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Abstract

In paleointensity studies, thermoremanence is generally regarded as a linear function of ambient magnetic field at low fields
comparable to that of the present-day Earth. We find pronounced nonlinearity at low fields for a class of materials with silicate-
hosted magnetite that otherwise perform well in paleointensity experiments. We model this nonlinearity with narrow size ranges of
large, acicular single domain grains, which are most likely in a vortex state (i.e. nonuniformly magnetized, sometimes labeled
pseudosingle domain). Simple TRM theory predicts that even certain single domain particles will also exhibit a nonlinear response,
saturating in fields as low as the Earth's. Such behavior, although likely to be rare, may bias some paleointensity estimates. The
bias is especially pronounced when the laboratory field is higher than the ancient field. Fortunately, the fundamental assumption
that thermoremanence is proportional to applied field can (and should) be routinely checked at the end of successful paleointensity
experiments by adding two extra heating steps.
© 2007 Elsevier B.V. All rights reserved.
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1. Assumptions of paleointensity experiments

Estimates of the intensity of Earth's magnetic field in
the past – absolute paleointensities – are essential for
understanding the behavior and past history of the
geodynamo. Paleointensity measurements have been
used to argue for models of the timing of inner core
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growth [1–3], to investigate the processes controlling
magnetic reversals and superchrons [4–8], and to
investigate dynamo activity on other planetary bodies
[9]. Paleointensity measurements are also increasingly
considered in analyses of paleosecular variation, the
history of change in the geometry of the geomagnetic
field [10]. Typical absolute paleointensity estimates are
the same order of magnitude as the present Earth's field
(∼30–60 μT), though lower and higher estimates do
exist in the literature and have been significant in
understanding geodynamo behavior (e.g. [1,3,11]).

Though useful, absolute paleointensity measurements
are difficult to obtain. In essence, absolute paleointensity
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estimates are based on determining the ratio between a
specimen's thermoremanent magnetization (TRM; See
Table 1) and the field inwhich the rock acquired that TRM
[12,13]. The history and magnetic properties of many
rocks render them useless for absolute paleointensity
experiments. Igneous rocks, baked sediments, heated
archaeological samples (e.g. fired clay) and in some cases
high-temperature metamorphic rocks are, generally
speaking, the only materials that acquire a TRM, and
are therefore the only candidates for absolute paleointen-
sity experiments. The growth of magnetic particles after
the rock acquires a primary TRM [14], a secondary
heating episode due to burial or intrusion [15], the
presence of coarse (multidomain) magnetic particles [16],
and a variety of other geological factors can affect a rock's
usefulness in absolute paleointensity studies, making
“good” paleointensity specimens a rare and precious
commodity. Recent paleointensity studies have indicated
that rocks containing nanometer-scale magnetite inclu-
sions in silicate minerals tend to avoid problems
associated with secondary grain growth and multidomain
effects, and therefore can yield reliable paleointensity
estimates [1,17].
Table 1
Terms, symbols, and abbreviations used in this paper

Term (abbreviation or symbol) Definition

Blocking temperature (Tb) The temperature below whic
magnetic field) over geologi

Curie temperature (Tc) The temperature at which a
retain a remanent magnetiza

Isothermal remanent
magnetization (IRM)

Magnetization acquired by
magnetic field (typically at r

Paleointensity estimate (Best) Estimate of the intensity of
particular episode in geologi

Pseudosingle domain grain A ferromagnetic particle that
than those of single domain
magnetized (i.e. some of thei
of the particle, for example
domains.

Remanence anisotropy The difference among reman
a rock sample.

Remanent magnetization or remanence Magnetization remaining in
Saturation isothermal remanent magnetization
or saturation remanence (SIRM, Mrs)

Maximum (isothermal) rema
fields.

Saturation magnetization (Ms) Maximum magnetization (n
magnetic fields.

Single domain grain A ferromagnetic particle (e.
behaves, essentially, as a sin
regarded as the most stab
characterized by high saturat
that is not changed by expos

Thermoremanent magnetization (TRM, Mtrm) Magnetization acquired by a
blocking temperatures.

