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Introduction

The nature of geomagnetic field behavior during po-
larity transitions is one of the most hotly debated issues
in modern geophysics. Dynamo action in the earth’s
fluid outer core is known to be responsible for generat-
ing the earth’s main magnetic field, however, the mech-
anism for polarity transition is still unknown. Polarity
transitions are a fundamentally important property of
the geomagnetic field, but because they have not taken
place in historic time, it i1s necessary to turn to the
paleomagnetic record to understand the mechanism by
which they occur.

Ever since the first detailed records of transitional
geomagnetic field directions were obtained [e.g. wvan
Zigl et al., 1962], paleomagnetists have sought to un-
derstand the behavior of the field during polarity tran-
sitions. Early workers concluded that the transitional
field was dominantly dipolar, based on the observation
that virtual geomagnetic poles (VGPs) from polarity
transitions recorded at different sites all tended to lie
along the same path [Creer and Ispir, 1970; Steinhauser
and Vincenz, 1973]. A direct test of the dipolar hypoth-
esis was made by Hillhouse and Coz [1976] who com-
pared their record of the Matuyama-Brunhes transition
(780 kyr) at Lake Tecopa, California, with a record
of the same reversal from the Boso Peninsula, Japan
[Niitsuma, 1971]. The VGP paths determined from
California and Japan did not overlap, and it was con-
cluded that the geomagnetic field was not dominantly
dipolar, but complex and predominantly non-dipolar,
during the Matuyama-Brunhes polarity transition. As
more records of a single reversal were obtained, it be-
came evident that VGP paths were located close to the
longitude of the site or antipodal to it, suggesting a
transitional field that was roughly symmetrical about
the earth’s rotation axis [e.g. Hoffman, 1977; Hoffman
and Fuller, 1978; Fuller et al., 1979]. The common-
site-longitude model was readily testable and many ad-
ditional transitional records were obtained. This hy-
pothesis adequately accounted for the field behavior
observed in many records, however, a growing num-
ber of records provided evidence that the transitional
fields were complex with significant non-axisymmetric
components [e.g. Herrero-Bervera and Theyer, 1986;
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Valet et al., 1988a; Clement, 1991; Clement and Kent,
1991]. Tric et al. [1991] compiled a large data set of
records of different polarity transitions and short polar-
ity events from sedimentary sequences that span the last
10 myr. They noted a visually compelling longitudinal
confinement of transitional VGP paths of these records
along a meridian over the Americas, and to a lesser
extent, antipodal to i1t along a meridian over western
Australia and east Asia. The records of Clement [1991]
and Clement and Kent [1991] also suggest a confine-
ment of VGP paths over the same pair of longitudes.
This observation led Tric et al. [1991] and Laj et al.
[1991] to suggest that dipolar field configurations may
have dominated transitions over the last 10 myr.

It therefore appears, as pointed out by Bogue [1991],
that we have gone full circle, with the recent revival
of dipolar transitional field hypotheses. The purpose
of this paper is to selectively review developments dur-
ing the last quadrennium concerning our knowledge of
the behavior of the geomagnetic field during polarity
transitions and excursions. An excellent description of
many of the concepts discussed below is given by Mer-
rill and McFadden [1990] and by Jacobs [1994]. Other
recent reviews include those by Clement and Constable
[1991], Bogue and Merrill [1992], Gubbins [1994], and
Jacobs [1994]. The reviews by Clement and Constable
[1991] and Bogue and Merrill [1992] predate many of
the developments outlined here. The review by Gubbins
[1994] deals mainly with connections between polarity
reversals, historical records of secular variation, devel-
opments in dynamo theory and possible effects of core-
mantle interactions on the geodynamo. Jacobs [1994]
gives a detailed and up-to-date account of transitional
field behavior, although many of the developments out-
lined here occurred subsequent to the completion of his
book. The emphasis of the present paper is on the pa-
leomagnetic record of polarity transitions and the vig-
orous debate that has surrounded recent analyses of
transitional field behavior. Geomagnetic excursions are
discussed insofar as they relate to the discussion con-
cerning transitional field behavior.

Dominantly Dipolar Transitional Field
Geometries?

