
Reversals of the Earth's Magnetic Field 
Some volcanic rocks are lnagnetized in a direction opposite to that 

of the present magnetic .field of the earth. The reason is that the 

earth's field has reversed nine times in the past 3.6 million years 

by Allan Cox, G. Brent Dalrymple and Richard R. Doell 

When molten volcanic rocks cool 
and solidify, the magnetic min
erals in them are magnetized 

in the direction of the earth's magnetic 
field. They retain that magnetism, thus 
serving as permanent magnetic memo
ries (much like the magnetic memory 
elements of a computer) of the direction 
of the earth's field in the place and at the 
time they solidified. In 1906 the French 
physicist Bernard Brunhes found some 
volcanic rocks that were magnetized 
not in the direction of the earth's present 
field but in exactly the opposite direc
tion. Brunhes concluded that the field 
must have reversed. Although his obser
vations and conclusion were accepted 
by some later workers, the concept of 
reversals in the earth's magnetic field at
tracted little attention. In the past few 
years, however, it has been definitely 
established that the earth's magnetic 
field has two stable states: it can point 
either toward the North Pole as it does 
today or toward the South Pole, and it 
has repeatedly alternated between the 
two orientations. 

There was no basis in theory for an
ticipating this characteristic of the earth's 
magnetic field. Moreover, theory on the 
whole subject of the earth's magnetism 
is so rudimentary that the mechanism of 
reversal is still far from being under
stood. Nevertheless, the magnetic mem
ory of volcanic rocks, together with the 
presence in the same rocks of atomic 
clocks that begin to run just when their 
magnetism is acquired, has made it pos
sible to draw up a time scale that shows 
no fewer than nine reversals of the earth's 
field in the past 3.6 million years. This 
time scale is a valuable tool for dating 
events in the earth's history and may 
help earth scientists to deal with such 
large questions as how much the con
tinents have drifted. 
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The earth's magnetic field is the field 
of an axial magnetic dipole, which is to 
say that it is equivalent to the external 
field of a huge bar magnet in the core of 
the earth aligned approximately along 
the planet's axis of rotation (or to the ex
ternal field of a uniformly magnetized 
sphere or of a loop of electric current in 
the plane of the Equator). The lines of 
force in such a field are directed not to
ward the geographic poles but toward 
the magnetic poles, and the angle at any 
point between true north and the direc
tion of the field is called the declination. 
The lines of force are also directed, ex
cept at the Equator, toward or away 
from the center of the earth, and the 
angle above or below the horizontal is 
called the inclination. It is along these 
lines of force that the memory elements 
in volcanic rocks have been oriented. 

The memory elements themselves are 
magnetic "domains": tiny bodies in 
which magnetism is uniform. These bod
ies consist of various iron and titanium 
oxides that can be recognized quite 
easily under the microscope because, un
like most rock-forming minerals, they 
are opaque to transmitted light and are 
excellent reflectors of incident light [see 
illustrations on opposite page]. 

At high temperatures the iron and ti
tanium oxides are nonmagnetic. They 
become magnetic only after they cool 
to a critical point called the Curie tem
perature, which for the common minerals 
in volcanic rocks may be as high as 680 
degrees centigrade or as low as about 
200 degrees, depending on chemical 
composition. These temperatures are 
well below those at which rocks crystal
lize (about 1,000 degrees C.), so that it 
is clear that rocks are not magnetized 
by the physical rotation and orientation 
in the earth's field of previously magne
tized grains in the molten lava, as was 

once thought. As the minerals begin to 
cool through the Curie temperature, 
even the earth's weak field of less than 
one gauss is adequate to partly magnet
ize them. That is because this initial 
magnetization is "soft," like that of iron 
or ordinary steel, both of which are easily 
magnetized by weak magnetic fields. As 
the rocks continue to cool, the minerals 
undergo a second abrupt change: the 
initially soft magnetism acquired in the 
earth's field is frozen in and becomes 
"hard," like the magnetism of a man
made permanent magnet. 

The pertinent question for the geo-
physicist is how well these magnetic 

memory elements function as recorders 
of the earth's field. Do they record its 
direction accurately? The most direct 
way to assess the accuracy of volcanic 
rocks as recorders is to measure the mag
netism of such rocks that flowed out and 
cooled recently in places where the mag
netic field that existed at the time of flow 
is known. We have made such measure
ments on three lava flows that formed on 
the island of Hawaii in the years 1907, 
1935 and 1955. 