Vortex state A nonuniform state of magn
are arranged in a curled patt
Paleointensity experiments themselves are fraught
with difficulty. The confounding effects of changes in a
rock's capacity to carry a TRM, magnetic anisotropy
due to the preferred orientation of elongate magnetic
particles, and differences between laboratory and
natural cooling rates, among other problems, are
discussed at length elsewhere (see e.g. [17–19]). Here
we focus on a fundamental assumption of paleointen-
sity experiments: that rocks acquire a TRM (both in the
laboratory and in nature) in direct proportion to the
field in which the remanence is acquired. For most
geological materials and for geomagnetic fields with
intensities comparable to the present Earth's, this
assumption is reasonable. However, for some combina-
tions of materials and field conditions, this linear
relationship breaks down. Indeed, the basic theory of
single domain ferromagnetism [20] predicts that all
ferromagnetic materials will saturate at high fields. In
this study we illustrate a distinctly nonlinear relation-
ship between TRM and applied field, where deviations
from linearity occur at fields that are geologically
reasonable (as low as 20 μT). We show that this
nonlinear relationship between TRM and the applied
h the magnetization of a particle is stable (i.e. independent of applied
cally relevant time scales.
ferromagnetic material becomes paramagnetic and loses its ability to
tion (due to the loss of exchange coupling between atoms).
an assemblage of magnetic particles briefly exposed to an intense
oom temperature).
the Earth's magnetic field at one particular sampling location and one
c history.
has saturation remanence and stability similar to but somewhat lower
particles. Some pseudosingle domain particles may be nonuniformly
r atomic magnetic moments are out of alignment with those of the rest
in a vortex configuration), but are not divided into separate magnetic

ent magnetizations acquired in fields of different orientations relative to

the absence of an applied magnetic field.
nent magnetization acquired by a material exposed to strong magnetic

ot remanent magnetization) acquired by a material exposed to strong

g. magnetite) that is small enough to be uniformly magnetized and
gle magnetic dipole. Materials with single domain grains are generally
le recorders of geomagnetic field variations. These materials are
ion remanence relative to saturation magnetization, and by remanence
ure to relatively strong magnetic fields (i.e. high coercivity).
n assemblage of magnetic particles as they cool through their range of

etization in which some of the atomic magnetic moments of a particle
ern.
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field can in some cases cause significant bias in
absolute paleointensity estimates. We present a simple
test to assess and, in many cases, mitigate this bias.
Although we focus here on absolute paleointensity
determinations from the Thellier double heating
method [12], the bias introduced by nonlinearity will
also affect paleointensities determined by other meth-
ods e.g. [13], and our test applies to all absolute
paleointensity methods (including microwave, e.g.
[21,22]).

In a typical absolute paleointensity experiment, a
specimen is given a TRM (Mtrm) in a known lab field
(Blab) in an effort to mimic the original remanence
(natural remanent magnetization or NRM, Mnrm)
acquired in nature. In a Thellier double heating
experiment [12,23], the NRM is demagnetized and a
partial TRM is imparted in a series of steps carried out at
progressively higher temperatures, thus allowing the
isolation of particular components in a multi-component
NRM or the identification of a temperature range over
which the specimen's capacity to acquire TRM does not
alter. In the case of a generalized absolute paleointensity
experiment, the ancient field estimate (Best) is:

Best ¼ Mnrm

Mtrm
Blab:

In the Thellier technique, the NRM/TRM ratio is
determined for each step. Ideally, the lab field should
be chosen to equal the ancient field. In the trivial case
where the two match precisely, then linearity between
applied field and magnetization is not required to
estimate the paleofield. However, in practice, when
heating a large number of specimens (all of which may
have experienced different ancient fields) it is imprac-
tical to match the ancient fields precisely. Typically, lab
fields are chosen arbitrarily (usually in the range 10–
80 μT) and so the resulting paleofield estimates in
general require that TRM be a linear function of the
applied field.

In the process of Thellier-type experiments on speci-
mens from the Stillwater layered intrusion (Selkin et al.,
in prep.), comparison of paleointensity results from sister
samples using two lab fields (15 and 25 μT) yielded
statistically distinct mean values (Wilcoxon ranked-sum
test [24]; p=0.0003828; mean paleointensities, correc-
ted for cooling rate and anisotropy, of 39.0±11.2 and
42.3±11.8 μT, respectively), with higher mean values
associated with higher lab fields. The laboratory fields
used in the experiment were chosen as a compromise
between trying to match the ancient field value and the
presumed benefit of low fields in facilitating identifica-
tion of multidomain effects [25].

Additional experiments (600 °C TRM as function of
applied field, Fig. 1A) showed a pronounced nonlinear
relationship between Mtrm and Blab, with deviations
from linearity occurring at applied fields at the low end
of the range of present day field.