Laj et al. [1991] contend, based on the observations
of Clement [1991] and Tric et al. [1991], that a prepon-
derance of transitional VGPs along the longitude of the
Americas, and its antipode, from multiple records of the
same polarity transition, as well as from records of dif-
ferent polarity transitions and geomagnetic excursions
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over at least 10 myr, may reflect inherent character-
istics of the geodynamo. These “preferred” bands of
longitude delineate zones which are also important in
other geophysical observations, including: the bound-
aries of large non-dipole features of the present geo-
magnetic field (indicating strong flow of core fluid), as
identified by Blozham and Jackson [1991], and regions
of fast seismic wave propagation (and therefore low tem-
perature) in the lower mantle [Qlson et al., 1990]. Laj
et al. [1991] suggest that it is not coincidental that
the longitudes of north-south core fluid flow are also
preferred by transitional VGPs. The time constants of
mantle convection are orders of magnitude longer than
those of the core, therefore the inferred persistence of
the pattern of VGP bands over periods of at least 10
myr suggests that fluid flow in the core and/or lateral
variations in electrical conductivity at the core/mantle
boundary are modulated by mantle convection. Run-
corn [1992] has suggested that the D" layer, a physically
and chemically distinct, 200 km thick layer in the low-
ermost mantle, may hold the key to the preferred tran-
sitional VGP paths. Runcorn [1992] hypothesized that
the inhomogeneous D’ layer has a near metallic con-
ductivity below the Pacific hemisphere which screens
the secular variation generated in the earth’s core, giv-
ing rise to the well known Pacific non-dipole low. In
the hypothesis of Runcorn [1992], the conducting hemi-
spherical shell would interact with a reversing dipole
in the core to produce an electromagnetic torque that
rotates the core so that the reversing dipole path lies
along the boundaries of the shell, i.e., along longitudes
including the Americas and Australia—east Asia.

Hoffman [1991] presented results from several vol-
canic records of Pliocene and Pleistocene polarity tran-
sitions from the Hawailian and Society Island hotspots.
The intermediate VGPs from all of these records clus-
ter in geographically restricted regions which coincide
with the bands of longitude identified in sedimentary
records by Laj et al. [1991]. Because the clusters oc-
cur in separate volcanic records of polarity transitions
that vary in age over the last several million years, Hoff-
man [1991] suggests that particular field configurations
may dominate much of the reversal process and that
several long-lived field configurations may recur during
successive polarity reversals. The observation of longi-
tudinal confinement of VGPs in sedimentary records of
polarity transitions may, according to Hoffman [1991],
reflect a directional bias imposed by smoothing dur-
ing remanence acquisition [Rochette, 1990] of long-lived
transitional field orientations, rather than a continuous
dominantly dipolar transition process.

