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We compile a dataset of reliable palaeointensity estimates based both on published
work and on new data from basaltic glass. The basaltic glass data more than dou-
ble the number of reliable (Thellier method with pTRM checks) palaeointensity
9 estimates available. Although the new data dramatically improve both spatial and
temporal coverage, there is still a strong bias toward the most recent past. The last
0.3 Ma claim over half of the data in our combined database. We therefore divide
u_the data into two groups, the densely sampled last 0.3 Myr and the more sparsely
o sampled period of time comprising roughly half of the data from 0.3 to 300 Ma. Sepa-
rating them in this way, it is clear that the dipole moment of the Earth over the past
0.3 Myr (ca.8 x 10?2 A m?) is dramatically higher than the average dipole moment
over the preceding 300 Myt (ca. 5x 10?2 A m?). Inclusion of poor-quality results leads
to an overestimate of the average dipole moment. Interestingly, no other significant
changes in the distribution of dipole moments are evident over the 300 million year
span of the data.
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1. Introduction

Of the parts of Earth’s layered structure, the core remains the least well understood.
////:iﬂ One can study its evolution through time by examining variations in the geomag-
~ < netic field. Though by nature indirect (it assumes that the present inferred connection
~  between outer-core convection and the geomagnetic field has always operated in the
< > past), it is a relatively more direct way of studying the evolution of the core than

= those provided by other fields such as geochemistry and meteoritics. Any convinc-
fad E ing explanation of the geomagnetic field’s variation through time must be based on
3 (O @ high-quality global dataset. To this end, a number of groups worldwide are cur-
T @) rently developing high-resolution and/or long-term global palacomagnetic databases
= v (see, for example, Perrin & Scherbakov 1997). In the near future, the geomagnetic
community hopes to interpret these datasets in terms of outer-core dynamics. Such
an interpretation is not yet within our grasp (and is certainly too ambitious for
this article). Indeed, because of the sparsity of the data in space and in time, and
because of differences in technique and acceptability criteria among laboratories, it
is difficult—though by no means impossible—even to discern significant long-term
trends in the palacomagnetic data.
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Figure 1. An example of thermal remanence acquisition as a function of applied field B for
magnetite, as predicted by single-domain theory. M /M; is the magnetization as a fraction of
saturation acquired at a blocking temperature (T') of 300 °C, using Boltzmann’s constant k.
Particles are assumed to be single domain and non-interacting with a grain diameter d of 50 nm
with volume v of d°. The heavy dashed line is the approximation of linearity with applied
field, which breaks down at ca.120 pT. TRM approaches saturation above ca.200 pT, so no
palaeointensity estimates are possible above about this field strength.

2. Palaeointensity methods
(a) A comparison of palacointensity techniques
(i) Theoretical basis

Techniques for estimating absolute palaeointensity are based on a simple idea: that
a population of magnetic particles, when cooled below their blocking temperature,
< will become magnetized in proportion to the ambient magnetic field if the field is
relatively weak. For the size ranges of magnetic mineral grains in palaeomagnetic
and archaeomagnetic specimens, the geomagnetic field qualifies as ‘relatively weak’.
The exact ratio of the applied field to the magnetization of the sample cannot be
predicted a priori. The single-domain theory of Néel (1949) does predict a hyper-
bolic tangent relationship between the thermoremanent magnetization (TRM) of an
assemblage of single-domain magnetic particles and an applied magnetic field. For
weak applied fields, this relationship is approximately linear (for example, see fig-
ure 1). Single-domain theory, however, applies only to a population of non-interacting
single-domain grains. The magnetic particles in such an ensemble must all have the
same volume and must all have the same blocking temperature. Because natural
materials typically have a range of grain sizes and blocking temperatures, single-
domain theory cannot accurately predict their thermoremanent magnetization.
Early studies (see Thellier & Thellier 1959) determined empirically the relation-
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ship between an artificial TRM (Mrry) acquired in a laboratory field (B,p) and
the intensity of that laboratory field. They then used the following relationship to
estimate the intensity of the magnetic field (Bgypcient) in which their samples acquired
a natural TRM (Mygwm):

Mnrm
(/{i/f]‘ Bancient Blab MTRM (21)
- The above equation suggests a simple and straightforward palaeointensity experi-

§ > ment. However, it is based on the assumption that a particle demagnetized by heating

= above its blocking temperature becomes thermally remagnetized when cooled below
Cd - that same temperature in an applied field. If blocking and unblocking temperatures
g () Were identical, the experiments described above would suffice. In geological samples,

however, magnetic particles may be altered to other minerals with different mag-
wn etic properties. Geological samples may also contain multidomain grains, in which
the blocking and unblocking temperatures may not be the same. The ensemble of
magnetic particles in a sample may change drastically when the sample is heated,
especially to the high unblocking temperatures typical of magnetite and haematite.
Furthermore, populations of magnetic minerals may acquire a viscous overprint after
being thermally magnetized.

TH

(ii) Method of Thellier & Thellier (1959)
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Palaeomagnetists have devised a variety of techniques to circumvent the problems
of alteration, viscous overprinting and multidomain behaviour. The most rigorous of
these was developed by E. & O. Thellier (1959). A Thellier-Thellier-type experiment
is based on the assumption that magnetic particles in rocks come in a range of
sizes. Each volume fraction will become superparamagnetic above a different blocking
temperature. These particles will thus lose their remanent magnetization (or gain
an artificial TRM) at some unblocking (or blocking) temperature lower than the
maximum unblocking temperature for the entire sample.

