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Experiments comparing anhysteretic remanence (ARM) and thermoremanence (TRM) in samples containing
natural and synthetic magnetite, whose mean particle sizes range from single domain to multidomain, show that
ARM and TRM are very similar (but not identical) in their stabilities with respect to alternating field (AF) demag-
netization, temperature cycles in zero field to below magnetite’s isotropic temperature near 130°K, and stability
with respect to spontaneous decay in zero field. Therefore, for magnetites, ARM can be used to model (with
reasonable success) these stability properties of TRM. The field dependence of the acquisition of ARM and TRM
shows that the low field susceptibility ratio, x ARM/ XTRM: has a particle size dependence, increasing from 0.1 for
certain submicron particles to 2.0 for large multidomain crystals. Even for samples whose remanence is predomi-
nantly carried by submicron particles x ARM/XTRM is highly variable, 0.11 < x ARM/XTRM < 0.50. Therefore,
ARM paleointensity methods which do not take into account the large variability in and the particle size depen-
dence of x ARM/XTRM are subject to order-of-magnitude uncertainties.

1. Introduction

Anhysteretic remanent magnetization (ARM), as
defined in this paper, is the magnetization acquired
when the amplitude of an alternating field, H, is
reduced from its peak value to zero in the presence of
a direct magnetic field, 4, whose direction and inten-
sity are constant. The ARM is measured when both
h and H equal zero.

ARM was studied as early as 1885 by J.A. Ewing
[7]. Further experimental and theoretical studies
[1—7] have shown that for a given direct field, %,
ARM was much more intense, had substantially
greater initial susceptibility, and had greater stability
than isothermal remanent magnetization (IRM).

For these reasons, ARM is sometimes called “ideal”
magnetization (especially by the Soviet rock mag-
netists). The contrast between ARM and IRM of the
above studies was qualitatively explained by the use

of Preisach diagrams [8]. Recent work on ARM has
been spurred by its similarity to magnetic recording
processes [9,10]. With the possible exception of
¢emanence produced by lightning, ARM does not
occur in nature. ARM is occasionally a source of
noise in paleomagnetic studies when it is inadvertently
produced during alternating field (AF) demagnetiza-
tion experiments.

Previous work has suggested that the properties of
ARM are very similar to those of thermal remanent
magnetization (TRM). In particular, it has been shown
[7] that ARM and TRM have comparable stabilities
against alternating field and thermal demagnetization
and that ARM intensity is linearly proportional to a
weak inducing field. Subsequent studies have ex-
panded the list of similarities between ARM and
TRM to include the observation that ARM obeys the
additivity law for partial ARMs [11,12].

Because of the many similarities between ARM and
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TRM, several workers have substituted ARM for TRM
in rock magnetic studies to eliminate chemical alter-
ation effects that could arise during the heating of
samples. For example, with the exception of a few
control experiments that used TRM, ARM was used
in the oxidation experiments of Johnson and Merrill
[13—15]. ARM has been used in analyses of deep-sea
and lake sediments to gain insight concerning the
origin of the remanence and variations in its relative
intensity [16,17]. ARM has also been used in some
absolute paleointensity methods [18—21].

Although there are substantial data supporting the
similarity of ARM properties to those of TRM, one
suspects that some differences must exist simply be-
cause of the very different processes by which a
sample acquires an ARM versus a TRM. For example,
magnetic properties are very temperature-dependent
and therefore vary during TRM acquisition, while
ARM acquisition is an isothermal process. Because
of this and because of the increased use of ARM, this
study was undertaken to see how far the ARM-TRM
analogy can be carried and where their properties
diverge. We report here on experiments that compare
ARM properties with TRM properties for a wide
variety of magnetite samples. It is, to the best of our
knowledge, the first systematic study which compares
TRM and ARM properties of the same sample.

2. Magnetite samples and experimental procedures

The samples used in these experiments were de-
scribed in another paper [22] and will not be discussed
in detail here. The second column of Table 1 sum-
marizes the particle sizes and many of their properties.
It is important to emphasize that the magnetite sam-
ples do not come from the same source; in fact, some
are synthetic and some are from naturally occurring
crystals. One of the most important differences that
exist between synthetic magnetites versus natural
magnetites is that the former are typically substan-
tially oxidized along the solid solution between mag-
netite and maghemite [23], while the latter contain
little maghemite unless substantial oxidation occurred
after the sample had cooled or during the very late
cooling stages [24]. For this reason, before conducting
the experiments of this study, all our samples were
heated to 600°C, a temperature that exceeds the Curie

temperature of magnetite (~580°C), in an atmosphere
that reduced maghemite" to magnetite. In some cases
such heating resulted in other changes as well, such

as particle growth due to sintering. Although the
details of these experiments are described in a dif-
ferent paper [22], it is important to emphasize that
all the properties given in Table 1 are for samples which
have been given several TRMs by heating to 600°C
until the TRM intensity and its stability, as measured
by AF demagnetization, were reproducible to within
5%.