Valet et al. [1992] made a statistical analysis of a sim-
ilar data set as that used by Tric et al. [1991] to test
the significance of the visual indication of a concentra-
tion of transitional paths over preferred longitudes, as
suggested by Laj et al. [1991]. Using a x? test on a pa-
rameter which they refer to as the MVL (mean value of
longitude), Valet et al. [1992] divided the earth into 18
sectors, each with a 20° width in longitude, and found
that there was no reason to reject the hypothesis of
a uniform distribution of transitional paths. Valet et
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al. [1992] concluded that their analysis is incompatible
with a dominantly dipolar transitional field. In addi-
tion to this analysis, Langereis et al. [1992] presented
evidence further to that of Rochette [1990] which sug-
gests that the hypothesized longitudinal confinement of
VGPs can arise from the smoothing of non-antipodal
stable directions that occur just before and just af-
ter a geomagnetic reversal because of filtering during
sedimentary remanence acquisition. Based on exten-
sive studies of numerous reversal records from Crete
[Valet et al., 1988a], Sicily [van Hoof and Langereis,
1991, 1992a,b], and Calabria [Linssen, 1991], Langereis
et al. [1992] suggest that there is reason for consider-
able caution in interpreting paleomagnetic records from
relatively slowly deposited sediments. Their analysis of
these central Mediterranean records reveals that non-
transitional directions from zones of full reversed and
normal polarity, as well as near-transitional directions
immediately above and below the transitions, are signif-
icantly non-antipodal for most of the records examined
(i.e. they fail to pass the reversal test). Langereis et
al. [1992] modelled the transitional data by construct-
ing a VGP path for each reversal which was obtained
by filtering the non-transitional mean directions of the
under- or overlying polarity zones. The modelled paths
were then compared with the observed paths and it was
found that 80% of the records are successfully modelled
by smoothing of non-antipodal directions. The valid-
ity of the Mediterranean sequences as reliable recorders
of transitional field behavior must therefore be ques-
tioned. This is particularly the case when authigenic,
biogenic and diagenetic processes, including cyclically
fluctuating paleoredox conditions, give rise to more than
one remanence-bearing mineral with remanences that
are locked in at different depths, as demonstrated by
van Hoof and Langereis [1991, 1992a,b]. Roberts and
Turner [1993] also point out that caution should be ex-
ercised 1n interpreting polarity transition records from
sediments in which ferrimagnetic iron sulfide minerals
have formed, because of possible lags in timing of rema-
nence acquisition between different magnetic phases.
Regardless of the uncertainty concerning the Mediter-
ranean records, many sediments are capable of provid-
ing high-resolution records of transitional field behav-
ior. Clement and Martinson [1992] obtained replicate
records of transitional field behavior from the Cobb
Mountain polarity interval (1.2 myr) from two North
Atlantic deep-sea cores which are separated by approx-
imately 1300 km. The degree of similarity in the se-
rial correlation of features in the two records demon-
strates that they are not artifacts of remanence acqui-
sition processes. The VGP paths of these records are
indistinguishable from the path obtained from what is
inferred to be a record of the Cobb Mountain polar-
ity interval in lavas from Tahiti [Chauvin et al., 1990].
Clement [1992] augmented this comparison with two
other records of the Cobb Mountain polarity interval
from deep-sea cores in the western Pacific (Celebes and
Sulu Seas). All of the records discussed by Clement
and Martinson [1992] and Clement [1992] have strik-
ingly similar transitional VGP paths which tend to fall
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along antipodal meridians, providing evidence of a dom-
inantly dipolar transitional field during the Cobb Moun-
tain reversals. However, the tracks of these paths are
centered over Africa and the central Pacific, rather than
the bands noted by Laj et al. [1991]. Because the
Cobb Mountain polarity interval and the reversals dis-
cussed by Laj et al. [1991] occurred over time intervals
too short for significant changes to have occurred in
the lower mantle, the differences in these transitional
fields are difficult to reconcile with the hypothesis of
lower mantle control on the geodynamo. It should also
be noted that Abrahemsen and Sager [1994] have re-
cently published three records of the Cobb Mountain
polarity transitions from the Lau Basin which conflict
with the simple transitional field geometries suggested
by Clement and Martinson [1992] and Clement [1992).

The hypothesis of preferred transitional VGP paths
also received support from a study of secular variation
from lava flows that span the last 5 myr, in which
Constable [1992] reported a bias in the longitudes of
the VGPs of the stable field. The preferred longitudes
reported from the secular variation data are identi-
cal to those reported from the polarity transition data
[Clement, 1991; Laj et al., 1991]. Constable [1992] sug-
gested that the preferred longitudes observed in the
polarity transition data may be explained if the axial
dipole part of the modern geomagnetic field decayed
and grew back with opposite polarity, while the modern
non-axial dipole component remained the same. How-
ever, Quidelleur et al. [1994] and Johnson and Consta-
ble [in press] have performed further analyses of secular
variation from lavas with data bases that differ signif-
icantly from that used by Constable [1992] and both
sets of authors find a much more homogeneous VGP
longitude distribution than that reported by Constable
[1992]. Johnson and Constable [in press] claim that the
main conclusion of Constable [1992] still holds. That
1s, there exists evidence for non-zonal structure in the
time-averaged paleofield [e.g. Gubbins and Kelly, 1993],
however, there is no obvious link between secular vari-
ation VGP longitude distributions and the preferred
VGP longitude bands observed in some polarity tran-
sition records [Clement, 1991; Tric et al., 1991; Laj et
al., 1991].