2. Materials

Rocks used in the present study were collected in the
Middle and Upper Banded Series of the Stillwater
Complex, a large (∼180 km2 exposed), ultramafic to
anorthositic intrusion at the edge of theWyoming Craton
inMontana, USA [26]. Specimen pp043b4 is a minicore,
gabbroic in composition, from an exposure of Olivine
Bearing Zone III (Middle Banded Series) on Picket Pin
Mountain. Specimens smc9903i6 and smc9916e3 are
from cores drilled by the Stillwater Mining Company
during the construction of their East Boulder adit. Both
are anorthositic in composition: smc9903i6 is from
anorthosite layer AN-II, and smc9916e3 is from
Gabbronorite III (Upper Banded Series).

The characteristics of smc9916e3 are in many respects
similar to those of anorthosite M428, which was used in a
previous paleointensity study [17]. However, none of the
rocks used in this study have the high Mrs/Ms ratios
characteristic of purely elongate single domain particles
noticed by [17]. For example, hysteresis measurements
on chips from site pp043 (measured on a Princeton
Measurements MicroMag alternating gradient force
magnetometer) yielded Mrs/Ms ratios of approximately
0.1 and Bc values of 9.2 mT. These values are consistent
with a vortex remanence state, often called pseudosingle
domain (PSD) in the literature [27].

3. Methods

All Stillwater specimens were heated in air to 600 °C,
and cooled in fields of 15, 20, 30, 40, and 50 μT to impart
a TRM. A 30 μT step was repeated after the
aforementioned steps to evaluate the effect of alteration.
A final 75 μT step was then carried out. Because the
Stillwater specimens often exhibit substantial remanence
anisotropy [17,28], we also evaluated the dependence of
the specimens' TRM on orientation in the laboratory field
by carrying out pairs of heating cycles with the specimens
in different orientations. In addition, we carried out pairs
of heating steps with the samples rearranged in the oven
to test whether cooling rate (which varies as function of
position in the oven) could account for the nonlinearity of
TRM acquisition. Specimens were also given IRMs in a



Fig. 1. Nonlinear dependence of thermoremanent magnetization (Mtrm)
on applied field from Stillwater specimens and model particles. A:
TRM of representative Stillwater Complex rocks acquired in
laboratory fields (Blab) of 15, 20, 30, 40, 50, and 75 μT, and hyperbolic
tangent fit to data ( f (x) =α tanh(β x)). Applied field in TRM
experiments was along z (downcore) coordinate axis; TRM used
here is component parallel to z axis. Data and curve fits are normalized
to saturation IRM acquired in a field of 2 T along the z axis. Saturation
TRM is most likely lower than saturation IRM due to the preferred
orientation of elongate magnetite particles in silicates. The order of
TRM acquisition steps is shown for each specimen (italic numbers).
For some specimens (e.g. pp043b4), multiple TRM acquisition steps
were carried out at the same temperature to identify effects of
alteration, cooling rate, and sample orientation in the laboratory field.
The 30 μT step was repeated (steps 2 and 9) to evaluate the effect of
alteration. Steps 5 and 6 were carried out with specimen positions
rearranged in laboratory oven (relative to steps 3 and 4) to assess
cooling rate effect; in steps 4 and 5, specimen orientations were varied
(relative to steps 3 and 6) to assess effect of anisotropy. B:
Thermoremanent magnetization acquired by a randomly-oriented
population of elongate magnetite particles (a:b:c of 10:1:1) during
cooling in geologically-reasonable applied magnetic fields. Red line:
TRM acquisition for a gaussian distribution of grain sizes (μ=50 nm;
σ=50 nm).
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field of 2.0 T as a basis for normalization. Similar
experiments, carried out on basaltic glass specimens, are
described in online Supplement A.

4. Results

Specimens from the Stillwater Complex acquired an
increasingly intense TRM in fields of increasing
intensity, though the relationship between the applied
field and the TRM acquired is not always linear
(especially sm9916e3 in Fig. 1A). On the other hand,
glass specimens acquired a TRM in proportion to the
applied field (online Supplement A; all glass data were
fit by lines with correlation coefficients RN0.99).

One possible explanation for the nonlinear acquisi-
tion of TRM seen in Fig. 1A is simply that the
specimens' TRM capacity changes during the repeated
heating steps. For the Stillwater specimens, minimal
changes in some specimens' ability to acquire a TRM
were observed. Repeated TRM acquisition in the same
field yielded similar results for most specimens (e.g.,
steps 2 and 9 for pp043b4 in a 30 μT field in Fig. 1A are
identical). Furthermore, rearranging specimens to test for
anisotropy and cooling rate did not result in significant
changes in TRM.

