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Abstract. We seek to establish whether or not secular variation, the rate at which 
the magnetic field is changing in time, is a function of field direction: Is secular 
variation anisotropic? From a large number of paleomagnetic lava data, many 
of which record polarity transitions, we find that vectors from stratigraphically 
adjacent flows are most (least) correlated during nontransitional (transitional) 
periods. Since volcanic activity is unrelated to, and therefore uncorrelated with, 
magnetic secular variation, this relationship indicates that secular variation is 
enhanced during transitions, perhaps by a factor of • 2. Thus secular variation is 
anisotropic, being a function of the deviation of field direction from an axial dipole. 
Despite this spatial dependence, we find little convincing evidence that transitional 
fields exhibit persistent recurring quasi-stationary states which manifest themselves 
in terms of midlatitude virtual geomagnetic poles (VGPs), as has sometimes been 
hypothesized. On the other hand, we identify tentatively some relative quiescence in 
secular variation during midtransition when VGPs fall near the equator. Numerous 
subsets of the database are examined for consistency and statistical errors are 
estimated by bootstrap analyses. Statistical models of secular variation need to 
incorporate the information content in serial correlations, like those analyzed here, 
from stratigraphic sections if the lava data are to be fully exploited. 

1. Introduction 

Convective motion in the Earth's core sustains the 

main part of the geomagnetic field via dynamo action: 
advective amplification balances diffusive destruction of 
the field. The motion is time-dependent, and thus the 
observed field B is time-dependent as well, exhibiting 
variation over a wide range of timescales [Bloxham et 
al., 1989; Courtillot and LeMougl, 1988; Merrill and 
McFadden, 1990]. Here we examine the secular varia- 
tion of the total magnetic field of internal origin 
[Courtillot and Valet, 1995]; we make no distinction be- 
tween the variation (say) of the dipolar and nondipolar 
fields. The data used in our analysis are pa!eomagnetic 
measurements of lavas, which individually are generally 
considered to be more reliable than those from sedi- 
ments. 

At a volcanic site the total field is recorded at discrete 

instants in time with the deposition and cooling of 
lava flow. Although the magnetic field itself changes 
continuously in time, volcanic activity is sporadic, and 
as a result the paleomagnetic lava record is temporally 
discontinuous. One approach to quantifying the behav- 
ior of the Earth's magnetic field is to examine the dis- 
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persion of directions in space and the degree to which 
the field deviates from an axial dipole; this is usually 
done statistically [Camps and Pre'vot, 1996; Constable 
and Parker, 1988; Cox, 1970; McElhinny and Merrill, 
1975]. Although directional dispersion is a manifesta- 
tion of secular variation, by itself it does not tell us 
much about the rate at which the field changes. For 
example, just because the field spends most of its time 
in a nearly dipolar nontransitional (reverse or normal) 
state, this does not necessarily mean that when the field 
deviates from an axial dipole, or undergoes a transition, 
that the field then changes at an enhanced rate, though 
this may in fact be the case. 

Information about both the secular variation and the 

local volcanic activity is contained in temporal corre- 
lations between lava data, yet we know of no attempt 
to incorporate such information into statistical models 
of the magnetic field, a shortcoming which has at least 
been recognized by some [Constable, 1990; Hulot and 
LeMou•'l, !994]. Lava data are usually treated as inde- 
pendent quantities. or if the data appear to be corre- 
lated this is considered to be a nuisance which needs to 

be corrected [Doell, 1972a; Mankinen et al., 1985; McEl- 
hinny et al., 1996; Quidelleur et al., 1994]. A major ob- 
stacle here is the difficulty in establishing a timescale; 
lavas are not easily dated radiometrically. However, 
partial knowledge of temporal variation can come from 
stratigraphy; the .data are temporally ordered if they are 
gathered from piles of serially deposited lava flows. A 
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high degree of correlation between paleomagnetic data 
from stratigraphically adjacent flows is to be expected 
if the flows were deposited closely in time or if the mag- 
netic field did not change much between successive de- 
positions; conversely, a low degree of correlation is to be 
expected if the duration between successive depositions 
was long or if the field was changing relatively rapidly 
between depositions. Given just a few data, without in- 
dependent knowledge of alepositional dates there is no 
objective means of untangling these two effects. For- 
tunately, volcanic activity is unrelated to, and there- 
fore uncorrelated with, variations in the magnetic field. 
Thus provided enough data are analyzed, it should be 
possible to incorporate measures of mean temporal cor- 
relation between stratigraphically ordered.data into sta- 
tistical models of the secular variation, since uneven 
temporal sampling due to rapid successive depositions 
of lava flows would be diluted by a preponderance of 
data. Without some accounting for temporal correla- 
tion the data remain underexploited. 

We seek to understand how secular variation depends 
on field direction or, indeed, to discover whether or not 
there is any simple relationship at all. Does the field 
change more or less rapidly when it is pointing in cer- 
tain directions? Partial inspiration for our investiga- 
tion comes from some provocative work by Hoffman 
[1992], who suggested that transitional fields may, at 
times, assume a quasi-stationary, possibly dipolar, in- 
termediate state. Such configurations, where the field 
becomes rather quiescent for a certain period of time, 
would be manifest as a clustering of field directions in 
paleomagnetic lava data, assuming, of course, that the 
effects of eruptive variability have been averaged out. 
In particular, by plotting field directions as virtual ge- 
omagnetic poles (VGPs), the magnetic pole of a dipole 
corresponding to paleomagnetic directions at each site, 
Hoffman suggested that the data indicate a clustering of 
midlatitude transitional VGPs. These assertions have 

been made on the basis of small databases and therefore 

might simply be the result of eruptive variability. 
In this analysis we examine a large database, con- 

sisting of literally thousands of paleomagnetic measure- 
ments from consecutively deposited lava flows. Rather 
than repeat the dispersion analyses of our predecessors, 
we calculate the correlation (measured by angular dif- 
ference) between vectors from stratigraphically adjacent 
lava flows. Insofar as mean angular differences reflect 
the average secular variation, we can use stratigraphi- 
cally ordered paleomagnetic data to investigate the rate 
at which the field changes as a function of field direc- 
tion. This dependence can be represented as 

a,B - 

where I• is the unit vector pointing in the direction of 
B at a particular paleomagnetic site and where 
specifies the direction of the field (not the site location). 
Similarly, we can represent the direction of the field at a 

particular paleomagnetic site in terms of VGP latitude 
and longitude 

0, B - 0, B[I•(•, •)]. (2) 