The experiment itself consists of a series of double-heating steps, each of which
involves two measurements of the sample’s magnetic moment. One first measures

4 the portion of a sample’s natural remanent magnetization that remains after heating

71 to some temperature and cooling in a known, and typically null, field. The sample
“~is then reheated to the same temperature and cooled in a magnetic field, roughly

comparable in intensity to the expected ancient field, and its moment remeasured
> (the moment gained is termed partial TRM, or pTRM). To simplify analysis of the
[_*NRprTRM data, the fields used to impart the pTRMs should be in the same
Eorientation relative to the sample. The process is repeated at progressively higher
U temperatures up to the sample’s maximum unblocking temperature. The Thelliers’
o
%]

a
,4 \

double-heating method has one clear advantage over single-step methods: heating in
steps allows one to identify temperature ranges over which the relationship between
NRM and TRM does not change. This suggests, but does not prove, that the sample
is not being altered over this range of temperatures.

A modification of the Thellier experiment was proposed by Wilson (1961), who
heated and cooled a sample multiple times in a range of applied fields at each temper-
ature step. This method has not been used frequently since Wilson’s study, presum-
ably because of the amount of time required for each multiple-heating step. Except
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when used with strong fields for which the Néel relationship in figure 1 is strongly

nonlinear, the Wilson method reveals no more about the sample’s acquisition of
TRM than does the Thellier experiment.

A more sensitive test for alteration at any particular step is the method of pTRM

checks. Suggested by Thellier & Thellier (1959) and discussed at length by Coe

4 (1967), this method involves repeating a previous in-field step after a higher temper-

<<, ature zero-field step. If the sample’s magnetic mineralogy has only changed reversibly,

—  the pTRM gained during the pTRM check will be the same as that gained in the

double-heating step which it repeats. This is the only method that allows the exper-

imenter to check for irreversible changes in a sample’s magnetic moment while the

experiment is in progress. It is also the only method which allows the experimenter to

base a palaeointensity estimate on a portion of the demagnetization—remagnetization

data from a sample.

THE ROYA
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(iii) Other methods: Shaw and Van Zijl

Besides the Thelliers’ technique, several other types of palacointensity experiments

have been proposed. In particular, the methods of Shaw (1974; modified by Kono
1978 and Rolph & Shaw 1985) and of Van Zijl et al. (1962) are in common use. In
Shaw’s method, the palaeointensity estimate is based on a portion of the sample’s
coercivity spectrum—as opposed to a portion of the sample’s blocking temperature
spectrum, as in the Thelliers’ procedure. The procedure involves stepwise demagne-
tization of a sample four separate times in an alternating field. The first demagne-
tization yields the coercivity spectrum of the sample’s initial NRM. The sample is
then given an anhysteric remanent magnetization (ARM), a single-temperature total
or nearly total TRM, and another ARM, each of which is demagnetized in step-wise
alternating fields. The intensity of the bias field used to produce the ARM does not
need to be the same as that of the field imposed during the TRM step, although the
DC fields of the two ARMs must be of the same magnitude. One then compares the
coercivity spectra of the two ARMs, and, in the original Shaw method, selects a por-
tion of the coercivity spectrum over which the ratio between the two is unity. Shaw
(1974) argues that the particles represented by these coercivities have not altered
during the experiment. The NRM and TRM are then compared over those same
71 coercivities. In the modified Shaw procedure, AF demagnetization steps for which
~~ ARM2/ARMLI is not equal to unity are corrected: the ratio of NRM to TRM for
2 each of those coercivities is multiplied by ARM2/ARM]1 for the same coercivity.
— > The experiments of Van Zijl et al. (1962) are similar to Shaw’s in that they involve
O = demagnetizing a specimen’s NRM and TRM in an alternating field. The Van Zijl
e E method partly demagnetizes the specimen’s NRM in an alternating field, imposes a
2 (U TRM on that sample and demagnetizes that in an alternating field. The peak inten-
O sities of the two alternating fields must be identical. The ratio of partly demagnetized
w1 TRM to partly demagnetized NRM is used to determine the palaecointensity. Partly
demagnetizing the samples in alternating fields will reduce the effects of viscous
remagnetization.

Neither the Shaw method—in its original or modified forms—mnor the Van Zijl
method test for alteration or for other irreversible magnetic behaviour while the
sample is being heated. Goguitchaichvili et al. (1999) have retested, using a mod-
ified Thellier procedure, some palaeointensity estimates originally made using the
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Shaw method. The two methods imply different estimated palaeointensities. Ther-
momagnetic (susceptibility—temperature) tests indicated that heating the samples to
high temperatures had probably altered the magnetic mineralogy. Such a change is
apparent in a Thellier experiment—especially in one that uses pTRM checks—but
would not necessarily be obvious in an experiment that does not measure NRM-
4 pTRM changes during heating. Methods that do check accurately for irreversible

_g
“<_, magnetic behaviour during heating will likely reduce the variance within a set of

—  palaeointensity estimates from the same site (i.e. for a set of samples that have
acquired a natural TRM in the same palaeofield).

P

olm

fad ﬁ (b) The quality of palacointensity estimates

E O In spite of the modified Thellier experiment’s rigour, it is still not a trivial pro-
= gcess to choose the correct portion of the blocking temperature spectrum on which

to base a palaeointensity estimate. Coe et al. (1978) propose a ‘quality factor’ (q)
for Thellier-method palaeointensity estimates. This statistic takes into account the
relative uncertainty in the ratio NRM/TRM determined at different temperature
. steps, the fraction of the NRM lost over the selected demagnetization steps and the
O average NRM lost between steps in the selected interval.

