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Abstract

Paleomagnetic data on geomagnetic reversals are divided into two general categories. times of occurrence,
and records of directional and/or intensity changes for transitions at individual locations. Despite consider-
able efforts expended in acquiring paleomagnetic reversal records, adetailed picture of the reversal process
isstill lacking, along with any means of clearly identifying when the magnetic field has entered atransitional
state destined to lead to areversal. Accurate dating remains critical to making inferences about timing and
structure of reversals and excursions. Controversy remains about the significance of such features as the
preferred longitudinal paths that virtual geomagnetic poles at some sites seem to follow during excursions
and reversals. Reversal rates are estimated under the assumption that reversal occurrence times can be
described as a Poisson process. Correlations are sought between reversal rates and other properties of the
paleomagnetic secular variation, and more general models for reversals and secular variations are being
developed to provide predictions of the power spectrum of geomagnetic intensity variations for comparison
with those derived from long paleomagnetic records. These analyses may ultimately allow the identification
of any characteristic time scales associated with the geomagnetic reversal process, and should prove useful
in evaluating the behavior observed from numerical simulations of the geodynamo.

1. Introduction

Inthe early 1900's study of the magnetization of rocksin France and Italy led Bernard Brunhes to conclude
that Earth’'s magnetic field had formerly had the opposite direction to that observed today. The evidence
for geomagnetic reversals was not, however, generally accepted as conclusive until the 1960’s, by which
time compelling evidence of global reversals was assembled for radiometrically dated rocks (Cox et al.,
1964). At about the same time Vine and Matthews (1963) interpreted the magnetic anomaly record from
the Indian Ocean as the record in seafl oor rocks of the reversing geomagnetic field. Whileit is plausible that
the magnetic field has been reversing throughout most of its existence, the recovery of magnetostratigraphic
records becomes increasingly challenging asthe time scale is extended beyond the age of the seafloor. Prior
to 2 Gathereisat present no record of asuccession of several magnetic reversals, while between 2 and 1 Ga
such records are rare (Pavliov & Gallet, 2001), and difficulties in obtaining precise dating constraints mean
that even estimating the reversal rateisafar from straightforward task. Although the rate at which reversals
occur isnot uniformly well-determined, it is nevertheless clear that the rate has varied throughout geol ogical
time and, perhaps more surprisingly, there exist afew long time intervals, when there have been very few
or no reversals, the most recent example being the aimost 40 Myr period known as the Cretaceous Normal
Superchron, which ended at about 83 Ma.

Geomagnetic records in volcanic rocks and seafloor magnetic anomalies remain critically important in
geomagnetic reversal studies today, although the emphasis has now shifted from establishing the global
validity of geomagnetic reversals to understanding their detailed structure and origin and what this may
reveal about the geodynamo (e.g., Jacobs, 1994; Merrill et al., 1996). Sedimentary rocks can also preservea
record of the reversing geomagnetic field, although the timing of remanence acquisition and/or the possible
smoothing of the geomagnetic record requires careful evaluation (e.g., Langereis et al., 1992; Tauxe et al.,
1996; Clement, 2000). Typically the paelomagnetic record preserved in volcanic and sedimentary rocksis
used to study the details of directional and (where possible) intensity changes for transitions at individual
locations, while the oceanic magnetic anomaly records provide the times of occurrencefor reversalsand thus
reversal rate, although increasingly the marinerecordisbeing interpreted in more detail as attempts are made
to separate the effects of paleointensity fluctuations from those attributable to variable mineral magnetism
in the magnetic anomaly record (see for example, Kent & Carlut, 2000; Gee et al., 2000; Pouliquen et al.,
2001).

Geomagnetic reversals remain a fascinating but rather poorly understood phenomenon, in part because of
the fragmentary and inherently inaccurate nature of the geological record. From paleomagnetic records
it is known that the intensity of the magnetic field decreases drastically during reversals, that the field
structure is non-zonal, and reversals take of the order of thousands of years. However, despite severa
decades of reversal studies, the existence of consistent field structures during reversals is debated, and the
characteristictimescalesremain poorly defined. Alsodespite considerable advancesin numerical simulations
of the dynamics of geomagnetic field behavior, such numerical models cannot be operated in the parameter
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regime considered appropriate for Earth, and therefore only provide general guidelines about the behavior
to be expected for self-sustaining dynamos. This chapter is concerned with the paleomagnetic record of
geomagnetic reversals and its interpretation in the light of both phenomenological models for geomagnetic
reversalsand theincreasingly prevalent numerical models of the geodynamo. Wefirst attempt someworking
definitions of geomagnetic reversals, and their relation to excursions and what is sometimes called normal
secular variation. We consider the time scales involved in reversal processes, including changesin reversa
rates, how the time scal es are measured and the current limitations on such measurements. Knowledge of the
time scalesinvolved iscritical to the resolution of such controversial issues aswhether the geomagnetic pole
follows a prefered path or paths during reversal, or preferentially occupies particular geographic locations
for extended periods of time.

We conclude with alook towards what may or may not be resolved in the near future by reversal studies,
and the prospects on how they may inform us on the workings of the geodynamo.

2. Working Definitions for Rever sals and Excursions

When it is not in a transitional state the geomagnetic field can be represented to first order by that of a
geocentric dipole. This representation has become an entrenched part of paleomagnetic analyses (even
when the field is reversing), so that it is common for measurements of the magnetic field to be expressed in
terms of virtual geomagnetic pole (VGP) positions and virtual dipole moments (VDMs). A VGP gives the
geographic coordinateson Earth’s surface of the North Polar axisof the geocentric dipol ethat woul d generate
the observed local field direction, and effectively removes the gross geographic variations attributable to a
field of dipolar origin. We think of the VGP as a unit vector 4, associated with a vector dipole moment V
in a geocentric coordinate system associated with alocal field vector B at asite location at 5. Although the
VGP transformation is conventionally given in terms of spherical trigonometry (e.g., Merrill et al., 1996) it

isin fact alinear transformation on B as indicated by Egbert (1992): that is we can write