The contention by Laj et al. [1991] that transitional
VGPs follow “preferred” paths has been the subject of
ongoing debate. In a response to Valet et al. [1992], Laj
et al. [1992a] argue that the y? test is unreliable with
such a small set of available polarity transition records.
Instead, Laj et al. [1992b] followed up their response
to Valet et al. [1992] with a statistical analysis of the
equatorial crossings of reversal paths based on three
standard tests used in circular statistics. These tests
are more suitable than a x? test because they do not
require any a priori partitioning of the data into longi-
tudinal bins and they allow discrimination of whether a
non-random distribution is unimodal or bimodal. Laj et
al. [1992b] conclude that their statistical tests support
the visual impression of a preponderance of transitional
VGP paths over the Americas and, to a lesser extent,
its antipode. In a companion paper, Weeks et al. [1992]
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addressed the challenge by Langereis et al. [1992] that
sedimentary records of reversal transitions reflect ar-
tifacts of remanence smoothing. Weeks et al. [1992]
modelled hypothetical polarity transition data to show
that smoothing over unrealistically long time scales 1s
required to generate intermediate directions that are
purely mixtures of pre- and post-transitional directions
for sediments in which the remanence is primarily de-
positional or post-depositional in nature. Therefore, 1f
single remanence components are 1solated during step-
wise demagnetization, preferential longitudes of transi-
tional VGP paths will be due to field behavior rather
than an artifact of the magnetization process. If mix-
tures of primary and secondary magnetizations occur
and cannot be separated, then artifacts can be gener-
ated. Therefore, as would be agreed by all workers, the
demonstration of the fidelity of a particular record is
clearly a key aspect of modern polarity transition stud-
les. As a result of their analyses, Laj et al. [1992b] and
Weeks et al. [1992] claim that, based on the presently
available data, a physical explanation should be sought
for the apparent longitudinal bias in the transitional
VGP distribution.

Further support for dipolar transitional field behav-
ior and for mantle control of the orientation of revers-
ing fields come from two southern hemisphere and two
northern hemipshere clusters of directions from volcanic
records presented by Hoffman [1992]. Interpretation of
polarity transition records from lavas 1s complicated by
the lack of knowledge of eruption frequency. A few erup-
tions over a period of a few weeks or months could give
rise to a cluster of directions that has no relevance to
long-lived transitional field states. However, Hoffman’s
[1992] data are from ten late Cenozoic records from
five widely separated sites around the world. Hoffman
[1992] therefore claims that this distribution provides
strong support not only for the contention that the re-
versal process is dominated by long-lived and recurring
transitional field states, but also that the VGP clusters
are assoclated with standing transitional orientations.
Notwithstanding the problem of smoothing during re-
manence acquisition in sediments, these volcanic data
provide strong corroboration of the sedimentary data.
Furthermore, the positions of these VGP clusters coin-
cide closely with regions of fast seismic P-wave propa-
gation in the lower mantle [Dziewonski and Woodhouse,
1987] and localities of flux expulsion of the geomagnetic
field at the core-mantle boundary [Gubbins and Bloz-
ham, 1987]. These associations led Hoffman [1992] to
suggest that the hypothesized recurring inclined dipolar
states during field reversals arise from localized long-
standing thermodynamic features of the core-mantle
system. Brown et al. [1994] subsequently published a
southern hemisphere volcanic record of the Matuyama-
Brunhes transition from the Chilean Andes which sup-
ports Hoffman’s [1992] suggestion of VGP clusters and
dominantly dipolar transitional field geometries.

A striking resemblance is also seen in the concen-
trations of flux at the core-mantle boundary between
a global set of paleomagnetic data, spanning the last
2.5 myr, and the modern geomagnetic field [Gubbins
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and Kelly, 1993]. These authors therefore propose that
the present geomagnetic field morphology and pattern
of secular variation have persisted for several million
years. This finding implies mantle control of the flow
in the top of the core and, if such concentrations of
flux persist during polarity reversal, the concentrations
could dictate the position of transitional VGPs, thus
providing further support for the hypothesis of Laj et
al. [1991]. However, Gubbins and Coe [1993] note that
while there is evidence for longitudinal bias of tran-
sitional VGP paths and an underlying mantle control
of flow in the outer core, confined VGP paths are not
necessarily evidence of near-dipolar transitional fields.
Gubbins and Coe [1993] present a simple model in which
confined VGP paths arise despite a substantially non-
dipolar structure of the transitional field.

