consideration 

 

T

 

: 

 

S

 

(

 

a

 

) =

 

T

 

−

 

1

 

|

 

w

 

(

 

a

 

, 

 

t

 

)

 

|

 

2

 

dt

 

. The wavelet form is chosen with

regard to a specific problem solved in terms of the
wavelet analysis. Below, we use the Morle wavelet

 

ψ

 

(

 

t

 

)

 

 

 

= 

 

e

 

i

 

2

 

π

 

t

 

, commonly applied to problems of the
spectral analysis.

RESULTS OF THE SPECTRAL ANALYSIS

A.

 

 Results of the MEM analysis

 

. Most of the
inferred MEM peaks are nearly insensitive to the filter
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Fig. 1. Paleomagnetic and magnetic characteristics of the Matuyama rocks: A, profile 1; B, profile 2. D and I are the declination and inclination, Rns = ∆NRM/∆IRM; κ is the
magnetic susceptibility, and IRM is the normal magnetization in a 0.8-T field. The position of the profile-2 section is shown relative to profile 1.
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Fig. 3. Spectral diagrams of inclination in Matuyama rocks from profile 2 at various filter lengths m.
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length m. Figure 3 presents examples of the inclination
spectra derived from the profile-2M data. Tables 1 and
2 summarize the MEM periods refined with the gradi-
ent descent method. The data from various parts of the
section were grouped according to the similarity of
their time characteristics. Boldfaced are the periods for
which the significance level of the amplitude character-
istic exceeds 90%. Of course, the grouping of the
inferred periods is somewhat arbitrary.

B. Results of the wavelet analysis. The peaks recog-
nized in the integral wavelet spectrum are summarized
in Tables 2 and 3. To answer the question of which of
these peaks correspond to real periodicities, we consid-
ered the wavelet decomposition w(a, t). In terms of the
wavelet analysis, this corresponds to horizontal struc-
tures (Figs. 4 and 5).

D spectrum. The following peaks may be reliably
considered to be quasi-periodic processes.

The Matuyama chron yielded a process with a ≈
20700 years and a process beginning with a ≈
1400 years and terminating with a period a ≈ 940 years

in the interval (–1150000 … –1140000) years
(Figs. 4A1 and 5A1). Both these processes are reflected
as peaks at 1080, 1600, and 20450 years in the integral
spectrum. The integral spectrum also reveals a structure
with a ≈ 9500 years in the interval t ∈  (–1140000 …
−1090000) years and with a ≈ 4000 years (Fig. 5A1;
see also Table 3).

An accelerating process with a ≈ 21000 
16000 years and a quasi-periodic, also accelerating,
process with a ≈ 8400  3900 years and a maximum
at t ≈ −1010000 years are identified throughout the
Jaramillo subchron interval. A process with a ≈ 39500
is also likely to exist (Fig. 4B1). Likewise noticeable is
a −1032000-year singularity corresponding to a vertical
structure in spectrum in Fig. 5B1.

The remaining peaks in the time series under con-
sideration are likely related to events that are local in
time.

I spectrum. Throughout the Matuyama chron inter-
val, the wavelet diagrams (Fig. 4A2) reveal two (three)
local events with a ∈  (8400–15000) years, which may

Table 1.  Periods inferred from the MEM analysis applied to the time series of the geomagnetic time elements

Matuyama chron Jaramillo subchron

D I intensity D I intensity

62100/3.6 56700/2.1 – – 53100/5.3 –

– – 30200/0.22 40800/8.0 – –

31800/5.0 25920/3.1 – – 29100/1.7 –

19980/6.6 19660/1.6 21000/0.15 17250/6.5 – 20200/0.14
– 13180/3.1 13440/0.18 – 14400/1.0 13400/0.10

9830/6.7 11230/3.7 – – 10320/1.7 –

7020/4.9 – 8820/0.12 7620/5.2 – 9200/0.08
– 5600/2.3 –/5100/0.18 5700/5.6 6080/3.6 6200/0.07

4200/8.0 – 4200/0.11 4000/4.2 4040/3.8 4000/0.05

– 3100/6.8 – – 2620/3.7 –

1725/3.5 1850/1.7 2250/0.25 1840/6.5 – 2130/0.17
– 1470/4.0 1420/0.11 1410/4.9 1420/3.0 1520/0.18
– 1250/2.3 – 1180/3.0 – 1230/0.16

1130/2.8 – 1070/0.11 – 1050/3.1 –

910/2.8 885/2.3 930/0.16 820/5.5 860/3.0 960/0.07

– 830/3.1 – – – –

715/2.6 – 740/0.09 700/4.3 – 700/0.10
– 640/3.4 680/0.11 – 660/1.8 –

515/2.6 540/2.5 – 570/4.2 550/2.3 520/0.14
– 430/1.5 460/0.06 450/3.4 450/2.6 440/0.11

330/2.6 320/1.5 320/0.13 – 340/2.3 370/0.06

185/2.5 205/1.5 235/0.06 210/2.6 230/1.0 200/0.08

Note: The table entry is inferred period (in years)/oscillation amplitude. The declination (D) and inclination (I) amplitudes are given in arc de-
grees of the great circle, and the intensity amplitudes are given in relative units (Rns × 100). Boldfaced are amplitudes whose significance
level is greater than 90%.
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be interpreted as a quasi-periodic process with an average
period a ∈  11000 years; structures with a ∈ 22400 years
and a spectral maximum at t ≈ −1145000 years. More-
over, a singularity with a ≈ 700 years (Fig. 5A2), a
quasi-periodic process with a ≈ 1400 years over the
interval t ∈  (–1150000 … –1145000) years, and a
structure with a ≈ 2800 years are identified.