There is even more information in a modified Thellier experiment than can be
encapsulated in the quality factor. Coe et al. (1978) did not base their temperature-
range selection on ¢ alone: they require that pTRM checks be positive and that
the NRM demagnetized over the selected temperatures be a primary TRM. Pick &
Tauxe (1993a) suggested that a further requirement should be that the NRM vector
for the selected temperature interval trends toward the origin on a vector endpoint
diagram. We have developed a set of strict criteria, based on those of Coe et al.
and Pick & Tauxe (1993a), which we apply in this study to data from all Thellier
experiments performed at Scripps on submarine basaltic glass. We include new data
from basaltic glasses in the Ocean Drilling Program core collection (see below). The
data from each submarine basaltic glass specimen have been reanalysed using the
following set of criteria.

PHILOSOPHICAL
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(1) The Thellier method and its variants assume that the zero-field steps demagne-
tize an igneous-rock sample’s primary TRM. To determine whether this is true,
we plot the zero-field steps as a vector endpoint diagram in sample coordinates.
The Z-axis of this coordinate system corresponds to the axis of our cylindrical
samples and to the direction of the laboratory field applied in the in-field cool-
ing steps. The X-axis corresponds to an arbitrary fiducial arrow marked on the
top of each cylindrical pellet. The data are plotted (e.g. figure 2a—¢) with X-Y
data pairs as solid symbols and X—Z pairs as open symbols. We calculate the
principal component of the data points corresponding to the chosen tempera-
ture range using the method of Kirschvink (1980). The principal component of
these data should trend toward the origin if the points represent the primary
component of the NRM (and not a viscous overprint or some component of
unknown origin). We compare the vector average of the selected data with the
principal component. The former is anchored to the origin, whereas the latter,
shown in figure 2a(i), for example, as a dashed line, is anchored to the centre
of mass of the data. The angle (a) between these two vectors must be less

|

A A

a \
&\

/ s

Py

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Phil. Trans. R. Soc. Lond. A (2000)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

1070 P. A. Selkin and L. Tauzxe

1.8

(@) (i) ™~ 16l " (ii)
14F
1.2 F

NRM

S NN B~ N
T

THE ROYAL A
SOCIETY /A

. 3.0
®) () »—ﬂ\ -
3z v 2.8
o4e) I i
== S L6l
OU L 2.
ag O | Z |
92 Mﬂ*.
=< 24t
T
Bs = »
+ t t t i ° B
© () 65T Ao 100 (i)
i o]
6F 150
T o > 200
_ 2 55t
250
| st 300
-~ + 0 2 4

Figure 2. (a)—(e)(i) Vector endpoint diagrams of the magnetization remaining after each cooling
in zero field. Specimens are unoriented, but the vertical axis (Z) is the direction along which the
laboratory field was applied during pTRM acquisition. Solid symbols are X—Y pairs and open
symbols are X—Z pairs, where X is an arbitrary direction perpendicular to Z. (a)—(e)(ii) Arai
plots of the specimens shown in (a)—(e)(i). These are pTRM gained after cooling in a laboratory
field versus NRM remaining after cooling in zero field. Solid symbols indicate the points used
in the calculation of palaeointensity. Triangles are the pTRM checks. (a) Specimen passing all
criteria for acceptance. Units are 107° A m”. (b) Specimen that fails the a criterion, but passes
all others. Units are 10" A m® on the NRM and 10~? A m* on the pTRM axis. (¢) Specimen
that fails the MAD criterion, but passes all others. Units are 107'° A m*. (d) Specimen that fails
the B criterion, but passes all others. Units are 107? A m®. (¢) Specimen that fails the DRAT
criterion, but passes all others. Units are 107° A m?.
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Figure 2. (Cont.)

than 15°. The selected points in figure 2a trend to the origin, whereas those in
figure 2b do not.

(2) We wish to insure that one and only one component of the NRM is demag-
netized in the selected zero-field steps. To this end we calculate the maximum
angular deviation (MAD; Kirschvink 1980) along with the principal component.
The MAD is a qualitative indication of scatter about the principal component.
A maximum value of MAD was taken to be 15°. The MAD for the selected
data shown in figure 2c exceeds the MAD criterion.

(3) The data are plotted on an ‘Arai plot’ (Nagata et al. 1963) as NRM remaining
versus pTRM gained in each temperature step (figure 2(a)—(e)(ii)). We calcu-
late a best-fit line to groups of four or more data points by the method of Coe
et al. (1978). The latter use the ratio of the standard error of the slope (o) to
the absolute value of the slope (|b]) to describe the relative uncertainty in the
slope of that best-fit line and thus the relative uncertainty in the palaeointen-
sity estimate. We call this statistic 8. Based on visual inspection of many Arai
plots, we chose an arbitrary value of 3 = 0.1 as a maximum acceptable scatter.
The data shown in figure 2d(ii) fail this criterion.

(4) Failure of a pTRM check is an indication of either poor reproducibility (usually
accompanied by large scatter) or of irreversible changes in the ferromagnetic
minerals in the specimen. We calculate the difference between the two in-field
measurements for a given pTRM check. It is common practice to require two
in-field measurements at the same temperature to agree to within 5% (see,
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for example, Pick & Tauxe 1993a,b 1994). This test has a bias against the
lower-temperature steps: the pTRM acquired in those steps is rather small,
so reproducibility to a given percentage is more difficult to achieve. Here, we
take a somewhat different approach that instead penalizes those field estimates
which are based on a small fraction of the NRM. We normalize the difference
between repeat pTRM steps by the length of the selected NRM—pTRM segment
and express the difference ratio (DRAT) as a percentage. A DRAT of 10% is
the maximum acceptable value for our DRAT criterion. The data shown in
figure 2e(ii) fail the DRAT criterion.