The controversy concerning transitional field behav-
ior has not subsided. McFadden et al. [1993] performed
yet another statistical analysis of the transitional field
data base, motivated by the observations that none of
the previous tests have a hypothesis of preferred sectors
as an alternative to the null hypothesis of uniform ran-
domness and that the hypothesis of Laj et al. [1991]
has yet to be tested specifically. The test devised by
McFadden et al. [1993] uses a disk with the MVL or
equatorial crossing values placed around its circumfer-
ence. A rotator, with lobes described by an angle, 8,
denoting the width of the longitudinal band, is turned
until 1t covers the maximum number of observed val-
ues. This observed value can then be compared with a
test statistic that is observed from a uniform random
distribution around the equator. Also, one or two lobes
may be used on the rotator to test for unimodality or
bimodality. The results of this test show an overall pref-
erence for the two antipodal bands of Laj et al. [1991].
However, by applying the same test to the longitudes
of the sites from which polarity transition records have
been obtained, it is evident that the site longitudes are
more strongly grouped than the equatorial crossings of
the transitional paths. Egbert [1992] has shown that the
effect of the transformation used to calculate VGPs, in
spherical coordinates on simple, statistically homoge-
neous paleomagnetic directions, will produce a distri-
bution of longitudes that is peaked +90° from the lon-
gitude of the sampling site. Unless the sampling sites
are uniformly distributed, the VGP longitudes would
not be expected to be uniformly distributed. It is
therefore possible that the longitudinal confinement of
VGP paths may be a statistical artifact resulting from
the distortion of the VGP transformation and the non-
uniformity of sampling sites. While it is not clear that
this type of bias can explain the preferred VGP paths,
the possibility of bias should be considered before ac-
cepting the hypothesis of mantle control of the reversal
process. Therefore one must conclude that, with the
present data base, it is premature to accept the hy-
pothesis of Laj et al. [1991]. However, this model is
readily testable and future efforts should concentrate
on obtaining high quality records from a broader distri-
bution of sampling longitudes.
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The sedimentary polarity transition data sets used in
the compilations by Tric et al. [1991], Laj et al. [1991,
1992b], and McFadden et al. [1993] comprised a com-
bination of records from polarity reversals and geomag-
netic excursions, while the data set used in the statisti-
cal analysis of Valet et al. [1992] was strictly confined
to records of polarity reversals. Quidelleur and Valet
[1994] made a further statistical analysis, using the ro-
tator test of McFadden et al. [1993], of the MVLs of a
Jjoint data set that includes both records of geomagnetic
excursions and polarity reversals, as well as separate
analyses of the two different types of records. Differ-
ent characteristics emerge from the two analyses: the
VGP paths from excursions do not cluster about any
preferred longitude, while the polarity reversal records
that have low dispersions of the MVL are preferentially
grouped in a longitudinal sector over the Americas and
its antipode. However, because of the non-uniform site
distribution, most of the MVLs are +90° from their
site longitudes. Based on the premise that excursions
and polarity reversals are similar phenomena, and that
they should therefore show similar distributions of tran-
sitional VGP paths, Quidelleur and Valet [1994] revive
the suggestion that the two preferred sectors of longi-
tude result from sedimentary artifacts due to remanence
acquisition processes.

Zhu et al. [1994a)] studied the Matuyama-Brunhes
and upper Jaramillo polarity transitions in a loess se-
quence in central China. Both records have longitudi-
nally-confined transitional VGP paths that lie along
the two preferential sectors previously noted from ma-
rine and continental records [Clement, 1991; Laj et al.,
1991]. The location of the sampling sites extends the
geographical distribution of sites in the data bases used
to assess systematics in transitional field behavior and
Zhu et al. [1994a] have performed another statistical
analysis which employs the rotator test of McFadden
et al. [1993], but which is restricted to records of po-
larity transitions, with excursion records being omit-
ted. Zhu et al. [1994a] obtained similar results to those
of Quidelleur and Valet [1994] which suggest that the
largest contribution to the scatter in the longitudinal
distribution in previous analyses is due to the inclusion
of geomagnetic excursion records. Zhu et al. [1994a]
also observe a longitudinal concentration of transition
paths along the two preferential sectors when the po-
larity transition records are considered, however, unlike
Quidelleur and Valet [1994], they conclude that there
is a difference in the physical processes that dominate
geomagnetic excursions and polarity transitions.

