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PALEOINTENSITY: ABSOLUTE
DETERMINATIONS USING SINGLE
PLAGIOCLASE CRYSTALS

Single plagioclase crystals can contain minute magnetic inclusions,
capable of recording and preserving a thermoremanent magnetization.
Thellier paleointensity experiments using plagioclase feldspars from a
historic lava on Hawaii provide a benchmark for the method. The com-
parison of rock magnetic and Thellier data from feldspars and whole
rocks from older lavas indicate that the feldspars are less susceptible
to experimental alteration. This resistance is likely related to the lack
of clays and protection of the magnetic minerals by the encasing
silicate crystals.
Thellier data sets based on single plagioclase crystals are available

from continental flood basalt provinces formed during the Cretaceous
Normal Polarity Superchron. These data suggest paleomagnetic dipole
moments of approximately 12 � 1022 A m2, significantly higher than the
average paleointensity thought to characterize times of frequent geo-
magnetic reversals. A correlation between intervals of low-reversal fre-
quency and high-geomagnetic field strength is supported, as seen in
some numerical simulations of the geodynamo.
On longer timescales, the magnetization held by plagioclase and

other silicate crystals can be used to investigate the Proterozoic
and Archean field. Data from plagioclase crystals separated from dikes
demonstrate how outstanding questions related to growth of the solid
inner core and the magnetic field of the young Earth can be addressed
in future investigations.

Whole rock paleointensity analyses

The Thellier double heating method (Thellier and Thellier, 1959) is
arguably the most rigorous means of learning about past field strength.
But when applied to whole rocks, does this approach insure that the
past field strength is accurately recovered? In tests using historic lavas,
the Thellier method clearly works well because it retrieves the known
field strength. Recent studies of lavas formed during the last 5 Ma
have applied rigorous selection criteria to detect experimental altera-
tion and nonideal behavior related to magnetic mineral domain state
(e.g., Valet, 2003). But in older rocks, the effects of weathering are
important. Clay minerals begin to form a progressively larger portion
of a whole rock’s matrix. Magnetic mineral phenocrysts undergo
low-temperature oxidation.
During the successive heating steps required by the Thellier method,

fine-grained magnetic minerals can form from clays (Cottrell and
Tarduno, 2000). At relatively high, temperature treatments the altera-
tion can be obvious; it is seen in experimental checks when a partial
thermoremanent magnetization (TRM) is imparted at a lower tempera-
ture to check for the growth of magnetic minerals. The initial stages of
alteration, however, are subtle and can be difficult to detect.

Low-temperature oxidation, or maghemitization, results in a funda-
mental change in the nature of the magnetization (e.g., Özdemir and
Dunlop, 1985). Rather than a TRM, the basis of the Thellier approach,
the magnetization can become a partial or complete chemical remanent
magnetization (CRM). The accuracy of CRM in preserving the origi-
nal geomagnetic field strength is unclear (Dunlop and Özdemir, 1997).

There are other reasons for concern about paleointensity estimates
derived from older rocks. Many of the virtual dipole moments based
on Thellier data from the whole rock and submarine glass samples
are similar to values that characterize younger geomagnetic excursions
and reversal transitions (Tarduno and Smirnov, 2004). Taken at face
value, these data imply that the field has been extraordinarily energetic
during the last 10 Ma. But factors that could change the magnetic field
energy are generally associated with much longer timescales. Natural
and experimental alteration of lavas and submarine basaltic glass tends
to lower paleointensity values (Smirnov and Tarduno, 2003), suggest-
ing that the apparent difference in field strength before and after 10 Ma
is an artifact.

These issues motivate a search for natural paleomagnetic recorders
that are less susceptible to alteration in nature and in the laboratory.
Single plagioclase crystals are one such alternative recorder of geo-
magnetic field history.
Plagioclase feldspar paleointensity analyses

Transmission electron microscopy (TEM) analyses of magnetic extracts
from plagioclase separated from basaltic lavas indicate that they can con-
tain equal to slightly elongated magnetic particles 50–350 nm in size
(Cottrell and Tarduno, 1999, 2000) (see Figure P1). Studies of the direc-
tional dependence of magnetic hysteresis indicate little anisotropy in
the plagioclase crystals that could adversely affect Thellier analyses
(Cottrell and Tarduno, 1999, 2000).

Unblocking temperatures indicate that the magnetic carriers in
plagioclase have compositions that match those of the whole rock.
Thermal demagnetization through warming of a saturation isothermal
remanent magnetization acquired at low temperature has shown the
presence of a blurred Verwey transition (the transition from cubic to
monoclinic crystalline symmetry; Verwey, 1939) in plagioclase crystals
separated from Cretaceous basalts of the Arctic (Tarduno et al., 2002)
(see Figure P1). These data, together with the thermal unblocking



Figure P1 Optical, transmission electron microscope (TEM) and rock magnetic analyses of whole rocks, plagioclase crystals and
magnetic separates. (a-f) Examples from the Strand Fiord basalts of the high Arctic after Tarduno et al. (2002). (g, h) Examples from
the Rajmahal Traps of eastern India after Cottrell and Tarduno (2000). (a) Typical plagioclase crystal used for rock magnetic and
paleointensity experiments. (b) TEM image of a magnetic separate from a plagioclase crystal. (c,d) Magnetic hysteresis data (slope
corrected) for a whole rock basalt sample and plagioclase feldspar. In general, plagioclase crystals show single domain to pseudo-single
domain behavior, while whole rocks display pseudo-single to multidomain characteristics. The former are better suited for Thellier
paleointensity analyses. (e) Normalized hysteresis parameters versus rotation angle measured on a plagioclase crystal. The crystal was
rotated by 45o increments on the stage of a Princeton Measurements Alternating Gradient Force Magnetometer parallel (solid line and
triangles) and perpendicular (dashed line; only mean shown) P1 probes. Abbreviations: Mr/Ms, saturation remanence/saturation
magnetization ratio; Hcr coercivity of remanence; Hc, coercivity. The lack of systematic variations of these parameters indicates that
anisotropy is not a significant concern for Thellier paleointensity experiments. (f) Warming curve of a magnetization (solid line)
acquired by a plagioclase crystal at 20 K in a 2.5 T field. Dotted line is the inverse of the derivative. (g,h) Slope corrected magnetic
hysteresis curves for unheated and heated whole rock samples. The curve for the heated sample documents the growth of a fine-grained
magnetic phase. The heating increments applied were those of a typical Thellier experiment. Magnetic hysteresis curves for plagioclase
crystals did not show significant changes after heating (see discussion in Cottrell and Tarduno, 2000).

750 PALEOINTENSITY: ABSOLUTE DETERMINATIONS USING SINGLE PLAGIOCLASE CRYSTALS



PALEOINTENSITY: ABSOLUTE DETERMINATIONS USING SINGLE PLAGIOCLASE CRYSTALS 751
characteristics and TEM observations, further suggest the plagioclase
crystals contain magnetic inclusions of composition similar to that of
magnetic grains in the whole rock. In the case of the low-temperature
data, the carrier is likely a low Ti titanomagnetite. These observations
also suggest that the magnetic particles are inclusions rather than
exsolved magnetic particles (Cottrell and Tarduno, 1999, 2000). The lat-
ter, which are characteristic of plagioclase in slowly cooled plutonic rocks,
typically have end-member mineralogies and distinct shapes, most nota-
bly the magnetic “needles”, tens of millimeters long, that are sometimes
seen oriented along crystallographic axes (e.g., Davis, 1981).
In a test of the method, Thellier analyses of plagioclase crystals

separated from a 1955 flow from Kilauea in Hawaii yielded paleoin-
tensity estimates that agreed with values reported in detailed compari-
sons of paleointensity methods based on whole rocks (Coe and
Grommé, 1973) and from magnetic observatory data (Cottrell and
Tarduno, 1999). The demagnetization of an oriented plagioclase from
a Cretaceous lava flow of the Rajmahal Traps demonstrated that the
plagioclase recorded the same paleomagnetic record as the whole rock
(Cottrell and Tarduno, 2000).
Further comparisons of rock magnetic data from whole rock samples

and plagioclase crystals taken from a Rajmahal lava flow demonstrate d
that the plagioclase crystals were less altered by Thellier heatings
(Cottrell and Tarduno, 2000). Specifically, magnetic hysteresis data
from heated whole rock samples indicated the formation of a fine-
grained magnetic phase; this behavior was not seen in the plagio-
clase crystals (see Figure P1). This difference in rock magnetic
behavior with heating paralleled differences seen in the fidelity
and absolute values of paleointensity data. Although whole rock
samples meeting paleointensity reliability criteria (e.g., Coe, 1967)
yielded paleointensity values that were within error of those derived
from single plagioclase crystals, such samples were rare. In general,
the whole rocks seldom met reliability criteria and yielded low nominal
paleointensity values. The differences can be attributed to the formation
of fine-grained magnetite from clays in the groundmass of whole rock
samples, resulting in the anomalous acquisition of TRM during Thellier
experiments (and a bias toward low values).
Paleoi ntensity during the Cretace ous Normal
Polarity Sup erchron

The experimental alteration, nonideal behavior, and associated high
rates of sample reject that typify the Thellier method as applied to
whole rocks have generally resulted in a piecemeal approach to the
definition of the past geomagnetic field. Directional and paleointensity
data are seldom derived from the same rocks. The ability to derive
paleointensity values from plagioclase crystals from long lava
sequences provides the chance to look at all parts of the time-averaged
field. Examining the potential relationships between geomagnetic
reversal frequency, secular variation, field morphology and paleointen-
sity is still a daunting task. But if relationships exist, they should be
best expressed during superchrons, intervals tens of millions of years
long with a few (or no) reversals.
Several continental flood basalt provinces were formed during the

Cretaceous Normal Polarity Superchron; these provide an opportunity
to gain a more complete view of the past geomagnetic field. For exam-
ple, Thellier paleointensity analyses of single plagioclase have been
derived from distinct lava units of the Rajmahal Traps. The term “ lava
unit” is used because sometimes it is necessary to combine results
from adjacent lava flows that could have been erupted in a very short
time. These units were selected from a larger paleomagnetic data set so
that they span secular variati on. This was gauged in two ways. First,
the stratigraphic position of the lava units was considered. Second,
the angular dispersion of paleomagnetic directions of the select units
(derived from analyses of whole rock samples) simulated that of a
complete sampling of the lava sequence. The data allow the calcula-
tion of a mid-Cretaceous paleomagnetic dipole moment. The resulting
value of 12.5 � 1.4 � 1022 A m2 (Tarduno et al., 2001) is higher than
the present-day field, or estimates of the long term average field during
the last 200 Ma.

A similar study has been conducted on lavas of the high Canadian
Arctic, which were also erupted during the Cretaceous Normal Polarity
Superchron. Plagioclase feldspars separated from these lavas have also
yielded Thellier paleointensity estimate from distinct lava units. As
in the case of the Rajmahal Traps, the units are thought to average
secular variation because geological indicators show the passage of
time, and the angular dispersion of paleomagnetic directions recorded
by whole rock samples matches that of a larger data set that spans the
entire sequence (Tarduno et al., 2002). The paleomagnetic dipole
moment of 12.7 � 0.7 � 1022 A m2 suggested by these data agrees
with the value from the Rajmahal Traps and indicates that high
paleointensity of the latter rocks was not an isolated event within the
Cretaceous Normal Polarity Superchron (see Figure P2) . The data from
the Rajmahal Traps and Arctic basalts support a correlation between high
field strength and low reversal frequency, as suggested in early models
(Cox, 1968; see also discussion by Banerjee, 2001) and in more recent
numerical simulations of the geodynamo (Glatzmaier et al., 1999).
Precambrian field strength

Mafic dikes of Proterozoic to Archean age are exposed on several con-
tinents. These contain feldspars that could carry magnetic inclusions
and hence they are potential geomagnetic field recorders. This may
provide a means of defining the field during a time interval that may
have seen the onset of solid inner core growth. To explore this possi-
bility, Smirnov et al. (2003) studied the 2.45 Ga Burakovka intrusion
of the Karelian Craton (Russia). Thin mafic border dikes were sampled
to minimize the influence of cooling rate. Clear feldspars were selected
for study; in other Proterozoic-Archean dike provinces clouded feld-
spars reflecting exsolution are common (Halls and Zhang, 1998). Mag-
netic hysteresis parameters indicate multidomain-like behavior of
whole rock samples and pseudosingle to single domain (SD) behavior
for plagioclase crystals separated from the Karelian dikes. Whole rock
samples also show a small anisotropy as recorded by systematic varia-
tions in magnetic hysteresis data, presumably recording a flow fabric
within the dikes. No significant anisotropy was observed in the plagi-
oclase crystals. The latter observation is important because it indicates
that there is not a preferred alignment of elongated particles in the feld-
spars that could bias TRM acquisition in Thellier experiments.

Transmission electron microscopy analyses suggest that the mag-
netic inclusions in the plagioclase are equal to slightly elongated and
range in size between 50 and 250 nm. Thermal demagnetization data
of a saturation remanence imparted on single plagioclase crystals at
10 K are characterized by a well-defined Verwey transition at �120 K,
indicating the presence of stoichiometric magnetite, similar to that
reported from whole rock samples.

These rock magnetic data demonstrate the feasibility of the single
plagioclase paleointensity approach as applied to select Proterozoic-
Archean rocks. Results from only four dikes are available to date from
Karelia and it cannot be expected that these adequately record secular
variation. Nevertheless, the Thellier paleointensity data are within the
range of modern field values. Secular variation and field morphology
during this Proterozoic-Archean interval also look amazingly similar
to that of the last 5 Ma (Smirnov and Tarduno, 2004).
Discussion and summary

Prévot et al. (1990) concluded that geomagnetic reversal rate and
paleointensity are decoupled. The contrast between this interpretation
and that proposed here arises from differences in data selection. Only
a few paleointensity results from rocks older than 10 Ma are based on
multiple, independent cooling units that span significant secular varia-
tion. Standard paleointensity criteria exclude those lavas with larger
multidomain magnetic carriers. A more widespread factor limiting
the utility of lavas is weathering. The formation of clays can ultimately



Figure P2 Geomagnetic reversal timescale, select Thellier results (1s uncertainties shown), and reversal rate (based on a 10-Ma
sliding window). Data sources are those selected by Tarduno et al. (2001, 2002), with the addition of a new data set from
Goguitchaichvili et al. (2002). Only studies based on greater than 25 results shown. Data types: triangles, baked contacts; diamonds,
basalt whole rocks; circles, plagioclase crystals (Tarduno et al., 2001, 2002). Dashed horizontal line, a proposed mean
Cretaceous-Cenozoic value based on Thellier analysis of submarine basaltic glass (Juarez et al., 1998); Solid horizontal line,
modern field intensity.
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result in the formation of new magnetic minerals during Thellier
experiments. In addition, magnetic mineral phenocrysts in the ground-
mass are transformed by low-temperature oxidation, and CRMs
replace TRMs. Some of these effects lead to obvious failures of experi-
mental reliability tests. Others are subtler that have probably led to a
bias toward underestimates of field strength.
Because of these limitations, it is premature to apply statistical treat-

ments to the entire basalt virtual dipole moment data set (e.g., Heller
et al., 2002) to draw conclusions on the geodynamo. Although there are
high-resolution, time-averaged data sets from older lavas (e.g., Kosterov
et al., 1997) natural and laboratory alterationwill fundamentally limit pro-
gress in understanding long-term paleointensity history. This is the prime
motivation for a continued pursuit of plagioclase-based Thellier analyses.
Plagioclase feldspar separated from lavas contains minute magnetic

inclusions, which appear to have been protected from weathering.
Thellier analyses using such crystals have been benchmarked using
historic lava. Subsequent tests show that plagioclase crystals are less
susceptible to experimental alterations than whole rocks. Because the
plagioclase feldspars can be collected from long basalt sequences, they
afford a means to obtain joint paleointensity and secular variation data.
This further provides the opportunity to investigate relationships
between the frequency of geomagnetic reversals and the morphology,
secular variation and intensity of Earth’s magnetic field. These rela-
tionships should be best expressed during superchrons.
Available data from Thellier analyses of plagioclase crystals,

coupled with paleomagnetic data from lavas covering various latitude
bands, indicate that the time-averaged field during the Cretaceous Nor-
mal Polarity Superchron was remarkably strong and stable. A high-
field intensity during the Cretaceous Normal Polarity Superchron has
also been reported from continued analyses of submarine basaltic glass
(Tauxe and Staudigel, 2004). The field was also overwhelmingly
dipolar, lacking significant octupole components (Tarduno et al.,
2002). These observations suggest that the basic features of the
geomagnetic field are intrinsically related. Superchrons may reflect
times when the nature of core-mantle boundary heat flux allows the
geodynamo to operate at peak efficiency.

Thellier analyses of plagioclase separated from lavas can be used to
further examine the reversing field, including times such as the Late
Jurassic of peak reversal frequency (McElhinny and Larson, 2003).
The approach can also be used to examine the Permian-Carboniferous
Kiaman Reversed Polarity Superchron. The Precambrian history of the
geomagnetic field bracketing inner core growth is relatively unexplored.
Approaches utilizing rigorous Thellier analyses applied to single plagio-
clase crystals, and other single silicate grains, hold significant promise
for revealing this history.

John A. Tarduno, Rory D. Cottrell, and Alexei V. Smirnov
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PALEOINTENSITY, ABSOLUTE, TECHNIQUES

Introduction

The unique possibility to extract the ancient field intensity from mag-
netic remanence of rocks is to duplicate the acquisition of magnetiza-
tion by laboratory experiments in presence of a field with a known
intensity. This requires a precise knowledge of the mechanisms that
govern the magnetization, which is actually the major difficulty inher-
ent to the paleointensity experiments. Acquisition of remanence by
strong magnetic fields does not concern natural rocks because the geo-
magnetic field has a weak intensity (unless they are affected by light-
ning but this has no interest for paleomagnetism). Another way of
magnetizing rocks is by thermal activation, which leads to rotation
of some magnetic moments in the direction of the field. The natural
magnetization relevant from this process is called a thermoremanent
magnetization (TRM). Thermoremanence is acquired by most igneous
rocks during cooling from above the Curie temperature (Tc) in the pre-
sence of the Earth’s magnetic field. Magnetic relaxation, in which
remanent magnetization of an assemblage of magnetic grains decays
with time, is the most straightforward effect of thermal activation. As
temperature decreases through a critical temperature called “blocking
temperature” (Tb), an individual magnetic grain experiences a dramatic
increase in relaxation time, which will continue down to room tem-
perature. Thus the orientation of the magnetic moment can remain
stable at the surface temperature and it will be resistant to effects of
magnetic fields after original cooling. Depending on specific para-
meters inherent to the grain, this magnetic memory can be preserved
for billions of years. Rock specimens contain many magnetic grains
that can have different characteristics (size, shape etc.) and are thus
frequently associated with a distribution of blocking temperatures Tb)
from a few tens of degrees up to Tc of the magnetic mineral carrying
the magnetization.

Thellier-Thellier technique and derivatives

A very specific characteristic of the total TRM is that it can be sepa-
rated into the successive magnetizations that were acquired in distinct
temperature intervals. For example, TRM of an igneous rock contain-
ing magnetite can be broken into portions acquired within successive
windows of blocking temperatures from its Curie temperature (Tc) of
580�C down to room temperature. The portion of TRM blocked in
any particular Tb window is referred to as “partial TRM,” abbreviated
pTRM. The total TRM is the vector sum of the pTRMs contributed by
all blocking temperature windows. The Individual pTRMs depend
only on the magnetic field during cooling through their respective Tb
intervals and are not affected by magnetic fields applied during
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cooling through lower temperature intervals. This is the law of additiv-
ity of pTRM, which is essential for paleointensity experiments.
Indeed, as described above, paleointensity experiments rely on a

direct comparison between thermal demagnetization of the natural
remanent magnetization (NRM, original magnetization that was
acquired during cooling of the material) and acquisition of laboratory
partial thermoremanent magnetization (pTRM) in presence of a known
field. In principle, NRM and TRM of single domain grains of magne-
tite retain the same proportionality in the applied field over the entire
temperature spectrum (Dunlop and Özdemir, 1993). Thus the NRM/
TRM ratio must remain constant. In the opposite situation it is impos-
sible to perform suitable experiments of paleointensity because the
response of magnetization to the field is not the same in the laboratory
than it was during the initial cooling of the rock. In most cases, this is
caused by changes in magnetic mineralogy that either altered the nat-
ural remanent magnetization (NRM) or which were produced during
the laboratory experiments.
The initial and unique reliable technique for absolute paleointensity

was proposed and experimented by Thellier and Thellier (1959). Basi-
cally the experiment involves a first heating and cooling of the sample
in a known field at say 120C followed by measurement of the total mag-
netization M1 ¼ þTRM (0–120�C) þ NRM (120�C – Tc). The second
heating and cooling are performed in presence of a field in the opposite
direction and the total magnetization is thus M2 ¼ �TRM (0–120�C) þ
NRM (120�C – Tc). The residual NRM is obtained by vectorial subtrac-
tion (M1-M2) while the TRM is given after substitution of the NRM.
This operation is repeated at increasing temperatures up to Tc.
Coe (1967) modified the original Thellier protocol and proposed to

demagnetize first the NRM in zero field and then to remagnetize the
sample. However, measuring the NRM first does not allow one to detect
remagnetization components that could be produced during the subse-
quent heating at the same temperature in presence of the field and car-
ried by grains with high blocking temperatures. In order to solve this
problem (see Figure P3), it is preferable to impart the TRM before heat-
ing the sample in zero field (Aitken et al., 1988; Valet et al., 1998; Valet,
2003). The two techniques have their own advantages.
The method of determining the final field value is to calculate the

slope of an “Arai” plot (Nagata, 1963), which depicts the amount of
NRM lost as a function of pTRM gained for each successive tempera-
ture interval (in principle both should keep the same proportion for
every temperature interval). The paleointensity is simply obtained after
multiplying the slope by the field intensity applied during the experi-
ments. The basic assumption inherent to Thellier experiments is con-
stant proportionality between the NRM lost and the TRM gained
Figure P3 Schematic representation of the procedure for a Thellier-T
In this case, a TRM is performed first instead of heating in zero field
remaining NRM (TRM). White bars are for zero magnetization.
after each heating step. Any departure from this behavior cannot be
accepted. Unfortunately this ideal situation is not that frequent and lin-
ear diagrams over a very wide range of temperatures represent rarely
more than 20%–30% of the samples. It is certainly arbitrary to rely
on a specific segment of temperature because the quality of the deter-
minations is linked to the amount of NRM involved. We can only
be confident if a paleointensity estimate has been derived from a single
straight line involving low (say <350�C) and high temperatures
(beyond the domain of viscous components). Several indices have
been defined (Coe et al., 1978) to evaluate the quality of the
determinations. They rely on the percent of initial magnetization
involved in the segment selected for calculation, quality of the fit
and dispersion of the data points.
Limits imposed by magnetomineralogical changes

Apart from their time-consuming aspect, paleointensity experiments
are frequently affected by remagnetization caused by alteration of
magnetic minerals during heating. It is thus not only essential to detect
these changes during the experiments but also to improve the success
rate by selecting appropriate samples. Concerning the first aspect,
Thellier and Thellier (1959) introduced the pTRM checks that test
for duplication of a TRM at one or several previous temperatures. If
the new value is different from the previous one, then the magnetic
grains were affected during the previous heating steps at higher tem-
peratures. Unfortunately, the pTRM checks increase the number of
heatings, making the full experiment more time-consuming, but they
are unavoidable and essential to detect alteration. It is quite justified
to consider that the absence of pTRM checks unvalidates the quality
of a paleointensity experiment.

In some cases remagnetization can produce grains with blocking
temperatures higher than the last heating step. In this case, the NRM
itself can be affected and partly lost but the corresponding changes will
not necessarily be detected by pTRM checks. There is linear relation
between the NRM and the TRM; but the directions of the NRM fail
to go through the origin of the demagnetization diagrams when plotted
in sample coordinates. This is caused by remagnetization in the field
direction of the oven. Kosterov and Prévot (1998) made the point
that irreversible changes due to alteration can occur even at moderate
temperatures. This was observed by measuring hysteresis loops after
different heating steps following a previous suggestion by Haag
et al. (1995). These changes were not always detected by standard
pTRM checks, which again emphasizes the need for multiple and com-
plementary verifications, at least for a limited number of samples per
hellier experiment according to the “modified” Coe protocol.
(see text). Black (gray) bars show temperature intervals with
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lava flow. McCLelland and Briden (1996) and Valet et al. (1996)
proposed to detect this problem by adding a third heating in zero field,
which is particularly appropriate and efficient in the case of the mod-
ified Coe version. Indeed if the NRM was affected during the previous
heating in presence of field, the repeated experiment will evidently
result into a different vector. This approach is possible but more deli-
cate with the standard Thellier-Thellier procedure.
Preselection of the specimens using nontime-consuming techniques

rapidly became a critical matter. The problem is that such experiments
must necessarily be conducted on adjacent specimens (but from
the same core) keeping in mind that there is always a little risk that
inhomogeneous magnetic characteristics alter the quality of the selec-
tion. Thermomagnetic analyses (measurement of progressive loss of
induced susceptibility (K ) or saturation remanent magnetization (Jrs)
while heating up to Curie temperature and its recovery during subse-
quent cooling) provide useful information about the magnetic minerals
and their evolution upon heating. Magnetomineralogical changes have
a direct consequence on these two parameters and produce irreversible
heating and cooling curves. This test has thus proved very efficient
to rule out inappropriate samples, but it does not warranty that those
samples which pass the test will necessarily be suitable for
paleointensity experiments.
Problems inherent to multidomain grains

Another aspect to consider is the behavior of multidomain (MD) and
pseudo-single domain (PSD) grains. Significant progress has been
made in this direction. The presence of MD and PSD grains is quite
common in lava samples and they can have important consequences.
A complete review concerning the theoretical and phenomenological
developments on this matter is given by Dunlop and Özdemir
(1997). MD and PSD grains do not obey the experimental law of addi-
tivity of partial TRMs acquired in nonoverlapping temperature inter-
vals by single domain grains. A direct consequence is the existence
of two different slopes in the NRM-TRM plots between low (<350�C)
and high (350–580�C) temperatures. Such behavior is caused by the
difference between the blocking (Tb) temperature required to ran-
domize the orientation of a portion of magnetic grains and thus to cre-
ate a pTRM during cooling in presence of field and the unblocking
(Tub) temperature needed to randomize the orientation of the magnetic
grains with magnetization acquired at Tb. Heating at temperature Ti
produce a wide range of Tub’s, both lower and higher than Tb, due to
repeated domain wall jumps during heating. The anomalous high Tub’s
form a tail extending to the Curie point, which has been widely dis-
cussed in the literature (Bol’shakov and Shcherbakova, 1979; Worm
et al., 1988; Halgedahl, 1993; McCLelland and Sugiura, 1987;
McCLelland and Shcherbakov, 1995; McCLelland et al., 1996). In a
recent paper Dunlop and Özdemir (2000) described how low Tub tails
can explain the typical concave shape of the Arai diagrams inherent to
multidomain grains. Several theoretical and experimental studies
(Bol’shakov and Shcherbakova, 1979; Dunlop and Xu, 1994; Xu
and Dunlop, 1994) have shown that demagnetization of the NRM
can begin at low temperatures, while a significant part of TRM is
acquired at high temperatures. Dunlop and Özdemir (2000) suggested
that a significant part of the NRM with low Tub can be easily removed
whereas pTRM acquisition is delayed by the presence of high Tb.
Thus NRM thermal demagnetization will greatly outweigh pTRM
acquisition and this effect persists until the NRM is about half
demagnetized.
The presence of MD grains can be detected in curves of continuous

or thermal demagnetization by their characteristic tails (Bol’shakov
and Shcherbakova, 1979). Following experiments by Vinogradov
and Markov (1989), Shcherbakova and Shcherbakov (2000) noticed
that TRM acquired between room temperature and 300�C after heating
to the Curie temperature cannot be removed completely by heating
in the zero field in presence of PSD and MD grains while this is
not the case for single domain. The remains of the proportion of
magnetization is a measurement of the tail and depends on the amount
of MD grains. This approach can thus be recommended provided
that standard hysteresis parameters confirm the diagnostic. It is
frequent that a part of the NRM-TRM spectrum be touched by multi-
domain grains, which in this case are not clearly reflected by concave
up Arai diagrams. McClelland and Briden (1996), Valet et al. (1996)
and Dunlop and Özdemir (1997) suggested to compare the NRM mea-
sured at Ti before and after heating in presence of field. Riisager and
Riisager (2001) recently demonstrated the efficiency of the test (that
they renamed “pTRM-tail check”) on Paleocene lavas from the Faeroe
Islands as well as on baked sediments. All these results indicate that
concave diagrams must not be used to extract paleointensity informa-
tion but it is important to perform appropriate tests to detect MD
grains.
Variations in the experimental protocol

In an attempt to reduce the number of heatings, Kono and Ueno (1977)
proposed to apply a field perpendicular to the NRM direction in order
to extract the NRM and the TRM by performing a single heating at
each step. In addition to technical difficulties positioning the sample
within the oven, the authors noticed that this approach requires exception-
ally stable components and has greater experimental errors. Hoffman
et al. (1989) suggested that one method of reducing alteration is to
split the sample into a number of subsamples (usually about 10), each
heated to a particular temperature, once in a zero field and again in a
known field. The NRM and the pTRM values are then normalized
using the initial intensity of the subsample. This approach relies on
the assumption that subspecimens from the same sample are character-
ized by similar magnetic properties, which is not always true. The
natural physical properties of a lava often vary over a few centimeters.
Sherwood (1991) evaluated the multispecimen approach and found no
improvement with respect to the classical Thellier technique and no
evidence for reduced alteration.

Several suggestions have been made to increase the number of
determinations. Valet et al. (1996) proposed a correction technique
taking into account the deviations caused by creation or destruction
of magnetization. Corrections rely on the hypothesis that the loss (or
gain) of TRM induced by mineralogical transformations is indicated
by difference between the pTRM check and the TRM that was initially
measured at the same step. In a detailed paper aimed at detecting
alteration with high-unblocking temperatures, McClelland and Briden
(1996) reached basically the same conclusions. Corrections can be
applied if (1) the NRM was not affected and (2) the alteration product
has unblocking temperatures lower than the temperature of the last
heating. These two conditions can be checked by (1) double demagne-
tization of the NRM (if NRM demagnetization was performed first)
and/or (2) scrutinizing the evolution of the NRM in sample coordi-
nates. The suitability of corrections was tested on contemporaneous
lava flows. The technique was reasonably successful and gave field
determinations within a typical error between 10% and 20% inherent
to paleointensity studies. However, it is frequently questioned because
there is no clear indication about the reliability of field determinations.
For this reason corrections remain speculative particularly in the
absence of determinations without corrections for the same flow.

A complete different track was followed by Tanaka et al. (1995)
who performed continuous direct measurements of the total vector at
high temperatures. They defended that this approach can give reliable
determinations whereas the standard method does not. The sample was
heated in a cryogenic magnetometer with a small furnace installed
immediately outside one of the access holes and the measurements
were done within the magnetometer. The authors noticed that the drop
in temperature did not exceed 1�C at 400�C when moving the sample
from the furnace into the magnetometer. The technique involves two
successive heatings (with and without field) over successive tempera-
ture intervals and does not require cooling the sample to room tem-
perature except at Ti-1. The operation is repeated at incremental steps
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and allows determination of the NRM lost and the TRM gained within
each successive temperature interval rather than in a cumulative
manner.
A very similar approach has been developed recently by LeGoff

and Gallet (2004) with a vibrating magnetometer. The system called
“Triaxe” vibrates horizontally along a single direction and comprises
three orthogonal sets of pickup coils. Heating is produced by a 2.5 kHz
alternating current in a bifilaresistor, avoiding electromagnetic interfer-
ence in the pickup coils. Heating and cooling rates can be adjusted up
to a maximum of 60�C min-1. The sensor and heating-cooling sys-
tems are centered inside three perpendicular Helmholtz coils coaxial
with the magnetometer axes. Thus a major advantage of this system
is that the TRM can be produced in any direction and in particular
along the same direction as the initial NRM, avoiding any problems
related to anisotropy of the TRM. The same system is used also to
produce a zero field. This equipment has been tested with success on
archeological material and compared to results obtained with the
classical Thellier experiments. Given the gain in precision in rapidity
and the versatility provided by this apparatus, there is no doubt that it
will be extensively used in future for archeo- and paleointensity studies.
Recent improvements using alternative materials

Pick and Tauxe (1993a) proposed that submarine basaltic glasses
would be an ideal material for absolute paleointensity. The magnetic
population of submarine volcanic glasses is consistent with very fine
Ti-magnetite grains in the superparamagnetic or SD state. There was
some concern about the primary origin of the magnetization because
of the very fine grain sizes but consistent determinations were obtained
from nicely linear Arai plots by Pick and Tauxe (1993a; 1993b), Meija
et al. (1996), Carlut and Kent (2000), which rules out this possibility.
These results must be considered along with recent studies by Zhou
et al. (1999, 2000) using electron microscope analysis, which indicate
that submarine glasses do not seem to be sensitive to alteration on a
timescale of a few million years.
Volcanic glasses could thus be ideal candidates for studies of abso-

lute paleointensity. However some aspects still prevent basaltic glasses
from several paleomagnetic applications. In most if not all studies pub-
lished so far, the glass samples were not oriented and the direction of
the magnetic field could not be recovered. It is thus impossible to deal
with the full vector (which somehow is a paradox after having mea-
sured directions without intensity for a very long period). This is even
more critical in the case of submarine volcanics since there is a techni-
cal problem linked to the difficulty of collecting submarine samples
(Cogné et al., 1995) oriented with respect to the geographic coordi-
nates. In this case it is impossible to check the consistency of the mag-
netic polarity of the glass samples with the underlying crustal magnetic
anomaly. This may change in future with the development of new col-
lecting tools. Another limitation is the weak remanent magnetization
of the small glassy fragments containing very few crystals. The total
moment being on the order of some 10–9 A m2 or less and the mea-
surements are frequently noisy. The irregular size of small chips of
glass requires special mounting to allow accurate orientation of the
samples for the measurements. Carlut and Kent (2000) proposed a
new mounting technique (based on potassium silicate instead of salt
encapsulation) to measure magnetic moments as low as 5 � 10–10 A m2.
Below this value, measurements are seldom possible and thus the
material cannot be used for paleointensity. Lastly lavas enriched
in magnetic oxides along ridge segments can induce high magnetic
anomalies and thus add a significant contribution to the main mag-
netic field. There is no doubt that volcanic glasses are promising
to study long-term changes in the average field intensity. It is inter-
esting that the time-averaged field value derived so far from the
experiments conducted with this material is lower than the one
derived from lava flows.
Cottrell and Tarduno (1999) suggested that the use of plagioclase

crystals may provide a viable source of paleointensity data. The major
argument is that these crystals are less affected by alteration during
heating experiments. The plagioclase grains are picked after crushing
the samples, but the direction can be obtained from other specimens
taken from the same core. The paleointensity results for 10 plagioclase
crystals taken from a sample drilled in the 1955 Kilauea lava flow
(Hawaii) indicates a mean paleofield value of 33.8 mT, 5% lower than
the expected field of about 36 mT measured at the Honolulu magnetic
observatory. Since no field measurement has been performed directly
above the flow this could be explained by local anomalies (Coe and
Gromme, 1973; Baag et al., 1995; Valet and Soler, 1999). It is impor-
tant to report that the field determinations have been obtained from
low temperature intervals. At higher temperatures, remanence decay
was rapid and measurement errors became significant. Such difficulties
for measuring extremely low intensities (sometimes <5 � 10–12 A m2)
may be a limiting factor on a wider use of this technique. In a subse-
quent study, Cottrell and Tarduno (2000) studied 113-Ma-old basalts
from the Rajmahal traps using whole rocks and single plagioclase
crystals. The paleointensity determinations derived from the whole
rock measurements were of lower quality and gave lower values than
the plagioclase crystals, which according to the authors was caused by
a fine-grained magnetic phase formed during the Thellier-Thellier
heating experiments.

Two recent studies indicate that these new materials, plagioclases
and volcanic glasses may converge but actually being complementary.
Tarduno et al. (2001) reported 56 experiments on plagioclase crystals
from basalts that formed during the quiet period of the Cretaceous
polarity chron and found a strong time-averaged dipole moment, three
times greater than during periods with reversals. Similar strong
paleointensity was obtained independently by Tauxe and Staudigel
(2004) who measured submarine Cretaceous basaltic glasses from
the Trodos Ophiolite.

Conclusion

Paleointensity studies remain extremely delicate and time-consuming.
However the past two decades of research have seen many develop-
ments, which will improve the selection of the samples and the success
rate of the determinations. Another important factor is that the
conjugation of techniques but also the possibility of using different
materials makes now possible a critical evaluation of the data and thus
an estimate of their degree of confidence.

Jean-Pierre Valet
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Figure P5 Conceptual model of the intensity of depositional
remanent magnetization (DRM) as a function of ambient field
strength. Ideally, DRM would be linearly dependent on the
amplitude of the ambient field (open circles). In sediments, DRM
intensity is dependent on the concentration of remanence carrying
grains and the magnetic domain state of the particles. Solid
squares represent sediment deposited in the presence of a weak
field, but carry a strong DRM due a high concentration of
magnetite. Diamonds represent sediment deposited in a strong
ambient field, but carry a weak DRM due to low concentration
of magnetite, or inefficient recorders (coarse grains, hematite)
(After Tauxe, 1993).

Figure P4 The interval 36–46 ka from the North Atlantic
Paleointensity Stack (NAPIS-75) (Laj et al., 2000). The data set has
been divided by its mean value, so that the mean is equal to 1.
The Laschamp geomagnetic excursion, referred to as the
Laschamp Event, is manifested as a 1–2 ka interval of very
low intensity at 40–41.5 ka. The Laschamp Event is preceded by
an intensity peak at �45 ka, at which time the geomagnetic field
was nine times stronger than during the Laschamp Event. Relative
paleointensity records such as NAPIS-75 can reveal the percent
change in the geomagnetic field intensity, but not the absolute
field strength.
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What is “relative” paleointensity?

The intensity of depositional remanent magnetization (DRM) in sedi-
ments is not absolute, that is, DRM intensity is not solely a function
of the ambient field strength at the time of deposition (see Magnetiza-
tion, depositional remanent, DRM). The intensity of DRM recorded in
sediments, when treated with a normalization process, is termed “rela-
tive paleointensity.” The term “relative” is used because, although the
ratio of two intensity values is considered an accurate measure of the
percent difference in field strength, a single intensity value is not a
stand-alone measure of the Earth’s geomagnetic dipole moment (see
Figure P4). Sedimentary records must be calibrated against absolute
intensity measurements derived from volcanic samples or archeological
baked clays (see Magnetization, thermoremanent; Archeomagnetism).
This situation exists because the intensity of DRM is dependent on the

amount of ferrimagnetic material present in the sediment sample, the
magnetic domain-state of the ferrimagnetic particles, and the mineralogy
of the recording assemblage. For example, a package of sediment depos-
ited in the presence of a weak magnetic field may acquire a strong rema-
nence if the sediment contains a large amount of magnetite. In contrast, a
package of sediment deposited in a strong field may have a very weak
signal if the sediment contains very little magnetite, such as in deep-
sea carbonates or biosiliceous ooze (see Figure P5). These nonfield
effects must be removed in order to isolate the dependence of DRM
on the ambient field intensity. Typically, the intensity of the natural
remanent magnetization (see Magnetization, natural remanent, NRM)
is divided by a correction factor that is sensitive to the amount of rema-
nence-carrying grains present in the sample. The parameter NRM/(cor-
rection factor) yields the intensity of NRM per amount of remanence
carrying grains.
The need to correct for nonfield effects has long been recognized.

Johnson et al. (1948) suggested dividing DRM by isothermal remanent
magnetization (IRM) to account for differences in the “magnetization
potential” of the sediment (see Magetization, isothermal remanent,
IRM). They further suggested that a DRM versus applied field curve
derived from redeposition experiments could be used to calibrate
NRM intensity in natural sediments. Kent (1973) explored this idea
by carrying out a laboratory redeposition experiment in which natural
deep-sea sediments were stirred in the presence of an applied field
to simulate bioturbation. The resulting deposits were free of inclination
error and the intensity of remanence was linearly proportional to the
applied field over the range 20–120 mT. This elegant experiment
demonstrated that a linear relationship between DRM intensity and
ambient field strength existed when an invariant sediment assemblage
was repeatedly redeposited. However, invariant sediment assemblages
rarely exist in nature. Natural sediment assemblages vary with time
as a consequence of environmental processes controlling sediment
supply, transport, and deposition. This makes sediments interesting
and valuable for their ability to monitor environmental processes and
climate change (see Environmental magnetism). This is also responsible
for the complexity of the magnetic recording processes in sediment.
Normalization parameters and processes

King et al. (1983) proposed a set of guidelines to place limitations on
the acceptable amount of sedimentological variability, and limit
paleointensity studies to sediments most likely to yield reliable data.
The “King Criteria,” later modified by Tauxe (1993), attempt to
ensure the homogeneity of the magnetic mineral assemblage. If the
sedimentary sequence being studied is homogeneous, then one can
be confident that any observed features in the geomagnetic field
record represent true field behavior, rather than artifacts due to the
sedimentology. The uniformity criteria were originally developed to
test the suitability of sediments for normalization using anhysteretic
remanent magnetization (see Magnetization, anhysteretic remanent,
ARM). Hence, the concentration dependence of ARM and the
grain-size dependence of ARM observed in magnetite strongly influ-
enced the development of these criteria. These criteria have since
become a general set of guidelines, regardless of the normalization
method chosen.

First, the sediments should record a strong, stable, single component
of remanence whose orientation is appropriate for the site latitude.
If the orientation of the remanence vector is inaccurate, then intensity
is likely to be inaccurate. Second, the carrier of the NRM should
be magnetite. Any mineral with a spontaneous magnetic moment
will experience a torque in the presence of an ambient magnetic field.



Figure P6 Stepwise alternating field demagnetization of NRM,
ARM, and IRM carried by a sediment sample from Lake Pepin,
Minnesota (Brachfeld and Banerjee, 2000). Levi and Banerjee
(1976) suggested that the most appropriate normalization
parameter is the one that activates the same grains that carry
the NRM. This is assessed using the alternating field (AF)
demagnetization coercivity spectrum. For this sample, the
coercivity spectrum of the ARM is nearly identical to the NRM,
while the IRM spectrum is softer. ARM is the most appropriate
normalization parameter for this sediment sample. The shaded
region denotes the area under the NRM demagnetization curve,
which is the basis for the integral normalization method (see text).
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The stronger the particle’s moment, the stronger the torque, and presum-
ably the greater the efficiency of aligning with the field. Magnetite,
Fe3O4, has the strongest spontaneous moment of the commonly occur-
ring iron-bearing minerals. Further, magnetite and titanomagnetite
(Fe3-xTixO4) are the most abundant magnetic minerals in sediments.
Therefore magnetite and titanomagnetite are important carriers of
DRM in most sediments. Accessory minerals such as hematite, maghe-
mite, greigite and pyrrhotite have been shown to be carriers of a stable
DRM in a few rare cases (Kodama, 1982; Tauxe and Kent, 1984; Hallam
andMaher, 1994). Generally, hematite has a very low-saturation magne-
tization and therefore it experiences a weak magnetic torque. Thus its
ability to align accurately with the ambient field is questionable. Further,
hematite may form in situ long after deposition, such as in redbeds, thus
acquiring a chemical remanence (see Magnetization, chemical rema-
nent, CRM) rather than DRM. Maghemite and greigite are more com-
monly associated with low-temperature oxidation and iron-sulfur
diagenesis, respectively (e.g., Roberts and Turner, 1993; Reynolds
et al., 1994; Snowball and Torri, 1999), implying the alteration of the pri-
mary magnetization and acquisition of a CRM at some unknown time
after deposition. Ideally, magnetite should be the only magnetic mineral
present in the sediment, to avoid the possibility that the normalization
method will activate grains that do not carry DRM.
Third, the magnetite particle size should be 1–10 mm. Superpara-

magnetic particles (SP, <30 nm for magnetite) are thermally unstable
at room temperature and do not carry DRM. Stable single domain
(SSD) grains (�30 nm–1 mm for magnetite) have strong moments and
experience a strong torque in an ambient field, in addition to weaker
viscous drag due to their smaller size. However, fine SSD grains are
susceptible to the influence of Brownian motion (Stacey, 1972).
Lu et al. (1990) also suggested that fine SSD grains adhere to clay
minerals and are rotated out of alignment with the ambient field when
the clays are compacted into horizontal orientations. Multi-domain
(MD) grains have low magnetization and therefore experience a weaker
magnetic torque. Larger grains are more strongly influenced by the
gravitational force than by the magnetic force (see Magnetic domain).
PSD grains, corresponding to the 1–10 mm size range in magnetite,
are assumed to be the most efficient recorders of DRM.
Fourth, the concentration of magnetite should not vary by more than

a factor of 10. This limitation on concentration variability is based on
the effects of particle interaction during ARM acquisition. The concen-
tration of magnetic material is typically monitored using magnetic sus-
ceptibility (k), saturation isothermal remanent magnetization (SIRM),
or saturation magnetization (MS).
The normalization parameters currently in use are k, anhysteretic

remanent magnetization (ARM), and (SIRM). Two other methods,
the pseudo-Thellier method (Tauxe et al., 1995) and the integral
method (Brachfeld et al., 2003), are normalization procedures that
have been explored, but not widely used at present. There is not one
single normalization parameter that is applicable to all sedimentary
records. In selecting the most appropriate normalization parameter
for a given sedimentary record, it is necessary to thoroughly character-
ize the composition, concentration, and grain size of the magnetic
recording assemblage, which may be a small subset of the entire mag-
netic mineral assemblage.
Magnetic susceptibility is logistically and economically the most

easily measured magnetic parameter. Susceptibility is a routine mea-
surement conducted on sediment cores collected by ocean research
vessels. The ease of measurement is one reason for the continued
use of k as a normalization parameter. However, k is measured in the
presence of an applied alternating field, whereas DRM is a remanent
magnetization. MD and SP grains that do not contribute to DRM
contribute strongly to k and lead to “over-correction.” The ratio
DRM/k is artificially low if these grains are present (Brachfeld and
Banerjee, 2000). In addition, several studies have shown strong
correspondence between k and d18O. The presence of Milankovitch
periodicities in k profiles from oceanic, lacustrine, and loess records
(e.g., Bloemendal and deMenocal, 1989; deMenocal et al., 1991;
Peck et al., 1994; Bloemendal et al., 1995), suggests that climatic factors
influence the supply of magnetic material to marine, lacustrine, and
aeolian sediment. In such cases there is a risk that the climatically induced
variability in k, or any potential normalization parameter, could be trans-
ferred to the normalized intensity record (e.g., Kok, 1990; Schwartz
et al., 1996; 1998; Lund and Schwartz, 1999; Guyodo et al., 2000).

Levi and Banerjee (1976) laid out the arguments in favor of ARM
as a normalization parameter. Levi and Banerjee (1976) analyzed a
sedimentary record from Lake St. Croix, Minnesota. They compared
the alternating field (AF) coercivity spectra of the NRM, ARM, and
SIRM. The coercivity spectra of NRM and ARM were nearly identi-
cal, while that of a SIRM was much softer (Figure P6). They argued
that ARM activated the same grains that carried the NRM, which is
the critical factor for selecting a normalization parameter. In addition,
since the coercivity spectra of NRM and ARM were identical, the ratio
NRM/ARM did not vary with AF demagnetization level, whereas
the ratio NRM/IRM (and hence the assumed paleointensity) varied
strongly with the demagnetization level.

Complications with ARM normalization arise from strong grain-size
and concentration dependencies. Below 1 mm (approximately), small
changes in grain-size result in large changes in ARM acquisition (Dun-
lop and Özdemir, 1997). Above 1 mm, ARM acquisition is less depen-
dent on grain size (Dunlop and Özdemir, 1997). This is the basis for
uniformity criterion 3, which states that sediments suitable for paleoin-
tensity studies contain magnetite in the 1–10 mm size range. Sediments
in which 0.1–1 mm magnetite is the carrier of remanence would be
susceptible to miscorrection using ARM. Even relatively small
changes in the grain-size of DRM carriers could translate into very
large changes in ARM acquired.

ARM acquisition is strongly dependent on the concentration of
magnetic material in a sample. Sugiura (1979) imparted ARM to syn-
thetic sediments with varying volume fractions of magnetite. A sample
with 2.5-ppm (parts permillion)magnetite acquired anARM thatwas four
times stronger than a sample with 2.3% magnetite. At high magnetite
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concentrations, ARM acquisition is less efficient due to particle interac-
tions, which tend to demagnetize the assemblage. The criterion that mag-
netite concentration vary by no more than a factor of 10 was designed to
ensure that the mechanism of ARM acquisition, be it efficient or ineffi-
cient, is at least consistent throughout the entire sediment sequence.
Isothermal remanent magnetization (IRM) is imparted by exposing a

sample to a steady field for several seconds, then reducing the field
nearly instantaneously to zero. By applying stepwise increasing fields
and measuring the remanence after each step, one can obtain an IRM
acquisition curve. At some field strength the sample acquires its max-
imum possible signal, at which point the sample has acquired a satura-
tion isothermal remanent magnetization. SIRM and the magnitude of
the saturating field vary for different minerals. Magnetite saturates in
fields of 100–300 mT. Hematite and goethite requires fields in excess
of several tesla to achieve saturation (Dunlop and Özdemir, 1997).
SIRM acquisition is less sensitive to grain interactions than ARM
acquisition because the applied field which is very strong can over-
come the demagnetizing effect of grain interactions. The danger in
using SIRM is that—at high fields, nearly all of the magnetic minerals
will acquire an IRM or SIRM, even those grains that do not contribute
to the DRM. In particular, MD grains that do not contribute to DRM
will contribute disproportionately to SIRM.
Tauxe et al. (1995) proposed the pseudo-Thellier method of relative

paleointensity normalization. The pseudo-Thellier method is an analog
of the Thellier. Thellier double heating experiment that is applied to
absolute intensity samples. In the pseudo-Thellier method, one plots
NRM lost at each AF demagnetization level versus ARM gained at
that AF demagnetization level. Relative paleointensity is calculated
as the slope of the best-fit line fit to the data (see Figure P7). This
method is particularly useful for identifying viscous components of
magnetization, which are typically removed after the 5–20 mT demag-
netization step. Viscous components are manifested as a line segment
with a slightly steeper slope. One can identify these components from
the pseudo-Thellier plot, and avoid these intervals when calculating
the best-fit line.
Brachfeld et al. (2003) proposed an integration method of normali-

zation. This method expands on Levi and Banerjee (1976) who argued
Figure P7 The pseudo-Thellier plot for a sediment sample from
Lake Pepin, Minnesota. Tauxe et al. (1995) devised this alternate
normalization method to simulate the Arai diagram obtained
through the Thellier. Thellier absolute intensity analysis. NRM
remaining at each demagnetization level is plotted against ARM
gained at the same AF level. Viscous components of remanence are
identified by the change in slope of the trend line. This sample has
a viscous component of remanence that is removed after AF
demagnetization at the 10 mT level. Relative paleointensity for this
sample is calculated as the slope of the trend line from 20–60 mT.
that the coercivity spectrum of the normalization parameter should
match the coercivity spectrum of the NRM. The integral method
involves integrating the area under the NRM/NRMMAX demagnetiza-
tion curve over an optimal AF range, for example 20–50 mT. The nor-
malization parameter, ARM/ARMMAX is integrated over the same
interval. Relative paleointensity is calculated as
Z 50 mT

20 mT
NRMðHAFÞdHAFZ 50 mT

20 mT
ARMðHAFÞdHAF

Figure P6). The goal of this method is to ensure that the same
(see
coercivity spectrum is reflected in both the NRM and the normaliza-
tion parameter.

There are several ways to assess the quality and accuracy of a nor-
malized intensity record. The simplest and most common method is to
apply several normalization parameters. It has traditionally been
assumed that if several normalization parameters yield similar profiles,
then the sediment is homogeneous and any of the parameters is an ade-
quate normalizer. Normalized intensity records can be judged by com-
parison with records from other sites, for example other sedimentary
records, absolute intensity records, or records of cosmogenic isotopes
(10Be, 36Cl), whose production rates are modulated by geomagnetic
field intensity (Frank et al., 1997; Frank, 2000; Baumgartner et al.,
1998; Wagner et al., 2000a,b).

Normalized intensity records from the same geographic region
should yield similar patterns and amplitudes if properly normalized.
Unfortunately, the amplitude of normalized intensity features can be
quite different depending on the normalization method used (Schwartz
et al., 1996, 1998; Lund and Schwartz, 1999; Brachfeld and Banerjee,
2000). Several workers have suggested that the variable amplitudes of
crests and troughs as a function of normalization method are the result
of subtle grain-size variations that are not removed during normalization
(Amerigian, 1977; Sprowl, 1985; Lehman et al., 1994, 1998; Schwartz
et al., 1996; Williams et al., 1998; Brachfeld and Banerjee, 2000).

An internal check on the quality of a normalized intensity record is
to examine correlations between rock magnetic parameters and nor-
malized intensity. Harrison and Somayajulu (1966) pointed out that
the paleointensity estimate should not be correlated with rock magnetic
parameters, which they assessed using a linear regression correlation
coefficient. Tauxe and Wu (1990) brought this test into the frequency
domain by calculating coherence spectra for the normalized paleoin-
tensity and the normalization parameters. This permits the identification
of frequency bands where paleointensity and rock-magnetic parameters
are responding to the same external influence, climatic or otherwise.
Tauxe and Wu (1990) proposed that true normalized intensity should
not be coherent with its specific normalization parameter. Coherence
is typically tested between NRM/k and k, NRM/ARM and ARM, and
NRM/SIRM and SIRM. The best relative paleointensity record is the
one that shows no coherence with its normalization parameter. Brach-
feld and Banerjee (2000) recommended that normalized intensity
also be tested for coherence with grain-size parameters such as the
median destructive field of the NRM (NRMMDF) or the coercivity of
remanence (HCR).