With either directional representation our study 
amounts to an analysis of the anisotropy of paleomag- 
netic secular variation. Our study here should be com- 
pared with that of Love [2000]; he concluded that pale- 
osecular variation is a filnction of intensity, finding that 
secular variation is enhanced (quiet) when and where 
the intensity is low (high). 

2. Data 

The data come from studies of stratigraphically or- 
dered, extruded lava piles deposited over the past 20 
Myr, and where the data have been published in jour- 
nals in tabular form. Each paleomagnetic direction in 
our database, inclination land declination D, is an av- 
erage of measurements from at least three magnetically 
cleaned samples per flow, with the precision parameter 
e•95, the semiangle of the cone of 95% confidence cen- 
tered on the mean direction, < 20ø; these selection cri- 
teria are similar to those of our predecessors [McElhinny 
and McFadden, 1997; Quidelleur et al., 1994]. The ab- 
solute intensities F in our database consist of Thellier or 

Shaw type measurements, made from at least two sam- 
ples per flow. Generally speaking, the Thellier method 
is preferable [Pr•vot and Pertin, 1992]: Although labo- 
ratory comparisons have shown that the Shaw method 
usually yields individual results similar to the Thellier 
method [Kono, 1978; $enanayake et al., 1982], data 
compilations indicate that Shaw intensities are gener- 
ally somewhat more scattered than Thellier intensities 
[Tanaka et al., 1995a]. In all source papers consid- 
ered here, authors report not only the mean of multiple 
measurements of F but also the number of measure- 

ments N and the standard deviation of the different 

intensity measurements err. Consistent with Student's 
t distribution, the error on the mean is estimated as 
er(F) = erF/v/•. We accept only absolute intensities 
where the relative error er(F)/F is < 33%. Among the 
various sites there are 137 stratigraphic sections giving 
a total of 4521 directions (2810 of which come from Ice- 
!and) and 323 intensities. The geographic distribution 
of the sample sites is shown in Figure 1, the database 
is summarized in Table 1, and some notes concerning 
specific data sets are given in Appendix A. 

Some of the stratigraphic sections in our database 
are very short, consisting of only a few paleomagnetic 
measurements. It might be suggested that long strati- 
graphic sections are preferable, the thinking being that 
they (somehow) preserve a more representative record 
of secular variation. However, in the analysis that fol- 
lows, where we are concerned with the correlation be- 
tween pairs of directions, we have no motivation to 
discard short stratigraphic sections and keep only long 
ones. Two flows give one correlation which is no less in- 
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(a) Directional Data 

(b) Intensity Data 

-o 

Figure 1. Geographic distribution of paleomagnetic sample 
sites; the size of the symbol is proportional to the number 
of (a) directional (I,D) and (b) absolute Thellier or Shaw 
intensity (F) data from each site. Note that most of the di- 
rectional data come from Iceland; the intensity data, though 
fewer in number, are more uniformly distributed geograph- 
ically. 

teresting than individual correlations between pairs of 
flows from giant stacks of lava piles. Furthermore, we 
have no nonarbitrary means of distinguishing a "long" 
stratigraphic section from a "short" one, nor do we have 
any objective means of determining exactly when one 
stratigraphic section preserves a sufficiently complete 
record of secular variation and when another one does 

not. The only objective approach to a correlation study 
such as ours is to consider simply all of the available 
data which satisfy certain minimum criteria for quality 
and where those criteria are unrelated to the directions 

and correlations themselves. 

3. Directional Dispersion 

It is common to display paleodirections in terms of 
virtual geomagnetic poles (VGPs), the south magnetic 
pole of a dipole corresponding to field directions from 
each paleomagnetic site. With such a convention the 
data display a bimodal distribution, with VGPs tending 
to fall near one or the other geographic pole. We can 
also plot the data in a coordinate system fixed to the 
local axial dipole direction. The Cartesian components 
of the unit magnetic field vector are 

(X,Y,Z) = (coslcosD, coslsinD, sinI). (a) 

For a site at latitude A, the off-dipole angle 0 is given 
by 

COS 0 = X cos IAD q- Z sin IAD, (4) 

where the inclination for an axial dipole is given by 

tan 1.4D = 2 tan A. (5) 

The azimuthal angle •b around the local axial dipole 
direction is given by 

Y 

tan •5 - X sin IAD + Z cos IAD' (6) 
As with VGPs, the data are scattered around the ax- 
ial dipole with a bimodal distribution. Such inho- 
mogeneous distributions should not be confused with 
anisotropy! 

4. Measuring Correlation 

For the vast majority of the data, we have only pa- 
leodirections (I,D) without corresponding intensities 
(F). The directions, of course, can be represented as 
unit vectors, and following Watson and Beran [1967] 
we define the correlation between a pair of stratigraph- 
ically adjacent unit vectors (]•j,]•j+l) as 

- - + + (7) 

The angular difference between consecutive paleodirec- 
tions •j,j+l is given by 

= (8) 

Given N pairs of stratigraphically adjacent unit vectors, 
the mean correlation is just 

i (O) <r) - 

and the mean angular difference {(} is given by 

= ½). 