ARM and TRM properties are compared in the
same sample. Only one heating (that of a total thermal
demagnetization at about 590°C) separated the ARM
and TRM comparisons. Magnetic measurements were
made with a Schonstedt spinner magnetometer. AF
demagnetization was conducted in a low-field environ-
ment using a 4-axis tumbler system. Low-temperature
experiments were conducted inside a non-magnetic
space (£50y=+50 nT) with automatic feedback.
High-field magnetization versus temperature experi-
ments were conducted using a Princeton Applied
Research vibrating sample magnetometer. ARM was
imparted using small Helmholtz coils which fit around
the sample to provide the small steady field. The
sample and Helmholtz coils both fit inside our AF
demagnetization solenoid, and an ARM was given by
peak AF fields between 1000 and 2000 Oe (1000 and
2000 X 107* T), depending on the alternating field
required to produce saturation ARM for a particular
direct field. Sample 11 was the only sample of this
study whose ARM was not saturated with a 2000-Oe
alternating field for the biasing fields which were used.
Sample 11 was approximately within 10% of satura-
tion. .

All the ARMs of this paper were produced by
direct fields which were always parallel to the axis of
the alternating field (& | H). (Rimbert [7] showed
that ARM is acquired parallel to %, even when h is
perpendicular to H. However, when 2 || H the ARM is
about 1.4 times as intense as when 4 L H.)

3. Comparison of the stability of ARM and TRM as
measured by AF demagnetization

AF demagnetization curves of ARM and TRM
exhibit very similar shapes for all samples. TRMs
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Fig. 1. Normalized AF demagnetization curves of ARM (open symbols) and TRM (solid symbols). The circles represent the first
sequence of AF demagnetization experiments. Squares represent the second sequence of AF demagnetizations.
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Fig. 2. A plot of Hy,,, median demagnetizing field, versus the characteristic particle diameter for ARM (triangles) and TRM
(circles) for the magnetite-bearing samples. Note that Hy ;5 of both ARM and TRM follows the same pattern. The uncertainties
associated with the mean particle diameters are related whenever possible to the standard deviations of the particle diameters
obtained from electron microscope photographs. The uncertainties associated with the & 1/2 values represent deviations from the
mean of independent determinations. From right to left along the abscissa the data correspond to samples 0, 1,2, 3,4, 5, 6,and

7,8and 9, and 11,




were induced by fields between 0.3 and 0.5 Qe (1 Oe

= 107" tesla), and ARMs were produced by direct

fields between 0.4 and 0.7 Oe. Typical examples for
six samples are shown in Fig. 1, which also includes ™
the specific-inducing fields for each sample. Since
ARMs and TRMs were induced in slightly different
biasing fields, we draw no conclusions concerning the
differences between the stabilities of the ARM and
TRM demagnetization curves, when these differences
are very small.

The similarity of the AF demagnetization curves
allows us to characterize them by a single parameter,
which we arbitrarily choose as the median demag-
netizing field, H, ,, that alternating field for which
the magnetization drops to half its initial value. To
test how reliably H; ,, could be reproduced for each
sample, a limited version of the AF demagnetization
experiments was repeated. Using the original data as
guide, AF values were chosen to bracket H, ,,. The
second sequence of AF demagnetization experiments
(represented by squares in Fig. 1) was separated from
the first by over twenty heatings to between 500° and
600°C. However, the ARM and TRM of this second
sequence of AF demagnetization were separated only
by a single heating to 590°C. By and large the results
of the two AF demagnetization experiments are
very similar. Although some of the H;,, values shifted
between the two demagnetization sequences, the
relationships between the ARM and TRM did not
change. For samples 2, 3, and 4, whose particles were
obtained by the grinding of a large magnetite crystal,
the AF stabilities decrease with progressive heating,
suggesting that some annealing was still occurring.
For the synthetic magnetites, the effects of heating
on the AF stabilities is not so regular. Despite the
ambiguity introduced by the fact that the biasing
fields are not equal, the results, showing that the
ARM and TRM for each sample maintain the same
relative stabilities for both sequences of AF demag-
netization, suggest to us that differences in the demag-
netization curves are due mostly to differences be-
tween ARM and TRM, rather than to differences in
the biasing field.

