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[1] We have measured the intensity of anhysteretic remanent magnetization (ARM) as a
function of alternating field (AF) decay rate. For synthetic and natural single-domain (SD)
and pseudo-single-domain (PSD) magnetites, ARM intensity increases as decay rate
decreases. Multidomain (MD) magnetites have the opposite response, ARM increasing as
the decay rate increases. These are identical to the SD/PSD and MD dependences of
thermoremanent magnetization on cooling rate. For all grain sizes and domain structures,
ARM intensity increases as the AF decay rate used to achieve an initial demagnetized
state decreases. Decay-rate differences in ARM intensity are a property of low- and
medium-coercivity grains, as shown by annealing and by stepwise AF demagnetizing
samples. We interpret the SD results to mean that increased AF exposure time permits a
closer approach to equilibrium magnetization. An approximate thermal activation theory
based on Neéel [1949] and an exact theory by Egli and Lowrie [2002] predict 6—11%
increases in ARM for an order of magnitude decrease in decay rate, in reasonable accord
with the observed 12% increase for 0.065 pm SD grains. For MD grains, we hypothesize
that increased exposure time (slower decay) permits more efficient self-demagnetization,
reducing ARM. Low-coercivity grains experience the largest self-demagnetizing fields
and therefore have the largest decay-rate response. Initial-state decay-rate response is
attributed to longer exposure times leaving domain walls more strongly pinned in deeper
potential wells (the net self-demagnetizing field is zero in the demagnetized state).
Acquisition decay-rate, annealing, and initial-state responses of PSD grains are a blend of
SD and MD responses. Because ARM is the most frequently used normalizer in relative
paleointensity determination, it is important either to use a standard decay rate or else to

remove the decay-rate dependence by demagnetizing the ARM to ~30% of its initial
value (ARM, ;). A standard demagnetization level for the normalizing ARM is
particularly important when comparing paleointensity records from different

laboratories.
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1. Introduction

[2] Anhysteretic remanent magnetization (ARM) is pro-
duced by the combination of a slowly decaying alternating
field (AF) H and a steady unidirectional field H. As a quick
and non-destructive technique, ARM has been widely used
in environmental magnetism and paleomagnetism_[7auxe,
1993; Verosub and Roberts, 1995; Dunlop and Ozdemir,
1997]. In particular, the ratio of ARM to magnetic suscep-
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tibility [Levi and Banerjee, 1976; Banerjee et al., 1981] or
ARM to saturation isothermal remanent magnetization
(SIRM) [Doh et al., 1988; Stoner et al., 1995] is a
commonly used proxy for grain size. In rock magnetism,
the similarity of AF demagnetization spectra of ARM and
thermoremanent magnetization (TRM) has provided a ra-
tionale for the use of ARM instead of TRM in the Lowrie-
Fuller test [Lowrie and Fuller, 1971; Johnson et al., 1975].

[3] ARM is routinely used in sediments as a normalizing
remanence (NRM/ARM) in relative geomagnetic field in-
tensity determination [7auxe, 1993]. ARM has also been
adopted in the pseudo-Thellier paleointensity method [7auxe
et al., 1995]. It is common practice to stack relative paleo-
intensity data obtained from different studies [e.g., Guyodo
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Table 1. Synthetic Samples®

Sample  Powder d, pm n M /M, H,/H. MDF, mT
1 4000 0.065 884 0.41 1.36 28
2 5099 0.21 1300 0.23 1.97 24
3 112978 0.44 1022 0.12 2.92 30
4 M 0.24 532 0.37 1.94 28
5 5000 0.34 1262 0.36 1.57 34
6 3006 1.06 1471 0.29 1.78 33
7 112982 16.9 1618 0.06 6.47 10
8 041183 18.3 870 0.07 5.14 10

“Powders 4000, 112978, 5000, 3006, 112982, and 041183 are from the
Wright Company; powders 5099 and M are the products of Pfizer and
Mapico Companies. The estimated mean grain size d was determined using
the scanning electron microscope (SEM). n is the number of grains counted
under the SEM. MDF is the median destructive field determined from AF
demagnetization of ARM; hysteresis parameters were measured from 6 or
more chips of sister specimens; values of saturation magnetization (M),
saturation remanence (M), and coercive force (H.) were determined from
hysteresis loops; values of remanence coercivity (H,;) were obtained from
backfield measurements.

and Valet, 1999]. If the intensity of ARM depends on the
experimental conditions used in producing the ARM, any
subsequent stacking or comparison would be compromised.

