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We seek to establish whether or not secular variation, the rate at which the magnetic
>eld is changing in time, is a function of > eld strength. Towards that end we examine
a database consisting of palaeomagnetic directions and absolute intensities from piles
of extruded lava fiows, many of which record polarity transitions. We > nd that direc-
tions from stratigraphically adjacent lava fiows are most (least) correlated when the
local > eld strength is high (low). Since volcanic activity is unrelated to, and there-
fore uncorrelated with, magnetic secular variation, this relationship between angular
correlation and intensity indicates that angular secular variation is quiet (enhanced)
when and where the local > eld strength is high (low). Our conclusion is consistent
with some aspects of the recent behaviour of the modern »>eld and is qualitatively
consistent with sedimentary data recording reversals. Although we > nd a simple rela-
tionship between angular di<erence and intensity, a corresponding relationship for
relative intensity di<erences has proved to be more elusive; its possible resolution will
bene> t from the continued collection of full vectorial palaeomagnetic data from lavas.
Statistical models of secular variation need to incorporate the information content
of serially correlated stratigraphically ordered data if the lava data are to be fully
exploited. We suggest that the apparent inverse relationship between angular secu-
lar variation and local > eld strength could be the result of electromagnetic coupling
between the solid inner core and the liquid outer core, with the inner core tending
to stabilize core convection, and hence the > eld, when the intensity is high (as has
been hypothesized).
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1. Introduction

At the Earth’s various centres of volcanic activity, a history of the geomagnetic > eld
is preserved in piles of frozen lava fiows. This palaeomagnetic record is a challenge
to read, but progress is being made in extracting reliable measures of the full mag-
netic vector, both directions and intensities. Such data have recently become rather
more numerous, revealing the dynamic nature of the Earth’s interior: convective
motion in the outer core sustains the main part of the geomagnetic > eld via dynamo
action; advective ampli> cation balances di<usive destruction of the > eld. This motion
is time dependent and thus the observed > eld exhibits secular variation. Since the
Earth’s magnetic »>eld is spatially complex, it is not a perfect dipole, and since it
exhibits a wide range of time-dependent variation, most notably undergoing occa-
sional excursions and reversals, we would ideally like to analyse a palaeomagnetic

Phil. Trans. R. Soc. Lond. A (2000) 358, 1191{1223 © 2000 The Royal Society
1191



1192 J. J. Love

database consisting of measurements representing a temporally dense sampling of
the > eld taken from a geographically wide distribution of sites. Yet volcanoes are
not evenly distributed over the Earth’s surface and their eruptions occur sporadi-
cally, and this, together with the fact that scientists tend to sample preferentially
transitional periods, means that the spatial and temporal distribution of volcanic
palaeomagnetic data is far from uniform and might even be considered to be biased.
Nonetheless, because palaeomagnetism provides us with the only long-term record of
the geodynamo’s secular variation, it is imperative that these problems be addressed
when making interpretations.

By secular variation we mean the rate at which the magnetic >eld B is chang-
ing, namely @B . This de> nition (Courtillot & Valet 1995) applies to all variation of
internal origin regardless of its characteristic time-scale; excursions and reversals are
considered to be part of the secular variation. Moreover, we apply this de> nition to
the total > eld; we make no distinction between the variation (say) of the dipolar and
non-dipolar > elds. Our approach here is somewhat di<erent from that conducted by
some in the palaeomagnetic community, where di<erent spatial and temporal com-
ponents are considered separately. Sometimes the dipole is treated di<erently from
other harmonics (see, for example, Hulot & LeMouel 1994) and secular variation is
often de> ned as being separate from reversals and excursions (see, for example, Mer-
rill & McFadden 1990). Such decompositions may at times be convenient, but since
the > eld is complex, neat and tidy divisions are rather arbitrary and often physically
impossible. In the spatial domain, the dipolar > eld is coupled to the non-dipolar > eld
through the induction equation (Bullard & Gellman 1954). In the temporal domain,
there is no compelling theoretical justi> cation to draw a > ne distinction between
transitions and other periods of enhanced secular variation, and since palaesomag-
netic data are limited in number and quality, they are often insufl cient for making
such distinctions. Having said all of this, we recognize that secular variation is itself
variable. Indeed, we seek to measure the variation of the secular variation, but with-
out resorting to arbitrary de> nitions of what is and what is not a reversal, excursion
or non-transitional secular variation.

To quantify the behaviour of the Earth’s magnetic >eld, a number of statistical
studies of palaeomagnetic lava data have been conducted (Cox 1970; McElhinny &
Merrill 1975; Constable & Parker 1988; Camps & Prevot 1996), usually examining
the dispersion of directions in space and concentrating on the degree to which the > eld
deviates from an axial dipole. Although directional dispersion is a manifestation of
secular variation, by itself it does not tell us much about the rate at which the > eld
changes. Moreover, many statistical studies have concentrated on non-transitional
periods, when the > eld intensity is highest. Although the > eld spends most of its time
in a nearly dipolar non-transitional (reverse or normal) state, it does not necessarily
mean that when the »>eld deviates from an axial dipole, or su<ers a diminution in
intensity and undergoes a transition, that the > eld then changes at an enhanced rate,
though this may in fact be the case.