Paleointensity as a correlation and dating tool

Until the late 1980s, the study of geomagnetic field behavior recorded
in sediments was largely undertaken for magnetostratigraphy and to
study the geodynamo (see Magnetostratigraphy; Paleomagnetism).
Beginning in the late 1980s-early 1990s, several researchers noticed
the globally coherent pattern of geomagnetic field paleointensity varia-
tions over the last 50 ka–100 ka years (Constable and Tauxe, 1987;
Tauxe and Valet, 1989; Tauxe and Wu, 1990; Tric et al., 1992;
Meynadier et al., 1992). Soon thereafter, advances in instrumentation
enabling the rapid measurement of continuous u-channel subsamples



Figure P8 A comparison of globally distributed paleointensity
records for the interval 10–80 ka. (A) Sint-800 (Guyodo and Valet,
1999) is a stack comprised of 33 records. Short wavelength
features are not preserved in this low-resolution stack.
(B) Labrador Sea (Stoner et al., 1998), (C) Mediterranean Sea
(Tric et al., 1992), (D) Somali Basin (Meynadier et al., 1992),
(E) NAPIS-75 (Laj et al., 2000). Features with wavelengths of
5–10 ka can be recognized and correlated from the Labrador
Sea south to the Somali Basin.
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(Tauxe et al., 1983; Weeks et al., 1993; Nagy and Valet 1993) led to a
large increase in the number of long, continuous, sedimentary records
analyzed for geomagnetic paleointensity variations. The resulting data-
base of globally distributed records enabled the construction of
stacks (weighted averages of many records), which are now used
as millennial-scale correlation and dating tools.
The dipole component of the geomagnetic field exhibits temporal

variations in its intensity on timescales of hundreds to millions of
years. Variations in the geomagnetic dipole are synchronously experi-
enced everywhere on the globe. Therefore, a specific geomagnetic
field paleointensity feature represents the same “instant” in time every-
where on Earth. Sedimentary records of geomagnetic field paleointen-
sity from nearly all of Earth’s shallow seas, deep ocean basins, and
large lakes demonstrate the global coherence of features with wavelengths
of 104–105 years (Figure P8, Tric et al., 1992; Meynadier et al., 1992;
Schneider, 1993; Yamazaki et al., 1995; 1999; Guyodo and Valet, 1996,
1999; Laj et al., 1996, 2000, 2004; Lehman et al., 1996; Peck et al.,
1996; Verosub et al., 1996; Channell et al., 1997; 2000; Roberts et al.,
1997; Schwartz et al., 1998; Stoner et al., 1998, 2000, 2002; Kok and
Tauxe, 1999; Channell andKleiven 2000;Guyodo et al., 2001; Nowaczyk
et al., 2001; Sagnotti et al., 2001; Mazaud et al., 2002; Thouveny et al.,
2004; Valet et al., 2005). A common characteristic of these records is
the presence of several intervals of very low intensity during the past
800 ka. These are interpreted as geomagnetic excursions, which often
involve large but short-lived directional changes (>45� deviation of
the virtual geomagnetic pole from its time-averaged position) followed
by a return of the vector to its previous state (seeGeomagnetic excursion).
Several of the sedimentary records listed above suggest that excursions are
associated with a reduction in field strength to less than 50% of its present
day value, but are not always associated with a directional change.
These intervals of weak geomagnetic field intensity are partly

responsible for peaks in radionuclide production rates. Peaks in 10Be
and 36Cl concentration interpreted as the Mono Lake Event and the
Laschamp Event have been observed in the Vostok, Dome C, Byrd,
Camp Century, and GRIP ice cores (Beer et al., 1984, 1988, 1992;
Yiou et al., 1985, 1997; Raisbeck et al., 1987; Baumgartner et al.,
1997, 1998; Wagner et al., 2000b). Excursions, whether detected
through paleomagnetism or cosmogenic isotopes, are marker horizons
that can be used to correlate records from widely separated regions.
However, an excursion is one single tie point. A more powerful corre-
lation and dating tool uses time series of geomagnetic paleointensity
variations and cosmogenic nuclide production rates for stratigraphic
correlation.
Correlation and dating using geomagnetic paleointensity is a

“tuning” method. The paleointensity record from the site of interest
is compared to a well-dated reference curve. By matching peaks
and troughs between the two records, one can import the reference
curve ages to the study area. This method has been used to construct
chronologies for sites that lacked materials for radiocarbon dating
and lacked calcite for oxygen-isotope stratigraphy (Stoner et al.,
1998; Sagnotti et al., 2001; Brachfeld et al., 2003).
Any single record of geomagnetic field variability is not suitable for

a reference curve. Any single record may contain errors in its chronol-
ogy or contamination of its remanent magnetization. Guyodo and Valet
(1996) proposed using a “stack” to combine many records, thereby
enhancing the signal to noise ratio, averaging out any flaws present
in the individual records, and extracting the broadscale global features
of the geomagnetic field. Guyodo and Valet (1996) showed that a dis-
tinctive pattern of geomagnetic field paleointensity was observable in
deep-sea sedimentary records from around the globe (see Figure P8).
They produced a 200 ka global stack of 19 paleointensity records,
named Sint-200, which they suggested could be used as a millennial-
scale correlation and dating tool. Each of the 19 constituent records
in Sint-200 had its own oxygen-isotope stratigraphy. By correlating
paleointensity variations in an undated sediment core with the Sint-
200 target curve, one could import the SPECMAP oxygen isotope stra-
tigraphy to the core site.
The constituent records of Sint-200, and its subsequent extension to
the 800 ka Sint-800 (Guyodo and Valet, 1999) were all deep-sea sedi-
ment cores with relatively low-sedimentation rates. Therefore, short
wavelength features are not preserved in Sint-800. Two newer stacks
with higher temporal resolution, the 75 ka North Atlantic paleointen-
sity stack (NAPIS-75) and the South Atlantic paleointensity stack
(SAPIS), were constructed from high-sedimentation rate records from
sediment drifts in the North Atlantic and the South Atlantic, respec-
tively (Laj et al., 2000; Stoner et al., 2002). NAPIS-75 is a stack of
six individual high-resolution records (sedimentation rates ¼ 20 to
30 cm/ka) from cores recovered from the Nordic seas and the North
Atlantic. The stacks cover the time interval 10–75 ka, providing
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overlap with the radiocarbon timescale. The NAPIS-75 chronology is
linked to the GISP2 ice core chronology. First, Heinrich layers and a
volcanic ash were used as tie points to correlate the six cores. Second,
a fine scale correlation was achieved by matching magnetic suscept-
ibility oscillations and ARM oscillations, which put all six cores on
a common depth scale (Kissel et al., 1999). The resulting stack was
placed on the GISP2 age model of Grootes and Stuiver (1997) by cor-
relating the planktonic foraminifera d18O record in one of the sediment
cores with the d18O record in the GISP2 ice core (Voelker et al., 1998;
Kissel et al., 1999).
There are striking similarities between NAPIS-75 and a synthetic

geomagnetic field record calculated from 36Cl and 10Be data obtained
from the GRIP/GISP2 ice cores (Baumgartner et al., 1997, 1998;
Finkel and Nishiizumi, 1997; Yiou et al., 1997; Wagner et al., 2000a,b),
which suggests a common geomagnetic origin. Features with a 1000
to 2000-year wavelength can be recognized in both records. The mil-
lennial scale features of NAPIS-75, coupled to the precise GISP2 time-
scale, constitutes a highly efficient tool for correlating and dating cores
in different oceans basins around the world (Stoner et al., 2000, 2002),
particularly in the Arctic Ocean and southern Ocean, where d18O stra-
tigraphy is not available. The extension of NAPIS-75 to NAPIS-300,
a 300 ka stack, is now in progress (C. Laj and C. Kissel, personal
communication).
SAPIS was constructed from five cores from the South Atlantic

(Stoner et al., 2002). The five cores were placed on a common depth
scale by correlating magnetic susceptibility, oxygen isotope stratigra-
phy, geomagnetic inclination, and relative paleointensity. The age
model for SAPIS comes largely from one core, Ocean Drilling Pro-
gram (ODP) Site 1089, whose oxygen isotope stratigraphy was corre-
lated to a nearby core with 14 radiocarbon dates, and by correlating the
oxygen isotope stratigraphy to SPECMAP (Stoner et al., 2003).
NAPIS and SAPIS display remarkable similarities over the interval

30–65 ka. The two records display similar peak-to-trough amplitudes,
and features with 5-ka wavelengths can be recognized and correlated
between the two records. Some differences were present, which the
authors ascribed to subtle flaws in chronology—uncorrected environ-
mental influences on the magnetic mineral assemblage, or genuine dif-
ferences in the nondipole geomagnetic field behavior at these two
sites. Nevertheless, the excellent correspondence between the two
stacks over key intervals, for example 30–45 ka, illustrates the poten-
tial to use geomagnetic field paleointensity as a global, millennial-
scale correlation and dating tool.
A high resolution global paleointensity stack (GLOPIS-75, Laj

et al., 2004) is a stacked record consisting of 24 paleointensity records
distributed world wide, and all with sedimentation rates exceeding
7 cm/ka. The 24 paleointensity records were each individually corre-
lated to NAPIS-75, which was used as the master curve. Each record
was resampled every 200 years, normalized to a mean value of 1,
and stacked arithmetically (Laj et al., 2004). An iterative process
was applied to successively remove discrete intervals in the individual
records that may be unreliable, followed by recalculation of the stack
using the remaining points. The resulting GLOPIS-75 record covers
the interval 10–75 ka.
GLOPIS-75 was calibrated to absolute virtual apparent dipole

moment values (VADM) using the archeomagnetic dataset of Yang
et al. (2000) and globally distributed volcanic data spanning 0–20 ka
(Laj et al., 2002). The main trends in this calibrated global stack are
very similar to NAPIS-75. There are several noteworthy features.
The Mono Lake Event and the Laschamp Event are dated at 34.6 ka
and 41 ka, respectively, precise ages that are tied to the GISP2 ice core
age model. The duration of these excursions are 1100 years for the
Mono Lake Event and 1000–1900 years for the Laschamp Event
(Laj et al., 2004). Refinements to GLOPIS-75 can be expected as the
number and distribution of paleointensity records increases, particu-
larly with the addition of new records currently under construction
from the North Atlantic, Arctic and Antarctic, and with the addition
of records spanning 0–20 ka.
Summary

The intensity of DRM recorded by sediments is influenced by the con-
centration, domain state, and composition of the magnetic mineral
assemblage. These nonfield effects on the DRM are removed by nor-
malizing the DRM with a laboratory-derived correction factor such
as k, ARM, or SIRM. No single normalization parameter is appropriate
for all sediments. The magnetic mineral assemblage of each sedi-
mentary record must characterized in order to select the most appropri-
ate normalization parameter. High-quality sedimentary geomagnetic
paleointensity records are now being used as global correlation and
dating tools. Features with wavelengths of 5 ka, and possibly shorter,
can be recognized and correlated between the Northern and Southern
hemispheres. By synchronizing geomagnetic intensity records, we
may now have the ability to determine millennial-scale leads and lags
in Earth’s climate systems. Ongoing studies are extending paleointen-
sity stacks further back through time (Valet et al., 2005), and investi-
gating the extent to which finescale features can be recognized
and correlated. This includes marine, estuarine, and lacustrine records,
with the goal of expanding the temporal and spatial distribution of
records, particularly in the Southern Hemisphere (Gogorza et al., 2000,
2002; Stoner et al., 2002, 2003; Brachfeld et al., 2003) and the Arctic
(Nowaczyk et al., 2001; St. Onge et al., 2003, 2005; King et al., 2005;
Stoner et al., 2005).
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PALEOMAGNETIC FIELD COLLECTION
METHODS

The primary aim of paleomagnetic research is to reconstruct the orien-
tation of the Earth’s magnetic field at a given location from the study
of a rock unit of known age. For this purpose, it is required to collect
samples from the unit to be studied with the purpose of determining
their magnetization and magnetic mineralogy in the laboratory. In
order to conduct consistency tests of the direction of magnetization
of the unit of interest, it is advisable to sample the unit at several local-
ities as widely as possible. This procedure helps to avoid biasing
effects introduced by undetected tectonic complications or other, prob-
ably more local alteration effects. In return, more effort is required in
collecting samples in the field and the adoption of a well-defined hier-
archy that needs to be followed during sampling is also needed.

In paleomagnetic parlance, a site refers to the location of each place
where a particular sedimentary bed, or cooling igneous unit (i.e.,
one lava flow or one dyke) is exposed and samples are collected.
A sample refers to each oriented piece of rock separately that is
retrieved from the outcrop, whereas a specimen refers to smaller pieces
of rock, which are well-determined in shape and dimensions obtained
from one sample. Commonly, six to eight samples are required within
5–10 m of outcrop at a single site to average out the nonsystematic
errors possibly made during sample orientation. At the laboratory, each
sample will be split in specimens that can be inserted in the holder of
the available instrument that is used for the measurement of magneti-
zation and other laboratory tests. In practice, it is a good idea to have
samples large enough to provide multiple specimens, even when only
one specimen per sample is all that is required for the measurement of
magnetization. This is the case because if more than one specimen per
sample is measured at each site, the averaging of the orientation errors
will not be unbiased unless the specimens measured for each sample is
equal in number. In any case, little is gained in accuracy if more than
three specimens from each sample are measured in one site.

Although this hierarchy is easy to follow in general, there are some
aspects that require closer examination. For example, if the only access
to the rock is through a long drill core (for example those obtained in
exploration wells), then following the above definitions we would be
limited to only one sample per site (unless more than one core is
retrieved at the same location), as little would be gained in terms of
accuracy of orientation by measuring more than one specimen per
rock-unit traversed by the core. In thick enough units, however, it
might prove to be convenient to measure six to eight specimens from
the same unit to get a more representative estimation of the magnetiza-
tion of the unit at that site (core). Certainly, in these conditions the
error in the reconstructed magnetization (even when it might only refer
to the inclination as the horizontal orientation of the core might not be
available) introduced by the error in the orientation of the core will not
be averaged out, but at least some internal checks for consistency and
homogeneity of the magnetic properties of each rock unit can be made
in this form.

As for the actual samples, these can be grouped in three main types
depending on the procedure followed for their collection. The most
common type of paleomagnetic sample is collected by using a portable
drill with a water-cooled diamond bit. The drill is commonly powered
by a gasoline engine, but in some occasions it might be necessary to
use an electric drill that uses a rechargeable battery. The diameter of
the cores drilled in this form is commonly �2.5 cm and the length
depends on the hardness of the rock, the type of drill-bit used and
the expertise of the operator. After coring the outcrop to the desired
depth and the drill apparatus has been retrieved, an orientation devise
is introduced in the space left by the bit. The orientation devise con-
sists of a long tube that has a slot extending from one of its extremes,
and a swiveling surface with some type of level attached to the other.
The devise is rotated until the surface on the outer extreme becomes
horizontal, allowing the correct orientation of the core before retriev-
ing it from the outcrop. The slot in the lower end of the orienting
devise (now inserted in the rock) is used to mark the sample, com-
monly with a brass rod. The orientation is made using a magnetic or
a solar compass (or both) attached to the orientation devise, and by
reading the angle of the core relative to either the horizontal or the ver-
tical plane. The accuracy of orientation with this method is about �2�.
After the completion of orientation, the orienting devise is retrieved
and the core is broken from the outcrop, labeled, and packed.
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Another type of paleomagnetic sample is collected by the simpler
method of orienting a block of the outcrop that is later broken and
labeled. These types of samples are commonly collected when the
lithology is not suitable for coring. There are logistic complications
for transporting the coring equipment (including water and gasoline)
to the outcrop, there are laws forbidding the use of coring equipment
(as for example in some national parks or reserve areas), or in despera-
tion when the coring equipment breaks down in the middle of a field
season. Although simpler in logistics, this method of sample collection
is not as good as the coring method because of the limitations in the
accuracy of orientation and on the need of collecting joint blocks that
are more likely to have been affected by weathering than the massive
portions of the outcrop. It also requires carrying of an excess material
that has to be thrown away after specimens have been sliced out of the
sample in the laboratory.
The third main type of paleomagnetic sample is collected in the

form of core sample obtained from lake- or sea-bottom cores or from
exploration wells. These samples are typically �10 cm diameter and
can be from a few meters to some hundreds of meters and even kilo-
meters long. There are two main types of coring techniques in this
category: piston coring (in which the bit is introduced forcefully into
the sediment) and rotary drills (similar in all respects to the first type
of samples discussed above, but with drills that are much larger and
not likely to be handled by just one bare-handed operator). Both types
of cores are commonly azimuthally unoriented and the direction of the
core is assumed to be vertical. Evidently, these types of samples pro-
vide less reliability in terms of accuracy of orientation, which often
involve the operation of expensive machinery and may not yield
recovery of the entire core, but as already mentioned they can be the
only access to one particular rock unit.
In some particular situations, paleomagnetic samples can be col-

lected by using very specific (and sometimes very ingenious) methods
that often combine some aspects of the three main types just men-
tioned. For example, loose sediments that are accessible in outcrop
cannot be suitable for drilling or for block sampling. In this case, sam-
ples can be collected by inserting small plastic boxes in the sediment
and orienting them before removing the material around to retrieve
the box. Some degrees of impregnation with an epoxic resin might
also be used for this purpose, or any other method that allows the
operator to retrieve a reasonably well oriented sample.
In summary, the most important aspect to have in mind when col-

lecting samples for any paleomagnetic work is the ability to orient
the samples. Although in some circumstances the orientation must be
necessarily limited to a distinction between the up and down direc-
tions, therefore limiting the utility of such samples.

Edgardo Cañón-Tapia
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PALEOMAGNETIC SECULAR VARIATION

The source of the Earth’s magnetic field has been the subject of scien-
tific study for more than 400 years (e.g., Gilbert, 1600). At present we
believe that most of the fieldmeasured at the Earth’s surface is of internal
origin, generated by hydromagnetic dynamo action in the liquid-iron
outer core. Historic measurements of the geomagnetic field have docu-
mented its primarily dipolar spatial structure at the Earth’s surface
and its temporal variability, which is termed as secular variation. One
notable characteristic of the Earth’s magnetic field and secular variation
is its full vector nature, with significant space-time variability in
both directions and intensity. Recent historic secular variation (HSV)
studies (e.g., Thompson and Barraclough, 1982; Bloxham and Gubbins,
1985. Olson et al., 2002) have characterized the global pattern of
short-term secular variation and have related its variability to the core
dynamo process.

Paleomagnetic studies make it clear, however, that the Earth’s mag-
netic field has undergone a wider range of temporal and spatial varia-
bility than has been seen in historic times. Geomagnetic field polarity
reversals have occurred intermittently in time (e.g., Cande and Kent,
1995) and the intervening time intervals of stable dipole polarity con-
tain paleomagnetic secular variation (PSV) larger in amplitude and
broader in frequency content than HSV. PSV studies have also docu-
mented occasional excursions (Watkins, 1976; Verosub and Banerjee,
1977), which are anomalous PSV fluctuations that may be aborted
polarity reversals or represent a fundamentally different multipolar
state of the geomagnetic field (Lund et al., 1998, 2001).

PSV is estimated from the paleomagnetic study of archeological
materials, unconsolidated sediments, and rocks. The paleomagnetic
methods used to recover PSV data are well documented (e.g., Butler,
1992. Tauxe, 1993. Merrill et al., 1998; Dunlop and Özdemir, 2001),
and everyone noticed that rather different methods are normally used
to recover estimates of paleomagnetic field direction and intensity.
Therefore, historically, PSV directional data usually do not have asso-
ciated paleointensity estimates and vice versa. However, over the last
decade that tendency has finally been balanced by the development
of numerous high-resolution full-vector PSV records.

This article surveys our current knowledge of PSV; it will provide
an overview of PSV data sources, methods of PSV analysis, long-term
characteristics of PSV, and models for PSV behavior. The survey will
discuss both intensity and directional variability. Special attention
will be paid to the relationship between PSV and HSV, the evidence
for or against long-term stationarity of PSV, the relationship of PSV
to excursions, and the characteristics of PSV that may be useful in
dynamo studies.
PSV data

PSV data come from a wide variety of paleomagnetic studies that can
be separated into three groups based on the type of sediment or rock
measured, the degree of detail in stratigraphic sampling, and the
degree of age control for each study. The three resulting PSV data
groups are (1) studies of Quaternary-aged sequences of unconsolidated
sediments, lava flows, or archeological materials, which can be dated in
detail by radiocarbon methods or oxygen isotope stratigraphy, and
which are sampled in detail sufficient to resolve the temporal pattern
of PSV variability (termed waveform information); (2) studies of older
sediment or lava flow sequences that have waveform information but
no detailed age control; and (3) studies of any aged rock or sediment
sequences that have poor within sequence age control and no wave-
form information (sequential data are not serially correlated). The first
type of PSV study can be used for a full spectrum of time series ana-
lyses (waveform, spectral, or statistical analyses); the second type of
study can be used for waveform and statistical analyses; the third type
of study is only suitable for statistical analysis.

The materials normally used for detailed paleomagnetic studies of
PSV are archeological materials (kilns, fire pits, etc.), lava flows, and
lake or marine sediment sequences. Each of these materials has inherent
advantages and disadvantages for the accurate recording of PSVand the
accumulation of paleomagnetic records from all three materials in par-
allel is the ideal way to establish regional patterns of PSV. Figure P9
illustrates the use of multiple PSV records derived from multiple



Figure P9 Comparison of paleomagnetic and historic secular
variation directional data from Eurasia. Composite PSV records,
summarized in Constable et al. (2000), extend from Iceland (ICE)
to Japan (JPN). Solid dots are original paleomagnetic data, heavy
solid lines are interpolated time-series (PSVMOD1.0 available
at http://earth.usc.edu/ �slund), and open circles in the last
400 years are estimated historical field variations based on
spherical harmonic analysis.
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data sources (data summarized in Constable et al., 2000) to recon-
struct the paleomagnetic directional variability across Eurasia for
the last 3 ka. PSV records ICE, Loch Lomand, Scotland (LLO),
Lake Vukonjarvi, Finland (VUK), and Lake Baikal, Russia (BAI)
are derived from lake sediment sequences, while the other six
PSV records are based on archeological and lava-flow measure-
ments. The solid dots in Figure P9 are the actual paleomagnetic
measurements, the heavy solid lines are interpolated equi-spaced
time series (PSVMOD1.0, available at http://earth.usc.edu/ �slund),
and open circles in the most recent 400 years are estimated historical
secular variation based on spherical harmonic analysis.

Lava flows and archeological materials have the advantage that their
natural remanent magnetization (NRM) is normally a thermoremanent
magnetization (TRM). A TRM is acquired over time intervals of less
than a few minutes to days by heating a material to high temperatures
and cooling it in the presence of the geomagnetic field. Therefore,
the TRM retains a truly “instantaneous ” record of PSV. The primary
disadvantag e of archeological materials is their scarcity prior to
about 2000 years B.P. The primary disadvantag e of lava flows is the
difficulty in finding sufficient radiocarbon dated flows within a region
to develop a long duration, composite PSV record; only a few such
studies are currently available in the whole world (e.g., Champion,
1980. Holcomb et al., 1986; Kissel and Laj, 2004).

Sediments acquire their NRM, termed as depositional or post-
depositional remanent magnetization (DRM/PDRM), due to mechani-
cal alignment of magnetic grains with the geomagnetic field while
they are in the water column or in interstitial spaces just below the
sediment-water interface. The grains are subsequently locked into that
orientation by grain-grain contacts during dewatering, normally within
10 – 20 cm of the sediment-water interface. The primary advantage of
sediment sequences is their potential to provide continuous, high-reso-
lution PSV records far back in time from many sites around the world.
The primary drawback to sediments, however, is the lower resolution
of the DRM/PDRM recording process due to some degree of inherent
smoothing of the PSV signal during remanence acquisition near the
sediment-water interface. In most high-resolution sediment records,
the smoothing interval can be estimated to be less than 100 years in
duration, but further study is necessary to establish the role of smooth-
ing in a better manner in the acquisition process of DRM/PDRM.

An added complexity associated with all PSV data is the limited
extent to which they can be compared to HSV data. This difficulty
in correlation occurs because (1) PSV data does not have the broad
spatial (global) sampling distribution of HSV data, (2) the inherent
vector resolution of PSV data (2 �  to 4 �  a95 at best) is significantly
lower than the resolution of HSV data (typically 1 �  a95 or better),
and (3) the radiometric ages associated with PSV have relatively large
errors (ca. �100 years or greater). PSV records derived from sediments
have the added disadvantage, noted previously, of not recovering
instantaneous estim ates of secular variation due to inherent DRM/
PDRM smoothing. Because of these differences, it is difficult to com-
pare the space-time structures of HSV and PSV data in detail, even
though site measurements of PSV and HSV may agree within the limit
of data resolution (e.g., Figure P9). What we can hope is that analysis
of PSV data will yield spatial and/or temporal characteristics that
relate, in some way, to observed HSV characteristics.

Three examples of total-vector PSV records are shown in Figures
P10-P12 . Figure P10 is a Holocene PSV record from wet lake
sediments of Lake St. Croix (Lund and Banerjee, 1985; Lund and
Schwartz, 1999), Figure P11 is a late-Pleistocene PSV record from
uplifted (dry) lake sediments surrounding Mono Lake (Liddicoat and
Coe, 1979; Lund et al., 1985), and Figure P12 is a late-Pleistocene
PSV record recovered from deep-sea sediments of the western North
Atlantic Ocean (Lund et al., 2001, 2005).

http://earth.usc.edu/~slund
http://earth.usc.edu/~slund


Figure P10 Holocene full-vector paleomagnetic secular variation record recovered from Lake St. Croix, Minnesota (USA) (Lund and
Banerjee, 1985; Lund and Schwartz, 1999).
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Time-series analysis of PSV

The conceptual framework for analysis of PSV data is based on
the fact that HSV records are too short in duration to adequately
characterize the totality of temporal field variability, while PSV
records are too scattered spatially to routinely describe the prehistoric
spatial field variability. We can hope, however, to identify spatial
and short duration temporal components of the HSV that may relate
to long-term temporal components of the PSV. We can also attempt
to improve the spatial estimates of PSV by, perhaps, appealing to
analogs in HSV. Such a coordinated analysis of PSV and HSV can
perhaps address a key to an unresolved question in secular variation
studies: What is the mapping function between the observed spatial
and temporal variations of the geomagnetic field? Only with a coher-
ent view of the total spatiotemporal variability of the historic and
prehistoric geomagnetic field can we properly evaluate models of the
core dynamo process, which is the source of the field variability.
Analysis of PSV data uses a variety of time-series and modeling

techniques in order to delineate the spatial and temporal characteristics
of PSV. Time-series techniques that can be applied to PSV data will be
considered in this section; modeling techniques will be considered in
the next section. Time-series techniques are classified into three broad
categories: waveform analysis, spectral analysis, and statistical analysis.
Each of these techniques has unique advantages for characterizing a par-
ticular type of PSV data and thereby providing a point of comparison
with HSV data.
Waveform analysis

PSV records that display good serial correlation between adjacent data
points (e.g., Figures P9-P12) can be used to assess the actual time evo-
lution of geomagnetic field variability. This time evolution can be
characterized either by evaluating simple PSV features, such as max-
ima or minima of inclination, declination, or paleointensity, or more
distinctive sets of features termed vector waveforms (Lund, 1996).
One type of vector waveform that may have fundamental importance
for dynamo studies is the vector-looping pattern termed circularity
(Runcorn, 1959. Skiles, 1970) often exhibited by HSV and PSV
records (e.g., Bauer, 1895. Creer, 1983. Lund, 1996). Comparisons
of simple features or vector waveforms may take place (1) within indivi-
dual paleomagnetic records, (2) between records of different sites, and
(3) between PSVand HSV records (where they overlap in time), and can
be used to assess the temporal evolution of secular variation. Compa-
risons of the amplitudes and phase relationships of PSV features
or waveforms with their spatial counterparts(?) in global maps of the
present-day field may be used to assess the spatial-temporal mapping of
secular variation. Below we discuss three different types of waveform
comparison that document distinctive PSV characteristics.

The first type of waveform comparison that should be considered
is between PSV records and HSV records from the same sites. For
example, Figure P9 shows a transect of PSV records for the last 3 ka
across Eurasia. Open circles in the interval A.D. 1600 to A.D. 2000
estimate the historic secular variation for each site based on spherical



Figure P12 Late Pleistocene full-vector paleomagnetic secular varia
Atlantic Ocean (Lund et al., 2001, 2005). Note the presence of the

Figure P11 Late Pleistocene full-vector paleomagnetic secular
variation record recovered from uplifted lake sediments exposed
at Mono Lake, California (USA) (Liddicoat and Coe, 1979; Lund
et al., 1988). Note the presence of the Mono Lake excursion near
28000 radiocarbon years B.P. and indication of at least four cycles
of a complex repeating vector waveform (a-E?) associated with the
excursion.
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harmonic analyses. Such comparisons indicate that only the largest
amplitude, longest period (�200–400 years) HSV features can be cor-
related with the PSV variability (indicated by solid circles in Figure P9).
This limited correlation is due to the fact that PSV records only resolve
features greater than about 4� in amplitude and a few hundred years
in duration. Even then, this correlation shows that high-resolution
PSV records can accurately record and extend the long-term temporal
variation only hinted at in HSV records.

The second type of comparison, between different high-resolution
PSV records from the same region (e.g., Europe or East Asia), can
be used to assess the spatial extent of PSV features. For example,
Figure P9 shows late Holocene PSV records from seven different sites
in Europe (Iceland, ICE to CAU) spread over 70� of longitude
(�7000 km) and four different sites in East Asia (MON to Japan,
JPN) spread over 30� of longitude (�3000 km). Within each of these
regions, it is readily apparent that a large number of directional features
can be correlated among the records. (i.e., not to say that the records are
identical, but variations in sampling rate and signal to noise ratios or
errors in data acquisition and analysis probably can explain most of
the differences in single records). One interpretation of these observa-
tions is that PSV features with periods longer than a few hundred years
must correspond to spatial features that are observable in historic maps
of the geomagnetic field and have spatial domains of several 1000 km.

A similar comparison between PSV records from different geo-
graphic regions is more problematic. For example, the comparison
between European and East Asian PSV records in Figure P9 indicates
that there is no simple correlation between directional records from
the two regions that preserves phase relationships or long-term trends
in the directional data. Similarly, there is no simple vector pattern that
tion record from deep-sea piston core JPC-14, western north
Laschamp excursion near �40000 years B.P.
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can be traced all the way across Eurasia for the last 3000 years. It thus
appears that straightforward PSV vector correlations break down
beyond perhaps 5000 km. Thompson (1984) noted a similar scale of
spatial coherence in the correlation of HSV waveforms. He determined
that HSV could be broken down into about nine different regions over
the Earth’s surface. Within each region, HSV waveforms are broadly
correlative, but between regions the patterns are significantly different
(and uncorrelated except for an overall vector average approximating
the axial dipole expectation). This lack of global-scale correlation
appears to be present in directional PSV records as well and indicates
that there is no persistent westward (or eastward) drift of distinctive
geomagnetic features over thousands of years, as has been suggested
most recently by Merrill et al. (1998).
Paleointensity, on the other hand, does show clear evidence of

global-scale coherence in its variability. Comparisons of paleointensity
records from around the world (e.g., Guyodo and Valet, 1999;
Laj et al., 2000; Stoner et al., 2003) show clear evidence that most
long-term (>1000 years) paleointensity variability is correlatable on
a global scale. For example, Figure P13 shows two high-resolution
relative paleointensity records recovered from deep-sea sediments on
almost opposite sides of the Earth (Stott et al., 2002). The records
identify 30 paleointensity features that are synchronous in age (�500
years resolution) based on oxygen isotope age determinations, includ-
ing a distinctive paleointensity low associated with directional records
of the Laschamp Excursion at each site. One future task of PSV stu-
dies is to rationalize how significantly different patterns of directional
variability can exist around the world in the presence of such globally
coherent paleointensity variability.
A third type of waveform comparison can be made between PSV

features or vector waveforms within individual paleomagnetic records.
Such comparisons have occasionally identified distinctive vector
Figure P13 Late-Pleistocene paleointensity comparison between
sediment PSV records from the North Atlantic Ocean and western
Equatorial PacificOcean (Stott et al., 2002). A number of distinctive
and correlatable paleointensity features are noted in the two
records; independent oxygen isotope stratigraphies suggest that
these features are synchronous (�500 year uncertainty).
waveforms that seem to recur every 2500 to 4000 years. The PSV
record from Mono Lake, shown in Figure P11, illustrates this recur-
rence pattern. At least four recurrences (a-d) of basically the same
complex waveform can be noted (Lund et al., 1988). With each
recurrence, the waveform is slightly altered; however, the general pat-
tern persists for more than 16 ka. It is likely that this distinctive
waveform has evolved out of the Mono Lake excursion (waveform
E? in Figure P11). Similar recurring patterns have been noted in the
Holocene PSV record from Lake St. Croix (Figure P10; Lund and
Banerjee, 1985) in a late Pleistocene PSV record from Russia (Ekman
et al., 1987), and after the Summer Lake Excursion recorded in lake
sediments from Oregon (Negrini et al., 1994).

Recurring vector waveforms can also be identified by their distinc-
tive sequences of vector looping (circularity). Such looping patterns
(Runcorn, 1959) are characteristic of both PSV (e.g., Creer, 1983)
and HSV (e.g., Bauer, 1895) and have been suggested (Skiles, 1970)
to be an indicator of westward or eastward drift of the geomagnetic
field (although there is no significant evidence of long-term persistent
drift of the field as noted above). However, the correlation between
observed looping and drift is not unique (Dodson, 1979). Large ampli-
tude loops, often associated with recurring vector waveforms, last
about 1000 to 1400 years; small amplitude loops have also been noted
that last about 500–800 years. Looping intervals might be used as
an indicator of the simplest temporal scale for PSV coherence at
individual sites.

Excursions
One type of vector waveform deserves special note—magnetic field
excursions, which are anomalous PSV fluctuations defined by virtual
geomagnetic poles (VGPs) located more than 45� away from the
geographic pole. It is clear that excursions do occur; it is often not
clear, however, what is their waveform morphology or whether some
excursions are really artifacts of field-laboratory measurement errors.
There is growing evidence (e.g., Lund et al., 2001, 2005) that at least
seventeen excursions have occurred in the Brunhes Epoch (0–780000
years B.P.). One distinctive element of all these excursions is that they
occur within intervals of anomalously low global-scale paleointensity
(see Figures P11-P13). Most excursion records are difficult to corre-
late around the world because of uncertainties in their age estimates.
But, three of the most recent excursions are becoming better under-
stood: the Mono Lake excursion (CA. 28000 years B.P.; Denham and
Cox, 1971; Liddicoat and Coe, 1979; Figure P11), The Laschamp
excursion (CA. 41000 years B.P.; Bonhommet and Zahringer, 1969;
Figures P12 and P13) and the Blake Event (CA. 125000 years B.P.;
Smith and Foster, 1969). For each of these excursions, there are now
multiple independent records from around the world, which are suffi-
ciently well dated to correlate the records and estimate that individual
excursion records are synchronous to �500-year resolution. There are
also a number of high-resolution excursion records (e.g., Liddicoat and
Coe, 1979; Lund et al., 2005.rpar; that assess the local waveform pat-
terns of excursions and the surrounding normal PSV. However, there
are still not enough high-resolution excursion records to be certain
about their global pattern of field variability or relationship to normal
PSV or magnetic field reversals.

Spectral analysis

Spectral analysis describes the frequency content of PSV over time-
scales of 102–105 years. Traditional ideas suggest that PSV should
be a band limited process. That is, that the spectral power of PSV
should markedly diminish beyond some cutoff period on the order of
104 years. PSV records longer than the cutoff period should then be
stationary in a statistical sense and have an average field vector direc-
tion that is constant through time for a given site. The axial dipole
hypothesis, a cornerstone of plate tectonic reconstructions, assumes
that the PSV process is stationary and that each site’s average field
vector (during intervals of normal polarity) satisfies the formula,



PALEOMAGNETIC SECULAR VARIATION 771
tanI ¼ 2tanl, D ¼ 0�, where l is the site paleolatitude. One important
goal of PSV studies is to test the long-term validity of the axial dipole
hypothesis and the notion of a stationary PSV spectrum with limited
power at >104 years.
Spectral analysis also describes the characteristic distribution of

continuous spectral power within the overall PSV process (Barton,
1982, 1983) and identifies whether there are distinct frequency bands
within the continuous spectrum that have higher than average spectral
power. Knowledge of the PSV power spectrum and its potential
changes in time and space is critical for better understanding the rela-
tionship between PSV and the core dynamo process that generates it.
The primary limitation in recovering detailed estimates of the

PSV spectrum is the quality of age estimates associated with the PSV
records. Records dated using radiocarbon methods over the last
40 ka or so may have systematic errors with respect to “true” time due
to radiocarbon reservoir effects. They may also have random errors on
the order of 102 years or worse due to random dating errors. Older PSV
records can also be dated using oxygen isotope stratigraphies, but such
age estimates have random uncertainties on the order of 103 years.
Despite these limitations, important and convincing spectral esti-

mates of late-Quaternary PSV have been recovered from several
regions around the world: Europe, North America, the Far East,
Australia, and South America. Figure P14 shows the stacked PSV
spectrum of unit-vector (RMS of scalar inclination and declination
spectra) and paleointensity results from three deep-sea sediment PSV
records in the western North Atlantic Ocean that are >50 ka in dura-
tion. These results provide a good overview of the long-term PSV
spectrum. The unit-vector and paleointensity spectra are continuous
in their power distribution, with the largest amplitude secular variation
occurring at periods much greater than 103 years (far beyond the range
of HSV). Both spectra are red (power-law relationship between fre-
quency and power) for periods <5 ka–12 ka, and white (�constant
power as a function of frequency) for longer periods with no indication
of a marked decrease in spectral power at the longest observed periods
Figure P14 Paleointensity and unit-vector spectra for a stack of three
Atlantic Ocean. One of the records, JPC-14, is shown in Figure P12
“red” portions of the spectra.
(�50 ka). These characteristics suggest that the geomagnetic field is not
stationary (band-limited) over timescales of less than about 105 years.
The corner frequencies (boundaries between dominantly red and white
spectra, indicated by arrows in Figure P14), are about 5 ka for the unit-
vector spectrum and about 12000 years for the paleointensity spectrum.
One interpretation of the corner frequency is that the red spectrum
describes the intrinsic dynamics of field variability associated with
the dynamo process, while the white spectrum describes random pertur-
bations of that process or longer-term external forces acting on that
process (e.g., Channell et al., 1998). In this scenario, the corner
frequency in paleointensity of �12 ka defines the longest time constant
of normal dynamo activity. The fact that the unit-vector corner fre-
quency is only �5 ka is due to the observation that vector variations
only reflect nonaxial dipole field variability, not total field variability.
It is probably not coincidental that the longest repeating vector wave-
forms noted in individual PSV records approach the unit-vector corner
frequency of �5 ka. There is also evidence of selected spectral bands
in the red portion of the spectra with larger than average spectral
power. That is the pattern noted in most other PSV spectra determined
from shorter duration records (e.g., Barton, 1982, 1983). These spectral
bands probably define the detailed pattern of dynamo activity in a
region at any one time, but none of these components are probably per-
iodic on a long-term spatial or temporal scale and they should tend to
smear out when spectra from different time intervals or spatial regions
are stacked.

Most of these spectral characteristics have no temporal analog in
HSV because of the short time span of historic measurement. One
might, however, attempt to relate the long-term PSV spectral charac-
teristics to the present day geomagnetic field spatial spectrum. The
spatial field due to core sources has a cutoff near spherical harmonic
degree 12 and the spectral power decreases quickly from a maximum at
harmonic degree 1 (dipole terms). Only spatial terms of about degree 6
or less have vector amplitudes large enough to be recorded in PSV., One
might therefore hypothesize that the long-term PSV spectrum must be
long-term deep-sea sediment PSV records from the western North
. Arrows indicate corner frequencies, which separate “white” and
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due to temporal variations of spatial components of the present-day field
with spherical harmonic degree 5–6, under normal conditions.

Statistical analysis

The aspect of PSV that is easiest to analyze is its statistical behavior
averaged over some interval of time. For this reason, statistical proper-
ties of PSV, within time windows in the order of 105 or 106 years, were
the first PSV characteristics to be compared spatially, and even today
they are the only PSV characteristics that can be easily compared on a
global scale. Such comparisons provide the strongest evidence relating
to possible long-term stationarity of geomagnetic field behavior,
the axial dipole hypothesis, and the potential global pattern of selected
PSV characteristics. Statistical study of PSV follows two very different
paths on the basis of sampling frequency and age control of the paleo-
magnetic measurements. In the first approach, paleomagnetic field
directions in undated rock sequences are measured under the assump-
tion that the age difference of successive rock units is large compared
to the longest period of PSV (often assumed to be about 10000 years).
Each data point is therefore assumed to be an independent random value
picked from an assumed frequency-band-limited PSV process. Data sets
from small regions, averaged over 105 or 106 years, are then statistically
analyzed and compared with some global model of the expected statis-
tical behavior. (Even if the underlying assumptions of spectral content
are wrong, as they likely are, results from this type of statistical analysis
should not be seriously biased if the data are truly randomly spaced in
time.) The second approach is to measure well-dated (either by radio-
carbon or oxygen isotope methods) paleomagnetic sequences where
the sampling interval is less than the shortest period of PSV (about
30 years). It is not often feasible to find sequences with such short time
spacing, but useful information can be obtained with sample intervals up
to perhaps 250 years (and even longer under special circumstances).
Statistics are estimated from equispaced time-series derived from the
dated paleomagnetic records. This method permits spatial comparison of
statistical parameters averaged over much shorter time intervals, on the
order of 103–105 years. In such studies, it is likely that the statistics does
not represent a “stationary” estimate of space-time field variability but
rather a “statistical snapshot” of an evolving space-time field structure.
Statistical analyses of the probability distributions of both field vec-

tors and their equivalent VGPs from single sites indicate that neither
distribution is typically Fisherian (Fisher, 1953; spherical analog of
the Gaussian or normal distribution). For example, Brock’s (1971)
results from equatorial Africa (Figure P15) show that both field vectors
and VGPs tend to have somewhat elliptical distributions. Engebretson
and Beck (1978) have summarized the statistical parameters normally
used to characterize the shape of the probability distribution. It is
probable that shape statistics vary systematically as a function of
Figure P15 Statistical distribution of PSV directions and virtual
geomagnetic poles (VGPs) from Equatorial Africa (Brock, 1971).
latitude (and longitude?) and future studies of shape statistics may pro-
vide important added characteristics of the Earth’s long-term PSV. As
a starting point, it is worth noting that the range of vector variability
(as a function of latitude) noted in historic maps of the geomagnetic
field is comparable to the range of vector variability noted in indivi-
dual PSV records from the late Quaternary. This suggests that, even
though secular variation changes on timescales far beyond the range
of historic measurements, the normal range of its spatial variability is
completely present in the observed historic field. A similar observation
has been made for the long-term pattern of PSV angular dispersion by
McFadden et al. (1988).

Currently, the two statistical parameters most often measured in
PSV studies are the DI anomaly, which is the site mean inclination
minus the expected axial dipole field inclination and the angular dis-
persion associated with a site’s vector (or equivalent VGP) variability.
The global pattern of the DI anomaly estimates how well the axial
dipole hypothesis, the cornerstone of plate tectonic reconstructions, fits
the actual geomagnetic field behavior. The global pattern of angular
dispersion should provide some measure of the spatial pattern of
intrinsic “energy” or “dynamics” in the core dynamo process. This
variability may be due to differing proportions of dipole versus nondi-
pole field variability (see summary in Merrill et al., 1998) or it could
be interpreted as the relative importance of primary versus secondary
family spherical harmonic components (McFadden et al., 1988), two
orthogonal components of the geomagnetic field that may have funda-
mental relationships to dynamo theory (Roberts and Stix, 1972).

The DI anomaly was perhaps first quantified by Wilson in 1970 who
noticed that the average paleomagnetic pole positions associated with
individual geographic regions (e.g., Australia, Europe, North America)
were always farther from the sampled region than the known
geographic pole. This offset, termed the farsided effect, is due to
paleomagnetic inclinations that are systematically more negative than
their axial dipole expectation (negative DI anomaly), on average.
McElhinny et al. (1996) have determined the global DI anomaly for
the last 5 Ma (see Figure P16), on average, and noted that the DI
anomaly is mostly negative with a maximum anomaly near the Equa-
tor and a latitudinal variation that is symmetric about the Equator and
Figure P16 DI anomaly as a function of latitude for selected
time intervals: solid symbols—last 5 Ma average, open circles
last few thousand years average, open squares, last �10–20 ka
average.
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zonal (any site along a line of latitude will have the same magnitude of
DI anomaly). Their analysis also indicated that DI anomaly has
persisted with the same general pattern and magnitude for the last
5 Ma during both normal and reversed polarity. Other workers (e.g.,
Coupland and Van der Voo, 1980; Livermore et al., 1984; Schneider
and Kent, 1990) have noted that a similar pattern of DI anomaly has
persisted for at least the last 100 million years, but with slow variations
in the maximum anomaly magnitude. Statistical studies of shorter-term
equispaced PSV time-series (e.g., Lund, 1985; Lund et al., in review)
indicate that the DI anomaly averaged over 103 years (see open circles
in Figure P16) and 104 years (see open squares in Figure P16) also
show the same general DI anomaly pattern noted in the longer-term
data. However, Constable and Johnson (2000) have argued that nonzo-
nal components of the DI anomaly are significant and have persisted
for the last several million years, with some Equatorial regions having
more significant DI anomalies than other regions and some high-
latitude regions actually having positive DI anomalies. These observa-
tions all suggest that the spatial pattern of the DI anomaly is persistent
but nonstationary in its detailed pattern over timescales greater than
�104 years. The implication of the DI anomaly for plate tectonic stu-
dies is that paleolatitude estimates derived from paleomagnetic studies
may be in error by as much as 8� depending on time and paleolatitude.
Similar analyses of declination have shown no significant deviations in
declination values from 0� over the last several million years.
Analysis of PSV angular dispersions (either directions or their

equivalent virtual geomagnetic poles, VGPs) has established that this
parameter also displays a distinctive zonal pattern of amplitude varia-
tion with latitude. The average latitudinal pattern of VGP angular
dispersion for the last 5 Ma (McFadden et al., 1988) is shown in
Figure P17. Lund (1985) and Lund et al. (in review) have noted, how-
ever, that VGP angular dispersion averaged over 103 and 104 year inter-
vals (open circles and open squares in Figure P17) using equispaced
PSV time-series is significantly lower than the 5Ma average, andMerrill
and McFadden (1988) have shown that it can vary on much longer
(107 year) timescales as well. A variety of parametric models, summar-
ized in Merrill et al. (1998), have been developed to attempt to explain
the observed spatial pattern of angular dispersion in an ad hoc manner.
More recently, McFadden et al. (1988) were able to relate the long-term
average pattern of VGP angular dispersion to historical field observa-
tions and developed model G, based on the relative importance of pri-
mary versus secondary family magnetic field components (Roberts and
Stix, 1972), to explain the latitude dependence.
Figure P17 VGP angular dispersion as a function of latitude
for selected time intervals: solid symbols—last 5 Ma average,
open circles last few thousand years average, open squares, last
�10–20 ka average.
These statistical observations indicate clearly that PSV varies in a
nonstationary manner over a variety of timescales, a pattern consistent
with the PSV spectrum described above, and may be related to the
continuing time evolution of regional PSV waveforms. One discordant
note in this discussion of PSV nonstationarity is the qualitative sense
that, even though PSV statistics may vary quantitatively in a nonpre-
dictable manner over time, the PSV vector mean for any site is heavily
“attracted” to its axial dipole expected direction. This may be due to
the symmetry associated with the Earth’s rotation, one of the driving
forces of the dynamo. But, whatever be the cause, it seems prudent,
perhaps, to think of PSV as “quasi-stationary” in its behavior based
on the overall sense of “attraction” to such a “fixed point” (the axial
dipole expectation) in time and space.
Models of PSV

An alternative method for the analysis of PSV is to develop models for
the observed field variability. Such models may be conceptual in
nature with their primary purpose being to qualitatively estimate the
style of variability that a potential dynamo source might generate, or
the models may be more quantitative (essentially mathematical simula-
tion models), with their primary purpose being to replicate observed
PSV. The mathematical simulation models may be developed from
more conceptual models, with sources that may have some basis in
reality, or purely from empirical (unrealistic) inputs. A third group of
models that characterize the actual hydromagnetic process that gener-
ates the Earth’s core field is beyond the scope of this survey.
Conceptual models
Previously, various conceptual models have been proposed to qualita-
tively explain characteristic features of HSV. Three models that have
been discussed most often are (1) dipole wobble, (2) westward
(or eastward) drift of the total nondipole field, and (3) standing and
drifting nondipole fields. These conceptual models have also been
called upon to qualitatively explain specific components of PSV or
to justify and physically explain specific mathematical simulation
models of PSV.

Dipole wobble has been suggested as one component of HSV and
PSV based on the presence of an 11.5� offset in the present day dipole
field, its persistence during historic time, and the indication from
paleomagnetic data that the field has an average declination of 0� over
timescales of 104 years or longer. Therefore, the average dipole field
direction must have moved prehistorically and perhaps it has
“wobbled” irregularly.

The paleomagnetic evidence for dipole wobble is problematic
because of non uniqueness. PSV at a single site is really the nonaxial
dipole variation (dipole wobble plus true nondipole variation) at that
site. The proportion of dipole wobbles versus true nondipole contribu-
tions to PSV can only be assessed by analyzing globally distributed
paleomagnetic data. Merrill and McElhinny (1983) carried out such
an analysis of Northern Hemisphere archeomagnetic data for the last
2000 years and suggested that a significant dipole wobble component
does exist. Dipole wobble contributions have also been estimated from
the statistical analysis of angular dispersion (e.g., McFadden et al.,
1988); however, the proportion of dipole wobble depends upon the
proposed model of dipole wobble variability.

Westward drift has been suggested as an important element of HSV
based on the observation that temporal changes in nondipole field
components at the Earth’s surface are due primarily to the westward
drift in time of the spatial nondipole field components. The cause of
westward drift has been related to differential rotation of the fluid outer
core, where the field is generated, versus the overlying lithosphere.
The importance of westward drift is complicated by the fact that some
areas of the Earth have exhibited eastward drift and other areas have
exhibited no drift at all during historic times (e.g., Thompson, 1984).
Paleomagnetic evidence for westward drift comes from a variety of
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PSV observations, of which a few are unique. The circularity of PSV
data has long been associated with westward or eastward drift of the
paleomagnetic field, although other nonaxial dipole variations could
produce the same effect. The recurring waveforms, noted earlier,
may indicate westward (or eastward) drift of a complex nondipole
waveform that changes very slowly in time compared to the time it
takes for the waveform to drift entirely around the Earth (2500–
4000 years). In such a model, similar waveform and spectral character-
istics should be noted at all sites along a line of latitude. The Holocene
waveform comparisons noted earlier, however, do not appear to be
compatible with this model. Regional PSV comparisons within Europe,
East Asia, or North America separately display waveform correlations
that are consistent with a westward drift model; however, no simple
correlation can apparently be made between the three regional data
sets. Such a correlation between regional PSV records is necessary if
persistent westward (or eastward) drift is a predominant aspect of PSV.
Standing nondipole field components have been proposed to

improve the fit of drifting nondipole field components to the total
HSV. If truly present, their origin might be related to standing compo-
nents of fluid flow near the core mantle boundary caused by irregula-
rities in the boundary conditions. The presence of standing nondipole
components in the paleomagnetic record, however, is very difficult
to evaluate because of problems of nonuniqueness and the uncertain-
ties of spatial PSV behavior. To the extent that standing nondipole
components might produce nonzonal components of I and D, their
importance must be below the level of noise associated with para-
metric statistical analyses of long-term PSV (average I, D; AI; angular
dispersion), for all of these parameters are apparently zonal in their
spatial distribution. However, in the study of late Quaternary PSVwave-
forms, standing nondipole sources have been suggested as reasonable
(but nonunique) alternatives to westward drift to explain the observed
waveform variability within individual paleomagnetic records.
Mathematical simulation models

Models that are more quantitative have also been applied to HSV and
PSV. Spherical harmonic models separate the field into dipole and
nondipole components and may include secular change coefficients
for predicting short-term temporal variations. The primary drawback
to spherical harmonic models is their general lack of relevance to the
Figure P18 Models of geomagnetic field radial flux (Br) and nonaxia
prehistoric epochs, 500 B.C. and 400 B.C. The models are the result of
from Constable et al. (2000).
underlying physical causes of the Earth’s internal magnetic field.
(The exception to this may be the separation of spherical harmonic
coefficients into primary and secondary family field components.)
Models based on the variability of multiple localized sources in the
outer core have occasionally been used as alternatives to spherical
harmonic models. These models, which may use a distribution of
dipoles, current loops, or wave patterns in their formulation, are more
appealing in that those sources may mimic that part of the core process
associated with observed nondipole foci observed at the Earth’s surface
(e.g., Thompson, 1984).

Spherical harmonic models are hard to apply to PSV because of the
inherent timing uncertainties associated with PSV data and because of
the poor spatial distribution of most PSV data. Even so, several recent
summaries of PSV for the last few thousand years (e.g., Hongre et al.,
1998; Constable et al., 2000; Korte and Constable, in press), based on
worldwide (but poorly distributed) sites, have begun to give us a low-
degree spherical harmonic view of PSV. Figure P18, for example,
shows the geomagnetic field radial flux (Br) and non-axial dipole
radial flux (Br-anomaly) at the core-mantle boundary for two prehistoric
epochs based on SHA of PSV time-series (Constable et al., 2000).
The advantage of PSV derived SHA data sets is that they can be tied to
HSV derived SHA data sets and used to extend our view of the true glo-
bal-space-time pattern of secular variation back thousands of years
beyond the range of HSV. In this way, we can finally begin to address
the global space-time pattern of secular variation on scales appropriate
to the dynamics of PSV and the geodynamo.

