
33. E. Bayer, Angew. Chem. 73, 533 (1961). 
34. D. H. Busch and J. C. Bailar, Jr., J. Amer. 

Chem. Soc. 78, 1137 (1956); P. E. Figgins 
and D. H. Busch, ibid. 82, 1521 (1960). 

35. M. Murakami and K. Takahashi, Bull. Chem. 
Soc. Jap. 32, 308 (1959). 

33. E. Bayer, Angew. Chem. 73, 533 (1961). 
34. D. H. Busch and J. C. Bailar, Jr., J. Amer. 

Chem. Soc. 78, 1137 (1956); P. E. Figgins 
and D. H. Busch, ibid. 82, 1521 (1960). 

35. M. Murakami and K. Takahashi, Bull. Chem. 
Soc. Jap. 32, 308 (1959). 

36. R. G. Asperger and C. F. Liu, lnorg. Chem. 
6, 796 (1967). 

37. M. C. Thompson and D. H. Busch, J. Amer. 
Chem. Soc. 86, 3651 (1964). 

38. G. A. Melson and D. H. Busch, Ibid., p. 
4834; ibid. 87, 1706 (1965). 

36. R. G. Asperger and C. F. Liu, lnorg. Chem. 
6, 796 (1967). 

37. M. C. Thompson and D. H. Busch, J. Amer. 
Chem. Soc. 86, 3651 (1964). 

38. G. A. Melson and D. H. Busch, Ibid., p. 
4834; ibid. 87, 1706 (1965). 

39. D. H. Busch, Rec. Chem. Progr. 25, 107 
(1964). 

40. D. R. Boston and N. J. Rose, J. Amer. 
Chem. Soc. 90, 6861 (1968). 

41. V. Katovi6, L. T. Taylor, D. H. Busch, ibid. 
91, 2122 (1969). 

39. D. H. Busch, Rec. Chem. Progr. 25, 107 
(1964). 

40. D. R. Boston and N. J. Rose, J. Amer. 
Chem. Soc. 90, 6861 (1968). 

41. V. Katovi6, L. T. Taylor, D. H. Busch, ibid. 
91, 2122 (1969). 

Pacific Geomagnetic 
Secular Variation 

A smooth field over the central Pacific for a million 
years indicates a nonuniform lower mantle of the earth. 

Richard R. Doell and Allan Cox 

Pacific Geomagnetic 
Secular Variation 

A smooth field over the central Pacific for a million 
years indicates a nonuniform lower mantle of the earth. 

Richard R. Doell and Allan Cox 

Among the more important recent 
advances in geophysics has been the 
discovery that the earth's upper mantle 
is heterogeneous. There have been sev- 
eral attempts to determine whether the 
lower part of the mantle is also hetero- 
geneous and to discover something 
about the shape of the interface be- 
tween the earth's core and mantle. Geo- 
physical information of two types has 
been used in this search: seismic signals 
from earthquakes that penetrate to the 
core-mantle boundary and changes in 
the earth's magnetic field (geomagnetic 
secular variation) as recorded at mag- 
netic observatories and as recorded by 
remanent magnetism in rocks and ar- 
cheological objects. 

The main difficulty in the seismic 
approach is that seismic waves passing 
through the lower mantle must also 
pass through two different parts of the 
upper mantle-the first near the source 
of the signals and the second near the 
seismic observatory. Therefore, it is dif- 
ficult to ascribe differences in the time 
of travel of these waves from source 
to receiver to heterogeneity along any 
particular part of the ray path. One 
may assume (1) that the upper mantle 
is homogeneous and that observed dif- 
ferences in travel time of waves re- 
flected from the core are due to varia- 
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tions of about 100 kilometers in the 
radius of the boundary between the 
core and mantle. However, these seis- 
mic data fit equally well an earth model 
in which the core-mantle boundary is 
smooth and the mantle is laterally in- 
homogeneous. 

In an attempt to reduce this inherent 
ambiguity of analyzing seismic travel 
times, Alexander and Phinney (2) stud- 
ied waves that had been diffracted by 
the core (waves that travel along the 
core-mantle boundary during part of 
their propagation); they restricted their 
attention to a parameter that depends 
mainly on the diffraction process itself. 
This parameter is the seismic attenua- 
tion coefficient along paths of constant 
azimuth from an epicenter. Along ray 
paths diffracted by patches of the core, 
beneath the Pacific Ocean, they found 
that the attenuation coefficient has cer- 
tain properties that are missing for rays 
diffracted by the core beneath the At- 
lantic Ocean. Various theoretical rea- 
sons have been proposed for these 
differences. For present purposes, how- 
ever, the importance of this line of re- 
search lies less in the details of the 
models than in the observational evi- 
dence that seismic parameters sensitive 
to physical properties in the lower 200 
kilometers of the mantle are different 
beneath the Pacific and Atlantic regions. 