The largest difference in the stabilities of ARM and
TRM is exhibited by sample 11, for which the ARM
is considerably more stable than the TRM. The dif-
ference is considered significant because it is repro-
ducible and because sample 11 is the only sample
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whose ARM was not totally saturated by a 2000-Oe
(2000 X 107 T) alternating field. This result sug-
gests that some of the particles of sample 11' possess
microscopic coercivities approaching theoretically
predicted values for needle-shaped magnetite particles.

Values of H, ,, are given in Table 1 and are plotted
versus the mean magnetite particle size in Fig. 2. These
data show the similarity of the AF stabilities of ARM
and TRM in each sample, which span a broad range of .
particle sizes and shapes. In addition, the H; ,, values
of both ARM and TRM follow very similar particle
size trends. The data for sample 10 is omitted from
Fig. 2 because of the unknown size and shape dis-
tributions of its magnetite particles. For particles of
equal shapes and of the same species of magnetic
material the stability is expected to increase with
increasing particle size within the single-domain size
range [39], and the stability is known to decrease
with increasing size for multidomain particles. There-
fore, there should be a maximum in the stability
versus particle size curve; this is consistent with the
data of Fig. 2. The data of sample 11 do not fit the
trend of the remaining samples because of the highly
acicular shapeof its magnetite particles.

4. ARM and TRM stabilities with respect to low-tem-
perature cycles

The decay of a sample’s magnetization when it is
cooled in a non-magnetic space below 130°K, the
magnetocrystalline anisotropy transition temperature,
and subsequently heated to room temperature gives
some indication of the amount of remanence con-
trolled by the magnetocrystalline anisotropy energy
[25—28]. Above 130°K the magnetocrystalline easy
axes are the [111] directions, while below 130°K
they are the [100] directions. The work of Ozima
et al. [26] indicates that a completely annealed multi-
domain sample will experience a loss of remanence on
cooling in a non-magnetic space below 130°K and a
further loss of remanence on heating to room tempera-
ture. However, if internal stress is present, a partial
recovery (termed “memory””) will occur on heating
the sample. This recovery appears to occur because
some of the initial remanence along the [111] direc-
tions does not change direction to a nearby [100]
direction on cooling through the 130°K temperature
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due to the presence of magnetostrictibe anisotropy
associated with the internal stress. This “pinned”
remanence acts as a nucleation center for the recov-
ery of remanence on heating [27]. On the other hand,
single-domain magnetite grains exhibit very different
types of behavior. Small departures from a spherical
shape for a single-domain magnetite grain will cause
shape anisotropy to completely dominate the other
anisotropies. Therefore, a change in the magnetocrys-
talline anisotropy easy direction is only rarely of
consequence and little loss of remanence is expected
or observed when single-domain magnetite is cycled
across the low-temperature transition point [27]. The
behavior of pseudo-single-domain grains is somewhat
harder to predict because of uncertainties in just

what constitutes a “pseudo-single-domain grain”, If
such grains can be represented by part or all of a
domain wall, as is done in one of the models [29, p.
60], then the shape anisotropy cannot be reduced by
much more than 2/ of a uniformly magnetized

grain. Therefore, pseudo-single-domain grains should
also exhibit only a very small loss of remanence when
cycled through a low-temperature transition (although
this loss should be somewhat larger than the very
small loss exhibited by single-domain grains). The

loss of remanence continues with each successive
low-temperature cycle, although the magnitude of the
loss associated with a given cycle decreases with
successive cycles [28].