with R at alocation with radius s, colatitude ¢, and longitude ¢ given explicitly by
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Although ¢ can be derived from directional measurements alone, V requires knowledge of the magnetic in-
clination in addition to field magnitude. A variant onthesetransformationsisthevirtual axial dipole moment
(VADM) whichisthe dipole moment corresponding to ageocentric dipole aligned with the geographic axis.
Although VGPs and VDMs are widely thought of as representations that approximate the geomagnetic field
as adipole it can be seen from the above that they are simply linear transformations of the local magnetic
field vector, and till contain all the nondipole contributions to the magnetic field. They can thus be used to
describe any geomagnetic field structure whether or not it is predominantly dipolar, but the interpretation of
the non-dipolar field contributions is less obvious than for adominantly dipolar field. Figure 1(a) showsthe
concentration distribution of VGPs, derived from auniform sampling of the geomagnetic field in 2000 (pre-
dicted from @rsted initial field model (OIFM) of Olsen et al., 2000). The VGPs are most concentrated about
the geomagnetic dipole axis reflecting the predominantly dipolar structure, however, there are occasional
outliers up to 30 or 40° from the dipole axis, reflecting the second and higher order structure of the field.
A purely dipolar field would have al the VGPs concentrated at a single point corresponding to the dipole
axis. During areversal the axial dipole part of the field is expected to be greatly diminished for a prolonged
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Figure 1. Probability density of VGP positions for OIFM 2000 (@) includes g(f, (b) omitting g? (c) omitting all dipole terms.

time interval and must certainly vanish at some point. In Figure 1(b) the axial dipole part of the field is
removed from OIFM revealing afield that may be similar in some waysto what might be expected during a
reversal, and the second order structure exhibitsadifferent latitudinal distribution for ¢: thereare particularly
heavy concentrations just east of the Americas, and subsidiary concentrations in parts of the Pacific and in
a longitudinal band extending from Eastern Asia down through Western Australia. These concentrations
arise from the higher order structure in the field. The origin of these concentrations can be seen in Figure 2
(a) where the actual latitudes for each VGP from OIFM are contoured for geographic locations. From this
we can see which locations contribute the VGPs with greatest departures from the geographic axis: in (a)
the lowest VGP latitudes for OIFM occur in the southern Indian Ocean and around Antarctica. The picture
appears quite different when the axial-dipole part of thefield isremoved in (b), exposing VGP latitudes less
than zero over large regions in both the northern and southern hemisphere. Figures 3 (a) and (b) show the
values of VGP longitudes as afunction of geographic location: they areidentical because ¢?, the axial dipole
field contribution has no longitude dependence. The difficulty in rapidly comprehending the structure of the
geomagnetic field from concentrations of 4 or itslocation for individual sites can bereadily appreciated from
the differences between Figures 1-3 parts (b) and (c). In part (c) of each figure the entire dipole contribution,
as oppose to just the axial dipole in (b), has been removed from OIFM: it is seen that 4 and its statistical
distribution can look quite different depending on the form of the equatorial dipole terms once the axial
dipoleisremoved or much reduced in magnitude. Sincethe equatorial dipoleterms are known to change on
relatively short time scales (e.g., Constable et al., 2000), and their overall contributions to the dipole field
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may be quite small, there might be good reasons for considering Figure 1-3(c) as at least as likely to be
representative of what goes on during areversal as Figures 1-3(b).

A timeinterval in which the geomagnetic field is predominantly of one polarity isknown asachron: typica
lengths range from of the order of 0.1 - 1 Myr, with those rare extremely long intervals dominated by one
polarity being designated superchrons. Short intervals of stable polarity ~ 10 -100 kyr are called subchrons.
Transitional geomagnetic field directions are often defined in terms of a minimum angular departure of ¢
from the rotation axis; the numerical value typical ranges from about 40-50 °, and reflects the perception
that the average dispersion about this axis during stable polarity times ranges from about 12° at the equator
to somewhere around 20 ° near the pole (e.g., McFadden et al., 1991). The root mean square value of this
angular deviation of ¢ from the rotation axis is widely interpreted as a measure of the variability in the
geomagnetic field due to secular variation for non-transitional magnetic field states. Merrill et al. (1996)
define a geomagnetic reversal as a “globally observed 180° change in the dipole field averaged over afew
thousand years’. The generality of this definition arises from the genuine difficulty in identifying from
pal eomagnetic records the time at which thefield isirrevocably committed to reversing rather than returning
to its starting polarity: it appears that only after the fact can one be sure that a geomagnetic reversal has
taken place. Brief excursions of the geomagnetic field have been documented in which at some locality
the VGP position is observed to deviate more than some threshold amount from the geographic axis (e.g.,
Verosub, 1977 specified an angular deviation of > 45°), and then return to the origina polarity rather than
executing afull reversal. Such excursions are usually accompanied by decreases in the local geomagnetic
field intensity. Some of these excursions are documented in a number of |ocations with sufficient precision
in age that they are taken to be contemporaneous (e.g., the Laschamp excursion occurring at about 40 ka,
Chauvin et al., 1989; Levi et al., 1990; Thouveny et al., 1992; Vlag et al.,1996; Nowaczyk et al., 1997). A
widespread interpretation of excursionsis as aborted reversalsin which the field returnsto its original state
after alarge perturbation. Observationally, excursions are distinguished from subchrons by the fact that the
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field does not apppear to achieve a fully-reversed stable state. Features which could be thought of in the
same category as excursions are the cryptochrons, events observed in magnetic anomaly data that typically
last less than 30kyr (Cande & Kent, 1992). although the resolution of the magnetic anomaly record is only
rarely sufficient to distinguish whether these correspond to subchrons, excursions, or geomagnetic intensity
fluctuations.

