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Introduction

General considerations� According to current
notions� the geomagnetic �eld is generated by processes
in the liquid core� and therefore information about its
time behavior re�ects the processes that occur both in
the Earth�s core and at its boundary with the mantle
�D�� layer�� On the other hand� geological informa	
tion characterizes processes at the Earth�s surface and
in the lithosphere� and the correlation between geo	
magnetic and geological phenomena re�ects processes
in the Earth as a coherent system including core and
lithosphere�

A unique source of information about the time evo	
lution of geomagnetic �eld is the paleomagnetic record
imprinted in ferrimagnetic minerals which are present
in the majority of rocks and preserve this information
over the geological history of the Earth� Available pale	
omagnetic data enable the analysis of geomagnetic �eld
behavior during long time intervals� In this paper� I fo	
cus on the Neogaea� the time period covering the past

��� Myr� I have chosen this time interval because rocks
older than ��� Ma rarely compose continuous strati	
graphic sequences that were not subjected to signi�cant
transformations during their geological history and pre	
served the original paleomagnetic information� For this
reason� we cannot now obtain an uninterrupted time se	
ries of main characteristics of the geomagnetic �eld and
construct the geomagnetic polarity scale for the time
older than 
��� Ga�

Main characteristics of the geomagnetic �eld
determined from paleomagnetic data� The geo	
magnetic �eld intensity �the vector characterized by its
magnitude� direction� and time variations� is derived
from both direct observations at the Earth�s surface and
paleomagnetic records� It is desirable to have all charac	
teristics of geomagnetic �eld� but the question is which
of them are actually available�
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Geomagnetic reversals� i�e� 
��� changes in the �eld
direction� are most easily recognized� This global phe	
nomenon underlies the construction of the global geo�
magnetic polarity time scale with the use of such
methods as �
� magnetostratigraphic approach includ	
ing paleomagnetic study of successive beds of strati	
graphic sections� �� magnetochronological approach
combining paleomagnetic determinations and radiolog	
ical datings of rocks� and ��� analysis of oceanic linear
magnetic anomalies�

Scale intervals are most reliable if they are constrained
by all of the three methods� Since method ��� is lim	
ited by a sea�oor age of 
�� Ma� this interval of the
geomagnetic polarity scale is most reliable�

The scale is commonly used for the analysis of the
reversal frequency variation and geomagnetic polarity
asymmetry over the past hundreds of millions of years
�see e�g�� �Algeo� 
���� Courtilliot and Besse� 
���� Gaf�
�n� 
���� Irving and Pulaiah� 
���� Johnson et al��


���� Khramov et al�� 
��� McElhinny� 
��
� McFad�

den and Merrill� 
���� 
���� Pechersky and Didenko�


���� Pechersky and Nechaeva� 
������ Presently� sev	
eral regional magnetostratigraphic scales have been pub	
lished� providing a basis for the construction of the
Neogaea polarity geomagnetic time scale �Pechersky�

���� 
�����

The next characteristic is the magnitude of the �eld
�intensity modulus� and its variation� The incorrect
term paleointensity� standing for the intensity modu	
lus� is widely accepted in the present	day paleomagnetic
literature� although this term means the complete vec	
tor� Moreover� the term �paleointensity� is used even
when data are given in tesla which is the measurement
unit of induction� Following the �tradition�� we are
compelled to use the term �paleointensity� in the mean	
ing of the paleointensity magnitude regardless of mea	
surement units�

The paleointensity behavior analysis� usually includ	
ing the past ��� Myr and occasionally the Phanero	
zoic and Proterozoic� yields evidence of preservation of
the dipole �eld component and cyclicity of paleointen	
sity variation close to the reversal frequency �Bolshakov
and Solodovnikov� 
��
� Khramov et al�� 
��� Merrill

and McElhinny� 
���� Pechersky� 
���� Pechersky and

Nechaeva� 
���� Perrin and Shcherbakov� 
���� Petrova�

���� Petrova et al�� 
���� The global paleointensity


��
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database was created in the 
���s �Tanaka and Kono�


����� which considerably stimulated the work on data
generalization including the Neogaea �Pechersky� 
�����

The last characteristic is variations in the geomag�
netic �eld direction at an observation point or vari	
ations in the position of the virtual geomagnetic pole
�VGP�� ranging within several tens of degrees� The
VGP analysis can be performed only for the past few
millions of years� when relative displacements of litho	
spheric blocks were small and VGP position may be
referred to the present coordinates of an observation
point�

Magnetologists often address the analysis of paleo	
magnetic directions and VGPs over the past � Myr along
with data of laboratory observations �see e�g�� �McEl�

hinny and McFadden� 
���� McElhinny et al�� 
����
Merrill and McElhinny� 
���� Tsunakawa� 
������

Information about paleointensity and �eld direction
variations is vital to the study of the mechanism of
geomagnetic �eld generation and development of the	
oretical approaches� but deep studies of the variations
�and� generally speaking� the �ne structure of geomag	
netic �eld� require detailed analysis of the �eld be	
havior based on the comprehensive investigation into
sections composed of rapidly accumulating volcanic�
sedimentary deposits and archaeological objects� This
can be done for only short time intervals because of im	
mense volume of work and scarcity of sections that were
continuously accumulated over geologically large time
intervals� An alternative approach� not requiring the
direct study of paleovariations of various types and ori	
gin� focuses on the analysis of the summary amplitude of
all paleovariations in a given time interval� rather than
the behavior of the geomagnetic �eld direction proper�
Instead of long sections� this approach requires repre	
sentative data on the concentration of paleomagnetic
directions �precision parameter�� because the summary
amplitude of geomagnetic variations is de�ned by the
standard angular deviation S � �
�K��� where K is
the precision parameter of individual vectors in terms
of the spherical projection statistics �Fisher et al�� 
�����

The analysis of paleomagnetic data covering geolog	
ically long time intervals was very rarely applied to
the summary amplitude of Phanerozoic direction pa	
leovariations �Irving and Pulaiah� 
���� Pechersky and

Nechaeva� 
����� The creation of the computer global
database of paleomagnetic directions and poles �McEl�

hinny and Lock� 
���� largely facilitated the problem
and enabled the amplitude analysis of the Neogaea ge	
omagnetic variation directions �Pechersky� 
���� 
�����

Cyclicity analysis� The long	period cyclicity of
geomagnetic and other processes has been statistically
estimated in a number of works �see e�g�� �Keondzhyan
and Monin� 
���� Loper et al�� 
���� Marzocchi and Mu�

largia� 
��� McElhinny� 
��
� Merrill and McElhinny�


���� Pechersky and Didenko� 
���� Pechersky and

Nechaeva� 
������ Periods of about 
� to ��� Myr have
been revealed� Di�erent geomagnetic polarity regimes
with characteristic times of 
� 
�� ��� and �� Myr have
been recognized� they serve as a basis for the classi�	
cation of magnetic zones of various ranks� their corre	
lation and construction of magnetostratigraphic scales
�Danukalov et al�� 
����� On the other hand� some au	
thors note that no periodicity is observed in the in	
tervals between reversals� i�e�� this process is stochas	
tic� with reversal frequency increasing in the Mesozoic�
Cenozoic� and this general trend is modi�ed by a pe	
riodicity mainly related to the thermal regime at the
core�mantle boundary �in the boundary layer D��� and
possibly with its topography �Cox� 
��
� Gubbins� 
����
Marzocchi and Mulargia� 
��� McFadden and Merrill�


���� Ricou and Gibert� 
�����

Correlations between geomagnetic �eld varia�
tions �core� and surface processes� During more
than one decade� attempts have been made to general	
ize available paleomagnetic data and to �nd regularities
in the behavior of main geomagnetic �eld characteris	
tics and their correlations with other phenomena of the
Earth and surrounding space� We dwell on examples of
investigations into long	period processes�

Correlations of tectonic� magmatic� climatic� pale	
ogeographic� and biostratigraphic events� as well as
their cyclicity� with the geomagnetic �eld behavior and
speci�cally with geomagnetic reversals have been noted
by many authors �Aparin� 
��� Courtillot and Besse�


���� Didenko� 
���� Eide and Torsvik� 
���� Ga�n�


���� Khramov� 
���� Khramov et al�� 
��� Kiselev

and Aparin� 
���� Kravchinskii� 
���� 
���� Larson�


��
� Larson and Olson� 
��
� Loper and McCartney�


���� Loper et al�� 
���� Marzocchi et al�� 
��� Pecher�
sky and Didenko� 
���� Pechersky and Nechaeva� 
����
Rampino� 
���� Rampino and Caldeira� 
���� Ricou and
Gibert� 
���� Varygin and Aparin� 
���� Vogt� 
���

����� This evidence supports the well	known concept
of deep origin of tectonic movements and universality of
the Earth�s endogenic process� A pioneer of this con	
cept was Yu� M� Sheinman� Developing the ideas of
Sheinman� Kravchinskii �
���� 
����� Khramov �
�����
Khramov et al� �
���� and Khramov and Kravchinskii

�
���� compared the geomagnetic reversal behavior� pa	
leomagnetic pole velocities� accelerations of continents�
stages of plate subduction and obduction� stages of fold	
ing and continental basaltic volcanism �traps�� sea�oor
accretion rate� and other events and found that events at
the core and in the lithosphere correlate on a qualitative
level� They concluded that global processes of the Earth
are basically interrelated� Kravchinskii o�ered the con	
cept of geonomic periodicity according to which all
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events of the same rank are essentially equivalent� This
leads to the principle of conjugation which states
the possibility of su�ciently accurate quanti�cation of
one event or process in terms of another� Large	scale
cyclicity has been revealed in both the geomagnetic
�eld behavior and plate motion� and three Vendian�
Phanerozoic stages are recognized in the plate con�gura	
tion �Khramov� 
��
� Khramov et al�� 
��� Zonenshain
et al�� 
���� 
����� �
� Late Riphean�Vendian� conti	
nents form a supercontinent �Pangea�� �� Early�Middle
Paleozoic� continents are concentrated near the equator
in the southern hemisphere� and plate velocities� aver	
aging high values� considerably �uctuate� and ��� Late
Paleozoic�Cenozoic� at the beginning of this stage� con	
tinents were aligned along a meridian and formed a new
Pangea� plate velocities were more uniform� reaching
a minimum by the middle of the stage� Later� con	
tinents resume their E�W con�guration� although by
that time they are mostly located in the northern hemi	
sphere� Similar to the geomagnetic �eld� their main
reorganizations occurred at times of � ��� and ���
��� Ma� Paleomagnetic estimates of plate velocities in	
dicate ��
� velocity pulses in the Phanerozoic so that
each two pulses form an interval nearly coinciding with
a geotectonic cycle� Chronological correlation between
the velocity pulses of horizontal movements and tec	
tonic activity in the lithosphere proves that these move	
ments are the main factor of tectogenesis �Khramov and
Kravchinskii� 
����� Moreover� the time pattern of these
events� explainable within the framework of plate tec	
tonics� is consistent with actual models of plate motion
based on paleomagnetic data �see e�g�� �Khramov� 
��
�
Khramov et al�� 
��� Zonenshain et al�� 
���� 
������
Common periods and correlation between the events
supports the concept of a global evolutionary process
and general geonomic sequence of stages�

Synchronism of processes� Numerous data indi	
cate the movements at the core�mantle boundary and
in the lithosphere to be nearly synchronous� Thus� plate
motion events at times of ����� ������ and 

��
� Ma
were synchronous with reversal frequency changes� the
stages of major changes in the biosphere and long	 pe	
riod variations in the seawater level� spreading rate�
subduction and reversal frequency are very close in
time �di�ering by no more than 
� Myr� �Aparin� 
���
Danukalov et al�� 
���� Ga�n� 
���� Loper et al�� 
����
McFadden and Merrill� 
���� Pechersky and Didenko�


���� Pechersky and Nechaeva� 
���� Ricou and Gibert�


���� Van der Voo� 
���� Vogt� 
��� 
�����
Varygin and Aparin �
���� noted a strong negative

correlation of long	period variations in the seawater
level with the geomagnetic reversal frequency in the
Cambrian�Early Carboniferous and Late Cretaceous�
Anthropogene �Marzocchi and Mulargia �
��� con	

�rmed this for the past 
�� Myr�� whereas such a cor	
relation is absent in the Middle Carboniferous�Early
Cretaceous� In the �rst two periods� continents were
completely isolated� and the system of mid	ocean ridges
was well developed� whereas during the period with
no correlation a hypsometrically high supercontinent
�Pangea� existed� Supposedly� variations in the sea
level give rise to small variations in geoid heights� which
a�ect the Earth�s angular velocity and thereby the gen	
eration of geomagnetic �eld� Thus� the relation between
variations in the reversal frequency and geoid heights
�as a result of eustatic �uctuations and continental ac	
cretion processes� underlies the synchronism of global
processes�

The Mesozoic�Cenozoic is characterized by synchro	
nism between such events as trapp out�ows� spreading
rate jumps� stratigraphic unconformities in geological
sections �re�ecting eustatic sea level �uctuations�� fold	
ing phases� appearance of evaporites and tillites �cli	
matic changes�� occurrence of black shales �redox con	
ditions�� their coincidence in time is most clear at �
����


��

�� 
���
��� 
���
��� and ����� Ma �Rampino�

���� Rampino and Caldeira� 
����� The cyclicity of
all processes mentioned above exhibits periods approx	
imately ranging from � to 
�� Myr �most prominent
are periods of ������ ���� and �
�� Myr��

The maximum entropy method was applied to the
analysis of the Mesozoic periodicity in variations of
the reversal frequency F � polarity asymmetry R� sum	
mary amplitude of direction variations S� paleointen	
sity Ha� and continental drift velocity V �Pechersky and
Nechaeva� 
����� Mean ratios of neighboring periods
of 
�� �S�� 
��� �Ha�� 
�� �F �� 
�� �R�� and 
��� �V �
are very close and similar to the ratios of short	period
characteristics� which average 
�� for two neighboring
periods of secular variations and age di�erences of neigh	
boring excursions �Petrova� 
���� Petrova et al�� 
����
Apart from the similarity in periods� the intervals of
maximum gradients of mean drift velocities virtually
coincide with summary amplitude extremums of secular
variations S and maximums of the R curve �Pechersky
and Nechaeva� 
�����

Synchronism of geological events that occur at the
surfaces of core and Earth may be due� for example� to
changes in the angular velocity and�or rotation axis an	
gle of the Earth� such changes should a�ect the actual
motion of the geographic pole which was as large as 
��
���and more over the past 
����� Myr �Andrews� 
����
Courtillot and Besse� 
���� Donn� 
���� Kerr� 
����
Sabadini and Yuen� 
���� Van Fossen and Kent� 
����
between the Late Ordovician and Late Devonian �Van
der Voo� 
����� and in the Early Cambrian �Kirschvink
et al�� 
���� due to both movement of mantle relative
to core and rotation of the whole Earth that might be
caused partly by the continental drift �Keondzhyan and
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Monin� 
����� Based on the general distribution of cli	
mates in the Phanerozoic� they came to the conclusion
on systematic changes in the orientation of the Earth
�relative to its axis of rotation� and in its angular ve	
locity� caused by changes in the planetary moments of
inertia due to inner redistribution of masses�

Synchronic cyclicity of many processes in the Earth�
including the geomagnetic �eld behavior� is close to the
cyclicity inherent in the tidal evolutionary scheme of the
Earth�Moon system �Avsyuk� 
���� Kiselev and Aparin�

���� and cyclicity of impact meteorite craters� related
to the half	period of oscillations of the solar system rel	
ative to the Galaxy plane� Analyzing bio	 and lithos	
tratigraphic data associated with polarity reversal in	
tervals� Yu� I� Kats and A� I� Bereznyakov concluded in

��� that deceleration and acceleration stages of Earth�s
rotation had to give rise to geomagnetic polarity rever	
sals� with one polarity being preferable� On a larger
scale� irregular tidal slowing	down of Earth�s rotation
�diurnal rotation time became two times longer over
the period from Archean to the present time �Williams�


����� correlates with large intervals of a constant ge	
omagnetic polarity� thus� a departure from the mono	
tonic slowing	down in the Late Carboniferous�Permian
almost exactly coincides with the Kiaman reversed po	
larity superchron� Afterward the angular velocity re	
mained nearly constant until �� Ma when it resumed
its previous value� and the second jump in the slowing	
down rate occurred at the end of the Cretaceous normal
polarity Djalal superchron �Panella� 
���� Many au	
thors noted the cyclicity in geomagnetic �eld behavior
close to the galactic year �Bolshakov and Solodovnikov�


��
� Irving and Pulaiah� 
���� Khramov et al�� 
���
Loper et al�� 
���� Negi and Tiwari� 
���� Pechersky
and Didenko� 
����� Also� one should not discard the
hypothesis of precession origin of geomagnetism �Dolgi�
nov� 
���� which provides the possibility of using the
huge reservoir of Earth�s rotational energy�

D�� layer and plumes� Whereas the geomagnetic
�eld generation is associated with processes in the liq	
uid core with characteristic times not longer than tens
of thousands of years �Merrill and McElhinny� 
����
Yanovskii� 
����� long	period variations of geomagnetic
�eld� which are not directly related to the core� orig	
inate at the base of the mantle �boundary layer D���
as a result of its interaction with the liquid core con	
trolled by the heat and mass transfer between core and
mantle� Temperature� density� and topography of the
D�� layer are laterally inhomogeneous� and the forma	
tion of plumes may be a result of episodic instability of
this layer �Courtillot and Besse� 
���� Gubbins� 
����

���� Larson� 
��
� Larson and Olson� 
��
� Loper�


��
� Loper and McCartney� 
���� McFadden and Mer�

rill� 
���� 
���� Stacey� 
��� Vogt� 
���� Zharkov et

al�� 
����� The above considerations can explain the in	
terrelation between movements in the lower mantle and
surface volcanism� spreading processes �including their
cyclicity�� and so on� However� geochemical and seis	
mological data indicate plumes to be formed mostly in
the upper mantle at its boundary with the lower man	
tle� and the mass transfer between the upper and lower
mantle is no more �in Cambrian even less� than 
��
�Allegre� 
����� Consequently� processes in the D�� layer
may account for only rare large	scale tectonomagmatic
events� and it is not surprising that numerous attempts
were made to associate long intervals of stable geomag	
netic �eld of constant polarity with formation of large
plumes �Courtillot and Besse� 
���� Jacobs� 
���� Lar�
son and Olson� 
��
� Loper and McCartney� 
���� Mc�

Fadden and Merrill� 
���� 
���� Rampino� 
���� Vogt�

��� 
����� Also� long	period variations of the geo	
magnetic �eld may be related to prolonged subduction
and penetration of lithospheric cold material into the
lower mantle with the formation of cold anomalies at
the core boundary �Eide and Torsvik� 
����� Both types
of the material exchange and energy transfer �plumes
and subduction� from core to surface and vice versa im	
ply the processes at the core and Earth�s surface to be
recurrent� Thus� according to various estimates� the as	
cent of plumes from the mantle base to surface takes

� to �� Myr �Courtillot and Besse� 
���� Loper� 
��
�
Richards et al�� 
����� which is consistent with both
spreading rates and continental drift velocities �Eide and
Torsvik� 
���� Jurdy et al�� 
���� Zonenshain et al��


����� Lithosphere material reaches the mantle base at
even smaller rates� To explain the synchronism� Vogt
�
��� 
���� supposed a very large rate of plume ascent
amounting to 
�� m�yr� Ricou and Gibert �
���� note
that abrupt increases in the reversal frequency and mo	
ments of major plate reorganization stages �time lags of
reversal frequency peaks average � Myr� occurred syn	
chronously over the past 
�� Myr� which precludes the
transfer of the �thermal signal� by means of mantle con	
vection� Both events are independent and are associated
with the topography of the core�mantle boundary�

Surface traces of plumes are hotspots� They are virtu	
ally immobile with respect to moving plates and spread	
ing of oceanic lithosphere �this fact is used for recon	
struction of absolute positions and motions of litho	
spheric plates �Jurdy et al�� 
���� Zonenshain et al��


����� Therefore� processes in the D�� layer related to
the formation and ascent of plumes are independent of
mantle convective �ows� Then� if long	period variations
in the geomagnetic �eld are due to the processes in the
D�� layer� no correlation should be expected between
plate movements and motions in the layer For example�
tectonic regimes preceding the Permian�Carboniferous
Kiaman and Cretaceous Djalal superchrons of constant
polarity are basically di�erent� the former took place
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when continents converged to form Pangea� and the lat	
ter is associated with the time of its breakup �Eide and
Torsvik� 
�����

Asynchronismof processes� Along with the syn	
chronism� a marked time lag of 
���� Myr is noted be	
tween the starting moments of geological epochs and
increase in the reversal frequency in the Phanerozoic
�Khramov et al�� 
��� Molostovsky et al�� 
����� in the
Paleozoic �Didenko� 
����� and throughout the Neogaea
�Pechersky� 
����� as it is mentioned above� This time
lag is naturally associated with processes at the core�
mantle boundary �D�� layer�� and their �signals� reach
the surface at the velocity close to that of the continen	
tal drift� which is probably controlled by the velocities
of mantle convection and plume ascent�

Thus� at least two di�erent� external and internal�
mechanisms appear to underlie processes in the Earth�
The external mechanism is responsible for synchronous
processes at its core and surface� and the second one
is responsible for the time lag between surface and D��

layer processes�
As it is evident from the above review� rather numer	

ous attempts have been undertaken to generalize pale	
omagnetic data for studying the relationships between
processes in the lithosphere and at the core� My study
di�ers by the analysis of as many geomagnetic �eld char	
acteristics as possible and encompasses a longer time
interval� namely the whole Neogaea�

Part �� Geomagnetic Field
in the Neogaea

Geological Time Scale

All surface phenomena of the Earth� including geo	
magnetic �eld characteristics� are referred� one way or
another� to time ��dated��� Radiometric datings bear
a global character� but even they �change� with time�
because decay constants are re�ned� new methods ap	
pear and old ones are improved� and so on� Biostrati	
graphic datings are less reliable and are often reason	
able only on a regional scale� They need be corre	
lated with the general geochronological scale� However�
time and again this scale is improved� and paleomag	
netic data obtained at various times are time corre	
lated with somewhat di�erent geochronological scales�
Therefore� it is important to choose the scale that �xes
dates for the greater part of the available information�
and the remaining data should be correlated with this
scale� This is the geochronological scale of Harland et

al� �
����� with the following corrections introduced into
position of boundaries in the Cambrian and Vendian
�Grotzinger et al�� 
���� and in the Riphean �Semikha�
tov and Raaben� 
����� Tremadocian� ��� Ma� Upper

Cambrian �divided into two equal intervals�� �
� Ma�
Middle Cambrian �divided into two equal intervals��
�� Ma� Bothomian� �� Ma� Atdabanian� �� Ma�
Tommotian� ��� Ma� Rovenskii horizon �Nemakitian�
Daldynian�� ��� Ma� Kotlinskian� ��
 Ma� Redkinskian�
��� Ma� Laplandian �Varanger�� �
� Ma� Upper Riph	
ean� 
��� Ma �divide into two intervals at ��� Ma��
Middle Riphean� 
��� Ma �divided into two intervals at

�� Ma�� and Lower Riphean� 
��� Ma �divided into
two intervals at 
��� Ma��

Of course� the scheme o�ered is open to criticism� but
the dating accuracy of each boundary is not as impor	
tant for our analysis as the correlation of the whole body
of information� both paleomagnetic and geological� with
one geochronological scale� �Dating uncertainties are
largely reduced through smoothing��

Geomagnetic Polarity Behavior

A composite time scale of geomagnetic polarity �Ta	
ble 
� was constructed to study the polarity behavior in
the Neogaea�

Geomagnetic polarity time scale� �
� The scale
of Harland et al� �
���� was taken for times younger
than 
�� Ma� �� The magnetostratigraphic scale con	
structed for the former USSR territory was accepted as
a basis for the Paleozoic and Mesozoic time �Khramov
et al�� 
��� Molostovsky and Khramov� 
����� It
was improved and complemented by the following re	
gional magnetostratigraphic scales� �a� Upper Triassic�
Lower Jurassic of the Newark basin �Witte et al�� 
��
��
�b� Carboniferous of North America �Opdyke and Di�

venere� 
����� �c� Lower Carboniferous�Upper Cam	
brian of Ural �Danukalov et al�� 
����� �d� compos	
ite magnetostratigraphic scale of the Lower and Mid	
dle Ordovician �Trench et al�� 
��
�� �e� Ordovician�
Upper Cambrian of Siberia �Gallet and Pavlov� 
����

���� Pavlov and Gallet� 
����� �f� Lower Cambrian of
East Siberia �Kirschvink and Rozanov� 
����� ��� The
following data were used for the Vendian and Riph	
ean� �a� composite magnetostratigraphic scales of the
Vendian�Riphean of Kuznetskii Alatau� East Siberia
�Osipova et al�� 
���� and mid	Proterozoic super	
group� Montana and Idaho� North America �Elston and

Bressler� 
����� these scales are intercorrelated both
generally and in the number of reversals� �b� Vendian
section of the Pridnestrov�e area �Tretyak et al�� 
�����
�c� part of the Upper Riphean Katav Formation section�
South Ural �Komissarova et al�� 
����� �d� Mamainse
Point volcanics section �Keweenawan record� Middle
Riphean� 

�� to 
��� Ma� �Klewin and Berg� 
�����
�e� magnetostratigraphic section of Lower Riphean de	
posits� McArthur basin� Australia �Idnurm� 
����

Younger scale intervals are naturally more reliable
than older ones� Magnetostratigraphic data� obtained
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Table �� Summary Neogaean scale of geomagnetic polarity
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both before and after 
���� often do not meet the mod	
ern standard requirements of paleomagnetic reliability�
There are works in which only the boundary ages of
formations and other large units are reported� whereas
boundary ages of magnetic zones are estimated approxi	
mately� in proportion to section thickness� For example�

such an approach was applied to age determinations of
magnetic zone boundaries in sections of the Katav For	
mation� Lower Cambrian of Siberia� Mamainse Point�
Lower Riphean deposits in the McArthur basin� and
others� Some regional scales have gaps and undi�eren	
tiated intervals of frequent polarity reversals� Gaps in
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Table �� Continuation
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the scales caused by lacking data were treated as follows�
if magnetic polarities at the ends of an undocumented
interval are opposite� the boundary between magnetic
zones is �xed at midpoint of the interval� and if the ends
have the same polarity� it is assigned to the whole inter	

val� Undi�erentiated intervals of frequent polarity re	
versals� recognized in the Paleozoic� were treated by the
following procedure� As it will be shown below� the ma	
jority of short magnetic zones in the Mesozoic and Late
Paleozoic are longer than ��� Myr� and the undi�eren	
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tiated intervals were ��lled� with uniformly alternating
zones of normal and reversed polarities at a frequency
of �� reversals per 
 Myr� The composite scale was
brought into correspondence with the geochronological
scale �see above��

Of course� the geomagnetic polarity time scale con	
structed in this way �Table 
� is not free from drawbacks
and is unsuitable for accurate age correlation and other
magnetostratigraphic problems� moreover� it may be in	
complete� particularly in the Precambrian� However�
this work primarily addresses global statistical proper	
ties of the scale in order to reveal large	scale regularities
and peculiarities in the geomagnetic �eld behavior� as
well as to correlate those with other large	scale phenom	
ena of the Earth�

I emphasize that the geomagnetic polarity time scale
cannot be signi�cantly extended into the past� because
only episodically there are found rocks older than �� Ga
that form continuous stratigraphic sequences una�ected
by signi�cant alterations over their geological history
and preserve initial paleomagnetic record�

The geomagnetic polarity time scale underlies the
analysis of such paleomagnetic �eld characteristics as
reversal frequency �Figure 
a� and polarity bias �Fig	
ure 
c��

Geomagnetic reversal frequency� To assess the
reliability of the polarity time scale and related re	
versal pattern� relative polarity sign changes were es	
timated with the help of other method �McElhinny�


��
�� namely from the percentage of individual pale	
omagnetic determinations �collections� including both
�eld polarities with respect to their total number in a
given time interval �in our case� 
� Myr� Figure 
b��
This method requires statistically representative data
and even in this case its results are essentially of com	
parative merit� In applying this method� I used the pa	
leomagnetic database created by McElhinny and Lock

�
���� 
���� and compared results with the curve con	
structed by the same method for the most of Phanero	
zoic �Johnson et al�� 
����� Both curves� based on some	
what di�erent approaches to the choice of data� virtu	
ally coincided� The Riphean section is less reliable due
to long intervals for which the number of paleomagnetic
determinations is less than �ve or they are unavailable
at all�

The geomagnetic �eld sign patterns obtained for the
Phanerozoic and Vendian by two essentially indepen	
dent methods are qualitatively very similar� thereby
con�rming the reliability of the polarity variation
�cyclicity� pattern� at least in the Phanerozoic and Ven	
dian� Application of the two methods to the Riphean
yielded di�ering results� which indicates the Riphean re	
versal pattern and Riphean interval of the polarity time
scale to be incomplete �Pechersky� 
����� For example�

marked increases in the reversal frequency obtained for
the intervals ������� Ma� near ��� Ma� and others
�Figure 
b� are not matched by a noticeable increase
in the �eld reversal frequency in the polarity time scale
�Figure 
a��

The above similarity between reversal frequency vari	
ations obtained by di�erent methods is unrelated to
their amplitudes� even in the most reliable� Cenozoic�
Late Paleozoic interval of the scale �Figure 
a�� the
peak	to	valley value of the �eld reversal frequency vari	
ations as determined by the second method �Figure 
b�
is several times higher than the actual value� However�
their synchronism and cyclicity in the Phanerozoic�
Vendian allow one to expect that the Riphean data are�
on the whole� also reliable�

As it is evident from Table 
 and Figure 
� geomag	
netic polarity patterns in the Phanerozoic and Precam	
brian are strongly di�erent� Phanerozoic reversals were
more frequent than Precambrian ones� moreover� a gen	
eral increase in the number of reversals is observed� on
average� one reversal occurs every 
��� Myr in the Riph	
ean� 
�� Myr in the Paleozoic� 
� Myr in the Mesozoic�
and ���� Myr in the Cenozoic� with long intervals of
constant magnetic polarity being rather uniformly dis	
tributed throughout the Neogaea�

Magnetic polarity bias� Whereas the symmetry
of magnetic hydrodynamics equations implies both po	
larities of the geomagnetic �eld to be equiprobable�
intervals of dominating� normal or reversed� polarity
are actually observed �Figure 
c�� Importantly� the
Phanerozoic polarity asymmetry derived from the ge	
omagnetic polarity time scale coincides with the statis	
tical estimation of the bias obtained from paleomagnetic
directions of each collection included in the paleomag	
netic database �Algeo� 
����� thereby con�rming the reli	
ability of the Phanerozoic polarity bias� Unfortunately�
the second method fails to specify the polarity asym	
metry in the Riphean� because polarity determinations
are lacking for many database entries �McElhinny and

Lock� 
���� 
�����
The observed complicated behavior of the polarity

asymmetry cannot be explained within the framework of
current dynamo models� Apparently� its origin should
be sought for not in the core but in the mantle� its
interaction with the core� and in external sources that
change geomagnetic �eld generation conditions�

Duration of single�polarity magnetic zones�
Histograms of magnetic zone durations �Figure � are
generally similar for various time intervals� First� each
histogram has a single mode and is close to a lognor	
mal distribution� which indicates representativity of the
Phanerozoic and Precambrian scales� Second� lengths
of magnetic zones gradually increase with age� from ��
�
�� Myr in the Anthropogene�Miocene �Figure a� to
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����
 Myr in the time interval from the Early Mesozoic�
Late Paleozoic �Figure d� e� through the earliest Riph	
ean �Figure g�� Therefore� magnetic zones are mostly
����� Myr long throughout the Neogaea and� begin	
ning from the Late Mesozoic� gradually decreases to
��
���� Myr� This fact cannot be accounted for by sys	
tematic errors� because the mode is mostly displaced
within the scale interval constructed by one method�
mainly from linear magnetic anomalies in oceans �Fig	
ures a�c�� Third� numerous data �Petrova� 
����
Petrova and Pospelova� 
���� Petrova et al�� 
��� in	
dicate the presence of very short episodes of opposite
polarities and excursions not included in the scales used
for the construction of the composite Neogaean scale�
For example� the Brunhes subchron includes at least
ten of such excursions� Thus� many tens of magnetic
zones that are shorter than ���
 Myr may exist� they
form a separate set and have other origin� Fourth� the
right	hand �tails� of the histograms disappear in the
interval from the Riphean to Cenozoic �Figure �� the
percentage of zones longer than � Myr is ��� in Riph	
ean� �� in Paleozoic� and ��� in Late Mesozoic� in
Cenozoic those are absent� Fifth� the Neogaea includes
intervals dominated by one polarity as long as tens of
millions of years �superchrons and hyperchrons accord	
ing to magnetostratigraphic classi�cation �Khramov et

al�� 
��� Molostovsky and Khramov� 
���� Molostovsky

et al�� 
���� Pechersky� 
������ They are �centered� at
rather regularly distributed moments of �
���� 
���

���� 

��� 

��� ���� ���� ���� ���� ��� and �
�� Ma
spaced by about 
����� Myr with the exception of two
anomalies between 

�� and 

�� Ma and between ���
and ��� Ma �Figure 
a� b��

Thus� in view of data on excursions and short
episodes� at least three �eld generation modes are con	
ceivable� Fractal analysis of the scale �Pechersky et al��

���� substantiates reliability of the above pattern �see
below��

Fractal Analysis of the Reversal Scale

The case study of the geomagnetic polarity time scale
over the past 
�� Myr showed that the reversal sequence
is aperiodic �in the strict sense of this term� and random
and have fractal properties �Ermushev et al�� 
��� Gaf�
�n� 
���� Ivanov� 
���� Merrill and McElhinny� 
�����

Presently� numerical modeling methods applied to the
fractal sequence of geomagnetic reversals yield rather di	
vergent results� There are models that give periodic or
quasi	periodic solutions� on the other hand� Anufriev

and Sokolo� �
���� obtained reversal sequences with
fractal properties consistent with observations� The
long Neogaean scale allows a more detailed examination
of its fractal properties �Pechersky et al�� 
�����

A characteristic feature of the Neogaean scale is the
presence of constant polarity intervals whose lengths dif	

fer by more than two orders of magnitude �Table 
��
which implies possible similarity between various time
scales �fractality��

To study fractal properties of a geomagnetic polarity
scale of length T � let N be the number of time intervals
of length ! which contain at least one reversal of the
scale� The log	log dependence of lnN versus ln ! is a
linear function whose slope is the fractal dimension d�
Time series that have a constant dimension from the
interval ��� � d � 
 over the time period under consid	
eration are fractal� i�e� they possess the self	similarity
property�

Two linear intervals with d� � ��� and d� � ���� are
recognized in the interval 
���� Ma� with the slope of
the function N �!� changing at about  Myr �Ivanov�

����� For the intervals ���� Ma �Cenozoic�Mesozoic�
the scale is nearly as reliable as in the previous interval�
and ����� Ma �Phanerozoic�� the fractal characteristics
remain almost the same� d� � ���� and d� � �����
and the kink is displaced toward greater ! �Figure ��
�Pechersky et al�� 
����� Finally� if the interval 
����
� Ma is considered� a second kink at ! of about �� Myr
appears� and three linear segments are recognized with
d� � ����� d� � ����� and d� � ����� The second kink
of the function N �!� may be due to either �a� the fact
that the Precambrian scale interval is less studied or
�b� the presence of a physical process having a di�er	
ent fractal dimension� The following test �Pechersky et
al�� 
���� was performed to verify the �rst hypothesis�
all Neogaean intervals with ! � 
 Myr were rejected
�about �� of reversals remained�� but this did not af	
fect the position of the kink within the 
����� Ma inter	
val �d� � ��� and d� � ������ Since missing reversals
in the Precambrian interval of the Neogaean scale are
unlikely to exceed ���� they cannot be responsible for
the second kink in N �!��

To verify the second hypothesis� relatively uniform
intervals with minimum reversal frequency �
��������
����
��� and 
���� Ma� were chosen� Then� the
remaining intervals are characterized by higher rever	
sal frequencies� and fractal analysis was applied sepa	
rately to each of the two sets� I should emphasize that
each group included intervals from both the Cenozoic�
Mesozoic and less reliable Early Paleozoic�Precambrian
segments of the scale� Analysis of the �rst set yielded
the N �!� kink at the same place as in the 
����� Ma
variant �Figure �� and the same dimensions of the sets
d� � ���� and d� � ����� Consequently� there are no
reasons to associate the fractal set with d � ��� only
with high reversal frequency intervals� The second case
gave a pattern very close to the 
���� Ma variant� with
d� � ���� and d� � ��� �Figure ���

Thus� there exist three modes of the geomagnetic �eld
generation re�ected in three fractal dimensions of the
reversal scale� In other words� the Neogaean scale rep	
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Figure �� Variations in main characteristics of the geomagnetic �eld in the Neogaea� �a� reversal
frequency determined from the geomagnetic polarity time scale �Table 
�� �b� relative variation
in the �eld sign� de�ned as the ratio of individual paleomagnetic direction determinations of a
given polarity to the total number of determinations in a given time interval� �c� geomagnetic
polarity bias �normal polarity percentage� determined from the polarity scale �Table 
�� �d� total
amplitude of direction �S� variation�
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Figure �� �Continued�� �e� paleointensity modulus �Ha�� �f� absolute amplitude of paleointensity
variation �dH�� �g� relative amplitude of paleointensity variation �dHa�H�� The plots are shown
for data �
� grouped in a 
�	Myr interval �diamonds� and �� averaged over a ��	Myr interval
with step of 
� Myr �squares��

resents superposition of three processes with fractal di	
mensions d� � ����� d� � ����� and d� � ����� The �rst
is nearly chaotic� and the third results in concentrations
�clusterization� of polarity reversals with appearance of
long intervals of rare reversals� in the scale� this is re	
�ected by regularly alternating superzones of frequent
reversals �unstable �eld� and constant polarity �stable
�eld�� Moreover� patterns with di�erent dimensions are
superimposed� and the d� � ���� pattern may be a re	
sult of such a superposition� This is con�rmed by the
sample dependence of kink positions and by the fact
that a gradual increase in the starting time moment does
not produce in abrupt transitions between the curves
N �!� but results in their smooth deformation associ	
ated with the lengthening of the series �Pechersky et

al�� 
����� Any interpretation of fractal analysis results
�Anufriev and Sokolo�� 
���� Ivanov� 
���� Pechersky et

al�� 
���� indicates the geomagnetic reversal sequence to
be fractal� with a dimension d of about ������� and ����
which is conformable to the observed alternation of high
reversal frequency intervals with rather long intervals of
rare reversals and to chaotic distribution of reversals
spaced by less than �� Myr �Cox� 
��
�� These regu	
larities are observed against the background of a general
increase in the reversal frequency from the Early Riph	
ean to Late Cenozoic� with cyclicity of long intervals of
constant polarity being on the whole preserved�

Wavelet Analysis

Fourier analysis is commonly used to reveal period	
icities in a time series� However� formal application of
Fourier analysis to the geomagnetic �eld can produce
various artifacts� false periods� etc� This problem can
be solved through the application of wavelet analysis
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Figure 	� Magnetic zone lengths in various
time intervals� �a� ��� Ma� Neogene� �b� ���
��� Ma� Paleogene� �c� 
����� Ma� Cretaceous�
Mid	Jurassic� �d� ���
�� Ma� Mid	Jurassic�Triassic�
�e� ����� Ma� Permian�Carboniferous� �f� ����
���� Devonian�Cambrian� �g� 
������� Ma� Vendian�
Riphean�

which compares a signal studied with a �nite wave train
rather than an in�nite sinusoid employed in the Fourier
analysis� The geomagnetic polarity time scale is de	
scribed by a step function whose Fourier spectrum con	
tains numerous multiple harmonics� whereas the wavelet
analysis does not produce multiple harmonics and is e�	
cient in studies of spectral properties of aperiodic signals
�Holschneider� 
�����

Figure 
� Fractal analysis of various Neogaean scale
intervals� �a� 
���� Ma� �b� ����� Ma� �c� 
����� Ma�
�d� intervals of frequent reversals �crosses�� �e� intervals
of rare reversals �circles�� N �!� is the number of !	long
intervals including at least one reversal�

Wavelets are a family of oscillating self	similar func	
tions varying in scale that are localized in both physi	
cal and Fourier spaces� Wavelet analysis allows one to
study spectrally nonstationary processes� examine the
phase behavior of components of a quasi	periodic pro	
cess� and estimate its energy characteristics� As com	
pared with the Fourier analysis� resulting spectra are
smoother and free from multiple and combination fre	
quencies� Another advantage of the wavelet analysis is
its applicability to time series with missing observations
�Galyagin and Frik� 
�����

The choice of a speci�c wavelet depends on the pur	
poses of analysis� In our case �Galyagin et al�� 
�����
the Morle and �Mexican hat� wavelets were employed�
The wavelet transformation transfers a function of one
variable t into the plane of two variables t and a� Here�
t speci�es the wavelet center position on the time axis�
and the parameter a characterizes the time scale of os	
cillations and coincides with their period if the Morle
wavelet is used� An analogue of the Fourier spectrum
is the so	called integral wavelet spectrum obtained by
integration of the squared wavelet modulus along the
time axis�

Wavelet analysis of the reversal frequency in
the Neogaea� Periods of the integral wavelet spec	
trum F �t� �
�� ��� ������ ��� 
���

�� 
��� 
��� ��
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Figure �� General cyclicity of main geomagnetic �eld
characteristics in the Neogaea �wavelet analysis data
�Galyagin et al�� 
����� �
� reversal frequency F � �� du	
ration of single	polarity zones �scale�� ��� paleointensity
Ha� ��� paleointensity variation �standard deviation�
dH� ��� relative variation in paleointensity dH�Ha�
��� total amplitude of �eld direction �S� variations�

��� and ��� Myr� are essentially the same as those pre	
viously obtained �Marzocchi and Mulargia� 
��� McEl�

hinny� 
��
� Merrill and McElhinny� 
���� Pechersky
and Nechaeva� 
����� As distinct from other methods
of spectral analysis� wavelet data provide time evolu	
tion of the spectrum� We consider the Neogaean evo	
lution of the wavelet spectrum �Figure �� �Galyagin et

al�� 
����� First� the Vendian�Phanerozoic and Riph	
ean patterns are drastically di�erent� Second� an oscil	
lation with a period of about ��� Myr is recognizable
throughout the Vendian�Phanerozoic interval� this pe	
riod decreases from more than ��� Myr in the Vendian
to less than ��� Myr in the Late Cenozoic� The lifetime
of remaining oscillations with periods of �� to �� Myr
is much shorter� Thus� oscillations with periods of ��
and 
�� Myr are traceable from ��� to �� Ma� when
both periods gradually decreased from �� to 
�� Myr
and from 
�� to �� Myr� respectively� A 
��	Myr pe	
riod is stable and exists from 
�� Ma to the present
time� and its resolution markedly improves toward the
Cenozoic� a ��	Myr period exists from 
�� Ma to the
present time and decreases from �� to �� Myr� Third�
the Phanerozoic and Early Riphean exhibit a series of
�pulses� �approximately at 
���� ���� ���� and 
�� Ma�
at the lower boundary of the wavelet plane� which indi	
cates their characteristic times to be about �� Myr�

The stability of the inferred results is corroborated by
their similarity for wavelet processing procedures with
smoothing windows varying from � to �� Myr�

Wavelet analysis of the geomagnetic polar�
ity time scale� It is interesting to apply the wavelet
analysis to the polarity scale proper �Galyagin et al��


���� 
����� The integral wavelet spectrum is relatively
smooth and exhibits one pronounced peak �a�
�� Myr�
and a number of weak peaks at 
� �� ��� ��� 
��� 
���
���� and ��� Myr �Galyagin et al�� 
����� The picture
on the wavelet plane is considerably di�erent from the
reversal frequency spectrum �Figure ��� The oscillation
with a 
��	Myr period exists over the interval 
����
��� Ma� The period is 
�� Myr in the middle of the
interval and increases to 
����� Myr at its ends� In
the Phanerozoic� this pattern is changed by a rather
stable oscillation� with its period gradually increasing
from �� to ��� Myr in the interval ����
�� Ma� The
remaining �periods� observed in the integral spectrum
are due to local events �pulses�� Three intervals are
recognized� �a� Vendian�Phanerozoic ������ Ma�� in	
cludes �ve pulses� with average spacing between them
being 
� Myr� �b� middle Middle Riphean�middle Late
Riphean �
������ Ma�� �ve pulses� average spacing of
�� Myr� and �c� Early�Middle Riphean �
����
�� Ma��
three pulses� average spacing of 
�� Myr� A �quies	
cence� interval is con�dently de�ned between ��� and
��� Ma �Figure ���

Overall� wavelet planes of the polarity scale and rever	
sal frequency �in essence� entirely di�erent entities� yield
similar evolution patterns of geomagnetic �eld in the
Phanerozoic and Precambrian �Galyagin et al�� 
�����

Summary Amplitude of Paleovariations in the
Geomagnetic Field Direction�

The geomagnetic polarity time scale yields evidence
of the �eld sign� i�e� maximum changes of the �eld di	
rection� The paleomagnetic database �McElhinny and

Lock� 
���� 
���� provides the possibility of estimating
the summary amplitude of paleovariations in the �eld
direction� amounting to a few tens of degrees� Theoreti	
cally� the summary amplitude is de�ned by the standard
angular deviation S � �
�K��� �Fisher et al�� 
����
Khramov et al�� 
��� Merrill and McElhinny� 
�����
where K is the precision parameter of individual vec	
tor directions for their normal distribution on sphere�
The S value was determined in this way for the whole
Neogaea �Pechersky� 
���� 
�����

Index of paleomagnetic reliability� Each paleo	
magnetic determination of the paleomagnetic database
is characterized by its index of paleomagnetic reliability
�IPR� varying from � to 
 and depending on the num	
ber of samples involved in a given determination� preci	
sion parameter of paleomagnetic directions� availability
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of thermal and alternating �eld demagnetization data�
paleomagnetic reliability tests �baked contact� pebble�
fold� and reversal tests�� quality of laboratory paleo	
magnetic measurements and their processing� and age
determinations of rocks and stable component of natu	
ral remanent magnetization �NRM�� Age determination
was shown to have the greatest e�ect on the IPR value
�particularly for Precambrian rocks� and considerably
increase the scatter in S values close in age�

The IPR value was taken as a weight in the calcula	
tion of S means for each 
�	Myr intervals �Pechersky�

���� 
����� Weighted means of S from volcanic and
sedimentary rocks younger than 
� Ma do not di�er
on a signi�cant level� decreasing IPR results in an in	
crease in !S from ����at IPR���� to �� at IPR����
Therefore� low	IPR S means may be considered reliable�
which is especially important in the case of Precambrian
determinations dominated by IPR����

Rock types� All rocks are subdivided into four
groups according to their NRM origin� �a� volcanic
rocks with the most probable primary thermal remanent
magnetization �TRM�� in the context of our study� the
lava cooling and related acquisition of geomagnetic di	
rection may be considered instantaneous� �b� intrusive
rocks with probably dominating primary TRM� how	
ever� due to slow cooling of large bodies� variations may
be averaged in a collection and even in an individual
sample� �c� sedimentary rocks� they may preserve in	
formation about primary detrital remanent magnetiza	
tion and exhibit marked averaging of variations within
a sample due to slow deposition of sediments� postsedi	
mentary processes� and early diagenesis� �d� �metamor	
phic� rocks� these are rocks that experienced various al	
terations� including the acquisition of a secondary� often
postfolding� crystallization or chemical remanent mag	
netization� acquisition time of ancient magnetization in
this rock group can be long� and as a result the scatter
in S values is the largest� Evidently� metamorphism af	
fects all groups of rocks� particularly ancient ones� which
gives rise to a higher scatter in S values and thereby af	
fects both the magnetization age and their relation to
the variation amplitude�

Weighted averages of S insigni�cantly di�er in young
volcanic� intrusive� and sedimentary rocks� and rela	
tive variations in S� averaged over 
�	Myr age inter	
vals in the Phanerozoic and Precambrian are also sim	
ilar �Pechersky� 
����� In view of this similarity� data
on all types of rocks are grouped in accordance with
their IPR weight �Figure 
d�� Information is irregu	
larly distributed in time� data from the Phanerozoic
are more representative� whereas Precambrian determi	
nations are fewer� and their quality is worse �determina	
tions with IPR��� are predominant� �Pechersky� 
�����

In�uence of geomagnetic reversals� To include
the possible e�ect of transitional reversal zones� collec	
tions with a constant polarity �S�� and those with both
polarities �Sm� were separately analyzed� The proba	
bility of �nding transitional	zone samples in the mixed	
polarity collections was higher� Correspondingly� the
S value from mixed	polarity collections of coeval rocks
of one group is on average markedly higher than from
single	polarity collections� This fact was accounted for
through division by Sm�S� averaged over rocks of a
given age from a given group� which reduced the scat	
ter in data but did not a�ect the general behavior of
S� and the Precambrian pattern became better resolved
�Pechersky� 
�����

Latitude eect� To analyze the dependence of S
on the determination latitude of paleomagnetic direc	
tion� the deviation of paleomagnetic latitude from its
actual value should be �rst found� Possible underes	
timation of paleomagnetic latitude was analyzed using
paleomagnetic data over the past 
� Myr� when the true
latitude of the stable NRM component acquisition� in	
signi�cantly disturbed by lateral movement of crustal
blocks� is known �Pechersky� 
����� Mean paleolati	
tudes� calculated from 
�� intervals of the true lati	
tude of sampling sites for both volcanic and sedimen	
tary rocks from mixed	 and single	polarity collections�
deviate from the true latitude by no more than 
���
Thus� the paleolatitude underestimation is on average
insigni�cant�

We consider the latitude dependence of S for two
main states of the geomagnetic �eld� �a� stable nor	
mal or reversed polarity� and �b� frequent polarity re	
versals �Pechersky� 
���� 
����� Averaging data over
age intervals of the stable �eld �Figure �� yields the in	
verse latitude dependence of S close to the dipole �eld
model of secular variations� secular variation amplitude
of the present �eld observed in the northern hemisphere
�Kono and Tanaka� 
���� McElhinny and McFadden�


���� Pesonen et al�� 
���� Yanovskii� 
����� and paleo	
variation amplitude in the Permian and Carboniferous�
when the �eld was stable �Khramov et al�� 
���� This
dependence is not observed during the high reversal fre	
quency intervals �Figure �d�� which allows the following
conclusions to be drawn� �
� The latitude dependence
of S implies that its average value yields adequate con	
straints on the summary amplitude of paleovariations
in the �eld direction� �� Field generation conditions in
the 
���	Ma interval were similar in the periods of sta	
ble �normal and reversed� polarity� ��� The summary
amplitude of direction variations did not depend on
latitude in the high reversal frequency intervals� The
mean amplitude of the unstable �eld behavior �S �� 
���
Figure �d� does not di�er from the mean amplitude of
the stable one near the equator �Figure �i�� therefore�
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Figure �� Latitude dependence of S for various geomagnetic �eld regimes� Intervals of frequent
reversals� �a� 
��� Ma� �b� ���
� Ma� �c� ������� Ma� �d� averages for intervals �a���c�� Intervals
of predominant normal polarity� �e� 