Historically, time-averaged PSV statistical parameters, such as the
DI anomaly and vector dispersion, have been more amenable to
time-averaged spherical harmonic analysis. For example, the DI
anomaly can be modeled by an axial dipole with added quadrupolar
and octupolar components; the long-term changes in DI can then
be modeled as changes in the quadrupole-octupole (or primary-
secondary family) amplitude ratio. (See Merrill and McElhinny
(1983) for more detailed discussion.)

Localized dipole-current-loop models, with either standing or drift-
ing sources, have been applied to individual high-resolution PSV
records, as well as to statistical PSV records. An example of a drifting
radial dipole model for the Lake St. Croix PSV record (Figure P10;
Lund and Banerjee, 1985) is shown in Figure P19. Two drifting radial
dipoles plus an axial dipole are able to model almost all of the
l dipole radial flux (Br-nad) at the core-mantle boundary for two
downward continuation of spherical harmonic models of PSV data



Figure P19 Radial-dipole and dynamo-wave models of the Lake St. Croix PSV record.
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observed variability at Lake St. Croix for the last 9 ka. Unfortunately,
more complicated standing radial dipole models could also fit the
data. But, these models would require more sources in order to fit
the characteristic phase relationships of the Lake St. Croix PSV data.
The drifting radial dipole model for Lake St. Croix predicts similar
PSV behavior for other sites on Lake St. Croix’s latitude; the standing
radial dipoles model will only produce regional coherence. The diffi-
culty in correlating the Lake St. Croix PSV record with other global
records outside of North America argues that a drifting radial dipole
model is probably not appropriate to explain recurring waveforms.
However, the complex recurrent waveforms noted in several PSV
records are very difficult to model with standing sources due to
the number of sources required and the detailed timing of recurrent
intensity variations that each source must maintain relative to the
other sources.
An alternative model of PSV, based on poleward migrating dynamo

waves in the Earth’s outer core, has been developed by Olson and
Hagee (1987). Figure P19 shows the results of their model applied
to the observed Lake St. Croix PSV. It is apparent that the poleward-
migrating dynamo-wave model does just as good a job of fitting the
observed variability as the drifting radial-dipole model. The dynamo
wave model, however, only requires regional coherence in waveform
correlations, but not a global-scale correlation. Hagee and Olson
(1989) have also applied this dynamo wave model to a global set of
Holocene PSV records and shown that the same general pattern of
dynamo-wave variability noted to Lake St. Croix, can also explain
all other Holocene PSV around the world.

Steve P. Lund
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PALEOMAGNETISM

Introduction

Most people, certainly mariners and explorers since at least the 15th
century, are aware of the value of a compass as a navigational aid. This
works because the Earth generates a magnetic field, which, at the
Earth’s surface, is approximately that of a geocentric axial dipole
(GAD). By geocentric we mean that this dipolar field is centered at
the center of the Earth and by axial we mean that the axis of the dipo-
lar field aligns with the spin axis of the Earth. This means that a mag-
netic compass will align approximately in the north-south direction. It
also means that a magnetic dip circle will give the inclination of the
magnetic field (the angle the direction the magnetic field makes with
the horizontal) which, together with a knowledge of the structure of
a dipole field, gives the approximate latitude. If the field were pre-
cisely that of a GAD then the north-south direction and the latitude
could be obtained accurately. The deviation of magnetic north from
geographical or true north is called the magnetic declination and was
known to the Chinese from about A.D. 720. In 1600, William Gilbert
published the results of his experimental studies in the treatise De
Magnete and confirmed that the geomagnetic field is primarily dipolar.

The properties of lodestone—now known to be magnetite—were
known in ancient times to the Chinese, who invented the earliest



Figure P20 Position of the paleomagnetic pole P relative to the
sampling site S. Modified after Merrill et al. (1996).

PALEOMAGNETISM 777
known form of magnetic compass as early as the 2nd century B.C. This
compass consisted of a lodestone spoon rotating on a smooth board.
Magnetic inclination (or dip) was discovered by Georg Hartmann in
1544. Hence it has been known for some time that natural rock can
behave as a compass needle and align itself along what is now recog-
nized as being the direction of the magnetic field.
At the end of the 18th century, it was recognized that deviation of

magnetic compasses could occur because of nearby strongly magne-
tized rocks. Delesse and Melloni were the first to observe that the mag-
netization in certain rocks was actually parallel to the Earth’s magnetic
field. Folgerhaiter extended their work and studied the magnetization
of bricks and pottery. He argued that when a brick or pot was fired
in the kiln then the remanent magnetization it acquired on cooling pro-
vided a record of the direction of the Earth’s magnetic field. With the
wisdom of hindsight, specifically a better understanding of the physics
of magnetization and the mineralogy of rocks, it is fairly obvious that
this would be the case. Volcanic rocks are heated well above the Curie
point so the magnetization is free to align with the external magnetic
field and becomes locked in as the rock cools. This is known as a
thermoremanent magnetization (TRM ) (q.v.). In sedimentary rocks
the magnetic particles will act just like a compass needle and align
themselves with the external magnetic field as they settle and then
become mechanically locked in as the rock is formed. This is
known as a depositional remanent magnetization (DRM ) (q.v.).
This is the essence of paleomagnetism that the rock will lock in

a fossil record of the ancient (or paleo) magnetic field. The fossil
magnetism naturally present in a rock is termed the natural remanent
magnetization (NRM ) (q.v.). The primary magnetization is the compo-
nent of the NRM that was acquired when the rock was formed, and
may represent all, part, or none of the total NRM. After formation
the primary magnetization may decay either partly or completely and
additional components, referred to as secondary magnetizations, may
be added by several processes. A major task in all paleomagnetic inves-
tigations is to identify and separate the magnetic components in the
NRM, using a range of demagnetization and analysis procedures. Typi-
cally there is also significant effort put in to date the magnetizations so
that not only the direction of the magnetic field at that particular sam-
pling site is known but also the time when the field was in that direction.
Many of the successful applications of paleomagnetism have derived
from an effective partnership with geochronology.
David in 1904 and Brunhes in 1906 reported the first discovery of

NRM that was roughly opposite in direction to that of the present field
and this led to the speculation that the Earth’s magnetic field had
reversed its polarity in the past. In 1926 Mercanton pointed out that
if the Earth’s field had in fact reversed itself in the past, then reversely
magnetized rocks should be found in all parts of the world. He demon-
strated that this was indeed the case for Quaternary-aged rocks around
the world. The speculation gained further support when Matuyama in
1929 observed reversely magnetized lava flows from the past one or
two million years in Japan and Manchuria. However, doubts about
the validity of the field reversal hypothesis surfaced during the
1950s after Néel presented theory that showed it was possible for sam-
ples to acquire a magnetization antiparallel to the external field during
cooling, a process referred to as self-reversal. Shortly thereafter Nagata
and Uyeda found the first laboratory-reproducible self-reversing rock,
the Haruna dacite. Subsequently it was recognized that self-reversal is
relatively rare and by the early 1960s it was accepted that the Earth’s
magnetic field has indeed reversed and that the phenomenon of field
reversal has occurred many times. An excellent history of this subject
has been given by Glen (1982).
By 1960 the study of the magnetic properties of minerals and rocks

and the use of magnetization in rocks to infer the properties of the
Earth’s past magnetic field had evolved into two separate but related
disciplines, respectively referred to as rock magnetism and paleomag-
netism. By providing information about the location and orientation
of continents relative to the Earth’s magnetic pole, paleomagnetism
has played a significant role in our understanding of Earth processes,
particularly with regard to continental drift and polar wander and the
development of plate tectonics.

As currently practiced, paleomagnetism includes topics such as age
determination, stratigraphy, magnetic anomaly interpretation and paleo-
climatology, as well as the traditional paleomagnetic topics of tectonics,
polar wander, and studies of the evolution and history of the Earth’s
magnetic field.

Determining a paleomagnetic pole

A central assumption for much of paleomagnetism is that if the field
directions at any given locality are averaged over an appropriate time
interval then the resulting direction is the same as that for a geocentric
axial dipole. If that is the case then the inclination I is related to the
paleolatitude l by
tan I ¼ 2 tan l (Eq. 1)

nce it is possible to determine the angular distance (paleocolati-
He
tude p ¼ 90 – l) of the sampling site from the pole at the time that
the magnetization was acquired. Using the declination D and the
paleocolatitude of this time-average field direction it is then possible
to determine the latitude and longitude (lp, fp) of the time-average
magnetic pole, known as the paleomagnetic pole, relative to the lati-
tude and longitude (ls, fs) of the sampling site. The spherical geome-
try needed for this can be visualized with the help of Figure P20. If the
continent has moved and/or rotated since the magnetization was
acquired, then the paleomagnetic pole will not coincide with the cur-
rent north pole, leading to the concept of apparent polar wander (see
polar wander). Paleomagnetic poles for magnetizations with different
ages, but from the same continent, will plot in different positions, pro-
viding an apparent polar wander path (APWP) for the continent.

Alternatively, it is a simple matter to place the continent on the
globe such that the paleomagnetic pole coincides with the north pole.
This then places the continent correctly on the globe with regard to its
latitude and orientation at the time the magnetization was acquired.
It does not, unfortunately, give any longitudinal information.
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In addition to geochronology, various geological field tests are used
to provide additional evidence on the nature and timing of the acquisi-
tion of the magnetization. The three traditional, and most common,
tests are known as the fold test (see Magnetization, remanent, fold
test), the conglomerate test, and the baked contact test (q.v.). The field
relationships for these classical tests are shown in Figure P21 . If the in
situ directi ons of magnetization in a folded rock-unit differ from place
to place, but agree after “unfolding ” the rock-unit to its original pre-
folding structure, then the magnetization must predate the folding and
must have been stable since that time. Conversely, if the in situ direc-
tions agree then the magnetization must postdate the folding. If cob-
bles from the rock formation under investigation can be found in a
conglomerate then, because the orientations of the cobbles will have
been randomized, the magnetization of these cobbles should have no
preferred direction if their original magnetization has been stable. If
the direction of magnetization in the baked contact zone surrounding
an intrusion is parallel to that observed in the intrusion, but differs
from that of the unbaked country rock, then the magnetization of the
intrusion has been stable since cooling. It is also important to determine
the paleohorizontal of the rock-unit accurately so that the inclination I
used in Eq. (1) is meaningful.
It has already been noted that it is necessary to use the time-average

field to determine a paleomagnetic pole. This is because the Earth ’s
present magnetic field, and most probably Earth ’s past field at any par-
ticular time, is not that of a simple geocentric axial dipole. Only about
75% of the present field intensity is attributed to a dipole field, a per-
centage that was about 82% or 83% at the beginning of the 20th cen-
tury. This dipolar field is not static and is current ly tilted about 10.7�

from the rotation axis. The remainder of the field is referred to as
the nondipole field, which characteristically exhibits more rapid spatial
and temporal variations than the dipole field. Consequently it is neces-
sary to average out these variations. Some rocks, for example thin lava
flows, can acquire their primary magnetization in less than a year and
so that primary magnetization often reflects the instantaneous field and
not the time-a verage field. Thus it becomes necessary to use a sam-
pling scheme that will avera ge out these variations in order to give a
reliable paleomagnetic pole.
A hierarchical scheme is typically used to obtain an estimate of a

paleomagnetic pole position from a given location. Oriented samples
are taken throughout the rock formation of interest. Specimens
obtained from these samples are used to investigate rock magnetic
properties. Statistical analysis of sample directions provides an esti-
mate of the ancient field direction and its variance for the rock-unit.
The mean magnetic direction for this unit is then used in Eq. (1)
to determine a virtual geomagnetic pole ( VGP ). It is referred to as a
“virtual ” pole because at this level in the hierarchy it is unlikely that
the field would have been averaged to that of a GAD. This makes it
possible to average a “ sufficient ” number of VGP from widely dis-
persed sampling sites as a final step in the hierarchy to obtain an esti-
mate of the paleomagnetic pole positio n. Alternatively, if it is apparent
from the geology that sampling localities spatially close to each other
will provide coverage of a sufficient time interval, then it is possible to
average the magnetic field directions and use this mean direction in
Figure P21 Field relationships for the fold, conglomerate, and
baked contact tests. From Merrill and McElhinny (1983).
Eq. (1) to estimate the paleomagnetic pole position. It is presumed that
at this level in the hierarchy the geocentric axial dipole assumption is
satisfied and that the paleomagnetic pole position provides a reliable
estimate of the paleogeographic pole position. There are no hard and
fast rules and the procedures used in collecting samples and analyzing
them vary depending on such factors as the properties of the site, the
nature of the rocks sampled, the goals of the investigation and, to some
extent, on the nature of the investigators. Detailed procedures on how
this is done are described elsewhere in this volume.

Buried within this process is the question of how much time is
required to obtain a good approximation of the time-average field so
that the GAD assumption is in fact reasonable. If a very short interval
is used, then the averaging will be incomplete and this can produce
significant errors. Conversely, if too long an interval is used then, for
example, global tectonic processes can become significant and the
sampling locality may have moved a substantial amount relative to
the geographic pole. There is no widespread agreement on the opti-
mum time interval for averaging but a minimum of 10 ka is generally
viewed as necessary. The GAD assumption appears to be excellent
for the time-average magnetic field over the past 5 Ma, although a
small nondipole component may also be present. It is difficult to deter-
mine whether the GAD assumption has been valid throughout most
of geological time but there is reasonable evidence to indicate that
the assumption is very good to first order for the last few hundred
million years. The evidence is less compelling for times prior to about
300 Ma ago.
Paleomagnetic field

Probably the best-documented fact stemming from paleomagnetism is
that Earth’s magnetic field has reversed polarity many times. By this it
is meant that the north and south geomagnetic poles (the two locations
where a line through the geocentric dipole intersects the Earth’s sur-
face) have traded places. The duration of a polarity transition is imper-
fectly known but it is probably in the order of 103 to 104 years, a time
during which the intensity drops to a minimum of around a quarter of
its normal value. The field is said to have normal polarity when the
north geomagnetic pole is above 45� north latitude, reverse polarity
when this pole lies below 45� south latitude, and transitional for all
other latitudes. Hundreds of reversals have now been documented
and for the past 160 Ma there is now a fairly reliable geomagnetic
polarity timescale (GPTS). From this timescale it is evident that rever-
sals do not occur with a simple periodicity but instead appear to occur
randomly in time. The underlying rate at which reversals occur seems
to vary on a timescale of about 108 year, probably reflecting changes
in the lower mantle.

The very nature of the generative process of the geomagnetic
field—a dynamo operating in the iron-rich liquid outer core—
demands that the field is ever changing. The resulting gradual change
in the magnetic field with time is referred to as secular variation (q.v.)
which, as already discussed, must be averaged out in order to obtain a
paleomagnetic pole. This secular variation occurs over a wide range of
timescales, the shortest period that can be observed being around a
year. This is because of the shorter period variations screened out by
the semiconducting mantle. It is generally felt that the characteristic
times of dynamo processes are less than 106 years, so variations due
to internal processes in the dynamo typically occur in less than
106 years. Longer timescale variations, such as in the reversal rate,
probably reflect changes in boundary conditions on the core. Apart
from reversals, the largest changes in the Earth’s magnetic field are
known as excursions short intervals of time (of the order 104 years)
when VGP deviate unusually far from the geographic pole.

The intensity of the field also changes with time. However, because
of rock magnetic problems, these changes are more difficult to
determine than the changes in direction. Direct measurements of the
Earth’s magnetic field from magnetic observatories indicate that that
the dipole intensity decreased by about 5% during the 20th century.
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Indirect measurements from archeomagnetism and paleomagnetism
(there are several different absolute and relative paleointensity meth-
ods) indicate that the intensity of the Earth’s field has varied signifi-
cantly on a timescale that is geologically short. For example, 2 ka
ago the intensity appears to have been 30%–40% greater than the pre-
sent value but 6 ka ago it was found to be 30% less. Good relative
paleointensity data from marine sediments provide a reasonable esti-
mate of the intensity variation for the most recent several hundred
thousand years. Intensities from times prior to this come from
so-called absolute paleointensity methods, which seemingly should
provide more accurate estimates than relative estimates. However,
absolute intensity estimates are obtained from lava flows, which pro-
vide estimates that represent essentially an instantaneous estimate of
the magnetic field rather than a time-average value. Typically there
are large spatial and temporal gaps between such estimates. Although
there is an incomplete agreement on what constitutes a reliable abso-
lute paleointensity estimate, most paleomagnetists would agree that
there are only about 1000 reliable estimates for all of geological time
prior to about 5 Ma ago. A consequence is that several models have
been advanced to describe the intensity variation over the past few
hundred million years and there is little agreement on which model
should be preferred.
Tectonics

In the 1950s it was not immediately clear whether apparent polar
wander was indeed due to polar wander itself or to movement of the
continents. However, because the apparent polar wander paths were
different for different continents, paleomagnetists argued that conti-
nental drift had occurred. For example, the APWPs from 350 Ma to
present for North America and Europe (including Russia west of the
Ural Mountains) can effectively be made to coincide by removing
the Atlantic Ocean and closing up the continents. This is consistent
with Wegener’s pioneering suggestion of continental drift to explain
various geographic and geologic features—but not magnetic. Never-
theless the claims by paleomagnetists were often dismissed prior to
the mid-1960s by other scientists, primarily because of concerns about
the reliability of the geocentric axial dipole field assumption, questions
concerning the fidelity of rocks as recorders of the primary remanent
magnetization and because of the apparent absence of a driving
mechanism for continental drift.
Today, paleomagnetic poles are widely used to locate the past posi-

tions of continents, particularly when marine magnetic anomaly data
are not available. Indeed, as the oldest marine rocks are slightly less
than 200 Ma old, paleomagnetic poles and APWPs are the primary
quantitative tools for locating land masses prior to 200 Ma. In addi-
tion, paleomagnetic poles provide valuable information on tectonics
on a smaller scale. For example, a substantial part of north-western
North America appears to have been added to the craton in pieces,
referred to as displaced terranes, during the Cenozoic.
Marine magnetic anomalies (variations in the intensity of the mag-

netic field that are usually measured at the sea surface) played a promi-
nent role in the establishment of seafloor spreading and plate tectonics.
It was noticed that these magnetic anomalies formed stripes parallel to
and symmetric about the mid-ocean ridges. Vine and Matthews and
Morley and Larochelle independently recognized that these magnetic
stripes were caused by alternating blocks of normally and reversely
magnetized volcanic rocks in the upper part of the oceanic crust.
According to their model, crust is formed at the mid-ocean ridge,
spreads away on both sides of the ridge and cools. As the rock cools
at the Curie temperature it acquires a thermoremanent magnetization
parallel to the ambient direction of the Earth’s magnetic field. Rever-
sals of the Earth’s magnetic field will then produce blocks of alternate
polarity. Hence the spreading crust acts like a magnetic tape recorder
by recording the reversals of Earth’s magnetic field, producing the
observed stripes. It is now recognized that this magnetization is
recorded in Layer 2 of the oceanic crust, an igneous layer of pillow
basalts and dikes that lies beneath Layer 1, a sedimentary layer that
was deposited later. Because this field varies over Earth’s surface,
the geocentric axial dipole field assumption is invoked and marine
magnetic anomalies are transformed to the poles in order to make com-
parisons between anomalies from different localities. Because polarity
contrast is used, undetected nondipole components will not have a sig-
nificant effect on the final result. These marine magnetic anomalies
have played a major role in the development of a geomagnetic polarity
timescale for the last 170 Ma and in our understanding of the motions
of tectonic plates during this recent time interval.

In a strict interpretation of plate tectonics, all deformation is con-
fined to three types of plate boundaries: divergent plate boundaries
(spreading centers)—where new material is produced; convergent
plate boundaries (subduction zones)—where material descends back
into the Earth, and transform faults where no new material is produced
or removed. Support for this approximation comes from many sources
including that the vast majority of energy released by earthquakes
occurs at plate boundaries. However, there are places where this strict
interpretation must be modified. For example, much of the Tibetan
Plateau has experienced uplift of more than 5 km since the collision
of India with the rest of Eurasia, which occurred about 50–65 Ma
ago. Even such cases as this where interplate tectonics is important,
paleomagnetism has proven to be a valuable tool in determining the
character of the deformation.

The final tectonic example we give involves an ongoing controversy
concerning features known as hot spots. These features are associated
with interplate basaltic volcanism characterized by linear volcanic
chains that grow older in the direction of plate motion. For more than
a quarter of a century, it was believed that hot spots were maintained
by material rising from the lower mantle through lower mantle plumes
that formed part of the upward flow of a long-lived stable pattern of
whole-mantle convention. Furthermore, it was supposed that these
plumes do not change their relative positions. As already noted, given
a single APWP, it is not immediately apparent whether this is due to
polar wander or continental motion, and this is because it is difficult
to find a fixed reference frame. Consequently a fixed hot spot refer-
ence frame was an enormously attractive concept. The fixed hot spot
model implies that all islands and seamounts along a particular hot
spot chain are formed at the same latitude and longitude. However,
recent inclination data obtained by drilling seamounts from the north-
ern end of the Hawaiian Emperor Seamount chain suggests that this is
not the case. The magnetic inclinations of drilled samples from the
Emperor Seamounts at the northern end of this chain seem to indicate
the seamounts formed at significantly higher latitudes than that of
the present hot spot, which lies beneath the island of Hawaii. If the
paleomagnetic data from the Emperor Seamounts are sufficient
to average out secular variation, if the paleohorizontal has been
accurately obtained, and if the primary magnetization has been prop-
erly obtained, then the fixed hot spot model is not obeyed, at least
for the Hawaiian-Emperor hot spot chain. In 1998 Steinberger and
O’Connell showed how it was possible for hot spot plumes under a
single plate to show less relative motion while at the same time it
was moving relative to plumes under a different plate. This suggests
it is unlikely that plumes can be effectively anchored in a convecting
mantle and it seems that the weight of evidence is currently against
the idea of a fixed hot spot reference frame.
Magnetostratigraphy and paleoclimate studies
Because there is an excellent first-order reversal chronology for most
of the Mesozoic and all of the Cenozoic and because reversals occur
randomly in time, sequences of reversals can be used for age dating
and stratigraphic control. For example, a distinctive reversal pattern
found in sediments in one area can sometimes be correlated with
the same pattern in a different area. Sedimentation rates will typically
be different in the two areas and so some stretching of the record from
one area is required to make a correlation. This makes the match
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nonunique and so the correlation is more convincing the more distinc-
tive the local pattern of reversals is. Absolute ages can be assigned to
the sediment sections involved when the pattern of reversals can be
identified in the reversal chronology. In addition, rock magnetic prop-
erties, such as magnetic susceptibility are sometimes used for correla-
tion of marine cores taken in the same general location. Details on how
magnetostratigraphy is done in practice are provided in books such as
Opdyke and Channell (1996).
Often the detailed characteristics of a sediment will vary with depth

because the source of the sediments has changed with time or because
of physical, biological, or chemical alteration of the sediments after
deposition. This provides a record that can be used for paleoclimate
and environmental studies. Typically, although the magnetic properties
will often vary with depth in sediments, this does not usually provide pri-
mary information on paleoclimatic changes. However, magnetic proper-
ties such as magnetic susceptibility can frequently be correlated with
primary proxies for paleoclimate such as the variation in oxygen iso-
topes. Thus susceptibility, which can be measured relatively quickly,
provides valuable data when there are gaps in the isotope record.
Paleomagnetism also plays a key role in testing global paleoclimatic

hypotheses. For example, in 1969 Mikhail Budyko proposed a model
for ice sheets that could lead to a runaway situation in which the whole
Earth becomes covered in ice. The possibility of one or more glaciations
that led to an entirely, or mostly, ice-covered Earth around 600 Ma ago
is referred to as the snowball earth hypothesis. Paleomagnetism has pro-
vided significant support to this hypothesis by showing that, for exam-
ple, Precambrian igneous rocks associated with glacial deposits in
Namibia exhibit shallow magnetic inclinations, providing a clear impli-
cation that glacial deposits were formed at tropical latitudes in the Late
Precambrian.
Concluding remarks

In essence, paleomagnetism provides three types of information: first,
it provides a record of the Earth’s magnetic field, which is a proxy for
processes deep within the Earth; second, with some assumptions about
the structure of the magnetic field, it provides information on the past
location of rock-units; and, third, having calibrated the magnetic infor-
mation, it provides the possibility to use APWPs and the geomagnetic
polarity timescale as dating tools. Each of these types of information
will contribute to our ongoing quest to understand our planet and its
processes.
A major question to be addressed is whether global tectonics early

in the Earth’s history had a substantially different character from today.
Hence paleomagnetism must develop the capacity to provide reliable
location information for rocks formed early in the Earth’s history.
The geomagnetic polarity timescale for the past 160 Ma is reasonably

well developed and provides significant information on processes deep
within the Earth with characteristic times in the order of 108 years.
However, this timescale continues to evolve and it is necessary to invest
the effort to obtain a complete and accurate record. The plate tectonic
process has ensured that seafloor older than about 160 Ma has been
recycled and so there is no well-ordered “tape recording” of reversals
older than this. Instead, it is necessary to develop the reversal chronol-
ogy for times before this through a painstaking process of dating, corre-
lation, and assembly of information from continental rocks. Although
the reversal chronology has been extended back into the Paleozoic,
large gaps in coverage remain and there are a few data for the Precam-
brian. This timescale will provide valuable information on internal
Earth processes and will also itself become a valuable dating tool.
Reliable paleointensity data for almost all times are needed. The

resulting information is required to understand the long-term evolution
of the Earth’s magnetic field. In turn, this is likely to provide better
understanding of the evolution of the Earth’s inner core.
At this stage there is insufficient evidence regarding the structure of

the time-average field for times earlier than about 300 Ma. This is an
impediment to accurate reconstruction of earlier land masses. To some
extent this creates a circular problem: a GAD field is assumed and
paleoreconstructions are performed; inconsistencies in the paleorecon-
structions are then attributed to non-GAD structure in the ancient geo-
magnetic field. If the structure of the field is actually known then it is
possible to obtain an accurate paleoreconstruction. Conversely, if the
paleolocations of the continental masses are known then it is possible
to get information about the structure of the paleofield. It is going
to require substantial innovation to achieve both of these without
independent evidence.
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Figure P22 The sigmoidal function based on tanh(x) used to
model the mixing zone (thickness M) and the underlying lock-in
zone (thickness L) (after Channell and Guyodo, 2004).
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Introduction

Deep-sea (pelagic) sediments, deposited remotely from sources of
continental detritus, have been a very important source for learning
about the direction and intensity of the ancient geomagnetic field
(paleomagnetism) because they often carry a primary natural remanent
magnetization (NRM) acquired at the time of deposition, or shortly
thereafter. The age of a primary magnetization can be determined from
the accompanying biostratigraphy or isotope stratigraphy. The magne-
tization directions of known age have been used to assess plate motion
(continental drift) or to record the characteristics of the ancient
geomagnetic field, such as the sequence of polarity reversal in the geo-
logic past. The record of geomagnetic polarity reversal (magnetostrati-
graphy) in deep-sea sediments, first practiced by Opdyke et al. (1966),
has become important in paleoceanography and biostratigraphy, and in
geologic timescale construction. The geomagnetic polarity time scale
(GPTS), based on the sequence of polarity reversal through time, is
the central thread to which the other facets of geologic time (radio-
metric, isotopic, biostratigraphic) are correlated in the construction of
geologic timescales for the last 150 Ma (see Opdyke and Channell,
1996). Prior to �150 Ma, the GPTS is less well defined, due to the
lack of in situ oceanic crust and hence marine magnetic anomaly
records, and is not adequately correlated to the biozonations that
define geologic stages. The global synchronicity of polarity reversals
(of the main axial dipole field) means that magnetic polarity stratigra-
phies can be used to correlate environmental (isotopic) and biostrati-
graphic events among contrasting environments and remote locations.
The stochastic (unpredictable) occurrence of polarity reversal, and our
inability to distinguish one normal (reverse) polarity chron from another,
means that precise correlation through magnetic polarity stratigraphy is
only possible at polarity reversals, with interpolation between these
tie points. Within individual polarity chrons (time intervals between
polarity reversals) magnetic records can be used for correlation if
geomagnetic directional “secular” variation and/or paleointensity are
adequately recorded. The conditions for adequate recording of secular
variation and geomagnetic paleointensity are more stringent than for
the recording of polarity reversals as contamination (overprint) of
primary magnetization is less crippling for polarity records (�180�

directional changes) than for the more subtle changes that define secular
variation and paleointensity.

Origin of primary magnetizations

What makes deep-sea sediments efficient recorders of the geomagnetic
field at time of deposition? Sediments can acquire a detrital remanent
magnetization (DRM) at the time of deposition by mechanical orienta-
tion of fine grained magnetite (Fe3O4) or titanomagnetite (xFeTiO4

[1 – x] Fe3O4) into line with the ambient geomagnetic field at the
sediment-water interface. The natural remanent (permanent) magneti-
zation (NRM) of ferrimagnetic (titano) magnetite results in a torque
that statistically orients the magnetic moment of the grain population
into line with the ambient geomagnetic field. The mechanical orienta-
tion of grains may be achieved either at the sediment-water interface
(DRM) or in the uppermost few centimeters or decimeters of the sedi-
ment in which case the resulting remanence is referred to as pDRM
(post-depositional detrital remanent magnetization).
Following introduction of the concept by Irving and Major (1964),

progressive acquisition of postdepositional detrital remanent magneti-
zation (pDRM) has been modeled as an exponential or cubic function
of progressive lock-in with depth (Hyodo, 1984; Mazaud, 1996;
Meynadier and Valet, 1996; Roberts and Winklhofer, 2004). Teanby and
Gubbins (2000) used an 8 cm uniform mixed layer (magnetization ¼ 0)
to simulate the bioturbated surface layer, underlain by an exponential
lock-in function. Channell and Guyodo (2004) have used a sigmoidal
pDRM function based on tanh(x). The function can be defined by a
surface mixing layer depth (M) at which 5% of the magnetization is
acquired, and a lock-in depth (L) that is the depth below M at which
50% of the magnetization is acquired (see Figure P22). The assumption
of a well-mixed layer (M), in which the sediment is thoroughly con-
sumed by sipunculid or echiuran worms and other benthos, is valid in
deep-sea sediments where the mixing coefficient exceeds the product
of mixed layer depth and sedimentation rate (Guinasso and Schink,
1975). In deep-sea sediments, isotopic tracers indicate mean mixed
layer thicknesses of about 10 cm (values vary by an order of magnitude
from 3–30 cm) that is largely independent of sedimentation rate
(Boudreau, 1994). Using 14C of the bulk carbonate fraction as the isoto-
pic tracer, Thomson et al. (2000) estimated mixed layer thicknesses of
10–20 cm in box cores collected close to the Rockhall Plateau. These
values are greater than the 2–13 cm mixed layer thicknesses obtained
from further south in the North Atlantic using 14C in foraminifera
(Trauth et al., 1997; Smith and Rabouille, 2002). Estimates of mixed
layer thickness are grain size sensitive (see Bard, 2001) and would be
expected to be lower for the coarse fraction (foraminifera) than for the
bulk carbonate (nannofossils). For this reason, mixed layer thickness
estimates based on 14C and other isotopic tracers should be considered
as minimum estimates for the fine (PSD) grains that carry stable magne-
tization. The main control on the mixed layer thickness appears to be
organic carbon flux derived from surface water productivity (Trauth
et al., 1997; Smith and Rabouille, 2002). A recent redeposition study
has suggested that, at least for some lithologies, intergranular interac-
tions overcome the magnetic aligning torque so that bioturbation would
not enhance, but rather disrupt, the remanent magnetization (Katari
et al., 2000). This proposition is in agreement with Tauxe et al.
(1996) who, based on an analysis of the position of the Matuyama-
Brunhes boundary relative to oxygen isotope records, concluded that
magnetization lock-in depth is insignificant in marine sediments. Other
studies (DeMenocal et al., 1990; Lund and Keigwin, 1994; Kent and
Schneider, 1995; Channell and Guyodo, 2004) invoked pDRM, and
hence a finite (decimeter-scale) lock-in depth, to explain reversal-
isotope correlations and observed attenuation of secular variation
records.

Magnetite and titanomagnetite grains carrying DRM or pDRM in
marine sediments may be of detrital or biogenic origin. Titanomagne-
tite is likely to have a detrital origin from the weathering of igneous
rocks (such as mid-ocean ridge or oceanic island basalts) or from
volcanic ash falls. A magnetic remanence known as thermal remanent
magnetization (TRM) is acquired as the (titano)magnetite grain cools
through a blocking temperature spectrum within its igneous host.
The detrital grains retain this TRM during erosion, transport, and sub-
sequent incorporation into the deep-sea sediment. The interaction of
the TRM of individual grains with the ambient geomagnetic field
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at the time of sediment deposition generates the orienting torque that
produces DRM or pDRM.
Magnetite (Fe3O4), with low or insignificant Ti (titanium) substitu-

tion, is commonly associated with biogenic sources. Magnetotactic
bacteria are ubiquitous in freshwater and marine environments (e.g.,
Kirschvink and Chang, 1984; Petersen et al., 1986; Vali et al.,
1987). They inhabit aerobic and anaerobic sediments and form intra-
cellular chains of fine-grained (single domain) “magnetosomes” of
magnetite (Blakemore and Blakemore, 1990) or, less commonly,
goethite (Mann et al., 1990; Heywood et al., 1990). Magnetite and
goethite magnetosomes have been observed to coexist within the same
bacterium (Bazylinski et al., 1995). The intracellular magnetite and
goethite crystals are formed by a process referred to as biologically
controlled mineralization (BCM) (Lowenstam and Weiner, 1989;
Bazylinski and Frankel, 2003). Intracellular magnetite and goethite
are usually structurally well ordered and have a narrow (single
domain) size distribution that is optimal for the retention of mag-
netic remanence in ferrimagnetic minerals such as magnetite and
goethite (Figure P23).
Other Fe(III)-reducing bacteria secrete magnetite, and a range of

other iron minerals, outside the cell by a process referred to as biolo-
gically induced mineralization (BIM) (Lowenstam and Weiner, 1989;
Frankel and Bazylinski, 2003). Magnetite and other iron minerals
produced by BIM are often poorly crystalline, fine-grained, and not
structurally ordered. In the case of Geobacter metallireducens (also
referred to as bacterium strain GS-15), magnetite is produced outside
the cell as fine (superparamagnetic) grains produced by the oxidation
of organic matter and Fe(III) reduction (Lovley, 1990). Unlike magne-
totactic bacteria, these iron reducers are nonmagnetotactic (nonmotile),
unconcerned about the size, shape, or composition of the iron mineral
product, and can produce a range of iron minerals depending on the
nature of the surrounding medium.
Magnetotactic bacteria apparently utilize the internal magnetite-

goethite chains to navigate along geomagnetic field lines (magnetotaxis)
to find optimal redox conditions in the near-surface sediment. In the
absence of sensitivity to gravity due to neutral buoyancy in seawater,
the ambient magnetic field provides up-down orientation, either in the
Figure P23 (a) Size and axial ratio (breadth/length) of fossil magneti
(open circles) and Quaternary sediments (closed circles). (b) Size an
living bacteria (modified after Vali et al., 1987). Boxed regions in (b
multidomain (MD), single-domain (SD) and superparamagnetic (SP)
Northern or Southern hemisphere (Kirschvink, 1980). The single-domain
grain size typical for magnetite and goethite produced by BCM indicates
that magnetic remanence is central to magnetosome function. Living
magnetotactic bacteria tend to be concentrated at depths of few tens of
centimeters below the sediment-water interface at the transition from
iron-oxidizing to iron-reducing conditions (Karlin et al., 1987). The con-
ditions under which BIM and BCM of magnetite takes place, and the
depth in the sediment column to which these microbes are active (see
Liu et al., 1997), are clearly of great importance in understanding the
origin of the magnetic signature in sediments. Magnetic methods for
the recognition of magnetosome chains, and individual magnetosomes,
have been proposed by Moskowitz et al. (1988, 1994).

Apart from bacteria, other biogenic marine sources of magnetite are
chiton (mollusk) teeth, fish, whales, and turtles. The role of magnetite
in fish and marine mammals is thought to be navigational (Kirschvink
and Lowenstam, 1979; Kirschvink et al., 2001; Walker et al., 2003).
As for bacterial magnetite, these biogenic magnetite grains are often
in the SD grain size range, the optimal grain size range for a stable
magnetic remanence and are usually pure magnetite. The grains
acquire a so-called chemical remanent magnetization (CRM) as they
grow through their “critical” volume within the host organism.

Biogenic magnetite has been commonly observed in marine sedi-
ments on the basis of particle shape and size (e.g., Kirschvink and
Chang, 1984; Petersen et al., 1986; Vali et al., 1987). The small
elongate (SD) grain size of biogenic magnetite, typically �0.2 �
0.05 mm across (Figure P23), and the resulting high surface area to
volume ratio makes these grains susceptible to diagenetic dissolu-
tion. A large proportion of the biogenic magnetite in surface sedi-
ment may not survive sediment burial. Detrital magnetite (often
titanomagnetite) appears to have greater survivability perhaps due
to larger initial grain size and/or less intimate contact with pore
waters. Stable primary NRMs in deep-sea sediments are commonly
associated with PSD, rather than SD or MD, magnetite. Larger mul-
tidomain (MD) magnetite, with dimensions in excess of a few
microns, carry a lower coercivity magnetization (than PSD or SD
grains) that is more prone to remagnetization during the history of
the sediment or sedimentary rock.
te magnetosomes observed in Mesozoic and Tertiary sediments
d axial ratio (breadth/length) of magnetite magnetosomes from
) from observations of Kirschvink (1983). Size distribution of
magnetite grains after Butler and Banerjee (1975).
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Origin of secondary magnetizations

Reduction diagenesis

CRM acquired during sediment diagenesis is the principal process that
generates secondary magnetizations in marine sediments. The other
important secondary magnetization is viscous remanent magnetiza-
tion (VRM), the time-dependent acquisition of magnetization by the
ambient (usually Brunhes Chron) geomagnetic field. A CRM postdates
sediment deposition (usually by an unknown amount of time) and
must be differentiated from the primary magnetization if sedimentary
magnetic data are to be correctly interpreted. The primary and second-
ary magnetizations are differentiated in the laboratory by stepwise,
progressive, demagnetization using either temperature or alternating
fields. The differentiation can be successful if the two magnetization
components respond differently to the demagnetization process (see
Dunlop and Ozdemir, 1997).
A wide range of reactions, many of which are mediated by

microbes, occur during deep-sea sediment diagenesis. Studies of pela-
gic pore waters indicate a sequence of electron acceptors used in the
oxidation of sedimentary organic matter: O2, nitrate NO�

3 , manganese
(Mn3þ), iron (Fe3þ) then sulfate SO2�

4 (see Burdige, 1993). The utili-
zation of sulfate has been found to be particularly important in the dis-
solution of magnetite grains in pelagic sediments. Microbial reduction
of pore water sulfate (usually derived from seawater) yields sulfide
ions that combine with the most reactive iron phase often magnetite
to produce iron sulfide (Canfield and Berner, 1987). In most marine
sedimentary environments, authigenic iron sulfides are dispersed
throughout the sediment or associated with organic-rich burrows. In
visual core descriptions of deep-sea sediments recovered during the
20-year duration of the Ocean Drilling Program, “pyrite” and amor-
phous iron sulfides are widespread and these iron sulfides probably
originated through microbial sulfate reduction. The initial products are
iron monosulfides (FeS), such as mackinawite, and further diagenesis
may produce greigite (Fe3S4), pyrite (FeS2) and pyrrhotite (FeS1þx

where x ¼ 0–0.14). Pyrite is paramagnetic and therefore does not carry
magnetic remanence. Pyrrhotite (e.g., Fe7S8) and greigite, on the other
hand, are ferrimagnetic and capable of carrying a stable magnetization.
A secondary magnetization (CRM) carried by authigenic pyrrhotite

often develops at the expense of a primary magnetization carried by
magnetite. The dissolution of magnetite will be accentuated where suf-
ficient pore water sulfate and labile organic matter support microbial
sulfate-reducing communities. In organic rich, reducing, diagenetic
conditions, such as the Japan Sea, pyrite and pyrrhotite are readily
formed (Kobayashi and Nomura, 1972), at the expense of magnetite
and other forms of reactive iron. Iron sulfide formation in marine sedi-
ments is limited either by the availability of pore-water sulfate (usually
derived from sea-water) or the availability of organic carbon to sustain
sulfate-reducing bacteria (Canfield and Berner, 1987). On the Ontong-
Java Plateau, increased Corg in glacial isotopic stages has led to
enhanced magnetite dissolution (Tarduno, 1994). In Taiwan, Pleisto-
cene sediments contain detrital magnetite, authigenic greigite and pyr-
rhotite (Horng et al., 1998). Authigenic gregite has been detected in
lake sediments (Giovanoli, 1979; Snowball and Thompson, 1988;
Roberts et al., 1996) and in marine environments (Tric et al., 1991;
Reynolds et al., 1994; Lee and Jin, 1995; Roberts and Weaver, 2005).
The dissolution of magnetite within the upper few decimeters of

hemipelagic sediments has been documented by a reduction in coerciv-
ity and magnetization intensity as finer grains undergo preferential dis-
solution (Karlin and Levi, 1983; Leslie et al., 1990). In pelagic, high
sedimentation rate, “drift” sediments from the Sub-Antarctic South
Atlantic (see Figure P24a) and Iceland Basin (see Figure P24b), the pore
water profiles indicate steady sulfate depletion with depth. At both sites,
a primary magnetization records the polarity stratigraphy (Channell and
Lehman, 1999; Channell, 1999; Channell and Stoner, 2002; Stoner
et al., 2003) although there is abundant visual evidence that authigenic
iron sulfide formation accompanies pore-water sulfate depletion.
In the case of the Sub-Antarctic South Atlantic site (Figure P24a),
NRM intensity decreases with depth, together with reduction in the
ratio of anhysteretic susceptibility (karm) to susceptibility (k). This ratio
(karm/k) is a magnetite grain-size proxy where higher values indicate
finer grains. In the Iceland Basin record, the depletion of sulfate is not
accompanied by marked changes in these magnetic parameters (Figure
P24b). This may be due to the presence of a more reactive iron phase
than magnetite at the Iceland Basin site and /or to the presence of a
particularly reactive magnetite phase (e.g., fine-grained biogenic mag-
netite) at the Sub-Antarctic South Atlantic site.

Two additional profiles from the sub-Antarctic South Atlantic indi-
cate a marked decrease in NRM intensity and karm/k at 150–200 cm
depth (see Figures P25 and P26). This denotes a marked increase in
grain size of magnetite at this depth relative to surface sediment (Fig-
ure P25) due to preferential dissolution of fine-grained magnetite due
to the higher surface area to volume ratio. This dissolved
fine-grained magnetite fraction carries NRM but is not an important
contributor to volume susceptibility (Figure P25). Its fine grain size
(karm/k values >6 are consistent with magnetite grain sizes of less than
0.1 mm) imply that the magnetite may be partly biogenic in origin. We
conclude that the fine-grained (biogenic) magnetite is often lost during
early diagenesis due to its small grain size and hence high reactivity.
Note that karm/k values >�3 are absent in the Iceland Basin record
(Figure P24b) implying that biogenic magnetite is a less important
component of the total magnetite budget at this site.

At some deep-sea sites, the concentration of sulfate in pore waters
remains high to the base of the recovered section indicating (in the
absence of a sulfate source at depth) that sulfate reduction is not a con-
tinuing process, even in the presence of a few percent organic carbon.
This has been observed in siliceous sediments from the South Atlantic
(ODP Leg 177), NW Pacific (ODP Leg 145), equatorial Pacific (ODP
Leg 138) where magnetostratigraphic records indicate preservation of
a primary magnetization (Channell and Stoner, 2002; Weeks et al.,
1995; Schneider, 1995). We speculate that the organic carbon asso-
ciated with diatomaceous (siliceous) oozes may be too refractory, or
otherwise unavailable due to adsorption or encapsulation in/on silic-
eous surfaces, to be utilized by sulfate reducing microbes. Under these
conditions of arrested sulfate reduction, a primary magnetization car-
ried by magnetite will often be preserved.

Dissolution of magnetite by combination with sulfide ions, released
by microbial reduction of pore water sulfate, is the most important pro-
cess that accounts for the degradation of the magnetic signal in deep-
sea sediments. In the presence of an iron phase that is more reactive
than magnetite (e.g., goethite), the formation of iron sulfides may
occur without appreciable magnetite dissolution.

Oxidation diagenesis

In contrast to the role of reduction diagenesis on magnetite dissolution,
the primary magnetic signal in deep-sea sediments can be destroyed by
oxidation of magnetite to maghemite. Kent and Lowrie (1974) and
Johnson et al. (1975) documented this process in the so-called red clay
facies that occurs over a large part of the mid-latitude Pacific (Davies
and Gorsline, 1976). Henshaw and Merrill (1980) showed that the
magnetic signal in these sediments is also affected by the authigenic
growth of ferromanganese oxides and oxyhydroxides. The red
clays are devoid of calcareous and siliceous microfossils and accu-
mulated below the CCD (calcium compensation depth) at rates of
�25 cm/Ma, more than an order of magnitude slower than “average”
pelagic sedimentation rates. The primary magnetization in the red clay
facies is lost at depths of a few meters below the sediment-water inter-
face, and the loss of magnetization often coincides with the later part
of the Gauss Chron, close to the time of onset of Northern Hemisphere
glaciation. The reduced grain size of eolian detrital magnetite, due
to lower prevailing wind velocities prior to the onset of Northern
Hemisphere glaciation, may influence the degradation of the magnetic
signal in these sediments (Yamazaki and Katsura, 1990).



Figure P24 Volume susceptibility, NRM intensity after demagnetization at peak fields of 25 mT, anhysteretic susceptibility divided
by susceptibility (karm/k), and pore water sulfate concentrations: (a) ODP Site 1089 (sub-Antarctic South Atlantic at 40.9�S, 9.9�E,
4620 m water depth) and (b) ODP Site 984 (Iceland Basin at 61.4�N, 24.1�W, 1648 m water depth). Data from Stoner et al. (2003),
Channell (1999), and Shipboard Scientific Party (1996, 1999). At both sites, the 90 m composite depths (mcd) shown here represent
�600 ka, at mean sedimentation rates of 15 cm/ka.
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Other origins of secondary magnetizations

Florindo et al. (2003) attribute low susceptibilities at some deep-sea
drilling sites to dissolution of magnetite to form smectite in the pre-
sence of high concentrations of dissolved silica. Although authigenic
smectite is widespread in deep-sea sediments, there are a number of
different pathways for its formation and magnetite is one of a number
of different possible precursors.
Degradation of the primary magnetic signal in deep-sea sediment

cores can be attributed to factors associated with drilling and recovery.
For example, magnetite in calcareous oozes from ODP Leg 154 (Ceara
Rise, equatorial Atlantic) carry a secondary magnetization imposed by
drilling that is apparently oriented radially in the core cross-section
(Curry et al., 1997). No primary magnetization was resolved in these
sediments. Magnetite grains are, however, not apparently greatly
affected by sulfate reduction as pore water sulfate remains high
(>20 mM) to �200 m depth and magnetic susceptibility does not
decrease with depth (Curry et al., 1997; Richter et al., 1997). Low
activity of sulfate reducing microbes may be due to low levels of
(labile) organic matter in these sediments. The magnetic susceptibility
record is not affected by diagenetic dissolution or authigenesis of



Figure P25 Volume susceptibility, NRM intensity after demagnetization at peak fields of 25 mT, anhysteretic susceptibility divided
by susceptibility (karm/k) for two piston cores (4-PC03 and 5-PC01) collected during cruise TTN-057 in the sub-Antarctic South
Atlantic at 40.9�S, 9.9�E and 41.0�S, 9.6�E, respectively, and 4620 m water depth. The 500 cm record shown here represents �25 ka
at a mean sedimentation rate of 20 cm/ka. Data from Channell et al. (2000).

Figure P26 Anhysteretic susceptibility (karm) plotted against
susceptibility (k) for Cores 4-PC03 and 5-PC01, from the
sub-Antarctic South Atlantic. The measurements represent the
last �25 ka. Open symbols indicate Holocene samples. Data from
Channell et al. (2000). The lines corresponding to magnetite grain
size estimates of 0.1 mm and 5 mm after King et al. (1983).
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magnetic minerals, and the cycles in susceptibility, produced by varia-
tions in surface water productivity, have provided a robust astrochro-
nology (Shackleton et al., 1999). The fidelity of the cyclostratigraphy
supports other rock magnetic data (Richter et al., 1997), indicating that
magnetite has remained unaltered in ODP Leg 154 sediments. The mag-
netite grains are at least partially in the pseudo-single domain (PSD) size
range (Richter et al., 1997) and therefore capable of carrying stable pri-
mary magnetization. The observed radial (re)magnetization is attributed
to an isothermal remanence (IRM) imposed by the coring procedure
(Curry et al., 1997).

In pelagic and volcaniclastic sediments of ODP Leg 157, from close to
the Canary Islands, PSD magnetite appears to carry an inward-directed
radial magnetization (Herr et al., 1998; Fuller et al., 1998). The coerciv-
ity of this radial remagnetization is greater than the more commonly
observed downward-directed remagnetization associated with drilling,
that can often be eliminated in peak alternating fields of �20 mT.
The coercivity of the radial remagnetization is greater than that of a sim-
ple IRM acquired in the few tens of mT fields associated with the steel
core barrels and the remagnetization is more pronounced in poorly lithi-
fied sediments (Fuller et al., 1998). We speculate that the nonmagnetic
matrix in these sediments, when disturbed or shocked by drilling, allows
physical re-orientation of magnetite grains in ambient magnetic fields
emanating from the core barrels, bottom hole assembly or cutting shoe.

At any time during the history of the sediment or sedimentary rock,
secondary magnetizations may be acquired (as CRMs) by chemical
alteration of existing magnetic minerals, or by growth of new magnetic
minerals.. Apart from the diagenetic changes noted above, events such
as uplift, weathering, and deformation can all trigger the development
of secondary CRMs. For example, much of the Paleozoic sequence of
North America and Europe was remagnetizated coeval with the Hercy-
nian (Late Carboniferous) orogenic pulse. This “orogenic” remagneti-
zation is very widespread in North America, extending thousands of
kilometers into the continental interior from the Appalachian margin.
In carbonate rocks in North America and Europe, the Hercynian
remagnetization is a CRM carried by magnetite. Authigenesis of mag-
netite may be triggered by orogenic activity in the Appalachians and
the migration of hydrocarbon rich fluids into the hinterland (McCabe
et al., 1983, 1989; McCabe and Channell, 1994). Weathering and
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uplift can result in the growth of magnetic iron oxides and oxyhydrox-
ides (such as hematite and goethite) from preexisting Fe-bearing
minerals such as clays or iron sulfides. The high coercivity of CRMs
carried by hematite and goethite makes them difficult to remove by
alternating field demagnetization techniques.

Conclusions

On the basis of a survey of the global distribution of high-quality mag-
netic stratigraphies in deep-sea sediments, Clement et al. (1996) con-
cluded that terrigeneous sediment input is a factor that contributes to
data quality. Sediments from the North Atlantic and the North Pacific,
and the Indian Ocean, often contain terrigeneous material that appears
to have aided preservation of a primary magnetization in these sedi-
ments and hence enhanced the magnetostratigraphic records from
these regions. Although biogenic magnetite is ubiquitous in modern
deep-sea sediments, fine SD particles are particularly susceptible to
dissolution due to their high surface area to volume ratio. Much of this
biogenic magnetite fraction does not appear to survive early diagen-
esis. The detrital magnetite component is more likely to survive, and
record the direction and intensity of the geomagnetic field at the time
of deposition. Diagenetic dissolution of magnetite in deep-sea sedi-
ments often occurs by reaction with sulfide ions to form iron sulfides.
The formation of sulfide ions is generally a result of microbially
mediated reduction of seawater sulfate in pore waters. The resulting
sulfide ions in pore water react with magnetite or, if present, a more
reactive iron phase, to produce iron sulfides that may carry a second-
ary CRM. The process is limited by the availability of sulfate and
labile organic matter required by sulfate-reducing bacteria. Even in
the presence of abundant pore water sulfate, high-quality magnetic
records (preservation of primary magnetization) in siliceous sediments
may be due to the low activity of sulfate-reducing microbes due to the
role of tests of siliceous organisms in shielding labtile organic matter
from sulfate-reducing microbes.

James E.T. Channell
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PALEOMAGNETISM, EXTRATERRESTRIAL

With the advent of the space age, a rich paleomagnetic record has been
discovered in the inner solar system. The various bodies of the solar
system differ in their interactions with the solar wind, depending upon
their size, the presence or absence of active dynamos, remanent mag-
netic fields, and atmospheres. Observations of these interactions have
shown that like Earth, Mercury appears to have an active dynamo,
whereas Venus, the Moon, Mars, and those asteroids studied do not.

In a planet with an active dynamo, magnetic fields arise from mag-
netic material because of the induced magnetism in the ambient field
and their earlier acquired remanent magnetism. Magnetic fields
observed on the Moon and Mars in the absence of an active dynamo
must be due to remanent magnetism only. These fields due to remanent
magnetization, or paleomagnetic fields, have been investigated on the
Moon and Mars with satellite-based surveys. In addition, samples
brought to Earth by the Apollo missions from the Moon and those that
have come to Earth from the Moon, Mars, and asteroids in the form of
meteorites provide additional paleomagnetic data. Other meteorites
include primitive material from the early solar system and even preso-
lar grains.

This extraterrestrial paleomagnetic record may offer a fascinating
glimpse of the magnetic fields in the early solar system, providing
we are clever enough to interpret it correctly.

Lunar paleomagnetism

Observations from spacecraft prior to Apollo established limits on any
lunar dipole moment should be at least five orders smaller than the
geomagnetic dipole, but to the surprise of many, the Apollo-returned
basalts and breccias carried stable natural remanent magnetization
(NRM). With the advent of surface magnetometers on Apollo 12,
14, 15 and 16, subsatellites in low orbits on Apollo 15 and 16, and
the more recent Lunar Prospector, it also became clear that the sub-
stantial volumes of the lunar crust are magnetized.