Recent articles on dating short geomagnetic field events during the current polarity interval find 10 or more
excursions of the geomagnetic field (Langereis et al., 1997; Lund et al., 1998) during the Brunhes chron.
In comparison with the last reversal which occurred at 0.78 Mathese are rather poorly documented, with at
most a handful of sites recording any individual event. In contrast Love & Mazaud (1997) in constructing a
database of records of the last reversal derived from sedimentary rocks or lava flows uncovered 62 distinct
records of the Matuyama-Brunhes transition, although after applying their selection criteria concerning
number of time samplesand |ab analysesthey were only ableto retain 11 of these for more detailed analyses
of field structure. In the time interval 0-158 Ma there are about 295 reversals in the marine magnetic
anomaly record plus another 112 events identified as cryptochrons (Cande & Kent 1992; Harland et al.
1990; Constable, 2000). Because of the uneven temporal resolution in the record more short events may be
identified in the future. For the vast majority of known reversals no detailed geological record has yet been
uncovered.

Figure 1 showsthat in terms of individual site records using departures of say 45° or more of VGPsfrom the
geographic axis asthe criterion for identifying excursional observationsisinadequate. Although the present
field is stable by this criterion (Fig 1(a)), with the axial dipole contribution to the present field removed as
in (b) there are places with VGP latitudes close to 90°, which by a casual interpretation would not appear
to be taking part in any excursional activity, despite the absence of a dominant axial dipole. The same hold
true, although to alesser degree, in (¢). Yet by any reasonable criterion the fields in both (b) and (c) would
be considered anomal ous when compared with the present field.

A plausible interpretation of what can be found in the paleomagnetic record is that the geomagnetic field
exhibits a continuum of behavior inits secular variation so that in fact thereis no clearly defined excursional
state, but occasional large departures from the average state which may or may not ultimately result in a
reversal. Thisideatiesin quite well with other views about the importance of the inner core in stabilizing
numerical and by inference real dynamos to produce more Earth-like behavior (Hollerbach and Jones,
1993a,b; 1995; Clement and Stixrude, 1995; Gilder and Glen, 1998). It is also consistent with an absence
of identifiable triggers or other signature features for the reversals that are seen in numerical simulations of
geodynamos (e.g.. Coe et al., 2000; McMillan et al. 2001). Gubbins (1999) has suggested that a possible
distinction between excursions and reversals may bethat during excursionsthefield may reverseintheliquid
outer core, which hastypical timsecales of 500 yearsor less, but not in the solid inner core where the rel evant
diffusion time scale is several thousand years. In order for areversal to be carried through to completion the
reverse polarity must diffuse into the inner core. One possible implication is that reversals and excursions
could have different characteristic time scales in the associated magnetic field changes. This highlights the
importance of being able to determine the age and duration of geomagnetic events of all types, atopic to be
discussed in the next section.

3. Dating and Time Scales

Dating for paleomagnetic records, and the geomagnetic information that comes with it, comes from a
number of sources with assorted levels of accuracy and resolution and corresponding to applications in
studying particular geomagnetic phenomena. The crudest form of geomagnetic information (the polarity of
thefield) comesin the form of the global magnetostratigraphic time scale, which suppliesatime at which the
geomagnetic field reversed, with the associated implication that at thislevel of resolution it can be considered
instantaneous. The absolute timing of the magnetic anomaliesislinked to age provided for specific isotopic
tie pointsin the scale (see for example Cande & Kent, 1995). The accuracy of the time scale depends on the
accuracy of thetie pointsand the validity of the assumptions concerning constancy of seafloor spreading rate
between tie points. The resolution provided by picking anomalies ranges from about 10-50 kyr depending
on the spreading rate and water depth for the particular marine survey. The Cande & Kent (1995) timescale,
for example aims to have a uniform resolution in which al intervals longer than 30 kyr are included. Short
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events may be unresolvablein thiskind of record, aswill excursionsand any transitional statesthat may exist
during reversals. Evidence for the existence of such featuresis provided by the cryptochrons, finer scale
features documented by Cande & Kent in the marine magnetic anomaly record back to 83 Ma. Some of
these cryptochrons correspond to short events of stable magnetic polarity, while others may reflect changes
in the paleointensity of thefield. A distinction between these two causes cannot be made solely on the basis
of the magnetic anomaly record: other paleomagneic data are required. The magnetic anomaly timescale
only extends to about 160 Ma because of the scarcity of older seafloor.

An alternative method is used for finding the age of an individual reversal boundary for land-based pa-
leomagnetic measurements and requires knowledge of the magnetic polarity and a radiometric date for a
collection of different rock samples. In the Chronogram Technique (Cox & Dalrymple, 1967) one finds
the most probable age for individual reversal boundaries, by minimizing weighted squared deviations of a
collection of K/Ar or Ar/Ar agesfor arange of test boundaries. Limitations of this method (Tauxe et al.,
1992) arethat one can only deal with data surrounding onereversal at time, the presumption that the polarity
can be determined unambiguously, non-uniformity in the distribution of dates, and potentially inadequate
estimates of the uncertainties in dating.

High resolution records of geomagnetic field behavior are now routinely recovered from marine sediments,
and these can be dated using the so-called Astronomical Time Scale (ATS). ATS makes use of variationsin
Earth’s orbital parameters (precession, obliquity, and eccentricity) for last few million years. The climatic
responseto these variationsof ice sheet growth and decay can beapproximately modelled. Thenif thereexists
ahigh resolution record of Earth’s response to this orbital forcing that can be tied into magnetostratigraphy
this can be used to provide datesfor reversals. Such ahigh resolution record wasfirst provided in the form of
fluctuationsin the oxygen isotopes, 6'80. Johnson (1982) found aresult from this method of 0.79Ma, which
conflicted with the 0.73 Ma age for the Brunhes-M atuyama boundary that was widely accepted at the time.
This conflict was initialy attributed to insufficiently high resolution records or uncertainties concerning the
amount of time taken for magnetization to be locked into the continuously deposited sediment. In alater
study Shackleton et al. (1990) used adetailed 5*O record from Ocean Drilling Project Site 677 to place the
Brunhes-Matuyamaboundary at 0.78 Ma. A study from the Mediterannean by Hilgen (1991) on fluctuations
in sapropel s also associated with climate variations produced the same result. These results, combined with
new radiometric measurements prompted a reexamination of the reliability of the 0.73 Ma age derived
from radiometric dating. Tauxe et al. (1992) showed using a simple bootstrap resampling scheme that the
error bars on reversal times derived by the chronogram technique may be unrealistically small because of
violations of assumptions made in the method, and thus that radiometric ages for the Brunhes-Matuyama
boundary were not inconsistent with those derived viathe ATS.