In response to the evidence presented by Hoffman
[1992] for persistent inclined dipolar states during tran-
sitions, Prévot and Camps [1993] compiled approxi-
mately 400 intermediate poles from 121 volcanic records
of excursions and polarity transitions less than 16 myr
in age. They argue that the hypothesis of Hoffman
[1992] is based on a set of selected transitional direc-
tions and that a wider analysis is necessary to test his
hypothesis. Because several eruptions can occur over
periods of weeks or months, Prévot and Camps [1993]
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explicitly preclude the possibility of single records show-
ing long-standing features by excluding consecutive lava
flows whose ags confidence angles overlap. Using circu-
lar statistics on their large data set, Prévot and Camps
[1993] conclude that there is no evidence of long-lived
recurrent 1nclined dipolar states. The evident discrep-
ancy between their analysis of volcanic records and the
sedimentary records leads these authors to again sug-
gest a critical re-evaluation of the magnetization acqui-
sition process.

If the continued assault on the reliability of sedimen-
tary records of polarity transitions was not sufficiently
disconcerting, re-examination of the Lake Tecopa, Cali-
fornia, site has yielded yet another interpretation of the
well known Lake Tecopa record. This site was first in-
vestigated by Hillhouse and Cox [1976] who showed that
the transitional VGP path yielded a different record
from that of the Boso Pensinsula in Japan [Niitsuma,
1971] (It should be noted that the Boso Peninsula record
of Niitsuma [1971] has recently been superceded by
the work of Okada and Nutsuma [1989]). Valet et al.
[1988b)] reinvestigated the Matuyama-Brunhes transi-
tion near the locality of Hillhouse and Coz [1976], using
both alternating field (AF) and thermal methods, and
found a transitional interval of intermediate remanence
directions and mixed polarities that differed substan-
tially from that of the previous study in which only
AF methods were used. Larson and Patterson [1993]
carried out another reinvestigation of the Lake Tecopa
record at three sites and found that the zones of in-
termediate directions differ greatly in polarity charac-
ter, thickness, and stratigraphic position. They con-
clude that the mutually contradictory records provide
evidence that none of the records are acceptable for es-
tablishing the nature of the transition at Lake Tecopa.
Larson and Patterson [1993] present evidence that the
obliteration of the transition may be due to sedimentary
diagenesis, including zeolite alteration, as has been doc-
umented in the Tecopa Basin by Verosub and Summa
[1993]. This study reinforces the importance of not only
considering the effects of directional smoothing due to
remanence acquisition processes [Rochette, 1990; Lan-
gereis et al., 1992; Weeks et al., 1992], but also the ef-
fects of diagenesis on the paleomagnetic record [cf. van
Hoof and Langereis, 1991, 1992a.b; Roberts and Turner,
1993].

Glen et al. [1994] made a detailed re-examination of
a record of the Gauss-Matuyama transition from Sear-
les Valley, California, which they claim is not ham-
pered by problems due to smoothing or recording break-
down. This transition record is longitudinally uncon-
fined which suggests that the reversing field has either
a wider spectrum of behavior than has been proposed
in recent years or that the field is dominated by compli-
cated geometries during transition. Glen et al. [1994]
compare their record with other records (both volcanic
and sedimentary) from the same geographic region and
identify a common swath of VGPs that stretch from
west Africa to the southwest Pacific, with a notable ab-
sence of VGPs over a large area centered on the Indian
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Ocean. Because this apparently persistent feature of
transition records from western North America is offset
from the features seen in global compilations, Glen et
al. [1994] suggest that the persistent fields have a non-
dipolar component. Clearly, much more work is needed
to clarify the current divergence of opinion concerning
the nature of the transitional geomagnetic field.