[4] Several factors influence the intensity of ARM. First,
ARM has a grain size dependence [Levi and Merrill, 1976;
Dunlop and Argyle, 1997], being more intense in small
grains than in large grains, as is also true for TRM. Second,
for a fixed grain size of magnetite, ARM depends on
magnetic concentration [Sugiura, 1979; King et al., 1983;
Yamazaki and Iloka, 1997]. In general, higher magnetic
concentration causes stronger interactions among magnetic
grains, lowering ARM intensity. Third, ARM intensity is
dependent on peak AF intensity. Some instruments have
peak AFsup to 100 mT while others have a limit of 200 mT.
In this study, we examine a fourth factor, the dependence of
ARM on the decay rate of the AF.

2. Samples and Instruments

[s] Eight synthetic samples were prepared using commer-
cial magnetite powders whose mean grain sizes range from
single domain (SD, 0.065 pm) to small multidomain (MD,
18.3 pm) [Yu et al., 2002]. Grain sizes were determined using
a Hitachi S-4500 scanning electron microscope (SEM). To
reduce the uncertainty, ~1000 grains were typically mea-
sured from at least six SEM photos per powder. Synthetic
samples are ~0.5% by volume dispersions of magnetite in a
matrix of CaF,. Cylindrical pellets 8.8 mm in diameter and
8.6 mm in height were pressed and then tightly wrapped with
quartz wool inside quartz capsules. The capsules were sealed
under vacuum and annealed for 3 hours at 700°C to stabilize
the magnetic properties. Detailed magnetic properties of
these synthetic magnetites have been published elsewhere
(Yu et al. [2002], Tables 1 and 2). Only a brief summary of
rock magnetic parameters is given in Table 1.

[6] Twenty-six natural samples were also studied: two
andesites [Yu, 1998], fourteen gabbros [Yu and Dunlop,
2001, 2002], three granites [Dunlop, 1984; Dunlop et al.,
1984], and seven freeze-dried lake sediments [Brachfeld
and Banerjee, 2000]. The magnetic and paleomagnetic
properties of the natural samples are well documented in
these papers. A summary appears in Table 2. The samples
are cylindrical, 2.3 cm in diameter and 2.0 cm long. They
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were chosen from a large collection of several hundred
cores on the basis of their low magnetic anisotropy, their
reproducible ARM intensities, and minimal viscous mag-
netic changes [Yu et al., 2002]. The gabbros and lake
sediments had given reliable paleointensities by the Thellier
and pseudo-Thellier methods, respectively.

[7] To test the decay-rate dependence of ARM, we used a
Molspin AF demagnetizer that generates peak AFs up to
100 mT at 180 Hz. Four different decay rates are available,
denoted by A (4 pT/cycle or 0.72 mT/s), B (9 pT/cycle or
1.62 mT/s), C (19 pT/cycle or 3.42 mT/s), and D (35 uT/cycle
or 6.30 mT/s).

[s] Sample were AF demagnetized to 100 mT before each
ARM acquisition experiment. ARM was produced in a peak
AF of 100 mT with H= 100 pT. Decay rates during initial AF
demagnetization and later ARM acquisition will be denoted
by subscripts and superscripts, respectively. For example,
ARMY; indicates that the sample was initially AF demagne-
tized at decay rate D while the subsequent ARM was acquired
at decay rate A. All the comparisons of intensity are normal-
ized to ARMJ, which was the quickest to produce.