We could consider the distribution of {r} and {() as 
functions of both off-dipole angle 0 and azimuth • or 
as functions of both VGP latitude A and longitude p, 
but we have noted substantial scatter in the data and 

therefore have opted for simplicity and robustness by 
considering only off-dipole angular and VGP latitudi- 
nal dependence (integrating over azimuth/longitude). 
With more data a study of azimuthally and longitudi- 
nally dependent correlations should be possible in the 
future, but for now we measure just the mean correla- 
tions as functions of 0 and A. We use semipolar plots 
for displaying the anisotropy of the secular variation; 
the convention is explained in Figure 2. 

We divide the range of off-dipole angle 0 and VGP 
latitude A into intervMs, each denoted k, and since 
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Figure 2. We use semipolar plots for displaying the 
anisotropy of the secular variation. The distance from the 
origin is proportional to the scalar of interest, in this case 
represented generically as f. The angle 0 is the off-dipole 
angle, equation (4), with 0 = 0 ø (0 = 180 ø) representing 
the direction, at a given site, parallel to the direction of a 
normal (reverse) axial dipole. 

of secular variation become meaningless if the temporal 
difference in depositional times is too large. For most of 
the analysis we consider all consecutive directions such 
that • < •c = O0 ø. Given the present rate of angu- 
lar secular variation, this cutoff amounts (roughly) to 
durations less than • 1000 years. Such a timescale is 
shorter than the duration of most reversals and is com- 

parable to the timescale for a convective overturn in the 
core, which might be considered appropriate for studies 
of secular variation, although, obviously, secular varia- 
tion occurs over a wide variety of timescales and as such 
this estimated timescale should not be overemphasized. 
Near the end of our discussion we will consider the ef- 

fects of different cutoffs of •. 
If the paleomagnetic data are serially correlated, 

which is what we expect if successive lava depositions 
occur closely in time, then the mean correlation {r) of 
the data should exceed that for a random and uniform 

(isotropic) distribution of directions; equivalently, the 
mean angular difference {•) should be less than that for 
a random and uniform (isotropic) distribution of direc- 
tions. The expected value of • for a uniform distribution 
of directions falling within a cutoff of •c is obtained by 
integration of • over a spherical cap of angular radius 

•(•c) = fø• esinede - sin• - &. cos• fo • sin ed• - 1 - cos • ' (11) 
The corresponding angular correlation is 

cos • - •. 

each correlation r and each angular difference • de- 
pends upon a pair of paleovectors, we bin r and • once 
for 0 i and once for 0i+l, and once for Aj and once for 
Ai+l. Within each bin we then calculate the mean cor- 
relation coefficient (r) and the mean angular difference 
(•}. Since these means become independent of the num- 
ber of correlation coefficients within each bin, N•, as 
N• • oc, then, provided there are enough data in each 
bin, we avoid sampling bias caused by the over rep- 
resentation of transitional directions in the literature. 

Moreover, since our database consists of data from se- 
rially ordered lava flows, and since volcanic eruptions 
are uncorrelated with variations in the magnetic field, 
there is no reason to expect that either (r) or (•) is a 
biased measure of the secular variation. Of course, our 
faith in this straightforward interpretation can be en- 
hanced if we find consistency among multiple subsets of 
the database. 

It might be thought that our analysis can give spuri- 
ous results when ( is large, larger than (say) 90 ø, which 
could happen, for example, if we were trying to esti- 
mate relative secular difference using reverse and nor- 
mal vectors. Obviously, the finite difference measures 

Average correlations in the data can be deemed to be 
statistically significant with a certain degree of confi- 
dence if the correlation minus the confidence limit ex- 

ceeds the expected correlation 7 or, equivalently, if the 
mean angular difference plus the confidence limit is less 
than the expected angular difference •. 

5. Symmetry 

The equations of magnetohydrodynamics are invari- 
ant under change in sign of the •nagnetic field [Merrill 
et al., 1979], and thus, provided reversals involve the 
entire magnetic field [Gubbins and Zhang, 1993], our 
analysis of field direction should be symmetric under 
the transformation B • -B. Since we are here uncon- 

cerned with variation in azimuth • and VGP longitude 
;•, it should be irrelevant whether the field direction de- 
viates from a dipole by 0 or by 180 ø- 0, or whether 
a VGP falls on latitude A or -A. Thus in most of the 

analysis which follows we impose normal-reverse (N-R) 
symmetry: 

r(180 ø - O) -- r(O), •(180 ø - O) - •(0), (13) 

r(-A) -- r(A), •(-A) - •(A). (14) 
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Imposing this symmetry has the effect of reducing some 
of the scatter in the mean correlation (r) and the mean 
angular difference (•) since it doubles the number of 
points within each bin. Near the end of our discussion 
we examine briefly the case of no imposed symmetry. 

6. Bootstrapping 

We estimate the reliability of (r) and (•) by a boot- 
strap analysis [Elton, 1982]. Let us consider the esti- 
mation of the reliability of the mean correlation; the 
reliability of the mean angular difference is calculated 
similarly. Denote by 7Z the population of individual cor- 
relation coefficients r within the kth bin. A population 
of test coefficients, the nth being denoted •, is gen- 
erated by random sampling with replacement from •. 
Because of the replacement, the test correlations typ- 
ically have some duplicate coefficients and, of course, 
are also missing a corresponding number of coefficients 
contained in the actual data set. The dispersion of the 
test means/r) • gives a measure of the reliability of the 
mean correlation/r), something we express in terms of 
confidence limits. 