The use of geomagnetic secular vari- 
ation to determine mantle properties 
began with the classic determination of 
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Lahiri and Price (3) of the electrical 
conductivity of the upper mantle by use 
of short-period magnetic waves that 
originate in the ionosphere. Because 
electrical induction in the mantle sup- 
presses the propagation of these short- 
period waves into the mantle, informa- 
tion about the conductivity of the lower 
mantle has had to come from analyzing 
magnetic waves generated in the earth's 
core. In these studies, the electrical 
induction in the lower portion of the 
mantle suppresses the shorter-period 
waves originating in the core and allows 
the longer-period ones to propagate 
to the surface (4). From spectrum 
analysis of observatory records over 
the period range of 40 days to 22 
years, Currie (5) determined that 
waves with periods less than about 4 
years did not reach the surface, and he 
used this determination to place con- 
straints on the conductivity structure 
of the lower mantle. He did not find a 
significant difference between the spec- 
tra of records from different parts of 
the world; however, he noted that mod- 
els of lower-mantle conductivity are not 
unique, owing to uncertainty about the 
frequency characteristics of the geo- 
magnetic waves originating in the core. 

A different approach to interpreting 
the longer-period part of the geomag- 
netic spectrum is based on the concept 
that it is not attenuation in the mantle 
that might vary laterally but, rather, 
the frequency characteristics of the 
sources that produce the geomagnetic 
waves (6, 7). The nature of the mag- 
netic waves originating in the core may 
be controlled by lateral variations in 
mantle properties or by undulations of 
the core-mantle boundary in the follow- 
ing way. An essential feature of theories 
of the geomagnetic dynamo is partial 
control by Coriolis forces of the fluid 
motion of the earth's core; this motion 
is therefore similar to the planetary 
movement of the earth's atmosphere, 
with both motions having approximate 
symmetry about the earth's rotation 
axis. Fluid motions in both the earth's 
core and atmosphere undergo transient 
departures from axial symmetry be- 
cause of turbulence and other random 
processes. These short-term departures 
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disappear when averages are taken over 
time intervals that are long compared 
with the time a given departure exists. 
In addition, permanent departures from 
axial symmetry can be expected if the 
fluid is influenced by some condition on 
the surface between the fluid and solid 
which is not itself symmetric about the 
rotation axis. For both the geomagnetic 
dynamo and the earth's atmosphere, the 
conditions that may influence the fluid 
motion are (i) the temperature of the 
solid-fluid surface and (ii) the topogra- 
phy of the surface. Both exert partial 
control on atmospheric motions, and 
either might also influence the flow of 
fluid in the earth's core (7, 8) and, 
hence, the nature of the geomagnetic 
waves generated. 

The type of asymmetry we are con- 
cerned with in this article is lateral vari- 
ation in the amplitude of the geomag- 
netic secular variation, which is a result 
of lateral differences in the characteris- 
tics of the magnetic waves generated in 
the core. Secular variation in the geo- 
magnetic field arises primarily from 
changes in the irregular, or nondipolar, 
part of the geomagnetic field. Thus, 
lateral differences in the strength of the 
nondipole field also indicate lateral low- 
er-mantle differences. In view of the 
present rather sketchy state of the the- 
ory of the geomagnetic dynamo, in- 
formation of this type cannot be used 
to define a precise model of the lower 

mantle. However, this approach is able 
to give a "yes" or "no" answer to the 
question of whether lateral differences 
in the lower mantle exist at all. As we 
shall show, it appears that the nondi- 
pole field has been essentially absent 
under the Pacific Ocean for an ex- 
tended period of time, which implies 
that such differences do, in fact, exist. 