Y
A
A

/vx_\
/
A

P\

(5) In addition to the aforementioned criteria, we reject points with ¢ values of
less than unity. Though lenient and redundant in most cases, this constraint is
necessary to make certain that our palaeointensity estimates are not based on
an inordinately small fraction of the NRM. Consider four NRM—pTRM points
which meet the rest of our criteria. If the NRMs are equally spaced on an Arai
plot (the ‘gap factor’ of Coe et al. (1978) is %) and ¢ = 1, only 15% of the NRM
is demagnetized over the selected temperature range. Samples with even lower
q values are thus based on a dangerously small portion of the NRM-pTRM
data.

THE ROYAL
SOCIETY

(6) In situations in which more than one specimen from the same sampling location
passes our previous criteria, we average the field estimates (B) from both or
all specimens. If the ratio of the standard deviation of the field estimates to
the average (05/B) is greater than 25%, we deem the average unreliable and
do not consider it in further calculations.
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(¢) Submarine basaltic glass samples

Previous work has shown that the glassy rinds of submarine pillow basalts and

sheet flows are excellent materials for palaeointensity experiments (see, for example,

Pick & Tauxe 1993a, 1994). Rock magnetic studies suggest that low-Ti single-domain
titanomagnetite carries the remanent magnetization in these samples (Pick & Tauxe

| 1994). Furthermore, the remanence is acquired on time-scales comparable with lab-
1 oratory cooling times. Thus the material satisfies many of the assumptions behind

=

a
\

~d

4 the Thellier experiment. In fresh samples, the remanence is likely a TRM acquired

when the glass cooled almost immediately after eruption. Modified Thellier experi-
> ments on basaltic glass from the site of a recent eruption recover the present field at
= that location (Pick & Tauxe 1993a). Because the ocean basins cover a large area of
E the Earth’s surface, and because the age of the sea floor in many places is well con-
Q strained, submarine basaltic glass is a great resource for studies of palaeointensity.
O Researchers at the Scripps Institution of Oceanography’s palacomagnetic laboratory
W1 have contributed a large volume of palaeointensity estimates since work began on the
project in 1993 (see, for example, Pick & Tauxe 1993a, b, 1994; Juarez et al. 1998;
Juarez & Tauxe 2000).

The new specimens used in this study were taken from Ocean Drilling Program
(ODP) cores. Samples were taken from all available ODP cores wherever glass was
noted in core descriptions. These bulk samples (of the order of 5-10 g of rock) were
then sorted by degree of alteration. The latter was determined based on the colour
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and lustre of the rock samples. The freshest pieces were broken into chips of ca.0.1-

0.5 g each. Care was taken to choose the freshest looking glass possible, free of palag-

onite, large mineral grains, dirt or sparry calcite. In some cases, the glassy rind of a

pillow was so thin that samples could not be separated from the underlying basalt.

We tried to minimize the amount of basalt attached to the glass. The chips were
P cleaned in HCI if any calcite, clay or other contaminant was noted; all chips were
_, then washed with deionized water.

Chips of basaltic glass that had too low a magnetic moment (less than or equal to
0.5 nA m?) were rejected. The rest of the chips were pressed into NaCl pellets, which
were then scribed with a fiducial mark so that they could be oriented throughout the

g experiment. The pellets were then subjected to a stepwise double-heating experiment
= modified after the method of Thellier & Thellier (1959; modifications of Coe et al.
O 1978). Temperature steps began at 100° and proceeded at 25° increments until the
specimen began to fail our criteria mentioned above or until the specimen had lost
ca.90% of its remanence. At every other double-heating step (in 50° increments) we
performed a pTRM check, heating the sample to 50° below the temperature used in
the zero-field part of the step.

OYAL@
TY

E

TH
SO

(d) Starting dataset for analysis of long-term trends

We combine two databases to produce a palaecointensity dataset spanning a long
time period and covering as much of the Earth’s surface as possible. The first is a
database, available on the Internet at
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ftp://ftp.dstu.univ-montp2.fr/ pub/palaeointdb /pint.mdb .

We will refer to that database as PINT99 in the following. PINT99 comprises 1592
published absolute palaeointensity estimates. The editors of PINT99 accept palaeoin-
tensity estimates made by all techniques, from a wide range of locations and ages,
and of any polarity. It is the current version of the database originally compiled
by Tanaka et al. (1995) and more recently updated by Perrin & Scherbakov (1997)
and Perrin et al. (1998). The second database we consider, the Scripps submarine
basaltic glass (SBG99) database, contains 287 palaeointensity estimates from mod-
ified Thellier experiments on ODP, DSDP and ophiolitic submarine basaltic glass.
- Only palaeointensity estimates that passed the criteria listed above were included in
L, sBGY9.

We are combining data from two databases that contain the results of a wide
> range of experiments, all of different types and of varying degrees of reproducibility.
= To produce a reliable analysis of long-term trends in palaeointensity, we must start
F- with a reliable dataset. To this end, we chose data from the PINT99 database based
on the following.

THEROYALu
SOCI

(1) The Thellier palaeointensity method with pTRM checks is the only tech-
nique that provides robust palaeointensity estimates, uncontaminated by alter-
ation or other irreversible changes in magnetic mineralogy. Therefore only
palaeointensities estimated using the Thelliers’ method and pTRM checks were
accepted.