7. Serial Relationships 

We begin by examining the serial correlation of the 
data (Figure 3). Note that the absolute intensities (F) 
and the directions (I, D) show significant serial correla- 
tion; this is true during both normal and reverse periods 
(the declinations are concentrated near 0 ø and 4-180ø), 
and there is even some hint of serial correlation dur- 

ing transitional periods as well. These results might 
indicate that the data are sufficient to resolve some as- 

pects of secular variation, though as we have remarked, 
a high degree of correlation between palcomagnetic data 
from stratigraphically adjacent flows is to be expected 
either if the flows were deposited closely in time or if the 
magnetic field did not change much between successive 
depositions; the off-diagonal scatter seen in Figure 3 
could be due to either long intervening periods of time 
or the field changing relatively rapidly between deposi- 
tions. Figure 3 by itself offers no clue as to the relative 
importance of these two effects. 

Following Love [1998], in Figure 4 we compare the 
difference in field direction between successive flows • 
versus the absolute difference in field intensity AF be- 
tween (the same) successive flows. Since our database 
encompasses reversals and excursions, both difference 
in direction and difference in intensity between succes- 
sive depositions can be large. However, notice that 
sometimes the direction changes by only a few degrees, 
while the intensity changes by tens of microteslas, an 
amount comparable to the present surface intensity of 
the Earth's magnetic field. Given the present rate of 
westward drift in the Atlantic, it might be thought that 
relatively small differences in field direction represent 
only a few years of intervening time; on the other hand, 
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Figure 3. Serial correlation of the palcomagnetic data from 
stratigraphically neighboring lava flows: (a) absolute inten- 
sities F, (b) inclinations !, and (c) declinations D. 

given the rate of decay of the dipole, the intervening 
times between these successive depositions could be cen- 
turies. Similar interpretations can be made concerning 
difference in field direction versus the relative differ- 
ence in field intensity AF/F between successive flows, 
where we see no obvious relationship between the two 
quantities. Clearly, differences between successive flows 
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Figure 4. Angular difference • Derween stratigraphically 
adjacent lava flows versus (a) ikntensity difference AF, and 
(b) relative intensity difference AF/F. The lack of corre- 
lation between angular differences and intensity differences 
demonstrates that the rate of secular variation is itself vari- 
able. 

represent a broad range of times, and thus we conclude 
that similar consecutive directions are not necessarily 
due exclusively to rapid sequential depositions of lava 
flows; they are also reflective of the secular variation. 
The rate of secular variation is itself variable. It is this 

variation of the variation and its possible functional de- 
pendence on direction that we seek to measure. 

These observations have important implications for 
the analysis of paleomagnetic data. With the tempo- 
ral irregularity of volcanic activity in mind some in- 
vestigators consider similar consecutive paleomagnetic 
data to be redundant, and they attempt to "fix" the 
lava records by combining or removing similar data 
taken from stratigraphically adjacent lava flows [Doell, 
1972a; Mankinen et al., 1985; McElhinny et al., 1996; 
Quidelleur et al., 1994]. Although it is not difficult to 
appreciate the motivation for such treatment, it should 
be recognized that it reflects a prejudice that secular 
variation is somehow temporally stationary. In fact, we 
do not a priori know the time dependence of the pale- 
omagnetic field. Indeed, one of the reasons for study- 

ing paleomagnetism is to discover the secular variation. 
Averaging or deleting similar paleovectors, while at the 
same time leaving others intact and unaveraged, de- 
feats the purpose of the analysis. Since we see clearly 
in the paleomagnetic data themselves (Figure 4) that 
secular variation is complex and is itself variable; like 
volcanic activity, geomagnetic secular variation might 
even be sporadic; see, for example, McElhinny and Mer- 
rill [1975]. Successive lava flows with depositional dates 
differing by centuries can yield paleomagnetic directions 
that can range from nearly identical to very different. 
Thus the practice of selectively combining or removing 
similar directions will result in a biased analysis and 
does not solve the problems of uneven temporal sam- 
pling. Having said all of this, statistical analyses can 
be conducted, even on data which are not uniformly 
distributed in time, so long as the analysis accounts 
for bias introduced by the paleomagnetists' preferen- 
tial sampling of transitional data. However, statistical 
analysis should not be conducted on data which have 
undergone subjective averaging or have been edited be- 
forehand. 

Because volcanic activity tends to occur intermit- 
tently, we expect that the elapsed time between suc- 
cessive depositions within a single lava pile is almost 
always relatively short compared to the timescales char- 
acterizing secular variation or to the duration (say) of 
a polarity transition. Within a lava pile each pair of 
flows represents a certain duration of time, although 
without accurate radiometric dating individual dura- 
tions remain unknown. Figure 4 highlights the problem 
with interpreting individual or just a few correlations' 
this does not mean, however, that we cannot interpret 
mean correlations among large numbers of paleovectors. 
Volcanic activity is unrelated to, and therefore uncor- 
related with, geomagnetic secular variation. Therefore 
one might expect that, on average, small (large) dif- 
ferences in stratigraphic position represent short (long) 
periods of time, during which the field will have changed 
by a certain amount and that the mean correlation be- 
tween paleomagnetic vectors will be good (poor). This 
expectation is borne out in Figure 5, where we see 
that the mean correlation {r) decreases (increases) with 
an increase (decrease) in stratigraphic positional dif- 
ference, and, equivalently, the mean angular difference 
{() increases (decreases)with an decrease (increase)in 
stratigraphic positional difference. Thus we can con- 
clude that the mean correlation between stratigraphi- 
cally adjacent lava flows contains information about the 
secular variation of the magnetic field. 