���� Ma� �f� 
����
���� 
���

��� and 
���
��� Ma�
Intervals of predominant reversed polarity� �g� ������ Ma� �h� �����
� and 
����
��� Ma�
�i� Averages for stable �eld states �e���h�� Circles� upside	down triangles� triangles� and squares
are� respectively� IPR���� ���IPR����� ����IPR����� and IPR����� Open� Solid� and circled
symbols correspond to the number of determinations of less than �� ��
�� and more than 
��
Vertical bars are standard deviations�

the S independence of latitude is not due to an increase
in the variation amplitude that would mask S varia	
tion with latitude� but it is a regularity inherent in a
speci�c generation mode of the geomagnetic �eld� The
example of secular variations in the present �eld direc	
tion has shown that� �rst� their latitude dependence is
markedly di�erent in the northern and southern hemi	
spheres �McFadden et al�� 
���� Merrill and McElhinny�


���� Pesonen et al�� 
����� second� the secular varia	
tion amplitude depends not only on latitude but also�
to a large degree� on longitude �Shibuya et al�� 
����
Tsunakawa� 
����� and� third� the �eld that existed
at the core surface during the past ��� years includes�
in addition to the dipole part� a combination of sta	

ble constant� immobile �uctuating� and drifting com	
ponents �Gubbins� 
����� which markedly smooth the
average latitude dependence� The above indicates that
the amplitude of secular variations in the �eld direction
is dominated by a nondipole component which strongly
varies at the Earth�s surface during epochs of unsta	
ble geomagnetic �eld behavior� whereas during stable
�eld periods the nondipole �eld variations are regular
and symmetrical and� as a result� evidently depend on
latitude� The two types of �eld behavior are also recog	
nizable from the analysis of geomagnetic polarity over
the past 
��� Myr� providing an independent argument
for the result derived from the study of the variation
amplitude� The accuracy and representativity of data
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are still insu�cient for the analysis of intermediate �eld
states between the two regimes considered above� tran	
sition time between those� and stability time intervals
of each regime� The �eld stability intervals are likely
to exist during very short times� alternating with and
superimposing on one another �Pesonen et al�� 
�����

Thus� similar to the geomagnetic polarity behavior
�Figure 
d�� two intervals� Phanerozoic and Precam	
brian� di�ering in the type of variations in S are rec	
ognized� and the boundary between them lies at about
��� Ma� This may be explained in part by the amount
and quality of data� but the characteristic features dis	
cussed above suggest that these two types of polarity
behavior are likely to have actually existed� Irrespective
of paleolatitude� the value of S very smoothly increases
from 
�� to 
�� in a 
�������	Ma interval and after	
ward gradually decreases to 
� until presently� High	
frequency S �uctuations within 
��� occur against the
background of this smooth variation in the amplitude
of paleovariations�

Wavelet analysis of the summary amplitude
of �eld direction variations �Galyagin et al�� 
�����
The smooth integral wavelet spectrum of the S time se	
ries exhibits weak peaks at ��� ��� 
��� ���� ���� and
about 
��� Myr� As it is evident from the wavelet plane
�Figure ��� these periods are local maximums� The pat	
tern is rather uniform at a � 
�� Myr� The di�erence
between the Phanerozoic and Precambrian generation
modes is obvious at characteristic times smaller than

�� Myr� an interval of more intense Precambrian vari	
ations is observed at these times�

Variation in the Paleointensity �Modulus of the
Field Intensity�

The absolute value of paleointensity is mostly de	
termined by using heating methods �Thellier� Wilson�
Burakov� van Zijl� Shaw� and others �Khramov et al��


��� Merrill and McElhinny� 
���� Pechersky� 
������
The Thellier method with controllable mineral alter	
ations is believed to be most reliable� In addition to
determinations of the paleointensity Ha and related es	
timates of the magnetic dipole moment �DM� incorpo	
rated in the Database �Tanaka and Kono� 
����� we used
data on the Paleozoic and Precambrian that were not
included in this database �Harcombe�Smee et al�� 
����
Mikhailova et al�� 
���� 
���� Oppenheim et al�� 
����
Pavlov et al�� 
��� Starunov et al�� 
���� Thomas� 
����
Thomas and Piper� 
���� Thomas et al�� 
���� Ueno�

�����

The Ha and DM determinations are distributed very
irregularly in time� Thus� in many intervals occasionally
reaching a length of 
�� Myr� the determinations are
absent at all �Figure 
e� �Pechersky� 
����� Coverage
of a �����	Ma interval �
��� determinations� is on the

whole satisfactory� whereas only �� determinations are
available for the Early Paleozoic�Precambrian� ��
 of

��� determinations from the Phanerozoic and �� of ��
in the Riphean were made by using the Thellier method
�Pechersky� 
�����

The values of paleointensity and related DM vary
within a wide range� from �� to �
�� �T �Figures 
e�

g�� �The majority of Ha � 
���T values were obtained
with the help of the Shaw method � The scatter �stan	
dard deviation� in the Ha and DM determinations close
in age was taken as a characteristic of the paleointensity
variation amplitude�

Reliability index of paleointensity determina�
tion� Similar to the analysis of data on paleomagnetic
directions used for the estimation of the amplitude of
paleovariations� reliability indexes of paleointensity de	
terminations �RIPs�� ranging from � to 
� are intro	
duced� The maximum RIP � 
 characterizes samples
from baking zones and rapidly cooling lavas� maximum
RIPs of 
� ���� ���� and ��� are given by the methods of
Thellier� Shaw� Wilson�Burakov� and van Zijl� respec	
tively� and RIP values of not more than �� character	
ize other methods and paleointensity estimates obtained
from relative values of thermoremanent magnetization
�TRM� created in laboratory in a given external mag	
netic �eld and natural remanent magnetization �NRM��
If data on paleomagnetic direction are unavailable� a
value of ��� is subtracted from the pertinent RIP� RIP
values reduced by ������ are commonly adopted for de	
terminations made before 
��� and� �nally� lower RIP
values are assigned to less accurately dated determina	
tions� Most authors assume that ages of rocks and stable
natural remanence component coincide� provided the
component is a primary TRM� the Database �Tanaka
and Kono� 
���� provides very little information about
the validity of the primary thermal origin of remanence�

Figure �� Plots of Ha and DM �
��� Ma��
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Figure �� Latitude dependence of �a� Ha and �b� dH for two geomagnetic �eld regimes� �
� Cen	
tral axial dipole �eld �Figure �a�� �� stable polarity �eld �Kiaman superchron�� ��� frequent	
reversal �eld ����� Ma�� Data are averaged over paleolatitude intervals of 
�� and �� �double
circles�� Vertical bars are standard deviations �dH� in a given paleolatitude interval�

Calculation of mean paleointensities includes a RIP as
a weight of each determination�

The majority of determinations have RIP���� �RIPs
are close to unity for many of those� mostly due to nu	
merous Thellier determinations from baked rocks� per	
formed by G� M� Solodovnikov and covering a �����	Ma
interval� RIP does not exceed �� in the age intervals
������ 
���
��� ����� and ������� Ma� most Riph	
ean determinations have RIP � ������� mainly due to
lacking information about paleomagnetic directions and
inaccuracy of datings �Pechersky� 
�����

The in�uence of geomagnetic reversals� Pa	
leointensity is known to considerably decrease during
geomagnetic reversals and excursions� but we are not
interested in the �eld behavior during reversals� For
this reason we did not consider Database determina	
tions that were attributed by their authors to reversal
zones� as well as abnormally low Ha values whose direc	
tions are untypical of their time and site�

Latitude eect� A close linear relation between
Ha and DM �Figure �� �Pechersky� 
���� re�ects obvious
predominance of the dipole component in Ha� The Ha

value changes across the Ha �DM band by about ����

yielding variation in the present dipole �eld intensity
from equator to pole� The band length which re�ects the
amplitude of variations in both Ha and DM considerably
overlaps the possible latitude dependence of Ha�

I consider the latitude dependence of paleointensity
for two cases of geomagnetic �eld regime� �
� unsta	
ble� with frequent reversals� and �� stable� with very
rare reversals� The time intervals ���� Ma and �
��
�� Ma will be examined where paleointensity data are
su�ciently representative and cover a wide range of pa	
leolatitudes� In both cases� irrespective of the reversal
regime� Ha averages over latitude intervals are close to
the line representing the latitude dependence of �eld in	
tensity of the central axial dipole �Figure �a�� therefore�
the paleointensity is close to the central axial dipole �eld
irrespective of the reversal regime� The closeness of the
DM to the central axial dipole is substantiated by the
comparison of average DMs in the southern and north	
ern hemispheres in the age interval ��� Ma� Such an
interval is chosen because it is the only one in which
the numbers of DM determinations in the southern ���
collections� and northern �
� collections� are more or
less comparable and cover a su�ciently wide interval of
latitudes� Average DMs in the northern and southern
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hemispheres di�er insigni�cantly� ����������
��� A m�

�RIP������ and ���������
��� A m� �RIP������� re	
spectively� To verify stability of these results� the age
interval was divided into the intervals ����� and ��
 Ma�
which gave nearly the same values �Pechersky� 
�����
Thus� one may state that the geomagnetic �eld is close
to that of a central axial dipole�

The latitude dependence of Ha variations is quite dif	
ferent �Figure �b�� the high reversal frequency period
is characterized by an increase of the variation ampli	
tude with latitude� which does not agree with the dipole
�eld behavior� whereas the amplitude decreases with
latitude� in accordance with the dipole �eld� during the
stable �eld period�

Smoothing� To reduce the scatter in data con	
nected with dating uncertainties and systematic errors�
all results were subdivided into 
�	Myr intervals in
which Ha and DM averages and standard deviations dH
were calculated� with weights taken in accordance with
RIP indexes� The 
�	Myr averages were then smoothed
both with and without weighting� Smoothing windows
of �� Myr and more in length and a step of 
� Myr were
used �Pechersky� 
�����

Wavelet analysis of paleointensity� In contrast
to the geomagnetic polarity scale� the time series of the
intensity modulus includes noticeable breaks �Figure 
�
�Pechersky� 
����� A speci�c wavelet analysis procedure
was developed to analyze such series �Galyagin and Frik�

���� Galyagin et al�� 
����� The integral spectrum of
Ha exhibits peaks of ��� 
��� ��� and ��� Myr� The
wavelet plane of Ha �Figure 
� �Galyagin et al�� 
����
di�ers from those discussed above� Only two oscilla	
tions with relatively long periods of ����� Myr �from
about ��� Ma until present time� and 
�� Myr �approx	
imately from 
�� to 
��� Ma� are more or less reliably
recognized� and a series of local maximums with peri	
ods of �� to �� Myr is additionally observed� Two areas
of 
����
��� and ������� Ma� clearly observed on the
plane� are related in part to lacking data �Figure 
e�� on
the other hand� they resemble similar areas of other �eld
characteristics� not related to lacking data �Figure 
��
This mostly concerns the boundary region between the
Riphean and Phanerozoic �circa ������� Ma��

Wavelet analysis of paleointensity variations�
To analyze the paleointensity variation� I consider the
time behavior of the standard deviation dH and ratio
dH�Ha� The integral spectrum of dH is very close to the
Ha spectrum and has only one additional peak yielding
a period of �� Myr� The spectrum dH�Ha is somewhat
di�erent and exhibits peaks with ��� 
��� 
��� ��� and
��� Myr� Like integral spectra� the wavelet spectra of
Ha and dH are on the whole similar �Galyagin et al��


����� Thus� the higher is the intensity of an oscilla	

tion� the stronger is its variation� The wavelet plane of
dH�Ha has generally the same pattern as those of Ha

and dH�

The general pattern of paleointensity behav�
ior� The above data on the paleointensity behavior
reveal three tendencies� �
� The Ha and dH scatter
within comparatively narrow time limits is likely to re	
�ect the paleointensity variation amplitude� �� Rela	
tively smooth long	period cyclic variations in Ha and
DM are observed �with periods ranging from several
tens to several hundreds of millions of years�� ��� The
average paleointensity level in Precambrian �DM aver	
ages ����
��� A m�� is higher than in Phanerozoic �DM
averages ����
��� A m��� the Riphean is characterized
by a general drop in paleointensity� and its general in	
crease is observed in the Phanerozoic�

Main Features of the Geomagnetic Field Behav�
ior in the Neogaea


� The Neogaea is evidently dominated by the re	
versed geomagnetic polarity� but the normal polarity
percentage increases� against the background of marked
�uctuations� from the Early Paleozoic to the present
time� the whole Phanerozoic is a transitional� unstable	
polarity interval� This instability appears as a marked
increase in reversal frequency and the shortening of
single	polarity magnetic zones� The mean reversal fre	
quency is less than 
 reversal every 
� Myr in the Pre	
cambrian �magnetic zones 
 to 
�� Myr long are pre	
dominant�� about � reversals every 
� Myr in the Pa	
leozoic �magnetic zones ��� to � Myr long�� over � re	
versals every 
� Myr in the Mesozoic ��� to �� Myr��
and about �� reversals every 
� Myr in the Cenozoic
����� to 
 Myr�� the frequency increasing from 
 per

� Myr in the Early Cenozoic to �� in the last 
�	Myr
interval� The aforementioned asymmetry of the �eld�
as well as the regular distributions of its reversal fre	
quency and lengths of constant	polarity intervals indi	
cate that at least two �eld generation modes existed
over the past 
��� Myr� The �rst mode was typical of
the Precambrian and Paleozoic� when long stable	�eld
intervals of mostly reversed polarity prevailed� the sec	
ond mode characterized by frequent reversals was typ	
ical of Mesozoic and especially Cenozoic� Activities of
both modes largely overlapped in time� Long stable �eld
intervals of constant polarity were rather uniformly dis	
tributed in the Neogaea� their centers �Figure 
a� b� at
about 
���� 
���� 
���� 

��� 

��� ���� ���� ���� ����
��� and 
�� Ma are spaced by 
����� Myr except for
two anomalies between 

�� and 

�� Ma and between
��� and ��� Ma� whereas the reversal frequency between
these intervals considerably increases in the Phanero	
zoic�

The reversal sequence is fractal� with the dimensions
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d � ������� and � ���� i�e�� has the property of self	
similarity of large	scale processes in accordance with the
observed reversal distribution� alternation of high rever	
sal frequency zones with fairly long intervals of rare re	
versals� On the other hand� their distribution within
intervals of high reversal frequency is nearly chaotic
�d � �����

� The summary amplitude behavior of �eld direc	
tion paleovariations is on the whole characterized by the
same regularities as the reversal frequency variations�
the Riphean amplitudes vary between 
�� and 
�� and
occasionally reach ��� their general level weakly rises�
whereas an inverse situation is observed in the Phanero	
zoic� against the background of weak �uctuations� S
smoothly falls from 
�� in the Vendian to 

� in the
Cretaceous� The analysis of latitude dependence of S
from three main states of the geomagnetic �eld �stably
normal polarity� stably reversed polarity� and frequent
reversals� leads to the following conclusions� �a� The
variation in S with latitude implies that the paleovari	
ations in the summary amplitude of geomagnetic �eld�
prevailing in the Precambrian and Paleozoic� are con	
sistent with a central axial dipole� and �b� this ampli	
tude was on average independent of the paleolatitude
in high reversal frequency zones� Furthermore� aver	
age amplitudes of unstable and stable regimes virtually
coinciding� the invariability of S with latitude is the
evidence of a di�erent mode of geomagnetic �eld gener	
ation�

Mean paleolatitudes calculated from paleomagnetic
inclinations provided by collections of young volcanic
and sedimentary rocks of single or mixed polarity di�er
from the true latitude by less than 
��� which implies
that� on average� the paleolatitude is not overly under	
estimated�

�� Three tendencies are recognizable in the intensity
behavior during the Neogaea�

�a� The scatter in Ha and DM �standard deviation
dH� within relatively narrow time limits is likely to
re�ect the amplitude of intensity paleovariations� the
dH�Ha value appears to correlate with intervals of pre	
dominant reversed polarity �especially noticeable in the
Riphean� and with reversal frequency�

�b� Relatively smooth long	period cyclic variations in
Ha and DM are observed �over times of few tens to few
hundreds of millions of years�� Correlated extremums
being nearly as frequent as anticorrelated ones� the time
distribution of extremums of both types is rather chaotic
except for the correlation between the DM and polar	
ity asymmetry� correlation of extremums is almost ev	
erywhere normal in the Phanerozoic and inverse in the
Riphean� The dH and dH�Ha values correlate with the
polarity asymmetry and reversal frequency F � and the
polarity asymmetry is anticorrelated with F and S in
the Riphean �the correlation is mostly positive in the

Mesozoic and Cenozoic�� Most noticeable is the corre	
lation� observed throughout the Neogaea� between the
lower amplitude relative variation of the paleointensity
dH�Ha and Neogaean intervals of lower frequency or
absence of reversals �Figure 
��

�c� The mean level of paleointensity in the Precam	
brian �DM � ���� 
��� A m�� was higher than in the
Phanerozoic �DM � ��� � 
��� A m��� the Riphean is
characterized by a general drop in the paleointensity�
and the Phanerozoic� by its rise� The general Phanero	
zoic rise in paleointensity correlates with an increase
in the summary amplitude of �eld direction paleovari	
ations� in the reversal frequency� and in the percentage
of normal polarity� On the whole� higher paleointensity
and its smooth decrease in the Riphean correlate with
the evident predominance of reversed polarity and very
low reversal frequency in the same period�

The paleointensity is close to the �eld of a central
axial dipole irrespective of the reversal regime� whereas
variations in Ha show quite di�erent latitude depen	
dences� with increasing latitude� the amplitude of pa	
leointensity variations increases in the case of the high
reversal frequency regime and decreases in intervals of
a stable �eld�

�� The Riphean trend of all geomagnetic characteris	
tics changes to the Phanerozoic one at about ��� Ma�

�� Datasets providing constraints on the reversal fre	
quency and polarity asymmetry� on dH�Ha and DM�
and on S are virtually independent �this is especially
true for the �rst two sets�� This is an argument con	
�rming the validity of the correlations between these
parameters�

�� Wavelet analysis of the reversal frequency� �eld
sign� paleointensity� variations in the �eld direction and
intensity� and their Neogaean evolution indicated that
the geomagnetic �eld was generally unstable� i�e�� its
evolution involved no periodical processes� The follow	
ing facts support this conclusion �Figure �� �Galyagin et
al�� 
�����

�a� A marked di�erence between the general patterns
of wavelet spectra of all geomagnetic parameters consid	
ered above is observed� For example� if the reversal fre	
quency F is markedly more pronounced in the Phanero	
zoic� the summary amplitude of variations in the �eld
direction S� as well as change in the polarity sign P � are
considerably more �active� in the Precambrian�

�b� The majority of derived periods are represented
by short �events� whose length amounts to one or two
full oscillations� Only four of about one hundred of such
events include three to �ve oscillations of a given period�
these are the oscillations of the reversal frequency F at
a period of 
���

� Myr in the age interval from ��� to

�� Ma� oscillations of the single	polarity magnetic zone
length at a period of 
����� Myr observed from 
��� to
��� Ma� oscillations of relative variation in paleointen	
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sity dH�Ha at a period of ���
�� from ��� to 
�� Ma�
and oscillations of the summary amplitude of variations
in the �eld direction S at a period of ����� Myr from

��� to 

�� Ma�

�c� Oscillations of various characteristics at close peri	
ods are commonly asynchronous� A Riphean interval
of 
��� to ��� Ma is noticeable in which oscillations of
�eld sign and paleointensity variations with close peri	
ods of 
���
�� Myr are grouped� In the Vendian� they
continue as oscillations of the same characteristics and
reversal frequency at a period of about ����� Myr
�Figure ��� Moreover� oscillations of F � P � dH�Ha�
and S at a period of about 
�� Myr are grouped in the
Phanerozoic interval between ��� and 
�� Ma� The re	
maining preferred intervals of �periods�� without regard
to the occurrence time of related oscillations� are as fol	
lows� ����� Myr �F � P � Ha� dH� dH�Ha� S�� ����� Myr
�F � P � dH�� ���
�� �F � dH�Ha� S�� 
���
�� Myr �F �
Ha� dH�� 
���
�� Myr �F � P � dH�Ha� S�� ����� Myr
�Ha� dH�� ������ Myr �dH�Ha� S�� and ������� Myr
�P � Ha� dH� dH�Ha��

�d� Oscillation periods often smoothly vary with time
�Figure ��� which is largely responsible for wide ranges
of periods indicated in item �c�� Most periods decrease
with time concordantly with the general acceleration of
the process� thus the F period falls from 
�� to �� Myr
over a ����
��	Ma interval and from �� to �� Myr
over a 
����	Ma interval� and the S period falls from
�� to �� Myr during the time from 
��� to 

�� Ma�
The cases of an increase in periods� consistent with the
slowing	down of the process are less frequent� For ex	
ample� the P and dH�Ha periods increase� respectively�
from �� to �� Myr and from �� to 
�� Myr over a
����
��	Ma interval �Figure ���

�e� The boundary between Phanerozoic and Riph	
ean� best expressed on the wavelet plane of reversal fre	
quency� is recognizable in all time series �Figure ���

�� The general behavior of main parameters of the
geomagnetic �eld in the Neogaea �paleointensity and
its variations� and summary amplitude of variations in
the �eld direction� polarity� and reversal frequency� pro	
vides a basis for the modeling of geomagnetic �eld gen	
eration and characterizes processes in the core that are
comparable with processes in the lithosphere and at the
Earth�s surface�

Part �� Comparison of Processes at the
Core and Earth�s Surface

According to the present concept of geodynamics�
processes at the Earth�s surface and in its lithosphere�
mantle� and core are closely interrelated �see Introduc	
tion�� which gave rise to the concept of geonomic pe	

riodicity �Khramov and Kravchinskii� 
���� Kravchin�
skii� 
���� stating that all phenomena of the same rank
are essentially equivalent� This provides means for a
quantitative description of one phenomenon or process
in terms of another �conjugation principle�� Unfortu	
nately� most surface processes either cannot be quan	
ti�ed or available information does not embrace even
the Phanerozoic� Paleomagnetic data provide the op	
portunity for the most complete quantitative descrip	
tion of the movement of large continental blocks in the
Neogaea� In view of this� I addressed the best doc	
umented� measurable geological information� namely
biota evolution� chronostratigraphy� and motion of con	
tinental plates� Since the frequency of geomagnetic �eld
sign changes� predominance of one of polarities� and rel	
ative changes in paleointensity correlate with each other
and are synchronous �see Figure 
� part 
� also �Pecher�
sky and Didenko� 
����� we will use data on the reversal
frequency which are most representative�

Changes in the Organic World and Geomagnetic
Reversal Frequency

To compare the geomagnetic �eld behavior with
changes in the organic world� I used �
� changes in
the number of units in the chronostratigraphic scale
�Figure �a�� �� changes in the diversity of families of
marine organisms� and ��� extinctions of marine organ	
ism families that occurred every 
� Myr �Figure �c��
The chronostratigraphic scale of Harland et al� �
����
with certain modi�cations �see Part 
� was used for
the discussion of topic �
�� and topics �� and ��� will
be discussed on the basis of the Phanerozoic summary
presented by Benton �
���� �unfortunately� data on the
Riphean are not so representative�� only the data on
marine organisms were used because they are more
representative of the whole Phanerozoic� All data are
correlated with the general geological time scale�

The following regularities on three time scales have
been revealed�

�
� Regularity of the �rst order �the whole Neogaea��
a sharp di�erence in the di�erentiation degree of the
chronostratigraphic and magnetostratigraphic scales in
the Riphean and Vendian�Phanerozoic �Figures 
 and
��� which is consistent with a rapid progress in the
development of diverse life forms beginning from the
Vendian�Cambrian�

�� Regularity of the second order �geological eras��
geological eras begin later than reversal frequency min	
imums all over the Neogaea �Khramov et al�� 
���
Molostovskii et al�� 
���� Pechersky and Didenko� 
�����
This delay ranging from �� to �� Myr �Figure 
� av	
erages �� � 
� Myr� which yields ��
� cm�yr for the
energy transfer rate from the core�mantle boundary to
surface� i�e�� for the mantle convection velocity� This
value agrees with average velocities estimated for the
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Figure �� Variations in the organic world� �a� variations in the number of chronostratigraphic
scale stages� �b� variations in the diversity of marine organism families� �c� extinctions of marine
organism families every 
� Myr �after �Benton� 
������

drift of main continental plates �see below� �Jurdy et

al�� 
���� Zonenshain et al�� 
����� Therefore bound	
aries of geological eras are primarily related to an inner
geodynamic mechanism�

��� Regularity of third order �comparable with geo	
logical periods�� minimums and maximums nearly co	
incide� which implies changes in the organic world to
be synchronous with variations in the polarity rever	
sal frequency and geomagnetic paleointensity� this syn	
chronism is most distinct in the Phanerozoic �Figures 

and ��� Thus� the di�erence between maximums �mini	
mums� of reversal frequency and the nearest maximums
�minimums� of numbers of stratigraphic units� diver	
sity changes� and extinctions of organisms amounts to
��
 � ���� ��� � ���� and 
�� � ��� Myr� respectively�
Moreover� many boundaries of geological periods coin	
cide with narrow minimums less than 
� Myr wide or
with slight kinks in reversal frequency and�or paleoin	
tensity variations �Figure 
� which are smoothed away
upon the ��	Myr averaging �Figure 
�� Some di�er	
ences in variation rates of the organic world and rever	
sal frequency are likely to be related to de�cient mag	
netostratigraphic information and dating uncertainties�

Thus� acceleration and deceleration of core�mantle
boundary processes and evolution of the organic world
occur synchronously� boundaries between geological pe	
riods are mostly associated with drops in the reversal

frequency and geomagnetic paleointensity �but not with
individual reversals � and themselves often mark a slow	
down in the evolution of organic world �Figures 
 and ���

If large long	period �eld variations directly a�ect
changes in the organic world� strong �direct or inverse�
correlation should exist between synchronous variations
in characteristics of organic world and geomagnetic
�eld� in particular� reversal frequency� However� nu	
merical estimates do not con�rm such a correlation� as
it is evident from Figure �� Consequently� an immediate
e�ect of long	period �eld variations on changes in the
organic world is either absent or insigni�cant� and only
their cyclicities coincide�

Thus� the comparison of variation rates of organic
world and geomagnetic �eld demonstrates that pro	
cesses on a geological time scale� as well as shorter pro	
cesses� which occur near the core and surface� are vir	
tually synchronous� but they are not connected with
each other or� speaking more cautiously� their interre	
lation is obviously secondary and not causative� the
processes �respond� to a common external mechanism
producing� for example� changes in the rotation axis an	
gle and�or angular velocity of the Earth� which in turn
synchronously a�ect movements in the core and lower
mantle� producing changes in the geomagnetic �eld� and
tectonic� climatic and other processes at the surface�
producing changes in the state of biosphere� It is only
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Figure �� Synchronous relative extremums �in per	
cent� of the number of stages �diamonds�� diversity of
marine organisms �squares�� and their extinctions �tri	
angles� compared with relative extremums in the geo	
magnetic reversal frequency� For the sake of clearness�
these values are normalized to a maximum peak of a
given characteristic� �a� Data are grouped in 
�	Myr
intervals� �b� Data are smoothed using a ��	Myr inter	
val�

geodynamic processes on a scale of geological eras that
are related to the internal mechanism of upward energy
transfer from the lowermost mantle �possibly through
convection� plume ascent� etc��

Horizontal Velocities of Continental Plates

The analysis of movements of tectonic blocks usually
includes the following procedures� construction of the
apparent pole wander path �APWP� of a given block
over a speci�c geological time interval from paleomag	
netic directions� spatial paleoreconstructions of a block
�and adjacent blocks� for various time intervals� includ	
ing the positioning of Euler poles of rotation� and de	
termination of the block velocity for various time inter	
vals from the motion of a certain point of the block�
The reconstructions are based on tectonic� paleogeo	
graphic� paleoclimatic� and other evidence� position of
hotspots� and balance of forces that a�ect the plate mo	
tion �slab pull in subduction zones� pull	apart forces
at mid	ocean ridges� etc�� �Zonenshain et al�� 
�����
Phanerozoic position of six continental plates �Africa�
Antarctic� Europe� Siberia� India� and North Amer	
ica� has been recently reconstructed� and their veloc	
ities have been estimated �Jurdy et al�� 
����� However�
paleoreconstruction of relative and especially absolute
positions of the plates are rather ambiguous �particu	
larly in the Precambrian�� This is one of reasons why
paleotectonic reconstructions of continental plates are

not used here� However� the main reason is that this
work addresses global regularities in tectonic motions
rather than movements of separate blocks� The motion
of continents across the Earth�s surface resembles that
of ice blocks during an ice drift� as a whole� those move
downstream� although individual blocks may have dif	
ferent velocities� rotate in various senses and at various
angular velocities� stop� and even move upstream� but
the movements of each separate ice block have little in
common with general regularities of the �ow which are
the main concern of this paper� Therefore� to simplify
the problem I will consider separately the latitude �con	
strained by paleomagnetic inclination� and rotational
�constrained by paleomagnetic declination� components
of the block velocity with respect to a point in the vicin	
ity of its center as it is readily done from its APWP�
I used primarily the longest APWPs of various con	
tinental blocks� reconstructed by various authors and
published reviews of paleomagnetic pole positions� The
data collection included the following regions �the time
series data and coordinates of the plate �center� are
presented in parentheses�� Australia �
����� Ma� ��S�

���E�� Africa ���� ����� Ma� ��S� ���E�� Europe
�
����� Ma� ���N� ���E�� India �
���� ������� ����
� Ma� ��N� ���E�� North America"Greenland �
����


��� 

��� Ma� ���N� ���E�� northern China �����
� Ma� ���N� 
��E�� southern China ��������� ����
� Ma� ���N� 

��E�� and Siberia �

������� ���� ����
� Ma� ���N� 
���E� �Dawson and Hargraves� 
���� Elm�
ing et al�� 
���� Embleton� 
���� Enkin et al�� 
��� Gor�
don et al�� 
���� Hyodo and Dunlop� 
���� Idnurm and

Giddings� 
���� Khramov� 
��
� Klootvijk� 
���� Lin et

al�� 
���� Meert and Van der Voo� 
���� Park et al��


���� Park and Gower� 
���� Pechersky and Didenko�


���� Piper� 
���� Pisarevsky et al�� 
���� Radhakrishna
and Joseph� 
���� Radhakrishna and Mathew� 
���� Sa�
radeth et al�� 
���� Seguin and Zhai� 
��� Shapiro et

al�� 
���� Smethurst et al�� 
���� Tarling and Abdel�

dayem� 
���� Torsvik et al�� 
��� Van der Voo� 
����

���� Van der Voo and Meert� 
��
� Wu et al�� 
����
Zhao et al�� 
���� 
�����

The data collected were revised and generalized� Pa	
leomagnetic determinations close in age are sometimes
strongly divergent and give abnormally high velocities�
These are mostly data from the Early and Middle Riph	
ean of Africa� India� and North America� Such intervals
were rejected� Paleolatitude� paleoinclination� paleo	
latitude component of the plate motion velocity� and
angular velocity of paleoinclination variation �rotation
about a �xed point of a plate� were calculated at cen	
ters of each plate for every 
�	Myr APWP interval� To
remove possible errors� the results were averaged with a
smoothing window of �� Myr� These data were used for
the calculation of mean paleolatitude velocities of plate
motion Vpl �Figure 
�a� and rotation VD �Figure 
�b��
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Figure ��� Mean velocities �diamonds� and their standard deviations �squares� for eight con	
tinental plates �Australia� Africa� Europe� India� North America� and northern and southern
China� in the Neogaea� �a� latitude component� �b� rotation about the approximate center of
plate �see Table �� �c� motions of six continents �Africa� Antarctica� Europe� Siberia� India� and
North America� after Jurdy et al� �
����� The data are averaged with a window of �� Myr and
a step of 
� Myr�

as well as standard deviations from these means dVpl
and VD� The means were calculated for eight plates in
the Phanerozoic� �ve plates in the Vendian�Late Riph	
ean� three in the Middle Riphean� and two in the Early
Riphean�

The above comparison with an ice drift is clearly il	
lustrated in Figure 

� the majority continents move�
with slight variations� consistently� which is most ev	
ident beginning from the mid	Paleozoic� but opposite
movements �for example� Europe� Siberia� North Amer	
ica� and Australia in a 

������	Ma interval� are also
observed� The tendency mentioned in the Introduction
is also evident from the �gure� concentration of most
continents in the equatorial zone at the time of existence

of Riphean Pangea and their divergence in the Early Pa	
leozoic �breakup of Paleozoic Pangea� followed by move	
ment of Laurasian continents to northern latitudes and
movement of Gondwana continents to the equator and
southern latitudes in the Mesozoic�Cenozoic�

The velocity pattern of the paleolatitude plate motion
component is most distinct �Figure 
�a�� virtually co	
inciding with that of the full mean velocities calculated
from the spatial reconstruction of Phanerozoic conti	
nents �Figure 
�c� �Jurdy et al�� 
����� although the sets
of continents �and their number� are di�erent� Hence�
Vpl is likely to rather adequately re�ect the variation in
the velocity moduli of continents in the Phanerozoic and
Precambrian� Figure 
�a clearly shows a cyclicity in Vpl
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Figure ��� Paleolatitude variations of continental plates�

disturbed by less regular plate rotations �Figure 
�b��
A sharp di�erence in the behavior of VD and dVD in

intervals of 
������� and ����� Ma� In the �rst inter	
val� VD has a low scatter and varies rather periodically
�with maximums of dVD at 

�� and ��� Ma�� in the
second interval� both velocity and its scatter gradually
increase toward the center of the interval and then grad	
ually decrease� The scatters appear to be minimum dur	
ing the existence of supercontinents� The Vpl pattern is
di�erent� its behavior� with minor deviations� is similar
throughout the Neogaea and exhibits a regular change in
mean velocities from their minimum�
��� km�Myr� to

maximum ������ km�Myr� values rarely �in the Riph	
ean� reaching �� km�Myr� On the other hand� speci�c
behavior of dVpl is observed in the Riphean� where the
scatter varies in the same manner as Vpl� and in the up	
per half of the Late Riphean�Phanerozoic� where their
variations are di�erent� but the most important is the
relation dVpl � Vpl� Against this background� an inter	
val of �disturbed cyclicity� of Vpl and high dVpl values
is clearly observed in the Vendian�uppermost Riphean
�������� Ma�� Based on direct measurements of in	
tervals between adjacent maximums �minimums� and
wavelet analysis results �D� K� Galyagin and P� G� Frik��
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Table 	� Comparison of APWP kinks from eight plates
with the nearest reversal frequency extremums Fm

Kink Number of Time between kink
age� Ma plates that have and Fm� Myr

a given kink

����� � ���� min

���

� � �� min

���
�� � �� max
���
� � �� min
�� � �� min
������� � �� min
�����
� � �� min #
��� � ��� min
������� � �� min
������� � ���� min
������ � �� min
���  �� min
��� � �� max
��� � �� max
��� � ��� min

��� � �� min #

���  �� max


�� � �� min


��  �� min

�� � �� max

��� � �� min #

����
��  �� min

���  �� max #

���  �� min

the following characteristic times are recognized in the
cyclicity of Vpl� dVpl� VD� and dVD� ����� ������ ������
� 
��� and � 
�� Myr�

Comparison Between Continental Plate Veloci�
ties and Geomagnetic Reversal Frequency in the
Neogaea

First� I compare kinks in the plate APWPs with �eld
reversal frequency �F � extremums �Figures 
a and 
b��
As seen from Table � 
� kinks coincide with minimums
of F � six coincide with its maximums� and four are be	
hind Fmin by ���� Myr� i�e�� similar to biota variations�
sharp changes in the paleomagnetic pole position are
mostly synchronous with reversal frequency extremums�
although there are more complex cases of delayed vari	
ations�

Now I compare the maximums �minimums� of Vpl�
dVpl� VD� and dVD with the closest reversal frequency
maximums �minimums� of the �eld Fm� Unlike simi	
lar comparison with variation rates of the organic world
�see above�� a scatter of the extremums is broader �Fig	

Figure �	� Histograms of di�erences between adja	
cent maximums �minimums� of mean plate velocities
and reversal frequency �Vm � Fm�� Vpl for �a� the lat	
itude component of plate velocity Vpl and �b� velocity
of plate rotation VD �

ure 
�� which may be related to various uncertainties�
The di�erences Vm�Fm and dVm�Fm mostly form two
groups� they are either close to zero ���� Myr� or neg	
ative �mainly in the interval of ��� to ��� Myr�� there	
fore� the velocity extremums and their scatter are either
synchronous with the reversal frequency extremums or
behind those by the value close to delay times of ge	
ological era onsets with respect to reversal frequency
minimums �Figure 
a�� In spite of a large scatter� alter	
nation of intervals dominated by minimum di�erences
Vm � Fm � � and those with the prevailing values
Vm � Fm � ��� � � Myr is evident �Figure 
��� The
characteristic time of this alternation is ���	��� Myr�

The above data may be interpreted as evidence of two
active mechanisms� the outer� operating synchronously
at the core and Earth�s surface� and inner� responsible
for the values Vm�Fm � ����� Myr� Negative values
of Vm � Fm are a result of the energy transfer from the
core	mantle boundary �D�� layer� to the surface �plumes�
mantle convection� and so on�� A delay of ����� Myr
indicates the velocity of the energy transfer to be ��

� cm�yr� Such a velocity is consistent with Figure �
and known estimates of mean velocities of major plates
�Jurdy et al�� 
���� Zonenshain et al�� 
���� 
�����

The mechanisms may be further speci�ed from the
correlation between Vpl and Vm�Fm� If the inner mech	
anism is dominated by convective motions in the mantle�
these values should be inversely correlated� whereas the
plume mode of energy transfer probably implies such a
correlation to be absent� because continental plate mo	
tions are nearly independent of the plume ascent� but
they are signi�cantly a�ected by convective motions in