Polarity Transitions and Excursions

In the last decade, there have been many reports of
geomagnetic excursions, in which VGPs deviate more
than 40 or 45° from the axial geocentric dipole field di-
rection. It has become popular to think of excursions as
aborted reversals because of the short-lived, but large,
swing in VGP towards values of opposite polarity. Some
authors refer to Brunhes Chron (0-780 kyr) excursions
as subchrons (a subchron is a zone bounding two closely
spaced polarity transitions; e.g. Spell and McDougall
[1992] accept eight subchrons during Brunhes time). If
such zones are real subchrons, they have important im-
plications for geomagnetic field behavior because they
imply that the reverse polarity state has been less sta-
ble than the normal polarity state for the past 780 kyr.
Publication of a substantially new geomagnetic polar-
ity timescale for the late Cretaceous and Cenozoic by
Cande and Kent [1992] provided Merrill and McFad-
den [1994] with the opportunity to re-examine the rela-
tive stabilities of the normal and reverse polarity states.
Their analysis confirms the previous conclusions of Mc-
Fadden et al. [1987] that there is no reason to reject the
hypothesis of a common stability for the normal and
reverse polarity states at any time during the Ceno-
zoic. Given this confirmation, Merrill and McFadden
[1994] conclude that it is necessary to question the re-
ality of the numerous claims of short reverse polarity
subchrons in the Brunhes chron. After examining the
literature, they conclude that there is no convincing ev-
idence for reversed subchrons in the Brunhes chron and
that the only sufficiently well documented geomagnetic
excursions are the Laschamp and the Blake excursions.
Many authors make no distinction between excursions
and aborted reversals [e.g. Tric et al.,, 1991; Hoffman,
1992; Quidelleur and Valet, 1994] and excursion records
are commonly included in statistical analyses of transi-
tional field behavior. Merrill and McFadden [1994] con-
sider the evidence for excursions as aborted reversals as
equivocal. For example, the Laschamp and Blake excur-
sions appear to occur when the non-dipole to dipole field
ratio was large with a low dipole field intensity, without
evidence for reversal of the dipole. As a consequence
of the possible difference in causal mechanism for po-
larity reversals and excursions, Merrill and McFadden
[1994] advocate that polarity transitions and excursions
should be treated separately when the data sets are ex-
amined to determine if systematics are present.

The Pringle Falls (Oregon) record of Herrero-Bervera
et al. [1989] has been widely cited as the most de-
tailed record of the Blake excursion. Herrero-Bervera
and Helsley [1993] have confirmed the earlier Pringle
Falls study by obtaining a second record from another
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sedimentary sequence, 1.5 km away from the original
site, which duplicates all of the features seen previ-
ously. Herrero-Bervera and Helsley [1993] and Zhu et al.
[1994b], who describe a record of the Blake excursion
from a Chinese loess sequence, suggest that the com-
mon features observed in numerous records support the
global nature of the Blake excursion. Herrero-Bervera
et al. [1994] and Negrini et al. [1994] have demon-
strated, on the basis of correlation of paleomagnetic
directions, tephrochronology, and radiometric dating,
that the Pringle Falls record is synchronous with excur-
sion records from Summer Lake (Oregon) and Long Val-
ley, California. These records represent a distinct and
synchronous geomagnetic excursion, with concomitant
low field intensities [Roberts et al., 1994], which must be
considered one of the best documented multiple records
of a single excursion. However, “°Ar/3°Ar dating of a
tephra layer that is closely associated with the excursion
at all three western North American localities, demon-
strates that the excursion is considerably older than the
inferred age of the Blake excursion [Herrero-Bervera et
al., 1994; Negrini et al., 1994]. Clearly, this finding has
important implications for the inferred global nature of
the Blake excursion.

Field Intensities During Polarity
Transitions and Excursions

In her review of sedimentary records of relative pa-
leointensity, Tauze [1993] briefly discussed seven rela-
tive paleointensity records of the Matuyama-Brunhes
transition. Tauze [1993] notes broad similarities be-
tween the records in that the transition zones are as-
sociated with low relative paleointensities. Valet and
Meynadier [1993] then produced the first detailed rel-
ative paleointensity record that continuously spans the
last 4 myr and which crosses numerous polarity reversal
boundaries. The most significant feature of this record
is the gradual decrease in field intensity prior to most
polarity transitions and the rapid rise to high inten-
sity after each transition. This picture has been con-
firmed by duplicate records, from three ocean basins,
that cross the Matuyama-Brunhes transition [Valet et
al., 1994], as well as from the lower and upper Jaramillo
and Matuyama-Brunhes transitions from the central
North Pacific Ocean [Verosub et al., ms]. Bogue and
Paul [1993] obtained absolute paleointensity data from
a sequence of Hawaiian lava flows which were erupted
immediately following a geomagnetic reversal. They
note that field intensities were low during the transition
and unusually high in the interval immediately follow-
ing the reversal, similar to the behavior observed in the
Steens Mountain (Oregon) volcanic sequence [Prévot et
al., 1985]. A coherent picture therefore seems to be
emerging that indicates that field intensities decay dur-
ing a polarity chron, culminating in low values during
the polarity transition, followed by a rebound to high in-
tensities in the interval immediately after the transition.
Nevertheless, the details of this asymmetrical saw-tooth
paleointensity pattern of Valet and Meynadier [1993]
will remain the subject of debate until such behavior is
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more widely observed.