Apollo samples

The Apollo samples were collected from the lunar regolith and con-
sisted of igneous rocks, breccias, and soil. Their rock magnetism is
very different from that of terrestrial samples. The dominant magnetic
phases in the lunar samples are metallic iron and iron-nickel as shown
in Figure P27 (Strangway et al., 1970; Nagata et al., 1972). The Fe-Ni
is in the form of the Ni poor alpha phase kamacite. Kamacite has an
irreversible thermomagnetic curve with a Curie point between 740�C–
770�C, whereas taenite has a range of Curie points dependent upon
Ni content. On heating, kamacite converts to taenite with a sluggish
return transition on cooling, whose temperature is dependent upon
Ni content. This inversion is responsible for the irreversible thermo-
magnetic curve illustrated in Figure P27b. The mare basalts recovered
from the regolith had iron as the dominant remanence carrying
phase, whereas the breccias contained the Fe-Ni. In some breccias



Figure P27 Magnetic phases in lunar rocks: (a) Apollo
14 mare basalt showing reversible thermomagnetic curve
demonstrating presence of metallic iron and (b) Apollo
15 breccia, illustrating the effect of kamacite-taenite transition
(Nagata et al., 1972).

Figure P28 AF demagnetization of natural remanent
magnetization (NRM) and saturation isothermal remanent
magnetization (IRMs) of an Apollo 11 mare basalt. Note the
directional similarity of the two samples after demagnetization
to 100 Oe (10 mT).
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with extreme coercivity the mineral “tetrataenite” may be present
(Wasilewski, 1988).
The rock magnetism of the soils presented an immediate problem

because they contained more ferromagnetic iron than the basalts from
which they were principally derived. This iron is predominantly super-
paramagnetic as demonstrated by Nagata (1972). Three possible expla-
nations of the origin of the excess iron were suggested: (1) by
reduction of paramagnetic iron-rich silicates in the presence of solar
wind hydrogen in the uppermost surface layer of the soil (Houseley
et al., 1973), (2) by reduction in the thermal blankets of ejecta material
(Pearce et al., 1972), and (3) by shock decomposition of iron rich sili-
cates (Cisowski et al., 1973). To some extent these processes overlap
and all may contribute to the excess metallic iron, but the first mechan-
ism appears to be dominant and may have relevance elsewhere in the
solar system, for example on asteroids. The paramagnetic and ferro-
magnetic iron content of soils forms a useful classification scheme
for soils and serves an indicative of provenance (Wasilewski and
Fuller, 1975). The magnetic properties of the breccias vary according
to their subgroups. The regolith breccias are similar to the soil from
which they are derived by varying degrees of shock metamorphism.
The fragmental breccias contain clasts in a porous matrix. The melt
breccias, which consist of clasts in an igneous textured matrix, have
properties similar to the igneous rocks.

The lunar paleomagnetic record comes primarily from the mare
basalts and the melt breccias (see Figure P28). The plutonic rocks that
are largely unsuitable for paleomagnetism are in the form of clasts in
breccias. The paleomagnetism of the breccias is frequently hard to inter-
pret, but in the melt breccias thermoremanent magnetization (TRM)
appears to dominate, so that their mode ofmagnetization is similar to that
of the mare basalts. The samples had experienced some degree of shock,
exposure to radiation, and thermal cycling on the lunar surface.

The role of shock as a possible source of magnetization in the pre-
sence of a magnetic field, or demagnetization in the absence of such a
field, was investigated in a number of experimental studies (Cisowski
et al., 1973, 1976). Flying plate experiments in which soil samples
were encapsulated in the plate demonstrated that shock levels of a
few GPa (tens of kilobars) in fields of tens of microteslas were suffi-
cient to induce magnetization in lunar soil comparable in intensity with
that found in the regolith breccias samples. In the absence of the
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magnetic field, shock was shown to harden thermoremanent magneti-
zation by preferentially demagnetizing the softer magnetic phases. A
flying plate impact at a velocity of 17 km/s into a block of terrestrial
basalt in an ambient field of 1 mT field demonstrated shock
Figure P29 Model of field compression by impact in flying plate
experiment. The plate was traveling at 17 km/s and impacted a
block of basalt. The ambient field was 10 Oe (1 mT). The block
was magnetized by the event and pick up coils demonstrated the
formation of a plasma and field compression consistent with the
model shown.

Figure P30 Paleointensity estimates from Apollo mare basalts by the
thermoremanent magnetism (TRM) experiments suggest that values o
Note that only some of the Apollo 11 and 17 basalts with ages betw
IRMs(200) greater than 0.5 suggesting that only in this age range were
at present.
magnetization and the generation of a plasma that displaced and com-
pressed the ambient field (Figure P29, Srnka et al., 1986). Effects of
radiation and thermal cycling were also investigated and are unlikely
to be important factors in the origin of lunar magnetism.

Later it became clear that at least some stable primary magnetization
was preserved from the initial cooling of samples on the moon as
igneous rocks. In the absence of any knowledge of the orientation,—in
which the samples acquired their magnetization—the interest focused
in on the intensity of magnetization they carry and the possibility of
finding the history of the intensity of ancient lunar magnetic fields.
Despite some success, classical methods of determining intensity
involving heating the sample to give a TRM in a known field in the
laboratory, were confounded by irreversible changes brought about
by heating the samples. Various other methods including using
ARM as a proxy for TRM (Shaw Stephenson and Collinson, 1974),
heating by microwave radiation (Hale et al., 1978) and IRM normali-
zation (Cisowski and Fuller, 1986) were utilized. The IRM normalization
method is admittedly a poor substitute for classical intensity determi-
nation methods, but because of the availability of data from a large
number of samples it had a value as a rough indicator. Such a distinc-
tive result followed that even the poor accuracy likely for IRM normal-
ization was useful. From all of the intensity work it emerged that there
was a high field with a surface intensity comparable to the Earth’s
surface field between 3.85 and 3.65 Ga (Figure P30). Two discussions
of the subsequent history were that the field intensities gradually
decreased over a period of about 1 Ga (Collinson, 1984; Runcorn,
1994). In contrast, Cisowski and Fuller (1986) suggested that there
was a relatively brief period of high intensity from about 3.85 to
3.65 Ga and that outside of this period intensities could not be distin-
guished from background noise. Additional work is needed to clarify
this point.
IRMs normalization method. Calibration of the method by
f NRM(200)/IRMs(200) are equivalent to field intensities of 0.5 Oe.
een approximately 3.85 and 3.65 Ga show values of NRM(200)/
fields comparable to or greater than the geomagnetic surface field
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Magnetization of the lunar crust observed with surface
and subsatellite magnetometers and electron
reflectance experiment

The Apollo surface magnetometers (e.g., Dyall, 1972) revealed fields
from a few tens of gammas (nT) at the Mare sites to 100 nT at the
Fra Mauro Apollo 14 site and hundreds of nanoteslas at the Apollo
16 highland site. The stronger magnetizations could be explained by
the strong magnetization of basin ejecta of the Fra Mauro and Cayley
formations (Strangway et al., 1973). The scale length of coherence
appeared to be relatively short –from 100 m to km. The results from
the subsatellite magnetometers (Coleman et al., 1972; Russell et al.,
1975) and the electron reflectance experiments (Lin et al., 1988) con-
firmed the results from the surface magnetometers in finding stronger
fields over the highlands than over the Mare. They also showed stron-
ger fields over the older eastern Mare than the younger western Mare.
The high resolution of the electron reflectance experiment demon-
strated that cratered regions were not systematically more strongly,
or weakly, magnetized than surrounding regions (Lin, 1979). It is also
confirmed from the observation of the subsatellite magnetometer sur-
veys that the strongest magnetic anomalies were antipodal to the
younger large impact basins. This suggested that a lunar field was
required at the time of the younger giant impacts to account for the
field compression and magnetization at the antipodes proposed by
(Hood and Huang, 1991) as well as to account for the strong magneti-
zation of mare basalts of this age. The sites of the strongest anomalies
include regions of swirls similar to the Reiner gamma feature. These
features are probably caused by the strong fields of the magnetic
anomalies that stand off the radiation that otherwise darkens the albedo
of the lunar surface.
The magnetometer/electron reflectometer experiment on Lunar Pro-

spector has greatly improved the resolution and coverage of the mag-
netic mapping of the Moon, so that the entire surface is now mapped.
The results were not only confirmed but also extended the earlier
results that showed that the fields over the highlands were strong com-
pared with those over the Mare despite the fact that the dominant
occurrence of iron is of course in the Mare (Lucey et al., 1995). The
electron reflectance results (Mitchell et al., 2004) also confirmed the
ubiquitous presence of small-scale anomalies with dimensions of order
tens of kilometers. This is consistent with the small scale of surface
anomalies observed with the Apollo surface magnetometers. The
absence of fringing anomalies around craters of up to 50 km in dia-
meter (Halekas et al., 2003) indicates that there cannot be coherent
magnetization in the upper tens of kilometers of the crust. Moreover,
since the Curie point of iron is soon reached in deeper regions, it
appears that the crust does not contain large volumes of uniform
magnetization. Thus the elegant theorem of Runcorn (1975), which
proved that the field recorded in a spherical shell from cooling in the
field of an internal dipole source is not be detectable from the outside,
may not be relevant to the interpretation of lunar crustal magnetism.
Following the assumption of shallow sources, Mitchell et al. (2003)
developed a simple model for the magnetism of the lunar crust. They
reconstructed the field by sequentially applying the magnetizing and
demagnetizing effects of the known basin forming events to give the
field illustrated in Figure P31. They found that the model was much
improved by adding 1 nT background field. It therefore appears that
the magnetization of the lunar crust is basically due to the effects of
large basin forming events and that a relatively stronger field is
required at the age of the proposed strong field era to explain the
anomalies over the antipodes of the young basins.

Origin of lunar magnetism

After attempts to explain the magnetization of the Moon and of
returned samples by exotic models had been investigated and found
wanting, Runcorn’s initial suggestion of a lunar dynamo (e.g., Runcorn,
1975) was generally accepted. The history of this dynamo was less
clear and two rival ideas emerged corresponding to the two views of
the field intensity records. One invoked a lunar dynamo that operated
from about 3.9 Ga, giving a surface field comparable to the Earth’s
surface field and gradually lost intensity over about a billion years
(Collinson, 1984; Runcorn 1994). In contrast, Cisowski and Fuller
(1986) argued for a relatively brief period of high intensity between
about 3.9 and 3.6 Ga with intensity outside of this interval indistin-
guishable from background noise. But still, it is not clear which of these
suggestions were correct. With either model, the strongly magnetized
mare and highland samples would have acquired their NRM as they
get cooled in the dynamo field and the strongest anomalies antipodal
to the younger giant basins could have acquired their magnetization in
an enhanced antipodal field by shock magnetization as suggested by
Hood et al. (1991). Recently, a short period of dynamo action has been
proposed to be associated with a major overturn of the lunar mantle that
made the core cool rapidly. This could have generated a magnetic field
between 3.85 and 3.65 Ga, during a brief period of convection (Stegman
et al., 2003).

In conclusion, it should be remembered that the lunar dipole
moment required to give a particular surface field on the Moon is
smaller than the geomagnetic dipole moment required to give a com-
parable surface field on Earth because the radius of the Moon is smal-
ler than the Earth’s. Moreover, since we do not know how dynamo
fields scale with the size of the region in which they are generated,
we should not assume that the ratio of lunar to terrestrial dipole
moments varies as the volume (Stevenson, 2002), or as the cube of
the radii of the cores. Only in this case, does the cube of the core
dimension cancel with the inverse cube of the dipole field fall off, so
that the decrease in moment of the core is canceled by the decrease
in the distance to source. In contrast, if the lunar dynamo had given
the same moment as the geodynamo, which is admittedly unlikely
given the small size of the lunar core, the lunar surface field would
be two orders stronger than the surface field on the Earth. Admittedly,
this is a rough and ready argument, but dynamo action in the lunar
core with a dipole moment weaker than that of the geodynamo could
still have generated surface fields similar to those interpreted from
the paleomagnetic studies.

Martian paleomagnetism

Studies of Martian magnetism consist of direct observations of the
magnetism of the soil by Viking, the magnetic surveys of the crustal
field carried out by Mars Surveyor, and the paleomagnetic record of
the Shergotite, Nahklite, and Chassignite (SNC) meteorites.

Viking and Pathfinder: soil and dust magnetic
experiments

The Viking Magnetic Properties Experiment (Hargraves et al., 1977,
1979) provided an estimate of the amount of magnetic material in
the martian soil at a few percent. Moreover, the magnet experiments
demonstrated that some 80% of the magnetic material was strongly
magnetic suggesting that it was magnetite, titanomagnetite, or their
more oxidized equivalents maghemite and titanomaghemite. Their pre-
ferred interpretation was that the mineral was maghemite and that its
occurrence was in the form of a pigment dispersed throughout the soil.

Pollack et al. (1977) analyzed the airborne dust from the Martian
images and found that the best match they achieved to their derived
imaginary refractive indices was for fine-grained magnetite. Additional
analysis of the airborne dust particles including Pathfinder data indi-
cated that fine magnetite rather than titanomagnetite was required to
explain the high-saturation magnetization.

The Mars Pathfinder lander carried similar magnetic experiments
to those on Viking with the important addition of a multispectral
imager (Hargaves et al., 2000). Despite difficulties, the results of these
analyses confirmed the earlier suggestion that there is a strongly mag-
netic phase present either as coatings, or nanoparticles. The phase is
either magnetite or maghemite. Again, maghemite was the preferred
choice.



Figure P31 Model for lunar crustal magnetization; the top panel for mid-latitudes shows the magnetic anomaly data and the bottom
panel shows the model reconstruction (With permission, Halekas, 2003).
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On the missions presently at Mars, there are Mössbauer experiments
that should identify the phases present. Such identification of the mag-
netic phases in the soil will be important in distinguishing an origin by
direct weathering from surface basalts, or something more exotic. In
the former case, titanium would be expected to be present, whereas
pure magnetite, or maghemite, would suggest the latter.
Viking had also measured the composition of the martian atmo-

sphere, which turned out to be a key piece of information demonstrat-
ing that the meteorites Shergottites, Nahklites, and Chassignites (SNC)
did indeed come from Mars. The main discussion of them will there-
fore be given in this martian section.

Shergottites, Nahklites, and Chassignites (SNC)
meteorites: the Martian meteorites
As noted above, the primary evidence for the martian origin of the
SNC meteorites is that they contain noble gases that match the present
martian atmosphere. In particular, it was found that the trapped noble
gases in impact glass melt in EETA79001 were a perfect match for
those measured by the Viking lander. Moreover, the ages of all except
ALH84001 are young enough (200–1300 Ma) that given their volca-
nic nature they must have come from an evolved body with recent
volcanic activity. Histories have been established for the various
meteorites with estimates of the age of their initial formation on Mars,
the age of the event that blasted them from the martian surface, their
time in transit, and finally the age of arrival on Earth.

The rock magnetism of the SNC meteorites is much more like that
of terrestrial samples than is that of the lunar samples, or indeed of
other meteorites. The dominant carriers of the paleomagnetic record
in these martian samples are magnetite and low Ti titanomagnetites
and pyrrhotite. The paleomagnetism of the SNC meteorites has yielded
a possible record of the surface magnetic field of Mars. Estimates of
the order of 1 mT have come from microwave intensity determinations
with Nakhla (Shaw et al., 2001).

ALH84001 has played such a special role because of the claims of
the presence of life forms in it (McKay et al., 1997) that a separate dis-
cussion is given here. ALH84001 is a cataclastic orthopyroxenite. It
initially crystallized at 4.5 Ga, was involved in a major impact event
at 4.0 Ga, was excavated from the Martian surface by another event
at approximately 16 Ma, and eventually landed in Antarctica 13 ka
ago. It contains secondary carbonate of controversial origin within
which magnetite also of controversial origin is found. The carbonate
has been dated at approximately 4.0 Ga. This magnetite played a criti-
cal role in the controversy over the evidence for life because it was
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interpreted to be biogenic having been formed in martian bacteria ana-
logously to the magnetite formed in terrestrial bacteria (Thomas-
Keprta, 2000, 2001). However, the demonstration of a topotactic rela-
tionship of both the magnetite in iron-rich carbonate and periclase in
magnesium-rich carbonate strongly suggests that most of the magnetite
was formed by breakdown of the iron-rich carbonate during the impact
event at 4.0 Ga (Barber and Scott, 2002). Whether there is other mag-
netite of biogenic origin remains to be seen, although Barber and Scott
(2002) see no requirement for it.
The natural remanent magnetization (NRM) of ALH84001 is predo-

minantly carried by the fine magnetite (Collinson, 1997; Cisowski,
1986). Collinson’s initial study of mutually oriented samples of
ALH84001 (Collinson 1997) indicated that individual subsamples
had soft magnetizations whose directions were dissimilar, but that a
harder magnetization, which demagnetized between 20 and 40 mT,
was similar in different samples. His interpretation of the magnetiza-
tion gave an estimate of the Martian field of one order smaller than
the geomagnetic field.
Isolated NRM in two neighboring pyroxene grains of ALH84001

was reported by Kirschvink et al. (1997) to differ by some 70�. The
magnetization was interpreted to have been acquired during cooling
Figure P32 Results of partial thermal demagnetization of a region w
measurements. Note that the magnetization is changed upon heatin
entirely on Mars, the material cannot have been heated subsequent
after the 4.0 Ga impact event and now differed due to subsequent
differential rotation of the grains during brittle deformation. Given this
interpretation, Kirschvink et al. (1997) argued that the differing mag-
netizations in the neighboring grains leads to an upper temperature
limit, since magnetization on Mars of 110C (the maximum tempera-
ture the sample was exposed to during sample preparation). Using exqui-
site technique with high-resolution SQUID magnetometers, Weiss et al.
(2000) discovered that the magnetization was inhomogeneous on the
scale of the individual carbonate blebs. They suggested that the
magnetization was probably carried by pyrrhotite and magnetite in
association with the carbonate. In this work, observations of partial
thermal demagnetization of small regions of millimeter size with
the high-resolution SQUIDs further reduced the constraints on heat-
ing, since the time that the magnetization was acquired on the
Martian surface, to 40C (Figure P32).

Antretter et al. (2003) confirmed the observation by Collinson
(1997) that despite soft magnetization, which differed from one sub-
sample to another, at higher intermediate harder magnetization from
different subsamples agreed in direction. Assuming that the magnetite
was formed from the carbonate in the major impact event at 4.0 Ga,
as petrological evidence suggests, the NRM will record this field.
ithin ALH 84001 measured with high-resolution SQUID
g to 40�C. Hence assuming that the NRM was acquired
ly above 40�C (With permission; Weiss et al., 2000).
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Normalizing the intensity of the NRM by the saturation isothermal
remanence (IRMs) then gives an estimate for the 4.0 Ga martian field
one order smaller than the present geomagnetic field. If the magnetiza-
tion is heterogeneous due to magnetization at different times, or due to
subsequent misalignment as suggested by Kirschvink et al. (1997),
this may be a minimum field value.
Crustal magnetic field of Mars

Just as the paleomagnetic record discovered by the Apollo missions
was one of the bigger surprises of the lunar exploration, so the magni-
tude and distribution of the martian magnetic anomalies has proved a
major surprise in martian exploration. The magnetic crustal field on
Mars differs from the terrestrial crustal field in its intensity and distri-
bution (Acuna et al., 1999; Connerney et al., 2001). On Earth, the
magnetic features are distributed more or less uniformly over the pla-
net. On Mars, the strong features are largely confined to a band that
covers two-thirds of the southern highlands (Figure P33). They also
reach an order of magnitude stronger than substantial terrestrial
anomalies. An n ¼ 90 spherical harmonic model (Cain et al., 2003)
gave an upper limit for the martian dipole six orders smaller than the
geomagnetic dipole moment and close to the noise in the martian coef-
ficients. However, between n ¼ 20 and 40 the martian power spectrum
is 40 times stronger than that of the Earth.
There have been discussions of the linear nature of the anomalies

and the possibility that they record a seafloor-spreading-like mechan-
ism on Mars (Acuna et al., 1999) or terrane accretions (Fairen et al.,
2002). However, the evidence for seafloor-like anomalies has been
questioned by Harrison (Harrison, 2000) and even the linear nature
of the features has been disputed by Arkhani-Hamed (2001a). The pos-
sibility of reversals of the Martian dynamo is supported by calculations
of paleomagnetic poles from isolated anomalies that turned out to be
in similar locations, but of both polarities (Arkhani-Hamed, 2001b).
More recent analyses have increased the resolution of the surveys
and drawn attention to the presence of smaller anomalies in the
Figure P33 Mars crustal magnetic anomalies from Connerney et al.
some 60� of latitude, which is centered equatorially near 0� longitu
180� longitude. Within the Southern Hemisphere, the anomalies are
permission, Purucker).
northern plains and the possibility of the role of shock demagnetization
associated with the major basin of Utopia (Halekas, 2003).
Discussion

The origin of the martian anomalies and the explanation of their distri-
bution and strength remain unclear. However, it appears that there
must have been a relatively strong surface magnetic field, at least
comparable with that of the geomagnetic surface field, when the strong
anomalies of the southern highlands were formed. The caveat dis-
cussed in reference to the lunar dynamo and the strength of the surface
fields it may generate must also be remembered here. Hence, if the
dipole moments generated by the martian and geodynamos are similar,
say to order of magnitude, then the surface martian field would be
stronger than terrestrial surface field simply due to the ratio of the radii
of the planets. The strongest observed anomalies are about an order
larger than those on Earth.

Numerous magnetic phases have been suggested to help in under-
standing the high remanent magnetization of the Martian crust:
e.g., hematite (Dunlop and Kletetschka, 2001, Kletetschka et al.,
2000a, Özedmir and Dunlop, 2002), hematite-ilmenite solid solution
(Kletetschka et al., 2002, Robinson et al., 2000), and low-temperature
oxidation, or weathering to give maghemite, or hematite (Özdemir,
2000). Cooling experiments with iron-rich basalts were carried out
and revealed the presence of titanium-rich cruciform titanomagnetites
that were modeled as the source of the martian crustal anomalies
(Hammer et al., 2003). The role of pyrrhotite has been emphasized
by Rochette et al. (2001). The most potent magnetic material that
might give rise to these strongly magnetized rocks is generally recog-
nized to be SD magnetite (e.g., Kletetschka et al., 2000b).

Given the saturation magnetization of magnetite of 4.9 � 105 A/m,
the saturation remanent magnetization of a 0.5% dispersion of uniaxial,
SDmagnetite will be between 1 � 103 A/m and 2� 103 A/m. Assuming
a surface field intensity an order of magnitude greater than the geomag-
netic field, the TRM, or indeed the chemical remanent magnetization
(2001). Note that the strongest anomalies are in a band stretching
de and expands to cover most of the Southern Hemisphere near
weak in Hellas and Argyre, and over the Tharsis region (With
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(CRM), will give the �10–20 A/m required by the models for the Mar-
tian crustal fields. With a surface field comparable to the geomagnetic
field, 0.5% of SD magnetite may be sufficient to give the required to
depths of �10 km in parts of the Southern Hemisphere to meet the
requirements of the models. The key point is that this magnetite must
be in a SD state.
No matter what proves to be the explanation of the intensity of

the martian anomalies, their distribution and in particular their confine-
ment to a band largely in the Southern Hemisphere remains a puzzle
(Figure P31). Moreover, there is strong evidence that beneath the youn-
ger surface material of the northern plains, there is cratered older
material similar to that found in the Southern Highlands (Frey,
2003), so that the superficial difference in appearance of the two
regions is not a sufficient explanation.
To explain the lack of strong anomalies in the north, hydrothermal

activity has been invoked to demagnetize the features in the northern
basin (Solomon et al., 2002). Another possibility is that the strong
magnetic anomalies are never formed in the Northern Hemisphere,
but only in the Southern Highlands (Scott and Fuller, 2004). This idea
is based on: (1) an early carbon dioxide rich atmosphere in which
weak acids formed, dissolved iron from igneous rocks, depositing iron
rich carbonates in the upper crust and (2) the fine magnetite that was
then formed by decomposition of the siderite on subsequent heating
due to intrusions. Given the observed correlation between water chan-
nels and magnetic anomalies in the Southern Highlands (Harrison and
Grimm, 2000), this suggestion is consistent with the disposition of the
anomalies. Only in these regions water was found to be present in the
appropriate amounts to permit the necessarily intermittent dissolution
and deposition processes to take place.
Another factor that has emerged with the newer analyses is the pos-

sible role of demagnetization caused by the impacts that formed the
large basins in the Northern Hemisphere. In this view, it appears that
just as in the absence of strong magnetization in the major basins on
the Moon permits a simple model of magnetization of the lunar crust,
so on Mars, the same absence of strong anomalies in Argyre, Hellas,
and Utopia basin suggest a similar role of shock demagnetization on
Mars. Indeed Hood et al. (2000) have argued that the size of the
demagnetized region around Hellas corresponds to the region that
would have experienced 2 GPa, the shock value required for pyrrhotite
to pass through a transition into a nonmagnetic phase. If shock does
play a dominant role of in determining not only the lack of anomalies
associated with Argyre and Hellas, but also with even bigger features
of Utopia in the Northern Hemisphere, then important aspects of
the Martian crustal magnetic field may be modeled by similar demag-
netizing effects to those utilized in the lunar model of Mitchell et al.
(2003).
Conclusion

The martian crustal anomalies, the magnetization of ALH840001, and
other SNC meteorites suggest that a martian dynamo generated a glo-
bal magnetic field early in martian history, but that it shut off some-
time soon after 4.0 Ga. The strength of the surface anomalies may
be partially explained by the smaller distance from the sources in the
martian core to the surface, but their distribution on the martian surface
requires an explanation. Clearly the role of shock demagnetization
associated with large basin-forming events has played an important
role in determining the observed distribution, but there appears to be
a need for some additional explanation of the absence of anomalies
in the Northern Hemisphere.
Asteroid paleomagnetism

Prior to the 1990s our knowledge of the asteroids was from telescopic
observations and interpretations of the sources of certain meteorites.
With advent of the space era of exploration, observations by spacecraft
with magnetometers onboard permitted estimates of the magnetic
fields and ultimately of the magnetization of a sampling of asteroids.
Beginning with the flyby of 9969 Braille in 1991 by Deep Space 1
(DS1) (Richter et al., 2001), there have been flybys of 951 Gaspra
(Kivelson et al., 1993) and 243 Ida by Galileo on its way to Jupiter,
and of 433 Eros and of 253 Mathilde by the Near Earth Rendezvous
Mission (NEAR) which subsequently landed on 433 Eros (Acuna
et al., 2001). With the exception of the observations on 433 Eros, esti-
mates of the magnetic fields of the various asteroids rely on the inter-
pretation of the interaction of the solar wind with these bodies. The
nature of this interaction can reveal whether it is strongly and coher-
ently magnetized, weakly and incoherently magnetized, or whether it
is without remanent magnetization and simply has an induced magne-
tization dependent on the solar wind field. The results of such
measurements constrain the origin and history of the asteroid and
potentially have important bearing on the origin of the solar system.

The closest approach of DS1 of 28 km was achieved at 1.3 AU.
Despite the strong magnetic noise from the ion propulsion unit of
DS1, magnetic field measurements were made of 9969 Braille and
yielded an estimate of its magnetic moment of 2.1 � 1011 A m2 (Rich-
ter et al., 2001). The magnetometer on Galileo observed a disturbance
of the solar wind field during the flyby of Gaspra consistent with the
asteroid having a remanent magnetization (Figure P34). The intensity
of magnetization was comparable with that of chondritic meteorites
(Kivelson et al., 1993; Baumgartel et al., 1994). A similar effect was
observed on the flyby of 243 Ida, although it was weaker. In contrast
to these results, the magnetometer on the NEAR spacecraft on its
approach to 433 Eros and after landing failed to detect a
global magnetic field (Acuna et al., 2002). The upper limit on the
field value was reported 0.005 A/m, giving a remanent magnetization
of 1.9 � 10–6 A m2/kg. This is orders of magnitude smaller than those
reported for 951 Gaspra and 9969 Braille and for meteorites likely to
have come from this type of asteroid.

Taken at face value these results suggest that Gaspra and Ida have
relatively strong coherent magnetization comparable in intensity to
that seen in strongly magnetized chondrites (see below) to which they
are most closely linked spectroscopically. This would be consistent
with their S-type classification. Such a magnetization might have been
acquired by initial cooling in a substantial magnetic field, or as a result
of some subsequent event. On the other hand, the results from Eros,
also an S-type, suggest cooling in the absence of a field, or random
magnetization, such as might be acquired in a cold accretion process.
The puzzling results from the asteroid magnetic field observations led
to suggestions of random magnetization within 433 Eros (Wasilewski
et al., 2002) and to reconsideration of the possibility that the magnetiza-
tion of chondritic meteorites might be randomly oriented. The latter will
be discussed below.
Conclusion

The results from 9969 Braille, 951 Gaspra, and to a lesser extent 243 Ida
suggest homogenous magnetization and hence magnetization recording
the field of the planetesimal in which it was formed or some subsequent
event in a field. In contrast, the results from 433 Eros suggest that its
constituent magnetic phases either carried little intrinsic magnetization,
or that they were not strongly heated in the accretion process.
Meteorite paleomagnetism

Introduction

Meteorites provide a sampling of the oldest material in the solar system
and even pre-solar grains. In addition they sample the moon, planets,
and asteroids. Recently, the number of meteorites available for analysis
has more than doubled because of the remarkable Antarctic meteorite
collections obtained by recent Japanese and US expeditions, in which
Prof. William Cassidy of the University of Pittsburgh played a key
role. We thus have the possibility of studying the paleomagnetism,



Figure P34 Disturbance of solar wind field during Gaspra flyby and a model for its magnetosphere (With permission; Kivelson et al.,
1993).
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as well as the petrology, chemical, and isotopic composition and age
of this material, so fortuitously brought to Earth and preserved in a rela-
tively pristine state. Meteorites are divided into chondrites, achondrites,
stoney-irons, and irons. The irons are separated because they are metal
rich. The chondrites and achondrites are separated according to the pre-
sence, or absence of chondrules, which are small spherules, 0.1–2 mm
in size. The achondrites are differentiated, in contrast to the chondrites.
McSween (1999) provides an excellent modern introduction to
meteorites.
Chondrites are heterogeneous aggregates with radiogenic ages of

4.56 Ga, which is consistent with the presence in chondrites of pro-
ducts of short-lived radioactive isotopes such as 26Al, and the similar-
ity of their composition to that of the sun. Among the inclusions in
chondrites are the refractory calcium aluminum inclusions (CAI). They
formed between 1400 and 1100�C as condensates, or evaporative resi-
dues, or more complex mixtures of thermally processed material. As
such, they are of great interest as a means of glimpsing early solar sys-
tem magnetic fields, although the magnetic material in them formed
somewhat later than the earliest condensates. The chondrule popula-
tion in the chondrites, is the next most primitive material available
to us, which probably formed a few million years after the CAIs,
although their origin remains somewhat controversial. Unfortunately,
the CAIs and chondrules have suffered either the varying degrees of
aqueous alteration especially in the various carbonaceous chondrites,
or the thermal metamorphism especially in the ordinary chondrites.
The achondrites in principle are simpler to understand than the

chondrites because they are derived from the products of igneous dif-
ferentiation similar to processes seen on the Earth. However, achon-
drites are also frequently brecciated, so that we find rarely anything
like a pristine igneous rock. They crystallized at approximately 4.5 Ga.
The paleomagnetism of meteorites has been a major research area

for more than half a century since the pioneering work of Stacey
et al. (1961) and a comprehensive review appeared in the 1980s
(Cisowski, 1987), as well as a very useful discussion in the Rock
Magnetism text by Dunlop and Özdemir (1999). It is a rich field with
the possibility of giving information about early solar system magnetic
fields, and in addition key magnetic data for asteroids, the moon,
and Mars. There are however major difficulties in the interpretation
of the paleomagnetic record of meteorites that must be addressed
before the data can be used with confidence (e.g., Wasilewski et al.,
2002). Magnetic studies have focused upon the chondrites, their inclu-
sions, and achondrites. Yet, the complicated histories of these meteor-
ites make the interpretation of their paleomagnetic record particularly
tricky.

Magnetic properties of different categories
of meteorites

Irons contain dominantly Fe-Ni, in the form of the Ni poor alpha phase
kamacite, and the Ni-rich gamma phase taenite. Irons have been
classified according to their composition and the dimensions of the
Widmanstatten pattern, which is related to their Ni content and cooling
rate. Kamacite has an irreversible thermomagnetic curve with a Curie
point of between 740 C and 770 C, whereas taenite has a range of
Curie points dependent upon Ni content. As we noted in the discussion
of the magnetic properties of the Apollo samples, on heating kamacite
inverts to taenite with a sluggish return transition on cooling. This tem-
perature is dependent upon Ni content. A plot of the fraction of the
saturation magnetization due to the alpha Fe-Ni phase kamacite against
the temperature of the gamma to alpha transition separates the various
subgroups (Figure P35a) (Strangway et al., 1970; Nagata et al., 1972).

Because many chondrites contain metallic Fe-Ni, whereas achon-
drites do not, the subdividision into chondrites, or achondrites, has a
natural magnetic expression. This is best seen if the fraction of the
total saturation magnetization due to the alpha phase, or kamacite, is
plotted against the total saturation magnetization of the meteorite (Fig-
ure P35b, P35c). Kamacite and taenite, alpha and gamma phases of
NiFe dominate the magnetic properties of most meteorites. It is tet-
rataenite, the stable form of NiFe below 320�C that is seen for the
most part in ordinary chondrites as was first pointed out by Wasilewski



Figure P35 Magnetic classification of meteorites (a) the ratio of
the saturation magnetization of the alpha phase to the total
saturation magnetization plotted against the temperature of the
gamma to alpha transition defines the various group of the irons
H—hexahedrites, O—octahedrites, and A—ataxites. (b) the same
ratio plotted against saturation magnetization defines the various
groups of chondrites and (c) also separates the various groups of
achondrites (Strangway et al., 1970; Nagata et al., 1972;
Cisowski, 1987).
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(e.g., 1988). Tetrataenite is remarkable for its extreme anisotropy and
coercivity that can reach as much as 100 mT. The carbonaceous chon-
drites have multiple magnetic phases that are not yet completely
understood.
Achondrites are the products of igneous differentiation and have in

general much less metallic content than the chondrites. As Cisowski
(1987) notes, they are somewhat analogous to lunar samples with
eucrites and diogenites being similar to monomict lunar breccias. They
too are conveniently divided in the same parameters as those used for
the chondrites (Figure P35c).
The SNCs (Shergotites, Nahklites, and Chassignites) are a special

group of meteorites from an evolved body with relatively recent volca-
nic activity that has been shown to be Mars. They contain magnetite,
titanomagnetites, and pyrrhotite and have been discussed above in
the section on Mars.
A lunar origin has been demonstrated for certain meteorites. These
have the characteristic mixes of metallic Fe and Fe-Ni found in lunar
samples.
Paleomagnetic record of meteorites

The prime interest in meteorite paleomagnetic studies is in the intensity
of the fields in which the NRMwas acquired and the possibility of gain-
ing insight to early solar system magnetic fields, or in the martian and
lunar meteorites to the history of the magnetic field of Mars and the
Moon. Meteorites may be exposed to shock effects in their assembly
or in their subsequent history, to radiation, and to temperature changes
in space, and finally to heating as they come through the atmosphere.
All these factors can have an effect on their paleomagnetic record, but
they do not eliminate the possibility of some primary magnetization
acquired at the time of their formation.

Iron meteorites can carry stable NRM, but the microstructure of the
kamacite taenite intergrowths has been shown to control the direction
of TRM, while the intensity of the TRM was not found to depend
upon the field in which it was acquired (Brecher and Albright,
1977). For these reasons the paleomagnetic record of the irons has
not been pursued strongly.

The paleomagnetic record of the chondrites and achondrites has
been energetically investigated. Unfortunately, many of the meteorites
collected in earlier times were contaminated by magnets used to recog-
nize them as meteorites. Recently, and particularly with the Antarctic
collections, care has been taken to maintain the meteorites in as pris-
tine a condition as possible. In earlier work, plots of NRM versus
IRMs were used to aid in the detection of contamination and in the
interpretation of the origin of the NRM (Sugiura and Strangway,
1988). Wasilewski and Dickinson (2000) have recently suggested
using the ratio of NRM:IRMs (or REM as they call it) as a preliminary
indication of contamination, with values greater than 0.1 being indica-
tive of exposure to a strong magnet.

The carbonaceous chondrites are some of the most intensely inves-
tigated of all meteorites with studies of individual CAIs, chondrules,
and of bulk samples. The individual refractory inclusions and other
chondrules are of particular interest because they may contain a record
of solar system magnetic fields extant prior to the assembly of
the meteorite. A necessary test for this is the demonstration that their
magnetization was acquired before aggregation of the parent meteor-
ites randomly oriented in the sample. This is an application of
the classical conglomerate test of paleomagnetism, in which the clasts
within a conglomerate are shown to be magnetized randomly
within the conglomerate, whereas the matrix is coherently magnetized.
Thus their magnetization may have been acquired prior to assembly
into the conglomerate because they do not exhibit the coherent magne-
tization that might have been acquired during, or since the conglom-
erate was assembled. Unfortunately, this very direct test has been
confounded by the random nature of the magnetization of the matrix
and its virtual absence as a significant carrier of homogeneous NRM
in some chondrites.

Paleomagnetic analyses of CAIs in Allende have been reported
(Smethurst and Herrero-Bervera, 2002) and gave consistent values of
5.2–5.4 mT by the Shaw method (Shaw, 1974) for the intensity of
the field they record. Results from Allende chondrules are inconsis-
tent: values range from hundreds of millitesla (Lanoix et al., 1978)
to 70 and 130 mT (Nagata and Sugiura, 1977). Moreover, Nagata
and Sugiura (1977) obtained similar results from the matrix and from
bulk samples as they had from chondrules in double heating experi-
ments from 20 to 300�C. This of course strongly suggests that the
magnetization was a low-temperature overprint. Such information
may be of interest as a means of estimating the temperature to
which the meteorite was heated at the time of acquisition of the low-
temperature overprint. In ALH 76009, 13 chondrules were found to
have random orientation despite the matrix samples showing an overprint
(Nagata and Funaki, 1981). Stepwise thermal demagnetization suggested
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that the chondrules may have acquired their magnetization in a steady
field within which they were rotating slowly.
The interpretation of the magnetization of carbonaceous chondrites,

as opposed to the inclusions that they contain, is complicated by the
discovery that the paleomagnetic record of the matrix is randomly
oriented within some of these meteorites (e.g., Brecher, Stein, and
Fuhrman, 1977). The magnetization of some carbonaceous chondrites
such as Coolidge, Murray, and Yamato fall off slowly with AF demag-
netization and exhibit directional stability. Investigations of multiple
oriented samples from these meteorites to check for random magneti-
zation would be of great interest. The presence of tetrataenite is
suggested by extreme stability against AF demagnetization. Other
carbonaceous chondrites show quite different behavior with NRM that
falls off rapidly with the NRM decreasing by as much as an order of
magnitude with AF to 10 mT. e.g., Tysnhes Island and Bushof
(Gus’kova, 1963). Results are also available for samples that have been
cycled through the low-temperature transition of magnetite at �120 K
(Brecher and Arrhenius, 1974). Classical double heating intensity deter-
minations have been carried out for Orgueil, Murchison, Leoville, with
multiple determinations for Allende. The results fall in the range of tens
and hundreds of microtesla. However, the bulk of the magnetization is
blocked below 200�C and one must question how well such magnetiza-
tion is likely to reflect fields more than 4 Ga old.
The magnetization of ordinary chondrites suffers from the same pro-

blem of the heterogeneity of the magnetization that is encountered
with the carbonaceous chondrites. The phenomenon was investigated
systematically by Morden and Collinson (1992). They demonstrated
that the magnetism of subsamples of 8LL chondrites and 3L chon-
drites was randomly oriented down to the scale of millimeters, which
Figure P36 Demonstration of randomly directed remanent magnetiz
was the smallest for which they could be confident of maintaining
accurate orientation of subsamples (Figure P36). They also discovered
a magnetic fabric, which they considered to be a primary structure
formed during the final lithification of the various chondrites. The ran-
dom paleomagnetic result was therefore interpreted as primary. How-
ever, this interpretation is not consistent with the strong metamorphic
heating of some of these meteorites, unless magnetization took place
before final aggregation. Subsamples of Bjurbole including were also
found to be randomly magnetized (Wasilewski et al., 2002). This once
again raises a general question of how homogeneous the magnetization
of chondrite is and hence what size of sample can be regarded as giv-
ing an indication of any possible primary magnetization. Nevertheless
numerous dual heating intensity determinations on bulk samples have
been carried out. They have yielded values a little lower than the car-
bonaceous chondrites with values falling between a few mT and nearly
200 mT. The blocking temperatures are rather higher than in the carbo-
naceous chondrites with the pTRM acquired and the NRM demagne-
tized linearly related up to steps near to 400�C.

The interpretation of the magnetization of achondrites is in principle
simpler than that of chondrites because achondrites originated by crys-
tallization from a magma, or in the case of primitive achondrites, as the
residues of partial melting. Therefore they are formed above the Curie
points of any magnetic minerals they contain and should have acquired
a primary NRM of thermal origin on the evolved body in which they
were formed. However, unfortunately only very few achondrites
appear to be unbrecciated igneous rocks. Rather achondrites mostly
compare with the lunar suite of breccias with igneous clasts, whereas
just a few may be true igneous rocks. The crystallization ages of the
howardite, eucrite, diogenite clan (HED) are between 4.40 and 4.55 Ga
ation in ordinary chondrites (Morden and Collinson, 1992).



Figure P38 The relation between fabric and shock demonstrated
by the correlation of magnetic anisotropy with shock level
(Gattaccea et al., 2005).

Figure P37 Magnetization of Vredefort impact crater samples.
Strong random magnetization of shocked basement after (a) AF
demagnetization, and (b) thermal demagnetization. (c) and (d) TRM
likemagnetization in dykes andmelt rock recording earth’s field, (e)
orientation ofminimum susceptibility axes (Carporzen et al., 2005).
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and thus appear to have come from a parent body that had a brief and
active history. The shergottites, nahklites, and chassignites (SNC)
meteorites, although achondrites were discussed above because of their
demonstrated martian origin.
Not a lot of paleomagnetism has been done on the achondrites other

than the SNC meteorites. Some exhibit directionally stable NRM that
is resista nt to AF demagnetization and to some degree against thermal
demagnetization. Some have ratios of NRM:IRMs so high that accord-
ing to the criterion suggest ed by Wasilewski et al. (2002) contamina-
tion must be suspected. One dual heating intensity determination has
been done on an Antarctic achondrite (Yamato 7038) and yielded a
field intensity of less than 10 m T.
Recent work has produced important results, which bear on the stu-

dies of randomly directed remanent magnetization in meteorites and on
the role of shock in many meteorites. The first result comes from a
study of the Vredefort meteorite impac t crater by Carporzen et al.
(2005). Rocks such as the dykes and pseudotachylites carrying TRM
are acquired during cooling after the impact was magnetized coherently
with small scatter between samples (Figure P37c,d). In contrast, shock ed
granitoid basement rocks are magnetized randomly (Figure P37a, b).
These shocked rocks also have anomalously high intensities of magneti-
zation. This magnetization of the shocked rocks is interpreted to have
been acquired in the intense fields of the plasmas generated by the shock
event. The anisotropy of these samples was also determined and the
minimum susceptibility axes found to be randomly oriented. In indivi-
dual samples the anisotropy was related to the remanence direction,
indicating that both were caused by the shock events. In other related
work, it has been demonstrated that the foliation of chondrites does
indeed have an impact origin. Gattacecca et al. (2005) showed that the
magnitude of the susceptibility anisotropy is correlated with shock level
(Figure P38 ). These two results call in to doubt again the use of randomly
directed magnetization as an indication of magnetization acquired prior
to meteorite assembly, demonstrate that foliation can be shock gener-
ated, and make the interpretation of paleointensities obtained from
meteorites more problematical.
Di scussion

The paleomagnetic record of meteorites is probably the most difficult
of all paleomagnetic records to interpret. In particular, the record in
CAIs and chondrules is difficult because they are later incorporated
in chondrites and so one must separate the history prior to accretion
from postaccretion history in the meteorite. Nevertheless there are stan-
dard techniques for doing this and progress is being made, despite the
difficulties discussed above. In some cases, CAIs and chondrules may
carry a record of the fields experienced prior to accretion, but much
of the magnetization is probably a postaccretional low-temperature
overprint. The magnetization of carbonaceous chondrites and ordinary
chondrites may well have been acquired on the surface of the parent
body and yielded, respectively, fields of hundreds and tens of microte-
sla. The NRM of achondrites and primitive achondrites may have been
acquired at different depths on an evolved parent body. Only a single
double heating experiment was available that yielded a value in the
single microtesla range.

The interpretation of these results in terms of early solar system
fields is not easy. The fields in which CAIs and chondrules were
formed must have been very early solar system fields and Strangway
et al . (1988) suggested that these may have been strong fields asso-
ciated with T-Tauri winds. However, as we have seen that care needs
to be taken in while interpreting these field estimates. The fields
recorded by carbonaceous and ordinary chondrites are presumably
due to surface processes on the parent bodies and modern studies are
increasingly recognizing the difficulty of interpreting these results
(Gattacceca et al., 2003) . Achondrites and primitive achondrites may
yield values for different depths in short-lived parent bodies in the
form of planets or planetesimals, that might had active dynamos.
The question of parent bodies of meteorites a major research area dis-
cussed in McSween (1999). For the present purposes, we simply note
that S-type asteroids have similar spectra, but not identical to ordinary
chondrites, whereas C-type asteroids have features in their spectra
characteristic of hydrated minerals typical of the aqueous alteration
exhibited by carbonaceous chondrites. It is therefore interesting that
S-type asteroid Gaspra appears to have an intensity of magnetization
comparable with chondrites, but puzzling that Eros, which is also an
S-type asteroid, has a very low magnetization.

Conclusion

A remarkable extraterrestrial paleomagnetic record has been found to
be associated with the Moon, Mars, the asteroids, and the meteorites.
Observations from spacecraft provide evidence that suggests that just
as the Earth and Mercury have dynamos generating magnetic fields at
the present, theMoon andMars may have had similar dynamos in the past
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that generated comparable fields. They also suggest that there were mag-
netic fields in the solar system at the time of origin of chondrites and
achondrites, but the records of the chondrules in carbonaceous chondrites
and of the primitive CAIs remain hard to interpret in these observations.

Michael D. Fuller
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PALEOMAGNETISM, OROGENIC BELTS

Orogenic belts are the key signature of Plate Tectonics at the sites of
plate convergence. At these margins the consumption of ancient ocean
basins culminates in the collision of blocks of continental crust and
this is responsible for deforming broad tracts of crust on either side
of the site of collision (suture). The deformed rocks are mostly marine
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sediments and the products of the preceding phases of ocean develop-
ment. After collision they are squeezed into increasingly tight folds
that may ultimately become overfolded and develop shear planes along
which wedges of crust are transported horizontally for large distances as
nappes. Slices of young, light, and buoyant ocean crust may also become
incorporated in this process and emplaced (obducted) into the deformed
crust as ophiolites instead of being subducted back into the mantle.
Orogenic deformation is concentrated mainly within the rock

wedges accreted to the peripheries of the continents during the preced-
ing phase of ocean growth, which deform in a semiplastic way. The
ancient, relatively cold metamorphic and igneous basements to the
continental crust act as the rigid indenters and the inherited shapes of
these blocks of old hard crust ultimately control the shape of the oro-
genic belt. Further from the site of the suture, the sedimentary covers
on the continents may be deformed by collision into open folds with
amplitudes and wavelengths declining away from the collisional zone.
This cover is typically folded independently of the underlying base-
ment by slipping along detachment zones (decollements). Such detach-
ments are also developed within the orogenic belt where rocks deform
by contrasting mechanisms controlled by their ductility and bedding.
This deformation is constrained between the limiting parallel case
where the folding layers in the rock section preserve their thickness
but not their shape, and the similar case where they preserve their
shape but not their thickness.
The compressional phases of orogenic deformation lead in turn, to

crustal thickening, isostatic rebound and uplift. The thickened wedge
of deformed rocks becomes topographically unstable and flows out-
wards as a viscous medium on a geological timescale in a secondary
phase of plate collision known as orogenic collapse. Compressional
deformation then gives away to extensional deformation that may be
regarded as a later phase of a single Plate Tectonic cycle. The develop-
ment of the Basin and Range Province in western North America dur-
ing Tertiary times for example, followed compression and crustal
thickening during the Laramide Orogeny in Late Cretaceous times.
Extensional deformation in the continental crust can occur by two
mechanisms. Pure shear attenuates a viscous crust (McKenzie 1978)
leading to a change in shape with little or no rotation. In contrast,
deformation by simple shear develops a low-angle detachment zone
through the crust (Wernicke et al., 1987). As this crust attenuates,
the changing thickness balance of crust to mantle lithosphere causes
partial uplift of the basement and rotation of blocks above the detach-
ment about horizontal axes; the upper zone (hanging wall) may dissect
into fault blocks that rotate about horizontal axes in a domino fashion
and, if the detachment extends right through the crustal section, both
upper and lower ( footwall) sections may rotate with respect to each
other.
Following continental collision, the rate of convergence of the two

converging continents decelerates but relative movements may not
cease altogether. One continental margin may then drive under, and
uplift, the orogenic belt as in the case of India beneath Tibet. If the
indenter has an irregular shape, or there is ocean basin to one side,
blocks of the orogen defined by major vertical faults are extruded lat-
erally by tectonic escape. This latter phenomenon also occurs when
the subduction of ocean crust is oblique to the orogenic margin. It is
responsible for the tectonics of the Cordilleran margin of western
North America where terranes are slipping differentially northwards
along the continental margin until they become locked into a dumping
ground in Alaska. In the orthogonal continent-continent collision of
the Alpine-Himalayan Belt the tectonic escape defines the last phase
of the orogenic cycle.
The ability of rocks to record the direction of the ancient magnetic

field provides the key quantitative information for unraveling tectonic
deformation in orogenic belts. Geological indicators such as bedding
directions, stratigraphic variations and dyke intersections can be used
only rarely to provide data of comparable significance, and they are
unconstrained to a paleogeographic orientation. The orogenic envir-
onment, however, causes specific problems to the analysis of the
magnetism in rocks due to the effects of strong deformation and
temperature increase. Rocks in this environment are more likely to
have their primary magnetism partially or completely overprinted by
magnetizations linked to the deformation. Partially set against this
disadvantage, the deformed nature of the rocks means that the paleo-
magnetic fold test is more readily applied to constrain the geological
ages of the magnetizations than would be possible in less deformed
settings. The study of rock-units may include fault flakes up to a few
kilometers in size rotating within fault zones, thrust sheets in interior
zones of strong deformation and blocks of crust on a 10–100 km scale
bounded by major near vertical faults called terranes; only if the
terrane extends to the base of the continental lithosphere can it prop-
erly be referred to as a microplate.

Paleomagnetic analysis assumes that the mean direction of magneti-
zation recovered from the rock-unit is a record of the time averaged
dipole field source at the time of magnetization. The cumulative defor-
mation can then be resolved by comparing this direction with the pre-
dicted direction at the study location at the time of magnetization.
These predicted directions are usually calculated from the apparent
polar wander paths (APWPs) of the adjoining continental indenter.
In the case of the Alpine-Himalayan orogenic belt for example, they
would be calculated from APWPs of continental Africa, Arabia, India,
or Eurasia. Usually the difference is the resultant of more than one epi-
sode of deformation and in favorable circumstances it can be decom-
posed using geological evidence or from studying the paleomagnetism
of rocks of different ages.

The angular deformation is usually considered in terms of differ-
ences of declination and inclination with respect to the reference direc-
tion from the stable plate. The difference between the observed and
expected directions is described in terms of rotation and flattening.
A difference in declination implies rotation (R) of a crustal block about
a quasivertical axis and is usually calculated by the method of Beck
(1980). Both observed and reference directions have confidence limits
(DD and DDref, respectively) and Beck (1980) proposed a confidence
limit on R0 defined by DR0 ¼ ffip

DD2 þ DD2
ref

� �
. From a statistical ana-

lysis of this proposed confidence limit, Demarest (1983) concluded
that this value overestimates errors and showed that, provided a95 is
small and preferably less than 10�, a standard correction factor is
applicable. For a direction derived from n � 6 or more samples, the
correction factor lies between 0.78 and 0.80. Then DR0 is derived from
the equation DR0 ¼ 0:8

ffip ðDD2 þ DD2
ref Þ and only, if R0 > DR0 can

tectonic rotation be regarded as significant.
A difference in inclination(I), or flattening(F), is also subject to error

limits (DI andDIref, respectively). Following Demarest (1983) it is given
by DF ¼ 0:8

ffip
DI2 þ DI2ref
� �

but provided that F > DF the flattening
may be regarded as significant. F has two possible explanations. Firstly,
it could result from rotation of crustal blocks about near horizontal
axes. This contribution can usually be isolated if references to the paleo-
horizontal, such as sedimentary bedding, are present. Secondly, the
continental block could have moved through latitude since the time of
magnetization. This latter interpretation of F has proved more conten-
tious than the interpretation of R, in part because there is often structural
or paleogeographic evidence with which the paleomagnetic analysis can
be tested independently. It has been found that inclination differences
within the Alpine-Himalayan Belt are often too large to be attributed
to continental movement through latitude alone. The anomalies are more
important in sedimentary rocks and imply that inclination shallowing
during compaction and lithification is a factor here (Bazhenov and
Mikolaichuk, 2002). However, Tertiary inclinations from igneous rocks
also appear to be too shallow to be accommodated solely by latitudinal
movement (Beck et al., 2001). The difference is probably to be explained
in terms of small departures from the geocentric axial dipole assumption
and a full explanation for this anomaly currently limits the usefulness of
flattening in tectonic analysis.