5. Néel single domain theory of TRM

Standard Néel theory for TRM in non-interacting
single domain particles [20] provides an adequate
explanation for the observed field dependence. The
TRM data are well fit by a hyperbolic tangent function,
the functional form of Mtrm(Blab) as predicted by Néel's
theory [29]:

MtrmðBlabÞ ¼ Mrstanh½VMsðTBÞBlab=kTb�

where Mrs is saturation remanence, V is grain volume,
TB is blocking temperature, Ms(TB) is saturation
magnetization at the blocking temperature, and k is
Boltzmann's constant. We thus fit our TRM data to a
function of the form:

MtrmðBlabÞ ¼ atanh½bBlab�:

Néel theory predicts that specimens will become
saturated with respect to TRM in some field (the
intensity of which is inversely related to β). According
to the Néel equation, TRM is a strong function of
blocking temperature, which is defined as the temper-
ature at which a given particle with magnetic energy
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density K(Tb) is superparamagnetic, i.e. has a relaxation
time of order hundred seconds. The magnetic energy
density is a function of shape:

1
2
DNl0MsðTbÞ2

where DN¼ 1
3 1− 2

5 2− b
a−

c
a

� �� �
, a, b, and c are the axial

dimensions of an ellipsoidal particle and μ0 is the
permeability of free space. In the modeling exercises
discussed here, we use the empirical relationship of

Moskowitz [30] of MsðTbÞ
MsðT0Þ ¼

Tc−Tb
Tc

� �
g
where Tc is the Curie

temperature and γ is ∼0.43 for magnetite. The low
TRM saturation fields require that grain sizes are large
(∼100 nm along c, the smallest dimension). The TRM
acquisition curves are less linear when the grains are
acicular (Fig. 1B shows expected curves for a range of
grain widths, all with aspect ratio of a:b:c::10:1:1).
Although Néel single domain theory may provide an
imperfect description of the TRM acquisition of actual
specimens [29], the extent to which our Stillwater data
are fit by the hyperbolic tangent function (Fig. 1A) and
the similarity between TRM acquisition data and
models (Fig. 1B) suggest that Néel theory is at least a
reasonable approximation for our purposes.

Although the model curves in Fig. 1B are for
populations of identical size particles, the Stillwater
specimens' narrow range of unblocking temperatures
(90% between 560–580 °C; [31]) suggests a narrow
grain size distribution. Such a distribution of fine
acicular magnetite is not unexpected in these and other
mafic intrusive rocks. Selkin et al. [17] describe rocks
with a remanence anisotropy of a factor of 2.5 (τmax /
τmin) and infer acicular grains (corroborated by ob-
servations by Xu et al. [32]). Similar inferences based on
rock–magnetic data have been published for other mafic
and anorthositic plutons [33,34]. Direct observations of
silicate-hosted magnetite indicate that crystallographi-
cally controlled magnetite is common in plagioclase and
pyroxene in slowly cooled mafic intrusions [35–38]. We
believe that the nonlinear relationship between TRM
and applied field will cause similar effects in rock types
with magnetic carriers like those in the Stillwater.
6. Bias in paleointensity experiments due to nonlinear
TRM acquisition

For specimens with such a nonlinear relationship
between TRM and weak applied field, absolute paleoin-
tensity estimates will be biased (Fig. 2). The sense of this
bias depends on the relationship between the lab field and
ancient field. If the lab field is lower than the ancient field,
then the paleointensity experiment underestimates the
ancient field (Fig. 2A). Under the typical assumption of
linearity, the ratio of the original NRM (Mnrm) to TRM
acquired in the laboratory field (Mtrm) is proportional to
the ratio between the estimated ancient field (Best) and the
lab field (Blab), such that on a graph of M against B, the
corresponding sets of points (Blab, Mtrm) and (Best, Mnrm)
should be colinear. However, if TRM is a nonlinear
function of applied field (e.g. M∝ tanh(B)), and speci-
mens become saturated with respect to TRM in weak
applied fields, Mnrm actually corresponds to a higher
ancient field (Banc) than expected under the assumption of
linearity. Alternatively, if the laboratory applied field is
higher than the ancient field, then the ancient field will be
overestimated (Fig. 2B). In both cases, the magnitude of
the paleointensity bias depends on the size/shape of the
particles as well as on the ratio of the laboratory and
ancient fields.