(2) Previous studies (see, for example, Prévot et al. 1985) have suggested that
the geomagnetic field during polarity transitions is anomalously weak when
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compared with long-term palaeointensity averages. Because palacomagnetists
have long focused on studying transitional palaeointensities, the database may
be biased toward transitional records. To avoid bias, we reject data points
designated as ‘transitional’ in the Montpellier database.

(3) For data based on averages of multiple specimens, we select points based on
reproducibility. We express the ratio of the standard deviation (oB) to the

mean of the set of measurements (B) as a percentage, and reject points with
op/B x 100 (dF/F in PINT99) greater than 25%.

A

A

(4) To compare data from different locations, we calculate the virtual axial dipole
moment (VADM) for each palaeofield estimate. The VADM associated with a
palaeointensity estimate is the moment of the geocentric axial dipole that would
produce a field of the specified palaeointensity at the sample’s palaeolocation.
The intensity of the present axial dipole of the geomagnetic field ranges from
ca. 30 uT at the Equator to 60 uT at the poles. The VADM, however, evaluated
anywhere on the Earth is 8 x 1022 A m?2.

i To calculate a VADM from a palaeointensity estimate By cient, We use the following
0 formula:
473 —1/2

VADM = —=< B, ciont (1 4+ 3 cos? 6,)

(2.2)
Ho

In the above equation, 7 is the radius of the Earth, pg the permeability of free space
(47 x 107" Hm™!), and 6, the palaeocolatitude of the site. We therefore need to
know the palaeolatitude of the site sampled. Had we decided instead to use virtual
dipole moments (VDMs) which other authors (see, for example, Perrin & Scherbakov
1997) calculate instead of VADMs, we would need to know the magnetic palaeolati-
tude. Although geographic and magnetic palaeolatitudes are not often different by a
large amount, magnetic palaeolatitudes require a large amount of high-quality direc-
tional data, which are not available for many sites. For sites younger than about
130 Ma, geographic palaeolatitudes can be calculated more consistently using plate
reconstructions. We therefore calculate VADMSs as opposed to VDMs in this study.
. For the PINT99 and SBGY9 databases, we list the method by which we determined
“1 the palaeolatitude along with other pertinent information about the sampling sites

5

< in table 1. Because plate motions over the past 5 Myr have not changed site latitudes

enough to have a large effect on VADM calculations, we have used present latitudes
> to approximate the palaeolatitudes of all sites younger than 5 Ma. For sites younger
F~ than 130 Ma on the North American, South American, African, Australian-Indian
E and Antarctic plates, we calculated palaeolatitudes based on the fixed-hotspot model
Q of Mueller et al. (1993). For sites older than 130 Ma on those plates as well as
O for sites from the Eurasian plate, we calculated palaeolatitudes (in strict terms,
U magnetic palaeolatitudes) from the apparent polar wander paths of Van der Voo
(1993). For sites sampling Pacific crust younger than 40 Ma, we approximated the
latitudinal component of plate velocity by a constant 0.4 deg Myr—! northward. For
all other sites, we relied on palaeogeographic reconstructions (Yan & Kroenke (1993)
for old Pacific crust; Lee & Lawver (1995) for Southeast Asian microplates) or other
pertinent data (e.g. palacomagnetic inclinations from ODP holes 801 and 802 from
Wallick & Steiner 1992a,b).
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Figure 3. (a) Map of data from the PINT99 database. Dots (triangles) are data that are rejected
(accepted) using the criteria discussed in the text. (b) Inferred values for B in the PINT99
database. Dots (triangles) are those rejected (accepted) for use in this paper. The dashed lines
are the maximum and minimum values of the present field.

3. Analysis of long-term trends
(a) Qualitative analysis of trends

The results of applying our selection criteria to the PINT99 database are summarized
in figure 3a, b. Applying the criteria to the PINT99 database pared the dataset down
to a meagre 268 points out of 1592. The remaining points are restricted to the
past 300 million years. The period from 15.5 to 93.5 Ma—which includes the entire
Palacogene—is entirely devoid of data, as is the period from ca.201-290 Ma. In
addition, sampling heavily favours mid-latitude sites.

The reduced dataset contains far fewer of the extremely high estimates of palaeoin-
tensity, many of which were based on Shaw-method experiments. We will evaluate
this statistically in §3 b (iii). The o/B x 100 selection criterion removes many of the
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PINT99 data points based on both Shaw and modified Thellier methods, eliminating
roughly half of these points that satisfy the other criteria.

The new submarine basaltic glass dataset more than doubles the number of high-
quality data available, adding 287 new palaeointensity estimates. The SBG99 data-
base contains many points that fit in the widest gaps between surviving PINT99

o data, including a large number of points from the early Tertiary and late Cretaceous.
<1, SBGY9 contains data from two high-latitude sites as well, although the vast majority
1 of the sites are at middle to low latitudes (see figure 4a).
< Approximately 64% of the samples in the combined dataset (figure 4b) are Neogene
> or younger in age, ca.23 Ma. This period is densely sampled, with an average of 13

ry samples per million years (compared with approximately 1.5 samples per million
R — years for the dataset as a whole). When averaging the dataset, we must take care
not to bias the average VADMs in favour of the present dipole moment. We will
consider this point in more detail in §3b (i).