Inthe past decadethetime at which themost recent reversalsoccurred hasbeen estimated by direct ° Ar /3 Ar
dating of lavaflowsthat record transitional paleomagnetic directions(e.g., Baksi et al. 1992; Singer & Pringle
1996; Singer et al., 1999). The dating techniques now in use have aclaimed precision of 0.5% on quaternary
sanidine, or 0.5-1% on basaltic or andesiticlavas. Theseresultsconfirmthat the age of themost recent reversal
is0.78 Ma, and have spawned a new approach to calibrating the most recent part of the magnetostratigraphic
time scale, and studying the structure of the geomagnetic field during reversals. Thiswill be discussed in
more detail in the section on duration of reversals.

4. Reversal Rates
4:1 Measuring Rates

The fundamental question that can be addressed using the information provide by the magnetostratigraphic
time scale concerns the estimation of the frequency with which geomagnetic reversals recur. Since the
earliest studies on this topic it has been apparent that the time elapsed between successive field transitions
is highly variable. In the absence of a clear physical understanding of any fundamental mechanism and
associated dynamics, reversals have been modeled in a phenomenological way. They have (following Cox,
1968) been regarded as uncorrelated, triggered events described by a Poisson process with a varying rate
parameter. The rate parameter provides a statistical characterization for their times of occurrence, but it
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Figure 4: Reversal rates for past 160Ma derived by Constable (2000) using kernel density estimates. Dashed lineis rate including
cryptochrons, solid line without. Light gray symbols give rate for sliding window estimate.

should be kept in mind that there is no direct physical model that associates it with equations describing the
physical evolution of the magnetic field in Earth’s core. Figure 4 shows estimates of geomagnetic reversal
rate as a function of time for the last 160 Myr as determined by Constable (2000). The solid black lineis
based on adaptive Gaussian kernel estimates, in which each reversal is given unit weight, and the Cande
and Kent (1995) timescale is used for 0-84 Ma, and Harland et al. (1990) prior to 84 Ma. Grey symbols
are 50 point dliding window estimates, which cannot be considered independent, because of the overlap
of adjacent windows. The dashed black line gives the kernel estimate when events identified by Cande
& Kent as cryptochrons are treated as reversals. Whether these are very short polarity intervals, intensity
fluctuations, or (perhaps more likely) some of both remains an open question. It is seen from this figure that
there arelong term changesin reversal rate: these have been varioudly attributed to gradual thermal changes
in conditions at the core-mantle boundary (McFadden & Merrill, 1984), the rel ease of mantle plumes (L oper,
1992; Loper & McCartney, 1986; Courtillot & Besse, 1987; Larsen and Olson, 1991) or the sudden arrival of
cold material at the CMB from a mantle flushing event (Gallet & Hulot, 1997). A possibility that cannot be
unequivocally ruled out, isthat the apparent long term trend in reversal ratesis simply what can be expected
from a chaotic process producing the magnetic field in Earth’s core.

The degreeto which finer scale structurein thereversal rate curve should beinterpreted asrefl ecting changes
inthe geodynamo has been hotly debated. Asidefrom the obviouslimitationsof such astatistical description,
difficulties in estimating the rate parameter from small numbers of events mean that short term fluctuations
in the rate cannot be reliably estimated. McFadden & Merrill (1984) considered the reversal rate, A(¢), to be
varyinginapiecewiselinear fashion withtime, with zero rate during the CNS. Rather than assuming aspecific
functional form for the temporal variation, Constable (2000) used a technique proposed by Hengartner &
Stark (1992a,b;1995) to compute pointwise confidence bounds on the temporal probability density function
for geomagnetic reversals. The method allows the computation of a lower bound on the number of modes
required by the observations, thus enabling atest of whether “bumps’ arerequired featuresof thereversal rate
function. Conservative 95% confidence intervals can then be cal culated for the temporal location of asingle
mode or antimode of the probability density function. Using observations from the time interval 0-158 Ma
it is found that the derivative of the rate function must have changed sign at least once. The timing of this
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sign change is constrained to be between 152.56 and 22.46 Ma at the 95% confidence level. Confidence
bounds are shown in Figure 5 for the reversal rate under the assumption that the observed reversals are a
realization of an inhomogenous Poisson or other renewal process with an arbitrary monotonically increasing
rate function from the end of the Cretaceous Normal Superchron (CNS) to the present, a zero rate during
the CNS, and a monotonically decreasing rate function from M29R at 158 Ma to the onset of the CNS.
The confidence limits on estimating the rate parameter are broad in comparison to the size of the shorter
term fluctuationsin rate. It is unnecessary to invoke more than one sign change in the derivative of the rate
function to fit the observations.

20

95% confidence bounds on reversal rate estimates

Reversal Rate (Myr~1)

Age (Ma)

Figure 5: Reversal rates, excluding cryptochrons as in Figure 4, dashed line is kernel estimate, symbols sliding window rate, and
solid lines are 95% confidence bounds on reversal rate under assumption that reversals are produced by a poisson process with
monotonically decreasing rate parameter from 160-124 Ma, zero rate during the CNS, and montonically increasing from 83 Mato
present.

Thereisnoincompatibility between these results and arecent assertion that thereisan asymmetry in average
reversal rate prior to and after the CNS (McFadden & Merrill (1997)), when the CNS is assumed to be a
period of zero reversal rate. Neither can the Poisson model be used to reject an alternative hypothesis that
rates are essentially constant from 158 to 130 Ma, and from 25 Ma to the present, with an intermediate
non-stationary segment as envisaged by Gallet & Hulot (1997).