The values of F and R need to be interpreted in terms of the scale
of the crustal blocks undergoing deformation and temporal setting of
the deformation within the orogenic cycle. Two examples from the
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Anatolian sector of the Alpine-Himalayan orogenic belt illustrate con-
trasts in scale (see Figures P39, P40). Figure P39 shows an example of
rotation across an intracontinental transform, the North Anatolian Fault
Zone, separating the Eurasian and Anatolian plates. The crust on either
side of this fault zone shows comparable regional anticlockwise rota-
tion. This occurred before the initiation of the transform plate bound-
ary in Late Pliocene times. Within the transform fault zone, small
fault blocks <10 km in size are being rotated clockwise in ball bearing
fashion between master faults at rates of the order of 1� per 10 ka.
Figure P40 shows a large-scale example of deformation in which
blocks on a scale of �50–200 km are being rotated as Anatolian crust
is being extruded outwards to the west by the impingement of the
Arabian indenter into a collage of terranes accreted to the Eurasian
margin during closure of the Tethyan Ocean in Mesozoic and Early
Tertiary times. Most of these rotations are concentrated within the
last few millions of years and are thus a record of the last phase of
orogenic development (tectonic escape) following continental collision
and crustal thickening. Both these examples illustrate deformation dur-
ing late stages of orogenic deformation following collision, folding
and crustal thickening. Within the Alpine-Himalayan Belt, they fall
into the timescale of postcollisional events described as neotectonic
to distinguish it from the pre and syn collisional history described as
paleotectonic.
In principle there are two aspects to the earlier history of orogenesis

that paleomagnetic study can aim to quantify. Firstly, there is the phase
of ocean closure in which latitudinal convergence of the two continental
Figure P39 Deformation across an intracontinental dextral transform
Turkey. The arrows with 95% confidence cones are normal polarity
master faults is identified in Brunhes chron lava units with ages defi
(1997).
margins is recorded by a decline in the difference between paleo-
magnetic inclinations from either margin. In the Anatolian case, for
example, this is identified by progressive reduction in flattening as the
Afro-Arabian crust has moved northwards to close the Tethyan Ocean
(Kaymakci et al., 2003). Secondly, the plastic deformation associated
with continental collision is responsible for nappe emplacement and R
is a measure of the differential rotation between the nappe and the foot-
wall beneath the thrust. Figure P41 shows directions of magnetization
resolved from Late Cretaceous rocks, mostly passive margin limestones,
in the overthrust front of the Apenninic and Silcilian nappes of southern
Italy (Channell et al., 1980). The distribution of declinations is a compo-
site of rotation during nappe emplacement and of differential rotations
during the opening of the Tyrrhenian Sea to form the Calabrian arc of
southern Italy.

The large-scale deformation shown in Figures P40, P41 produ-
cing a radial distribution of paleomagnetic directions over hundreds
of kilometers of continental crust is often referred to as “orogenic
bending.” One of the best documented examples is the Japanese Arc
(see Figure P42) where magnetic declinations in north east Japan are
rotated anticlockwise and directions in south west Japan are rotated
clockwise. The relative rotation between these two regions appears
to have occurred over a relatively short interval of time (�16–20 Ma)
during the opening of the Japan Sea by back-arc spreading (Otofuji
et al., 1985). However, the actual deformation mechanisms operating
in such arcs are certainly complex (Randall, 1998). They no doubt vary
from region to region and are likely to involve both small block rotations
in the Niksar sector of the North Anatolian Fault Zone in northern
directions. Rapid clockwise rotation of small blocks between the
ned by high-precision K-Ar dating at ca. 520 ka. After Piper et al.



Figure P40 Rotation of blocks within the accretionary collage in central Anatolia formed by closure of the Neotethys Ocean prior to the
termination of suturing �12 Ma ago and defined by paleomagnetic directions (here shown with common reversed polarity). The
neotectonic magnetizations are less than 12 Ma in age and the rotations are an expression of block rotation during tectonic escape to
the west as the Arabian indenter is continuing to impinge into the weak continental crust of Anatolia and the Eurasian margin in the
east. After Piper et al. (2003).
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and differential slip along major lineaments such as the “D” zones in the
Calabrian example shown in Figure P41a.
Rotation can occur within an orogenic belt either during translation

of nappes over a low-angle thrust (Figure P41) or in response to strike
slip fault movement within the seismogenic upper crust. The stress
conditions for strike slip faulting occur when the maximum (s1) and
minimum (s3) principal stresses are in the horizontal plane. Whilst this
ideally generates two sets of subvertical faults that are conjugate to one
another, one fault set always becomes dominant over time. Vertical
axis rotation is demonstrably a major component of crustal deformation
within orogenic belts although the kinematics of in situ vertical axis rota-
tions in the upper crust is still controversial due to uncertainties relating
to the ways in which continental crust deforms. Limiting models con-
sider the deformation to be continuum or discrete with the division
between them based on the driving mechanism for the rotation rather
than the type of deformation produced. In continuum models, the rotat-
ing blocks are considered to be significantly smaller than the size of the
deforming zone and occur passively in response to motion of a ductile
lower crust. Shear is distributed across a wide zone with creep and diffu-
sive mass transfer accommodating the deformation. Paleomagnetic
directions will be rotated by an amount that diminishes away from the
main fault (McKenzie and Jackson, 1983).
In the discrete case the strain is localized into bands and deforma-

tion involves the rotation of rigid blocks with slip between them
accommodated by fault movement. The blocks themselves are intern-
ally undeformed although space constraints imply that they may be
expected to undergo tectonic erosion at some peripheries and spheo-
chasm formation to open conduits to the lower crust at others. Whilst
the evidence indicates that continental lithosphere as a whole deforms
on a large scale as a fluid medium with a behavior that can be modeled
as a thin viscous sheet (England and Jackson, 1989), pervasive defor-
mation in the upper crust can only occur if there is a sufficient high-
level heat source to promote ductile deformation and permit diffusive
mass transfer so that strain is not focused. As Figure P39 demon-
strates, this condition does not pertain in the brittle upper crust, even
adjacent to intracontinental transform faults. Deformation here takes
the form of intense rotation confined between master faults and rea-
listic models to explain rotations must therefore invoke a discrete
mechanism. The base of this upper crust is evidently decoupled from
a viscous lower crust obeying power law behavior. This detachment
is defined by an abrupt reduction in seismicity in the depth range
10–20 km over most of the continental crust. It correlates with the com-
bined effects of increase in temperature and in relatively weak pyroxene
and plagioclase feldspar mineral assemblages, which combine to
produce a rapid reduction in the strength of the crust below this level.

In discrete models the deformation is taken up on rigid crustal
blocks with a length comparable to the width of the deforming zone
(Figure P43). The rotation and deformation is the response to shear
applied along the edges of the blocks by strike slip faults. All blocks
and block bounding faults within the same fault domain will rotate
by the same amount in the same direction. An exception to this
rule will occur when the strike slip faults form two domains and the
sense of rotation will then be opposite within each domain (Ron
et al., 1984). It is usually considered that rotation will be clockwise in
regions of net right lateral shear and anticlockwise in regions of net left lat-
eral shear (Nelson and Jones, 1987) as shown in Figure P43a. However,
the sense of fault motion on the block bounding faults controlling the rota-
tion need not necessarily be the same as the motion sense on the system



Figure P41 (a): Mean directions (reversed polarity) in Late Cretaceous rocks of the Apenninic and Sicilian nappes and the bordering
autochthonous zones of Apulia and Iblei in southern Italy. (b) Schematic reconstruction showing the opening of the Tyrrhenian Sea in
Early Pliocene times responsible for the large-scale regional differences in magnetic declination in (a) Compiled from Channell et al.
(1980).

Figure P42 (a): Mean paleomagnetic field directions from rock-units older than 20 Ma in age in northeast and southwest Japan.
(b) Explanation for the difference between the regional directions shown in (a) in terms of rotation of the two sectors of Japan away
from the Asian margin as a result of the fan-shaped opening of the Japan Sea. After Otofuji et al. (1985).
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Figure P43 The origin of clockwise and anticlockwise rotations defined by paleomagnetic study of small blocks influenced by major
vertical faults cutting through the thickness of the seismogenic upper crust when the deformation is (a) distributed and (b) discrete.
Adapted from Randall (1998) and Tatar et al. (2004).

806 PALEOMAGNETISM, OROGENIC BELTS
bounding faults (Randall, 1998). The sense of rotation is controlled by the
initial orientation of the block bounding faults with respect to the system
bounding faults, and whether the system bounding faults are acting
as the margins of a wide shear zone (Figure P43a)  or as discrete  faults
either side of the rotating blocks (Figure P43b). If the block bounding
faults have the same sense of motion to the discrete system bound-
ing faults (Figure P43b) the blocks rotate in the direction opposite to that
suggested by the bulk shear on the deformation zone. Examples of
both types of rotation have been reported from application of paleomag-
netism to orogenic belts and are evidently a signature of the distributed
or discrete character of the causative major strike slip zones.
In general there are two scales of tectonic rotation observed in oro-

genic belts. Large and rapid rotations are present within, or adjacent
to, the intracontinental transform faults defining the conservative
boundaries of the plates; Figure P39 is an example of this kind of
deformation. More modest and slower rotations are present where ter-
ranes are being pushed laterally by oblique subduction or tectonic
escape, or nappes are being emplaced by an advancing fold belt.
Figures P39 (remote form the intracontinental transform) and P40 are
examples of this scale of deformation.
A further important aspect of orogenic paleomagnetism is the study

of remagnetization events directly related to orogenesis. A burial
related heating that partially or completely remagnetizes preexisting
ferromagnetic minerals may cause these overprints. More commonly
they reside in chemical remanent magnetizations (CRMs) carried by
new minerals that have either been transformed from the preexisting
minerals (diagenesis ) or have been precipitated from fluids ( authigen-
esis ). Comparison of the pole position with the APWP of the adjoining
indenters may then allow diagenetic and authigenic events to be dated.
In addition progressive unfolding of remagnetized rocks within fold
structures can constrain this event within a pre, syn or postfolding
timeframe. The most commonly invoked mechanism for regional
CRMs in the vicinity of orogenic belts is lateral migration of preexist-
ing connate brines within the deforming rock assemblage as it is
loaded and heated within the orogenic belt. Forced migration of these
orogenic fluids along ancient aquifers under a temperature and
pressure gradient is considered to be a plausible explanation for the
widespread distribution of CRMs away from some orogenic belts such
as the Appalachians, although evidence for the link is still in part cir-
cumstantial (Elmore et al ., 2000). Precipitation of new ferromagnetic
minerals will be controlled by the availability of ions, and the tempera-
ture, pH and Eh of the ambient environment. Oxidizing conditions will
favor precipitation of hematite whereas alkaline and mildly reducing
environmen ts favor precipitation of magnetite. In more strongly redu-
cing conditions, the ferromagnetic pyrrhotite is precipitated and can
produce important late stage CRMs within the orogenic belt where
abundant mudrocks originally containing pyrite are present or where
mineralizing fluids have been able to permeate. Thus, in addition to
applications of the primary or early tectonic paleomagnetic record
for resolving the scale of deformation, the study of chemical magnetic
overprints can constrain the age and regional extent of important later
events in the development of orogenic belts.

John D.A. Piper
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Figure P44 Wilfred Dudley Parkinson 1919–2001 (photo taken
1990, by F.E.M. Lilley).
PARKINSON, WILFRED DUDLEY

Twentieth century scientist

Wilfred Dudley Parkinson (see Figure P44) was an internationally pro-
minent geomagnetician of the 20th century (Barton and Banks, 2002).
His origins in geomagnetism were classical, and he was active through
the remarkable period that saw observing apparatus change from
mechanical to modern electronic, and recording methods change from
paper chart and photographic paper to electronic memory. Data analy-
sis methods changed from graphical and hand-calculated to the full
range of numerical, modeling and inversion methods, which were pos-
sible with electronic computers by the end of the century. Parkinson
was a dedicated and effective teacher at the University of Tasmania,
and his book Introduction to Geomagnetism (Parkinson, 1983)
reflected the benefits of being based on an excellent lecture course.
His research contributions, together, thus very much appear as a

period piece of his time. The International Geophysical Year (IGY),
which spanned the 18 months from July 1, 1957 to December 31,
1958 (Bates et al., 1982) promoted the observation of the geomagnetic
time-varying field at an enhanced density of observatories relative to
the then standard global network, and focussed attention on the spatial
pattern of these time-varying fields. It was from an analysis of the fluc-
tuating fields observed at Australian stations that Parkinson first
observed the “coast effect” for which he became well known, and
which he characterized by graphically constructed “Parkinson vectors”
(also called “Parkinson arrows” see induction arrows).

The time of his activity, plus his natural skills, meant Parkinson led
in pioneering much Australian geophysics. In pursuits promulgated by
his national government employer, the Bureau of Mineral Resources,
he was a pioneer in the construction of magnetic maps of the Australian
continent, in developing the aeromagnetic survey method for Australia,
and in instituting geomagnetic measurements in Antarctica.

However he is best known for his widely used “Parkinson arrow”
contribution.

Brief biography

Parkinson was born in 1919 into a family active in geomagnetism, as
his father worked for the Carnegie Institution of Washington (CIW),
and was assistant observer at the Watheroo Observatory in Western
Australia. Parkinson thus traveled extensively with his family in con-
nection with geomagnetic activities. He received his first degree
(BSc hons in mathematics) from the University of Western Australia,
and then following service with the CIW at Huancayo Observatory
in Peru he studied for his PhD at Johns Hopkins University in the Uni-
ted States of America. After some time in USA, he returned to Austra-
lia in 1954 to join the then Bureau of Mineral Resources. In 1967 he
joined the Department of Geology at the University of Tasmania. He
was promoted to Reader in Geophysics and spent the rest of his career
at that university, traveling internationally to other places active in
geomagnetism during his sabbatical leave periods.

Hobart and environs had been significant in the history of geomag-
netism and Parkinson played an important role both in the celebration
of the bicentenary of the year 1792 D’Entrecasteaux expedition (Lilley
and Day, 1993), and in ensuring appropriate recognition of the site and
history of the 1840 Rossbank Magnetic Observatory.

As a leader in Australian geomagnetism, he was an important figure
at four Australian Geomagnetic Workshops which were convened in
Canberra by C.E. Barton and F.E.M. Lilley in the years 1985, 1987,
1993, and 2000. It was appropriate that he was the invited guest
speaker at the last workshop he was to attend, in 2000—the year before
his death in 2001.

Dudley Parkinson, as he was widely known, was survived by his
wife Mary, two sons Charles and Richard, and four grandchildren.
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Recognition of the coast effect, Parkinson arrows,
and crustal conductivity structure

From his familiarity with magnetic observatory data, in the 1950s
Parkinson had noticed that commonly for coastal observatories the
vertical component of the fluctuating field had an evident correlation,
best seen during magnetic storm activity, with the onshore horizontal
component. Parkinson realized that from some starting point, the vectors
of magnetic field change, reckoned at intervals of say half-an-hour,
tended to lie on a plane in space. Parkinson called this plane the
“preferred plane.”
In investigating the phenomenon, Parkinson developed a graphical

method for determining the plane at a particular observatory. To char-
acterize the effect he plotted the horizontal projection of the (unit-
length) downwards normal to the plane on a map, at the observatory
site. The plane became known as the “Parkinson plane,” and the hor-
izontal projection of the downwards normal became known as the
“Parkinson vector.”
Subsequently, usage of the term Parkinson arrows was adopted to

avoid any implication that Parkinson vectors of structures considered
in isolation could necessarily be added vectorially to produce the effect
of the structures in combination. Later Parkinson supported use of the
term “Induction arrow”, out of respect for others who had developed
similar ideas.
Remote from a coastline, such arrows generally point to the high

conductivity side of any conductivity structure present in the regional
geology. (Note that in some conventions, such as that attributed to
Wiese, the arrows are plotted in the opposite direction.) Plotted for an
array of stations, the arrows demonstrated that electrical conductivity con-
trasts within continents, as well as at continent-ocean boundaries, could
thus be mapped. The realization that the phenomenon was controlled by
Earth electrical conductivity structure guided much of Parkinson’s
research for the rest of his career.
Chronicle of publications

Parkinson’s published work provides a representative chronicle
in geomagnetic research for the later half of the 20th century. Thus
Parkinson (1959) describes recognition of the “preferred plane,”
and Parkinson (1962) introduces the Parkinson vector technique.
In Parkinson (1964) a laboratory model comprising copper sheeting
for the seawater of the world’s oceans is described—Parkinson’s
“terrella”—in an attempt to test whether induction in the seawater
alone is sufficient to account for the coast effect. The coast effect is
reviewed further in Parkinson and Jones (1979).
Parkinson (1971) addresses an analysis of the Sq variations recorded

during the IGY. These observations had been a prime objective of the
IGY global network of observatories, and Parkinson’s analysis was
one of the first to exploit the power of electronic computers, which
were developing rapidly in the 1960s. This thread is picked up again
in Parkinson (1977), Parkinson (1980) and Parkinson (1988).
Dosso et al. (1985), Parkinson et al. (1988), and Parkinson (1989)

see attention given again to local induction, and the discovery of the
Tamar conductivity anomaly in northeast Tasmania. The Australian
island State proved a productive field area for Parkinson and his stu-
dents, based in Hobart. In Parkinson (1999) several earlier pursuits
are brought together, in addressing the influence of time-variations
on aeromagnetic surveying. Parkinson and Hutton (1989) is a major
review, bringing together threads of earlier research contributions.

F.E.M. Lilley
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Coast Effect of Induced Currents
Electromagnetic Induction (EM)
Geomagnetic Deep Sounding
PEREGRINUS, PETRUS (FLOURISHED 1269)

Virtually nothing is known of the life or wider circumstances of the
Frenchman Peter, Pierre, or Petrus Peregrinus, beyond what he wrote
in his Epistola Petri Peregrini de Maricourt, from the camp of the
army besieging Lucera in Apulia, Italy, and dated August 8, 1269.
Most probably, he was a native of Méharicourt, Picardy, in north-east
France, and from his fascination with all kinds of machines and self-
acting devices, he could have been a military engineer. His honorific
title “Peregrinus,” no doubt stemming from the Latin peregrinator,
or wanderer, could have derived from his having been on pilgrimage or
Crusade, though there is no evidence to back the legend that he was a
monk or priest. Whether he was the same “Master Peter” referred to as
a mathematician of brilliance by his English contemporary Friar Roger
Bacon is uncertain but possible.

Peter’s historical importance, however, derives from his being the
first significant author on magnetism. His Epistola of 1269 was widely
circulated across Europe in manuscript form, and in the 16th century
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was acknowledged by no less a figure than William Gilbert in
De Magnete (1600). The Epistola recounts that magnetic phenomena
was already familiar to Europeans by 1269 (for knowledge of the com-
pass, originally obtained from China, had already been used for direc-
tion finding in the West for about 100 years by Peter’s time), along
with new experiments and insights, which could well have been
Peter’s own. What Peter does, however, is producing a coherent trea-
tise that surveys the current state of magnetic knowledge in Europe
by 1269, before going on to describe his own experiments.
Peter experimented with different types of magnets, including elon-

gated pieces of magnetite stone, with what seem to have been spherical
magnets (probably carved from blocks of magnetite) and with the
transfer of magnetism from the natural stone to pieces of iron or steel.
While there was some conjecture amongst scholars as to whether he
was the first person to use the term “pole” with relation to magnetism,
he was certainly familiar with the concept of the north and south termi-
nations of all magnetic bodies. When using what seems to have been a
spherical magnet, for instance, he describes employing the natural
orientation of needles upon its surface to trace lines that would con-
verge in polar points.
He also conducted experiments in the breaking in two of natural

magnets, and found that when a piece of magnetic stone was so
divided, the ends of the two broken pieces suddenly acquired north
and south polar characteristics of their own. Yet if one rejoins the broken
pieces and cemented them together, then the two magnetic fields seemed
to recombine and form onemagnet again. Peter’s experiments showed that
like poles repel and unlike poles attract. Heavy pieces ofmagnetite with an
apparently homogenous composition were more powerful attractors of
iron than the light-weighted and less pure pieces of the stone.
Needles and pieces of iron (or steel), under the right conditions and

by bringing them into contact with natural magnets, themselves
become magnetic, and display all the characteristics of the natural
magnets from which they were derived.
Peter Peregrinus described several experiments with floating mag-

nets which he had placed in cups that were then made to float in
water—the pieces of magnetite, indeed, being like passengers in a boat.
He found that when placed in an unrestricted environment of this kind,
the magnets always oriented themselves north-south by the Earth’s
own astronomical poles. An advancement on this experiment was made
when he encased an elongated piece of magnetite in wood, so as to
make it float. First, he proposed that if the rim of the water-containing
vessel was divided into the cardinal points and the whole vessel into
360�, then one had an instrument which would allow an observer or
navigator at sea to determine the exact rising and setting points of astro-
nomical bodies on the horizon, with reference to the north pole. Next
Peter proposed a dry compass, where instead of water, the balanced
needle rotated upon a vertical pin, but which still allowed astronomical
bearings to be read off against a graduated edge. This would have been
a very early version of a marine azimuth compass.
But in addition to his more practical experimental work, Peter was

interested in the source of the magnet’s power. First, he dismissed
what seem to have been a series of folk myths about magnetism. For
instance, magnetism could not have been a uniquely north-polar phe-
nomenon because the north pole is too cold to be inhabited and hence
there can be no people there to mine the magnetite familiar to scholars.
Peter reminds us that magnetite deposits occur in many places in
Europe that are many degrees south of the north polar regions,
while—let us not forget—the needle also points south. And while
Peter, like all educated medieval men who were heirs to the classical
tradition, knew that the Earth itself was a sphere. In 1269 no European
knew anything for certain about the nature, inhabitants, or geography
of the Southern Hemisphere.
As an educated man who had clearly received some training in the

classical sciences of astronomy, geometry, and arithmetic, and had
no doubt encountered the increasingly influential ideas of Aristotle
(all of which were part of the undergraduate Quadrivium of Europe’s
universities in the 13th century), he would have taken it as axiomatic
that the Earth rested motionless at the center of the universe and that
the heavens revolved about it. In this way of thinking, the Earth was
associated with cosmological stability, whereas the heavens were
imbued with motion. So it was probably this line of reasoning which
led Peter to attribute the motion inducing capacity of the magnet to
the heavens. This also prompted him to suggest the devising of a piece
of apparatus to demonstrate the phenomenon. He proposed that if a
spherical magnet were mounted upon its polar points in some sort of
bearing, and the north and south poles exactly oriented to correspond
with those of the Earth (in what would now be called an Equatorial
Mount), then the sphere would rotate of its own accord. It would do
so in accordance with the natural rotation of the heavens, the sphere’s
own magnetism simply responding to its celestial source. Peter never
reported any success with this experiment as the reasons seem to be
obvious.

But Peter’s obvious interest in inventions next led him to join that
band of medieval men who were fascinated with perpetual motion.
Yet whereas his 12th-century fellow-Frenchman, Villard de Honnecourt,
and others like him saw their machines as powered by arrangements
of falling weights, Peter’s proposed perpetual motion machine was
set in train by an oval magnet the north-seeking properties of which
actuated the teeth of a denticulated wheel.

What is so tantalizing about Peter is that we know nothing of him
beyond his Epistola of August 8, 1269. His very fleeting passage
across the pages of history, therefore, begs more questions than it
answers. For how many educated men were there in medieval Europe
who traveled, possibly crusaded, worked as military engineers, and
were fascinated by mechanical invention? And let us not forget that
the Epistola was sent not to a Bishop or university corporation, but
to “Sygerum de Foucaucourt, Militem”, or “Sygerus... the Soldier ”.
Did ingenious military engineers conduct experiments into magnetism
and investigate astronomy and other branches of science on those long
tedious days in camp, when they were not supervising storming
engines? Indeed, 13th- and 14th-century Europe was vibrant with
mechanical invention: improved wind and water mills, iron founding
machinery, daring Gothic cathedrals, early gun founding and explo-
sives manufacture, the ship’s rudder, and soon after 13th century the
first geared mechanical clocks, many of which possessed elaborate
automata. To see medieval Europe as technologically primitive is just
as much a myth of our own time as was Peter’s refutation of the exis-
tence of a great lump of ironstone at the north pole. And it was this
ingenious culture, which produced the first experimentally based treatise
on magnetism.

Allan Chapman
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PERIODIC EXTERNAL FIELDS

Definition

The lines of force of the Earth’s magnetic field extend upwards from the
surface of the Earth to the magnetopause, which is the boundary at great
altitudes within which the solar wind confines the Earth’s magnetic
field. At an altitude of 100 km the atmospheric pressure is low and



810 PERIODIC EXTERNAL FIELDS
molecules dissociate to form a conducting layer called the ionosphere.
When lower layers of the atmosphere are heated by sunlight and caused
to move, the motion is propagated in all directions. Electromotive forces
are formed everywhere in the moving atmosphere, where from Lenz’s
law, E ¼ v� B. In the electrically conducting ionosphere, electrical
currents flow, and the magnetic field of these currents forms the external
periodic magnetic variation. On magnetically quiet days this variation is
called the solar quiet day variation, denoted Sq.
In every month of the calendar, five days are denoted as disturbed

days, and another five as quiet days. The difference between the mag-
netic field, hour after hour, on the quiet and disturbed days, is called
the disturbance daily variation, denoted SD, and it is another periodic
field of external origin.
The gravitational force of the Sun and the Moon causes tidal move-

ments in the oceans, the atmosphere and the solid Earth. The tidal
movements of the ionosphere caused by the Moon lead to the lunar
magnetic daily variations. Solar tides are much smaller than lunar
tides and the corresponding solar tidal magnetic effect is difficult to
discern from the magnetic variation arising from solar heating of the
atmosphere.
The deepoceans in tidalmovement alsogive rise tomagnetic variations.

The separation of oceanic and ionospheric components in the analysis of
solar and lunar daily magnetic variations is based on the assumption that
there is no ionospheric current flow at local midnight.
Because of their ionospheric origin, the regular daily variations at

the surface of the Earth have an external component that is greater than
the corresponding induced internal component, and the results are used
for the modeling of the distribution of electrical conductivity within
the Earth’s interior land eigenmodes of atmospheric oscillation.
Magnetograms

In geomagnetism, the declination, denoted D, refers to the angle
between the direction of the compass needle and true north, positive
towards the east. The horizontal intensity, H, of the magnetic field
is that component of the field in the direction of true north, and
the vertical intensity, Z, is the vertically downwards component.
Magnetic variations are recorded in these three elements at magnetic
observatories throughout the world. Satellite magnetic data from low-
Earth-orbiting satellites at an altitude of approximately 400 km, above
the ionosphere, record the main field components and the determination
of daily variations from satellite magnetic data has only just begun.
Magnetograms of the declination of the Earth’s magnetic field

recorded at Canberra magnetic observatory are given in Figure P45
with one calendar month to each row and 12 monthly rows for the
year 1999. The most prominent feature of the daily magnetograms is
the regular daily change that occurs on each day throughout the year,
with a daily range that is smaller in local winter months.
The monthly mean values of the magnetic elements show a small

annual, one cycle per year, external, periodic variation of the order
of 10 nT, and it is necessary to use several years of data to get a sig-
nificant result. This variation is thought to arise from the seasonal dis-
placement of the ring current from the equatorial plane. The accurate
analysis of long-period terms such as the annual variation and the
11 year cycle, is plagued by a number of difficulties, amongst which
are baseline problems arising from small errors in instrument calibration.
Hourly mean values
For many years the daily variations in the magnetic field were given as
hourly mean values that had been prepared manually from magneto-
gram photographic traces, and given in Universal Time centered mid-
way between the hours. The results were published in yearbooks,
usually three elements, month by month, after a long delay, often of
some years. With modern three component vector magnetometers
(see Magnetometers) providing samples every 10 s with a resolution
of 0.1 nT, it is now possible to have 1-min values transmitted within
minutes via the Intermagnet program. In 2001 about half of the
world’s magnetic observatories contributed to the Intermagnet pro-
gram, and since that time the number of observatories contributing
has increased.

Fourier analysis

The Fourier analysis of solar and lunar magnetic tides from observa-
tory hourly mean values has a number of technical difficulties, such
as noncyclic variation, but in every case, harmonic analyses of either
24-hourly mean values or 1440 one-minute values are required. The
fast Fourier transform can be used, although for relatively small calcu-
lations the Goertzel algorithm (Goertzel, 1958) is useful and easily
programmed. For the analysis of lunar magnetic tides, each day is
“tagged” with an integer, usually from 1 to 12, called a “character
number,” based on a linear combination of the astronomical para-
meters denoted s, h, and p, by Bartels (Bartels, 1957, 747, see Bartels,
Julius). These represent the east longitudes of the Moon, the Sun and
the Moon’s perigee respectively, from January 1, 1900. For the lunar
variations, the character number is determined from the angular mea-
sure of 2s� 2h, and seasonal sidebands are determined using character
numbers 2s� h and 2s� 3h. Hourly values from days with the same
tag provide an average daily sequence, and the 12 groups are called
“group sum sequences.”

The Chapman-Miller (Chapman and Miller, 1940), (see Chapman,
Sydney) method analyses the 12 groups of 24 values, by a modified
two-dimensional Fourier analysis, with adjustments for the daily
noncyclic variation. By using the variability of Fourier coefficients
determined for the 12 groups, reasonable estimates of standard devia-
tions for computed coefficients are obtained. The Chapman-Miller
method has the great advantage of being able to deal effectively with
missing days of data, or the rejection of days because of magnetic
disturbance.

The Chapman-Miller method can be adapted (Malin, 1970) to sepa-
rate the lunar magnetic variations into parts of ionospheric and oceanic
origin.

The Fourier analysis of the elements X, Y, and Z, being the north-
ward, eastward, and vertically downward components, respectively,
of the Earth’s magnetic field, over a sphere of radius a, leads to the
following Fourier series:
X ða; y;fÞ ¼
X4

M¼1
CXM ðy;fÞ cosMt þ DXM ðy;fÞ sinMt½ �;

Y ða; y;fÞ ¼
X4
M¼1

CYM ðy;fÞ cosMt þ DYM ðy;fÞ sinMt½ �;

Zða; y;fÞ ¼
X4
M¼1

CZM ðy;fÞ cosMt þ DZM ðy;fÞ sinMt½ �:

(Eq. 1)

rical harmonic analysis of the Fourier coefficients CXM ;CYM ;
Sphe
and CZM gives internal field coefficients gmMNCi ; h

mM
nCi ; and external field

coefficients gmMNCe; h
mM
nCe ; in the potential function VM

C ðr; y;fÞ, where
VM
C ðr;y;fÞ¼ a

X
n

X
m

a
r

� �nþ1
gmMnCi cosmf þ hmMnCi sinmf
� ��

þ r
a

� �n
gmMnCe cosmf þ hmMnCe sinmf
� ��

Pm
n ðcosyÞ:

(Eq. 2)

the usual practice to do a spherical harmonic analysis of the Four-
It is
ier coefficients DXM ;DYM ; and DZM ; giving the two sets of spherical



Figure P45 Daily change of the compass needle at Alice Springs, 1999. The daily range is smaller in local winter months, the lunar
changes appear as a small, fortnightly modulation. (From the Australian Geomagnetism Report, 1999. Magnetic Observatories, vol. 47,
Part 1, 2001).
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harmonic coefficients, but leaving the researcher with the difficult task
of deciding which coefficient is which, and of separating the westward
and eastward moving terms.
However, by using the g and h coefficients from VM

C ðr; y;fÞ
to represent the potential VM

D ðr; y;fÞ for the D coefficients in the
form:
VM
D ðr;y;fÞ¼ a

X
n

X
m

a
r

� �nþ1
hmMnCi cosmf�gmMnCi sinmf
� ��

þ r
a

� �n
hmMnCe cosmf�gmMnCe sinmf
� ��

Pm
n ðcosyÞ

(Eq. 3)
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otential function based on both VM
C ðr; y;fÞ and VM

D ðr; y;fÞ,
the p
namely
VM
C ðr; y;fÞ cosMt þ VM

D ðr; y;fÞ sinMt

¼ a
XN
n¼1

Xn
m¼0

a
r

� �nþ1
gmMnCi cosðmfþMtÞ þ hMnCi sinðmfþMtÞ� 	


þ r

a

� �n
gmMnCe cosðmfþMtÞ þ hMnCe sinðmfþMtÞ� 	�

Pm
n ðcos yÞ
(Eq. 4)

ists entirely of westward moving terms. The actual numerical ana-
cons
lysis is based on Eqs. (2) and (3) together. The terms for which m ¼ M
are local time terms. It is a simple matter to construct an expression
corresponding to Eq. (3), which will give the results for eastward mov-
ing terms, which analysis shows to be much smaller than the westward
moving terms.
Amplitudes and phase angles for internal and external fields are

needed for conductivity studies, so that results of Eq. (4) should be
provided in the form
a
XN
n¼1

Xn
m¼0

a
r

� �nþ1
AmM
nCi cosðmfþMt þ EmMnCi Þ




þ r
a

� �n
AmM
nCe cosðmfþMt þ EmMnCeÞ

�
Pm
n ðcos yÞ: (Eq. 5)

particularly that the phase angles EmMnCi and EmMnCe in Eq. (5) are
Note
given for cosine functions.
No general method of analysis for periodic external variations from

satellite magnetic data is available. Significant orbital drift through
local time is required, and the more rapid the drift, the better.
Ionospheric current systems

It is very convenient to represent the vector field of external (iono-
spheric) origin by a scalar “stream function” whose contours run
parallel to the lines of flow of electrical currents in the thin conducting
shell used to represent the ionosphere. This scalar function W ðy;fÞ,
A, in Eq. (6), is determined from the external field coefficients only.
The surface current density Kðy;fÞ;A=m; is
Kðy;fÞ ¼ r � erCðy;fÞ½ � ¼ �er �rW ðy;fÞ;

¼ 1
R

1
sin y

]W
]f

ey � ]W
]y

ef

� 

;A=m: (Eq. 6)

current function W ðy;fÞ, A, for a shell of radius R, relative to a
The
reference sphere of radius a, is given by
W ðy;fÞ ¼
XN
n¼1

Xn
m¼0

Wm
gn cosðmfþMtÞ

h

þ Wm
hn sinðmfþMtÞ

i
Pm
n ðcos yÞ (Eq. 7)

coefficientsWm
gn andW

m
hn as given originally by Maxwell (Maxwell,
with

1873, p. 672),
Wm
gn ¼ �akm

10
4p

2nþ 1
nþ 1

Rkm

akm

� 
nþ1

ðgmMnCe ÞnT;

Wm
hn ¼ �akm

10
4p

2nþ 1
nþ 1

Rkm

akm

� 
nþ1

ðhmMnCeÞnT: (Eq. 8)

ours in kiloamperes of the current function for the solar quiet day
Cont
variation are given in Figure P46.
Ionospheric dynamo theory

An article by Stewart (1883) in the 9th edition of the Encyclopedia
Britannica—in a subsection of the article, “Meteorology”—proposed
a dynamo in the upper atmosphere as the only plausible theory for
the regular solar daily magnetic variation. Schuster (1889) analyzed
Sq from four Northern Hemisphere observatories, and then used the
theory of electromagnetic induction (see Electromagnetic induction
and Price, Albert Thomas) in a uniformly conducting sphere as derived
by Lamb (in an appendix to Schuster’s 1889 paper) to determine the
electrical conductivity models of the Earth’s interior. The theory,
for a uniformly conducting sphere, uses phase angle differences
and amplitude ratios of internal and external components. Schuster
(1908) took the process a step further, inferring upper atmosphere
wind velocities from global representations of atmospheric pressure.
In particular he represented the components of electric force by a
potential function Sðy;fÞ and a stream function Tðy;fÞ,
Ey ¼ � 1
a

]S
]y

� 1
sin y

]T
]f

� 

;

Ef ¼ � 1
a

1
sin y

]S
]f

þ ]T
]y

� 

: (Eq. 9)

ster included an analysis of the seasonal change of Sq. His theory
Schu
provided a solid foundation for ionospheric dynamos, adapted in more
recent times by using the eigenfunctions of the Laplace tidal equation to
represent the forced and free atmospheric oscillations and wind velocities.

Chapman (1919) (see Chapman, Sydney) developed the ionospheric
dynamo theory (see Ionosphere) of the magnetic daily variations, of
solar and lunar origin, using atmospheric velocities given as the gradi-
ent of a scalar potential. Mathematical expressions for the lunar mag-
netic variations, and the Chapman-Miller method for their analysis
developed gradually over many years.

In the following sections, r; y;f; will denote radial distance, colati-
tude, and east longitude in a spherical polar coordinate system. Subscripts
will be used to denote the r; y;f; components of vectors. For windmove-
ments in the high atmosphere, the radial component vr is assumed to be
negligibly small, relative to the horizontal components, vy and vf. In a
magnetic field with magnetic flux density components ðBr;By;BfÞ, the
dynamo electric field v� B has spherical polar components
Er ¼ vyBf � vfBy;

Ey ¼ vfBr;

Ef ¼ �vyBr: (Eq. 10)

ider the dipole term only in the geomagnetic potential, V, where
Cons
V ¼ a
a
r

� �2
g01 cos y; (Eq. 11)

at the components of magnetic flux density from B ¼ �rV at
so th
r ¼ R, are,
Br ¼ �]V
]r

����
r ¼ R

¼ 2G0
1 cos y;

By ¼ �1
r
]V
]y

����
r ¼ R

¼ G0
1 sin y;

Bf ¼ � 1
r sin y

]V
]f

����
r ¼ R

¼ 0; (Eq. 12)

e G0
1 ¼ a=Rð Þ3g01 .
wher

With the Schuster representation of the electric field, in Eq. (9),
the currents driven in the direction of the gradient of the function
Sðy;fÞ will go towards maxima or minima of the function, which
act as sinks or sources. In a conducting thin shell, these currents have
nowhere to go and an electrostatic field is set up so that no current



Figure P46 Equivalent external ionospheric current system for annual average Sq, 1964–1965. Contour interval and extrema in
kiloamperes (from Winch, 1981).
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flows. The stream function, or toroidal component Tðy;fÞ, drives a
stream function electrical current parallel to the contours of Tðy;fÞ
in the thin spherical shell representing the ionosphere. Thus, backing
off the electrostatic field from the dynamo field,
Ey þ 1
R
]S
]y

¼ 1
R sin y

]T
]f

; Ef þ 1
R sin y

]S
]f

¼ � 1
R
]T
]y

: (Eq. 13)

the current function W ðy;fÞ; determined from observatory data,
From
the components of surface current density are Jy; Jf; where
Jy ¼ 1
R sin y

]W
]f

; Jf ¼ � 1
R
]W
]y

: (Eq. 14)

efore, by Ohm’s law in the form E ¼ J=sðy;fÞ;
Ther
1
sðy;fÞR sin y

]W
]f

¼ 1
R sin y

]T
]f

;

1
sðy;fÞR

]W
]y

¼ � 1
R
]T
]y

: (Eq. 15)

erefore, from Eqs. (10) to (15), ignoring self-induction,
Th
2vfG
0
1 cos y�

1
R
]S
]y

¼ 1
sðy;fÞR sin y

]W
]f

;

2vyG
0
1 cos yþ

1
R sin y

]S
]f

¼ 1
sðy;fÞR

]W
]y

: (Eq. 16)
Eliminating the electrostatic function Sðy;fÞ from Eq. (16) gives
2G0
1

sin y
]vf
]f

cos yþ ]

]y
ðvy sin y cos yÞ

� �

¼� 1
sðy;fÞR

1

sin2 y
]2W

]f2 þ 1
sin y

]

]y
sin y

]W
]y

� 
� �

� 1
s2ðy;fÞR

]s
]f

1
sin y

]W
]f

þ ]s
]y

]W
]y

sin y
� �

: (Eq. 17)

e special case of constant conductivity sðy;fÞ ¼ s, Eq. (17) can
In th
be written
2G0
1

sin y
]vf
]f

cos yþ ]

]y
ðvy sin y cos yÞ

� �
¼ � 1

sR
r2

HW ðy;fÞ;
(Eq. 18)

e r2
H is the horizontal Laplacian operator,
wher
r2
HW ¼ 1

sin y
]

]y
sin y

]W
]y

� 

þ 1

sin2 y
]2W

]f2 : (Eq. 19)

velocities in the upper atmosphere will be governed by the
Wind
Laplace tidal equation, and the components of the equation can be
used to simplify the expression on the left of Eq. (18).
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Laplace tidal equation

Taylor, in his paper on oscillations of the atmosphere (Taylor, 1936),
showed that when the temperature of the atmosphere is a function only
of height above the ground, free oscillations are possible which are
identical with those of a sea of uniform depth H, except that the ampli-
tude of the oscillations is a function of the height.
Movements of the upper atmosphere are governed by the Laplace

tidal equation, which includes Coriolis forces and conservative forces.
In vectorial form
]v
]t

þ 2O� v ¼ �rF (Eq. 20)

and vf denote the southward and eastward components of
If vy
velocity relative to the surface of the rotating Earth of radius a, the
horizontal components of Eq. (20) are
]vy
]t

� 2Ovf cos y ¼ � 1
R
]F
]y

;

]vf
]t

þ 2Ovy cos y ¼ � 1
R sin y

]F
]f

; (Eq. 21)

function F is the scalar potential of conservative forces,
The
F ¼ dp=rþ V : (Eq. 22)

eiMt time dependence, Eq. (21) can be written
With
iMvy � 2Ovf cos y ¼ � 1
R
]F
]y

;

iMvf þ 2Ovy cos y ¼ � 1
R sin y

]F
]f

: (Eq. 23)

eimf longitude dependence, the Laplace tidal equation in the form
With
of Eq. (23) can be solved for vy and vf,
vy ¼ iM

4RO2ð f 2 � cos2 yÞ
]F
]y

þ m
f
F cot y

� 

; (Eq. 24)

� 


vf ¼ �M

4RO2ð f 2 � cos2 yÞ
cos y
f

]F
]y

þ m
sin y

F (Eq. 25)

e f ¼ M=2O.
wher
From Eqs. (24) and (25), the divergence of the velocity is
1
sin y

]vf
]f

þ ]

]y
ðvy sin yÞ

� �
¼ iM

4RO2 LF (Eq. 26)

e the operator L is defined by
wher
LF ¼ 1
sin y

]

]y
sin y

f 2 � cos2 y
]F
]y

� 


� 1
f 2 � cos2 y

m
f

f 2 þ cos2 y
f 2 � cos2 y

þ m2

sin2 y

� �
F; (Eq. 27)

e f ¼ M=2O. Eigenfunctions FðyÞ of the operator L, are denoted
wher
YM ðyÞ and have eimf longitudinal dependence, and eiMt time depen-
dence,
LYM ¼ �ð4R2O2
�
ghM ÞYM : (Eq. 28)

pecific values of M, the eigenfunctions YM form an orthogonal�
For s
set. The eigenvalue 4R2O2 ghM is chosen to correspond to the theory
of the oscillations of a shallow ocean of depth hM on a rotating sphere
of radius R.
Eliminating the scalar potential Fðy;fÞ in Eq. (23) leads to the
remarkable simplification required in Eq. (18), namely
y
]vf
]f

cos yþ ]

]y
ðvy sin y cos yÞ

� �

¼ iM
2O

1
sin y

]vy
]f

� ]

]y
ðvf sin yÞ

� �
(Eq. 29)
Longuet-Higgins calculation

Longuet-Higgins (1968) used spectral analysis of tidal modes of
“stream function” and “potential” function type for a shallow ocean
on a rotating sphere. Tarpley (1970) pointed out the need to use wind
velocities based on the Laplace tidal equation, and not just the gradient
of a scalar potential. He showed the influence of the various tidal
modes in the combinations of spherical harmonic coefficients obtained
by analysis of global distributions of hourly mean values.

The horizontal components of velocity with potential and stream
function components, F and C, respectively, are
vy ¼ ]F
]y

þ 1
sin y

]C
]f

;

vf ¼ 1
sin y

]F
]f

� ]C
]y

: (Eq. 30)

rticular, the eigenvalues of the Laplace tidal equation yield eigen-
In pa
functions for F and C simultaneously. It follows from Eq. (30) that
1
sin y

]vf
]f

þ ]

]y
ðvy sin yÞ

� �
¼ r2

HF; (Eq. 31)

� �

1 ]v ]
sin y
y

]f
�
]y

ðvf sin yÞ ¼ r2
HC; (Eq. 32)

e r2
H is the horizontal Laplacian, defined in Eq. (19).
wher

When Fðy;fÞ and Cðy;fÞ are represented as a series of associated
Legendre functions,
Fðy;fÞ ¼
X1
n ¼ m

Am
n P

m
n ðcos yÞeiðmfþMtÞ;

Cðy;fÞ ¼
X1
n ¼ m

iBm
n P

m
n ðcos yÞeiðmfþMtÞ;

Eqs. (31) and (32) lead to the equations for the eigenvalues hM ,
then
and eigenfunctions, namely, in which the coefficients Am

n and Bm
n are

calculated simultaneously.
From Eqs. (26), (28), and (31), for the horizontal divergence of the

flow, the horizontal Laplacian of the potential flow is proportional to
the eigenfunctions YM
r2
HF ¼ � iM

4RO2 LY
M ¼ � iMR

ghM
YM : (Eq. 33)

Eqs. (18), (29), and (32), the velocity stream function term
From
Cðy;fÞ, is given in terms of the current function W ðy;fÞ, which has
been calculated by spherical harmonic analysis of geomagnetic data:
r2
HC ¼ ikO

aMG0
1

r2
HW ðy;fÞ: (Eq. 34)

tions (33) and (34) are valid only for an ionosphere with constant
Equa
conductivity, whereas the ionospheric conductivity will be small
during nighttime hours and large during daylight hours. For this
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particular approximation, Eq. (34) indicates that from the known
current function W ð y ; f Þ, the coefficients Bm

n of the stream function
component C ð y; FÞ of wind velocity can be obtained. These coeffi-
cients are determined by eigenvalue calculation at the same time as
coefficients Am

n of the potential function component Fð y ; fÞ of wind
velocity and allow a direct determination of wind velocity modes from
the magnetic field daily variation current function. See, for example,
Winch (1981).
Ionosph eric cond uctivity

The electrical conductivity of an ionized gas in the presence of a mag-
netic field is no longer uniform, but depends on the relative orientation
of the applied electric field and the magnetic flux density B . The elec-
tric field can be resolved into three components. Thus component of E
parallel to B is denoted E0 ; the component of E perpendicular to B
in the plane containing both E and B is denoted E1 ; the component
of E in the direction B � E is denoted E2 . The current density J is
given by
J ¼ s0 E 0 þ s 1 E 1 þ s 2 E 2 : (Eq. 35)

hich s0 is the longitudinal conductivity, s 1 the Pedersen conduc-
in w
tivity, and s2 the Hall conductivity.
Thus, if b is used to denote a unit vector in the direction of the mag-

netic flux density B, then if w is used to denote the magnetic dip, being
the angle that the magnetic needle dips below the horizontal, the sphe-
rical polar components of the unit vector b are
b ¼ � sin w er � cos w ey : (Eq. 36)

rical polar components of the electric field E0 ; E 1 and E 1 are
Sphe
E0 ¼ ðE 	 b Þ b;
¼ ðEr sin w þ Ey cos w Þ sin w e r þ ðEr sin w

þ Ey cos wÞ cos w ey
E1 ¼ E � E 0 ;

¼ ðEr cos w � Ey sin w Þ cos w e r � ðEr cos w � Ey sin w Þ
� sin w ey þ Ef ef ;

E2 ¼ b � E ;

¼� Ef cos w er þ Ef sin w ey þ ðE r cos w � Ey sin w Þ ef :
(Eq. 37)

spherical polar components of current are
The 
Jr ¼ðs 0 sin2 w þ s1 cos 2 wÞ Er þ ðs0 � s1 Þ sin w cos wE y
� s2 cos w Ef ;

Jy ¼ðs 0 � s 1 Þ sin w cos w Er þ ðs0 cos 2 w þ s1 sin 2 w ÞE y
þ s2 sin w Ef ;

Jf ¼ s2 cos wE r � s 2 sin wEy þ s 1 Ef : (Eq. 38)

e dip equator, w ¼ 0, and Eq. 38 reduces to
At th
Jr jw ¼ 0 ¼ s 1 Er j w ¼ 0 � s2 Ef
��
w ¼ 0 

;

Jy jw ¼ 0 ¼ s 0 Ey jw ¼ 0 ;

Jf
��
w ¼ 0 

¼ s 2 Er j w ¼ 0 þ s 1 Ef
��
w ¼ 0 

: (Eq. 39)

e dip equator, the fluid velocity v and the magnetic flux density B
At th
are both horizontal, and the dynamo electric field v � B will be a
purely radial field Er jw ¼ 0 . By the first of Eq. (39) , and electrostatic
field Ef

��
w ¼ 0

appears,
Er j w ¼ 0 ¼
1
s1

Jr jw ¼ 0 þ
s2
s1

Ef
��
w ¼ 0 

: (Eq. 40)

titution of Eq. (40) into Jf
��
w ¼ 0

of Eq. (39) gives
Subs
Jf
��
w ¼ 0 

¼ s2
s1

Jr jw ¼ 0 þ s 3 Ef
��
w ¼ 0

ich s3 is the Cowling conductivit y, defined at the dip equator by
in wh
s3 ¼ s 1 þ s 22
s1

¼ s 21 þ s 22
s1

; (Eq. 41)

h is clearly greater than the Pedersen conductivity s1.
whic

Eq uatorial elect rojet

At observatories within one or two degrees of the magnetic equator,
particularly at Huancayo in Peru, the regular daily variations in hori-
zontal intensity are larger than at observatories further away from the
magnetic equator. The section of the equivalent ionospheric current
system that is responsible for this variation was first called the equator-
ial electrojet by Chapman (Chapman, 1951), and it is a narrow band of
current flowing eastward along the magnetic dip equator in the sunlit
section of the ionosphere. Baker and Martyn (Baker and Martyn,
1953) showed that “ thin-shell ” approximation, in which the radial
component of current generated by the ionospheric dynamo is inhib-
ited, leads to an effective enhancement of conductivity in a narrow
band along the dip equator.

Vector component data from the Magsat satellite of 1980, in an orbit
that remained on the dawn and dusk terminators in the ionosphere-
magnetosphere region, allowed modeling of the morning and after-
noon structure of the equatorial electrojet. The more recent CHAMP
and Ørsted satellites, moving steadily through a range of local times,
provide information on the longitudinal distribution and local time
variation of the equatorial electrojet. Studies also continue at observa-
tories in India, Africa, and Vietnam that are along, and in lines directly
across the magnetic equator.
Thin-shell approximation

From the first of Eq. (38) use
ðs0 sin2 wþ s1 cos2 wÞEr

¼ Jr � ðs0 � s1Þ sin w cos wEy þ s2 cos w: (Eq. 42)

iminate Er in Eq. (38) to obtain
to el
Jy ¼ ðs0 � s1Þ sin w cos w
s0 sin2 wþ s1 cos2 w

Jr þ syyEy þ syfEf;

Jf ¼ s2 cos w
s0 sin2 wþ s1 cos2 w

Jr � syfEy þ sffEf: (Eq. 43)

tensor conductivity components are
The
syy ¼ s0s1
s0 sin2 wþ s1 cos2 w

;

syf ¼ s0s2 sin w
s0 sin2 wþ s1 cos2 w

;

sff ¼ s0 sin2 wþ s3 cos2 w
s0
s1

sin2 wþ cos2 w
: (Eq. 44)

e dip equator, w ¼ 0, the conductivitysff reduces to the Cowling
At th
conductivity,
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sff
��
w ¼ 0

¼ s3: (Eq. 45)

e ionosphere, s0 � 800s1, and this tends to keep the conductivity
In th
sff much smaller than the Cowling conductivity s3 in all regions
except those where the magnetic dip is small. In a narrow band along
the dip equator, corresponding to the equatorial electrojet, sff is
approximately equal to the Cowling conductivity.

Disturbance daily variation

The disturbance daily variation is simply the daily variation that occurs
when the Earth rotates about the geographic axis when it is surrounded
by a ring current system symmetric about the geomagnetic axis.

Annual variation

Walker, in his Adam’s Prize essay of 1866 (Walker, 1866) includes a
chapter on the annual variation, recording that Cassini noted an annual
variation in the direction of the compass needle in 1786. Modern ana-
lyses show that there are both annual and semiannual components.
Spherical harmonic analysis shows that the annual term is dominantly
a zonal quadrupolar term, and the semiannual term is a zonal dipolar
term. Determination of these long period terms is difficult due to alias-
ing by shorter period variations. For example, a calculation based on
midnight values only will detect the K1 tide, a sidereal time variation,
as an annual term. The precise origin of these terms is still debated,
but annual changes in the Sun-Earth geometry have been proposed,
together with the corresponding changes in the influences of the solar
wind on the Earth’s magnetosphere and ring current.

Denis Winch
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PLATE TECTONICS, CHINA

Our Earth is a layered planet with a dense iron core, a surficial crust of
light rock, and between them, a solid silicate, convecting mantle. Plate
tectonics is the surface manifestation of mantle convection. This activ-
ity gives rise to seafloor spreading, continental drift, earthquakes, and
volcanic eruptions. Specifically, plate tectonics is the theory and study
of plate formation, movement, interactions, and destruction, with sea-
floor spreading ridges, transform faults, and subduction zones as the
plate boundaries. Today, many displaced continental blocks have been
found in the world, and the original locations of some have yet to be
worked out. Nevertheless, the concept of continental drift is now
accepted as a necessary consequence of plate tectonics, and the com-
plexity of mountain belts is well recognized as the product of the great
mobility of lithospheric plates.