Present Geomagnetic Field 

At the present time the earth's field 
is far from axially symmetric, and it is 
likely that, at any instant in the past, 
asymmetrical irregularities have been 
present comparable to those that exist 
today. The potential of the magnetic 
field V may be expressed as a series of 
spherical harmonic functions: 

V n = m r o= n 

(g0 cos mp + ham sin m(p 

where a is the radius of the earth, r is 
the radial distance of the point of ob- 
servation, 0 is the colatitude, ,p is 
the longitude, P m (0) are associated 
Legendre functions, and g,m and hnm 
are the Gauss coefficients. For a field 
with axial symmetry, the only terms 
that appear are those for which m = 0. 
Values of the Gauss coefficients for the 

1965 International Geomagnetic Refer- 
ence Field (IGRF) (9) up to n = 4 are 
given in Table 1. Strong departure from 
axial symmetry may be seen in the rel- 
atively large value of coefficients with 
m > 0, which are comparable in mag- 
nitude to many of the zonal coefficients 
(m= 0). The largest departure from 
axial symmetry is produced by the 
equatorial dipole terms gll and hll, 
which together with the g10 term define 
the geomagnetic dipole. This dipole is 
inclined 11.4? from the rotation axis, 
is in the meridional plane with longi- 
tude 69.8?W, and is situated at the 
earth's center. The magnetic field that it 
produces is essentially the "best-fit" geo- 
centric dipole field for the observed 
field over the entire earth. This geo- 
magnetic dipole has not changed its 
orientation significantly during the time 
(about 140 years) that sufficient mea- 
surements have been available for 
spherical harmonic analyses; however, 
its strength has been decreasing at a 
rate of about 7 percent per century. 
Because of its geocentric location, 
changes in the geomagnetic dipole will 
not yield secular variation evidence for 
lateral inhomogeneities in the mantle. 

The largest departures of the ob- 
served field from the field of the geo- 
magnetic dipole, including those with 
which the present study is primarily 
concerned, are best seen on contour 
maps that show the nondipole field. The 

Fig. 1. Intensity of the nondipole portion of the 1965 International Geomagnetic Reference Field. Contour interval, 1000 gammas 
(= 0.01 oersted = 0.000126 ampere-turns per meter). Shaded area, intensity less than 4000 gammas. The map is the Aitioff (equal 
area) with the pole of projection on the equator at 80?W. The contours are based on values at grid intervals of 10?. Solid 
circles show the location of the paleomagnetic angular variance studies referred to in Fig. 5. 
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nondipole field intensity over the earth's 
surface (see Fig. 1) is determined by 
vectorially subtracting the field due to 
the geomagnetic dipole from the ob- 
served field at each locality. The major 
features, less than ten in number, are 
characterized by wavelengths of about 
60? and amplitudes of 0.08 to 0.16 
oersted. Of particular interest in the 
present study is the fact that the inten- 
sity of the nondipole field is unusually 
small over a region centered in the 
Pacific Ocean (6, 7). The question of 
whether this low in nondipole intensity 
is a persistent characteristic of the 
earth's field or is merely a transient 
feature resulting from the random dis- 
tribution of such a small number of 
highs and lows over the entire earth is 
the main question that we shall attempt 
to answer. 

Historically Observed 

Secular Variation 

During the several centuries spanned 
by observatory measurements, the non- 
dipole field has been observed to change 
slowly in shape and to drift westward 
at a rate of about 0.2? of longitude per 
year (10). A substantial part of the 
geomagnetic secular variation observed 
at a fixed locality is due to the westward 
drift of nondipole features past the lo- 
cality. Hence, where the relief of the 
nondipole field is small, the secular 
variation should also be small. 

The obvious way to determine wheth- 
er the Pacific low is permanent or trans- 
ient would be to make maps of the non- 
dipole field for earlier times. Maps of 
the nondipole field for the years 1650, 
1700, 1780, 1829, 1845, 1885, and 

1922 have been constructed by Yuku- 
take and Tachinaka (11) from spheri- 
cal harmonic coefficients for these 
epochs. Their maps for 1650 and 1700 
show large values for the nondipole 
field in the central Pacific, but it is diffi- 
cult to ascertain whether these large 
values are the result of using spherical 
harmonic functions to extrapolate from 
distant observational sites or whether 
they are real. Even for the 1780 field, 
considerable uncertainty exists about 
the nondipole field; there are large in- 
consistencies between two sets of co- 
efficients calculated independently for 
this time (11). By the 19th century, 
more measurements had been made, 
and the results of the analyses are more 
consistent. The earliest reliable analysis 
is for the year 1829. Since then, the 
nondipole field intensity has been about 
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Fig. 2 (left). Changes in magnetic declination(A,D) and inclination( AI) since 1750 at the Hawaii, London, and Ascension Island magnetic 
observatories (solid and dashed lines). Paleomagnetic results from Hawaiian lava flows are shown as solid circles; the vertical bars 
are the 95 percent confidence limits (12). The zero base line in all cases corresponds to the directions at the observatories of the 
1965 International Geomagnetic Reference Field. The shaded area -+- 4 about this base line approximates the precision of the paleo- 
magnetic measurements. Fig. 3 (right). Changes in declination (AD) and inclination (Al) of the Kau Volcanic Series. The lava flows 
are numbered from the bottom of the exposure. Solid circles show the average direction (26) for each flow, the zero base lines 
being the average values of declination and inclination for the entire sequence. For comparison, changes in declination and inclina- 
tion are shown along the 20?N circle (solid line) and 20?S (dashed line) for the nondipole part of the 1965 geomagnetic field. The 
dotted curve shows the changes in declination and inclination in England since A.D. 970 (27), the zero base line being the de- 
clination and inclination at London due to the dipole component of the 1965 geomagnetic field. Shaded zones, as in Fig. 2. 