These studies demonstrate the importance of obtain-
ing the paleointensity which is usually the missing third
component of paleomagnetic studies. Mary and Cour-
tillot [1993] have stressed the importance of this compo-
nent because it allows a full three-dimensional (3D) rep-
resentation of geomagnetic polarity transition records.
Mary and Courtillot [1993] present 3D polarity tran-
sition data in local cartesian coordinates (analogous to
vector component or “Zijderveld” projections) which al-
lows the examination of polarity transition records for
systematic behavior. Lin et al. [1994] analysed four
of the best known volcanic polarity transition records
and one excursion record from which high quality ab-
solute paleointensity data are available. They found a
significant correlation between the virtual dipole mo-
ment and the angle between the VGP and the earth’s
rotation axis. This result suggests that physical models
for geomagnetic field behavior must address the ques-
tion of how changes in direction are linked to changes
in intensity during polarity transitions.

Oppenheim et al. [1994] obtained transitional field
directions from a series of lower Carboniferous lavas
which yield paleointensity estimates that lie between
10 and 20% of other estimates of the lower Carbonif-
erous field intensity. This suggests that Paleozoic geo-
magnetic polarity reversals were similar to more recent
polarity transitions in that they involve a major decline
in field intensity. Low field intensities are also associ-
ated with low latitude VGPs from the Summer Lake ex-
cursion record in Pleistocene sediments [Roberts et al.,
1994] and an excursion from volcanic rocks in Germany
[Schnepp and Hradetsky, 1994]). The directional signa-
ture of the Summer Lake excursion [Negrini et al., 1994]
is attenuated with respect to the other records of the
same excursion [cf. Herrero-Bervera and Helsley, 1993].
Negrini et al. [1994] postulate that this may be due to
overprinting by the subsequent high-intensity field, as
has been proposed by Coe and Liddicoat [1994] for the
most detailed record of the Mono Lake excursion in the
Mono Lake Basin of California [Liddicoat, 1992]. Al-
ternatively, the directional attenuation may result from
sedimentary smoothing due to the relatively low sedi-
mentation rate at Summer Lake with respect to Pringle
Falls.

Discussion

This review clearly demonstrates that there 1s cur-
rently a considerable divergence of opinion concerning
the nature of the transitional geomagnetic field and
the status of geomagnetic excursions. Further work
needs to be undertaken not only to obtain a large
number of high quality records, but also to come to
a better understanding of the mechanisms that give
rise to remanence acquisition in sediments and the pro-
cesses that act to compromise the fidelity of sedimen-
tary records. A greater spatial distribution of sampling
sites 1s needed, particularly more sites from the south-
ern hemisphere. In terms of obtaining further records
to test reversal models, three potential alternatives are
evident [Clement and Constable, written comm., 1993].



Large-scale efforts need to be made to: 1) obtain as
many records as possible of the Matuyama-Brunhes
transition to map the field configuration during that po-
larity transition; 2) obtain as many records as possible
from multiple reversals, with records of sequential po-
larity transitions from a site wherever possible, and 3)
study a limited number of transitions in as many places
as possible. The latter two options would yield the most
information for testing for persistent features that may
be associated with transitional fields. Further criteria
should be added, such as recovering “normal” field be-
havior for about 25 kyr before and after each transition,
and records with accumulation rates > 5 cm/kyr should
be targetted. There is, of course, a trade-off between
high temporal resolution and the effects of reductive
diagenesis which are usually significant in rapidly de-
posited sediments.
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