Throughout the Jaramillo subchron interval, the
wavelet decomposition of I (Fig. 4B2) is more irregular
than the similar decomposition of D (Fig. 4B1). Only a
poorly resolved process with a ≈ 26000 years, a pro-
cess with a > 40000 years that has no signature in the
wavelet spectrum, and a few local maxima in the wave-
let plane can be noted.

A weak periodicity with a ≈ 1125 years with a
superimposed process with a ≈ 1125  900 years is
present in an interval of the Jaramillo subchron

(Fig. 5B2). This plot also reveals a process with a ≈
3000 years and a singularity at t ≈ 1034000 years.

Rns spectrum. The wavelet decomposition for the
Matuyama chron reveals processes with a ≈ 18000 
14000 and a ≈ 22400–28000 years (Fig. 4A3), local
events with a ≈ 330 years, weak periodicities with a ≈
2200 and 4400 years, and a structure with a ≈ 900 years
(Fig. 5A3). Two weak periodicities with a ≈ 19300 and
29400 years (Fig. 4B3) and a horizontal structure with
a ≈ 1125–2250 years (Fig. 5B3) are superimposed on a
local event (a ≈ 19300 years, t ≈ –1050000 years) in
the Jaramillo subchron.

k spectrum. The wavelet plane of the Matuyama
chron exhibits a set of weakly expressed spots
(Fig. 4A4), and only a process with a ≈ 1900–2350 years
is well resolved (Fig. 5A4).

In the case of the Jaramillo subchron, two local events
with a ≈ 7600 and 14300 years (t ≈ –1050000 years), a

Table 2.  Periods (in years) inferred from the MEM and wavelet analyses applied to the time series of the magnetic scalar
parameters of rocks

MEM analysis Wavelet analysis

Matuyama chron Jaramillo subchron Matuyama chron Jaramillo subchron

κ IRM κ IRM κ IRM κ IRM

– – – – – – 38800 37700

29500 – – – – 30750 – –

– 21500 21000 – 21450 21450 19400 –

16500 – – – – – – –

– 14150 13700 13650 13300 14300 14700 14300

– 9950 10650 – – – – –

8000 – 7950 – – – – 8900

7100 6700 – – 7300 – 7550 –

– 5500 – 5000 – 5450 – –

4300 – 4330 3820 – – 4330 4330

– 2670 3100 – – – 2900 3225

2200 – – – – – – –

1730 1800 1650 – 1850 1650 – –

– 1430 1450 1350 – – – –

1220 1290 1260 – – – 1275 –

1030 1030 1100 1115 – 1020 – 1095

900 815 815 – 945 – – –

725 – – 750 – – – –

– 640 670 – – – – 650

590 – 550 590 – 580 – –

470 – 460 500 – – 480 –

– 330 385 380 300 320 – 360

– 190 230 150 – 180 – 150
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periodicity with a ≈ 19300 years, superimposed on the
latter, and a weak periodicity with a ≈ 38600 years are
noticeable (Fig. 4B4). Events with a ≈ 525 and
1275 years at t ≈ –1034000 years and a periodicity with
a ≈ 2850 years can also be noted (Fig. 5B4).

IRM spectrum. The Matuyama chron reveals a
structure with a ≈ 14000 years and a local event
(a ≈ 3900 years, t ≈ –1090000).The large-scale spec-
trum is strongly irregular (Fig. 5A5), possibly indicating
a process with a ≈ 1900  1400 years. The Jaramillo
subchron exhibits 1125-, 13450-, and 38000-year struc-
tures and a local event with a ≈ 4200 years centered at
t ≈ –1000000 years (Figs. 4B5 and 5B5). Table 4 pre-
sents the most reliable periods derived from the wavelet
analysis.

DISCUSSION OF RESULTS

1. Comparison of integral characteristics. The
results of the above calculations based on two essen-
tially different methods are presented in Tables 1 to 3.
As evident from their comparison, the MEM analysis
commonly reveals a greater number of periodicities,
and most periodicities recognized from the wavelet

analysis have analogues in the MEM results. The com-
parison between the MEM and wavelet periodicities
provides morphological constraints on nearly energy
one of the oscillations. However, the nonstationary
behavior of the processes in question, which is evident
from the analysis of the wavelet diagrams, not all of the
inferred periodicities match real processes. In this
respect, we do not think it appropriate to analyze field
variations on the basis of data derived from the MEM
analysis and integral wavelet spectra. We only note
that, in high- and intermediate-frequency spectral inter-
vals, both methods yield variations in geomagnetic
field characteristics that are consistent with the archae-
omagnetically constrained spectrum of variations [Bur-
latskaya, 1987].