4:2 Reversal Rates and other Properties of the Geomagnetic Field

The rate parameter alone is unlikely to provide an understanding of what controls changesin reversa rate,
and we must turn to other kinds of paleomagnetic observations and numerical simulationsto provide aguide
in determining how rapidly it is possible for the rate to change, and what controls such changes. To date
no long term correlation has been found between average absolute intensity of the paleomagnetic field and
long term reversal rate (Selkin and Tauxe, 2000), although one was suspected for some time (see Prévot et
a., 1990). It should be emphasized, however, that there remain insufficient data to characterize absolute
pal eointensity very well over the past 300 Ma, and in the CNS a period which is of great interest because of
the absence of documented reversalsthereisonly ahandful of reliable absolute pal eointensity dataavailable
despite continuing efforts to acquire such observations (see e.g. Tarduno et al., 2001). The difficulty in
acquiring reliable data is in large part due to the scarcity of suitable geological formations with lava flows
in theright age interval.



The general paucity of absolute intensity data is to some extent mitigated by the increasing number of
pal eomagnetic records being acquired from marine sediments. These can provide long amost continuous
records of both relative paleointensity and directional variations, although it is often the case that only one
or the other is acquired. Such records are highly variable in both duration and resolution, but in the context
of reversal rates it is worth noting that there are now at least 3 records of relative geomagnetic intensity
available each spanning 4 million or more years of field variation at asingle location (Valet & Meynadier,
1993; Constable et al., 1998; Cronin et al., 2001).

Constable et al. (1998) did find in their analysis of an 11 million year long record from a single site (ODP
522, with paleolatitude 33° S) during the Oligocene that there was a weak correlation between relative
pal eointensity and polarity interval length. They also found differencesin the power spectra of the intensity
record. Inthetimeinterval 23-28 Ma, wherethereversal rateis4 Myr—1, the spectrum of intensity variations
is dominated by the reversal process in the frequency range 1-50 Myr—1. In contrast between 34.7 Ma and
29.4 Ma, when therate is about 1.6 Myr—!, the field is stronger, more variable, and a strong peak occursin
the spectrum at about 8 Myr—! (see Figure 6). Constable et al. (1998) speculate that this peak is associated
with the cryptochrons found in this time interval, although the time resolution in the record is not adequate
to provide a definitive correlation with the magnetic anomaly record.

Intensity Power Spectra for VM93 and 522

\ Ni10’II

10-2 L \ VM93 0-4 Ma
Eool S 522 29.4-34.74 Ma

PSD in arbitrary units

0 10 20 30 40 50 60 70 80
Frequency Myr~!

Figure 6: Power spectra derived from relative geomagnetic palecintensity records for 0-4 Ma (Valet & Meynadier,1993), and low
reversal rate time intervals during the Oligocene (Constable et al., 1998).

Analysis of Valet & Meynadier's (1993) 0-4 Ma paleointensity record from ODP Sites 848, 851, and 852 in
the equatorial Pacific reveals a spectral structure that is similar to that from ODP 522 in being dominated by
power at low frequencies. When the errorsin spectral estimation are taken into account it isunlikely that the
spectra can be considered significantly different. However, the rapid drop in power between 0 and 5 Myr—!
isdistributed to dlightly higher frequency in the more recent record, reflecting the influence of the sawtooth
signal noted by those authors. The overall power in relative intensity variationsis quite similar.

In a paleosecular variation study using Cretaceous age marine sediments collected in the Umbria-Marche
region of Italy, Cronin et al. (2001) derived detailed relative pal eointensity and direction recordsfor a4 Myr
segment of the CNS extending from about 90-94 Ma, and find no convincing evidence for excursions. The
Umbrian relative pal ecintensity record indicates a subdued variation in paleointensity during the CNSwhen
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pal eointensity is normalized relative to the mean within each record. During the Oligocene when the field
reverses, the standard deviation in intensity is about 50% of the mean value (for both low and high reversal
rate periods), asit is during the past few million years (Valet & Meynadier, 1993), while for the CNS data
it is reduced to about 28% of the mean. The normalized intensity data distributions are clearly different, a
fact that we may attribute to the difference in reversal rates between the two time intervals.

One might also expect greater directional stability for the magnetic field during times of low reversal rate.
McFadden et al. (1991) show that the dispersion in VGP directions derived from globally distributed lava
flows in the time interval 80-110 Ma is lower than during 0-5 Ma and have argued that the contribution
of symmetric family spherical harmonics to VGP dispersion is decreased during the Cretaceous Normal
Superchron (CNS). Cronin et al. (2001) find a very similar level of directional stability to that found by
McFadden et al. for the time period 80-110 Mafor lava flows, despite the large differences in the nature of
the two data sets: the lava flows are globally distributed spot readings of the field distributed over a 30 Myr
long interval which includes the transition to a period when reversals begin to occur again; in contrast each
sediment datum from the ~4 Myr interval provides an average over about 3000 years at a single site whose
paleolatitudeisinferred to be 21°. There are adso large differencesin the size of the two data sets: Cronin et
al. acquired over 800 measurementsof direction and intensity; thelavaflows provide afew hundred estimates
of direction globally, but only 18 within the same latitude band (10 -25°), although they are individually
considerably better determined than the sedimentary observations. Nevertheless, the combined evidence
from these two kinds of observations point to decreased variance in ¢ during the CNS. Unfortunately no
directiona data exist for the Oligocene record which would alow such a comparison between reversals
occurring at low and relatively high rates for that portion of the time scale.

4.3 Longer Term Rate Variations, Numerical Dynamo Smulations, and Boundary Conditions

The above discussion of reversal rate data has been limited to the time interval covered by the marine
magnetic anomaly record for which a more or less complete record of geomagnetic reversalsis available.
There is evidence for large rate changes further back in time, and for at least one additional long interval
of very low reversal rate the Permo-Carboniferous reversed Superchron (PCRS) from about 302-252 Ma.
Johnson et al. (1995) have used indirect statistical arguments, with amethod proposed by McElhinny (1971)
and selected observationsfrom the Global Paleomagnetic Database (L ock and M cElhinny, 1991; McElhinny
and Lock, 1993) to construct amodel of relative reversal rate based on the fraction of mixed polarity results
in moving windows of length 20 Myr for the past 570 Myr. Their analysis suggested the possibility of
a further time interval around 500 Myr ago when the reversal rate was much reduced, and the polarity
predominantly reversed. Magnetostratigraphic work by Paviov & Gallet (2001) confirms that a period with
few or no reversals exists during the Ordovician, although its exact extent and the rates in surrounding
intervals are not yet completely defined. The approximate time interval of around 150-200 Ma between
successive superchrons is often equated with typical timescales for the overturn of the mantle, and thus
linked to changesin core-mantle boundary conditions.