3. Dependence of Anhysteretic Remanent
Magnetization (ARM) Intensity on Alternate Field
(AF) Decay Rate

[0] In the experiments described in this section, decay
rate D (6.3 mT/s) was used for all initial AF demagnet-
izations and the decay rate was varied for ARM acquisition.
In Figure 1, ARM intensity is plotted as a function of decay
rate, on both logarithmic (Figure 1a, 1b) and linear (Figure lc,
1d) scales. For synthetic SD (0.065 pm) magnetite, ARM
intensity decreases 12.5% as the decay rate increases
from 0.72 mT/s to 6.3 mT/s (Figure la, Ic). A similar but
less pronounced trend was observed for synthetic pseudo-
single-domain (PSD) magnetites (0.24 and 1.06 um). Syn-
thetic MD magnetite shows the opposite trend, however.
ARM intensity increases ~10% as the decay rate increases
by an order of magnitude. The amount of increase or
decrease is less for unannealed grains than for annealed
grains of the same size. Internal stress apparently reduces
the decay-rate dependence of ARM (Figure la, 1c).

[10] Similar behavior was observed for natural samples
(Figure 1b, 1d). Samples C6C1 (Cordova Gabbro, ON,
Canada) and 456 B (Lake sediments, Lake Pepin, MN,
USA), An 3 (An-ei Andesite, Mt. Sakurajima, Japan), and

Table 2. Natural Samples®

Samples Tug, °C MDF, mT M,/M, Ho/He
An-ei basalts 580 30 0.28 2.11
Kometsuka red-scoria 500 48 0.39 1.65
Tudor Gabbro 580 37 0.34 1.70
Cordova Gabbro 580 40 0.32 1.82
Burchell Lake Granite 580 15 0.04 4.72
Shelley Lake Granite 580 13 0.04 4.39
Lake Pepin sediments n.a. 32 0.23 2.09

Tyg is the maximum unblocking temperature from the thermal
demagnetization of sister specimens; n.a. is not available. MDF is the
median destructive field determined from AF demagnetization of ARM;
hysteresis parameters were measured from 6 or more chips of sister
specimens; values of saturation magnetization (M), saturation remanence
(M;5), and coercive force (H.) were determined from hysteresis loops;
values of remanence coercivity (H.) were obtained from backfield
measurements.
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Acquisition decay-rate dependence of ARM for (a, c) synthetic and (b, d) natural samples.

Initially AF demagnetization was at decay rate D (35 pT/cycle or 6.3 mT/s). Subsequent ARM
acquisition used decay rates from A (4 pT/cycle or 0.72 mT/s) to D.

Bu 8-2 (Burchell Lake Granite, ON, Canada) and S 50
(Shelley Lake Granite, ON, Canada) mimic trends of very
fine PSD, larger PSD, and MD grains, respectively. Their
magnetic properties (Table 2) are in accord with these
implied domain states.

[11] For synthetic SD and PSD magnetite and natural
samples containing PSD magnetite, the rate of ARM
decrease (on a logarithmic decay-rate scale) is larger at
faster decay rates (C, D) than that at slower decay rates
(A, B) (Figure la, 1b). For synthetic MD samples and
granites, the rate of ARM increase is nearly linear, although
slightly larger at slower decay rates (A, B) than at faster
decay rates (C, D).

4. Dependence of ARM Intensity on AF
Demagnetization Decay Rate

[12] In section 3, ARM was produced from a standard
initial demagnetized state that used an AF decay rate of
6.3 mT/s. In this section, we vary the decay rate for AF
demagnetization as well as the AF decay rate used for ARM
acquisition. For example, ARMg® was initially AF demag-
netized at decay rate B (1.62 mT/s) and then ARM was
produced using AF decay rate C (3.42 mT/s). Since we

tested four different decay rates for both AF demagnetiza-
tion and ARM acquisition, 16 different types of ARMs had
to be produced and measured for each sample.

[13] In order to test the repeatability of the measurements,
each of the 16 types of ARM was replicated six times.
Plotted values are averages of these six measurements.
Dispersion within each set of 6 measurements was typically
<1%. Individual measurements were in the range 30—
1500 mA/m, compared to the Molspin instrumental noise
level of 0.1-1 mA/m.

[14] Intensity differences among ARMs of different types
are small but very consistent. Two typical examples are
illustrated in Figure 2. For a fixed decay rate during ARM
acquisition, we found always ARM, > ARMp > ARM¢ >
ARMp, regardless of grain size or rock type. Apart from
this offset in intensities, each decay rate during AF demag-
netization yielded the same dependence of ARM intensity
on acquisition decay rate.