All these expectations are consistent with the low-
temperature data given in Table 1. (This table also
gives the median destructive alternating field, the
results of a storage test, and the ratio of the weak
field ARM susceptibility to TRM susceptibility, which
will be discussed later.) The largest change in the
amount of remanence loss after three low-tempera-
ture cycles occurs between samples with mean diameter
sizes of 0,31 and 1.5 um, which might suggest that
this is roughly the upper limit that pseudo-single-
domain grains filled by a wall can carry the remanence.
A second decrease in remanence occurs somewhere
above 2.7 um but less than the very large magnetite
grains. This change may be gradual, reflecting the
fact that larger grains contain more domains, or it
may be more sharp. Although at present we do not
understand the large differences in the estimates for
the upper size limits of pseudo-single-domain par-
ticles of 15 um [30,31] and our own results, differ-

ences in chemistry, shape, and/or magnetic inter-
actions may be partly responsible. In addition, it
has been shown [32] (see also Table 1, column 2) that
sample 2 (3) whose mean particle size is 2.7 um (1.5
pm) contains particles as large as 150 um (50 um);
this underlines the importance of more complete
descriptions of particle sizes and shapes when they are
critical in an experiment. Alternatively, one type
of pseudo-single-domain grain may be dominant in
our samples and another type dominant in those of
the Toronto scientists [30,31]. Indeed, it has been
suggested [29] that there are at least two types of
pseudo-single-domain grains, and Schmidt [42] has
suggested another type by showing that grains with
only a couple of domains can behave substantially
differently than grains with several domains.
Generally, low-temperature cycles appear to affect
ARM and TRM in a similar fashion, as can be seen in
Table 1. However, some differences do exist, particu-
larly in the samples with the larger particles. The most
obvious difference occurs in sample 1, in which the
TRM undergoes a self-reversal after a low-temperature
cycle, while the ARM does not. (Self-reversals have
been previously observed in similar samples, and this
behavior has been adequately explained [26].) This
difference between ARM and TRM in sample 1 is
repeatable and indicates that sometimes ARM and
TRM affect the sample in different ways, producing
distinct remanences. On the other hand, the differ-
ence between ARM and TRM for the low-temperature
behavior of sample 1 may not be very significant,
because samples 0 and 1 are magnetically very “soft”
and because single crystals are notoriously difficult to
totally demagnetize.

5. Stability of ARM and TRM with respect to spon-
taneous decay

Another stability index of a particular remanence
is the rate at which it decays when it is stored in zero
field. In Table 1 are the results comparing the spon-
taneous decay of ARM and TRM, after storage in zero
field at Ty for 24 hours. The uncertainties associated
with the values in Table 1 are deviations from the mean
of two separate and independent spontaneous decay
determinations. The TRMs were produced in fields
of 0.47 and 0.48 Oe (0.47 and 0.48 X 107* T). The




ARMs were produced by biasing fields of 0.42 and
0.65 Oe (0.42 and 0.65 X 107* T). For this limited
range of biasing fields there is no apparent field depen-
dence of the spontaneous decay. The data show that
the spontaneous decay of our magnetite samples is
much less sensitive to particle sizes than both the
stabilities with respect to alternating fields and with
respect to low-temperature cycles. ARM and TRM
have similar stabilities with respect to spontaneous
decay. For samples 0, 1, 2, and 3 the ARM is some-
what more stable, and for samples 8 and 9 the TRM

is more stable. For the remaining samples the ARM

and TRM stabilities are indistinguishable.

6. The ratio of ARM to TRM and paleointensity
studies

The determination of the intensity ratio of ARM
to TRM, J A g/ /TR M, is important to the under-
standing of the origins of ARM and TRM and to some
paleointensity work. Theoretical considerations [33]
indicate that this ratio should never be greater than
1. The ARM paleocintensity technique [19] which
has been used on lunar samples may yield erroneous
results if the J, py/Tru ratio for a constant-inducing
field varies greatly between rocks.

Fig. 3 gives the value for the remanent magnetiza-
tion, J, for both ARM and TRM for different inducing
fields. With the exception of the largest field (1.8 Oe
=1.8 X 107* T) for some of the samples with the
smallest grain sizes, both the ARM and TRM acquisi-
tion appear to be linear with field strength, as ex-
pected from the theory for small inducing fields [34].
Using the linear portion, we can obtain x ARM/XTRM’
the ratio of apparent susceptibilities of ARM to TRM.
Note that this ratio will be identical to the intensity
ratio, J 5 py//'rrM» When the same weak inducing
field is used for the ARM and TRM. We see that for
the multidomain grains the ratio X, gm/XTrM 2PPEAIS
to be greater than 1, in apparent contradiction with
the theory of Gillingham and Stacey [33]. Moreover,
this ratio can vary by more than an order of magni-
tude (from 2.0 for sample 0 to 0.108 for sample 7,
Table 1). Therefore ARM paleointensity methods
which fail to take into account the large variability
in, and the particle size dependence of, XA pm/XTRM
are subject to order-of-magnitude uncertainties. Even

179

for the samples whose remanence is dominated by
submicron particles, the x ARM/XTRM ratio varies by
a factor of 5 (compare the data of samples 7 and 8
in Table 1). In addition to this study, X, g m/XTRM
ratios substantially less than unity have also been
reported in [43] for equidimensional submicron
magnetite particles and in [12] for acicular single-
domain magnetite particles.