8. Correlation and Off-Dipole Angle 

In Figure 6 we show the correlation as a function 
of off-dipole angle t• for the Icelandic data; all angular 
differences ( are considered such that ( < 60 ø. The 
individual correlation coefficients r show a great deal 
of scatter, but the mean correlation coefficients {r) are 
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rectional dispersion; instead, a differential analysis, like 
that conducted here, is necessaryß 

It is somewhat disconcerting that in both Figures 6 
and 7 we see that the mean precision parameter (a0•) 
is greatest during midtransitional periods (0 '" 45 ø) 
when the correlation coefficient is also smallestß Could 

lower mean correlations during midtransitional periods 
be due to a slight increase in the scatter of the mean 
directions as measured by the precision parameter? In 
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Figure 5. Average correlation (r) as a function of dif- 
ference in stratigraphic position (height) for (a) Icelandic 
data and (b) non-Icelandic data. Note that the correla- 
tions decrease (increase)in with an increase (decrease) in 
stratigraphic positional difference. Equivalently, in terms of 
the xnean angular difference ((), for (c) Icelandic data and 
(d) non-Icelandic data, we note that the mean angular dif- 
ference increases (decreases) with a decrease (increase) in 
stratigraphic positional difference. 

more systematically distributed in 0. The correlations 
can be said to be statistically significant; note that 
the mean correlation minus the 95% confidence limit 

exceeds the expected correlation for random isotropic 
data; equivalent observations hold for the mean angu- 
lar differences {•/' Furthermore, there is a general de- 
crease in the mean correlation during nonaxial dipolar 
states and a corresponding increase in the mean angular 
difference when 0 '" 45 ø and 135 ø. These observations 

might indicate an enhancement of secular variation dur- 
ing transitional periods, perhaps by a factor of 2. Inter- 
estingly, when 0 '" 90 ø, the mean correlation is some- 
what enhanced, and the mean angular difference is less, 
which might reflect a certain midtransitional quiescence 
in secular variation. 

The corresponding results for the non-Icelandic data 
are shown in Figure 7. Generally speaking, there is 
a great deal of consistency between the Icelandic and 
non-Icelandic data; both indicate an enhancement of 
secular variation during transitional periods, but with 
some relative quiescence at midtransition. Note, how- 
ever, that the mean correlations for the non-Icelandic 
data are higher, and the mean angular differences are 
lower, than they are for the Icelandic data. This is prob- 
ably due to differences in average eruptive frequencies 
between Iceland and the remaining sites. None of these 
interpretations about the anisotropy of secular variation 
can be deduced from a simplistic inspection of the di- 

Iceland Mean Correlation 

4O 

2O 

Angular Difference 

10 

Precision Parameter 

Figure 6. Anisotropy of Icelandic data as a function of 
off-dipole angle 0. (a) Individual correlation coefficients r. 
(b) Mean correlation coefficients (r) (solid-line histograms) 
and 95% confidence limits on the xnean correlations (dashed 
lines) as determined by bootstrap analysis. The outside 
semicircle represents the average of the mean correlations 
for all off-dipole bins. The inside semicircle represents the 
expected mean correlation •(60 ø) for random and isotrop- 
ically distributed directions. (c) Mean angular differences 
(•) (solid-line histograms) and 95% confidence limits on the 
mean differences (dashed lines) as determined by bootstrap 
analysis. The inside semicircle represents the average of the 
mean differences for all off-dipole bins. The outside semicir- 
cle represents the expected mean angular difference •(60 ø) 
for a random and isotropic distribution of directions. (d) 
The mean precision parmeter (a95). All angular differences 
are such that ( < 60ø; N-R syxnInetry imposed. Compare 
with non-Icelandic data in Figure 7. 
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are actually fairly diffuse: For his Molokai record, Hoff- 
man reports a clustering of VGPs at about -60 ø lat- 
itude; other records that he discusses show VGPs at 
latitudes nearer the equator (see his Figure 2). Inter- 
estingly, Hoffman's clusters tend to fall on the preferred 
American and Asian longitudes that Laj et al. [1991], on 
the basis of sedimentary data, suggest characterize tran- 
sitional VGPs. Whether or not transitional VGPs fall 

along preferred longitudes is itself controversial, prin- 
cipally because the volcanic data exhibit a great deal 
of scatter and remain relatively few in number. Privot 
and Camps [1993] and Love [1998, 1999] come to dif- 
ferent conclusions on this matter, but both have exam- 
ined databases significantly larger than that considered 
by Hoffman, and yet neither find any apparent cluster- 
ing of midlatitude VGPs. Indeed, if a given transition 
shows a bilongitudinal distribution of VGPs, then this is 
incompatible with the intermediate dipolar states sug- 
gested by Hoffman. 

10. Angular-Difference Cutoffs 

In Figure 9 we show the anisotropy of the mean an- 
gular difference /•) for a variety of different angular- 
difference cutoffs, • < •c. From this figure we see that 
the mean angular difference, particularly for midtransi- 
tional states, increases with increasing •c. When • is 
large instead of capturing a measure of secular variation 
we are also partially measuring the inhomogeneous bi- 
modal distribution of field directions. Obviously, angu- 

Figure 7. Same as Figure 6, except for non-Icelandic data. 

Appendix B we show how to estimate statistically the 
effects of slightly erroneous directions on our correlation 
analysis. It turns out that differences in /c•95) do not 
significantly affect our conchlsions, and thus our obser- 
vations appear to be fairly robust. Further confidence 
can be gained by examination of multiple subsets of the 
database, something we discuss below. 