250 SCIENCE, VOL. 171 

AD 

o 
HQ 
z z 

I -I( 
0 

oi, 

Ld 
z, 

0I 

0 

LONDON .-0 

I ASCEASCENSION 1 _ 
I 1I~- 

AI 
IOF- 

z 

I 
20 

z 0 0 

O -10 

-20 

I . I I I I 

1w. 

I 
I_ 

IF I 
1500 A.:D I 

I 1 I ' - LON DON I t] _______ .-- IL N O |I___ 

ASCENSION I 

I _ 
LON IDON 

I1_ I ! /I/I\ 

0 

o 
I 

, // I 

%%%//^ ) 

) - I 

-20 

60 120 180 

- , l 1 I I I i - 

II , 
I 

I 

^Z,//i/ w 

-- I I I- I - 

~Y'~SC!-t~.~ "),,,,., ~/i~n0 



as low in the central Pacific as it is 
now. 

Maps such as these point out the 
main obstacles to determining whether 
the Pacific low is a persistent or transi- 
ent phenomenon. The first is that the 
rate of westward drift of the nondipole 
field, which is the principal contributor 
to secular variation, is only 0.2? of 
longitude per year. During the interval 
of 140 years for which adequate rec- 
ords are available, the total drift is only 
28?. Therefore there has not been time 
for a major nondipole center to move 
into the central Pacific because, as may 
be seen in Fig. 1, about 90? of drift is 
required for this movement. The second 
problem is that the rate at which old 
features of the nondipole field decay 
and new ones form is so slow that there 
has not been time for the growth of a 
major new nondipole feature. The phe- 
nomena of greatest interest for deter- 
mining the persistence of the Pacific 
anomaly thus appear to occur over 
periods of time just beyond the reach 
of direct observatory measurement. 

Paleomagnetic Results from 

the Hawaiian Islands 

The Hawaiian Islands, situated in the 
central Pacific Ocean and built up pri- 
marily of successive lava flows, provide 
a rather fortunate situation for paleo- 
magnetic studies of the Pacific secular 
variation anomaly for two reasons. 
First, extrusive volcanic rocks of the 
Hawaiian types are ideal materials for 

paleomagnetic studies, as they acquire 
a relatively strong and stable remanent 
magnetization during cooling. More- 
over, it has been established that this 

magnetization is very closely parallel 
to the magnetic field in which the 
Hawaiian lavas cooled (12) and, under 
certain conditions, the magnetization 
has an intensity that is proportional to 
the intensity of the ambient field dur- 
ing cooling (13). Thus, this magnetiza- 
tion is a "spot" measurement of the 
ancient magnetic field, because most 
Hawaiian lavas require less than a year 
in which to cool. Second, there has 
been more or less continuous volcanic 
activity in the Hawaiian Islands during 
the past several million years, extending 
to the present. There exists, therefore, 
a natural record of geomagnetic field 
changes in the central Pacific extending 
far beyond that of magnetic observa- 
tories. 

The existence on Hawaii of lava 
flows with ages that are well determined 
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Table 1. Gauss coefficients (in gammas) up 
to n = 4 for the International Geomagnetic 
Reference Field 1965.0. 

n m gn't hnm 

1 0 -30339 
1 1 -2123 5758 
2 0 -1654 
2 1 2994 -2006 
2 2 1567 130 
3 0 1297 
3 1 -2036 -403 
3 2 1289 242 
3 3 843 -176 
4 0 958 
4 1 805 149 
4 2 492 -280 
4 3 -392 8 
4 4 256 -265 

from historical records provides an op- 
portunity to extend the accurately dated 
magnetic record back beyond the be- 
ginning of observatory measurements 
in Hawaii to determine whether the 
nondipole field was small in earlier 
times. It is possible to determine an 
ancient field direction from a lava flow 
with an accuracy of about 4? at the 
95 percent confidence level (12). This 
method is much less accurate than ob- 
servatory measurements, yet accurate 
enough to detect changes in direction 
resulting from the presence of a large 
nondipole field. As an example of the 
amplitude of such fluctuations, between 
1750 (the age of the earliest historically 
dated Hawaiian lava flow) and 1945, 
the direction of the earth's field 
changed by 45? on Ascension Island and 
by 22? at Cape Town, Africa. Both 
would have been easily detectable 
paleomagnetically. 