Although differences in the magnetic particles,
sample preparation and experimental procedure make
it difficult to make meaningful comparisons with the
results of others, we find it instructive to make cer-
tain selective comparisons. In particular, our sample
11 appears to be very similar to sample 4 of Dunlop
and West [12] for which Xy gam/XrrM = 0182 (in a
1-Oe field), which is very similar to 0.238, the sus-
ceptibility ratio of sample 11.

Banerjee and Mellema [20] report a study of
highly acicular (axial ratio 10 : 1) submicron CrO,
particles which are predominantly single domain,
whose microscopic coercivity is determined by their
shape anisotropy. The room temperature saturation
magnetization, J¢(Tg), of these CrO, particles is
87 emu/g, very similar to magnetite’s 93 emu/g. The
Curie point of CrO, is 128°C, in contrast with mag-
netite’s 580°C. A value of X5 gp/XTrM = 0-217
was obtained for a sample containing 1% CrO,
powder dispersed in a non-magnetic matrix [20]. The
similarity of X gm/XTrM Of both the CrO, sample
and our magnetite sample 11, both containing acicular
single-domain particles, suggests that the temperature
difference between the blocking of TRM and the
production of ARM is much less crucial in deter-
mining XA rm /XTRM than the contrast in the particles’
spontaneous magnetization at the temperatures of
TRM blocking and the production of ARM, respec-
tively.

7. Magnetic interactions

Magnetic interactions are commonly thought to
play an important role in ARM. For example, ARM’s
finite susceptibility has often been attributed to mag-
netic interactions [35—38]. Magnetic interactions
have also been invoked [12] to explain the deviation
of the Jgyy versus & curves from the theoretically
predicted hyperbolic tangent behavior. Jaep [34] con-
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Fig. 3. Acquisition of ARM (open circles) and TRM (closed circles) versus biasing fields. ARMs were produced by alternating
fields sufficient to saturate the ARM for the particular biasing field, H < 2000 Oe (2000 X 1074 T). The one exception is

sample 11, which was within 10% of saturation at & = 2000 Oe.
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sidered the thermodynamic equilibrium of an inter- the existing theories appear to predict this size depen-
acting assemblage of uniaxial, aligned single domain dence of x o gum/XTRM> We shall make a plausibility
particles subject to ARM and TRM; the resulting .~ . argument to show that magnetic interactions might
theory for ARM succeeds in showing in a natural be responsible for the observed behavior.
way that ARM has finite susceptibility and explains The problem of how to deal with magnetic inter-
the J oy versus 7 curves. actions is extremely difficult. For simplicity’s sake,
Fig. 4 summarizes the apparent grain size depen- we shall approximately follow the methods of Jaep
dence of X spm/XTrRM- The mechanism(s) responsible [34], which are applicable to single-domain particles,
for this behavior is (are) less clear. Although none of to show that magnetic interactions can substantially
2k
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~
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Fig. 4. Susceptibility ratios, xARM/XTR M. Versus particle size for the magnetite-bearing samples, samples 0 to 11. The abscissa is
identical to that of Fig. 2. The uncertainties associated with the susceptibility ratios are deviations from the mean obtained from
at least two independent measurements. Note that the susceptibility ratios are substantially below unity for submicron particles,
but they are well above unity for the large magnetite crystals.
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change the x5 gp/XTRM T2ti0. For multidomain par-
ticles the problem of magnetic interactions is much
more complex because of difficulties in calculating
‘ magnetic interactions between domains present in
the same grain (that is, local variations in the inter-
nal demagnetization field), as well as interactions
between grains. This latter calculation can only be
done after we have a better general understanding
of the origin of remanence in multidomain grains.

