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FA S T T R A C K PA P E R

Is 600 Myr long enough for the random palaeogeographic
test of the geomagnetic axial dipole assumption?

P. L. McFadden
Geoscience Australia, GPO Box 378, Canberra, ACT 2601, Australia

Accepted 2004 March 8. Received 2004 March 8; in original form 2003 October 23

S U M M A R Y
A simple analysis suggests that a time interval of more than about 5000 Myr is needed for
the random palaeogeographic test to be effective in assessing the geomagnetic axial dipole
assumption. This time is so long as to render the test ineffective. Consequently, intervals of
600 Myr should be recognized as providing only a small sample that is likely to be biased
towards low-inclination values.
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I N T RO D U C T I O N

The assumption of a time-average geocentric axial dipole (GAD)
field is fundamental to most palaeomagnetic studies. It is relatively
easy to test this assumption if the positions of the continents (and
therefore any sampling sites) are known by independent means. Thus
it has been relatively easy to test this hypothesis for the past 5 Myr
(McElhinny & McFadden 2000) because the continents have been
in essentially the same position as they are today. However, if the
latitude and orientation of a continent have been determined palaeo-
magnetically, then that determination has been based on the GAD
assumption and it is not possible to test that assumption directly.

Evans (1976) suggested an indirect test, the random palaeogeo-
graphic test (RPT), that made use of the frequency distribution of
inclination data over an extended interval of time. He argued that,
given enough time, the random motion of the continents on the sur-
face of the globe meant that they would occupy the different latitudes
in accordance with the surface area of the globe at each latitude. He
then argued that 600 Myr would be sufficient time for this to occur
so that a uniform random sampling in time over such an interval
would be the equivalent of a spatially random sample of latitude
with a frequency proportional to sin θ , where θ is the co-latitude.
The test would then be a comparison of the observed distribution of
the absolute values of magnetic inclinations with that to be expected
from a uniform random sampling over the globe of a geocentric axial
dipole field.

While the GAD assumption seems to hold reasonably well for
the past 5 Myr (McElhinny et al. 1996; Hatakeyama & Kono 2002),
on the basis of the RPT it has been challenged for much earlier
times (Piper & Grant 1989; Kent & Smethurst 1998; Van der Voo
& Torsvik 2001; Torsvik & Van der Voo 2002). Authors have sug-
gested persistent quadrupolar and octupolar fields to account for
the difference between observed and expected distributions, partic-
ularly for the observed excess of low-inclination values. McElhinny

& McFadden (2000) suggested that an alternative, and perhaps more
likely, explanation is that the underlying assumption of random sam-
pling of the surface of the globe through continental drift during the
Palaeozoic and Precambrian is invalid. In examining this matter it
is important to recognize that there are two distinct questions. First,
is an interval of 600 Myr actually long enough for the continental
motions to satisfy the assumption that each co-latitude band has
been occupied for a time that is proportional to the area at that
co-latitude? For example, has the co-latitude band 40◦–50◦ been oc-
cupied for eight times as long as the polar co-latitude band 0◦–10◦?
Only if this is so have the continental motions provided a sampling
of co-latitude that is equivalent to a uniform random sample of the
surface of the globe. Second, has our sampling of the magnetic in-
clinations provided us with an acceptably uniform random sample
in time and has this, combined with the motion of the continents,
given us the equivalent of a uniform random sample in space? Only
the first question is addressed here, for failure of the underlying
assumption is fatal to the test. Should 600 Myr be inadequate then
the fundamental assumption of the RPT is invalid, and, depending
on the time and particular continental motions, it would be possible
to conclude at a given level of confidence that the field was dipolar
even if it were not and at other times to conclude that it was not
dipolar even if it were.

Meert et al. (2003) have undertaken an excellent random walk
analysis to assess the validity of the RPT. Their analysis suggests
that an interval of 600 Myr is unlikely to be sufficient. However,
their approach does not separate the two questions identified above
and does not facilitate an understanding of some of the finer points
at issue.

M I N I M U M T I M E R E Q U I R E D

First, it is necessary to determine the minimum time required for a
single point moving on the globe to occupy each co-latitude band
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for a time that is proportional to the area at that co-latitude band.
Interestingly, and importantly, should the point occupy the pole for a
finite time then, because there is no area at the pole, it will, formally,
require an infinite amount of time to occupy the other latitudes for
times that are in the presumed proportion. A consequence is that
the minimum time required depends on the width of the co-latitude
band chosen for observation and analysis.

Assume that we wish to bin the observations into co-latitude cells
of width φ. The minimum time for the point to move from the pole
and occupy all the co-latitudes in the first cell is of course the time
for the point to move along a meridional line. If the point is moving
at a constant speed s on a globe of radius r, then this time τφ is given
by

τφ = rφ

s
. (1)

The area Aφ of this first cell is given by

Aφ = 2πr 2(1 − cos φ). (2)

The incremental area at co-latitude θ is given by

δA = 2πr sin θrδθ, (3)

so the time δt that must be spent at co-latitude θ to get the time spent
there to be proportional to the area of the globe at that co-latitude is
given by

δt = δA

Aφ

τφ. (4)

Letting T min be the minimum time needed for the point to occupy
each co-latitude band for a time proportional to the area of that co-
latitude band, T min is just the sum of τφ and the incremental times δt
from φ to the equator for both hemispheres. It is necessary to sum
it over both hemispheres because a point moving randomly near the
equator is bound to change hemispheres, and we have no indepen-
dent evidence to know this has happened and restrict observations
to one hemisphere or the other. Hence, with φ in radians,

Tmin = 2

(
τφ +

∫ π

2

φ

2πr sin θ r dθ

Aφ

τφ

)

= 2rφ

s

(
1 + cos φ

1 − cos φ

)
. (5)

If the point is moving on the Earth (r = 6378 km) at a constant
speed s of 60 mm yr−1, then for a 5◦ cell T min is 4857 Myr, for a 10◦

cell it is 2405 Myr, and for a 15◦ cell 1578 Myr. Typically it would
be best to use a 5◦ cell and unwise to use a cell any coarser than 10◦.
Obviously these times scale inversely with the speed.