On Hawaii, paleomagnetic measure- 
ments were made on nine flows with 
known ages bazk to 1750 (12). Most 
of the values of inclination and de- 
clination shown in Fig. 2 are within 4? 
(shaded bands) of the magnetic field 
direction in Hawaii corresponding to 
the terms g10, gll, and h1l of the 1965 
IGRF. The only exceptions are the 
values of declination for 1750 and 
1840. The angular difference of 3.5? 
between the paleomagnetic directions 
for the years 1840 and 1843 also sug- 
gests that much of the observed scatter 
is due to experimental error. These re- 
sults thus cannot preclude the possibil- 
ity of angular changes up to some 4? 
at individual data points, but they are 
also quite consistent with an unchang- 
ing field having essentially the direction 
of the dipole component of the present 
field. As an estimate of an upper limit 

on the nondipole field present during 
this time, an angular change of 4? 
would correspond to a nondipole field 
component of 2400 gammas normal to 
the dipole field component or to a non- 
dipole field component of 3400 gammas 
at an angle of 45? to the dipole field. 
Such values are within the 4000-gam-' 
ma level that is shaded in Fig. 1 and 
are therefore consistent with the idea 
that the nondipole field in the central 
Pacific has been anomalously low for 
200 years. However, because of the 
slow rate of westward drift (40? of 
longitude in 200 years), a still longer 
paleomagnetic record is needed to test 
conclusively the persistence of the non- 
dipole low in the Pacific. 

Thousands of prehistoric lava flows 
suitable for paleomagnetic measure- 
ments are exposed on the Hawaiian 
Islands. The main limitation on the 
geophysical usefulness of paleomagnetic 
data from these flows is the lack of 
accurate informaltion about their ages. 
However, for some flows enough is 
known from geologic evidence to per- 
mit useful conclusions to be drawn 
about the ultra-low-frequency charac- 
teristics of the geomagnetic field. 

The Kau Volcanic Series provides 
some particularly important informa- 
tion. It is exposed near the summit of 
Mauna Loa, Hawaii, in a caldera wall 
that is 140 meters high. Paleomagnetic 
measurements were made on 54 super- 
imposed lava flows to produce the set 
of directions given in Fig. 3 (14). Each 
point shows the direction of the field 
at the time one of the flows cooled. 
The sequence of measurements in this 
"time series" is known from the super- 
position of the lava flows in the section, 
but the length of time between flows is 
unknown and can only be estimated in- 
directly. 

The most useful piece of geologic in- 
formation about the age of the Kau 
Volcanic Series is that flow number 1 
at the bottom of the section can be no 
more than 10,000 years old. This fol- 
lows from the observation that the sec- 
tion in the caldera is not deep enough 
to expose the locally ubiquitous Pahala 
Ash, the uppermost layer of which is 
10,000 years old as determined by the 
14C method (15). The minimum age 
of the youngest flow in the series is 
determined by the date of collapse of 
the northwest wall of the caldera, which 
could have been as recent as several 
hundred years ago. The maximum dura- 
tion of the entire series is thus no more 
than about 10,000 years (16). The 
average time between successive mea- 
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surements of the geomagnetic field 
from these lavas is probably about 200 

years, although the actual time between 
successive eruptions was undoubtedly 
irregular. At a rate of westward drift 
of 0.2? of longitude per year, 1800 
years would be required to sample the 
entire nondipole field around a circle of 
latitude. Therefore, the paleomagnetic 
record of the Kau Volcanic Series ap- 
pears to be long enough to provide a 
good sample of the nondipole field. 

The changes in declination and incli- 
nation shown in Fig. 3 are compared 
with changes in declination and inclina- 
tion due to the nondipole part of the 
1965 field along the latitude circles 
20?N and 20?S, 20? being the latitude 
of Hawaii. These are the angular 
changes in field direction to be ex- 
pected at a sampling site if the present 
dipole field remained fixed and the 

present nondipole field drifted west- 
ward for 1800 years. Also shown are 
changes in the magnetic field direction 
in England for the past thousand years. 
Even if the Kau Volcanic Series has 
recorded changes in only the nondipole 
part of the field, the changes are sur- 
prisingly small. 