To obtain samples of undisturbed rock 
from the solid parts of a lava, a hollow 
cylindrical diamond drill is generally 
used. From five to eight cylindrical 
"cores" are taken from each lava flow to 
obtain a representative magnetic direc
tion for the entire flow rather than for 
one isolated sample; each core's orienta
tion with respect to the horizontal and to 
true north is accurately recorded before 
it is removed. Back in the laboratory the 
sample's magnetic vector is determined 
with a magnetometer [see middle illus
tration on page 47]. The results of the 
measurements on the three formations 
indicate that lava flows record the direc
tion of the earth's magnetic field with an 



BASALT from the Pribilof Islands, seen in two photomicrographs 

made by Norman Prime of the U.S. Geological Survey, is one of the 

samples studied by the authors. The magnetic minerals, complex 

intergrowths of iron and titanium oxides, are opaque and therefore 

appear dark in transmitted light (top) and very bright in reflected 

light (bottom). The large clear minerals that are pale green in the 

top photograph and black in the bottom one are feldspars and con· 

tain the radioactive potassium isotope used for dating. The age of 

this rock is 1.95 million years; its magnetism approximately paral. 

leIs that of the present field. Magnifications are about 600 diameters. 





accuracy of several degrees, which is am
ple for most geophysical applications. 

If rock magnetism is to provide a rec
ord of the ancient earth's field, the mag
netic record must also be stable. Is the 
magnetism of rocks soft like that of iron 
and ordinary steel or is it hard like that 
of permanent magnets? This question of 
stability is so critical that laboratory tests 
to deal with it have become an integral 
part of paleomagnetic research. The 
usual technique is to place a sample from 
a rock formation in a kind of magnetic 
"washing machine," subject it to a rapid
ly alternating magnetic field and deter
mine the amount of magnetism that 
survives. The natural magnetism of most 
volcanic rocks turns out to be comparable 
in stability to the magnetism of the hard
est permanent magnets [see illustration 
on next page]. Once the magnetic hard
ness of the rocks from a given flow is 
established, the magnetic cleaning proc
ess can be used to strip away from each 
sample whatever soft magnetism has 
been acquired (from such sources as 
lightning strokes) since the rock solidi
fied, leaving only the hard magnetism 
that reflects the direction of the original 
ambient field. 

It is clear, then, that paleomagnetism 
is accurate and stable enough to provide 
information about past states of the 
earth's magnetic field. In assessing such 
information one must of course take into 
consideration the movement of rock 
masses that takes place over a period of 
geologic time; the deviation of a sample's 
magnetism from the direction of the 
present field could reflect mountain
building, warping along faults or conti
nental drift. Our studies of magnetic re
versal have been restricted, however, to 
relatively young rocks and to volcanic 
formations we can be fairly sure are still 
oriented as they were when they solidi
fied. 

W e began our paleomagnetic research 
on the island of Hawaii, where we 

had tested the technique and where the 
superb lava flows exposed on the flanks 
of volcanoes provide magnetic records 
going back about half a million years. 
We collected samples from 107 of these 
flows and found that their declination 
angles clustered at around 10 degrees 
east of true north and their inclination 
angles at around 30 degrees below the 
horizontal [see illustration on page 49]. 
This was just about what we expected 
on the basis of the dipole nature of the 
earth's field. 

Studies of other young volcanic rocks 
along the eastern edge of the Pacific 

SAMPLES for paleomagnetic studies are cores drilled from volcanic formations. The direc

tion of magnetization (M) is expressed as the declination angle between true north and the 

horizontal projection (H) of M and the inclination angle of M above or below horizontal. 
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CORE is mounted on a magnetometer. As the shaft rotates, electrical signals (Ve and V7,) 
are induced in the coils by the core and a test magnet and can be displayed on an oscillo

scope. The intensity and direction of the core's magnetism are determined by comparing 

the magnitudes of the signals and their phase shift, which is equal to the declination (D). 
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ANGLES (color) of inclination (left) and declination (right) of six cores from a 1907 Ha

waiiau lava flow cluster about the known angles of the 1907 field. Although angles obtained 

from individual cores vary, the average values are accurate measures of the historic field. 
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our search quickly narrowed to the po
tassium-argon clock first suggested in 
1940 by Robley D. Evans of the Massa
chusetts Institute of Technology and 
now widely applied in geological investi
gations. Potassium 40, a radioactive iso
tope that constitutes .012 percent of all 
potassium, can be found as a chemical 

constituent in most rock-forming miner
als. It decays at a known and constant 
rate to argon 40, a gas that forms no 
known compounds. 