Paleomagnetism, which is the study of the ancient magnetism of the
Earth, has played a central role in this developing view of the dynamic
Earth. In the 1950s and early 1960s, scientists collected rocks on land
all over the world and determined their magnetism and ages in order to
reconstruct the history of the Earth’s magnetic field. This worldwide
effort led to the discovery of reversals of the geomagnetic field, and
thus the realization that the seafloor acts as a tape recorder of the
Earth’s magnetic reversals, and polar wandering (McElhinny and
McFadden, 2000). In particular, polar wandering is an interpretation
given to the observation that the magnetic pole—and the geographic
pole—has moved extensively in the geologic past. In the absence of
any external influences, however, the direction of the Earth’s axis of
rotation cannot shift but remains fixed in space for all the time due to
the law of conservation of angular momentum. The only way out of this
dilemma is—the continents have to be moved relative to the axis of rota-
tion. Thus, polar wandering is actually a manifestation of the mobility of
the lithospheric plates. There are two principal ways of summarizing
paleomagnetic data for a given region. One approach is to construct
paleogeographic maps of the region for different geologic periods.
These maps are mostly useful for comparison with relevant information,
but not easy to view overall variations over different geologic time inter-
vals. A much simpler and convenient way is to plot successive positions
of paleomagnetic pole for a given continent from epoch to epoch on the
present latitude-longitude grid. Such a path, traced out by the paleomag-
netic poles and relative to the continent, is called the apparent polar
wander path (APWP).
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Fundamental principles in paleomagnetism

The first assumption of paleomagnetism is that the time-averaged geo-
magnetic field is produced by a single magnetic dipole at the center of
the Earth and aligned with the Earth’s rotation axis (McElhinny and
McFadden, 2000). Thus, the calculated paleomagnetic pole coincides
with the geographic pole. This geocentric axial dipole (GAD) hypothesis
means that, when averaged over time, magnetic north is geographic north
and there are simple relationships between the geographic latitude and
the inclination of the field, which are the cornerstones of paleomagnetic
methods applied to plate reconstruction and paleogeography. Paleomag-
netic data can be used to find latitude and north-south orientation of the
paleocontinents. Paleolatitude can be also checked with paleoclimate
records (Irving, 1964). Although it is not possible to assign longitudinal
position to the paleocontinents, the relative positions of the continents
around the globe can often be pieced together by matching the shapes
of apparent polar wander paths.
The configuration of the Earth’s field today is modeled fairly clo-

sely by a geocentric dipole inclined at 11.5� to the rotation axis, but
the field for most of the Tertiary, when averaged over periods of sev-
eral thousand years, agrees well with the GAD model (Merrill et al.,
1996). During the 1950s and early 1960s, many questioned the valid-
ity of the GAD hypothesis during the Paleozoic and Mesozoic. With
the expansion of paleomagnetic data and development of plate tec-
tonics studies, the validity of the GAD hypothesis as a good working
approximation now appears to be on solid ground (McElhinny and
McFadden, 2000). Rigorously selected paleomagnetic data are in quite
good agreement with plate tectonic reconstructions and also internally
self-consistent under the assumption of a GAD field (Besse and
Courtillot, 2002). Moreover, paleolatitude changes calculated from
paleomagnetic data are consistent with paleoclimatic changes: the dis-
tribution of various paleoclimatic indicators is latitude dependent
(Irving, 1964; Ziegler et al., 1996).
The second assumption of paleomagnetism applied to plate tec-

tonics is that one can use rocks as fossil compasses that record the
Earth’s ancient field. Study and experiments have proved that igneous
and sedimentary rocks acquire primary magnetization when they were
formed (McElhinny and McFadden, 2000). But determining whether
the natural remanent magnetization of rocks is primary is often proble-
matical and challenging. The original magnetization may be unstable
to later physical or chemical processes and partially or completely
overprinted over geologic time. Some sedimentary rocks have been
shown to record paleomagnetic directions significantly shallower than
the ancient field direction, a phenomenon termed inclination error
(Tauxe, 1998, 2005). An important factor in making meaningful tec-
tonic interpretations from volcanic rocks is the need to sample many
separate flows that span many thousand years, a requirement that can-
not always be fulfilled. The reason for this is the necessity of aver-
aging out secular variation of the magnetic field, which typically
produces a 10–20� angular dispersion of instantaneous directions, so
as to obtain the time-averaged, GAD field direction (McElhinny and
McFadden, 2000).

Supercontinent Gondwanaland and its dispersion

The past existence of the Gondwanaland supercontinent, a huge land-
mass comprised of over half of the world’s present continental crust, is
now clearly confirmed by paleomagnetic and paleobiogeographic data
(Li, 1998). Late Precambrian to Early Paleozoic paleomagnetic data
suggest that the Gondwanaland supercontinent had assembled just
before the end of Early Cambrian (520 million years ago, Ma) as a
result of collision between proto East Gondwanaland (Antarctica,
India, Australia) and proto West Gondwanaland (Africa, Arabia, South
America, and possibly Madagascar). For at least 100 Ma during the
Late Devonian to Middle Carboniferous, Gondwanaland is thought
to have remained over the south pole, as indicated by the available
paleomagnetic data (Li and Powell, 2001) and southern cold-water
fauna (Yin, 1988) and cool-climate flora (Runnegar and Cambell, 1976;
Ziegler, 1990). By 320–310 Ma, Gondwanaland had collided with
Laurussia to form a single supercontinent named Pangea, which
stretched from pole to pole. The fragmentation of Pangea occurred
as a result of plate tectonics and continental drift over Late Paleo-
zoic, Mesozoic, and Cenozoic time to form the modern continents
and oceans (Metcalfe, 1999).

Starting in Late Paleozoic time, fragmentation of Pangea (and former
Gondwanaland continents) and the concomitant expansion of Eurasia
have occurred repeatedly. The latest example is the addition of India to
Eurasia in Early Cenozoic time (McElhinny and McFadden, 2000).
Indeed, this global geographical reorganization is still in progress, as evi-
denced in part by the continued movement of Australia northward
toward Asia (White, 1995). The ability of modern science to reconstruct
this paleo-supercontinent is truly impressive. Earth scientists are conti-
nuing to sort out more details of this complex jigsaw puzzle, whose
individual pieces change shape over geologic time.
Tectonic framework of China

China, which covers 9.6 million square kilometers (6.5% of the
Earth’s land surface) in eastern Asia, is complex and interesting from
both tectonic and paleogeographic standpoints. In its simplest form,
China consists of three large Precambrian continental cratons, namely,
the Tarim, North China Blocks, and South China Blocks (NCB and
SCB), separated by Paleozoic and Mesozoic accretionary belts, as well
as several smaller blocks or terranes (Tibet, Junggar and Qaidam basins,
and the Alashan/Hexi Corridor, see Figure P47). Several recent studies
favor the hypothesis that these continental blocks and terranes were
derived fromGondwanaland (Wang et al., 1999). A close biogeographic
association of South China with Australia has been recognized for both
the Cambrian and Devonian, suggesting that South China may have
been part of Gondwanaland in Early and Middle Paleozoic time (Burrett
and Richardson, 1980; Long and Burrett, 1989). Some paleontological
data from Tarim show that Cambrian and Ordovician Bradoriida fossils
are very similar to those of South China, which in turn would suggest
that Tarim was also part of Gondwanaland in the Early Paleozoic
(McKerrow and Scotese, 1990; Shu and Chen, 1991). But it is less clear
whether North China belonged to Gondwanaland or not during this
same period. Early Cambrian fauna from North China show affinity
with Australia, but Ordovician benthic trilobite assemblages in North
China show more similarity with those of Siberia and North America
(Burrett et al., 1990). Comparative studies of the tectono-stratigraphy,
paleontology, and structural geology of the various terranes in the Tibe-
tan Plateau suggest that they were all derived directly or indirectly from
Gondwanaland (Metcalfe, 1999) and added successively to the Eurasian
plate during the Mesozoic and Cenozoic eras (Burg and Chen, 1984).

If, indeed, these Chinese blocks and terranes were associated with
Gondwanaland during the Early Paleozoic, then the key questions
would be, when and in what sequence did these blocks rift off from
Gondwanaland and stitch as they are at present. As outlined below,
geologic data germane to these questions are sparse and subject to con-
flicting interpretations (e.g., Klimetz, 1983; Mattauer et al., 1991; Hsu
et al., 1988).
North China block

The North China block is bounded on the north by the Central Asian
Fold Belt and on the south by the Qilian-Qingling-Dabie Shan (“shan”¼
mountain in Chinese). The Tancheng-Lujiang (more often referred
to by the Chinese contraction “Tanlu”) fault runs through the eastern
part of the NCB, and sharply cuts the Qinling belt at its eastern end.
There is considerable debate as to whether or not the fault represents
the eastern boundary of the NCB, and its origin and history of devel-
opment. The oldest basement rock was dated as 3670 � 230 Ma, which
is possibly the oldest age in China (Li and Cong, 1980). The oldest
unmetamorphosed sedimentary cover has been dated at 1700 Ma
(Wang, 1993).



Figure P47 Simplified map (after Halim et al., 2003) of Eastern Asia showing the main sutures and faults (KF, Karakorum fault;
MBT, Main Boundary Thrust). The major blocks are: Afg, Afganistan; Eur, Eurasia; Inc, Indochina; Ind, India; Jun, Junggar; Kaz,
Kazakhtan; Kun, Kunlun; Mon, Mongolia; NCB, North China block; Qa, Qaidam; Qi, Qiangtang; Sib, Siberia; SCB, South China
block; ST, Shan Tai; and Tar, Tarim. Also indicated are the main locations where Cretaceous paleomagnetic data are available.
Declination is indicated by arrows (a thin line indicates geographic north, it is vertical because of the projection selected). Open
arrows are for areas suspected of major local scale deformation or unreliable paleomagnetic data. Solid arrows are thought to be
representative of the individual blocks at a larger scale.
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The Paleozoic sections of the NCB are dominated by Lower Paleo-
zoic marine carbonates and characterized by a great sedimentary hiatus
from the Late Ordovician through Early Carboniferous, although rare
strata within this age span apparently exist on its western boundary.
This remarkable hiatus has led many geologists to the conclusion that
the NCB was separated from currently adjacent blocks during much of
Paleozoic time. From the Late Permian onwards, its sediments are of
continental origin.
The Korean Peninsula is situated east of the NCB. Traditionally,

Korea has been incorporated with the NCB into a single craton
(Sino-Korea) based on the close similarity of Paleozoic stratigraphy.
Depending on the significance of Tanlu fault movement, it is possible
that the Korean Peninsula (or part of it) was formerly located close to
the South China Block, a question that is still intensively debated.
Geological estimates of the age of accretion of the NCB with Siberia

to the north are also controversial. It is assigned a Middle Paleozoic
age (end of Devonian and Hercynian Orogeny), while Klimetz
(1983) ascribes it to the Mesozoic. By analyzing paleobiogeographic
data, Laveine et al. (1989) argued that the Chinese blocks must have
been close to Europe in the Late Carboniferous, as shown by plant
migration routes.
South China block

The South China Block is bounded on the north by the Qinling and
Dabie Shan, which mark the suture between the SCB and NCB (see
Figure P47). Exposures of basement rocks are limited, but a U-Pb
ziron date of 2860 Ma was reported for migmatitic granite in Guangxi
province, indicating that the block may have formed in the late
Archean. The basement of the SCB was finally consolidated around
850–800 Ma. The Paleozoic and Mesozoic strata consist mainly of
marine carbonate and clastic sediments, with continental lava flows
in the Late Permian. The Cenozoic strata are mainly red beds.

In the eastern part of the Qinling-Dabie Mountains, ultrahigh-pres-
sure, coesite- and diamond-bearing metamorphic rocks crop out. Ages
from U-Pb dating of zirons from eclogites range from 250 to 220 Ma,
which correspond to the time when sedimentation in the SCB changed
from marine to continental. This change was heralded by the
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voluminous eruption of the Emeishan basalts in southwestern China
around 250 Ma. Great quantities of Jurassic red beds in the Sichuan
Basin indicate that large neighboring mountains were being eroded
at that time. Northeast of the Dabie Shan in eastern Shandong Penin-
sula lies another ultrahigh-pressure coesite-bearing metamorphic suite.
Similarities in mineralogy of the Shandong and Dabie Shan meta-
morphic assemblages suggest they were once part of the same belt that
was later displaced about 500 km by the Tanlu fault in a left-lateral
sense. There are widely different estimates on the timing of collision
between the SCB and NCB based on geologic data. These estimates
vary from the Precambrian and Middle Paleozoic to the end of the
Paleozoic and earliest Mesozoic.
The SCB is commonly segregated into the Yangtze block to the

northwest and mobile belts to the southeast. In general, the division
between the Yangtze block and exotic terranes is demarcated south
of the exposed Meso- to Neoproterozoic low-grade metamorphic rocks
called the Jiangnan old land. Jiangnan rocks include ophiolite and
thick argillaceous turbidites that extend for over 1000 km. Using Sm
(samarium) and Nd (neodymium) isotopes, two laboratories have
dated two of the ophiloite suites at 1024 � 24 Ma and 935 � 34 Ma,
and 1034 � 24 Ma and 935 � 10 Ma, respectively. Li et al. (1995)
and Li (1998) suggested that the Yangtze Block and fold belts to
the southeast were amalgamated in the late Proterozoic at around
1000 Ma and are separated by a failed intracontinental rift activated
during the breakup of Rodinia at around 700 Ma. There is no well-
documented evidence of a Phanerozoic suture in the SCB. Hsu et al.
(1988) proposed a Mesozoic age collision model based on the discovery
of Mesozoic thrust structures in south China. This new interpretation
of south China tectonics has since led intensive debate.

Tarim and Junggar basins

Tarim is a rhombic-shaped basin, bounded by the Tianshan, (“Celestial
Mountains”), Kunlun and Altyn Taghmountain ranges, with Precambrian
basement (3.3 Ga) exposed along its periphery (Hu and Rogers, 1992),
attesting to an extensive geologic history for the block. Tarim became
an inland basin since the beginning of the Mesozoic and it is presently
covered by the Takalamagan ( Takla Makan) desert, with Paleozoic rocks
occurring mostly along its northern and southern margins. Cambrian and
Ordovician strata are distributed mainly along the northern periphery of
the basin, whereas the Silurian, Devonian, Carboniferous and Permian
are mainly distributed in the northwestern part of the basin (Keping area).
The lithologies of these Paleozoic sequences are mainly dolomitic lime-
stone and red and yellow siltstones. The Mesozoic and Cenozoic strata
consist mainly of green sandstone and red mudstone and are distributed
in the northeast part of the basin (Kuche depression). A late Paleozoic
(Hercynian) orogeny was responsible for a general unconformity
between Paleozoic and Mesozoic formations.
Of the three major blocks that compose the tectonic framework of

China, Tarim, being the most inboard must have arrived at its present
position at least as early as any of the more outboard blocks and ter-
ranes. There is no clear suture zone between Tarim and the NCB.
Indeed, some geologists considered the NCB and Tarim to have
formed a rigid block since the Neoproterozoic because an almost con-
tinuous—“Hexizoulang”, equivalent to “Hexi Corridor”—of Precam-
brian and Paleozoic formations connects the NCB and Tarim. This
idea has been abandoned because available paleomagnetic data sug-
gest that these two blocks did not assume their present configuration
for sometime in the Mesozoic.
The Junggar Basin, often considered to be the southeast extremity of

the Kazakhstan Block, sits in a complicated region squeezed between
the Tarim Basin on the south, the Kazakhstan Block on the west, and
Siberia to the northeast. Unlike the Tarim Basin, there are no known
exposures of Precambrian rocks along the Junggar Basin margins.
However, some researchers have suggested that Junggar is underlain
by Precambrian crystalline basement, based entirely upon gravimetri-
cally determined depths to the Moho (e.g., Ren et al., 1987). Other
workers believe that it is underlain by a basement of structurally imbri-
cated Ordovician to Lower Carboniferous accretionary metasedimen-
tary rocks and oceanic crustal fragments. The oldest rocks in this
region are of Late Cambrian age (508 � 60 Ma). Middle Devonian
strata consist of spilitic pillow lavas interlayered with radiolarian
cherts and associated limestone horizons. Carboniferous units consist
mainly of marine to continental volcanic rocks interbedded with clas-
tics. Potassium-rich granitic plutons and their extrusive equivalents,
which have Permian K-Ar ages and Middle to Late Carboniferous
U-Pb ages are common in west Junggar. Permian rocks are mainly
continental clastics and volcanic extrusive. At many localities igneous
dikes of Permian age intrude the Carboniferous formations. Triassic
and Jurassic sequences are all continental clastics.

Collision between Tarim and Junggar along the Tianshan Range has
been inferred to be Early Permian in age, based on geological features
such as the termination of andesitic volcanism, the development
of unconformitites between late Early Permian and underlying units,
the intrusion of widespread syncollisional to postcollisional granites
in the Tianshan and the mixture of Angaran and Cathaysian flora
across the Tianshan.
Alashan/Hexi Corridor terrane

Situated west of Ordos, the Alashan/Hexi Corridor terrane is bounded
on the north by Central Asian Fold Belt and is separated from the Qai-
dam terrane by the Qilian Shan fold belt to the south. The western
boundary with the Tarim is not clearly delineated but is thought to
be within the northern Qilian Shan.

The oldest rock of the Alashan/Hexi Corridor terrane is Precambrian
(about 1850 Ma), as the Precambrian Longshoushan Formation in the
southern part is intruded by granites 1789 Ma in age (Yang et al.,
1986, p. 244). The first most recognized regional uncomformity in
southern Alashan area is between Middle and Late Cambrian (the
Xianshan Formation), which can be correlated to the coeval unconfor-
mity the Ordos basin, one of the most stable parts of the NCB. In con-
trast, this geologic pattern never penetrated into the Central Asian Fold
Belt, indicating the latter indeed is the geologic/block boundary.
Because of these geological observations, Alashan/Hexi Corridor terrane
is believed to be part of the NCB at least since the Late Cambrian and was
still receiving deposition while most other parts of the NCBwere standing
higher during Late Ordovician to Early Carboniferous time.

Tibet and Qaidam basin

Tibet is a collage of continental terranes that accreted onto Eurasia
ahead of India. From north to south, the Tibetan terranes are the
Kunlun, Songpan-Ganze, Qiangtang, Lhasa, and Himalaya terranes,
the latter being actually part of the Indian subcontinent (see Figure
P47). Geologic studies suggest that these terranes collided with Eura-
sia at times progressively younging southward (Dewey et al., 1988;
Yin and Harrison, 2000; Davis et al., 2002). The amalgamation of
the Kunlun and Songpan-Ganze terranes is marked by a broad Early
Paleozoic arc on which was later superposed a Triassic arc (Burchfield
et al., 1992). The Qiangtang terrane accreted to the Songpan-Ganze
terrane along the Jinsha suture during the Late Triassic or Early Juras-
sic (Xiao et al., 2002), followed by the docking of the Lhasa terrane
against the Qiangtang block along the Bangong-Nujiang suture during
the Late Jurassic (Dewey et al., 1988), although the precise age of
suturing and subsequent reactivation by other collisions are still
debated. The Indian subcontinent in turn collided with these terranes
along the Yarlung-Zangbo suture during Late Cretaceous to Eocene
time (Murphy et al., 1997).

The Qaidam Basin is relatively a lower elevation region of the
northeast Tibetan Plateau bounded by the Altyn Tagh fault to the
northwest, the Kunlun fault to the south, and the Nan Shan fold-and-
thrust belt to the northeast. The nature of Qaidam’s basement is not
known because it is buried under thick cover strata and still no sufficient
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borehole or geophysical data are available. Cover strata consist of
Cenozoic clastics of terrestrial facies. Tertiary continental sediments
in the Qaidam Basin reach several kilometers and serve as the main
oil producing layers in the basin. Qaidam’s mountain ranges probably
formed as ramp anticlines stacked upon a crustal-scale thrust fault.
However, compared to complexly deformed surrounding areas,
the Qaidam Basin shows only limited deformation of Cretaceous to
Tertiary sedimentary cover.
In summary, these geological observations provide fundamental

constraints on tectonics models of Chinese blocks. Although the geol-
ogy of the fold belts between these major Chinese blocks and terranes
has the potential of constraining the times of collisions more tightly
than the geology of the blocks themselves, the complexity of these
fold belts has led to widely different views of the tectonic history of
the region. With Gondwanaland in high southern paleolatitudes during
the Late Paleozoic and the Chinese blocks nowadays situated at mid-
northern latitudes, paleomagnetism is obviously an ideal tool by which
to test various Paleozoic paleogeographic models and to unravel the
later northward relative motions of these blocks and terranes if they
were part of Gondwanaland. As explored below, paleomagnetism
offers an independent—and complementary—source of constraints
in terms of the style of convergence and timing of amalgamation of
individual continental blocks.

Paleomagnetic constraints on tectonic history of major
chinese blocks
The tectonic relationship between crustal blocks can be constrained by
comparison of their paleomagnetic poles. If reliable poles of the same
age from two blocks are significantly different, one must conclude that
the two blocks have moved relative to one another sometime after
remanent magnetization was acquired. The converse is not necessarily
true, since it is not possible to assign longitudinal position to the paleo-
continents according to the GAD model.
Paleomagnetic investigation in China began in the early 1960s.

Great development in the acquisition of paleomagnetic data has been
made since early 1980s. In particular, the Cretaceous is well-studied
paleomagnetically both in terms of data quality and area distribution
(see Figure P47). The Global Paleomagnetic Data Base nowadays
has included studies from the Chinese literature, but there is still a
large variation in quality and reliability of the poles. Detailed reviews
of paleomagnetic poles (“paleopoles” for short) for Chinese blocks
have been given in several papers and books (e.g., Lin et al., 1985;
Zheng et al., 1991; Enkin et al., 1992; Zhao and Coe, 1987; Van der
Voo, 1993; Zhao et al., 1996, 1999; McElhinny and McFadden,
2000; Zhu and Tschu, 2001; Yang and Besse, 2001). Several addi-
tional paleopoles have become available since 2001. Up to 2003, a
total of 415 paleomagnetic poles have been published for Chinese
blocks and terranes. Some of these poles are still subject to debate
and interpretation. Any serious use of paleomagnetic data from China
should always involve independent evaluation and assessment of each
study. Thus, our intention is not to list the detailed references for these
415 paleopoles and discuss exhaustively the significance of data.
Readers are referred to the Global Paleomagnetic Data Base Version
4.6 (www.tsrc.uwa.edu.au/data_bases) for more information. These
paleomagnetic poles, from both Chinese and English language journals
and books, are briefly outlined below.
Paleomagnetic studies in the North China block
(+Hexi Corridor and Korea): 118 Poles

Quaternary (3 poles)

The Quaternary is represented by only three paleomagnetic poles: two
studies on the Chinese Loess Plateau in Shaanxi province and one
study on basalt flows in Shandong province.
Tertiary (7 poles)

Little work has been done on Tertiary rocks in North China as well:
Only a total of seven paleopoles have been reported from volcanic
and sedimentary rocks from Inner Mongolia, Hebei, Shandong, Shanxi,
and Gansu provinces. Most of the results passed reversal tests, although
the reliability of some of the studies can still be argued. The scarcity of
reliable paleomagnetic poles for these younger geologic time intervals
seems to be a result of the low research priority given to them.

Cretaceous (16 poles)

Twelve Cretaceous paleopoles have been reported from Ningxia,
Gansu, Shaanxi, Shanxi, Henan, Shandong, and Inner Mongolia of
the NCB. In addition, four studies on Cretaceous rocks from South
Korea have been published in the literature. These Cretaceous-aged
poles obtained from widely separated regions are consistent with each
other, suggesting that these areas occupied the same relative positions
in terms of paleolatitudes since the Cretaceous. Clockwise vertical-axis
block rotations of 30� of Korea relative to the NCB, however, are
implied by the Cretaceous data for Korea.

Jurassic (12 poles)

Only one Early Jurassic pole is available from Shaanxi province. Four
Late Jurassic poles have been published from three areas of Inner
Mongolia and Shanxi provinces and six paleopoles are available for
the Middle Jurassic that were derived from sedimentary rocks in
Shaanxi and Shanxi provinces. One Late Jurassic pole was reported
from Korea, again showing the region has rotated clockwise with
respect to China. There is still a worldwide deficiency of Early Jurassic
paleomagnetic poles, and North China is no exception.

Triassic (23 poles)

The Late Triassic in the NCB has only been studied in one region of
Shanxi province (2 poles). Nine paleopoles were reported from Middle
Triassic formations in Shaanxi and Shanxi provinces. Twelve paleo-
poles are available for the NCB from the Early Triassic sections in
Liaoning, Shandong, Shanxi, and Shaanxi provinces, but five of them
are clearly questionable.

Permian (26 poles)

A total of 19 Late Permian poles have been obtained from 14 sections
distributed over Hebei, Shanxi, Shaanxi, and Inner Mongolia. There
are also four Late Permian paleopoles available for Korea. In contrast,
only three Early Permian paleopoles are available from Shaanxi and
Shanxi province, which are significantly different from each other.
Like the Early Triassic, the distribution of the Late Permian paleomag-
netic poles is streaked along a small circle centered on the NCB, indi-
cating significant internal deformation that has caused local rotations.

Carboniferous (6 poles)

Two studies have reported Middle-Late Carboniferous results from
Shanxi and Shaanxi province for the NCB. None of them was consid-
ered reliable (Zhu and Tschu, 2001), underscoring that more paleo-
magnetic study of Carboniferous rocks should be a future research
focus. Four preliminary Late Carboniferous paleomagnetic poles were
reported from Korea.

Devonian and Silurian (5 poles)

Because of the great sedimentary hiatus during the Devonian and Silur-
ian for the NCB, three studies were conducted in the Alashan/Hexi
Corridor in the Ningxia Hui Autonomous region on Middle to Late
Devonian and Silurian red beds. Two Middle to Late Devonian and
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three Middle to Late Silurian paleopoles have been published from
these studies.

Ordovician (10 poles)
Nine paleopoles have been obtained from Liaoning, Hebei, Shandong,
Shaanxi provinces and the Ningxia Hui Autonomous region that are
distributed along a small circle centered on the NCB, indicating local
rotations. One Early Ordovician pole was obtained from Korea. There
was a dispute on the magnetic polarity of the stable magnetization
from the Ordovician rocks in China, which was resolved by a
recent magnetostratigraphic study on rocks spanning the Cambrian/
Ordovician boundary and into early Ordovician.

Cambrian (10 poles)

Ten Cambrian paleopoles have been reported for the NCB that were
derived from rock formations from Liaoning, Shandong, Shanxi,
Shaanxi, and Ningxia. These poles can be grouped into three clusters.
One group (3 poles) is close to the Triassic pole of the NCB and with-
out stability tests. These poles are suspicious because they may have
been remagnetized in the Triassic. Poles in the second group fall near
the equatorial area of the western Atlantic while those in the third
group are in the eastern Atlantic. The scatter of paleopoles may result
from the local rotation of sampling areas or unsatisfactory removal of a
second magnetization component.

Paleomagnetic study in the South China
block: 204 poles

Quaternary (5 poles)

Early Quaternary poles were obtained from a basalt formation in
Jiangsu (1 pole) and clays from Yunnan (4 poles). No details concern-
ing sampling sites and laboratory work were given.

Tertiary (24 poles)

Tertiary paleomagnetic data are numerous for the SCB. A total of
24 paleopoles are available for the SCB, which come from red beds
and basalt formations in Yunnan, Guangdong, Sichuan, Hubei, Hunan,
Zhejiang, and Jiangsu provinces.

Cretaceous (26 poles)

Of the 26 paleopoles determined for the Cretaceous, 12 come from
sedimentary rocks in Sichuan province. The rest are obtained from
red beds and mudstones in Guangxi, Fujian, Yunnan, and Guangxi
provinces. There are two poles obtained from volcanic rocks in
Zhejiang and Hong Kong, respectively.

Jurassic (31 poles)
Fourteen poles have been published for the Late Jurassic of the SCB,
which were obtained from sandstone and mudstone formations in
Zhejiang, Sichuan, Anhui, and Yunnan provinces. The Middle Jurassic
is represented by 11 paleopoles that come from sedimentary and volca-
nic rocks from Guangxi, Hubei, Anhui, Sichuan, Guizhou, and Hong
Kong. Six paleopoles from sandstone formations in Sichuan, Hubei,
Anhui, Guangxi, and Yunnan are available for the Early Jurassic.

Triassic (49 poles)

Fifteen Late Triassic poles have been isolated from siltstone sites in
Sichuan and Yunnan provinces. Nine Middle Triassic poles were
reported from limestone and red sandstone in Hubei, Jiangsu,
Guizhou, Sichuan, Hunan, and Guangxi provinces. Most of poles from
the Early Triassic limestone formations are from Sichuan. It is impor-
tant to note that Early Triassic poles from limestone and sandstone
formations of Jiangsu and Zhejiang in the eastern extreme of the block
are coherent with the poles from west (Sichuan), suggesting that the
SCB has behaved more or less rigidly since at least this period.

Permian (30 poles)

Many high-quality paleomagnetic data for the Late Permian have been
presented since McElhinny et al.’s (1981) pioneering paleomagnetic
paper on the Emeishan Basalt from Sichuan. Those poles are now
from both the Emeishan basalt from Yunnan and Guizhou provinces
and red limestone and sandstone from Hubei, Zhejiang, Guangdong,
and Sichuan. In contrast, only one Early Permian pole is reported from
a limestone section in Hubei province. It is worth mentioning that, like
many other fields in Earth sciences, progress in the paleomagnetic data
of China has grown through repeated trials, criticisms, and improve-
ments. Some studies may encompass entire lifetimes of devoted work.
The debate on the age of magnetization of the Late Permian Emeishan
Basalt from the SCB is a case in point. Debate has continued for the
last 15 years as to whether the observed magnetic direction is primary
or secondary. Although a reported positive conglomerate test by
Huang and Opdyke (1995) effectively refuted the suspicion that the
directions from the Emeishan Basalt may represent a remagnetization
of Triassic or even Jurassic age, it may still require more extensive
investigations to unequivocally settle the question.

Carboniferous (5 poles)
Out of the 5 Carboniferous poles published from limestone and mud-
stone formations in Zhejiang, Yunnan, and Fujian provinces, none of
them, however, can demonstrate the age of magnetization with cer-
tainty, reflecting the still insufficient inventory of Chinese paleomag-
netic data.

Devonian (5 poles)

Five poles of Devonian age for the SCB are reported from sandstone
formations in Zhejiang, Jiangsu, Yunnan, and Sichuan. The data set is
relatively small and also subject to debate. Only one pole was selected
by McElhinny and McFadden (2000) to be included in their book.

Silurian (8 poles)

Silurian poles for the SCB were reported from red beds, sandstone,
and limestone in Guizhou, Zhejiang, Hubei, Yunnan, and Sichuan
provinces. These poles have been all determined using the modern
methods and analytical techniques.

Ordovician (8 poles)

Eight Ordovician paleomagnetic poles have been reported for South
China that were derived from limestone and sandstone in Zhejiang,
Hubei, Yunnan, and Sichuan province. These poles generally have
poor quality.

Cambrian (5 poles)

The collected Cambrian poles were derived from rocks from Zhejiang,
Hubei, and Yunnan provinces. The poles are very different from Cam-
brian poles of the NCB, suggesting that North and South China were
two different continental blocks during Cambrian.
Paleomagnetic study in the Tarim and Junggar
basins: 52 poles

Quaternary (1 pole)

Only one study of Quaternary basalt from the southeast of the Tarim
Basin has been published. The age of the basalt is still in dispute,
but it seems reasonable for it to represent the Quaternary.
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Tertiary (11 poles)

Tertiary paleomagnetic poles for Tarim were mainly obtained from the
Aertushi region of western Tarim, the Kuche depression of northwest
Tarim, and the Maza Tagh range in the central Tarim Basin. Up to
1990, the paleomagnetic database for Tarim was very sparse. The last
13 years saw a major increase in the number of paleomagnetic data for
Tarim, which is rather fortunate because tectonic rotations caused by
the Indian collision might be constrained by such data.

Cretaceous (10 poles)

Eight Cretaceous poles were reported for Tarim, all of them from the
Kuche depression in northwestern Tarim. Of the eight poles, six were
derived from red beds and two were from basalt formations in the
Tuoyun area of western Tarim. Two Cretaceous poles were published
for the Junggar basin, which are close to Cretaceous poles for Tarim.

Jurassic (4 poles)

One Late Jurassic and three Middle Jurassic pole are available for
Tarim. Both were derived from red bed formations in southwestern
Tarim. No coeval pole is available for the Junggar basin.

Triassic (3 poles)

The Triassic of Tarim is represented by three poles (one each in the
Late, Middle, and Early Triassic). Among them, only the Late Triassic
was well studied through a magnetostratigraphic investigation.

Permian (14 poles)

Permian paleomagnetic poles for Tarim are mainly from volcanic
rocks in the Aksu, Keping, and Kuche areas of western Tarim, with
7 poles for Late Permian and 5 poles for the Early Permian. Two Late
Permian poles have been reported for the Junggar Basin, which is con-
cord with the Permian poles for Tarim. The number and quality of Per-
mian paleopoles for Tarim is quite impressive, suggesting one should
treat these poles seriously. No paleopoles older than Permian were
reported from the Junggar basin.

Carboniferous (4 poles)

Four Carboniferous paleopoles are available for Tarim, which were
all derived from sedimentary rocks (limestone and sandstone) from
South western Tarim.

Devonian (3 poles)

Three Devonian paleomagnetic poles were reported for the Tarim,
obtained from both the north and south rims of Tarim.

Silurian (3 poles)

There are three middle Silurian poles for Tarim. The magnetization is
dominated by an extremely weak, recent-field component of magneti-
zation that was carried by goethite. Clearly, these poles are unaccepta-
ble for tectonic study.

Ordovician (1 pole) and Cambrian (1 pole)
Although the number of poles for these two periods is extremely
sparse, the reported poles each pass fold and reversal tests and place
Tarim in low paleolatitudes during Cambrian and Ordovician.

Paleomagnetic studies in the Tibet and Qaidam
basin: 38 poles

Since the early 1980s, paleomagnetic investigation has been an impor-
tant aspect of all the major geologic expeditions conducted on the
Tibetan plateau. While paleomagnetic investigations of the Cretaceous
and younger rocks from the plateau have yielded useful constraints for
the Lhasa and Qiangtang terranes (Achache et al., 1984; Lin and
Watts, 1988; Otofuji et al., 1989; Huang et al., 1992; Chen et al.,
1993), studies on the Paleozoic formations were often hampered by
lack of favorable lithology, multiphase deformation, and metamorph-
ism that has obliterated the primary magnetization (Lin and Watts,
1988; Otofuji et al., 1989; Huang et al., 1992). Triassic and Jurassic
paleomagnetic directions also tend to be remagnetized (Chen et al.,
1993). As a result, there are a total of 8 Tertiary and 13 Cretaceous
paleomagnetic poles for Tibet.

Among the Late Cretaceous paleomagnetic results from Tibet, those
reported from south Tibet (Achache et al., 1984), east Qiangtang
(Huang et al., 1992), and west Qiangtang (Otofuji et al., 1989; Chen
et al., 1993) appear to have high quality, each with positive fold test
result. However, there is a serious problem in interpreting these Late Cre-
taceous data in terms of paleolatitude. The study on the Late Cretaceous
Takena red beds and Paleocene andesites of the Lhasa Block yielded a
paleolatitude of 15–20� N for Lhasa. It should be pointed out that the
Paleocene Lingzizong volcanics in the Lhasa area give consistent result
(with positive fold and reversal test) with the underlying Cretaceous
strata (Achache et al., 1984) and provide a notable example that both
red beds and volcanic rock in the Lhasa area recorded the same ancient
magnetization. Lin and Watts (1988) sampled the Takena formation in
the Linzhou area as well as Late Cretaceous volcanic units in Nagqu
and Qelico. Their data pass a fold test and give slightly lower paleolati-
tudes (7.6 � 3.5�N), but still similar to the results of Achache et al.
(1984). If we use the mean of these three results, the paleolatitude of
Lhasa in the Late Cretaceous would be about 12.5�N. A comparison
of this value with that predicted by the reference pole (Besse and
Courtillot, 1991) would confirm the conclusion of Achache et al.
(1984, p. 10335) that crustal shortening of the order of 2000 km has
occurred between Lhasa and Eurasia since the Late Cretaceous. Calcula-
tions of shortening using the Early Tertiary Linzizong volcanic rocks
yield a similar amount of northward displacement of the Lhasa terrane.
This is compatible with other geophysical and geological estimation that
India has moved about 2500 km northward about 50 Ma (e.g., Dewey
et al., 1988). However, when comparing the paleolatitude of Lhasa with
that of west Qiangtang (Chen et al., 1993) and Tarim/Junggar (Li et al.,
1988; Chen et al., 1991), the data suggest that there is no net crustal
shortening between Lhasa and west Qiangtang/Tarim/Junggar from the
Late Cretaceous to present. In other words, the entire 2000 km of north-
ward displacement of the Lhasa block suggested by the Late Cretaceous
paleomagnetic data would have to be taken up in the region to the north
of Junggar. This would conflict with existing understanding of the for-
mation of the Tibetan plateau by either the crustal shortening model
(Dewey et al., 1988) or the tectonic extrusion model (Tapponnier
et al., 2001), or a combination of the two (Harrison et al., 1992). In addi-
tion, there is no geologic evidence to suggest a candidate place between
Siberia platform and Junggar/Tarim to accommodate crustal shortening
of this magnitude in the Tertiary. If the configuration for most or all of
the Tibetan plateau has been created by the India/Asia collision, then
the Late Cretaceous paleomagnetic results from Lhasa and west Qiang-
tang /Tarim/Junggar cannot both be correct. Obviously, further work is
badly needed to solve this problem, and a reliable paleomagnetic pole
from central Qiangtang would provide a direct test.

For the Qaidam Basin, there are 5 Jurassic, 3 Cretaceous, and
9 Tertiary poles reported from paleomagnetic investigations of the
basin. These studies were designed to detect possible clockwise rota-
tion of Qaidam basin, as implied by extrusion models. Rotation within
the Qaidam-Altyn Tagh region is very controversial, and existing
paleomagnetic data are contradictory. Halim et al. (2003) presented
one Late Jurassic pole from red beds in Huatugou of Qaidam basin.
This pole indicates negligible northward convergence of the Qaidam
block with respect to Tarim since Late Jurassic times, but implies a
significant relative clockwise rotation of the studied area with respect
to Tarim (�16�). Similarly, Chen et al. (2002) reported that three widely



PLATE TECTONICS, CHINA 823
spread areas in Qaidam exhibit 20� clockwise rotations during the Late
Oligocene-Late Miocene time. However, recent study from the east end
of the Altyn Tagh fault by Gilder et al. (2001) shows that area has
rotated 27� � 5� counterclockwise with respect to the Eurasian refer-
ence pole during the last 19 Ma. Otofuji et al. (1995) also suggest that
their sampling sites along the Altyn Tagh fault showed 7.4� � 5.2�

counterclockwise rotation during the last 1.0 Ma. On the other hand,
Dupont-Nivet et al. (2002, 2003) and Rumelhart et al. (1999) argue
for no significant Neogene vertical-axis rotation in northern Tibet since
Eocene. These results would contradict extrusion models which imply
clockwise rotation of Qaidam basin at rates approaching 1�/Ma.
Paleo-positions of Chinese blocks

Although a great number of Late Mesozoic and Cenozoic paleomag-
netic results are available, the current paleomagnetic data base for
China is still limited to allow a satisfactory interpretation of the ques-
tions concerning the paleogeography of China and the implications for
Gondwanaland. Because many studies are performed at a single local-
ity or over a small region and are of variable quality, paleomagnetists
must critically assess and update the previously published data from
China and Eurasia in order to better understand the tectonic relation-
ship between the Chinese blocks and their relative motions with
respect to Eurasia (i.e., Europe, Siberia, and Kazakhstan) during the
Phanerozoic. Basic criteria for an acceptable paleomagnetic pole deter-
mination should include (i) age of the magnetization; (ii) structural
control; and (iii) paleomagnetic laboratory treatment (demagnetization)
of sufficient samples.
After such evaluations and assessments of each published study, the

current state of paleomagnetic knowledge can be synthesized as
follows: during Early (�530 Ma) and early-middle Late Cambrian
(505 Ma), the paleolatitudes of South China, Tarim, and Australia permit
them to be next to each other. North China can be placed between
Siberia and Australia. All these blocks were in the area around the
equator. Between late Middle to early Late Cambrian (�505 Ma),
Tarim, North and South China Blocks lay closer to Australia and
shared close trilobite affinities until Late Cambrian (�490 Ma). The
counterclockwise rotation of Gondwanaland during the Cambrian
was reversed during the Ordovician. The change in sense of rotation
occurred at the Cambro-Ordovican boundary. The North and South
China Blocks, and Tarim, remained in low latitudes, and rotated sinis-
trally along the Cimmerian margin of Gondwanaland towards posi-
tions they are inferred to have occupied later on the basis of faunal
relationships.
By Early Silurian time (430 Ma) Siberia remained in the vicinity of

the equator but has moved slightly northward to a position north of the
equator. Gondwanaland appears to have moved southward and rotated
clockwise. North China may also have rotated clockwise and appears to
be compatible with a position next to the northern margin of Australia,
which also fits the distribution of freshwater fish fauna on the two con-
tinents. While South China remains in roughly the same position,
Tarim appears to have rifted off the SCB by rapid clockwise rotation
and northward displacement.
At Middle Devonian time (�380 Ma) the location of South China

suggests that it may have rifted off Australia. Tarim is continuing its
northward journey. Siberia has also drifted northward and rotated
clockwise. North China, on the other hand, is still on the equator.
The development of highly endemic vertebrate faunas on both the
North and South China Blocks indicates that these two blocks were
separated from Gondwanaland during Early-Middle Devonian.
Later at the Late Devonian time (�354 Ma), Gondwanaland began

to drift rapidly across the south pole, and by mid-Carboniferous
(320–310 Ma), it has collided with Laurussia to start assemblage the
supercontinent Pangea. It was for the first time that Australia had been
drifted close to the south pole during the Paleozoic. The major Chinese
blocks remained in low and medium paleolatitudes and started to
develop their distinctive Cathaysia flora. The Late Carboniferous poles
for Tarim and Eurasia are in agreement, suggesting that these regions
could have started the process of accretion by Late Carboniferous time.

The paleogeography of the Early Permian (�280 Ma) remained
more or less the same as the mid-Carboniferous, except that Siberia
collided with Laurussia along the Urals. Mongolian terranes accreted
to the North China, the first phase of continental collision between
the NCB and SCB at their eastern ends started soon. Supercontinent
Pangea was complete at this time.

Pangea endured from �280 Ma to �175 Ma when the first seafloor
spreading began in the North Atlantic Ocean. During this time, several
Tibetan terranes (Kulun, Songpan-Ganze, and Qiangtang) accreted to
Eurasia. The apparent polar wander paths for Eurasia and North and
South China converge during the Late Jurassic (�150 Ma) and are
tightly grouped throughout the Cretaceous and Tertiary, implying that
large relative motion (translation and/or rotation) between the blocks
was accomplished by Late Jurassic. On the other hand, although the
paleolatitudes for Tarim and Eurasia have been similar since Carboni-
ferous time, a close inspection reveals that there is a significant differ-
ence between the Late Permian, Early Triassic and Late Jurassic
through Cretaceous poles for Eurasia/Siberia and Tarim, indicating
relative motions between Tarim and Eurasia.
Tectonic models inferred by the paleomagnetic data

The paleomagnetic results available from China allow plausible tec-
tonic models to be constructed for the amalgamation of the Chinese
blocks with themselves and with Eurasia (Zhao and Coe, 1987;
Zhao et al., 1996). The collision between Siberia/Eurasia and the
Mongolia-NCB initially occurred in the Permian near the western
end of their boundary in the Irtysh-Zaysan region (50�N, 75�E), which
is near the edge of the Kazakhstan Block (in today’s geographical
frame). Suturing progressed eastward as the Mongolia-NCB rotated
counterclockwise about 90� in relation to Eurasia during the Early
Mesozoic with a scissors-like motion (see Figure P48). The amalga-
mation of North and South China took place in the Late Permian by
a similar but antithetic mechanism, with collision first occurring near
the eastern end (about 30�N, 120�E) of the Qinling Fold belt and dia-
chronously suturing from east to west due to a clockwise rotation of
65� of South China relative to North China.

Early Triassic paleomagnetic poles for all continental blocks are
very similar to those for the Late Permian, consistent with the same
scissor model discussed above and reinforcing the tectonic model.
Reliable Middle and Late Triassic paleomagnetic data for the NCB,
SCB, and Eurasia are still relatively sparse. Little change appears to
have taken place by Middle Triassic time, with about 65� of rotation
still left between Eurasia and the NCB to reconcile their poles.

In the Early Jurassic, more than half of the Qinling Sea between the
NCB and SCBs was subducted, and so was the Mongol-Okhotsk
Ocean between Eurasia and the NCB. Therefore, paleomagnetic data
suggest that most of the relative rotation between the Chinese blocks
took place during the Late Triassic and Early Jurassic. By the Middle
Jurassic, the Qinling Sea is almost completely closed, although this
may not be entirely correct due to the relatively large uncertainty in
the SCB poles. The Late Jurassic and Early Cretaceous paleomagnetic
poles for the NCB and SCB are statistically indistinguishable at this
time, suggesting that accretion between the two blocks was accom-
plished some time between the Middle and Late Jurassic. However,
the Chinese blocks were still significantly south of Siberia, with
�1000 km of the Mongol-Okhotsk Ocean to be closed north of Mon-
golia. The final closure of the Mongol-Okhotsk Ocean took place
sometime in Cretaceous.

The tectonic model mentioned above contradicted widely held views
at the time that the NCB and SCB were joined by the Devonian at the
latest and that the Central Asian Fold Belt, which runs across North
China just north of 40�N, is the zone where China was sutured to Siberia
in Permian time. Rather, the paleomagnetic evidence suggested that in
both cases suturing was completed much later, in Mid-Mesozoic time,



Figure P48 Schematic reconstruction of Mongolia-North China (MON-NC), Europe-Siberia-Kazakhstan (EUR-SIB-KAZ), Tarim (TAR),
Junggar Basin (JB), South China block (SCB), Africa (AFR), Arabian Shield (ARA), India (IND), Australia (AUS), Antarctic (ANT), the East
Qiangtang (EQ), Lhasa (LS), Indochina (IC), and Shan-Thai (ST) blocks in Late Permian time. Mecator Projection. After Zhao et al.
(1990).
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and that it was a composite Mongolia-North China plate, not the NCB,
that became sutured to Siberia Mesozoic time in a zone much further
north along what is termed the South Siberian Fold Belt. Furthermore,
the paleomagnetic data suggested in both cases a very simple mechan-
ism involving a scissors-like closing of the intervening ocean basins
by antithetic senses of rotation about the points of initial collision at
the eastern and western ends of the convergence zones of the southern
and northern suture zones, respectively. These paleomagnetic models
have been reinforced by many later studies and backed up by reinterpre-
tation of relevant geological information, such as the propagation of
abrupt regional and local changes from marine to continental basin
deposition and of syncollisional to postcollisional alkalic granites in
the collision zone. Therefore, here is a case where paleomagnetism
has again provided first-order contributions in deciphering continental
collision and amalgamation.

Paleomagnetic implications concerning tectonic
controversies in China

Implications for the duration of continent-continent
collisions

As noted above, the scissor model of NCB-SCB collision based on paleo-
magnetic data matches the change in sedimentary style from marine to
continental on the northern margin of the SCB. Both paleomagnetic and
geologic data agree that the onset of collision occurred in Permian to
Triassic time. The data sets diverge, however, regarding the end (duration)
of the collision, with the paleomagnetic data suggesting younger esti-
mates (Middle Jurassic) than geological indicators (Late Triassic) by
20–30Ma. Part of the discrepancy could be the lack of more reliable Late
Triassic to Middle Jurassic paleomagnetic data from both blocks. Further
studies could show that the paleomagnetic poles of Early Jurassic or Late
Triassic age are indistinguishable, thereby bringing the paleomagnetic
and geological data sets closer into agreement. On the other hand, it is
possible that the rotation suggested by the paleomagnetic data also
includes postcollisional shortening between the two blocks. Taking the
ongoing India-Asia collision as an example of typical continent-continent
collisions, deformation and shortening could continue at least 50 Ma
after initial contact of the two plates. Such postcollision shortening
could also potentially lead the age of initial India-Asia collision based
on paleomagnetic data to be somewhat younger than those based on
stratigraphic data.
Tertiary low-paleolatitude dilemma of western China
As the Chinese paleomagnetic database grows, several research teams
are continuing to discover the outstanding regional disagreement
between the observed and predicted Cenozoic paleomagnetic directions
from red bed formations in western China. The inclinations of stable
magnetization in Cretaceous red beds from Tarim and surrounding
region’s are somewhat shallower than expected using Besse and
Courtillot (2002) APWP Cretaceous reference pole for Eurasia, whereas
the Tertiary red beds are even more shallow using the corresponding
Tertiary reference pole. The inclinations translate to anomalously low



PLATE TECTONICS, CHINA 825
paleolatitudes. If all these paleomagnetic data, the ages, and the GAD
hypothesis were correct, then in the Cretaceous Tarim would have been
somewhat further south with respect to Eurasia compared to its present
situation, relatively even further south when the Tertiary red beds were
magnetized, and then had to move to its present more northerly relative
position after that time. This implies a southward (extensional) relative
displacement away from Eurasia in the period between the times when
the Cretaceous and Tertiary redbeds were magnetized, and significantly
more northerly (compressional) relative displacement toward Eurasia
after the Tertiary red beds were magnetized, a scenario that is geologi-
cally indigestible. Recent results from Cretaceous red beds in the
Hexi-Corridor (central China) show that there is no evidence that red
beds there suffered the same inclination shallowing as the neighborhood
Cenozoic red beds to the west (Sun et al., 2001; Chen et al., 2002). A
review of published poles also confirms previous analyses that red beds
from South and North China do not reveal the shallow inclination and
these blocks (plus Mongolia) and Siberia have not undergone very sig-
nificant internal deformation since the Cretaceous (Besse and Courtillot,
2002). It appears that some red beds suffer from inclination error, and
others do not. The task is thus to develop ways to identify which of
the Tertiary red beds do and do not undergo inclination shallowing.
The most direct way would be to obtain reliable Tertiary paleomag-

netic results from volcanic rocks and compare them with inclinations
of coeval red beds in the same study area. Two such studies have
reported contrasting results: (1) the Paleocene Lingzizong volcanics
in the Lhasa area give consistent result (with positive fold and reversal
test) with the underlying Cretaceous strata (Achache et al., 1984), pro-
viding a notable example that both red beds and volcanic rock in the
Lhasa area recorded the same ancient magnetization; and (2) Early
Cretaceous red beds and underlying basalt flows from Tarim and cen-
tral Asia fold belt (Gilder et al., 2003) have directions that pass both
fold and reversal tests, but the mean paleolatitude of the Early Cretac-
eous red beds is 11� lower than that of the Early Cretaceous basalts.
Obviously, more studies should be conducted on Tertiary volcanic
and red sedimentary rocks from the same area.
Tectonic affiliation of the Korean peninsula

The question about the Korean Peninsula’s affinities with both the
NCB and SCB is one of the highly charged controversies in Asian
tectonics. The lack of knowledge about this question hampers our
understanding concerning the models of collision of eastern Asian
blocks and their paleogeographic settings. Pre-Cretaceous paleomag-
netic poles for Korea are all different from each other and make it
difficult to compare the coeval poles from the NCB and SCB. At first
glance, Triassic and Jurassic paleomagnetic poles for Korea published
prior to 1994 are indeed somewhat similar to coeval ones from the
SCB, and this was perhaps the reason to lead some workers to suggest
that Korea and South China may have behaved as a single tectonic
block since the Triassic. However, all these poles that apparently cor-
respond to the SCB poles were derived from rocks within the Okchon
zone, which is known to be a site of severe deformation in the Meso-
zoic. In fact, Cretaceous remagnetization of Carboniferous rocks has
been concluded for several previous published results. Although
detailed structural analysis and mapping are still insufficient to unravel
the kinematic history of the Okchon fold belt and assess its effects on
these paleomagnetic poles, the proximity of these poles to the SCB
poles may be a coincidence.
If one leaves out these poles derived from the Okchon zone and

merely retains those poles derived from areas bordering the Okchon,
a striking feature between the Korean and NCB poles emerges: the
Late Permian, Early Triassic, and Late Jurassic poles for Korea are
systematically displaced some 30� eastward with respect to the coeval
poles of the NCB. A 30� clockwise rotation of Korea about a vertical
axis brings these poles into general coincidence with those coeval
poles for the NCB. Thus, paleomagnetic study suggests that the whole
region was part of the North China landmass at least as early as Late
Permian and rotated clockwise by about 30� with respect to the
NCB during the Cretaceous (Zhao et al., 1999).

It is apparent that the rotated (or corrected) poles show large appar-
ent polar wander motion of Korea between Early Triassic and Late Jur-
assic, replicating those found in the paleomagnetic results from the
NCB. Late Jurassic paleomagnetic poles for the NCB, SCB, and Korea
are statistically indistinguishable, reinforcing the hypothesis that the
accretion of the NCB and SCB was finished at this time. Thus, the
NCB-Korea connection is not only consistent with the majority geolo-
gic observations, suggesting affinities between the two blocks, but also
consistent with the collisional tectonic history of the eastern Asian
margin derived from paleomagnetic data.

Terrane accretion between east and west Qiangtang

Comparison of paleomagnetic data obtained from east and west Qiang-
tang shows a problem that obstructs our understanding of terrane
accretion in Tibet. The Cretaceous paleolatitudes of Otofuji et al.
(1989) and Huang et al. (1992) in the Markam area of east Qiangtang
are similar to the expected paleolatitudes for the sampling locality. The
data would suggest that east Qiangtang was 21� � 10� farther north
than expected for Lhasa and 22� � 11� farther north than expected
for western Qiangtang. Taken at face value, these data would suggest
that no significant crustal shortening has taken place north of east
Qiangtang since at least the Late Cretaceous. The 2000 km shortening
of Lhasa must have been accommodated between the Qiangtang and
Lhasa blocks in the Tertiary. On the other hand, west Qiangtang must
be close to the Lhasa trerrane in Late Cretaceous time, so there should
be a suture between east and west Qiangtang. Huang et al. (1992)
interpreted their paleomagnetic observation in terms of a giant right-
lateral transpressional zone advocated by Dewey et al. (1998). Chen
et al. (1993), on the other hand, suggested that east Qiangtang may
have belonged to South China or to a block that was separated from
western Qiangtang.