Some general features of the combined dataset bear mentioning. First, the VADM
estimates from the combined dataset scatter widely about an average of 5.4 x
1022 Am? (o = 3.6 x 102 A m?). The average VADM of the combined dataset is
_ lower than the present dipole moment (ca.8x 10?2 A m?). Second, large virtual axial
0 dipole moments are more common in the most recent data. This is particularly evi-
dent in figure 4b: the most recent VADMs are as high as 16 x 10?2 A m?, whereas
VADMs above 8 x 1022 A m? are rare throughout the rest of the database.

THE
S

PHILOSOPHICAL
TRANSACTIONS

b) Statistical analysis
( Y
(i) Temporal averages

The recent period of high palaeointensity follows a period of low estimated VADM.
However, samples from within the recent palaeointensity high are abundant in the
database. In a histogram showing the age distribution (figure 5a) this is apparent as
a large spike in the most recent bin. To avoid a bias in favour of the present field
value, we average the dataset by age. Within that set of averages, the interval from 0
to 0.3 Ma is still far more densely sampled than the preceding 300 Ma. We therefore
consider the points within this time span as a separate group. Note that the limits

|, of 0 and 0.3 Ma are based solely on the density of samples within that interval and

“I not on any perceived difference in geomagnetic field behaviour. The average VADM
4 within the 0-0.3 Ma interval is 8.4 4 3.1 x 10?2 A m?. The age distribution of the

0.3-300 Ma averages (figure 5b) is closer to uniform, though still imperfect: some

> > bias toward younger samples remains.
O The temporal averages and standard deviations of data from the 0.3-300 Ma
E dataset are shown on figure 5c. Taken as a whole, the average VADM of the 0.3-
(O 300 Ma dataset is 4.6 £+ 3.2 x 1022 A m2. There appears to be no long-term trend,
T O although the large standard deviation relative to the mean reflects the high short-
= U term variability. Few averages come close to or exceed the 0-0.3 Ma average VADM.
In §3b(ii), we will examine some statistical measures of the difference between the
0-0.3 Ma and 0.3-300 Ma datasets.

Previous authors, beginning with Cox (1968), have predicted an inverse relation-
ship between the Earth’s dipole moment and the frequency of polarity reversals. We
have plotted an estimate of reversal frequency for the past 160 Ma (C. G. Constable
1999, personal communication) on an inverted scale along with the average estimated
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paper. Squares are for the SBG99 dataset and triangles are the same as in figure 3. (b) VADMs
of the SBG99 (squares) and PINT99 (triangles) data compiled here.
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VADM values in figure 5¢c. Our data are so widely spaced in age that attempting to
calculate the coherence of the two signals, for example, would be meaningless. How-
ever, we can choose two periods with different reversal frequencies and compare the
distribution of VADM estimates between the two. We choose as a division the change
in reversal rate from three reversals per million years to nearly two reversals per mil-
lion years at ca.30 Ma. The VADM estimates from 0.3-30 Ma represent a quickly
reversing regime, whereas from 30 to ca. 124 Ma (at which point the reversal rate is
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Figure 5. (a) Distribution of ages of individual data points in the SBG99/PINT99 combined
database. The ages are heavily skewed to the last few hundred thousand years. (b) Distribution
of ages of data averaged by sampling site, excluding data younger than 0.3 Ma. (c) Average
VADMs for SBG99/PINT99 data shown as dots with standard deviations as uncertainty bounds.
Heavy line is the estimated reversal frequency of Constable (1999, personal communication). We
divide the data into categories of ‘fast’ reversal rate (greater than 3 Myrfl) and ‘slow’ (less than
71 3 Myr™") (see text).

dominated by reversals corresponding to the M-series marine magnetic anomalies)
the geomagnetic field reverses less frequently. We will compare the distributions of
VADMs from the two periods.

(ii) Comparison of palaeointensity: reversal rate and palaeointensity

To compare palaeointensity variations from the quickly and slowly reversing
regimes, we consider the data not as sections of a time-series, but rather as popula-
tions of points drawn from some underlying distribution (or distributions). We will
compare the distribution of VADMs from the fast reversal rate period (0.3-30 Ma)
to those from the slow reversal rate period (30-124 Ma). To illustrate the similarity
between VADM distributions from these two time-segments, we have constructed
approximate cumulative distribution functions (CDFs, figure 6a). The VADM esti-
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I O Figure 6. Cumulative distribution functions for the data shown in figure 5. (a) VADMs
= o (X 10*> A m?) from the period of time with a ‘fast’ reversal rate (see caption for figure 5) are

shown as a dashed line and those from a ‘slow’ time as a solid line. The Kolmogorov—Smirnov
statistic d, and probability P comparing these two datasets are 0.06 and 0.79, respectively.
These parameters suggest that two distributions are not significantly different. (b) Same as in
. (a) but for VADMs from 0-0.3 Ma (solid line) and 0.3-300 Ma (dashed line). These distributions
0 are significantly different at a very high degree of confidence (d» = 0.53, P = 3 x 1072?).

mates are culled from the combined SBG99 and selected PINT99 datasets mentioned
above.

The CDFs of the fast and slow data are strikingly similar: 4.8 £ 3.5 x 10?2 A m?
for the 0.3-30 Ma data and 4.7 & 3.0 x 10?2 A m? for the 30-124 Ma data. If one
chooses different age limits for these datasets—in particular, if one compares our fast
reversal rate dataset with VADM estimates from the Cretaceous Normal Superchron
alone—the two datasets remain similar (the average VADM for during the Cretaceous
Normal Superchron is 4.9 +2.2 x 1022 A m?).