The important question of whether 
this record is long enough to have also 
recorded changes in the orientation of 
the geocentric dipole is difficult to an- 
swer because little is known about the 
way in which the geomagnetic dipole 
changes orientation or about the rate 
at which this occurs. During the past 
few centuries, the change in geomag- 
netic dipole orientation has been too 
small to detect by means of spherical 
harmonic analysis. However, it is 
known from paleomagnetic research 
(17) that, during the past few million 
years, the average orientation of the 
dipole has been parallel to the earth's 
rotation axis. There can be no question, 
therefore, that the dipole's present 111/2 

displacement from the rotation axis is 
a transient phenomenon, but the nature 
of dipole movement about the geo- 
graphic axis is uncertain. Thus, the 
changes in direction of the Kau Vol- 
canic Series may or may not include 
contributions from changes in the ori- 
entation of the geomagnetic dipole. If 
they do, then the reduced intensity of 
the nondipole field in the Pacific region 
during the time of formation of the Kau 
Volcanic Series is even more pro- 
nounced. 

The weakest point in the above inter- 
pretation lies in the estimate of the 
time required for extrusion of the Kau 
Volcanic Series. Imagine that, contrary 
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Fig. 4. (Top) Intensity of the earth's field 
in Hawaii calculated from changes in the 
earth's main geomagnetic dipole strength 
during the past 8000 years. Each point is 
an average of worldwide archeomagnetic 
data for an interval of 500 years (18). 
(Bottom) Paleointensity of the earth's 
magnetic field in Hawaii measured in ten 
lava flows from the Kau Volcanic Series. 
Determinations on different samples from 
the same flow are joined by bars. 

to the geologic evidence, the entire 
sequence formed during a few centuries 
or less. It might then be argued that 
secular variation in the Pacific at that 
time happened to be unusually low, just 
as it is today. The Kau paleomagnetic 
data would then not imply that the non- 
dipole field was low in the Pacific. The 
argument is a strong one. No matter 
how many individual lava flows were 
sampled, if they all formed during a 
short time, they could not supply very 
much information about the long-period 
characteristics of the field. 

It has proven possible to obtain ad- 
ditional information about the length of 
this record by determining paleomag- 
netically the intensity of the magnetic 
field during the time the lavas of the 
Kau Volcanic Series formed. World- 
wide archeomagnetic determinations of 
the ancient intensity of the earth's field 
during the past 8000 years have been 
averaged (18) to obtain an estimate of 
changes in the earth's dipole moment. 
In the upper diagram of Fig. 4, these 
have been converted to show the 
changes in the intensity of the earth's 
field at the latitude of Hawaii. The most 
recent fluctuation in the amplitude of 
the dipole field appears to have a period 
of about 8000 years and an amplitude 
about a mean value of 0.4 oersted of 
? 0.2 oersted or - 20,000 gammas. The 
connection between time and magnetic 

intensity in the Kau data can be ap- 
preciated by considering the field in- 

tensity variation to be expected under 
two different assumptions: (i) the lavas 
formed during a few centuries when the 
secular variation was small; (ii) the 
lavas formed over an interval of 104 

years. In the first case, the intensity 
variation will be small for the follow- 

ing reasons: To produce the maximum 
observed changes of about 10? in the 
Kau field directions, nondipole field 
vectors with a maximum intensity of 
5000 gammas oriented normal to the 
mean direction would be needed. Thus, 
, ? 5000 gammas (? 0.05 oersted) is also 
the expected variation of field intensi- 
ties in the Kau data under the first as- 

sumption. For the second case, when 
an interval of 104 years is assumed, 
the expected intensity variation is at 
least as large as that of the earth's 
main dipole field during the past 8000 

years-that is, ? 0.2 oersted in Hawaii. 
For ten of the flows from the Kau 

Volcanic Series, determinations were 
made [by Smith's method (19)] of the 
intensity of the earth's field at the time 
the lavas originally cooled. The data 
(lower diagram of Fig. 4) show a 
range of paleointensity values from a 
high of about 0.6 oersted (lava 18) to 
a low of about 0.3 oersted (lavas 5 and 
45); this range is considerably larger 
than the average spread of 0.07 oersted 
in several duplicate determinations. The 
0.61-oersted peak in the intensity of the 
earth's field at the time of lava 18 may 
correspond to the peak in the world- 
wide data at A.D. 500, or possibly to 
the peak at 7000 B.C. or an earlier 
peak. The importance of the intensity 
results from the Kau Volcanic Series 
does not lie in making a point-to-point 
correlation with the worldwide data but 
rather with the demonstration that the 
intensity of the earth's field varied by 
a factor of 2 during the time these lava 
flows were extruded. This variation is 
not consistent with formation of the 
flows during a few centuries. It re- 
quires, at the very least, a few thousand 
years. 