The fact that interactions probably exist in our
experimental design is inescapable, because of cluster-
ing effects present during synthesis of the samples:
highly magnetic particles tend to cluster together,
even though efforts were made to disperse the par-
ticles uniformly through the sample by mixing. We
do not expect that clusters on the order of 10 um
or less are greatly disturbed by the mixing. We anti-
cipate that the largest interactions between particles
will generally occur in the samples with the smaller
grain sizes. One exception is sample 10: in this case
the sample was chemically altered to produce mag-
netite and significant clustering is probably absent
[22].

For the region where TRM is linearly dependent
on the effective field, /.¢r, the TRM in an ensemble
of identical grains can be approximated by:

Trpar = NVIS(Tx) {Wsheff} )
TRM SURM kT blocking

Values inside the brackets are evaluated at the block-
ing temperature. In addition: V' = grain volume, /g =
saturation magnetization, k = Boltzmann’s constant, -
T = temperature, 1 = a constant equal to 1 in Néel’s
1949 theory that relates Jppyy to the hyperbolic
tangent of . ¢rand is equal to 1/3 if the Langevin
function is used in place of the hyperbolic tangent.

Eq. 1 differs from Néel’s theory [39] in that
meffl I}fs been substituted for the externally applied
field, | o, |. For a spherical sample, containing an
isotropic distribution of randomly oriented magnetic
grains, |7 of¢l can be given by:

heff = hex— hint (2)

Eq. 2 is supported by the observation that the experi-
mental susceptibilities are always lower than those
predicted by theories which neglect magnetic inter-
actions. The equation also is consistent with our ex-
periments, since the remanence is always acquired

parallel to &, , a fact that would not occur if the
interaction field, 4y, were not aligned along the same
axis as A, . ’

Eq. 1 can be rewritten as:

; ~ VJ S 'hint 1
rM = VTR 77 {1 =7 Dvtocking fex - (12)

hex

A similar equation can be derived for ARM [34]:

WICTR) . R

where all the parameters are to be evaluated: at the
temperature at which the ARM was induced, room
temperature for the experiments of this study. The
ratio J, py//TRM at @ particular value of 7, becomes,
using eqgs. la and 3:

JARML {JS(TR)TB} [1~{hmt(T R)/hex}} @

"]TRM J, s(T B)TR 1- {hint(TB)/ hex }

where we have written out explicitly the appropriate
temperature dependence of /g and A;.,;; also Ty =
blocking temperature of TRM and Tz =room tem-
perature = blocking temperature of ARM. From egs.
la and 3 we see that in the region where J 4 g and
Jrrw are linear functions of Ay, #;1 o hey. It that
region and only in that region:

JARM _ XARM =U S(TR)TB} [1 = Aint(T: R):l
Jrem  Xtrm  Ws(Tp)Trd L1 —Np(Tp)

where A, is a temperature-dependent, dimensionless
quantity directly related to the strength of the inter-
action field. We can rewrite eq. 5 in the following form:

()

XarM _ 1 = Aint(TR)
XreM 1 —Ainte(Tp)

(6)

Because Jg(Tg)//g(T) varies typically between 2 and
5 for the magnetites of this study and because values
for Ty /Ty typically vary between 0.35 and 0.46, C
can vary approximately between 4 and 14. As an
example, if we take C'= 10, h;,(T5) = 0 [>N;,,(TR)
= 0], then for A, = 0.50 Oe (= 0.5 X 107* T) a ratio
of XA rm/XTRM = 0-2 requires /;(TR) = 0.49 Oe [or
Aint(TR) = 0.98]. Using an identical example as above
but letting C' = 1, one obtains 4;,,(T) = 0.40 Oe

[or A (TR) = 0.80].



If magnetic interactions are indeed responsible for
the differences between ARM and TRM acquisition
[12,34,20], then ARM should become more similar
to TRM when it is produced at elevated temperatures
between T and Ty [32]. This was recently demon-
strated [43] for submicron magnetite particles.

If we assume further that multidomain particles
obey an equation similar to eq. [5] and if we note
that generally one expects a decrease of /;, with
change from single-domain to pseudo-single-domain
to multidomain size, then the X s gpr/XrrM Should
increase with increasing grain size, consistent with
the observed behavior. '