We have a powerful tool at our disposal for testing whether two datasets were
drawn from the same distribution: the Kolmogorov—Smirnov (KS) test (Press et
al. 1992). This test is non-parametric—it does not require any initial assumptions
about the distribution underlying the data. The KS test is based on the statistic d,,,
a measure of the maximum deviation between the estimated CDFs of two datasets
o (Sy1 and Sys):
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aad

— dn = ﬂffg}xxc |Sn1(x) — Sna(2)]- (3.1)

<

> s The theoretical distribution of d,, can be used to determine whether the results of

o : the KS test are significant. The probability that the deviation of two datasets, each

=7 — containing N observations, would be greater than d,, is given by

= O

E 8 P(Dy <dy)=2) (—1) te 2 Ndu, (3.2)
i=1

A low value of P indicates that it is unlikely that d,, could be the deviation between
the CDFs of two sets of observations drawn from the same distribution. We reject
the null hypothesis—that the distributions are the same—when P < 0.05.

Applying the KS test to the 0.3-30 and 30-124 Ma datasets, we obtain a small value
for the deviation (d,, = 0.062) and find that the two datasets are similar to within
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79% confidence. This is not a resounding confirmation of our initial impression based
on the CDFs. However, we cannot reject the hypothesis that the two distributions
are the same in this case.

, (iii) Comparison of palaeointensity: most recent data versus older data

4 We have also estimated CDFs for the most recent densely sampled (0-0.3 Ma)
~ VADMs and for the VADMs from 0.3 to 300 Ma (figure 6b). Note that the CDF
< > of the 0-0.3 Ma dataset is dramatically different from that of the older VADMs.

= The difference in the CDFs implies not only that the two datasets differ in terms
fad F of their mean and variance, which we have already discussed, but that the two
QO datasets differ qualitatively in their distribution. The 0-0.3 Ma data are much more
T @) uniformly distributed over the range of VADMs than are the 0.3-300 Ma data. The
= uvn latter contains considerably fewer data in the lowest and highest ranges of VADM
values relative to the mean, whereas such points are common in the young dataset.

When we apply the KS test to determine whether the 0-0.3 Ma dataset is similar
to the 0.3-300 Ma data, we obtain a d,, of 0.526 and a significance level of 3.11 x
10729, These results indicate that the two datasets do represent significantly different
distributions.

I
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(iv) Justification for selection based on method

We could make a stronger case for excluding palaeointensity estimates based on
technique if we could show that VADMSs estimated using full Thellier data are dis-
tinctly different from those estimated by other means. We therefore examine data
from the PINT99 database which we had excluded from our previous calculations
because they were the result of Shaw, Van Zijl, Wilson, ordinary Thellier, or other
methods. We focus on data from the past 5 Ma because it is easiest to calculate
VADMs for these points (see §2d). The VADM estimates from the excluded data
are plotted along with averages of data which passed our selection criteria in figure 7a.
VADMs of the excluded data are more widely scattered than are our accepted data.
Furthermore, the VADMs of the excluded data appear to be nearly evenly distributed

| over the past 5 Ma, whereas we have already discussed at length the low VADMs of
 the accepted data older than 0.3 Ma.

Comparing estimated CDFs of the excluded and included datasets supports our
contention that the two datasets are significantly different, although the difference
is not apparent over the 0-0.3 Ma time span (figure 7b). The CDFs of included and
excluded data from 0.3-5 Ma, however, indicate that the excluded data do indeed
have a much higher variance (as evidenced by the spread of the CDF along the
VADM axis). The excluded data also have a long tail at high values suggesting that
w» the distribution of excluded data is skewed toward these values. The mean of the
excluded 0.3-5 Ma data is 7.92 & 3.99 x 1022 A m?, close to that of the 0-0.3 Ma
excluded data (8.17 4 2.48 x 10%2 A m?).

Finally, we use the KS test to compare the data deemed acceptable in this paper
with the excluded data. The test strongly suggests that the included and excluded
data in the interval 0.3-5 Ma are significantly different (d,, = 0.299 with a significance
of 4 x 1072).
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Figure 7. Effect of including less reliable results on the calculation of the mean dipole moment.
(a) Al VADMs from the last 5 Myr from the Montpellier 1999 database. Averages by age of data
from SBG99 and PINT99 that meet our minimum criteria for acceptance are shown as triangles
and those excluded are shown as dots. (b) Cumulative distribution functions (see caption for
_ figure 5), for included (dashed line) and excluded data (solid line) for the period 0-0.3 Myr.
1_, Data are in units of 10> A m”. These two datasets are similar (d, = 0.139, P = 0.598) with
“a mean of about 8.4 x 10°*> A m?. (¢) Cumulative distribution functions (see caption for fig-
ure 5), for included (dashed line) and excluded data (solid line) for the period 0.3-5 Myr.
These two datasets are significantly different (d, = 0.299, P = 4 X 1075) with means of about
5.7% 10> A m® (included data) and 7.9 x 10** A m* (excluded data).

a
s

(v) Dipole nature of the field

THE ROYAL
SOCIETY

Our data also allow us to test whether the geomagnetic field has been dominantly
dipolar through time. In figure 8a, b, we present averages by palaeolatitude of esti-
mated palaeofield intensities. We have also calculated what the intensity of the geo-
magnetic field should be at a range of latitudes based on the average VADM values
determined in §3b (i). The latter is drawn as a heavy black line in figure 8a,b. With
a few exceptions, dipoles based on average VADM values fit both the 0-0.3 Ma and
0.3-300 Ma datasets to within the standard deviation of the palaeofield estimates.