� pechersky� neogaean paleomagnetism

Figure �
� Di�erences between adjacent maximums �minimums� of mean plate velocities and
reversal frequency �Vm � Fm�� Vpl and dVpl are the latitude component of plate velocity �solid
squares� and its standard deviation �open squares�� VD and dVD are the velocity of plate rotation
�solid triangles� and its standard deviation �open triangles��

the upper mantle� no correlation should exist in the case
of operation of the external mechanism� The values of
Vpl and Vm�Fm are likely to be uncorrelated in both in	
tervals ��� Myr and ����� Myr �an inverse correla	
tion seems to exist in the case of minimum values of Vpl�
see Figure 
��� Whereas the absence of correlation in a
���	Myr interval supports the action of the external
mechanism� the absence of correlation in the second in	
terval implies that the mantle convection is uninvolved
in the interrelation between the processes in the core
and lowermost mantle �D�� layer� and movements in the
lithosphere� This may be explained by the fact that
processes in the D�� layer and mantle convection are in	
dependent� as is indicated� for example� immobility of
hotspots relative to moving plates �which is used for
estimation of absolute plate movements� �Jurdy et al��


���� Zonenshain et al�� 
����� The correlation may be
disturbed by two	layer convection �in upper and lower
mantle� which accounts for not more than 
�� heat and
mass transfer �Allegre� 
�����

As seen from Figures 
� and 
�� the variation ranges
of mean plate velocities in both mechanisms are very
close �
���� and ���� km�Myr� and overlap the range
of possible dependence of Vpl on Vm � Fm� Therefore�
the variations in the Vpl means are caused by general
factors that a�ect both external and internal mecha	

nisms� The rate of core	to	surface energy transfer varies
within comparatively narrow limits as is evident from
a ���� �	Myr range of delay times between velocity
and reversal frequency extremums and from overlapping
ranges of variation in maximum and minimum values of
mean velocities of paleolatitude plate movements �these
ranges are� respectively� ����� and 
���� km�Myr for
the external mechanism and ����� and ���� km�Myr
for the internal one �Figure 
��� Thus� irrespective of ge	
omagnetic �eld generation mechanisms and plate move	
ments� the rates of core	to	surface energy transfer and
plate motions are close� which is evidently due to prop	
erties of the medium� As seen from Figure 
�� there
exist time intervals dominated by the action of the ex	
ternal synchronous mechanism �Vm�Fm � ��� Myr�
or internal mechanism with a characteristic delay time
of ����� Myr� In particular� the aforementioned Ven	
dian interval with �anomalous� Vpl and dVpl lies within
the longest interval dominated by the action of the ex	
ternal mechanism �Figures 
 and 
���

Generalization of results

The above data imply that the relations between pro	
cesses in the core and lowermost mantle on the one hand
and at the Earth�s surface on the other hand are realized
at least at three time scale levels�
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Figure ��� Maximums �solid circles� and minimums �open circles� of the latitude component of
mean plate velocity Vpl as a function of the di�erence between their time and adjacent maximum
�minimum� of the reversal frequency Vm � Fm�

First time scale level is the whole Neogaea� At
the Earth�s surface� a relevant characteristic feature is
a di�erent degree of di�erentiation of the chronostrati	
graphic scale in the Riphean and Vendian	Phanerozoic
�Figure ��� which is evidence of an intense rise in the
development of various life forms that began in the
Vendian	Cambrian� The �nal interval of the Riphean	
Vendian �������� Ma� is characterized by disturbed
cyclicity of the continental plate velocity �Vpl� variation
�Figure 
��� and the Vendian interval of anomalous Vpl
lies within the longest interval dominated by action of
the external mechanism �Figures 
 and 
��� The con	
clusive stage of existence of the Riphean supercontinent
Pangea and its breakup also took place at that time�
The peak of tectonic and thermal activity� lying approx	
imately between ��� and ��� Ma� was associated with
a higher heat �ow� the widest occurrence of the gran	
ulite facies of metamorphism� reworking of the crust�
and epeirogenic uplifts and basalt out�ows possibly re	
lated to mantle plumes �Williams� 
����� At the same
time� essential changes at the core	mantle boundary
markedly a�ected all characteristics of the geomagnetic
�eld� particularly� its reversal frequency whose pattern
is very close to the �frequency� of startigraphic stages
�Figure ��� The geomagnetic �eld behavior di�ers in
its fractality� A di�erence between the Riphean and
Phanerozoic intervals and uniqueness of their boundary
which manifested themselves at both the Earth�s surface
and core may be explained by resonance	type enhance	
ment of core motions� caused by critical duration of the
Earth�s diurnal rotation �� � hours� due to the tidal
decrease in its angular velocity by a factor of about 
��

from the Archean to present time� This deceleration re	
sulted in a considerable temperature increase near the
core	mantle boundary� destabilization of the D�� layer�
and ascent of mantle plumes �Williams� 
�����

Second level is the scale of geological eras� char	
acterized by their onset delay with respect to reversal
frequency minimums throughout the Neogaea� On this
scale� long intervals of stable geomagnetic polarity� typ	
ically preceding the beginning of geological eras occur
cyclically with a 
�����	Myr period close to the era
duration �except for two anomalies between 

�� and


�� Ma and between ��� and ��� Ma�� This regu	
larity is supported by a fractal dimension of reversal
frequency of about ��� in the Neogaea� These stable
polarity intervals are likely to coincide with plate veloc	
ity minimums� which is natural� given stable conditions
at the core and Earth�s surface� The aforementioned
delay amounts to ����� Myr �Figure 
� and yields a
value of ��
� cm�yr for the energy transfer rate from
the core�mantle boundary to the Earth�s surface� i�e��
for the mantle convection velocity� This value is consis	
tent with mean velocity estimates for the drift of ma	
jor continental plates �Figure 
�� �Jurdy et al�� 
����
Zonenshain et al�� 
����� Therefore� boundaries of ge	
ological eras are mainly related to the action of inner
mechanism�

Third level is the scale of geological periods� First�
it is characterized by nearly exact coincidence of mini	
mums or maximums� i�e�� variations in the organic world
and continental plate velocities occur synchronously
with the polarity reversal frequency and variations in
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the geomagnetic paleointensity �Figures 
� �� and 
���
Moreover� geomagnetic events are synchronous with
such �lithospheric� events as trap out�ows� jumps in
the spreading velocity� stratigraphic unconformities in
geological sections �re�ecting �uctuations in the sea
level�� folding phases� appearance of evaporites and
tillites �climatic changes�� occurrence of black shales
�redox conditions�� Most prominent is the coincidence
of the above events at times of ������ 
���
��� 
���

��� 

��

�� and ����
 Ma �Rampino� 
���� Rampino
and Caldeira� 
���� also see Introduction�� The cyclicity
of all aforementioned processes exhibits periods rang	
ing from � to 
�� Myr �periods of ������ ���� and
�
�� are best de�ned�� In addition� many boundaries
of geological periods coincide with narrow minimums
less than 
� Myr long and small kinks in the rever	
sal frequency and�or paleointensity variations �Fig	
ure 
�� Consequently� accelerations or decelerations
core	mantle boundary processes� variations in the or	
ganic world� plate motions� and other processes at the
Earth�s surface occur synchronously� and boundaries of
geological periods are often associated with a decrease
in the reversal frequency and geomagnetic paleointen	
sity and often manifest a decline in the organic world
development �Figures 
 and ���

Second� in addition to synchronism �coincidence of
Vm and Fm extremums�� Vm extremums are behind the
reversal frequency extremums mainly by ����� Myr� A
similar delay is observed in the onsets of geological eras
with respect to reversal frequency minimums �Figures 

and 
��� Moreover� intervals dominated by the di�er	
ences Vm � Fm � � alternate with those dominated by
Vm � Fm � �� � � Myr �Figure 
��� The characteris	
tic time of their alternation is ������� Myr� which is a
twofold cyclicity period of constant polarity intervals�

These data may be explained in terms of active mech	
anisms of two types� an external mechanism that acts
synchronously at the core and Earth�s surface and an in	
ternal mechanism responsible for a �����	Myr delay
of processes at the Earth�s surface with respect to those
at the core� In all of the cases� this is only a qualita	
tive relationship� whereas no numerical relation between
processes at the surface and core virtually exists �Fig	
ures � and 
��� Consequently� there is no causal connec	
tion between these processes� rather� they are subjected
to the action of a general mechanism�

The aim of this paper is to constrain current hypothe	
ses using available information rather than to determine
a speci�c mechanism �or mechanisms��

On one hand� there exist processes that are useful for
reasonable explanation of synchronism of events at the
Earth�s surface and core such as the tidal evolution of
the Earth	Moon system� evolution of the Earth as a part
of the Solar system� and general evolution of the Galaxy�
Thus� tidal movements produce periodic variations in

the angular velocity of the Earth� Earth	Moon distance�
and inclination of the rotation axis� as a result� the ro	
tation poles of the Earth markedly change their position
�rotations of the planet as a whole relative to the ecliptic
and�or rotations of the mantle relative to the core�� The
same group of processes includes changes in the rotation
axis position caused by the continental drift� The above
phenomena in turn lead to changes in climate� sea level�
and position of the core� which should a�ect the geo	
magnetic �eld� Thus deceleration	acceleration regimes
of the Earth�s rotation should result in polarity rever	
sals or preferred polarity intervals� Furthermore� the
intervals of maximum gradients in mean velocities of
the continental drift� summary amplitude extremums of
direction paleovariations� and maximums of prevailing
reversed polarity are very close to the epochs of the So	
lar system passage through the Galaxy plane� the main
period of such oscillations is close to �� Myr and virtu	
ally coincides with the main period of fauna extinctions�
sea level lowering� large basalt out�ows� folding� abrupt
drops in spreading rate� and enhancement episodes of
reduction conditions over the past �� Myr �Rampino�

���� Rampino and Caldeira� 
����� but it is also the
half	period of variations in main parameters of the ge	
omagnetic �eld in the Neogaea� �nally� one of the peri	
ods of �eld characteristics and plate motions� considered
above� is close to the Galactic year�

On the other hand� there are surface processes �geo	
logical era onsets� variations in mean velocities of conti	
nental plate motion� etc�� that proceed later than those
at the core	mantle boundary �Figure 
��� this delay is
most naturally treated in terms of the energy trans	
fer from the core	mantle boundary �D�� layer� to the
Earth�s surface �plumes� mantle convection� etc��� The
delay time constraint provides a value of ��
� cm�yr
for the energy transfer rate� which is consistent with
velocities of major plates� Lacking �or very weak� nu	
merical correlation implies that the mantle convection
cannot be responsible for the interrelation between pro	
cesses in the D�� layer and lithospheric motions� This
may be explained in terms of two	layer convection �in
the lower and upper mantle� with very limited heat and
mass transfer between these layers �not more than 
���
�Allegre� 
���� and�or by the fact that processes in the
D�� layer and mantle are independent�

General action of the two mechanisms may be de	
scribed as follows� The external mechanism causes pro	
cesses in the D�� layer �activity� instability� etc�� which
stimulate the heat and mass transfer in the mantle� i�e��
bring about the action of internal mechanism� Fur	
thermore� mantle mass movements �convection� plumes�
subduction�� caused by the activity in the D�� layer and
related to plate motions� change the planetary moment
of inertia� i�e�� bring about synchronous action of the
external mechanism� and so on� Such a relation is sup	
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ported by very close limits of variations in mean ve	
locities of plate motion as constrained by each of the
mechanisms �
���� and ���� km�Myr� respectively��

In general� irrespective of mechanisms responsible for
the geomagnetic �eld generation and plate movements�
the energy transfer from the core to Earth�s surface
and plate movements have close velocities� so that these
processes are evidently controlled by properties of the
medium�

Conclusion

Main conclusions which follow from the analysis of the
geomagnetic �eld behavior during the Neogaea and its
relation to processes at the Earth�s surface were stated
at the end of the �rst and second sections� Here� re	
stricting myself to a general consideration� I do not o�er
hypothetical mechanisms common to processes at the
core and Earth�s surface� especially as the mechanism
of a �paleo�magnetic record �magnetic tape recorder�
and its �author� �age and other characteristics of op	
erator� cannot be directly determined� One may de�	
nitely state that long processes �tens and hundreds mil	
lion years� at the core and Earth�s surface are causally
not related but are controlled by a mechanism �mech	
anisms� common to these processes� which occur either
synchronously �external mechanism� or asynchronously
�internal mechanism�� One may suggest a combined ac	
tion of both mechanisms� the external mechanism bring
about processes in the D�� layer �activity� instability�
etc��� which in their turn stimulate heat and mass trans	
fer in the mantle� controlled by the internal mechanism�
Mantle mass movements �convection� plumes� subduc	
tion� induced by the D�� layer activity are related to the
drift of continents and thereby change the planetary mo	
ment of inertia� which again stimulates the synchronous
action of the �external� mechanism� and so on� Such a
scheme accounts for the long	period cyclicity and inter	
relation of processes�
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