The argon is trapped within the crys
tal structure of the minerals, and if the 
minerals are not heated or changed in 
some way, it accumulates there. Its 
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amount is a function of the amount of 
potassium present and the length of time 
since the decay and entrapment proc
esses began. Therefore by measuring the 
amount of potassium 40 and argon 40 in 
a rock one can calculate its age. Argon 
will not accumulate as long as the rock 
is in a molten state, so for volcanic rocks 
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INCLINATION ANGLES from flows in Alaska, the U.S. West 

(California, Idaho and New Mexico), the island of Hawaii and the 

Galapagos Islands are shown by the heavy colored arrows. The 

flows range up to three million years in age. The angles fall into 

two distinct groups: a "normal" group aligned with the earth's 

present field, that of a bar magnet pointed toward the South Pole 

(left), and a "reversed" group appropriate to an oppositely orient

ed field (right). All the flows on Hawaii had normal magnetism. 
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DECLINATION ANGLES from 229 flows up to three million years 

old in Alaska, the western U.S., Hawaii and the Galapagos Islands 

display a similar twofold grouping: northerly (normal) and south· 

erly (reversed). Intermediate directions are seldom observed. 
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MAGNETIC ANOMALIES have been discovered in ocean floors, particularly along mid· 

ocean rises. One pattern was mapped in an area (dark color) on the mid·Atlantic ridge. 

" :." 
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ANOMALY PATTERN in the area delineated on the map at the top of the page is strik· 

ingly symmetrical. The parallel bands in which the earth's field is stronger (stippled) or 

weaker (white) than the regional average are oriented along the ridge's axis. The magnetic 

bands are presumably produced by bands of rock "ith normal and re,-ersed magnetism. 
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quences are defined by the paleomag
netic and radioactive-clock data for the 
past 3.6 million years. We call these 
major groupings geomagnetic polarity 
epochs and have named them for people 
who made significant contributions to 
our knowledge of the earth's magnetic 
field. Superimposed on the polarity 
epochs are brief Ructuations in magnetic 
polarity with a duration that is an order 
of magnitude shorter. We call these oc
casions polarity events and have named 
them for the localities where they were 
first recognized. 

The polarity events are important for 
theories of the earth's magnetism be
cause they emphasize the irregular na
ture of reversals of the earth's field. The 
first polarity event to be discovered was 
the "Olduvai" normal event, which is 
recorded in a Row in Olduvai Gorge in 
Tanzania that was investigated in 1963 
by Gromme and Hay. At first the 01-
duvai Row was thought to lie within 
the "Gauss'; normal polarity epoch and
hence was not recognized as an anomaly. 
When better dating of the epochs placed 
the date of the Olduvai Row within the 
"Matuyama" reversed epoch, it ap
peared to be an unexplained anomaly in 
an otherwise coherent picture. 

The explanation that the Olduvai re
sult represents a brief, worldwide Ruc
tuation in polarity was first advanced by 
us after we discovered in the Pribilof 
Islands three lava Rows that are normally 
magnetized, like the Olduvai Row, and 
that have similar ages of about 1.9 mil
lion years. These Rows were sandwiched 
between reversed Rows that gave slight
ly older and slightly younger ages, pro
viding the evidence that confirmed the 
existence of polarity events. Since then 
we have recognized and named two ad
ditional events: a reversed one that was 
recorded 3,050,000 years ago at Mam
moth, Calif., and a normal one record
ed about 900,000 years ago in some rocks 
near Jaramillo Creek in New Mexico. 
The Jaramillo event was recently con
firmed by Chamalaun and McDougall in 
their study of lava Rows on Reunion Is
land in the Indian Ocean, where they 
also found two additional Rows that rep
resent the Olduvai event. 