5. AF Demagnetization of ARMs With Different
Acquisition Decay Rates

[15] We next measured the stepwise AF demagnetiza-
tion of ARMs of selected samples. AF demagnetization
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Initial-state decay-rate dependence of ARM for (a, ¢) 578 B (lake sediments, Lake Pepin,

MN, USA) and (b, d) synthetic MD magnetite (16.9 pm). Decay rates used during initial AF
demagnetization and later ARM acquisition are denoted by subscripts and superscripts, respectively. A,

B, C, D: 4,9, 19, 35 pT/cycle.

curves of ARMZY, ARME, ARMY, ARM}, and ARMp
are compared in Figure 3a for lake sediment 578 B and
in Figure 3b for annealed MD (16.9 pm) magnetite. All
AF demagnetization curves converge when the ARM is
reduced to ~30% of its initial value, which occurs around
40 mT for 578 B and around 10 mT for the 16.9 pm
magnetite. Thus ARM intensity differences due to varying
decay rates are confined to low (Figure 3b) to interme-
diate (Figure 3a) coercivities. AF demagnetization curves
of ARMgs and ARMcs (not shown) fall within the
envelope between ARMA and ARMJ.

6. Discussion and Interpretation

6.1. Comparison of Rate Dependences of
Thermoremanent Magnetization (TRM) and ARM

[16] Theoretically the TRM intensity of SD grains
should decrease as the cooling rate increases [Néel,
1955; Pullaiah et al., 1975; York, 1978; Halgedahl et
al., 1980; Dodson and McClelland-Brown, 1980; Walton,

1980; Walton and Williams, 1988]. This prediction has
been experimentally confirmed by studies on archeolog-
ical baked clay [Fox and Aitken, 1980] and on SD
hematite [Papusoi, 1972a]. The same trend was con-
firmed for PSD size grains in baked clays, potsherds,
and volcanic rocks [Yang et al, 1993; Biquand, 1994;
Chauvin et al., 2000]. However, exactly the opposite
trend was observed for MD magnetite [Papusoi, 1972b]
(see also McClelland-Brown [1984]; Perrin [1998]) and
remains unexplained.

[17] As with the cooling rate dependence of TRM, we
anticipate that the ARM intensity in SD grains should
increase as the decay rate decreases. In both cases a
longer exposure time at temperature 7 or AF H allows a
closer approach to equilibrium magnetization. Synthetic
SD and PSD magnetites and natural samples containing
PSD magnetite obeyed this prediction, but grains of MD
size had the opposite trend, showing an increase of ARM
intensity as decay rate increases (Figure 1). The decay
rate response of ARM thus matches the cooling rate
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Figure 3. AF demagnetization of ARMs for (a) 578 B, (b) 16.9 pm magnetite. Decay rates during initial
AF demagnetization and later ARM acquisition are denoted by subscripts and superscripts, respectively.
Demagnetization curves converge when ARM is reduced to ~30% of initial intensity, which requires AFs

of ~40 mT for (a) and ~10 mT for (b).

response of TRM for MD grains, as well as for SD/PSD
grains.

6.2. Observational Constraints and Explanation of
Pseudo-Single-Domain (PSD) Trends

[18] Modeling of the origin of decay-rate effects is con-
strained by the following observations.

[19] 1. The dependence of ARM intensity on the decay
rate of the AF used to produce it is negative for SD and
PSD-size magnetites (i.e., ARM decreases as decay rate
increases) but there is a positive dependence for MD
magnetites (Figure 1).

[20] 2. The dependence of ARM intensity on the decay
rate of the AF used to produce an initial demagnetized state
is negative for magnetites of all sizes (Figure 2).

[21] 3. The magnitude of dependence 1 varies with grain
size and domain structure. SD and MD grains have larger
decay-rate dependences than PSD grains (Figure 1).

[22] 4.The magnitude of dependence 1 varies with
annealing. Annealed PSD and MD magnetites have larger
dependences than unannealed grains of the same size and
origin (Figure 1). Internal stress reduces the dependence of
ARM intensity on AF decay-rate.

[23] 5. ARM differences are confined to low- and
medium-coercivity fractions and are eliminated by AF
demagnetization to ~30% of the initial ARM intensity
(Figure 3). This is true for all sizes/domain states.