Tectonic rotational history of northern Tibet

A closely related question is the tectonic rotational history of northern
Tibet, which is often related to uplift and deformation. Magnetic decli-
nations, which are not typically affected by depositional compaction,
can be compared to expected magnetic directions to assess the extent
to which regions within the northern Tibetan plateau have rotated
about vertical axes with respect to stable Eurasia. In eastern Tibet,
Cretaceous and Tertiary paleomagnetic data indicate large amounts—
in the order of 40�—of clockwise rotation in the eastern Himalayan
syntaxis (e.g., Achache et al., 1984; Huang et al., 1992), which is con-
sistent with right-lateral simple shear and associated oroclinal bending.
However, paleomagnetic data obtained from Cretaceous and Tertiary
red sedimentary rocks of western Qiangtang (Chen et al., 1993) show
no significant Neogene vertical-axis rotation in northern Tibet since
the Late Cretaceous. Thus, all paleomagnetic data for tectonic rotations
are not in agreement; some of them are apparently contradicting extru-
sion models that imply clockwise rotation of the region. These existing
results, however, should be incorporated with forthcoming new results
to advance our understanding of the growth history of the Tibetan
plateau.

Summary
Plate tectonics views the whole Earth as a dynamic system in which
the internal heat drives lithospheric plates in relative motion with
respect to each other. Paleomagnetism enables geologists to view
important aspects of continental movements in the past namely,
changes in latitude and orientation relative to the geographic poles. It
is important to realize the crucial role that paleomagnetic studies in
China have played in providing the tectonic framework that guides
geological investigation and interpretation. Until McElhinny et al.’s
pioneering paleomagnetic paper in 1981 revealed discrepancies in Late
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Permian paleolatitudes on the order of 20�, literally all geological
interpretation concurred (incorrectly) that North and South China had
been in place as part of the Eurasian landmass since the Early Permian
or before. For some years after, with a notable exception (Klimetz,
1983), few geologists took these paleomagnetic results seriously enough
to question the prevailing view. Meanwhile, additional paleomagnetic
data began to accumulate in support of McElhinny et al.’s findings:
discrepancies not only in Late Permian and but also in Early Mesozoic
poles between South China and Siberia (Opdyke et al., 1986), between
North and South China, and between North China (including Mongolia)
and Eurasia (see Enkin et al., 1992 for references). It was on the basis of
paleomagnetic evidence that the proposal was first made that South and
North China collided at the eastern end of the Qinling belt at the close of
the Permian and sutured progressively westward by relative rotation in
the Mesozoic (Zhao and Coe, 1987), then backed up by reinterpretation
of relevant geological information from the literature. Likewise, paleo-
magnetic evidence was the original basis of the similar mechanism
of opposing sense (collision in the west followed by progressive rotation
and suturing to the east) proposed for the incorporation of northern
China into Eurasia in the Mesozoic (Zhao and Coe, 1989; Zhao et al.,
1990).
Although paleomagnetism has already made a dramatic contribution

to the tectonics of China, this is just the beginning. By carefully gath-
ering the available paleomagnetic, geological, and geophysical data
and integrating them, Earth scientists are testing new hypotheses about
smaller scale, intracontinental deformation. The tectonics of China will
continue as a fruitful focus in the study of the dynamics of the Earth.

Xixi Zhao and Robert S. Coe
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Geomagnetic Polarity Reversals
Magnetosphere of the Earth
Paleomagnetism
POGO (OGO-2, -4 AND -6 SPACECRAFT)

The Polar Orbiting Geophysical Observatories (POGO) were the low
altitude half of the Orbiting Geophysical Observatories (OGO)
intended to carry a large number of instruments to observe the physical
environment of the Earth’s magnetosphere and outer ionosphere
(Jackson and Vette, 1975). The characteristics of the three POGO
spacecraft are shown in Table P1 and the spacecraft design is shown
in Figure P49. The magnetometers were each a pair of optically
pumped rubidium vapor units whose output signal strength had a
sin y cos y dependence, where y is the angle between the optical axis
and the observed magnetic field vector (Farthing and Folz, 1967).
Each then had equatorial and polar “null zones” relative to their optical
axes where the signals were too weak to measure. The equatorial
Figure P49 Typical OGO spacecraft in deployed configuration. The
They were maintained in Earth orientation using gyroscopic reaction
was toward the Earth and the direction of travel was along X-axis.

Table P1 The POGO spacecraft

Spacecraft Dates of operation Inclination (degrees

OGO-2 Oct 14, 1965-Oct 2, 1967 87.3
OGO-4 July 28, 1967-Jan 19, 1969 86.0
OGO-6 June 5, 1969-June 1971 82.0
ones were less than 7� half angle, and the polar zones less than 15�.
The two instruments were mounted with their optical axes at 55� to
each other so the combined output signal was available except for
the two small angular areas where these zones overlapped.

The maximum altitude of the OGO-2 spacecraft was planned to be
only 900 km but the tracking devices had lost its contact at launch
due to the early morning fog, so it burned its full load of fuel to attain
the high apogee seen in the table. The spacecraft also experienced
problems soon after the operation began because its horizon sensors
were found to be too sensitive; confusing temperature gradients in
clouds with those at the horizon. It had utilized its full load of control
gas within ten days of launch. It was then put into a slow spin mode.
In April 1966 both batteries failed; so operation thereafter was limited
to sunlit periods of the orbit. Nevertheless, there were some 306 days
of observations. The OGO-4 spacecraft experienced far fewer pro-
blems and operated almost continuously until the tape recorders failed
in January 1969. Because the orbits of both of these spacecraft drifted
earlier in local time (5.5 min/day for OGO-2 and 6.1 for OGO-4) it
was possible for the first time during September and early October
1967 to obtain magnetic field data simultaneously in two differing local
time planes. OGO-6 was equally successful as OGO-4 though the data
collection after August 1970 was sporadic. Having a lower inclination,
the orbital drift with local time was higher—earlier by 8 min/day.

The magnetometer data from these three spacecrafts were the most
accurate and continuous of any to that date, though the analysis was
limited to use of the scalar field. A proposal to add vector instruments
to OGO-6 by J.P. Heppner was not accepted by NASA, thus missing
an opportunity to observe field-aligned currents in the polar regions
for the first time. Initially, it was thought that accurate scalar observa-
tions would be sufficient to map the internal field as well as to study
the in situ electrical currents. However, it was shown mathematically
by Backus (1970) that there was one example of different vector
spacecrafts were of the order of 18 m long on the Y-axis.
wheels with corrections as needed with gas jets. The Z-axis

) Perigee (km) Apogee (km) Sample interval (s)

410 1510 0.5
410 910 0.5
400 1100 0.288
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fields that could not be distinguished by observations of the scalar
magnitude. Hurwitz and Knapp (1974) first demonstrated that models
based only on scalar magnitude have larger vertical intensity errors in
equatorial regions. Nevertheless, the data, especially for OGO-4, have
been shown to be accurate to better than 4 nT, including the effects of
orbital errors of position (Sabaka et al., 2004).
The data from OGO-2 were used as a standard in establishing the first

International Geomagnetic Reference Field (IGRF) (Cain and Cain,
1971), and those from all three spacecrafts are the best control over
the main field for the 1965 –1971 epochs (Sabaka et al., 2004).
Although Benkova et al. (1973) believed that Cosmos 49 measurements
showed the presence of broad-scale magnetic anomalies, the noise in
the data and orbital positions were too great to bring them out clearly.
Until the POGO magnetic data were analyzed, the first accurate global
magnetic anomaly map (Regan et al., 1975) could not be constructed.
The POGO data also allowed study of the field sources external to

the Earth. Cain and Sweeney (1973) were the first to observe the equa-
torial electrojet from above the ionosphere. OGO-2 and OGO-4 were
the first spacecrafts to operate simultaneously in different local time
planes. Olsen et al. (2002) used data from a brief period in 1967 to
show how such multispacecraft observations could help in obtaining
a detailed picture of ionospheric current systems. Important contribu-
tions were also made to the understanding of high latitude external
magnetic variations (Langel, 1974a) and their relation to the interpla-
netary field (Langel, 1974b) as well as the low energy plasma environ-
ment about the Earth (Langel and Sweeney, 1971).
Information about the POGO series spacecraft, experiments, and

data sets can be obtained from the Master Catalog at the Nation al
Space Science Data Center Web site http://nssdc.gsfc.nasa .gov/nmc/
sc-query.html by entering a query for the spacecraft name “ pogo ”
and then following the response. Other internet sources include:
http://www.spacecenter.dk/data/magnetic-satellites/ and http://core2.
gsfc.nasa.gov/CM/.

Joseph C. Cain
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Early work on the Matuyama-Brunhes transition field

The last change of geomagnetic polarity, bringing about an end to the
Matuyama Reverse Chron and the onset of the Brunhes Normal
Chron, occurred between 790 and 780 ka. This age was determined by
both orbital tuning of marine sediment records (e.g., Tauxe et al.,
1996) and by 40Ar/39Ar age determinations on transitionally-magnetized
lavas (e.g., Singer and Pringle, 1996). Being the most youthful field
reversal, it has always been associated with the largest number of avail-
able paleomagnetic records (see e.g., Love andMazaud, 1997). One rea-
son for this is that sedimentary records, often obtained from marine
cores, penetrate this reverse-to-normal (R-N) polarity change before all
others. It is no wonder then that the Matuyama-Brunhes (M-B) reversal
was the first polarity transition to be associated with the availability of
synchronous records from distant sites. These multiple recordings facili-
tated an initial attempt to better understand global characteristics of a
transitioning field and the dynamo process that causes field reversal.

In 1976 the path of the virtual geomagnetic pole (VGP)—that is, the
north geomagnetic pole position calculated by assuming each recorded
paleodirection to be associated with a geocentric dipole–from a M-B
record recovered from the dry sediments at Lake Tecopa, California,
was compared by Hillhouse and Cox to the detailed, exposed marine
sediment record published five years earlier (Niitsuma, 1971) from the
Boso Peninsula, Japan. What was found was that the two VGP paths
traced quite distinct tracks over Earth’s surface from the geographic
south polar region to the north polar region (see Figure P50), an obser-
vational finding that suggested for the first time that the transitioning
field becomes largely nondipolar during, at least, this particular polarity
change. On the other hand, if the two VGP tracks were quite similar,
such a finding would be compatible with a transitioning field that
remained dominantly dipolar. However, for this case, the VGP paths
were found in the Atlantic and the west Pacific, respectively. Much
later, the Lake Tecopa sediments became the focus of a second study
by Valet et al. (1989) that attempted to confirm the earlier findings.
This study found a far more complex VGP path, one that encompassed
a significant portion of the central-to-east Pacific. Although these later
findings still suggested a significant nondipole contribution to the tran-
sitioning M-B field, this study made clear that a complete understanding
of even the most basic aspects of field geometry during such events
would require a much larger database of contemporaneous records.

As the number of reversal records associated with the M-B transition
steadily grew, so did the number of analyses that attempted to better
define the structure of the transitional field. In 1981 a phenomenological
model (Hoffman, 1981) was applied to available M-B datasets, an
approach that assumed a reversal to begin at a particular locality within
the core and then proliferate, or “flood,” this “reversed” magnetic flux
throughout the dynamo until completion of the process. This flooding
model appeared to generally account for the M-B VGP paths that were
available at the time.

http://nssdc.gsfc.nasa .gov/nmc/sc-query.html
http://nssdc.gsfc.nasa .gov/nmc/sc-query.html
http://www.spacecenter.dk/data/magnetic-satellites/
http://core2.gsfc.nasa.gov/CM/
http://core2.gsfc.nasa.gov/CM/


Figure P50 The path of the virtual geomagnetic pole (VGP) corresponding to the first two acquired paleomagnetic records of the
Matuyama-Brunhes transition. Given the very different pathways, Hillhouse and Cox (1976) concluded that the M-B transition field was
predominantly nondipolar.
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Questions regarding the role of Earth’s mantle

A decade later research regarding the last reversal took a new and
exciting turn: Clement (1991) found that VGP paths associated with
M-B records contained in a more complete database of published
results displayed a significant bimodal distribution of transitional poles
in geographic longitude. More specifically, the M-B VGPs appeared
to preferentially lie within two particular antipodal bands, one running
through the Americas, the other through East Asia and Australia
Figure P51 Geographical distribution of M-B transitional VGPs. (a)
longitude. (b) after Hoffman’s (2000) global histogram.
(Figure P51a). This finding nearly coincided with another study—the
results of which can be seen on the cover of a 1991 issue of Nature
magazine—which found the same geographical bandings of transi-
tional VGPs associated with several records of paleomagnetic reversals
going back in time into the Miocene (Laj et al., 1991).

This rather surprising result implied that, for the last several millions
of years, and, in particular, during the time of the M-B event, transi-
tional VGPs ran along “preferred” pathways. This, for the first time,
after Clement’s (1991) finding of a bimodal distribution in
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suggested that Earth’s mantle was intimately involved in the process of
field reversal. That is, it was argued that such recurrence of field beha-
vior had to be tied to physical conditions about the lowermost mantle,
the variations of which imposing a control on the manner in which
magnetic flux can emerge from the fluid outer core during reversals.
Since the time of these two seminal papers by Clement (1991) and
Laj et al. (1991), the question as to whether or not field behavior dur-
ing successful reversals as well as during other transitional events—
like, say, an aborted attempt—is largely influenced by such lower
mantle heterogeneities, has been hotly debated (see e.g., Jacobs,
1994; Merrill and McFadden, 1999).
An alternative explanation put forward was that the apparent prefer-

ential behavior—rather than having a geomagnetic basis—was, in
fact, an artifact related to limitations in the way sediments acquire their
remanent magnetization (e.g., Rochette, 1990; Valet et al., 1992;
Langereis et al., 1992). However, during the following year an analy-
sis (Hoffman, 1992) of transitional field behavior recorded in volcanic
sequences having ages running back to the Miocene—rocks that, typi-
cally, provide the most accurate spot recordings of the paleofield
vector—showed, not preferred banding ofVGP paths, but rather preferred
groupings, or clusters. Interestingly, these clusters resided within
the hypothesized preferred longitudinal bands. Hence, this “pre-
ferred patch” finding implied virtually the same geomagnetic basis
as proposed for sediment records. Yet, the correspondences and differ-
ences between what was observed in distinct rock types broadened
the debate, while raising it to a new level. If preferred VGP behavior
is assumed to be a manifestation of a dynamo process controlled
by the lower mantle, could the apparent discrepancy observed in sedi-
ment and lava records—that is, preferred bands and preferred patches,
respectively—be explained through the known differences in the man-
ner these two types of rocks become magnetized? And, if so, could
long-lived transitional field states during which time the field direction
at a given site, although transitional, remained essentially stationary, pro-
duce both observations?
The MBD97 database

In 1997, the first rigorous attempt was made (Love and Mazaud, 1997)
to distinguish which records of the full M-B database may be
Figure P52 Three examples of VGP paths associated with parallel M
remarkable similarity of detail. After Channell and Lehman (1997).
considered reliable, and, hence, worthy of inclusion in a robust analy-
sis. Nearly 62 M-B records from sites about the globe were found in
the literature, and each was subjected to a number of strict reliability
criteria. Of these records only 11 satisfied this scrutiny and were
admitted to the so-called MBD97 database. These records now sepa-
rated from less reliable records, were analyzed in an attempt to answer
the primary question regarding the existence or not of preferential
VGP behaviour during the last geomagnetic reversal. The findings
by the authors of the MBD97 database suggested a statistically signif-
icant answer in the affirmative. Specifically, they argued that the distri-
bution of transitional M-B VGPs showed some degree of preferred
longitudinal behavior compatible with the hypothesis that the bias
was, in fact, a real geomagnetic phenomenon.

Other analyses of the MBD97 database followed. One study
(Gubbins and Love, 1998) raised the point that the VGP behavior,
when viewed in a global sense, was associated with a dependence on
the site of observation, and that each individual VGP path was compa-
tible with inferred symmetry conditions within the core dynamo. Still
another investigation of the MBD97 database (Hoffman, 2000) pro-
duced a global histogram of transitional M-B VGPs (Figure P51b).
This analysis, although again confirming a longitudinal bimodal nature
of virtual poles, demonstrated that very few VGPs existed in the data-
base at low latitudes near the equator. From this result it was argued
that during the M-B transition considerable time was spent by the
reversing field in particular configurations. Specifically, clusters of
sequential VGPs near Australia, and in the South Atlantic, were found
to exist in the database-data that was observed in records from
sequences of lavas as well as sediments. Yet, the question regarding
whether or not the VGP migrated across the equator along preferred
longitudinally-confined pathways, remained unresolved.
Further work

Since the construction of the MBD97 database, records of the
Matuyama-Brunhes obtained from deep-sea sediments in the West
Pacific (Oda et al., 2000) and the North Atlantic (Channell and Lehman,
1997; Channell et al., 2004), have found their way to publication. In
particular, the several parallel records from North Atlantic high deposi-
tion-rate drift deposits are particularly noteworthy (see examples shown
in Figure P52). These data sets, all displaying remarkably similar,
-B marine sediment core records from the North Atlantic. Note the
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though complex, field behavior, are arguably the most detailed and
complete records of the M-B reversal presently available. In some
contrast to the most reliable records obtained from mid-latitudes, these
high latitude North Atlantic records show little in the way of VGP clus-
tering near Australia, yet contain clusters both in the South Atlantic and
northeast Asia (Channell and Lehman, 1997; Channell et al., 2004). If
it is the case that VGP cluster localities are dependent on the site of
observation, then the associated long-held field states must be largely
nondipolar.
Constable (1992) was the first to show a link between preferred

VGP path behavior and the modern-day geomagnetic field. Specifically,
Figure P53 Aspects of the modern-day field. (Top) VGP pathways
associated with numerous sites from about the globe for simulated
normal-to-reverse (N-R) and reverse-to-normal (R-N) polarity
transitions in which only the axial dipole is assumed to be
involved in the process. After Constable (1992). (Middle) Intensity
of the vertical component of the field at Earth’s surface following
synthetic removal of the axial dipole from the modern-day field
(hence, the NAD-field). The two locations in white––near west
Australia and in the South Atlantic––are the most intense, having
at least 90% of the most intense value found. (Bottom) Two grids
of sites defining regions that, when subjected to the modern-day
NAD-field, would possess paleomagnetic directions
corresponding to VGPs found in either of the two shaded
localities (also found to be areas of the most intense NAD-field).
The smaller and larger grids correspond to north-VGPs in the
South Atlantic and south VGPs in the west Australian shaded
regions, respectively after Hoffman and Singer (2004).
it was shown (see Figure P53, top) that if a polarity reversal simply
involved the decay, vanishing, and reemergence of the axial dipole
having opposite sign—keeping the remainder of the field constant—
VGP pathways for sites from around the globe would preferentially
lie along the same antipodal longitudinal bands proposed by Laj
et al. (1991) and Clement (1991). The field configuration for which
only the axial dipole has been removed is commonly termed the nonax-
ial dipole or, NAD-field (although it is sometimes also called the sans-
axial dipole, or SAD-field, translated from French as to be “without”
the axial dipole). Such a field state must occur during a successful
change in polarity. That is, the axial dipole must vanish before it can
change sign.

Interestingly, the primary locations of observed M-B clustered
VGPs from available paleomagnetic records near western Australia,
in the southwest Atlantic, and within Siberia, are not only sites within
the two proposed preferred bands, but also correspond to the three
locations at Earth’s surface which possess the most intense vertical
component of the modern-day field after synthetic removal of the axial
dipole (i.e., the NAD-field) from the calculated spherical harmonic
analysis (Figure P53 middle). Moreover, if VGPs are calculated for
sites from around the globe when assumed to be experiencing the
modern-day NAD-field, one finds that in the Southern Hemisphere,
the very same Australian and South Atlantic localities are the most
preferred regions (Figure P53 bottom). Thus, available paleomagnetic
transition data appear to be linked to the field of today, suggesting that
primary features of the modern-day NAD-field remain virtually station-
ary over times in order of 106 or, perhaps, 107 years (Hoffman and
Singer, 2004). If so, this is a definite sign of a controlling influence
by the lowermost mantle on flux emerging from the fluid outer core.
Duration of the Matuyama-Brunhes transition

Recently, the duration of the M-B transition has been under study.
The investigation of paleodirectional records obtained from several
marine sediment cores (Clement, 2004) found a clear dependence of
reversal time on the latitude of the site of observation. Specifically,
the duration varied from about 2000 years at low latitudes to 10000
years at high latitude sites. However, the complete temporal process
of field reversal appears from other studies to be rather complex and
require a significantly longer span of time: an earlier analysis by Hartl
and Tauxe (1996) of several marine sediment cores that recorded the
M-B found a significant decrease in field strength some 15 ka prior
to a second weakening associated with the actual change in polarity.
The first decrease of this “double-dip” in intensity was explained by
the authors as a precursory geomagnetic event to the subsequent success-
ful reversal.

Following this finding, a recent geochronological study in which
several precise 40Ar/39Ar ages were determined for transitionally mag-
netized M-B lavas from volcanic sequences at four mutually distant
sites found a bimodal age distribution consistent with such a precursor
(Singer et al., 2005). The initial instability, associated with the first of
the two decreases in field intensity, was found to have occurred 18 ka
prior to the polarity switch. The Australian and South Atlantic VGP
clustering (Figure P54) appears now to be associated with the precur-
sor, and thus suggests that the beginning of the period of dynamo
instability may be simply explained by a process which essentially
destroys the axial dipole, leaving the transitional field to have the
configuration of the NAD-field at that time. Singer et al. (2005) further
suggest that it is such a two-stage process that may be required for a
given reversal attempt to be successful. Whether these characteristics
of the M-B, the last reversal of Earth’s magnetic field, are common
to earlier polarity transitions (see e.g., Coe and Glen, 2004), and
hence, typical of a fundamentally systematic process, requires the
availability of considerably more paleomagnetic reversal data.

Kenneth A. Hoffman



Figure P54 Matuyama-Brunhes VGPs and precise 40Ar/39Ar ages for sequences of transitionally-magnetized lavas from each of four
mutually distant sites. Note that those sites associated with VGP clusters near Australia and the South Atlantic/South American regions
(indicated with an asterisk) correspond to lavas that were erupted some 18 ka prior to the actual change in polarity that was recorded on
Maui, Hawaii. After Singer et al. (2005).
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The Plio-Pleistocene Geomagnetic Polarity Time Scale (GPTS) devel-
oped beginning in the early 1960s as Cox et al. (1963) and McDougall
and Tarling (1963) used K-Ar ages and magnetic remanence data from
volcanic rocks to propose a sequence of normal and reverse polarity
“epochs” now called Chrons (Opdyke and Channell, 1996). A large set
of K-Ar ages were acquired, mainly from lavas, that defined the lengths
of Chrons, but if few, these lavas showed transitional directions of
remanent magnetization, the timing of the polarity reversals between
the Chrons had to be interpolated. This was done using the chronogram
method (Cox and Dalrymple, 1967) to minimize the error function of
K-Ar ages near the polarity boundary relative to assumed ages for the
boundary. In addition to the polarity Chrons, that are periods on the order
of 106 year in length, K-Ar ages and magnetic data from widely
dispersed locations began to delineate several 104 � 105 year long
subchrons including the Jaramillo, Olduvai, and Reunion subchrons
(Opdyke and Channell, 1996).
Still shorter-lived geomagnetic events or Cryptochrons, that include

excursions, aborted reversal attempts, or rapid back-to-back reversals,
were also detected magnetically in sediments and volcanic rocks. K-Ar
dating of normally magnetized basalt flows in Iceland (McDougall and
Wensink, 1966) and a transitionally magnetized rhyolite in California
(Mankinen et al.,1978) provided the first radioisotopic ages for events
within the Matuyama reversed Chron, named the Gilsa and Cobb
Mountain events. In the Brunhes normal chron, several transitionally
magnetized lavas in the Massif central, France that recorded the
Laschamp event have been K-Ar dated, but these ages are imprecise
and scatter between 60 and 15 ka (Guillou et al., 2004). In a remark-
able study, Hall and York (1978) obtained both K-Ar and 40Ar/39Ar
ages from these lavas and concluded that the Laschamp event occurred
about 47 ka; it marked the first use of the 40Ar/39Ar method to date
lavas this young. The K-Ar age of 565� 28 ka (uncertainties herein
are � 2s analytical errors) determined from two of four transitionally
magnetized lava flows found in Idaho by Champion et al. (1988) pro-
vided a precise radioisotopic date for an event during the Brunhes nor-
mal chron which was named the Big Lost event for a nearby river.
Notably, Champion et al. (1988) discussed the evidence from sedi-
ments and volcanic rocks globally that at least 10 geomagnetic events
of short duration had occurred during the last 1 Ma.
More recently, as directional excursions associated with brief periods

of low relative paleointensity were revealed in sediments worldwide,
many of these geomagnetic events have been verified, and new ones pro-
posed (Langereis et al., 1997; Guyodo and Valet, 1999; Channell, 1999;
Channell et al., 2002). It is the promise of an accurate, high resolution
correlation of these events globally that sparked considerable interest
and debate concerning their number and precise timing. There are at least
two reasons for this: First, marine and terrestrial sediments contain a
rich, quasi continuous, archive of major climate changes that have
shaped the Earth’s surface over the past several Ma. An accurate
calendar of changes in climate is crucial to determining the underlying
driving mechanisms in the oceans and atmosphere. Second, theoretical
arguments and numerical models have used the frequency and duration
of reversals and excursions to infer magnetic or thermal interactions
between the liquid outer core and either the solid inner core, or
the lowermost mantle, that act to control the stability of the geody-
namo (e.g., Gubbins, 1999; see Geodynamo, numerical simulations;
Core-mantle coupling, thermal). Thus, an accurate accounting of spatial
temporal instabilities of the magnetic field, from excursions to reversals,
is critical in advancing the next generation of geodynamo models
(Singer et al., 2002, 2005).

In sediments, the timing of an event may be estimated by astronomical
tuning of oxygen isotope, or other variations that proxy for orbitally-
driven changes in climate (e.g., Langereis et al., 1997; Channell et al.,
2002). However, not all marine core is amenable to oxygen isotope mea-
surements, few geomagnetic records have been astronomically tuned,
and even the sediment that accumulates at the highest rates may contain
hiatuses leading to underestimates of the amount of time actually
recorded. In detail, magnetic recordings in sediment are further compli-
cated by postdepositional processes, including lock-in of the magnetic
remanence, such that an accurate chronology may be elusive (Merrill
and McFadden, 1999). Alternatively, 40Ar/39Ar dating of lava flows or
tuffs that rapidly lock in a thermal magnetic remanence during cooling
has recently made it possible to obtain precise radioisotopic ages for at
least 14 reversals and excursions, including previously unrecognized
events that occurred during the past 2.2 Ma (Singer et al., 2002, 2004).

40Ar/39Ar variant of K-Ar dating

Until the early 1990’s K-Ar dating was the preferred method for deter-
mining ages of volcanic rocks. The 40Ar/39Ar variant offers many
advantages over K-Ar dating and coupled with more sensitive mea-
surement capabilities in such a way it has eclipsed K-Ar dating as
the method of choice. The history, theory, and application of these
techniques are summarized by McDougall and Harrison (1999), Renne
(2000), and Kelley (2002); hence only a brief outline, drawn from
these sources, is presented here. Both methods rely on the radioactive
decay of naturally occurring 40K to 40Ar, which is proportional at
any time t to the N number of 40K atoms present:
dN
dt

¼ �lN (Eq. 1)

e l is the total decay of 40K. A large fraction, 89.52%, of 40K
wher
decays to 40Ca via beta emission ðlb ¼ 4:962� 10�10 yearÞ, whereas
10.48% decays to 40Ar via electron capture ðlE ¼ 5:808� 10�11 yearÞ
so that the total decay constant ðl ¼ 5:543� 10�10 yearÞ corresponds
to a half-life of 1:25� 109 year, Solving the differential equation (1)
yields the age equation for the K-Ar isotope system:
t ¼ 1
l

� 

	 ln 1þ l

lE

� 

	

40Ar

40K

� 
� �
(Eq. 2)

e 40Ar* is radiogenic argon, distinguished from other sources such
wher
as the atmosphere. The ratio of modern 40K/K is constant, hence mea-
surement of K and Ar concentrations (in mol/g), and isotope ratios of
Ar, allow the age to be calculated. In practice, the sample is comple-
tely fused, the gas released is purified and spiked with a known
amount of 38Ar tracer, then its isotopic composition is measured in a
mass spectrometer. K is a salt and must be measured independently
on a separate aliquot of the same sample. Alternatively, 40Ar* may be
measured directly by using a unique mass spectrometer which functions
as a sensitive manometer able to distinguish minute quantities of radio-
genic argon from the large atmospheric component found in most lavas
(e.g., Guillou et al., 2004).

One of the more important assumptions of any radioisotopic dating
system, including the K-Ar and 40Ar/39Ar methods, is that the rock or
mineral has remained closed to loss or gain of parent and daughter
nuclides. For example, loss of Ar or gain of K can yield spuriously
young dates, whereas gain of Ar or loss of K may give spuriously
old dates. From a K-Ar age determination alone, it is impossible to
assess the validity of this assumption. Another limitation of K-Ar dates
is their precision, which includes the compound uncertainty of two dif-
ferent analytical procedures used to measure separately the absolute
contents in mol/g of Ar and K.
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The 40Ar/39Ar method is based on the same radioisotopic decay sys-
tem as the K-Ar method, but instead of measuring K in a separate aliquot
of the sample, it is measured by creating 39Ar from 39K via neutron acti-
vation. The 39Ar is produced by fast neutron bombardment in a nuclear
reactor, and because the ratio of 39K to 40K is constant, it becomes a
proxy for 40K that allows the 40Ar*/40K ratio to be calculated simply
from the measurement of the ratio of two Ar isotopes 40Ar/39Ar.
Production of 39Ar atoms is given by
39Ar ¼ 39KD
Z
fðEÞsðEÞdE (Eq. 3)

e 39K is the number of atoms originally present, D the duration of
wher
irradiation, fðEÞ the neutron flux density at energy, E, and sðEÞ the
neutron capture cross section of 39K for neutrons of energy E in the
39K(n,p)39Ar reaction. Solving Eq. (2) for 40Ar* and combining with
Eq. (3) yields:
40Ar

39K

� 

¼

40K
39K

� 

lE
l

� 

1

D

� 

ðelt � 1Þ

D
Z
fðEÞsðEÞdE

(Eq. 4)

can be simplified by defining a dimensionless irradiation para-
This
meter J:
J ¼
39K
40K

� 

l
lE

� 

D
Z
fðEÞsðEÞdE (Eq. 5)

h allows Eq. (4) to be written as
whic
40Ar

39Ar

� 

¼ elt � 1
� �

J
(Eq. 6)

earranged to yield the age equation for 40Ar/39Ar dating:
and r
t ¼ 1
l

� 

ln 1þ J 	

40Ar

39Ar

� 
� �
(Eq. 7)

value for the neutron fluence parameter J is determined by irra-
Figure P55 Age spectrum diagrams for two basaltic lava flows
erupted during theMatuyama-Brunhes transition. Vertical height of
each gas step gives the 2s analytical uncertainty. (a) Concordant
age spectrum. The ten gas steps were released by successively
raising the temperature of a resistance furnace in 50�C increments
between 700 and 1200�C. (b) Discordant age spectrum produced
by the same procedure used in A. The plateau age is calculated from
seven contiguous steps that comprise 72% of the gas released. The
gas released at lower temperatures gives ages younger than the
plateau, possibly reflecting argon loss during weathering. In both A
and B, the isotopic composition of the plateau steps may be used to
calculate an isochron (Figure P56).
The
diating a standard mineral of known age t together with the samples,
measuring its 40Ar*/39Ar ratio, and solving Eq. (6) for J. In this sense,
the 40Ar/39Ar method is a relative dating technique that relies on high-
quality, homogenous standards that are available widely. There are
many neutron fluence standards in use, however, not all laboratories
use the same standards, nor does each use identical ages for some stan-
dards. Therefore, it is critical when comparing 40Ar/39Ar ages deter-
mined in various laboratories to normalize the ages to a common
value, based on intercalibration of several standards (see Renne,
2002). For example, all the 40Ar/39Ar ages discussed below are calcu-
lated or normalized relative to an age of 28.02 Ma for the widely used
and intercalibrated Fish Canyon Tuff sanidine standard.
The amount of 40Ar* measured must be corrected for the presence of

atmospheric argonwhich has a 40Ar/36Ar ratio of 295.5. This is done using
the relationship ð40Ar
=39ArÞ ¼ ð40Ar
=39ArÞm � 295:5ð36Ar=39ArÞm,
where the subscript m denotes the measured ratio. Other correc-
tions for Ar isotopes produced by undesirable nuclear reactions during
irradiation are also important, particularly for Plio-Pleistocene samples
(Renne, 2000).
The fundamental difference between the K-Ar and 40Ar/39Ar dating

methods is that the latter allows calculation of an age based solely on
the isotopic composition of Ar in the sample, rather than absolute
abundances of Ar and K, thereby eliminating major sources of poten-
tial error. The 40Ar*/39Ar ratio is determined using highly sensitive
mass spectrometry, thus the total fusion age for a Plio-Pleistocene
sample of 10 mg of basalt groundmass or a single 1 mg phenocryst
of sanidine can be determined to a precision of �1–2%. Systematic
uncertainties, including a potential uncertainty in the 40K decay con-
stant currently in use, may be important when comparing 40Ar/39Ar
ages with those determined by other methods. This contribution to
the total uncertainty associated with a particular age determination
may be small, amounting to only a few hundred to a few thousand
years for Pleistocene lava flows, but may be important when compar-
ing 40Ar/39Ar ages of geomagnetic excursions or reversals to those
obtained astronomically from marine sediment (Guillou et al., 2004).

Age spectra

Because measurement of the 40Ar*/39Ar ratio does not require absolute
abundances, another powerful aspect of the 40Ar/39Ar method is that
rather than totally fusing an irradiated sample, it can be incrementally
degassed by stepwise heating to higher temperatures using a con-
trollable furance or laser. The apparent ages of each successive gas
increment are monitored for consistency by plotting the ages vs. the
cumulative release of 39Ar, as a proxy for the parent isotope 40K (see
Figure P55). If successive gas increments yield consistent ages, the
spectrum is concordant Figure P55a, reflecting an internally homoge-
nous distribution of 40Ar*/39Ar, thereby providing evidence against
mobility of K and Ar. The “plateau” age is commonly defined as the
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mean of the concordant step ages, each step being weighted by its
inverse variance. Though arbitrary, most definitions of a plateau
specify that it must include at least three successive increments that
comprise �50% of the 39Ar released that are concordant in age at
the 95% confidence level. Weighting each plateau increment (or indi-
vidual total fusion age) by its inverse variance ð1=s2i Þ, reduces the
uncertainty of the mean age t according to
Figu
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(Eq. 8)

is manner, the plateau age may approach a precision of 0.2%,
In th
depending on the number of concordant increments and the 40Ar* con-
tent of the material.
It is common, particularly with Plio-Pleistocene lavas, that age spec-

tra are discordant. Notwithstanding, discordant spectra may yield a
plateau, and depending on the nature of the disturbance, may provide
important evidence for mobility of Ar or K. Figure P55b illustrates an
example from a Pleistocene basalt interpreted to have lost a small fraction
of 40Ar* due to low temperature weathering of the matrix.

Isochrons

It is routine in the 40Ar/39Ar method to measure five isotopes of Ar
including 36Ar, 39Ar, 40Ar, 37Ar, 38Ar; the latter two are required to cor-
rect for undesirable quantities of 40Ar and 36Ar produced artificially
from K and Cl in the sample during irradiation. The other three
isotopes facilitate isochron analysis; the most commonly used iso-
chron is the plot of 36Ar/40Ar vs. 39Ar/40Ar where the intercepts
yield reciprocals of 40Ar*/39Ar, hence age (from Eq. (7)), and (40Ar/36Ar)i
which gives the initial or trapped component (see Figure P56). Isochrons
are calculated by a least squares method that weights individual
measurements by their inverse variance. Incremental heating experi-
ments on Plio-Pleistocene volcanic rocks are particularly amenable
to isochron analysis. In some instances isochrons are more
re P56 Isotope correlation or isochron diagram. Intercepts
e isochron in this diagram give the reciprocal of 40Ar/39Ar
40Ar/36Ari. Hence the isochron is a mixing line between
adiogenic argon and the initial or trapped component.
data points shown correspond to the ten gas increments in
re P55a. In this example, the trapped component is
tinguishable from air argon. MSWD is the mean square
hted deviation, which indicates the magnitude of scatter
t the isochron. A value of 1.0 means that the analytical
rtainties account for most of the error in the age which is
ulated using least squares regression that weights each data
t by the inverse of its variance.
powerful than the age spectrum approach, because no a priori assump-
tion regarding the (40Ar/36Ar)i is made, which can be important for the
small number of lavas or tuffs that may contain initially a nonatmo-
spheric (or excess) component of argon (e.g., Singer and Brown,
2002). Indeed, the ability to use incremental heating data to test
the assumptions of (1) closed system behavior and (2) an initial
(40Ar/36Ar)i ratio corresponding to the atmosphere, makes it the
preferred method for precisely dating lavas and tuffs thought to record
geomagnetic reversals and events.

Direct 40Ar/39Ar dating of polarity transitions and
excursional events

Matuyama-Brunhes transition

The first direct radioisotopic date for the Matuyama-Brunhes polarity
transition corresponding to the last reversal of Earth’s magnetic field
is based on 40Ar/39Ar isochrons from four incremental heating experi-
ments by Baksi et al. (1992) on three lavas at Haleakala volcano on
the island of Maui that possess transitional directions of magnetic
remanence. Baksi et al.’s age of 795� 16 ka is ca. It was 65 ka older
than the K-Ar based age for this reversal, but within error of the astro-
nomical estimate of 780 ka. Singer and Pringle (1996) incrementally
heated groundmass separates from eight basaltic to andesitic lavas that
erupted during the M-B transition at volcanoes in Chile, and on the
islands of Tahiti, La Palma, and Maui, including several replicate
experiments to improve precision of the isochrons. Although Singer
and Pringle (1996) determined the weighted mean age of these eight
lavas at 791� 4 ka, they also emphasized that the 12 ka difference
in age between the Chilean lavas and those from Maui may reflect
the duration of this reversal. To further investigate the duration and
structure of the M-B transition, Singer et al. (2005a) obtained
71 40Ar/39Ar incremental heating experiments on 23 of the transitionally
magnetized lavas from the four volcanoes above. Surprisingly, the mean
40Ar/39Ar ages of the lava sequences on La Palma, Tatara San Pedro, and
Tahiti were found to cluster at 793� 3 ka, whereas the age of the lavas at
Haleakala, 776� 2 ka, is about 18 ka younger. Singer et al. (2005a) pro-
pose that the older lavas record the onset of geodynamo instability and
nondipolar field behavior, which persisted for a long enough period of
time that magnetic flux diffused out of the solid inner core, thereby
weakening its stabilizing effect and allowing the field to reverse itself
at 776� 2 ka. This interpretation is bolstered, in part, by the paleointen-
sity records frommarine sediments, in which are observed a pronounced
drop in intensity about 15 ka prior to the intensity low associated with the
field reversal itself. Singer et al. (2005a) argue that these lava flows pro-
vide the first observational evidence in support of Gubbins’ (1999)
hypothesis that the solid inner core may control the frequency of
excursions and probability of full field reversals.
Dating other reversals and events toward a
geomagnetic instability timescale (GITS)

The K-Ar age of the Cobb Mountain event, 1120� 40 ka (Mankinen
et al., 1978), was revised to 1194� 12 ka on the basis of 40Ar/39Ar
laser fusion and furnace incremental heating experiments on sanidine
by Turrin et al. (1994). The 6% to 7% increase in age was attributed
to incomplete degassing of sanidine during the K-Ar experiments, a
problem that may have biased many K-Ar dates used to develop the
original GPTS, including those used in the chronogram estimate of
730 ka for the M-B transition.

Isochron ages for 18 lavas within long basalt flow sequences at
Punaruu Valley, Tahiti, and Haleakala volcano, Maui, known to record
several polarity transitions and events were determined using the
40Ar/39Ar incremental heating method on groundmass separated by
Singer et al. (1999). The results indicate that an event recorded
1122� 10 ka at Tahiti, which was originally correlated with the Cobb
Mountain event on the basis of K-Ar dating, is actually a previously



Figure P57 A Geomagnetic Instability Time Scale (GITS) for the
Matuyama reversed and Brunhes normal Chrons. The 40Ar/39Ar
ages of transitionally magnetized lava flows or tuffs recording
reversals or excursional events are from Singer et al. (1999, 2002,
2004, 2005a,b), Singer and Brown (2002), and references therein.
Postulated events in grey are undated, imprecisely dated, or less
well documented magnetically (Singer et al., 2002). The
astronomically-dated record of reversals and excursions includes
SINT-800, a global compilation of geomagnetic field intensity
from 33 marine sediment records over the last 800 ka (Guyodo
and Valet, 1999), and the composite record from sediment cored
at Ocean Drilling Program sites 983 and 984 (Channell et al.,
2002). In the latter, paleointensity lows that correspond with
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unrecognized event, now named the Punaruu event. The results of Singer
et al. (1999) also provided for the first time,the direct radioisotopic ages
for the onset and termination of the Jaramillo normal subchron at
1069� 12 and 1001� 10 ka, respectively, which are in agreement with
astronomical estimates (see Figure P57). Between the Jaramillo subchron
and the M-B boundary, eight transitionally magnetized lavas from Tahiti
and Halekala yielded a common weighted mean 40Ar/39Ar age of
900� 6 ka, corresponding to Champion et al.’s (1988) Kamikatsura
event (Singer et al., 1999; Figure P57).

Singer et al. (1999) suggested that the Kamikatsura event shortly
postdated another previously unrecognized event recorded by the
Santa Rosa I rhyolite dome in the Valles Caldera, New Mexico. To
verify this, Singer and Brown (2002) undertook 40Ar/39Ar laser fusion
and incremental heating experiments on sanidine from the transition-
ally magnetized Santa Rosa I rhyolite dome and determined its age
to be 936� 8 ka; that is, the Santa Rosa event is 37 ka older than
the Kamikatsura event and 65 ka younger than the reversal that termi-
nated the Jaramillo Subchron Figure P57. At Cerro del Fraile in south-
ern Argentina, Singer et al. (2004) have 40Ar/39Ar dated a sequence
of 10 basaltic lavas that, in concert with dates from lavas elsewhere,
provide precise radioisotopic ages for geomagnetic events marking
termination of the Reunion Subchron at 2137� 16 ka, plus the
onset and termination of the Olduvai Subchron at 1922� 66 and
1175� 15 ka. A single transitionally magnetized lava gave a discor-
dant age spectrum that, together with a K-Ar age determination, indi-
cate an age between about 1610 and 1430 ka (Figure P57). The
termination of the Reunion Subchron is temporally distinguished by
about 50 ka from the Huckleberry Ridge event recorded in tuff at
Yellowstone national park, Wyoming (Singer et al., 2004).

The paleomagnetic and 40Ar/39Ar data of Singer et al. (2002)
revealed that two geomagnetic events, including the one that preceded
the M-B reversal by 18 ka, and a younger event dated at 580� 8 ka
are recorded in lavas on the northeast flank of La Palma island. The
latter correspond to the Big Lost event that was K-Ar dated in Idaho
at 565� 28 ka by Champion et al. (1988). Moreover, Hoffman and
Singer (2004) discovered a third recording of the Big Lost event in
lavas at Tahiti, clearly demonstrating the global nature of this excur-
sion at 579� 6 ka (Figure P57). Lava flows of the Albuquerque Vol-
canoes, New Mexico along with a sequence of lacustrine sediments
and volcanic ash at Pringle Falls, Oregon, that both record excursional
field behavior have been 40Ar/39Ar dated at 217� 17 and 211� 13 ka,
respectively (Singer et al., 2005b). The common age from the two sites
suggests that they record the same period of geomagnetic instability
with a weighted mean age of 213� 10 ka. Using both 40Ar/39Ar and
unspiked K-Ar methods, two lava flows in the Massif Central, France
that record the Laschamp excursion have recently been dated to
40:4� 1:1 ka, which is about 10% younger than previous estimates dis-
cussed earlier (Guillou et al., 2004). This new age is indistinguishable
from that of a prominent paleointensity low at 40.9 ka found in marine
sediments of the North Atlantic Ocean whose history has been cali-
brated using an age model based on oxygen isotopes and annual varve
counting in the Greenland Ice Sheet Project II (GISP2) ice core. Thus,
despite uncertainties in the decay constant for 40K, which may be as
large as 2.4%, the 40Ar/39Ar method is capable of determining ages with
equator crossing shifts in the direction of the virtual geomagnetic
pole are dated using an astronomical age model of oxygen isotope
variations in the cores. Note that several paleointensity lows in
SINT-800 do not readily correlate to events that have been
radioisotopically dated or assigned astronomical ages elsewhere.
Similarly, although many radioisotopically dated events match
those found in the ODP 983 and 984 cores, several paleointensity
lows, including some not shown here, have yet to be found in
lavas that have been 40Ar/39Ar dated. Note that all 40Ar/39Ar ages
are calculated relative to an age of 28.02 Ma for the Fish Canyon
tuff sanidine standard.
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an accuracy and precision of between 1% and 2% for virtually the entire
Pleistocene (Guillou et al., 2004).
Comparison of these radioisotopically dated events with more con-

tinuous records of paleointensity and paleodirection recovered from
marine sediments has helped to (1) verify that excursions mark fre-
quent instability of the geodynamo, (2) test the astronomical age esti-
mates of many events, and (3) better interpret long-term temporal
changes in the field. Perhaps the highest resolution recording of the
field during the Matuyama reversed Chron comes from drift sediment
deposited at high rates at Ocean Drilling Program (ODP) sites 983 and
984 in the Iceland basin (Channell et al., 2002). Hydraulic piston cores
from these sites revealed changes in the direction of the magnetic field
corresponding to at least seven excursional events and six reversals
bounding subchrons (Figure P57). Each of these directional shifts is
associated with a low in the relative intensity of the magnetic field,
but there are also other paleointensity lows not associated with promi-
nent directional excursions (Channell et al., 2002). ODP 983 and 984
cores record paleointensity lows corresponding to the Santa Rosa and
Punaruu events, and to reversals bounding the Jaramillo, Cobb Moun-
tain, Olduvai, and Reunion subchrons, each with an astronomical age
that is within an error of the radioisotopic ages (Figure P57). Alterna-
tively, a few events found in the ODP 983 and 984 cores, for example
the Bjorn, Gardar, and Gilsa events, have yet to be 40Ar/39Ar dated in
lavas, although the transitionally magnetized lava from Cerro del
Fraile that is poorly dated between 1610 and 1430 ka may correspond
to one of the latter two events (Figure P57). In the site 983 core, a
paleointensity low accompanying an equator crossing of the virtual
geomagnetic pole direction was not highlighted by Channell et al.
(2002), but the astronomically estimated age of 2055 ka is close to
the 40Ar/39Ar age of the Huckleberry Ridge event (Figure P57).
For the Brunhes normal Chron we have the global compilation of

paleointensity data known as SINT-800 that indicates at least eight periods
when the virtual axial dipole moment (VADM) is dropped below about
4� 1022 Am2 (Guyodo and Valet, 1999). Three of these events, astro-
nomically dated at ca. 590, 190, and 40 ka, broadly correspond to the
Big Lost, Jamaica, and Laschamp excursions. However, closer inspection
reveals that the 40Ar/39Ar ages for the Big Lost and Albuquerque Volca-
noes/Pringle Falls excursions are several ka older than first-order inten-
sity lows recorded in the sediment (Figure P57). The SINT-800
paleointensity record is based on 33 sediment cores, no two of which
preserve identical patterns of paleointensity (Guyodo and Valet, 1999).
Given uncertainties associated with generating astrochronologic age
models, and a limited understanding of how magnetic remanence acqui-
sition may be delayed or distorted in marine sediments, these temporal
mismatches suggest that caution be used when attempting to correlate
the major paleointensity lows across the globe. Alternatively, dating of
transitionally magnetized lava flows relies uponwell understood process
of radioisotopic decay and thermal magnetic remanence.

40Ar/39Ar dating of lava flows which directly record brief periods of
geomagnetic field instability, coupled with recognition of these events
in marine sediment, indicate that both excursions and reversals reflect
intrinsic behavior of the geodynamo. Singer et al. (2002) proposed that
when the stability of the geodynamo is considered, rather than the
lengths of polarity chrons, an alternative approach to the GPTS is
needed. Hence, a new 40Ar/39Ar-based Geomagnetic Instability Time-
Scale (GITS) for the last 2.2 Ma is under construction (Figure P57).
Experience suggests that many geomagnetic events remain to be dis-
covered or verified as more lava flow sequences are studied in detail.

Brad S. Singer
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Introduction

Using paleomagnetism to reconstruct continents in the Precambrian
has proven to be exceedingly difficult despite a database of many hun-
dreds of paleomagnetic poles from around the world. The most serious
problem involves the large age uncertainties associated with most Pre-
cambrian paleopoles. This is due to a number of factors, most notably
the poor age constraints on the rock-units from which the paleopoles
are derived and magnetic overprinting during metamorphic events.
Roy (1983) first pointed out that most Precambrian paleopoles were

too poorly dated, with uncertainties of tens or even hundreds of
millions of years, to be of use in defining apparent polar wander paths
(APWPs). Buchan and Halls (1990) suggested rigorous criteria to
identify individual paleopoles that are sufficiently well defined and
well dated that they are useful for defining apparent polar wander
paths or reconstructing paleocontinents. Such paleopoles were termed
“key paleopoles” by Buchan et al. (1994).

Criteria of a key paleomagnetic pole

The following basic criteria for a key paleomagnetic pole are adapted
from Buchan and Halls (1990) and Buchan et al. (2001).

(a) Age of the paleopole: The paleopole should be demonstrated to be
primary and the rock-unit precisely and accurately dated.

(b) Quality of the paleopole: The primary paleomagnetic remanence
should be properly isolated, secular variation averaged out, and,
where necessary, correction made for crustal tilting.

The critical importance of the age criterion cannot be overemphasized;
only well dated paleopoles should be considered as key paleopoles. Field
tests are required to demonstrate that the remanence is primary. For
example, igneous rocks can be shown to carry a primary remanent
magnetization using the baked contact test (see Baked contact test).
A Precambrian rock-unit must have a radiometric age with an uncer-
tainty of < �20 Ma (Buchan et al., 2001). At present, only U-Pb and
Ar-Ar dating meet this requirement. In the future, with improved analy-
tical techniques it should be possible to strengthen this criterion and
require age uncertainties < �5 Ma.

It is important to ensure that the age and the paleomagnetic rema-
nence are actually derived from the same geological unit. Thus, the
geochronological and paleomagnetic studies should be integrated and
carried out at the same sampling localities wherever possible (e.g.,
Buchan et al., 1994).

The direction of the paleomagnetic remanence used to calculate
the paleomagnetic pole must accurately represent the direction of the
Earth’s magnetic field. In particular, the paleopole itself must be prop-
erly isolated to ensure that secondary magnetizations have been elimi-
nated. This requires the use of stepwise alternating field and thermal
demagnetization techniques. Secular variation must be averaged out.
For example, in the case of rapidly cooling igneous units such as volca-
nic flows, several different units must be sampled. The paleopole must
be corrected if crustal tilting has occurred since remanence acquisition.

Apparent polar wander path method vs. comparison
of key paleomagnetic poles

The standard practice of comparing APWPs for different continental
blocks in order to determine their relative movements often breaks
down in the Precambrian. At present, there are simply too few key
paleopoles from most continental blocks to allow meaningful APWPs
to be constructed. In an attempt to circumvent this problem, it has been
standard practice to make use of large numbers of poorly dated paleo-
poles. In some cases, the large uncertainties in the age of most of the
paleopoles are disregarded. In other cases, “grand mean” paleopoles
are calculated from the poorly constrained data and used as tie-points
along the APWP. In still other cases, the APWP is simply interpolated
over relatively long time intervals between existing individual paleo-
poles or grand mean paleopoles.

However, as noted above, most Precambrian paleopoles are too
poorly dated to allow them to be properly sequenced along APWPs.
Long time gaps in the paleopole record from a given continental block
make it difficult to interpolate between them. In addition, interpolation
between widely separated paleopoles is hindered by an ambiguity in
magnetic polarity that results from the lack of continuous APWPs from
the Precambrian to the Present. The unreliability of Precambrian APWPs
based on poorly dated paleopoles was illustrated byBuchan et al. (1994),
who used key paleopoles to demonstrate that the widely used Paleo-
proterozoic APWP for the Superior Province of the Canadian Shield
was invalid.

The extent of the dating problem has been described in recent
reviews by Buchan et al. (2000) and Buchan et al. (2001), who exam-
ined the Baltica-Laurentia database for the Proterozoic and the global
database for the period 1700–500 Ma, respectively. They concluded
that only a very few Proterozoic paleopoles are sufficiently well dated
to pass the age criterion for a key paleopole. Although many paleo-
poles in the database are well defined, their ages are uncertain. Either
they do not have a rigorous field test to determine that the remanence
is primary, or the rock-unit from which they have been derived is
undated or poorly dated. Most of the key paleopoles that were identified
come from a single continental block, Laurentia. A few are available
from Baltica. More recent work has yielded key paleopoles for Australia
(e.g., Wingate and Giddings, 2000; Pisarevsky et al., 2003). Unfortu-
nately, there are as yet no key Proterozoic paleopoles that can be used
for reliable APWP construction from most other continental blocks.

The comparison of APWPs derived from different continental
blocks is the ideal method of determining if continental blocks were
drifting as a unit or separately. However, Buchan and Halls (1990)
and Buchan et al. (1994) suggested that key paleopoles only be con-
nected to form a segment of an APWP if their ages are within 30 Ma.