9. Correlation and VGP Latitude 

To check Hoffman's [1992] suggestion that transi- 
tional fields may at times assume quasi-stationary, dipo- 
lar, intermediate states, we examine the mean angular 
difference/•) between paleodirections from stratigraph- 
ically adjacent flows as a filnction of VGP latitude A. 
For both the Icelandic data and the non-Icelandic data 

(Figure 8) we see a general increase in mean angular 
difference during transitional periods. Moreover, simi- 
lar to what we saw with the off-dipole angle, there is a 
slight increase in the mean correlation when the VGPs 
fall near the equator. It is difficult to conclude that 
this variation of angular difference with VGP latitude 
actually corresponds to the chlstering of directions that 
Hoffman observes, in part because Hoffman's clusters 

Iceland Non-Iceland 
40 40 

?• 20 20 

0 0 

Figure 8. Anisotropy of the mean angular difference (/•) as 
a function of VGP latitude X for the (a) Icelandic data and 
(b) non-Icelandic data. The 95% confidence limits on the 
mean correlations (dashed lines) are determined by boot- 
strap analysis. The inside semicircle in each window rep- 
resents the average of the mean angular differences for all 
bins. The outside semicircle represents the expected mean 
angular difference/•(60 ø) for a random and isotropic distri- 
bution of directions. N-R symmetry is imposed. Compare 
with Figures 6c and 7c. 
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lar differences larger than (say)90 ø probably represent Iceland 0-5 Myr Iceland 0-10 Myr 

long hiatuses in lava deposition, and we feel that our v 4O a 4O adoption of • < •c = 60 ø throughout most of this anal- b 
ysis represents a reasonable value for rough estimation •' 

of the secular variation. •' 20 .::•,••...•,,"'...:. k I 20 

11. Subsets of the Database 0 In Figure 10 we show the anisotropy of the mean 0 
angular difference {4} for lava flows of differing but 
younger ages groups, namely, 0-5 and 0-10 Myr. Our 

Iceland •<30' Iceland •<90' 

• :• •¾.• • 40• • I Non-Iceland 0-5 Myr . N r 

0 0 

0 

.... 

Non-Iceland •<30' Non-Iceland •<90' 
20 60 

• c d angular differences {•) for 
• 40 various ages, all as func- 
• 10 Myr, (b) 0-10 Myr, and, 
• '" "'. 20 data, (c) 0-5 Myr and 

•ts on the mean corre- 

by bootstrap analysis. 
represents the average 
all bins. The outside 

xnean angular difference 
distribution of directions. 

0 0 20 Myr w• simply to have as large a database as pos- original motivation for considering lava flows • old as 

Figure 9. Anisotropy of the mean angular difference {/•) 
as a function of off-dipole angle •9 using different angular- 
difference cutoffs for the Icelandic data, (a) •c - 30 ø and (b) 
•c = 90 ø, and, correspondingly, for the non-Icelandic data, 
(c) •c - 30 ø and (d) • = 90 ø. The 95% confidence lim- 
its on the mean correlations (dashed lines) are determined 
by bootstrap analysis. The inside semicircle in each window 
represents the average of the mean angular differences for all 
bins. The outside semicircle represents the expected mean 
angular difference •(•) for a random and isotropic distri- 
bution of directions. N-R symmetry is imposed. Compare 
with Figures 6c and 7c. 

sible. Some of the data considered in this analysis have 
been corrected for tilt, and it is possible that there 
have been tectonic displacements for which there has 
been no accounting, particularly for the older sections. 
This could affect the directions, but, provided the inter- 
vening time between successive depositions is relatively 
short, it should not affect the (relative) angular differ- 
ences. In Figure 10 we see that both the younger Ice- 
landic and non-Icelandic data show a general increase 
in mean angular difference during transitional periods, 
usually with a slight decrease midtransition. In other 
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words, our results appear to be relatively insensitive to 
smallish tectonic displacements. 

Next we examine our database without supposing 
magnetic and geographical symmetries. Until now we 
have imposed a normal-reverse (N-R) symmetry on our 
correlation analysis, equations (13) and (14). Although 
there are good theoretical reasons for expecting secular 
variation (and therefore the mean angular difference) to 
be independent of the sign of the magnetic field, it is 
possible that reverse data could be adversely affected 
by overprinting of the modern field; see, for example, 
McElhinny and McFadden [1997]. In Figure 11 we see 
that our previous observations still hold: even with- 
out the imposition of normal-reverse symmetry, there 
is a general increase in angular difference during transi- 

tional periods with a slight decrease midtransition. As 
for geographical symmetry, generally speaking the dis- 
persion of field directions decreases with increasing lat- 
itude, whilst the opposite holds for the dispersion of 
VGPs [Cos:, 1970]. As we have remarked, such direc- 
tional dispersion should not be confused with our cor- 
relation analysis. To check the sensitivity of our results 
on site latitude, we performed separate analyses for low 
and high-latitude sites. Once again, we see an increase 
in angular difference during transitional periods with a 
slight decrease midtransition. 

In Figure 11 we also examine the importance of some 
of the data selection criteria. If for each individ,al di- 

rection we were to utilize stricter standards, namely, 
four or more magnetically cleaned samples per flow 