Fig. 1 shows one of many paths that would take this minimum
time but which, for a 10◦ co-latitude cell, occupies each co-latitude
band for a time that is proportional to the area on the globe in that
co-latitude band. For example, the distance travelled (and therefore
time spent) in the equatorial co-latitude belt 80◦–90◦ is 11.4 times
the distance travelled in the polar co-latitude belt 0◦–10◦. For a 5◦ cell
the distance travelled in the 5◦–10◦ co-latitude band would have to
be three times that travelled in the 0◦–5◦ co-latitude band (as com-
pared with equal times being acceptable in the 10◦ cell situation)
and similarly the distances travelled in each of the other co-latitude
bands would have to increase to maintain the correct proportions.
Eq. (5) shows that T min → ∞ as φ → 0, confirming that, for-
mally, an infinite time is required if there is finite time spent at the
pole.

Figure 1. Polar stereographic projection of a (non-unique) path for a point
moving with constant speed to occupy 10◦ co-latitude bands for times pro-
portional to the area of those bands.

A point travelling directly from one pole to the other along a
meridional line at 60 mm yr−1 would take 334 Myr for the transit
and would pass through the equatorial regions far too quickly. This
simple observation suggests that 600 Myr is a woefully inadequate
time to average out over a random motion.

E F F E C T O F L A RG E A N D
M U LT I P L E C O N T I N E N T S

The times T min quoted above are the absolute minimum time inter-
vals required for a single point to occupy the different latitudes for
times that are in the right ratio to satisfy the underlying assumption
of the RPT. It would undoubtedly take several times these inter-
vals to average out appropriately for the actual continental motion.
However, the reality is that there are several continents rather than
a single point moving on the surface of the globe.

Oddly enough the presence of a large continent does not assist the
process; instead it hinders. If the requirement were for the different
latitudes all to be occupied for the same amount of time then the
presence of a large continent would assist. However, in the current
situation, if the point at the centre of a continent occupies a given
latitude for the appropriate amount of time then the latitude at the
low-latitude edge of the continent is occupied for too short a time
and that at the high-latitude edge for too long a time. Therefore the
existence of continents does not reduce the minimum times given
above.

Obviously the presence of multiple continents assists the process,
if the continents move independently. The very nature of plate tec-
tonics forces some constraints and correlations on the continental
movements and this may have some impact on how effectively the
different continents will assist in the averaging process. Regardless
of this, the number of continents is small and it seems unlikely that
there are enough to reduce the time needed for effective averaging
much below the absolute minimum times calculated above for a
single point. The analysis of Meert et al. (2003) bears this out.
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E F F E C T S O F A S M A L L
T I M E I N T E RVA L

The above analysis makes it clear that 600 Myr is nowhere near
long enough an interval to undertake the RPT. Any sampling over
an interval of less than about 5000 Myr has to be considered as a
small and potentially biased sample. The bias comes about because
the continent is not free to appear at random locations but has to
move along a deterministic path from one location to another in a
process that might seem to us somewhat random.

At a random point in time a continent is much more likely to be at
a low latitude than at a high latitude, simply because of the greater
area at low latitudes. It cannot then randomly translate to a high
latitude but will continue to occupy low latitudes for a reasonable
fraction of a short observing interval. Thus in sampling over too
short an interval it is likely that low-latitude (and therefore low
magnetic inclination) observations will be over-represented, as has
been observed.

Conversely, should a continent actually sit over the pole for any
significant amount of time (as with Antarctica now) it would then
take forever (quite literally) to occupy other latitudes for long enough
to average out the time spent at the pole.

C O N C L U S I O N

The analysis suggests that, in order to perform the RPT by binning
observations into 5◦ co-latitude cells, a time interval of more than
about 4800 Myr is needed to satisfy the underlying assumption that
the motion of the continents on the surface of the globe ensures that
the different latitudes have been occupied in accordance with the
surface area of the globe at each latitude. This is longer than the
known age of the Earth and so does not permit the RPT to be used
to determine any evolution in the structure of the geomagnetic field.
Even a 10◦ cell size requires more than about 2400 Myr.

Evans (1976), Piper & Grant (1989) and Kent & Smethurst (1998)
all assumed that 600 Myr is a sufficient time interval for the RPT.
In accord with the conclusions of Meert et al. (2003), the analysis

here shows that this is not so. Consequently, conclusions based on
the RPT that the geomagnetic field was significantly non-geocentric
axial dipolar are unreliable. Furthermore, the observation of an ap-
parent excess of low-inclination values can be explained in terms
of a short sample leading to a bias without calling upon persistent
quadrupolar or octupolar fields.
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