Information about secular variation is contained in temporal correlations between
lava data, yet we know of no attempt to incorporate such information into statistical
models; the data are usually treated as independent quantities, a shortcoming which
has at least been recognized by some (Constable 1990; Hulot & LeMouel 1994). This
practice stems, in large part, from difl culty in establishing a time-scale; volcanic
eruptions are highly sporadic and lavas are not easily dated radiometrically. But
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partial knowledge of temporal variation can come from stratigraphy: the data are
temporally ordered if they are gathered from piles of serially deposited lava fiows. A
high degree of correlation between palaecomagnetic data from stratigraphically adja-
cent fiows is to be expected if either the fiows were deposited closely in time or if
the magnetic > eld did not change much between successive depositions; conversely, a
low degree of correlation is to be expected if either the duration between successive
depositions was long or if the > eld was changing relatively rapidly between deposi-
tions. Given just a few data, without independent knowledge of depositional dates
there is no objective means of untangling these two e<ects. Fortunately, volcanic
activity is unrelated to, and therefore uncorrelated with, variations in the magnetic
>eld. Thus, provided enough data are analysed, it should be possible to incorporate
the mean of correlations between serially ordered data into statistical measures of
secular variation, since the durations between consecutive depositions, although by
no means uniformly distributed in time, are at least unbiased with respect to geo-
magnetic activity. Without some accounting for temporal correlation the data remain
underexploited.

In response to recent interest in absolute intensity measurements from lavas, here
we inspect these data with the aim of describing the statistics of secular variation.
In particular, we are curious as to whether or not mean secular variation depends
on > eld intensity. Partial inspiration for our investigation comes from inspection of
the geographical distribution of modern »>eld variation. In > gure 1 we show a map
of the Earth’s mean sur> cial » eld intensity, as well as di<erent parts of the secular
variation. Notice that the > eld is changing most rapidly in the middle of the Atlantic,
which is also where the > eld is weakest. Of course modern data only record a rather
brief period in the history of the Earth’s magnetic > eld; it is possible that the inverse
correlation seen in > gure 1 between secular variation and intensity could be transient
or coincidental. Moreover, even if there is a relationship between secular variation and
intensity it might be complex. The present range of > eld intensity over the Earth’s
surface is relatively small, making an investigation of such a functional relationship
difl cult.

To study a broad range of » eld intensities we turn to palaeomagnetic data. For this
analysis we assembled a database consisting of palaecomagnetic directions and abso-
lute intensities from consecutively deposited lava fiows. Rather than simply repeat
the dispersion analyses of our predecessors, we examine correlations between vectors
from stratigraphically adjacent fiows. Insofar as mean correlations refiect the mean
secular variation, we can investigate the rate at which the » eld changes as a function
of local » eld strength, a functional dependence which can be represented as

6B =08( BB (L.1)

Our study here should be compared with that of Love (2000); from his analysis
of directional lava data, he concluded that palaeosecular variation is a function of
>eld direction, » nding, consistent with sedimentary data, that secular variation is
enhanced (quiet) during transitional (non-transitional) periods.

2. The database: selection criteria

Palaeomagnetic data recording a broad range of intensities are of either sedimentary
or volcanic types. Sediments can yield more or less continuous records of magnetic
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Figure 1. (a) The mean (1840{1990) surflcial fleld intensity (unT) from the historical model of
Bloxham & Jackson (1992); global average: 53 uT. (b) The average relative secular variation
@:B (yr ), equation (4.1); global average: 0:098° per century. (c) The average relative intensity
variation @:F (yr— '), equation (4.3); global average: 0:061° per century.

> eld variation, while lava data, due to the sporadic nature of volcanic activity, give
highly discontinuous records of magnetic-> eld variation. On the other hand, indi-
vidual measurements from lavas are not subject to the controversies over reliability
that make interpretation of sedimentary data so difl cult (Ho<man & Slade 1986;
Tauxe 1993); this is particularly true for rock deposited during periods of low > eld
strength. Moreover, lava data can yield absolute intensity values, while sedimentary
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Figure 1. (Cont.) (d) The average directional variaton @A (degyr '), equation (4.5); global
average: 4.4 per century. (e) The angular correlation r between vectors at 1840 and 1990,
equation (4.6); global average:0.9956. (f ) The angular di®erence between vectors at 1840and
1990, equation (4.7); global average 5:4 . Note that the total secular variation @B is highest
in the middle of the Atlantic, where the intensity is lowest. Most of this correlation is due to
the angular secular variation @A ; the correlation of relative intensity variation @F with the
intensity low is not as good. L denoteslow, H denotes high.

data can only yield relative intensity variation. Despite obvious di culties presented
by temporal discontinuities, we have chosento analyselava data.

The data used in this study come from published studies of stratigraphically
ordered extruded lava piles. Each palaeomagnetic direction in our database, incli-
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