In summary, despite the lack of 
precise absolute ages for the lavas of 
the Kau Volcanic Series, the measure- 
ments of ancient field intensity indicate 
that the lavas span at least several 
thousand years, which is adequate to 
sample variations in the nondipole 
field; and the measurements of ancient 
field directions indicate that during 
this time the nondipole field was re- 
markably small. Paleomagnetic studies 
have also been made on several other 
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volcanic series exposed on Hawaii (20). 
Results of these studies also show un- 
usually small changes in direction 
throughout thick sequences of super- 
imposed lava flows. 

Variation of Angular 

Dispersion with Latitude 

In most paleomagnetic studies of past 
secular variation, there is very little in- 
formation about the elapsed time be- 
tween ,the eruption of successive lava 
flows and the total time spanned by a 
given sequence; thus interpretations like 
that made for the Kau Volcanic Series 
are not applicable. Generally, the paleo- 
magnetic information about ancient 
secular variation may be described by 
a single parameter: the angular stan- 
dard deviation of ancient field direc- 
tions from their mean. Where the 
average value of the nondipole field 
has been small, this parameter will be 
small, and, conversely, where this value 
has been large, the parameter will be 
large. The critical test for the longer- 
term permanency of the Pacific low 
might thus appear to be a simple matter 
of comparing the angular deviation 
parameter from Hawaiian paleomag- 
netic data with the same parameter 
from other localities over the globe. In 
practice, however, several complications 
need to be considered. 

The first is that the wobble of the 
geomagnetic dipole is so large that it 
tends to mask changes in direction due 
to changes in the nondipole field. To 
handle this, we have transformed an- 
cient field directions to equivalent vir- 
tual geomagnetic poles (21). These 
provide a convenient method for com- 
paring magnetic field directions at 
widely separated localities and also for 
assessing the relative intensities of the 
dipole and nondipole fields. For a pure 
central dipole field, the virtual geo- 
magnetic poles calculated from mag- 
netic field directions of points distrib- 
uted over the surface of a sphere all 
coincide. When there is a nondipole 
field, then the virtual poles are dis- 
persed. A measure of the nondipole 
field is provided by the variance 

N1 A 
- x 

where N is the number of observations 
distributed over the sphere and Ai is 
the displacement of individual poles 
from the mean position of all poles. 
The advantage of analyzing paleomag- 
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Fig. 5. Angular standard deviation of 
virtual geomagnetic poles calculated from 
paleomagnetic data of rocks less than 0.7 
million years old collected at the follow- 
ing localities (listed in order of increasing 
latitude, with the number of lava flows 
at each site): Galapagos, 147; Hawaii, 
219; western United States, 21; New Zea- 
land, 21; France, 31; Alaska, 60; Iceland, 
28; and Antarctica, 28. The localities are 
indicated on Fig. 1. The limits of the data 
bars are at the 90 percent confidence level 
(25). The dotted curve (SN) indicates the 
angular dispersion of virtual geomagnetic 
poles expected from the nondipole com- 
ponent of the 1965 IGRF, with data aver- 
aged between hemispheres. The dashed 
curve (SD) indicates the angular dispersion 
due to an 11? dipole wobble. The solid 
curve (ST) indicates the total angular 
dispersion from both of the above; 
ST = (SD + SN'2)2 (28). 

netic data in this way is that the angu- 
lar dispersion due to dipole wobble is 
the same at all latitudes, whereas if 
field directions are analyzed directly, 
the angular dispersion is strongly lati- 

tude-dependent, even in the absence of 
a nondipole field. When virtual poles 
are used, the effect of the nondipole 
field is seen as an increase in angular 
dispersion, which rises above a base 
level common to all sampling sites re- 

gardless of their geographic location. 
If SD is the angular standard deviation 
of the dipole wobble and SN that of 
virtual poles produced by the nondipole 
field, then by simple analysis of vari- 
ance arguments, the angular standard 
deviation ST due to both the dipole and 

nondipole components of the field is 

Sr = (SD2 + SN'2) /2 

The lowest level of ST determined 
paleomagnetically at any site with ade- 
quate sampling can be taken as an up- 
per bound for SD, the dipole wobble. 
Our best estimate of the value of SD 
is about 11? (7, 14, 22). 