Only rarely does a sequence of lava 
Rows succeed in capturing a record of a 

polarity transition. This indicates that 
the time required for a complete change 
of the earth's magnetic field from one 
polarity to another is amaZingly short; 
our best estimate of the transition time is 
5,000 years. This is based on the ratio 
between the number of lava Rows that 
happen to have recorded the earth's 



field during a transition and the number 
of flows with clearly defined normal or 
reversed directions. An indirect estimate 
of this kind is necessary because the po
tassium-argon dating method is unable to 
resolve age differences as small as 5,000 
years. On the scale of geologic time, 
polarity transitions appear to be almost 
instantaneous, and they therefore pro
vide sharp time markers indeed. 

The idea that the earth's magnetic field
reverses at first seems so preposterous 

that one immediately suspects a violation 
of some basic law of physics, and most 
investigators working on reversals have 
sometimes wondered if the reversals 
are really compatible with the physical 
theory of magnetism. The question is 
meaningful only within the context of a 
broader question: Why does the earth 
have a magnetic field? Geophysicists are 
simply not sure. After centuries of re
search the earth's magnetic field remains 
one of the best-described and least
understood of all planetary phenomena. 
The only physical mechanism that has 
been proposed as the basis of a tenable 
theory is the mechanism of a magneto-

hydrodynamic dynamo. According to 
this theory, which has been developed 
primarily by Walter M. Elsasser, now at 
Princeton University, and Sir Edward 
Bullard of the University of Cambridge, 
the molten iron-and-nickel core of the 
earth is analogous to the electrical con
ductors of a dynamo. Convection cur
rents in the core supply the necessary 
motion, and the resulting electric cur
rents create a magnetic field. The entire 
regenerative process presumably began 
with either a stray magnetic field in the 
earth's formative period or with small 
electric currents produced by some kind 
of battery-like action [see "The Earth as 
a Dynamo," by Walter M. Elsasser; 
SCIENTIFIC AMERICAN, May, 1958]. 

The mathematical difficulties of this 
theory are immense. It is impossible to 
predict what the intensity of the earth's 
field should be or whether it fluctuates or 
remains stationary. Certainly the theory 
is in too rudimentary a state for one 
to predict whether reversals should or 
should not occur or should occur only 
under certain conditions. On the other 
hand, complete mathematical solutions 
have been obtained for simple theoreti-
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ZONE' OF COOLING 
AND MAGNET I ZATION 

cal models of dynamos, and these models 
do show spontaneous reversals of mag
netic field; some of the models show 
sequences of reversals that are strikingly 
similar to the geomagnetic polarity time 
scale. These results at least demonstrate 
that magnetic reversals are possible in 
self-regenerating dynamos. The fact 
remains that observations are leading 
theory in this area of investigation, and 
any complete theory of geomagnetism 
will eventually have to accommodate the 
observed reversals of the field. 

Meanwhile geologists are applying the� . reversal time scale to establish age 
relations among rocks they would be 
hard put to date any other way. An 
especially important application is in 
determining the ages of deep-sea sedi
ments, which are very difficult to date 
beyond the short range of 200,000 years. 
It has long been recognized that fine
grained sediments may become magnet
ized in the earth's field as they drift 
slowly downward in quiet water. Re
cently C. G. A. Harrison and B. M. Fun
nell of the Scripps Institution of Ocean
ography and N. D. Opdyke and D. E. 

SPREADING of the ocean floor could explain the magnetic-anom

aly patterns. According to one theory (see text) convection currents 

bring molten material up under the mid·ocean ridge, where it cools, 

becomes magnetized and then spreads laterally away from the 

ridge. Symmetrical bands of normal and reversed rocks would be 

produced hy the combined effect of field reversal and spreading. 
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"MAGNETIC WASHING MACHINE" devised by the authors subjects a sample placed in 

the chamber (center) to an alternating magnetic field while rotating it about three per· 

pendicular axes. The sample's hard magnetism is unaffected, but the soft component, forced 

to change direction repeatedly, is destroyed as the alternating current is reduced to zero. 