No N-R Symmetry 
4O 
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a9õ< 15 ø 4+/Flow 
4O 
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ISite Latl < 45 ø 
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Thermal Demag 
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Figure 11. Anisotropy of mean angular differences (•) for all data, but with different symmetries and 
selection criteria, all as functions of off-dipole angle 8: (a) without N-R symmetry being imposed. (b) 
low-latitude sites IAI ( 45 ø, (c) high-latitude sites IA[ • 45 ø, (d) data based on four or more samples 
per flow and where a95 ( 15 ø, (e) data obtained by step-wise demagnetization with three or more steps, 
and (f) data obtained by thermal demagnetization. The 95% confidence limits on the mean correlations 
(dashed lines) are determined by bootstrap analysis. The inside semicircle in each window represents 
the average of the mean _angular differences for all bins. The outside semicircle represents the expected 
mean angular difference •(60 ø) for a random and isotropic distribution of directions. N-R symmetry is 
imposed in all cases except 11a. 
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with a9s < 15 ø, we see the familiar anisotropic in- 
crease in mean angular difference during transitional 
periods with a slight decrease midtransition. With re- 
spect to demagnetization methods, some of the data in 
our database were obtained by either blanket demagne- 
tization or simple two-step demagnetization. If we re- 
strict ourselves to data which have been demagnetized 
with three or more steps, we find that this does not 
dramatically affect our observations on the anisotropy 
of correlation. Pinally, some researchers prefer ther- 
mal demagnetization methods, but many of the data 
considered in this analysis were obtained by alternating 
field (AP) demagnetization of rock samples. The sub- 
set of our database which has been obtained by ther- 
mal demagnetization is small, and yet it too shows an 
anisotropic increase in mean angular difference during 
transitional periods with a slight decrease midtransi- 
tion. Taken as a whole, Pigure 11 indicates that our 
conclusions are relatively insensitive to more stringent 
data selection criteria and small differences in labora- 

tory methods. 

12. Conclusions 

Our conclusion, similar to Love [2000], that secular 
variation is enhanced (quiet) during transitional (non- 
transitional) periods, made on the basis of a statistical 
study of a large number of lava data, is qualitatively 
consistent with, and a generalization of, the conclu- 
sion of Bo#u½ and Co½ [1982]. They examined a se- 
quence of lava flows recording two reversals; sinc• they 
found little or no weathering, nor soil, between adja- 
cent flows, they concluded that their flows could have 
been deposited closely in time, and since differences 
in the magnetic vector between stratigraphically adja- 
cent flows were sometimes very large, they concluded 
that secular variation might be enhanced during polar- 
ity transitions. Without detailed knowledge of the dates 
of individual lava flows the interpretations of Bogue and 
Coe might be considered somewhat subjective. On the 
other hand, their conclusion that secular variation is 
enhanced during transitions is similar to that drawn 
by Valet ½t al. [1986], who examined a high-resolution 
sedimentary transitional record, and A und•nsson and 
Levi [1997], who examined a thick layer of slowly cool- 
ing basalt. We also note that Glatzrn, aicr and Roberts 
[1995] found an enhancement of secular variation during 
their numerical simulation of a reversal. 

Concerning the slight decrease in mean angular dif- 
ference seen midtransition, which might reflect a de- 
crease in secular variation, we express some cautious 
hesitation. That it seems to occur for VGPs falling 
near equatorial latitudes is not especially consistent 
with the suggestion of Hoffman [1992] that transitional 
fields assume quasi-stationary intermediate configura- 
tions which manifest themselves as midlatitude VGPs. 

It has, of course, been noted that similar consecutive 
field directions from relatively small databases can be 

due to rapid successive depositions of lava (clusters 
might be statistical accidents). Indeed, we have sought 
to dilute this effect by examining the correlation be- 
tween literally thousands of stratigraphically adjacent 
magnetic vectors, a preponderance of data which should 
help to overcome the effects of volcanic eruptive vari- 
ability. 

We finish by noting some of the implications of this 
work for statistical modelling of paleosecular variation 
data. When we started this analysis, one of our inten- 
tions was to investigate the validity of the assumption, 
often made implicitly in statistical modelling, that vol- 
canic data are independent; our initial prejudice was 
that analysis of the serial correlation of stratigraphically 
ordered lava data would not yield useful information. In 
fact, we have shown that serial correlation, which de- 
pends on the deviation from an axial dipole, is indica- 
tive of anisotropic secular variation. In the future one 
way to incorporate the information content of serially 
correlated volcanic data into statistical modelling would 
be to represent the volcanic record of secular variation 
by some sort of Markov process; see, for example, Con- 
stable [1990]. Ideally, one would also incorporate the 
information content provided by (the few):radiometric 
dates, along with allowance for their associated errors. 
Such a program would at least be an improvement over 
current approaches. Of course, that volcanic paleomag- 
netic data are not statistically independent, but are in- 
stead correlated, is symptomatic of continuous secular 
variation being sampled randomly and discontinuously 
with the deposition of each lava flow. In other words, 
statistical models are not so much descriptions of the 
Earth's magnetic field, but rather descriptions of the 
combined magnetic and volcanic system. 

Appendix A: Notes on Data Sets 
Most of the useful information about our database is sum- 

marized in Table 1. Here we mention some technical points 
relating to stratigraphy, dating and demagnetization. 

Alaska, Wait Creek, and Castles, Bingham and Stone 
[1976]: W and C are N-N. 

Amsterdam Island, Watkins and Nougier [1973]: Only 
flows 17, 18, 19 are from a stratigraphic section. 

Arizona, Hackberry Mountain, McKee and Elston [1980]: 
Omit all sedimentary data. B27b-B9 (BS-T1) are older 
(younger) than 10 Myr; see Figure 2. 

Arizona, Hackberry Mountain, McKee and Elston [1980]: 
Omit all sedimentary data. B27b-B9 (BS-T1) are older 
(younger) than 10 Myr; see Figure 2. 

British Columbia, Mount Edziza, Souther and S•tmons 
[19741; B1-B15 (A;B18-B53;C) are older (younger) th• 5 
Myr; see Figure 8. 

British Columbia, Level Mountain, ttamilton and Evans 
[•983]: Ay-Ab (Bw-Bt) are older (younger) than 5 Myr; see 
Figure 2. 

Easter Island, Isaacson and tteinrichs [1976]: Only flows 
32, 33, 34, which come from a stratigraphic section, are 
considered; of these, 34 has c, 95 > 20 ø. 