Fig. 3 illustrates the bias for two particular simulated
cases: Fig. 3A shows the effect for a simulated popula-
tion of elongate particles (10:1:1), and Fig. 3B shows the
effect for a simulated population of nearly equant
(1.5:1:1) particles. In both cases, grain shapewas assumed
to be the cause of anisotropy. Both simulations assume an
ancient field intensity of 50 μT; the bias is calculated as
[(Best−Banc) /Banc]×100, corresponding to the percentage
difference between the vertical lines labeled Best and Banc

in Fig. 2. These figures illustrate four salient points. First,
bias depends on shape, such that elongate particles show a
much larger bias than nearly equant particles do. Second,
for a given aspect ratio, larger single-domain particles
show a larger bias. Third, the greater the difference
between Banc and Blab, the greater the bias in the
paleointensity estimate. For example, for an ancient
field of 50 μTand 100 nm acicular (10:1:1) particles, a lab
field of 20 μTyields an estimate of 38.4 μTand a lab field
of 40 μT gives 45.2 μT. The fourth (and least significant)
is an asymmetry in the bias (for a given |Blab−Banc|) such
that if the lab field is higher than the ancient field, the bias
is larger. A higher laboratory applied field tends to
produce more of a bias than does a lower laboratory field.
For the same example given above, lab fields of 60 and
80 μT yield ancient field estimates of 55.5 and 68.3 μT,
respectively. These overestimates (11%, 36%) are larger
than the corresponding underestimates (10%, 23%) for
the same absolute differences between laboratory and
ancient fields.

The rocks from the Stillwater layered intrusion, with a
narrow size distribution of elongate ferromagnetic parti-
cles, are unusual, but are by no means unique. In many
cases, such particles have been sought after as reliable
carriers of very ancient magnetizations [17,33,36,39]. It is



Fig. 2. Schematic representations of effects of nonlinear TRM acqui-
sition on simulated paleointensity experiments for different laboratory
field intensities. In both cases, ancient field Banc=50.0 μT. Red curves:
TRM acquisition of rock specimen (hyperbolic tangent fit to smc9916e3
data). Bold black lines: fundamental assumption of paleointensity
experiments (i.e. Mnrm/Mtrm=Banc /Blab). A: Laboratory field (Blab,
40.0 μT)bancient field (Banc). Mtrm=11.3 A/m; Mnrm=11.8 A/m.
Paleointensity estimated in experiment, Best=41.8 μT. The paleoin-
tensity experiment thus underestimates the ancient field by 8 μT
(16%ofBanc). B:Blab, 60.0 μTNBanc.Mtrm=12.0 A/m;Mnrm=11.8 A/m;
Best=59.0 μT. The paleointensity experiment thus overestimates the
ancient field by 9 μT (18% of Banc). Fig. 3. Percent difference between paleointensity estimated in

simulated Thellier experiments (Best) and true ancient field (Banc)
for a range of particle sizes and laboratory field values. In all cases,
Banc=50 μT. Positive values on the vertical axis (warm colors) indicate
an overestimate of the ancient field by the Thellier technique; negative
values (darker cool colors) indicate an underestimate. A: Elongate
particles with a 10:1:1 aspect ratio (a:b:c axis). Particles with cbabout
20 nm are superparamagnetic (Tubb25 °C). B: Nearly equant particles
(a:b:c::1.5:1:1). Note different vertical scale.
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also possible that fine intergrowths (e.g. oxyexsolution in
titanomagnetite, interlayered hemoilmenite as documen-
ted by [40]) might have correspondingly narrow grain size
distributions and somewhat elongate particles. Even
without a narrow distribution of grain sizes, nonlinear
behavior may still significantly affect paleointensity
estimates (on order of 10%): broader grain size distribu-
tions are probably more common in most geologic
materials, but even with a range of grain sizes (e.g. the
normal distribution used in Fig. 1B. with μ=50 nm and
σ=50 nm), the presence of large, elongate grains is
expected to result in a nonlinear relationship between
TRM and applied field (Fig. 1B). For nearly equant grains
(1.5:1:1), a bias of several percent is possible depending
on the ancient field, laboratory applied field, and grain
size.