A second problem in interpreting 
angular dispersion data is that paleo- 

magnetic sampling sites are not well 
distributed for testing the permanency 
of the Pacific low. For the interval 
from 0.7 million years to the present, 
which constitutes (the Brunhes normal 
polarity epoch, the angular dispersion is 
well determined for the island of Ha- 
waii (14, 20). However, there are no 
comparable paleomagnetic results from 
sites at the same latitude in other parts 
of the world where the nondipole field 
is large at present. On the other hand, 
suitable results are available from other 
latitudes. To tie together the available 
data, we need a model that describes 
the variation of angular dispersion with 
latitude. 

The latitude variation of angular dis- 
persion of virtual geomagnetic poles de- 
pends on several variables: the direction 
and intensity of the nondipole field, the 
relative strength of the nondipole and 
dipole fields, and the wobble of the geo- 
magnetic dipole. Cox (23) has ex- 
tended earlier model studies (6, 24) to 
show how these variables may be com- 
bined to produce various models of 
secular variation. The solid line in Fig. 
5 shows the result of a model for which 
the dipole wobble is 110 and the an- 
gular dispersion of the nondipole field 
is the same as that of the present non- 
dipole field along circles of latitude, 
when results for the Northern and 
Southern hemispheres are averaged. 
Other likely models do not differ greatly 
from this curve. If the angular standard 
deviation of virtual poles from any sam- 
pling site falls below this curve, then 
the average amplitude of the nondipole 
field at that site was anomalously low 
relative to the present worldwide field. 

The final analytical problem is to 
establish confidence limits for the de- 
terminations of ,angular standard devi- 
ation. This procedure is straightforward 
from a formal statistical point of view 
(25). However, an important practical 
problem is to determine the relevant 
number of degrees of freedom in the 
sampling, which in turn depends on 
whether a set of ancient field deter- 
minations constitutes a truly random 
sample. A necessary condition for ran- 
domness is that the time between suc- 
cessive paleomagnetic data points must 
be at least as long as the longest periods 
present in the geomagnetic spectrum. 
Our experience has been that this con- 
dition is commonly not met (14, 20). 
Consequently, in many investigations, 
including some cited in this article, the 
indicated confidence limits on ST are 
probably too low. 

The results of our studies of the 
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angular variance of Brunhes age lavas 
(<700,000 years old) from different 
parts of the world are given in Fig. 5. 
All of the experimental results fit the 
expected model except for Hawaii, 
which has less angular dispersion than 
the model, and Alaska, which has more. 
NVe believe that the confidence limits 
on the Alaskan result may be too small 
for the reasons given above and that 
the indicated deviation from the curve 
may not be statistically significant. The 
sampling on Hawaii was much more 
extensive, and the angular dispersion 
indicated is therefore on a firmer ex- 
perimental basis. Although the indicated 
confidence limits shown for the Ha- 
waiian results are probably too small, 
the total number of degrees of freedom 
is great enough to indicate that the 
angular dispersion falls significantly be- 
low the curve. 

When compared with similar Brunhes 
age paleomagnetic data from other 
localities, the angular variance of the 
Hawaiian results is anomalously low. 
The most straightforward conclusion is 
that the nondipole field in the central 
Pacific has been greatly subdued 
throughout the past 0.7 million years. 
These studies also imply that angular 
variance of virtual geomagnetic poles 
which is due to wobble of the geomag- 
netic dipole about the axis of the rota- 
tion is approximately 11?. The present 
l1? 0 angle between the rotation and 

dipole axis is apparently a typical value. 

Summary and Conclusion 

We have considered several different 
types of records of long-period geo- 
magnetic secular variation: direct mea- 
surements made in geomagnetic observ- 
atories; paleomagnetic measurements on 
Hawaiian lava flows with accurately 
known ages in the interval 0 to 200 

years; paleomagen,tic measurements on 
Hawaiian lava flows with loosely deter- 
mined ages within the interval 200 to 
10,000 years ago; and worldwide paleo- 
magnetic measurements of the average 
geomagnetic angular dispersion re- 
corded in lava flows that formed dur- 
ing the past 0.7 million years. All these 
magnetic records indicate that, during 
this time, the nondipole component of 
the earth's field was lower in the central 
Pacific than elsewhere, as it is today. 
This, in turn, indicates that there is 
some type of inhomogeneity in the 
lower mantle which is coupled to the 
earth's core in such a way as to sup- 
press the generation of the nondipole 
field beneath the central Pacific. With 
the present incomplete state of knowl- 
edge about the processes that give rise 
to the earth's field, it is uncertain 
whether undulations in the core-mantle 
interface or lateral variations in the 
composition and physical state of the 
lower mantle are ultimately responsible 
for the pattern of secular variation seen 
at the earth's surface. 
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