L
)

PHILOSOPHICAL
TRANSACTIONS

Phil. Trans. R. Soc. Lond. A (2000)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

1084 P. A. Selkin and L. Tauxe
100
(@)
80 -
- ~ 60F
o =
< 2
Q
:é 40 b
e
8 28] 20 F
—
E 8 O 1 1 1 1 1 1 1 1 1
%0}
Tm 100
<z (b)
=0
= 80 .
SU L . -
HLO . ‘. .
7]
Oz . 60F
=t &
£ :
Q
40
20
O L . . .
-80 —40 0 40 80
palaeolatitude (deg)
Figure 8. Field values (B) versus palaeolatitude. Individual measurements shown as dots and
averages for 10° bins shown as triangles. Solid lines are the latitudinal variations in B expected
for the average dipole moments indicated. (a) Data for the period 0-0.3 Ma. Average dipole
~; moment: 8.47 X 102 A m®. (b) Data for the period 0.3-300 Ma. Average dipole moment:
T ' 452X 10*2 A m®.
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2 The exceptions occur at latitudes where the dataset contains only a few estimates of
— > the ancient field intensity.
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== 4. Discussion
= O
T O Our most striking observation based on the data collected here is the similarity in
= v» mean palaeointensity values between a period with few reversals (30-124 Ma) and

a period with a high reversal frequency (0.3-30 Ma). Cox (1968) and other authors
since (see Merrill et al. 1996) have suggested that reversals are more likely when
the geomagnetic field is weak. Our data do not bear this out: over the long term,
palaeointensity does not appear to vary with reversal rate.

On the other hand, we do observe a significant difference between shorter-time-
scale variations (represented by the 0-0.3 Ma dataset) and longer-term palaeointen-
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sity variations (the 0.3-300 Ma data). Previous studies have noted a similar dramatic

difference between the intensity of the geomagnetic field in the recent past and that

value over geological time (see, for example, Juarez et al. 1998; Juarez & Tauxe

2000). Because we re-evaluate much of the data from these studies, our results are

not entirely independent of theirs. However, our new submarine basaltic glass data
o and the reliable palaeointensity estimates from the PINT99 database do confirm
“<l_, their conclusions that the present geomagnetic field is stronger than the long-term
1  average.

From the data presented above, we tentatively conclude that variations on a shorter
time-scale (of the order of 105 yr) are driven by a fundamentally different process than
is the more stable long-term palaeointensity (averaged over ca. 100 Myr). We cannot
be certain of this because of the poor temporal resolution of the current dataset. Such
a conclusion, however, is at variance with the most recent set of results from magne-
tohydrodynamical modelling of the core. In the models of Glatzmaier et al. (1999),
behaviour of the geomagnetic field varies drastically with boundary conditions on
the outer core—among which, notably, is the thermal structure of the lower mantle.
The latter most likely varies over time-scales similar to those of plate tectonics (of
u_the order of 100 Ma). Not only is the recent palaeointensity highly surprising, then,
O but the similarity between our 0.3-30 and 30-124 Ma palaeointensity datasets is all
the more unexpected.

It is important to note that we could not have distinguished between palaeoin-
tensity variations over the past 0.3 Ma and longer-term palaeointensity averages if
we had uncritically accepted all palaeointensity estimates in the published litera-
ture. In particular, methods that involve a single NRM-TRM ratio (such as those of
Shaw (1974) and Van Zijl et al. (1962)) and that do not involve pTRM checks bias
palaeointensity estimates to high values. The resulting VADM values throughout the
past are close to the present dipole moment.

The bias toward young samples in both databases may also affect estimates of long-
term palaeointensity trends. Because such a large percentage of the VADM estimates
are from very young samples (less than 0.3 Ma), an unweighted average of all VADM
estimates in either database will be biased toward the present—anomalously high—
field intensity.
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5. Conclusions

a

ad
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— (1) We strongly caution against using palaeointensity-estimation methods that do
§ = not include multiple temperature steps as well as checks (interspersed among
® = heating steps) for irreversible magnetic behaviour. Methods without such pre-
e E cautions are likely to result in biased estimates of the geomagnetic field.
E 8 (2) To first order, the geomagnetic field over the past 300 Ma has been dipolar.
= (3) The average virtual axial dipole moment of the Earth, as derived from high-

quality palaeointensity estimates, has not changed over hundreds of millions
of years. From 0.3 to 300 Ma—throughout nearly all of the period for which
we have high-quality palaeointensity estimates—the Earth’s average VADM
has remained at 4.6 & 3.2 x 10?2 A m?. This provides an interesting backdrop
to conclusions based on the latest generation of geodynamo models (see, for
example, Glatzmaier et al. 1999), which indicate that mantle convection may
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play a large role in outer-core behaviour. It is possible that palaeointensity
varies over a much longer time-scale (see Stevenson et al. 1983), but we cannot
determine that using the present database.

(4) In contrast to the lack of long-term variation in palaeointensity, there may be
a great deal of short-term variation within the recent past, which is the most
densely sampled. Our 0-0.3 Ma dataset indicates an above-average VADM of
8.4743.10 x 10?2 A m2. We cannot say with certainty whether this is represen-
tative of short-term variation in the past—sampling density is uneven at best
over the past 300 Ma—but we are convinced that the distribution of palaeoin-
tensity estimates over the past 0.3 Ma does not reflect long-term palaeointensity
variations.

The authors thank Cathy Constable, Jeff Gee, Steve Cande and Andrew Newell for insightful
comments. Thomas Pick and Teresa Juarez kindly provided basaltic glass datasets for use in
this paper. We are especially grateful to Steven Di Donna for performing many of the analyses
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