7. Addition of a nonlinearity check to paleointensity
experiments

To assess the degree to which a paleointensity
experiment has been affected by nonlinear TRM
acquisition, we recommend the simple addition of a
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field dependence check to Thellier experiments. Such
a check could be carried out during the course of
paleointensity experiments (as are pTRM checks) or at
the end of successful experiments if the samples have
not altered appreciably during laboratory heating. In
the nonlinearity check, specimens should be given a
TRM in two laboratory fields besides the field used in
the Thellier experiment. We suggest choosing labora-
tory fields that bracket the range of the specimens'
estimated paleointensities. The additional heating
steps required in the nonlinearity check may cause
samples' capacity to acquire a TRM to change, so we
suggest that an additional pTRM check or similar
quality assurance be carried out after or during the
nonlinearity check. A diagram illustrating the check is
included in online Supplement B. This nonlinearity
check is similar to, but much simpler than, the method
of Wilson [41]. A hyperbolic tangent function, fit to
the TRM data, can then be used to estimate the degree
to which the estimated ancient fields are biased by
nonlinear TRM acquisition (following Fig. 2). A more
appropriate ancient field estimate can be calculated
using the hyperbolic tangent function, or data from
specimens that are affected by nonlinear TRM
acquisition to a large degree can be discarded. The
NRM of such specimens may not accurately record
the ancient field in which they acquired their
remanence, and consequently might bias paleointen-
sity distributions and adversely affect compilations of
paleointensity data. Python source code to analyze
data from a nonlinearity check is included in online
Supplement C. The software provided outputs a
paleointensity estimate based on the full TRM dataset
as well as error bounds based on a jackknife procedure
(see [42]).

As an example, TRM acquisition and paleointensity
data are provided in online Supplement C for the three
Stillwater specimens. Thellier experiments were carried
out in laboratory applied fields of 25 μT on specimen
pp043b4, and 15 μT on specimens smc9903i6 and
smc9916e3. Specimen pp034b4 yielded a paleointensity
of 18.0 μT (not corrected for the effects of anisotropy
and cooling rate; Selkin et al., in press). Applying the
nonlinear TRM correction does not change the paleoin-
tensity estimate appreciably (the corrected value is
17.8 μT). In the case of specimen smc9903i6, the
Thellier experiment yielded a paleointensity value of
34.8 μT. Corrected for the effects of nonlinear TRM
acquisition, however, the estimated paleointensity value
is 44.4 μT (jackknife uncertainty estimates +0.3/
−0.1 μT). Specimen smc9916e3 is nearly saturated
with respect to TRM in fields approximately equal to the
estimated ancient field of 27.8 μT. No nonlinear TRM
correction can be applied: the paleointensity estimate for
smc9916e3 is therefore a lower bound on the actual
geomagnetic field intensity.

8. Conclusions and suggestions for future studies

Although absolute paleointensity studies are based
on the proportionality between a rock's thermoremanent
magnetization and the field in which the rock was
magnetized, this relationship does not hold for all rock
types at all field intensities. This may lead to a bias in
paleointensity estimates. The magnitude and sense of
the bias is a function of the size and shape of the
remanence-carrying phases in the rock and the intensity
of the laboratory and ancient fields in which the rock
acquired its TRM.

Rocks containing elongate magnetic particles are
particularly susceptible to the problem of nonlinear
TRM acquisition. Such particles are often characterized
as pseudosingle domain (PSD), nonuniformly magne-
tized, or vortex state [27] and are common in intrusive
igneous and metamorphic rocks (e.g. [36,39,43–45]). In
contrast, submarine basaltic glass, in which the
remanence is most likely carried by very fine particles
close to the transition between superparamagnetic and
single-domain states [46–49], is notably free from the
problem of nonlinear TRM acquisition associated with
intrusive rocks (see online Supplement A).

Segments of the absolute paleointensity record –
particularly the Archean – that rely heavily on data from
intrusive rocks or from mineral separates from intrusive
rocks should be viewed with skepticism until the bias is
assessed on a study-by-study basis. Several studies of
Archean intrusive rocks have attributed the rocks'
remanence to “pseudosingle domain” [11,50,51] or
“elongate” [17,52] magnetite particles. Furthermore,
there has been recent interest in stable remanent
magnetizations recorded by fine, lamellar intergrowths
of hemoilmenite [40]: such intergrowths may also be
susceptible to the problems illustrated here. This is not to
imply that the magnetic carriers in Archean intrusive
rocks are different from those formed at other times, but
rather that the paleomagnetic record from the Archean
relies heavily on such rocks [53]. We suggest that care be
taken to characterize the magnetic carriers in all igneous
and metamorphic rocks used in paleointensity experi-
ments beyond merely identifying them as pseudosingle
domain on a Day et al. plot [54]. The precautions
described in this paper should be taken if there is the
chance that the specimens contain elongate and/or
nonuniformly magnetized magnetic particles.
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