Iceland, Bessastadaa, McDougall et al. [1976]; EQ1- 
EQ27;EW (EQ28-EQ45) are older (younger) than 5 Myr; 
see Table 3. 
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Iceland, BorgarfjSrdur, Watkins et al. [1977]: NP1- 
NPl13 (NP115-NTl12) are older (younger) than 5 Myr; see 
Table I of McDougall et al. [1977]. 

Iceland, TrSllaskagi, Saemundsson et al. [1980]: PA02- 
PCaO (PC40-PGC0) are older (younger) than X0 Myr; see 
Figure 4. 

Iceland, SR0-BX08, McDougall et M. [1984]: SR0-BD10 
(BD12-BX08) are older (younger) than 10 Myr; see Figure 7. 

Iceland, Langidalur, Kristjdnsson et al. [1992]: TL1-33 
were demagnetized with two steps; the remaining flows were 
demagnetized with three or more steps; see page 38. 

Iceland, Sn•efellsnes, Kristjdnsson and Jdhannesson 
[1999]: HH01-HF21 (HF22-HA54) are older (younger) than 
10 Myr; see Figure 4. 

Japan, Kuju, Nishida et al. [1969]' Keep only those data 
described in Table 1 of $asajima and Maenaka [1969] as 
stable. 

Japan, Kyushu Kuju, Nishida et al. [1969]' Keep only 
those data described in Table I of $asajima and Maenaka 
[1969] as stable. 

Nevada, Lousetown, Heinrichs [1967]: Roberts and Shaw 
[1990] conclude that Heinrichs's measurements of flow F1 
may be erroneous. 

Norfolk, Aziz-Ur-Rahman and McDougall [1973]: Strati- 
graphic information on the many small sections is given in 
Figure 1. 

Oregon, Steens Mountain, Mankinen et al. [1985], Prdvot 
et al. [1985]: Measurements from flows A41 and A42 ap- 
pear to record extremely rapid geomagnetic variations over 
their thicknesses, possibly during their thermal cooling, but 
this is controversial; omit measurements from A41 and A42. 
Directional groups not accepted. 

Polynesia, Huahine, Roperch and Duncan [1990]: Some 
data do not come from stratigraphic sections. No clear 
stratigraphic relationship between small sections could be 
worked out (see page 2714). We do not use the composite 
section of the data in Table 2 (page 2722), nor do we accept 
directional groups. 

Washington, Saddle Mountain, Choiniere and Swanson 
[•979]: OI1-EM• (BC3-LM1) are older (younger) than 10 
Myr; see Figure 2 of Hooper et al. [1979]. 

Appendix B: Corrections to Mean Correlations 

Each paleomagnetic direction (0, •b) considered here 
is the mean of paleomagnetic measurements taken from 
a set of samples from a given lava flow. However, each 
paleomagnetic direction is, of course, a somewhat erro- 
neous estimate of the true magnetic direction (00, •b0). 
Ignoring possible bias in the paleomagnetic method, an 
ensemble of paleodirections would be scattered symmet- 
rically about the true magnetic direction at the time of 
remanent acquisition. Let us assume that this distri- 
bution is described by the Fisherian probability density 
function: 

n exp(n/•). (B1) f(O, qbl 0ø, qb ø) -- f(/•) - 4•r sinh n 
the angle between (0, •b) and (0 ø, •b ø) is cos -•/•, so that 

cos 0 cos 0 ø - sin 0 sin 0 ø cos(•b - qbø). (B2) 

The width of the probability density function is mea- 
sured by n, which is related to a9s by 

ln(0.05) 
cosags -• 1 + •. (B3) 

Now, the mean correlation of an ensemble of directional 
pairs (0•, qb• ) and (02, qb2), taken (say) from a pair of lava 
flows, is just 

(r)- f f Af2x,2dld2, (B4) 
where d•i is an element of solid angle and where 

f• - f(O•, chilO• ), oh,ø.). (B5) 

the angle between (0x, •bx) and (02, qb2)is cos -x/•x,2, so 
that 

/•,2 = cos0x cos02 - sin 0• sin 02 cos(qbx - •b2). (B6) 

Here, we do not have an ensemble of mean directions 
for each flow, but instead an ensemble of lava flows for 
which we have typically one mean direction from each 
flow. The mean correlation between stratigraphically 
adjacent lava flows is then given by 

(r) = • • fifi+•pi,i+ldiqidl'ti+•, (B7) 
ß 

where N denotes the number of stratigraphic pairs. 
To evaluate (B7) (A. Jackson, personal communica- 

tion, 1999) we expand each probability density function 
in terms of Legendre polynomials: 

i 

= (B8) 
l 

By the addition theorem for spherical harmonics, 

Pt(•i) - • •(Oi, Oi)•(O2, •) (B9) 

and 

where each spherical harmonic •'• is Schmidt- 
normalized. After substituting into (B7) and rearrang- 
ing we have 

x 0 0 0 - (oi+x, )x ß ' • •i+1 
ijklmn 

f (Xl) 
By orthogonality 

f 4• 6i, t6•,, • (B12) • (0, •)•'•(0, •)da - 2t + 1 ' 
so that (Bll) reduces to 

0 . ClCl •i,i+l• 
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where 

i 3// 3 (•icoth•i-1) = = Cl • 1 (B14) 

and where 

0 

m 

(B15) 

An approximation of equation (B13) is given by 

[1 (4_•) 2 (B16) 

and since we seek the mean correlation between the true 

magnetic directions 

1•-•. ø [•--(4-if) 2 • lti,i+ • • (r) 
ß 

ß (B17) 

For our analysis here, however, this correction to (r) is 
very small; for our database it is much less than 1%. 
Thus we are confident that the correlations discussed 

here are not significantly affected by the slight differ- 
ences in 
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