Investigationsof both kinematic dynamosand full scale numerical simulations have been used to demonstrate
the potential importance of boundary conditionsin controlling geomagnetic reversals. Hollerbach and Jones
(1993a,b; 1995) demonstrated that a finitely conducting inner core played a critical role in stabilising the
magnetic field between reversals. It isthus plausible to suppose that growth of theinner core may in the past
have had significant influence on the average structure of the geomagnetic field and dynamics in the outer
core. Kent and Smethurst (1998) have suggested that pre-Mesozoic (older than 250 Ma) pal eomagnetic data
can beinterpreted as offering some suppport for thiskind of scenario: the abundance of shallow inclinations
are compatible with substantially larger octupole contributions (~ 25% of the axial dipole) to the field than
seen in more recent times. However, note Tauxe's (1999) caution that such pre-Mesozoic data may be
biased by noise contributed from inadequate knowledge of paleohorizontal. Kent and Smethurst attribute
the additional field complexity to a smaller size for the inner core at that time, although Bloxham (2000b)
found that in his numerical dynamo simulations reasonable variations in the size of the inner core (for the
relevant timeinterval) had no detectabl e influence in increasing the complexity of the averagefield. Whileit
is conceivable that the size and geometry of the outer core influence the propensity of the geomagnetic field
to reverse, this seems unlikely to be a major contributor to the variations in reversal rate in the Cenozoic,
because at this point in Earth’s history the inner core is presumably only growing very slowly.
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Temporally changing and laterally varying core-mantleboundary conditionsareviabl e candidatesfor changes
in the field structure and reversal rate. The influence of various distributions of heat flux at the CMB have
been explored in numerical simulations (Glatzmaier et al., 1999; Coe et al., 2000; Bloxham, 1998, 2000a,b;
see Dormy et al., 2000 for a review). Bloxham concludes that Y7 therma structure can contribute to
non-axia-dipole field structure, while Glatzmaier et al. infer that the propensity for the field to reverse is
greatly enhanced by particular kinds of boundary conditions, such asthe one that mimicsthe current thermal
structure near the CM B. Quite different zonal thermal structures appear to be associated with simulationsthat
do not exhibit reversals. It isdifficult to envisage being ableto run the current full 3-d numerical dynamosfor
long enough to generate adequate numbers of reversals to acquire statistically meaningful estimates of rate
for a variety of boundary conditions, however, one can readily evaluate whether the spectrum of intensity
variations(for example) isdifferent, and explorewhether it is possibleto identify differencesinthedynamical
processes in the core associated with the different boundary conditions. 1t may be possible to make progress
in understanding dynamical regimesthat favor reversals, or why in some parts of the time scale cryptochrons
appear quite common, while in others they are apparently absent. McMillan et al. (2001) have developed
statistical toolsfor studying the output of numerical dynamo simulationsand comparing them to properties of
the paleomagnetic field. These have been applied to some of the Glatzmai er-Roberts numerical experiments
with different boundary conditions, and clearly demonstrate more power in the secular variations for some
scenarios than others.

An outstanding question, which has perhaps been obscured by the repeated analysis of paleomagnetic
observations in terms of the Poisson process is how the geomagnetic field evolves from a state in which
geomagnetic reversalsoccur to onewithout (or viceversa). Rapid changesintherate parameter of astochastic
renewal process cannot be estimated accurately: yet it seemsthat the geomagnetic field readily evolved from
atime when no reversals occurred (CNS) to one of quite frequent reversals over atimeinterval of sometens
of millions of years. Such atimescaleis significantly shorter than that generally attributed to changes at the
CMB due to overturn of the mantle, so that one either has to invoke gradual changes that eventually pass
some critical point allowing the initiation of reversa (as envisaged by e.g., McFadden & Merrill, 2000),
or aternatively one needs to investigate scenarios that involve mantle plumes or other processes in which
significant changes in CMB conditions can be generated relatively rapidly.

5. Structure and Dur ation of Reversals

We turn now to the detail s of geomagnetic reversals, as opposed to the rate at which they occur. Once again
there needs to be a critical emphasis on dating of paleomagnetic records, because this determines our ability
to study such issues ashow long the field spendsin transition at any given site during any particular reversal.
It isalready obvious from Figure 1 that the duration of areversal islikely to depend on geographic location
if we use any of the standard measures to define a reversal, such as local VGP direction deviating from
the geographic axis by more than a specified amount or decrease in paleointensity (DIP) to less than some
critical percentage of the average. Note that this requires a clear concept of what the average is, something
that isin general far from obvious.

5:1 Observational Estimates of Duration:

There are four potential sources of observational estimates for the duration of reversals, each related to the
nature of the geological features preserving the record. We first consider the direct estimates. In marine
sediments the sediment accummulation rate (SAR) can be used to find the age at which the transition begins
and is completed (as defined by some specified directional deviation or DIP). This suffers from a number of
disadvantages: the interval length is subject to fluctuations in SAR, to whatever interpolation used, and to
smoothing or offsetsin timing due to the lock in depth and filtering process (which may themselves depend
on SAR) in the acquisition of remanence. These limitations are offset by the significant advantage that direct
correlation to the ATS is possible in many cases using fluctuationsin 6'¥0. The length of reversals found
by this technique range from as short as 100 years (Worm, 1997) to more than 20 kyr (Herrero-Bervera,
1987): it is very difficult to sort out the roles of the various individual factors that contribute to the large
range, but in general shorter estimates are found when only directional information is considered than when
preliminary decreasesin paleointensity are taken into account. In a study of 8 Pacific marine cores Clement
and Kent (1984) found indications that reversal stook about twice aslong at mid-latitudes as at low latitudes,
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but Valet et al. (1989) found no such relationship for 4 Atlantic cores from the latitude range 0-50°N. More
recently in a detailed study of sedimentary records of the Matuyama- Brunhes reversal Tauxe et al. (1996)
found tantalizing suggestions that the age at which it occurred depended on geographic location, but were
unable to rule out the possibility of variations in the timing at which the magnetic remanence is ultimately
locked in.