Hayes and their colleagues at the La
mont Geological Observatory of Colum
bia University have observed -magnetic 
reversals in the sediments of deep-sea 
cores [see bottom illustration on page 
51]. In one core in particular (from the 
Bellingshausen Sea near Antarctica) Op
dyke and Hayes found a polarity record 
going back to the "Gilbert" epoch, or 
3.6 million years, in which the pattern of 
reversals is remarkably similar to the 
pattern of our polarity time scale. Even 
the brief polarity events are clearly dis
cernible. These findings confirm the re
versal time scale determined from vol
canic rocks and suggest that polarity 
studies can provide a method for de
termining rates of sedimentation and 
for establishing worldwide correlations 
among various deep-sea sediments, two 
problems that have long perplexed 
oceanographers. Magnetic studies are 
also helping to establish stratigraphic 
links between marine and continental 
rocks. Magnetic-reversal stratigraphy 
has shown, for example, that sediments 
of glacial origin on Iceland and at the 
bottom of the Bellingshausen Sea were 
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both deposited at about the end of the 
"Gauss" normal polarity epoch, or about 
2.5 million years ago-a fact of consider
able importance for Pleistocene geology. 

Reversals may explain certain puz
zling magnetic anomalies characteristic 
of many oceanic areas, particularly those 
adjacent to the mid-ocean rises, or 
ridges [see "The Magnetism of the 
Ocean Floor," by Arthur D. Raff; SCI
ENTIFIC AMERICAN, October, 1961]. 
These anomalies are parallel bands, ex
tending for hundreds and even thou
sands of miles, in which the intensity of 
the earth's magnetic field is higher or 
lower than the average for the region. 
It is easy to see how the presence of 
normal and reversed magnetized rock 
formations in the crust of the earth, 
which would add to and subtract from 
the earth's main dipole field, could ac
count for such findings. Many of the 
magnetic-anomaly patterns, however, 
display a striking symmetry around the 
crests of certain mid-ocean ridges [see 
illustrations on page 52] that is difficult 
to explain on the basis of familiar vol
canic processes. 

Recently F. J. Vine, now at Princeton 
University, and J. H. Matthews of the 
University of Cambridge have pointed 
out that ideas advanced by Harry H. 
Hess of Princeton and by the Canadian 
geophysicist J. Tuzo Wilson to account 
for certain characteristics of ocean basins 
and their margins and also for the drift
ing of continents may shed light on the 
symmetrical anomalies. Hess and Wilson 
had suggested that convection currents 
in the earth's mantle, the layer below the 
crust, may bring material up to form a 
mid-ocean ridge and then move the ma
terial outward, away from the ridge [see 
"Continental Drift," by J. Tuzo Wilson; 
SCIENTIFIC AMERICAN, April, 1963]. If 
successive bands solidified and were 
magnetized during successive polarity 
epochs, Vine and Matthews reported, 
the symmetry of the patterns could be 
explained on this basis. So could the par
ticular spacing of the bands along the 
mid-Atlantic ridge, for example, pro
vided that the sea Roor is spreading at 
the rate of about one centimeter per 
year [see illustration on preceding page]. 
This rate is consistent with earlier es
timates by Wilson. Although the hy
pothesis of sea-Roor spreading seems to 
be inconsistent with some other lines of 
evidence and has been resisted by many 
oceanographers and geologists, the mag
netic evidence seems to reinforce it. 

Reversals of the earth's magnetic field 
may even have implications for the his
tory of life on our planet. R. J. Uffen 
of the University of vVestern Ontario 
pointed out in 1963 that if the magnetic 
field of the earth disappears or is greatly 
attenuated during a reversal in polarity, 
the earth would lose some of its magnetic 
shielding against cosmic rays; with the 
resulting increase in radiation dosages, 
mutation rates should increase. Paleo
magnetic evidence for the behavior of 
the earth's field during polarity transi
tions is fragmentary, but there are in
dications that the field may be only about 
a fifth as intense as in normal times. 
Uffen argues on paleontological grounds 
that rates of evolution were exceptionally 
high at times when the earth's magnetic 
field was undergOing many changes in 
polarity, although the support for this 
conclusion in the paleomagnetic record 
is rather weak. Cores examined by Op
dyke and Hayes do provide some support 
for Uffen's theory in that major changes 
in the assemblages of microfossils ap
pear near two of the magnetic-polarity 
changes. Much additional information is 
needed, however, before it will be possi
ble to judge the extent to which field re
versalsmay have affected life on the earth. 