840 POTENTIAL VORTICITY AND POTENTIAL MAGNETIC FIELD THEOREMS
Instead, Buchan et al. (2000) proposed that, until enough key paleopoles
are available to construct reliable APWPs, individual key paleopoles of
the same age from different continental blocks should be directly
compared in order to determine the relative position of the blocks.
Of course, comparing key paleopoles of a single age would not yield
a unique reconstruction, because of the longitudinal uncertainty inherent
in the paleomagnetic method. However, as noted by Buchan et al.
(2000, p. 185–186), a unique reconstruction may be possible if two
(or more) ages of key paleopoles are compared and if the continental
blocks in question moved as a unit and rotated through a significant
angle during the period under study.

Conclusion

Reliable APWPs and continental reconstructions cannot be obtained
from poorly dated paleomagnetic poles, no matter how many are used
or how well defined are the paleopole themselves. Key paleopoles that
are both well dated and well defined are a prerequisite for establishing
reliable APWPs and producing robust paleocontinental reconstructions.

Kenneth L. Buchan
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Baked Contact Test
POTENTIAL VORTICITY AND POTENTIAL
MAGNETIC FIELD THEOREMS

Theoretical studies of motions in the Earth’s fluid (liquid) metallic
outer core, where the main geomagnetic field is produced by self-
exciting dynamo (q.v.) action, are based on the nonlinear partial differ-
ential equations (PDEs) of magnetohydrodynamics (MHD) (q.v.) that
govern the flow of electrically conducting fluids. The equations are
mathematical expressions of the laws of mechanics, thermodynamics
and electrodynamics applied to a continuous medium.
The equations of electrodynamics are not needed when dealing
with fluids of low electrical conductivity, for effects due to Lorentz
forces associated with the flow of electric currents are then negligible,
as in dynamical meteorology and oceanography. In these highly devel-
oped areas of geophysical fluid dynamics a key role is played by the
concept of potential vorticity (PV). This pseudoscalar quantity—
defined as the reciprocal of the density of the fluid multiplied by
the scalar product of the vorticity vector and the gradient of any dif-
ferentiable scalar quantity, such as the potential temperature or
specific entropy of the fluid (see Eqs. (2), (17) below)—satisfies
an elegant theorem (see Eq. (3)) due to Ertel (1942; see also Gill,
1982; Pedlosky, 1987).

In the words of Pedlosky (1987, p. 38) extolling the virtues of
Ertel’s theorem: “although the vorticity equation [which expresses
the effects of torques associated with forces acting on a moving fluid
element] is illuminating because it deals directly with the vector char-
acter of vorticity, it is more descriptive of how vorticity is changed
than a useful constraint on that change. Kelvin’s (circulation) theorem
is more powerful, but (it) is an integral theorem dealing with a scalar
and requires knowledge of the detailed evolution of material surfaces
in the fluid. . . . (The) beautiful and unusually useful theorem due to
Ertel (governing the behavior of potential vorticity) . . . provides a con-
straint on vorticity which is free from many of (these) difficulties. . .”

An analogous constraint (Hide, 1983) on the behavior of the mag-
netic field (rather than vorticity) in a moving electrically conducting
medium follows directly from the equations of electrodynamics (see
Eqs. (6), (7) below). The constraint involves the concept of potential
magnetic field (PMF) (defined by Eq. (6)), the behavior of which is
governed by the general expression given by Eq. (7), the electrody-
namic analogue of the Ertel PV theorem (for recent references see
Hide, 2002, 2004). The full set of mathematical equations obtained
by incorporating into extended versions of these PV and PMF
theorems (see Eqs. (8) and (9) below) the constraints that arise from
thermodynamic considerations on potential temperature or specific
entropy should facilitate future theoretical and numerical investigations
of the geodynamo (q.v.) and other MHD phenomena encountered in
theoretical geophysics and astrophysics; see Hide (1996). The rest of
present article closely follows Hide (1996), material from which is
reproduced here by kind permission of the Royal Astronomical
Society and Blackwell Publishers.
Potential vorticity

Consider a continuous medium in which the mass density is r(r,t) and
Eulerian velocity relative to an inertial frame is u(r,t) at a general point
P with position vector r at time t. Conservation of mass requires that
Dr
Dt

þ rr 	 u ¼ 0 (Eq. 1)

re D/Dt � @/@t þ u · r), which reduces to r · u ¼ 0 when the
(whe
medium is incompressible.

If by x � r � u we denote the (absolute) vorticity and by
r�1x 	 rH
 (Eq. 2)

o-called “potential vorticity”, where H* ¼ H*(r,t) is any continu-
the s
ous and differentiable function, then by a very slight extension of
Ertel’s theorem (see Gill, 1982; Pedlosky, 1987), we have
D
Dt

x 	 rH


r

� 

¼ x

r
	 rDH


Dt
þrH
 	C (Eq. 3)

e
wher
C � r�2½ g�rrþr� ð j � BÞ þ r � F�: (Eq. 4)
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Here � g is the acceleration due to gravity and j � B the, Lorentz
ponderomotive force, if j (r,t ) is the electric current density at P and
B (r,t ) is the magnetic field, which satisfies
r 	  B ¼ 0 : (Eq. 5)

term F in Eq. (4) represents the visco-elastic force acting on an
The 
element of material of unit volume which at time t is situated at P, redu-
cing in the case of a fluid to the usual term representing the viscous force.

Potenti al magnet ic field

Analogous to the derivation of Eq. (3) from the equations of
dynamics, is the derivation from the equations of electrodynamics of
an expression governing the behavior of the “potential magnetic field ”,
defined as
r �1 B 	 rG
  (Eq. 6)

re G *, like H*, is any continuous and differentiable function of r
(whe
and t ), namely
D
D t

B 	 rG


r

� 

¼ B

r 
	 rDG


D t
þrG
 	 F (Eq. 7)

e, 1983). Here F comprises several terms, all of which vanish
(Hid
when the medium is a perfect conductor of electricity and thermoelec-
tric, Hall, Nernst-Ettinghausen and other “ nonohmic” effects are negli-
gible. (Consistent with the neglect of relativistic effects, no account is
taken of Maxwell displacement currents and electrostatic forces can be
ignored in F, see Eq. (4).)
Now make the successive substitutions H* ¼ H and then H * ¼ q 0 H

in the potential vorticity Eq. (3) and combine the resulting two
equations to obtain
D
D t

H
r 
x 	 rq 0

� �
¼ x 	 rq 0

r

� 

DH
Dt

þ H
r

x 	 rDq 0

Dt

� 

þ H C 	 rq 0

(Eq. 8)

e same way, substitute G * ¼ G and then G * ¼ qG in the potential
In th
magnetic field equation (7); hence
D
D t

G
r 
B 	 rq

� �
¼ B 	 rq

r

� 

DG
Dt

þ G
r

B 	 rD q
Dt

� 

þ GF 	 rq

(Eq. 9)

 functions H, G, q, and q 0 are also arbitrary. see Hide, 1996.)
(The
Equations (8) and (9) are useful extensions of the general results

expressed by Eqs. (3) and (7) respectively, for each equation contains
two arbitrary scalars, rather than just one. Suitable choices of these sca-
lars lead directly to other general results, such as a relationship between
forms of potential vorticity, helicity and superhelicity in hydrodynamics
and its counterpart in electrodynamics (see Hide, 1989, 2002).
Some geoph ysical applicatio ns

As an application of these equations we set G ¼ x · r q 0 in Eq. (9) and
H as a comparable function of B and q in Eq. (8) and subtract the
resulting equations. Thus:
D
D t

log
B 	 rq
x 	 rq0

� �
¼ðB 	 rqÞ� 1 B 	 rDq

Dt
þ r F 	 rq

� �

� ðx 	 rq 0Þ�1 x 	 rDq 0

Dt
þ r C 	 rq0

� �
(Eq. 10)
Equation (10) is particularly useful when q and q 0 are simply related to
the coordinates of the general point P. Consider for example the case
when spherical polar coordinates (r, y , f ) are used and q ¼ q0 ¼ r.
Equation (10) then reduces to
D
Dt

log
Br

xr

� 
� �
¼ 1

Br
ð B̂ 	 r̂ ur þ r Fr Þ � 1

xr
x̂ 	 r̂ ur þ r C r
h i

(Eq. 11)

e the subscript r denotes the r-component of the corresponding
wher
vector and the operators
B̂ 	 r̂ � B 	 r � Br ] =] r and x̂ 	 r̂ �  x 	 r � xr ] = ]r
(Eq. 12)

parable relationships can be found by setting q and q 0 equal to y
Com
and f .

In geophysical and astrophysical fluid dynamics we are often
interested in fluids for which the electric al conductivity is very high
and “ non-ohmic” effects (see Eq. (7)) are negligible, so that Alfvén ’s
“ frozen magnetic flux ” (q.v ) theorem holds. Then the vector F ¼ 0
in Eq. (7) (see also Eqs. (9), (10) (11)) which when G* ¼ r and the
fluid is incompressible (so that Dr/Dt, see Eq. (1)) gives
D
Dt

Br ¼ B 	 rur (Eq. 13)

equation has been put to good use by geophysicists in work on
This
the determination of the flow just below the Earth’s core-mantle inter-
face from observations of the geomagnetic secular variation (q.v.); see
Eq. (16) below.

Also of interest are studies of flows in rapidly rotating systems,
where it is convenient to work in a frame of reference that rotates rela-
tive to an inertial frame with angular velocity O ¼ (O cos y , – O sin y, 0)
about the polar axis. Equations (1)– (11) hold in the new frame if
we re-define x as being equal to r � u þ 2O, include centripetal
effects in g and add the term rr � dO/dt to F (see Eq. (4)). Such flows
include those where to a first approximation buoyancy forces act in the
radial direction and other forces and torques acting on individual fluid
elements are in magnetostrophic balance which, when Lorentz forces
are also negligible, reduces to geostrophic balance. Magnetostrophic
balance is characterized here by setting
ðxr; xyÞ ¼ 2Oðcos y;� sin yÞ and C ¼ r�2j � B; (Eq. 14)

C ¼ 0 in the geostrophic case. When combined with Eq. (14),
with
Eq. (11) gives
D
Dt

log
Br

cos yr

� 

¼ B̂ 	 r̂

Br
� x̂ 	 r̂
2O cos y

 !
ur � r� ðj � BÞ½ �r

2r O cos y

(Eq. 15)

e case of geostrophic flow over a spherical surface where ur is
In th
negligibly small in magnitude in comparison with uy and uf, it follows
immediately from Eq. (15) that
D
Dt

ðBr sec yÞ ¼ 0 (Eq. 16)

ying the conservation of the quantity Brsecy on moving fluid ele-
impl
ments. This result is a familiar one in work on the determination of
motions just below the Earth’s core-mantle boundary from geomag-
netic secular variation data (q.v.), where near-uniqueness can be
secured by combining the assumption of geostrophy with Alfvén’s
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frozen magnetic flux theorem (see Eq. (13)). Conditions under which
the result can be expected to apply are clearly exposed by its novel
derivation here from the powerful general theorems governing the
behavior of potential vorticity and potential magnetic field in
magnetohydrodynamic flows.
The full equations of magnetohydrodynamics express not only

the laws of mechanics (the basis of Eq. (3)) and of electrodynamics
(the basis of Eq. (7)) but also the laws of thermodynamics governing,
inter alia, the behavior of specific entropy Y ¼ Y(r,t). This quantity
satisfies
DY
Dt

¼ Q (Eq. 17)

e Q ¼ Q(r,t) represents thermal conduction, radiation and other
wher
diabatic effects, including ohmic heating. We conclude this short note
by observing that Eq. (10) with q ¼ q0 ¼ Y shows that isentropic
flows, for which Q ¼ 0 by definition, satisfy
D
Dt

B 	 rY
x 	 rY

� 

¼ 0 (Eq. 18)

gions where C* and F are also negligibly small. According
Figure P58 Precessional flow in a laboratory spheroid.
Kalliroscope flakes dispersed in the fluid are illuminated by a
beam of light in a plan containing both the rotation axis of the
container and of the fluid. Any shear in the flow aligns the flakes.
The obliquity angle is 20�. Experimental details can be found in
Noir et al. (2003). Meridional cross sections of geostrophic
cylinders aligned with the axis of the Poincaré mode are clearly
seen. Oscillations (or instabilities?) of the axis are also visible.
in re
to Eq. (18), within such flows the ratio of the components of B
and x in the direction of rY, the gradient of specific entropy, is
(like Y itself) conserved on moving fluid elements. A further result
of geophysical and astrophysical interest is that Eq. (18) reduces
to Eq. (16) in cases when approximate geostrophic balance obtains
and the nonradial components of rY are much weaker than its radial
component.

Raymond Hide
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Alfvén’s Theorem and the Frozen Flux Approximation
Core Motions
Geodynamo
Geomagnetic Secular Variation
Magnetohydrodynamics
Proudman-Taylor Theorem
PRECESSION AND CORE DYNAMICS

The Earth is forced to precess by the gravitational action of the Sun,
the Moon and the other planets of the solar system on its equatorial
budge. Like a spinning top, the axis of rotation of the planet moves
on a cone of semiangle 23.27� with a period of 26000 years, which
is known from early astronomy as the precession of the Earth. The
motions of the axis on smaller cones with shorter periods are known
as nutations. The amplitudes and periods of the precession nutations
are directly connected to the shape (ellipticity) and structure of the
Earth. The presence of a liquid layer (the core) at the center of the pla-
net introduces a differential precession between liquid and solid parts
and their coupling sets the amplitude of this difference. After a first
attempt by Kelvin, Hough (1895) and Poincaré (1910) were the first
to model this problem in order to determine whether the interior of
the Earth is liquid or solid. Considering an inviscid fluid, Poincaré
suggested that the response of the fluid is rather simple as it is a solid
body rotation and a gradient flow associated with the ellipticity of the
solid boundary. More generally, Busse (1968) revealed an analogy
between the core flow induced by precession and the one due to tidal
bulge. Malkus (1968) envisioned the core motion associated with
precession as a possible source for the geodynamo.

Position of the axis of rotation of the Core

The axis of rotation of the liquid core differs from the axis of rotation
of the mantle and the torque balance on the fluid core gives the relative
position of the two axes (Poincaré (1910) for the inviscid problem and
Busse (1968) for the viscous correction). In Figure P58, the photo-
graph illustrates this situation as the rotation axis of fluid is clearly
off the axis of the container. It is worth noting that there is no differ-
ential rotation along the axis of rotation of the fluid while the flow
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induced by precession is not associated with a spin-up process, which
would not preserve the geometry of the Poincaré mode (Greenspan,
1968). As the Earth’s rotation decreases, the precessional and nuta-
tional forcings vary and the fluid response may match an eigenmode
flow in the rotating core known as the “tilt-over mode” (Greenspan,
1968), generating a resonance in the core which may be related to
the reversals frequency of the geomagnetic field or major geologic
events (Greff and Legros, 1999). Noir et al. (2003) have observed this
resonance in their experiment and showed its nonlinear implications
from the torque balance; very large excursions of the axis of rotation
of the fluid are predicted. It remains unclear how the presence of an
inner core (with a different ellipticity) would influence these results.
Boundary layer singularities

A thin boundary layer develops at the core-mantle boundary to ensure
continuity of the velocity field. Both magnetic (electromagnetic skin
layer) and viscous (Ekman layer) effects form a layer a few hundreds
meter in depth at the liquid core boundaries (see Core, boundary
layers, Loper, 1975; Deleplace and Cardin, 2005). Because of their
diurnal oscillations, the viscous boundary layer is singular at the criti-
cal latitudes (�30�) and diurnal jets or shear layers erupt in the bulk
fluid along characteristic cones associated with inertial waves in the
fluid core (Hollerbach and Kerswell, 1995; Noir et al., 2001). Asymp-
totic scaling (with no magnetic field) lead to diurnal motions in the
core of amplitude � 10�5 m/s, depending on the effective viscosity of
the fluid outer core.
Geostrophic motions

Cylindrical motions have been observed in precession experiments
(Malkus, 1968; Vanyo et al., 1995). In Figure P58, we clearly see axi-
symmetric geostrophic shear flows (Black and white lines parallel to
the axis of rotation). Their source is associated with a nonlinear effect
in the boundary layer at the critical latitude. These geostrophic motions
have been retrieved in nonlinear calculations of precessing flows (Noir
et al., 2001). Malkus (1968) determined the amplitude of the velocities
of the geostrophic cylinders and the recent numerical results agree
qualitatively with his experimental findings. In the absence of mag-
netic field, an amplitude of 10�5 m/s of the geostrophic cylinders is
predicted in the Earth’s core.
Instabilities

In Figure P58 the central axis of rotation of the fluid shows a variation
of the brightness. This modulation may be the signature of an elliptical
or shear instability, which would result from the nonlinear interaction
of two inertial waves and the Poincaré flow according to symmetry
rules (Kerswell, 2002). Such an instability may lead to intermittency
of small-scale turbulence (Malkus, 1989; Lorenzani and Tilgner,
2003; Lacaze et al., 2004). It is difficult to apply these results to pla-
netary interiors as they are only partially understood in simple systems.

Dynamo action

In the past, energetic arguments based on the Poincaré mode alone,
have been used to rule out precession as a source for the geodynamo
(Loper, 1975). This result is invalid if we consider that the Poincaré
mode transfers energy from the kinetic energy stored in the Earth’s
equatorial rotation (Malkus, 1968) to secondary motions within the
core (geostrophic cylinders, instabilities) through nonlinear effects
which have not been taken into account in Loper’s approach.
The Poincaré flow cannot produce any dynamo action as it is mainly

a solid body rotation. The erupted layers and connected inertial waves
are diurnal and confined to very small regions; they may participate to
a permanent dynamo only through a nonlinear and alpha-effect but no
results have been reported according to our knowledge. Geostrophic
motions and associated instabilities can produce a kinematic dynamo
as Tilgner (2005) just proved, at least for a very viscous fluid. The
importance of elliptical instabilities for the dynamo remains an open
question even though Aldridge and Baker (2003) used them as a basis
of an interpretation of the paleomagnetic reversals frequency.

Philippe Cardin
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PRICE, ALBERT THOMAS (1903–1978)

An applied mathematician, born in Nantwich, Cheshire, Price is
regarded as one of the founding figures in the development of geomag-
netism, and was particularly concerned with the determination of the
electrical properties of the Earth’s interior. He pioneered methods for
analyzing magnetic variations and for separating them into parts aris-
ing externally and internally to the Earth’s surface. Treating the exter-
nal part as an inducing field, he sought to explain the internal induced
part by establishing theory for electromagnetic induction in spheres, in
thin sheets and shells and in half-spaces. These had direct relevance to
global problems of induction in the Earth, the oceans and the iono-
sphere, and to local problems of electromagnetic exploration. He
sought mathematical theories to explain existing data and drove data
acquisition programs to test mathematical theories.
A fundamental paper by Price and Chapman (1928) (see Chapman,

Sydney) established that diurnal variations in the Earth’s magnetic field
are derivable from a scalar potential. In the 1930s, Price derived for-
mal solutions to induction in uniformly conducting spheres by aperio-
dic inducing fields (Price, 1930) and included permeability (Price,
1931), complementing solutions of Lamb for periodic fields. This
made him possible to investigate the conductivity of the Earth using
both the periodic daily variation of the magnetic field on quiet days
(Sq) and the aperiodic storm time variations (Dst) (see Storms and
substorms, magnetic (q.v.)). He applied these theories, again with
Chapman, establishing the validity of global electromagnetic induction
and determining conductivity models for Dst (Chapman and Price,
1930) (see Mantle, electrical conductivity, mineralogy). The deeper
penetrating storm time fields required a higher conductivity than was
the case for Sq and this was early evidence that the Earth’s electrical
conductivity increases with depth. In a classic paper (Lahiri and Price,
1939), spheres in which the conductivity varied as a function of radius
were considered. Analytic solutions were obtained for the special case
of conductivity varying as a power of the normalized radius. These
remain the only analytic solutions determined to date. Application of
the theory jointly to both Sq and Dst revealed a rapid increase in con-
ductivity around 600–700 km depth, a result of major importance in
the study of the Earth. An additional requirement was the inclusion
of a thin conducting shell at the Earth’s surface, which was assumed
to represent an effect of the conducting oceans.
Price provided theory for induction in nonuniform thin sheets and

shells electrically insulated from their surroundings (Price, 1949),
establishing what became known as Price’s Equation (Parkinson,
1983). He provided analytic solutions for specific conductivity distri-
butions and iterative schemes for obtaining numerical approximations
for the general case. Through this he initiated two lines of research-
induction in the ionosphere and induction in the oceans. Price’s reap-
praisal of ionospheric current flow with Cocks (Cocks and Price,
1969) concluded that the prevalent theory of two-dimensional current
flow was inadequate and that the external part of the Sq variations
required a component of vertical current flow, now a well-established
premiss in ionospheric studies (see Ionosphere). With Hobbs (Hobbs
and Price, 1970) he derived a suite of surface integral formulae which
found direct application in his iterative schemes for solving problems
of induction in the nonuniformly distributed oceans. An intense period
of thin-sheet oceanic induction studies followed until computing power
in the 1980s was able to cope with a thin surface sheet electrically
coupled to the underlying mantle (see Ocean, electromagnetic effects).
Price’s continuing interest in Sq led to a new method of separating

parts arising externally to the Earth from those arising from within
the earth due to induction. The two-step method, proposed with Wilk-
ins (Price and Wilkins, 1963), involved first determining values of a
potential function on the Earth’s surface representing the total mag-
netic variation field and then separating this total field into its external
and internal parts using surface integrals. The potential function was
determined by iteration, minimizing residuals of line integrals of the
magnetic field around closed contours on the Earth’s surface. Applica-
tion of the surface integrals required establishing tables of values of
integrands over worldwide tesseral elements. The new method was
applied, using banks of mechanical calculators, to observations made
during the International Polar Year (Price and Wilkins, 1963) and to
the International Geophysical Year (1964). Price was instrumental,
again with Chapman, in proposing and establishing Sq as a subject
of study during the International Quiet Sun Year.

Price also provided theory for so-called local induction problems,
whereby the Earth is represented as a half-space. In 1950 he gave com-
plete solutions for induced and freely decaying modes and showed that
induction in a half-space by a uniform field is an indeterminate pro-
blem (Price, 1950). In 1962 he presented formal theory for the magne-
totelluric method including consideration of the dimensions of the
source field (Price, 1962) (see Magnetotellurics). Work with Jones
(Jones and Price, 1970) involved a detailed analysis of boundary con-
ditions applicable to two-dimensional induction problems and showed
how numerical solutions could be obtained for models that included
inhomogeneous conducting regions. This paved the way for the inter-
pretation of anomalies found in the rapidly expanding field of magne-
totelluric surveys.

Summaries of much of his work, and that of others, are given in two
valuable reviews (Price, 1967a,b). These reviews include observational
material, theory, and applications together with physical and mathema-
tical insights into geomagnetic phenomena. They are still useful works
of reference.

In an academic career spanning of 43 years, Price held appointments
at Queen’s University, Belfast (1925); Imperial College, London
(1926–1951); Royal Technical College, Glasgow (1951–1952) and
University of Exeter (1952–1968). He was an IGY Research Associate
at the National Academy of Sciences, Washington (1961–1962) and
Chairman of Commission IV of IAGA on Magnetic Activity and Dis-
turbances (1964–1968). The Gold Medal of the Royal Astronomical
Society was awarded to Price in 1969 for his work on geomagnetism
and especially for his studies of the electrical conductivity in the interior
of the Earth. The Royal Astronomical Society awards the Price Medal
for geomagnetism and aeronomy, in his honor.

Bruce A. Hobbs
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PRINCIPAL COMPONENT ANALYSIS
IN PALEOMAGNETISM

When studying the mean and variance of paleomagnetic data it is a
common practice to employ principal component analysis (Jolliffe,
2002). The theory of this method is related to the mathematics quanti-
fying the moment of inertia of a set of particles of mass about some
reference point of interest. For the purposes of data analysis, principal
component analysis was first promoted by Pearson (1901) and Hotelling
(1933), and it also often associated with Karhunen (1947) and Loéve
(1977). Principal component analysis is widely applied in crystallogra-
phy (e.g., Schomaker et al., 1959). In paleomagnetism (e.g., Mardia,
1972; Kirschvink, 1980), it finds application in studies of the average
paleofield, paleosecular variation, demagnetization, and magnetic sus-
ceptibility. Here we discuss and demonstrate principal component analy-
sis in application to full paleomagnetic vectorial data and, separately, to
paleomagnetic directional data.

Vectorial analysis

Consider a set of paleomagnetic vectors, with the ith vector x(i) having
intensity, inclination, and declination values (F(i), I(i), D(i)). Their
equivalent Cartesian expression is just
x1ðiÞ ¼ FðiÞ cos IðiÞ cosDðiÞ;
x2ðiÞ ¼ FðiÞ cos IðiÞ sinDðiÞ;
x3ðiÞ ¼ FðiÞ sin IðiÞ; (Eq. 1)
where x ¼ ðx1; x2; x3Þ represents the usual geographic components of
(north, east, down). With N such vectorial data we can calculate their
values relative to some fixed reference point r ¼ ðr1; r2; r3Þ
dxðiÞ ¼ xðiÞ � r (Eq. 2)

ith which we can calculate their covariance matrix,
and w
C ¼ 1
N

P
dx1ðiÞ2

P
dx1ðiÞdx2ðiÞ

P
dx1ðiÞdx3ðiÞP

dx2ðiÞdx1ðiÞ
P

dx2ðiÞ2
P

dx2ðiÞdx3ðiÞP
dx3ðiÞdx1ðiÞ

P
dx3ðiÞdx2ðiÞ

P
dx3ðiÞ2

0
B@

1
CA:

(Eq. 3)

matrix can be reduced to diagonal form by an appropriate choice
This
of axes, obtained by solving the eigenvalue problem
Cem ¼ lmem; (Eq. 4)

e em is an eigenvector and lm is an eigenvalue (e.g., Strang,
wher
1980). Three eigenvectors em, for m ¼ 1; 2; 3, and their corresponding
eigenvalues lm can be found using standard numerical packages, such
as LAPACK. The eigenvectors are orthogonal, and therefore
em 	 en ¼ 0; for m 6¼ n: (Eq. 5)

eigenvectors only define directions; they are of arbitrary length.
The
Here we choose to normalize the eigenvectors, so that
em 	 em ¼ 1: (Eq. 6)

eigenvalues lm are real, but they have no particular ordering; we
The
choose an ascending order here l1 � l2 � l3 for specificity.

Let us now examine transformations between geographic space x
and eigen space, which we designate z. A transformation matrix E
can be constructed from a columnar arrangement of the eigenvectors
em. We choose to arrange the eigenvector columns in the order of their
ascending eigenvalues,
E ¼
e11 e21 e31

e12 e22 e32

e13 e23 e33

0
BB@

1
CCA: (Eq. 7)

matrix E is orthonormal, and therefore its inverse is equal to its
The
transpose,
E�1 ¼ ET: (Eq. 8)

matrix E rotates data from the eigenspace z ¼ ðz1; z2; z3Þ into the
The
original geographic space x ¼ ðx1; x2; x3Þ through the transformation
xðiÞ ¼ EzðiÞ: (Eq. 9)

inverse transformation is given by
The
zðiÞ ¼ ETxðiÞ: (Eq. 10)

matrix E also diagonalizes the covariance matrix, so that
The
ETCE ¼ L; (Eq. 11)

e
wher
L ¼
l1 0 0
0 l2 0
0 0 l3

0
@

1
A: (Eq. 12)
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All of these transformations are orthonormal, they are special cases
of a more general similarity transformation, for which the trace is
invariant, and so
Tabl

Eige

l1 ¼
l1 ¼
l1 <
l1 6¼

Tabl

Refe

r ¼ 0

r ¼ 0

r ¼ x

r ¼ 0

Note:
relativ
5 Ma
trðCÞ ¼ trðLÞ ¼
X
m

lm: (Eq. 13)

e eigenvectors and values have an important geometric interpreta-
Th
tion. The variance of the data about the reference point r is an ellip-
soid, which has the following simple expression in eigenspace
z 21
l1

þ z 22
l2

þ z 23
l3

¼ 1: (Eq. 14)

nding on the relative sizes of the eigenvalues, different sym-
Depe
metries of the data distribution are revealed; a summary is given
in Table P2. Note that each eigenvalue lm is the variance of the data
along the direction defined by its corresponding eigenvector em. If
l3 is the largest eigenvalue, then the major axis is defined as the line
segment joining the two points � ffiffiffiffiffi

l3
p

e3; the two other shorterminor axes
are defined similarly. The eccentricity of each ellipsoidal equator is
measured by
Emn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� lm

ln

s
; for m < n: (Eq. 15)

overall anisotropy of the variance can be roughly quantified by
The
the most eccentric ellipsoidal equator E13. Finally, it is important to
e P2 Eigenvalue classifications

nvalues Eigenvectors

l2 ¼ l3 No preferred oriention
l2 < l3 e1 and e2 have no preferred orientation
l2 ¼ l3 e2 and e3 have no preferred orientation
l2 6¼ l3 All eigenvectors have definite orientation

e P3 Principal component analysis of the Hawaiian data

Eigenvalue
Eigen direction

rence ðmT2Þ I(�) D(�)

Past 5 Ma, F
34.4 ðmT2Þ 10.0 –96.4
65.6 ðmT2Þ 55.7 158.8
1384.2 ðmT2Þ 32.5 0.1

Brunhes only,
26.2 ðmT2Þ 12.5 –94.6
52.1 ðmT2Þ 54.2 157.5
1505.4 ðmT2Þ 32.9 3.7
24.1 ðmT2Þ 11.4 –83.9
47.2 ðmT2Þ 44.3 174.7
138.4 ðmT2Þ 43.5 17.1

Past 5 Ma, Dir
0.0304 –14.6 87.6
0.0601 –58.9 –48.4
0.9088 31.1 –1.5

Results are shown for data recording a mixture of normal and reverse polarities o
e to the origin r ¼ ð0; 0; 0Þ and, for Brunhes data, relative to the vectorial mea
data set.
recognize the fact that the line parallel to e3(r) is, in a least-squares
sense, the best fitting line to the data that passes through the reference
point r, with l3ðrÞ being a measure of the misfit to this line. Moreover,
the plane normal to e1(r), and which contains e2(r) and e3(r), is the
least-squares, best fitting plane to the data that contains the reference point
r, with l2ðrÞ þ l3ðrÞ functioning as a measure of misfit.

It is of interest to translate the eigenvalues into more conventionally
interpretable quantities. For a prolate variance ellipsoid, Kirschvink
(1980) has defined an approximate maximum angular deviation
(MADp) from the major axis e3(0) by the conic angle determined by
a projection of the minor ellipse onto the unit sphere
E

E

ull ve

0

Full

0

0

ectio

0

ver th
n x ¼
MADp ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l1ð0Þ þ l2ð0Þ

l3ð0Þ

s" #
; for l1 ’ l2 
 l3: (Eq. 16)

an oblate variance ellipsoid, we can also define a corresponding
For
maximum angular deviation (MADo) from the plane normal to the
most minor axis along e1(0),
MADo ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l1ð0Þ

l2ð0Þ þ l3ð0Þ

s" #
; for l1 
 l2 ’ l3;

(Eq. 17)

h is somewhat different from the definition offered by Kirschvink.
whic
With respect to the maximum intensity deviation, if the variance ellip-
soid about r ¼ x is more or less spherical, then the maximum intensity
deviation (MID) can be estimated as
Variance ellipsoid

Spherical
Prolate ellipsoid with rotational symmetry about e3

Oblate ellipsoid with rotational symmetry about e1

Scalene ellipsoid, with no axis of symmetry

ccentricities MID MADp

12 E23 E13 ðmTÞ (�)

ctors

.69 15.0

vectors

.71 12.8

.70 0.81 0.91 11.8

ns only

.71 17.6

e past 5 Ma, as well as for normal Brunhes data only. Covariance is measured
ð31:3; 15:4; 19:7ÞmT. The direction-only analysis utilizes unit vectors of the



Figure P59 Projection of Hawaiian paleovector data onto the three geographic planes defined by (x1,x2,x3) and onto the eigenplane
z1 � z2 normal to the direction of the major axis defined by e3. (a-d) show data covering the past 5 Ma. (e-f) show data covering the
normal Brunhes. In (a-c) and (e-f) we plot the major axis, and in (d) and (h) we plot the projection of the variance ellipse. Solid circles
(disks) represent normal data, open circles represent reversed data.
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MID ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l1ðxÞ þ l2ðxÞ þ l3ðxÞ

3

r
; for l1 ’ l2 ’ l3:

(Eq. 18)

rwise, for aspherical dispersion, we need to consider the projec-
Othe
tion of the variance onto e3ð0Þ,
MID ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
m

lmðxÞ emðxÞ 	 e3ð0Þ½ �2
r

: (Eq. 19)
Hawaiian bimodal vectors

Let us now illustrate the utility of principal component analysis with
paleomagnetic data. For this example, we consider Hawaiian paleo-
magnetic vector data coming from lava flows emplaced over the past
re P60 Projection of Brunhes Hawaiian paleovector secular-varia
geographic planes defined by (x1,x2,x3) and onto (d-f) the three
e three equators of the variance ellipsoid in each coordinate sy
5 Ma (Love and Constable, 2003), a period of time that encompasses
several periods of normal and reverse field polarity. We consider only
those flows that, upon sampling and subsequent measurement, have
yielded complete triplets of intensity, inclination, and declination
(F(i), I(i), D(i)), and which, therefore, represent the full ambient mag-
netic vector at the time of deposition. Calculating the covariance
matrix about the origin, using r ¼ 0 in Eq. (3), we perform a principal
component analysis to obtain the eigenvalues and corresponding
eigenvectors; see Table P3. The major axis along e3 is orientated
almost parallel to the mean direction found by others using other meth-
odologies. This axis is shown in Figure P59a-P59c, where we see that
it passes through both the zero point origin and the cloud of points
defining the paleosecular variation. As a physical interpretation, it is
this axis about which the geomagnetic field varies over time and, even,
occasionally reverses its polarity. In Figure P59d we show the projec-
tion of the data onto the eigenplane z1 � z2, where we also plot the
variance ellipse defined by the projection of the variance ellipsoid.
tion data (with mean vector having been subtracted) onto (a-c) the
eigenplanes defined by ðz1; z2; z3Þ. Also shown are the projections
stem.
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The slightly asymmetric form of the paleosecular variation about the
major axis is to be noted.

Hawaiian unimodal vectors

Next, let us consider Brunhes normal data from Hawaii. Results of a
principal component analysis of these data for reference point r ¼ 0
are given in Table P3. In Figure P59e-P59g we plot the major axis
defined by e3, and in Figure P59h we show the projection of the data
onto the eigenplane z1 � z2, along with the corresponding variance
ellipse. The results here are not dramatically different from the pre-
vious result, where we used data of mixed polarities, although some
slight differences in the orientation of the major axis and variance size
are noted. In order to better inspect the nature of the paleosecular var-
iation at Hawaii during the Brunhes, we perform a principal compo-
nent analysis of the covariance about the mean vector r ¼ x. In
Table P3 we see that much of the secular variation is roughly parallel
with the mean vector; the angular difference between the orientation of
the two vectors is only 14.9�. The geometric form of the variance of
the secular variation is shown in Figure P60, where we plot both the
data and the variance ellipse in geographic and eigencoordinates.
The utility of measuring the variance about the vectorial mean r ¼ x
and in the eigenspace z should now be obvious.

Directional analysis
Usually, paleomagnetists do not have complete vectorial data. Instead,
directional data, consisting of inclination and declination values (I(i),
D(i)), are most commonly available. Therefore, let us consider a prin-
cipal component analysis for directional-only data. The equivalent
Cartesian expression of the data is
x̂1ðiÞ ¼ cos IðiÞ cosDðiÞ;
x̂2ðiÞ ¼ cos IðiÞ sinDðiÞ;
x̂3ðiÞ ¼ sin IðiÞ: (Eq. 20)

N such directional data we can calculate their covariance about
With
the defined origin r ¼ ð0; 0; 0Þ
Figure P61 Equal-area projection of Hawaiian directional data,
defined in (a) geographic coordinates and (b) eigen coordinates.
Also shown are the projections of the variance minor ellipse,
defined by l1 and l2. As is conventional, the azimuthal
coordinate is declination (clockwise positive, 0�–360�), and the
radial coordinate is inclination (from 90� in the center to 0� on the
circular edge).
Ĉ ¼ 1
N

P
x̂1ðiÞ2

P
x̂1ðiÞx̂2ðiÞ

P
x̂1ðiÞx̂3ðiÞP
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P

x̂2ðiÞ2
P

x̂2ðiÞx̂3ðiÞP
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0
BB@

1
CCA:

(Eq. 21)

efore, eigenvalues lm and eigenvectors em can be obtained for this
As b
matrix. Because all the data are unit vectors, the total variance mea-
sured relative to the origin is one and the trace of Ĉ is unity:
trðĈÞ ¼ 1; (Eq. 22)

o the sum of the three eigenvalues is determined,
and s
l1 þ l2 þ l3 ¼ 1: (Eq. 23)

means that the eigenvalues have only two degrees of freedom.
This
For a prolate variance ellipsoid, the approximate maximum angular
deviation from the major axis along e3 is
MADp ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� l3
l3

s" #
; (Eq. 24)

or an oblate variance ellipsoid, the corresponding angular devia-
and f
tion from the plane normal to e1 is
MADo ¼ tan�1

ffiffiffiffiffiffiffiffiffiffiffiffiffi
l1

1� l1

s" #
: (Eq. 25)
Hawaiian bimodal directions

As a final example, we return to the mixed polarity Hawaiian data
covering the past 5 Ma, but this time we only consider the paleodirec-
tions ðIðiÞ;DðiÞÞ. Results of a principal component analysis of the
corresponding unit vectors for reference point r ¼ 0 are given in Table
P3. In Figure P61a we plot the data, and the minor ellipse defined by
l1 and l2, in an equal-area projection of geographic coordinates. After
rotation into eigenspace (Figure P61b), we see, quite clearly, the asym-
metric variance of paleodirections, thus, demonstrating the utility of
inspecting directional data in the eigenspace z.

Jeffrey J. Love
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PROJECT MAGNET

Project Magnet is a comprehensive vector aeromagnetic surveying
enterprise that spanned much of the last five decades. Under the direc-
tion of the United States Navy and management by the Naval Oceano-
graphic Office, test flights began in 1951 and full operational
capabilities were established in 1953. The project ran through 1994, ulti-
mately contributing many thousands of track miles (see Figure P62) of
geomagnetic data (Coleman, 1992). The data are available on CD-ROM
through the National Geophysical Data Center (Hittelman et al., 1996).
The primary purpose of Project Magnet was to supply data in support

of the World Magnetic Modeling (WMM) and charting program, which
in turn supported civilian and military navigation requirements. The
WMM has been incorporated into many global positioning system
(GPS) receivers manufactured in the United States and has been used
to control drift rates in inertial navigation systems. As a geophysical tool,
the WMM has been useful as a reference measurement for Earth’s core–
mantle boundary field and as an aid in geophysical prospecting and
resource evaluation.
Over the years, Project Magnet surveys have been performed using

five different aircrafts, with each successive one improving in range,
speed or altitude, navigational capabilities, and geophysical instrumen-
tation. From 1953 to 1970 survey aircraft flew at 4615 m and most
surveys were confined to remote ocean areas. Navigation methods in
use at the time were periodic celestial fixes, LORAN, and dead reck-
oning. As a result, navigational accuracy was rather poor and was lim-
ited to about 5 nautical miles. Altitudes were determined using a
baroclinic altimeter, with an uncertainty of �30 m. Observations of
declination, inclination, and intensity (to an accuracy of �15 nT)
were made using a self-orienting fluxgate magnetometer, while a
towed, optically pumped metastable helium magnetometer measured
field intensity to �4 nT. Until 1970, data acquisition systems
consisted primarily of strip chart recorders and navigation logs. The
majority of this data has been manually digitized.

The introduction of a new aircraft in 1970 permitted high level (over
4615 m) vector aeromagnetic surveying, usually conducted at altitudes
between 6200 and 7700 m. During this era, the use of inertial naviga-
tion systems improved navigational accuracy to about 1 nautical mile,
and in 1987, after the appearance of GPS, accuracies were further
increased to several tens of meters, but only when a reliable signal
was available. A baroclinic altimeter similar to the previous one was
again the only source of altitude data. Improved magnetic measurements
were facilitated by a fluxgate magnetometer, providing three vector
components X, Y, and Z in the local reference frame to accuracies of
�40 nT. An optically pumped metastable helium magnetometer
mounted on a stinger extending from the rear of the aircraft measured
intensity to �1 nT.

Major technological improvements arrived with the 1990s and by
1992 the Project Magnet aircraft had been fitted with an ASG-81 sca-
lar magnetometer, a NAROD ring-core fluxgate vector magnetometer,
and a ring-laser gyro (RLG) inertial system. The latter two instruments
were mounted on a rigid beam in a magnetically clean area at the rear
of the aircraft. The RLG was used primarily for attitude determination,
while GPS, a radar system and a precision barometer were employed
for altitude measurements, which were determined to a precision of
less than 2 m. The GPS system was the primary navigational tool, with
a circular error probability of 15 m. However, the accuracy of the mag-
netic measurements remained the same. Technological advancements
also led to the incorporation of a number of other surveying capabil-
ities, including gravity, ocean acoustics, and ocean temperature.

Survey data were calibrated by several low level “airswings” prior
to and during the high level surveying. The airswings included straight
and level passes as well as roll, pitch and yaw maneuvers in each car-
dinal direction at 1000 feet over a ground based observatory. The cali-
bration data were used to model aircraft intrinsic magnetic fields that
perturb the magnetometer data. The contaminating fields are due to:
the permanently magnetized part of the aircraft; magnetization induced
by the core field; and eddy currents driven by changes in the crustal
and core fields as the aircraft passed through them. A compensation
model, based on developments by Leliak (1961), involves a two-step
iterative least squares solution for 21 coefficients, which characterize
the contaminating fields, and three bias angles, which account for dif-
ferences in the orientations of the vector magnetometer and the inertial
navigation system. Measurements taken over all airswing maneuvers
are then included in a least squares minimization of the difference
between the magnitudes of the decontaminated aeromagnetic observa-
tions and the transformed ground based observations. This transforma-
tion involves upward continuation to aircraft altitude and rotation into
the aircraft reference frame using roll, pitch and heading data.

The compensation model is imprecise in that it is based on the
assumption that the coefficients are constant with respect to latitude
and frequency of the airswing maneuvers. There have been attempts
to account for these variations and the Project Magnet database
includes compensation coefficients from repeated calibration flights
at observatories over the globe. More importantly, Project Magnet
orientation accuracy is insufficient to prevent contamination of the
magnetic field vector components due to misalignment of the aircraft
coordinate system (Parker and O’Brien, 1997). Because field intensity
is immune from orientation errors, Parker and O’Brien (1997) show
that simple spectral analysis of intensity and the three vector magnetic
components as functions of along track distance may be used as a
diagnostic for this contamination.

Although one of the primary goals of Project Magnet was to charac-
terize the magnetic field generated in Earth’s core, the majority of
published studies exploiting Project Magnet data have been focused
on the crustal part of the field, including numerous regional magnetic



Figure P62 Coverage of Project Magnet aeromagnetic surveys, 1953–1994 (cylindrical equidistant projection). Reproduced by
permission of the National Geophysical Data Center.
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mapping efforts spread across the globe. These include sub-Saharan
Africa (Green, 1976), South Georgia Island (Simpson and Griffiths,
1982), Iceland (Jonsson et al., 1991), and New Zealand (McKnight,
1996). A detailed study by Horner-Johnson and Gordon (2003) of short
wavelength features (20–150 km) over the equatorial Pacific, suggests
that magnetic anomalies associated with seafloor spreading are more
clearly delineated by vector aeromagnetic data than by the traditional
shipboard total field observations. O’Brien et al. (1999) developed a
method, based on spectral analysis of Project Magnet data along great
circle paths, to estimate the geomagnetic spatial spectrum of the oceanic
crust for spherical harmonic degrees from l � 60 to 1200. Observational
models based on satellite data had previously been limited to l � 100.
Korte et al. (2002) observed that the agreement of the new model with
satellite based observations was unsatisfactory for degrees l < 100,
and found that O’Brien et al. had overcompensated for external magnetic
field variations in their analysis. The improved model of Korte et al.
(2002) achieves better agreement with theoretical and satellite based
models of the spatial spectrum.
The advent of satellite based magnetic observations, in particular

Magsat in the 1980s raised the question of agreement between aero-
magnetic and spaced based geomagnetic observations. An early study
by Won and Son (1982), using Project Magnet data spanning the con-
tinental US and upward continued to Magsat altitude, revealed agree-
ment in gross features of the crustal field. Using an improved
method for removing the core field (spherical harmonic degrees
l � 13) and long wavelength external contributions, Wang et al.
(2000) demonstrated excellent agreement between aeromagnetic and
satellite data over the continental US, and suggest that an anomaly
field derived from a combined dataset provides accurate estimates of
the long wavelength crustal field.

David G. McMillan
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Geophysicists accept a suggestion traceable back to a paper by Elsasser
(1939) that the near-alignment of the main geomagnetic field (see
Main field) with the Earth’s geographic polar axis is a manifestation
of the influence on convective motions in the liquid, metallic outer
core (q.v.) that is exerted by gyroscopic (Coriolis) forces associated
with the Earth’s diurnal rotation. Such forces render core motions ani-
sotropic and highly sensitive to the mechanical and other (thermal and
electromagnetic) boundary conditions imposed on the motions by the
underlying solid inner core (q.v.) and the overlying mantle (q.v.) (for
further references see Hide, 2000).
The influence of Coriolis forces on motions in spinning fluids is

most pronounced in mechanically-driven flows satisfying the so-called
Proudman-Taylor (PT) theorem. Stated in words, the theorem (see
Eq. (5)) shows that “slow and steady hydrodynamical motion of an
inviscid (and electrically insulating) fluid of constant density that is
otherwise in steady “rigid-body” rotation will be the same in all planes
perpendicular to the axis of rotation”. Given in a paper by J. Proudman
in 1916, the PT theorem was successfully tested by means of a labora-
tory experiment in which G.I. Taylor investigated the relative flow
produced in a tank of water in rapid rotation about a vertical axis by
the slow and steady horizontal motion of a solid body through the
water (see Greenspan, 1968). In accordance with the theorem, the flow
was highly two-dimensional nearly everywhere and the moving solid
object carried with it a “Taylor column” of water extending axially
throughout the whole depth of the tank.
We note here in passing (a) that the theorem had appeared much ear-

lier in the literature, in a paper on tidal theory by S.S. Hough (Gill,
1982), and (b) that some writers find it convenient to refer to it as
the “Proudman theorem” (Hide, 1977), to avoid confusion with another
theorem, due to G.I. Taylor, concerning effects of Coriolis forces on
fluid motions (see Greenspan, 1968; Hide, 1997).
Convective motions in the core (q.v.) cannot satisfy the PT theorem

exactly because they are driven by buoyancy forces due to the action
of gravity on density inhomogeneities, which give rise to axial varia-
tions of the horizontal components of the relative flow velocity (see
Eq. (6)). Core motions are also influenced by Lorentz forces associated
with electric currents and magnetic fields in the core, which in regions
well below the core-mantle boundary (q.v.) may be comparable in
strength with Coriolis forces (see Eqs. (1) and (2)). But—as in theore-
tical work in dynamical meteorology and oceanography, see e.g., Gill,
1982; Pedlosky, 1987—certain basic dynamical processes and pheno-
mena can be elucidated by means of simplified theoretical models in
which axial variations of the nonaxial components of the relative flow
velocity are neglected in the first instance.
Characteristic shear waves that occur in fluids subject to Coriolis and/or

Lorentz forces—such as Rossby waves, Alfvén (magnetohydrodynamic
waves (q.v.)) and related hybrid waves (one important type of which
may underlie the geomagnetic secular variation (q.v.))—have been
investigated in this way. And so have other phenomena, such as torsional
oscillations of the core-mantle system associated with angular momen-
tum transfer within the Earth’s core (Hide et al., 2000) and differential
rotation produced in a rapidly rotating spherical fluid annulus by
potential vorticity (q.v.) mixing (Hide and James, 1983).
Geostrophic and magnetostrophic flows

Flows satisfying the PT theorem belong to a wider class of “geos-
trophic” flows (see Gill, 1982; Pedlosky, 1987), for which the horizontal
component of the local pressure gradient, grad p, is closely balanced by
the horizontal component of the Coriolis force (per unit volume),
2rVxu (see Eq. (1)), but torques produced by buoyancy forces asso-
ciated with horizontal density gradients give rise to systematic axial var-
iations in the horizontal components of u (see Eqs. (5) and (6)).
Consider a moving element of fluid of density r which at time
t is located at a general point P with vector position r in a frame of
reference that rotates with angular velocity V relative to an inertial
frame. Newton’s second law is conveniently expressed as follows (see
Hide, 1971):
2rVxuþ grad pþ r gradV þ A ¼ 0 (Eq. 1)

e the Eulerian flow velocity at P and the corresponding pressure
wher
and the potential due to gravitational plus centripetal effects are
denoted by u, p, and V respectively. The “ageostrophic” term, A, in
Eq. (1) is defined as follows:
A ¼ r½]u=]t þ ðu:gradÞu� rxdV=dt� þ curl ðnrvÞ � jxB

(Eq. 2)

¼ curl u, the relative vorticity vector at P, and n denotes the coef-
if v
ficient of kinematic viscosity. The term jxB in Eq. (2) is needed when
dealing with electrically conducting fluids; it represents the Lorentz
force per unit volume acting on the fluid element if j is the electric cur-
rent density and B the magnetic field at P.

The flow is said to be geostrophic in regions where A is negligible
in comparison with other terms in Eq. (1). Within the Earth’s core
(q.v.), such regions probably arise in its upper reaches (LeMouël,
1984; Hide, 1995) where the toroidal part of the geomagnetic field
(q.v.) is no stronger than the poloidal part and the corresponding Lorentz
term is typically no more than a few parts percent of the Coriolis term
in magnitude. On the other hand, the flow is said to be in “magnetos-
trophic” (rather than geostrophic) balance in any regions where the
Lorentz force provides the main contribution to A and is comparable
in magnitude with 2rVxu. Such regions probably arise at depth within
the core, where the toroidal part of the magnetic field may be an order
of magnitude stronger than the poloidal part.

Following Hide, 1971, now consider the balance of torques acting
on the moving fluid element by taking the curl of Eq. (1), thereby
obtaining the so-called “vorticity” equation in the useful form
2V:grad ðruÞ þ gradV x grad rþ curlAþ 2VC ¼ 0:

(Eq. 3)

C ¼ @r/@t which, by the mass continuity equation, satisfies
Here
div ðruÞ þ C ¼ 0: (Eq. 4)

PT theorem follows immediately from Eq. (3), for when the con-
The
ditions A ¼ 0, grad r ¼ 0 and C ¼ 0 are satisfied, the equation
reduces to
ð2V:gradÞ u ¼ 0: (Eq. 5)

above equation implies that all three components of u are inde-
The
pendent of the axial coordinate. When the restriction to cases of fluids
of constant density is relaxed we have
2V:grad ðruÞ þ gradV x grad r ¼ 0; (Eq. 6)

ace of Eq. (5).
in pl
Flow patterns satisfying Eqs. (5) or (6) are constrained by Coriolis

forces to have no circulation in (meridian) planes containing the axis
of rotation. But by Eq. (6) the horizontal component of u is not inde-
pendent of the axial direction, except in regions where grad r has no
horizontal component. We note here in passing (a) that the specific
helicity, u.v,—a quantity of importance in dynamo theory (q.v.)—of
flows satisfying Eq. (6) is generally nonzero (Hide, 1976), and (b) that
with certain geometrical simplifications Eq. (6) leads to the meteor-
ologist’s “thermal wind” equation (q.v.) relating the rate of increase
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of the speed and direction of the geostrophic wind with height in the
atmosphere to the horizontal gradient of temperature.

Ageostrophic effects and detached shear layers

The full expression of the laws of mechanics given by Eq. (1) is, of
course, prognostic, in the sense that when solved simultaneously with
the full equations of thermodynamics and electrodynamics under all the
relevant boundary conditions the equation gives the fields of all the
dependent variables, p, u, r, j, B etc. But the expression for geostrophic
flow to which Eq. (1) reduces in regions where the ageostrophic term,
A, is negligible is diagnostic (rather than prognostic), in the sense that it
provides useful relationships between u, p and r, but it cannot give full
solutions satisfying all the relevant boundary conditions.
It follows that flows in real systems cannot be geostrophic every-

where. Regions of ageostrophic flow involving length scales so short
that A is comparable in magnitude with 2rVxu must be present not
only on bounding surfaces (in Ekman-Hartmann and Stewartson
boundary layers (see core, boundary layers)) but also within the main
body of the fluid, in “detached shear layers”. It is within such regions,
where effects due to Coriolis forces are countered by strong ageos-
trophic effects, that meridional circulation can occur. Detached shear
layers formed the “walls” of the so-called “Taylor column” of fluid that
remained attached to the moving solid body in G. I. Taylor’s experi-
ment. Geophysical examples of ageostrophic detached shear layers
embedded in geostrophic flows are the jet streams and their associated
frontal systems seen in the Earth’s atmosphere and “western boundary”
currents such as the Gulf Stream in the Atlantic Ocean and the Kuroshio
Current in the Pacific Ocean (see Gill, 1982; Pedlosky, 1987).
Amongst the various laboratory investigations that were stimulated

directly by the original “Taylor column” experiment were several stu-
dies of the effect of the inner spherical boundary on patterns of mechani-
cally-driven (Greenspan, 1968; Hide, 1977) and buoyancy-driven flows
in a rotating spherical annulus of fluid. These studies clearly demon-
strated what general arguments based on Eq. (5) or (6) predict, namely
that near the imaginary “tangent cylindrical surface” (see Inner core tan-
gent cylinder) in contact with the equator of the inner spherical surface
and extending axially throughout the fluid, a detached shear layer would
form inhibiting mixing of fluid in the “polar” regions inside the cylinder
with fluid in the “equatorial” region outside the cylinder. Such beha-
viour is thought to bear on core dynamics and the influence of the solid
inner core on structure of the geomagnetic field (for further references
see Hide, 2000 and Hide, 1966a,b).

Raymond Hide
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