The other direct approach uses radiometric dating on transitional lava flows from different locations, prefer-
ably potassium-rich sanidine bearing rhyolites. This hasto date meant that the reversal is defined in terms of
directional rather than intensity anomalies. As noted earlier the claimed precision on 4° Ar /39 Ar dating may
be as good as 0.5%: for the Brunhes this means relative uncertainities at different sites of a few thousand
years. The differences among ages of 8 transitional lava flows drawn from globally distributed locations
(Chile, LaPalma, Tahiti, and Maui) rangeup to 12 kyr, placing thisasaplausible upper bound on the duration
of directional variations for the last reversal (Singer and Pringle, 1996). Thisis a globa estimate for the
duration of the reversal: it should be kept in mind that at any given location the transition might appear to
beinitiated at alater or earlier time and have occurred considerably more (or perhaps even less) rapidly.

The number of transitions that are dated directly in multiple locations is very small indeed. An indirect
statistical approach that does not necessarily require precise radiometric dates on lava flows takes the ratio
of the number of transitional to non-transitional directions in some time window, and supposes that this
indicates the amount of time the field spends in transition. Such a method is inevitably complicated by
excursions, although if one takes the view that they are part of the same process as reversals this may not
matter. Nevertheless, it isworth noting that direct radiometric dating by Singer et al. (1999) finds at |east
7 and perhaps as many as 11 excursional directions, that could be interpreted as reversals attempts, in the
timeinterval 1.18-0.78 Ma. Iceland is the archetypical location for duration estimates by such a statistical
analysis as there are hundreds of flows that span several million years. Since the eruption of these flows
can safely be regarded as uncorrelated with geomagnetic field behavior this can be presumed to provide an
unbiased estimate of the time the field spends in whatever one defines as transitional directions. The value
so obtained for Iceland is 6 kyr.

Durations have also been estimated indirectly from the cooling rates of intrusives rocks. This method has
only rarely been used and requires assumptions about the cooling process that are hard to verify, therefore
we will not consider it further here. Of the above thefirst two provide the most direct estimates, but all may
be potentially complicated by precursory excursions extending the length of reversal. It is also possiblethat
any such excursional features may themselves be inextricably bound up with variationsin field intensity.

The vast range of times estimated for various reversals at different times and places indicate the inadequacy
of the current dataset to resolve such issues as how long an individual reversal takes, whether the time taken
varies with location, and/or with different reversals, and also whether it varies aong with reversal rate.
Although dating techniques are steadily improving, it seems unlikely that it will be possible to know agesto
an accuracy much better than afew thousand years. Thus the possibility of directly modeling the structure
of the geomagnetic field during areversal remains remote (although this has not stopped people from trying,
Mazaud, 1995; Shaoetal., 1999). Thereareno suchdating limitationsintherecordsof geomagneticreversals
provided by numerical geodynamo simulations. A detailed analysis of the geomagnetic reversals found in
the Glatzmaier-Roberts dynamo (Coe et al., 2000) indicates that reversal times vary widely depending on
criteria used to determine onset of the reversal, but also with location, for successive reversals, and may
exhibit different behavior depending on the thermal boundary conditions.

5:2 Persistent Patterns?

Despite the poor prospect for recovering details of the geomagnetic field structure during geomagnetic
reversals, there have beenlongstanding effortsto characterize general propertiesassoci ated with geomagnetic
reversals. There are a number of fairly recent reviews on the subject of reversals, which discuss in some
detail the magnetization of rocks and attempts to categorize the morphology of geomagnetic reversals (see
for example Jacobs, 1994; Merrill and McFadden, 1999). These morphological descriptions are generally
known as phenomenological models, and have evolved from those proposed by Creer and Ispir (1970) in
which the dipole part of the magnetic field either decayed away and subsequently rebuilt in the opposite
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direction or rotated without variation in dipole moment.

Observations that are universally agreed upon for geomagnetic field transitions are, firstly, that they are
incompatible with a zonal magnetic field structure during reversals: if such afield were present then the
VGP positions at all siteswould follow a path along either the site longitude or its antipode; that thisis not
so has been apparent since work by Hillhouse and Cox (1976). The second feature common to al transition
recordsisasignificant decreasein field intensity: this appears to be a necessary but not sufficient condition,
since records of paleointensity for the Brunhes (e.g., Guyodo & Valet, 1999) show many such decreases to
about 20% of the average value: athough a number of these may coincide with directional anomalies or
excursions only the B-M boundary actually has a full geomagnetic reversal.

On the subject of more detailed, persistent structure in the magnetic field during reversals, there has been
considerable controversy regarding interpretation of the available data. Valet & La (1984) noted that 3
out of 4 reversals from Crete had longitudinally confined VGP paths, suggesting recurring behavior during
successive reversals for asingle site. Clement (1991) analysed VGP positions for the Matuyama-Brunhes
transitions from globally distributed sites and noted preferential longitudes for VGP paths in the available
records: he suggested that there was a simple field structure during this reversal. Lgj et al. (1991) asserted
that the simple structure had persisted for many reversals. Both of these assertions were criticized on the
grounds that the global distribution of data was inadequate, and the possibility that biases in acquisition of
magnetization by marine sediments, and /or statistical biases arising from possible distributions of directions
would tend to favor reversal paths lying 90° from the sites longitude, as was observed in a number of cases
(e.g., Langereiset al., 1992: Egbert, 1992; Valet et al., 1992, plus many more). Constable (1992) noted that
the preferred longitude bands were roughly aligned with one of those followed by globally distributed VGPs
when the axial dipole part of the present field decays to zero amplitude before regrowing with the opposite
polarity. Figure 1 (b) shows the probability density function for VGPs at the midpoint of such a process
when there is no axial dipole present. The coincidence between preferred paths and the present field could
be interpreted as due to a permanently preferred field structure like that of the present day field or residual
overprinting of paleomagnetic records by the present field.