To decide which of these periods match actual phys-
ical processes, evolution characteristics of the wavelet
spectra should be examined.

2. Wavelet diagrams. The spectral behavior wavelet
diagrams that are discussed below are shown in Figs. 4
and 5. Their common feature is the presence of many
local events, or singularities (see also the time behavior
of the values in question in Figs. 1 and 2). Since the
duration of many events is comparable with or shorter

Table 3.  Periods (in years) inferred from the wavelet analysis
applied to the time series of the geomagnetic time elements

Matuyama chron Jaramillo subchron

D I intensity D I intensity

39760 – – 39780 – –

– – – – – 30240

– 24080 26000 – 26300 –

20450 – – – – 19300

– – – 17650 – –

– – 13600 – 15100 14300

9500 11200 9100 – – –

6700 7850 – – – –

– – 6000 5700 6200 6050

3900 – 4350 – – –

2750 3000 – – 2900 –

– – 2230 – – 2000

1600 1410 – 1540 – 1500

1080 – – – 1125 –

– – 900 – 900 –

– 660 – 750 – –

540 – – – – –

– – – – – 450

320 – 320 345 360 –

190 180 – – 180 170

Table 4.  The most reliable periods (in years) derived from
the analysis of wavelet diagrams

Matuyama chron 
(chron zone)

Jaramillo subchron 
(subchron zone)

D 1400  940 –

4000 –

9500 8400  3900

20700 21000  16000

– 39500

I 1400 900–1125

2800 3000

11000 –

22400 26000

– >40000

Rns 330 –

900 –

2200 1125–2250

4400 –

18000  14000 19300

22400–28000 29400

k 1900–2350 2850

– 19300

– 38600

IRM 1900  1400 1125

14000 13500

– 38000
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than the characteristic time of the processes, the latter
cannot be regarded as actual periodicities. Table 4 pre-
sents the characteristic times that are shorter than the
time intervals within which the related processes are
observed. On average, only 1/5 of the periodicities pre-
sented in Tables 1 to 3 proved to be stable in time and
may be attributed to real periodic processes. Based on
the spectra identified in this way (Table 4), we compare
the main features of the field behavior before and after
the Matuyama–Jaramillo reversal.

The time spectra of the geomagnetic field compo-
nents (D, I, Rns) and their amplitudes are not the same
before and after the Matuyama–Jaramillo reversal.
Nearly half of the periods recognized before the rever-
sal are also observed after it, and vice versa. This dif-
ference may be caused by two factors. First, it may be
due to data uncertainties related to an irregular sedi-
mentation rate, missing data in the series, etc. Second,
the time spectrum evolution itself is consistent with the
theory of geomagnetic dynamo which explains the
presence of characteristic times (200 kyr and more) that
are longer than those obtained in this work [Hollerbach
et al., 1992; Anufriev et al., 1994, 1997; Anufriev and
Hejda, 1998]. In other words, the time intervals consid-
ered may be too short for the field characteristics to
recover their steady-state values, and the differences in
question are evidence of the actual field variation asso-
ciated with the reversal. This problem can be solved
more reliably after the analysis of the field characteris-
tics in the immediate vicinity of and during the reversal,
examination of longer time series, and substantiation of
the inferred results by data gained from studies of other
sections.

Differences in spectra before and after the reversal
are also observed for some periods of scalar magnetic
characteristics in rocks from the chron zones studied.
Many researchers relate these changes to climatic pro-
cesses [Jacobs, 1994]. Thus, 19.3- and 39-kyr periods
of magnetic susceptibility are not observed in the
Matuyama zone, and a 38-kyr period is lacking in the
IRM from the Jaramillo zone. Some of the variations
observed in these characteristics are possibly associ-
ated with similar variations in the magnetic field com-
ponents, although the spectra of variations in the geo-
magnetic field as constrained by archaeomagnetic data
and in the climate have much in common (particularly
at intermediate frequencies).

Some periods of different field components do not
coincide, which may be due to differences in the spatial
morphology (symmetry properties) of the components
and does not involve any difficulties in their interpreta-
tion [Petrova and Reshetnyak, 1999]. Some accelerat-
ing processes with decreasing a(t) are observed. Note
that a similar acceleration of processes in geomagnetic
field variations was established in works by V.N. Vadk-
ovskii (personal communication).

CONCLUSIONS

1. On the whole, the integral wavelet spectra
obtained through the averaging of wavelet diagrams
over time are generally consistent with the MEM spec-
tra. However, the analysis of their time stability invali-
dates most (about 4/5) of the inferred periodicities that
are likely to reflect singular (quasi-periodic) behavior
of the series.

2. The inferred spectra are discrete.
3. On average, only half of the reliably established

periods coincide for variations in different geomagnetic
field components in each of the time intervals studied.
This fully agrees with the modeling results obtained for
the related characteristics.

4. A nearly similar pattern is derived from the com-
parison between the spectra of field elements before
and after the Matuyama–Jaramillo reversal. In order to
solve the stability problem of this variation, longer time
series should be studied, and spectral data immediately
pre- and postdating the reversal are required.
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