The examples given above show that if the X, g/
XTrM data are to be explained by magnetic inter-
actions alone, then high values for A; ,(T), com-
parable to the external field, are required. That mag-
netic interactions are not the only cause for the low
XARM/XTRM Values of the submicron magnetites is
suggested by the data of sample 10. Sample 10 was
prepared by reducing to magnetite the very dilute
concentration of a-Fe,Q5 that naturally occurs in
alumina and calcium aluminate [22]. Therefore,
sample 10, alone among our samples, should be free
of magnetite powder agglomeration and its mag-
netic grains should be most uniformly dispersed and
its interaction field due to neighboring grains should
be less than for any of the samples containing sub-
micron magnetites. Sample 10 also has the lowest
sample demagnetizing field of all samples studied,
being less than 1% of that of sample 11 (see Table 1).
Therefore sample 10 should be the least influenced by
magnetic interactions. Still, sample 10 has a low
XARM/XTRM Value of 0.31, for which numerical cal-
culations as in the above examples would require

interaction fields in excess of 0.4 Oe, not significantly -

lower than for other samples containing submicron
magnetite which are known to be more susceptible to
the influences of magnetic interactions. This leaves
us with an uneasy feeling as to the correctness of the
above interaction arguments, which compare directly
the acquisition of ARM and TRM. It might be that,
although magnetic interactions are indeed responsible
for differences in ARM of certain samples and differ-
ences in the TRM of certain samples, the direct com-
parison of ARM and TRM acquisition might not be
valid due to fundamental differences in their acquisi-
tion. :
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8. Conclusions

The question may arise as to whether the apparent
grain size effect on intensity is real or whether it is
coincidental owing to a systematic increase in mag-
netic interactions between particles with decrease in’
mean grain sizes. That this is not the case can be seen
by reflecting on the data of Table 1, and in particular
on the data of sample 10, which by the discussion of
the last section should be least influenced by magnetic
interactions, yet its value for x ,gm/XrM = 0-31.
Therefore, the gross trend of the behavior of x ARM/
XTrM s drawn in Fig. 4 is in large part related direct-
ly to the particle sizes, possibly through the grain’s
own demagnetizing field. The variations in Fig. 4 for
the submicron grain sizes might be in part caused by
different interaction fields of the samples due to -
variations in particle agglomerations, particle shapes
and spontaneous magnetization. In addition, the
XARM/XTRM result for sample 10 might represent a
measure of the fundamental difference between ARM
and TRM in the presence of little or no magnetic
interactions.

The difference in the susceptibility ratios of samples
6 and 7 probably reflects the relative importance of
the sample demagnetizing effect on the acquisition of
ARM, because samples 6 and 7 differ only in their con-
centration of magnetite powder, sample 7 having 1.4%
magnetite by weight as opposed to the 0.14% for

_sample 6. Since both samples contain the same species

of magnetite particles (mean diameter of 0.21 um) and
because we do not expect that particle clusters of the
order of 10 um or less are greatly disturbed by the
mixing during sample preparation, samples 6 and 7
should have the same interaction effects due to near
neighbors and due to the grains’ self-demagnetization.
The stabilities of ARM and TRM appear to be very
similar with respect to AF demagnetization, low-tem-
perature cycles and spontaneous decay in zero field
at room temperature. Part of the reason for this re-
markable similarity must result from the experimental
design in which we restricted our experiments to
samples that individually do not display a large dis-
tribution of particle sizes. This follows from our ob-
servations that x ARM/XTRM strongly increases with
grain size increase. ARM in a rock containing multi-
domain and single-domain grains should be somewhat
less stable magnetically with respect to AF demag-
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netization than a TRM. In the few cases where rock”
‘samples have been studied [40,41], the AF demagne-
tization curves of ARM and NRM, which is presumably
a TRM, are remarkably similar, suggesting that in

these cases the NRM is also carried by a relatively
narrow range of particle sizes.

We note that small (pseudo-single domain and/or
single domain) grains are believed to carry most of the
stable remanence in a typical rock. The variation in
stability of such grains with changes in grain size
usually appears to be much smaller than the variations
in X sgm/XTRM (T2ble 1). Therefore, samples with
very similar ARM and TRM stabilities, as measured
by AF demagnetization, may exhibit very different
ARM to TRM intensity ratios. Although it may often
be reasonable to use ARM to model TRM, in so far
as the stabilities of the remanence are concerned, its
use in some paleointensity techniques should be
viewed with skepticism. For example, the ARM
paleointensity techniques [19,20] used on Iunar
samples do not seem to give very good control over
potential errors due to variations in grain size. In
particular, if iron shows similar grain size variations,
then it is not clear that the alleged decrease in lunar
paleointensity with age [19] is resolvable by the ARM
method used to obtain the paleointensity values.
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