@

Figure7: VGP density distribution for MBD97, the Matuyama-Brunhestransitional database compilation of Love & Mazaud (1997)
Each direction is assigned unit weight in estimating the density function.
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Theavailablereversal datahave been reanalysed anumber of timeswith conclusionin favor of or against the
preferred paths. Recently 62 records of the Matuyama-Brunhes reversal were assessed by Love and Mazaud
(1997), and winnowed to 11 in the MBD97 database. The remaining 11 still show preferred bands, even
when weighted so that each site carries unit weight. Hoffman (2000) prefered to give each VVGP direction (of
which each record has a variable number) unit weight, and argues that when arunning avergae of number of
VGPswithin circular capsiscomputed in thisway, thereisapreferencefor transitional VGP directionstolie
in one of two preferred patches, north of Western Australia, and near the southern tip of America (see Figure
7, for the results from asimilar calculation in which the density distribution for individua V GPs during the
last reversal is calculated ). He interprets this preference as a sign that the geomagnetic field occupied an
intermediate dipolar structure with a pole in one of these positions for a significant amount of time during
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the reversal, while other parts of the transition were executed quite rapidly. In the absence of sufficiently
accurate age constraints on the individual flows concerned, it is difficult to test this assertion. The prefered
paths for transitional fields have been associated with thermal structure at the core mantle boundary (Lgj et
al., 1991), asinferred from seismic tomographic models. difficulties with this interpretation remain in that
it is not obvious what, if any, relationship should exist between the VGP positions and geomagnetic field
structure and how either of these would be influenced by structure at the core-mantle boundary.

Love (1998) al so reanalysed vol canic records of reversals and excursions for the past 20 Myr, and conclude
that they too exhibit preferential pathsin contradiction of a previous analysis by Prévot and Camps (1993).
The major difference in the analysis was again in weighting, with regard to area dependence with latitude
and number of intermediate directions for each record. The most significant contributors to the preferential
longitudeswerelcelandicrecords. Notethe coincidenceof thislongitudewiththeVGPlongitudesfor Iceland
for the present field seen in Figure 3. The question of why the present field should be of special significance
during reversals is obscured somewhat by paleomagnetic evidence that the position of the dipole axis has
been quite variable during the past few thousand years, and seems to show little preference for specific
longitude bands (e.g., Constable et al., 2000).

The discussion of persistent patterns remains inconclusive, as with other features, however, we can turn to
numerical gedynamo simulations in an attempt to guide our understanding. Glatzmaier et al. (1999) have
run numerical simulations of the geodynamo using avariety of thermal boundary conditions, some of which
appear to be more susceptible to reversal than others, although the time series are not sufficiently long to
gather reliable statistics on the matter. In their analyses of the homogenous and tomographic versions of the
model both Coe et al.(2000) and McMillan et al.(2001) found that all reversals appear spontaneous, with no
external triggering required. The tomographic model was the least stable. Coe et al.observed that the time
taken for individual reversals ranges from 2—7 kyr except for the second reversal in the tomographic model
which takes 22 kyr for the directional changes. The duration depends on the location, the reversal, and the
criteria used to define transitional. All reversals were characterized by low intensities, and a sharp drop in
dipole energy. The tomographic model of Glatzmaier et al. (1999) appears to offer some support for the
hypothesis that V GPs during reversals correlate with areas of higher than average heat flux.

6. Future Prospectsin Geomagnetic Reversal Studies

In concluding this review it seems relevant to consider what prospects there are for improved understanding
of geomagnetic reversalsin the foreseeable future. In the paleomagnetic arena, understanding of time scales
islikely to see a steady improvement, with more detailed records of 60'® in marine sediments and a better
understanding of how magnetic remanenceis acquired (see e.g., Katari & Tauxe, 2000; Katari et al., 2000).
Useof anisotropy of magnetic susceptibility and increasingly sophisticated testsfor both physical disturbance
and rock magnetic changesin sediments (e.g., Cronin et al., 2001) will allow better discrimination of which
excursional recordsarereliable, aswell as pinning down thetiming of the multipledirectional excursionsthat
seemto occur inthelate Matuyamaand early Brunheschrons. However, it remainsunlikely that recordswith
sufficient resolution and accuracy in dating will be acquired for a viable reconstruction of the geomagnetic
field during areversal.

On the other hand there are real possibilities for improving understanding of the relationship between geo-
magnetic reversal rate and other properties of the geomagnetic field. At present therearethreefairly detailed
records of relative geomagnetic pal eointensity 4 Myr long or longer (from 0-4 Ma, Valet & Meynadier, 1993,
the Oligocene, 23-35 Ma and the CNS, approximately 90-94 Ma): it is possible to see the beginnings of
associating reversal rates with particular kinds of geomagnetic field behavior. In the Oligocene low reversal
rates correspond to higher average field intensity. Such high intensities seem to be associated with strong
geomagentic field variations. During the Cretaceous we do not yet have aclear view of absolute pal eointen-
sity, but the field shows a remarkable degree of stability as measured by the variability relative to the mean.
Additional absolute pal eointensity measurementsfor the CNSarein the pipeline (Lisa Tauxe, 2001, personal
communication; Tarduno et al., 2001). An increasingly detailed view of relative paleointensity variations
is being acquired for the Brunhes (Guyodo & Valet, 1999) with the advent of the SINT800 model, and
numerical geodynamo simulations allow the investigation of the limitations of stacking of paleomagnetic
records from diverse locations. It seems likely that this progress in data acquisition will allow us to move
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on from the primitive view of reversals as symptoms of a Poisson process at |east to a statistical description
with arbitrary temporal correlations.
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