[24] If PSD behavior is due to a simple mixture of SD
and MD sources, as separate grains or as independent
regions within grains [Dunlop and Ozdemir, 1997, Chaps.
5, 12; Dunlop, 2002], the observations for PSD samples
can be explained by superposition. The PSD decay-rate
dependence of ARM is the sum of a negative SD depen-
dence and a positive MD dependence. For small PSD
grains like the 0.24 pm and 1.06 pm ones in Figure 1,
the SD contribution is larger than the MD and the net
dependence is negative. The effect of annealing on the
ARM rate dependence of the 0.24 pm grains is smaller
than the effect of annealing on 16.9 pum MD grains because

only a fraction of the ARM of the 0.24 pm grains has an
MD source.

6.3. Single-Domain (SD) Theories of the Decay Rate
Dependence of ARM

[25] Now we require theories to explain the differing
responses of SD and MD grains. In the SD case, we
follow Neéel’s [1949, 1955] thermal activation theory,
which has been successfully adapted for the effect of
variable cooling rates on TRM. In a weak field H aligned
with the shape anisotropy axis, the intensity M. of TRM is
predicted to be

M, = My tanh[p, VM (Tg)H [kTg], (1)

where M, is saturation remanence, Mg is spontaneous
magnetization, V' is grain volume, 73 is blocking tempera-
ture, and k is Boltzmann’s constant. For blocking to occur
within a time ¢,

In(fo ) = po VM(Ts)Hy (Ts)/2kTs, (2)

where Hy is microscopic coercive force and the atomic
reorganization frequency f; is ~10~° s™' [McNab et al.,
1968; Moskowitz et al., 1997; Egli and Lowrie, 2002].
Combining (1) and (2),

Mr/Mrs =2 ln(fo t)H/HK(TB) (3)

[26] To model ARM, we again consider an ensemble of
uniaxial SD grains of volume » and microscopic coercive
force Hy, = Hx(T,) with easy axes parallel to the axis of the
AF H and the steady field H. Two orientations are possible
for the magnetic moment m = VMj, parallel or antiparallel to
H. For either of these, the lowest-energy state has [ in the
same direction as m, giving energies £ = —p, VM(H + H).
Because of the symmetry of the AF, each positive value of
H has a matching negative H of equal magnitude.
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Table 3. Predicted AF Decay Rate Dependences of ARM
Intensity for SD Grains

a, pT/eycle o, pT/s t (s) from (7) Cff% from (5) ey ( ) from (&)
4 0.72 1.819 1.112 1.057
9 1.62 0.8083 1.070 1.037
19 3.42 0.3829 1.031 1.017
35 ap = 6.30 0.2079 1.000 1.000

[27] The equilibrium ARM is given by a Boltzmann
partition between pairs of energy states with matching H
values:

My /Mg = [exp <f% VM, (FI . H) /kTo>

—exp(—u M ITI—I—H)/kTO)]

i
[exp( VM, (H H) /kT0>
+exp< roMS< + )/kTo>]
= tanh [, VM(T,)H) /KT,). (4)

The counterpart to equation (3) is
My /My =2 In(fy t)H /Hyo (5)

According to equations (3) and (5), ARM intensity is
always less than TRM intensity, since Hx(7g) < Hyg, =
Hy(T5).

[28] To calculate TRM or ARM intensity as a function
of the rate of change of temperature 7 or AF H it is
necessary to find the effective value of ¢ that corresponds
to a specified cooling or decay rate. For TRM, Stacey and
Banerjee [1974] and York [1978] arrived at the approximate
expression

¢ = KT/ AE(Ty)] [T /(—dT /du)], (6)

in which AFE is the energy barrier over which the SD
moment must be activated. AE(Tg)/kTg is given explicitly
by the r.h.s. of (2). In deriving (6), both authors neglected
the change in AE over the range of 7 in which blocking
occurs (the mean of which is 7p).

[29] Appealing to the analogy between blocking with a
decaying AF and with changing temperature [Dunlop and
West, 1969], we propose as an ARM counterpart to (6)

t = [kT,/AE(T,)] [Hko/ (—d H/d1)]. (7)
Calculating ¢ from (7) for a specified AF decay rate o = dH/
dr and substituting in (5) gives an approximate value for
ARM.
[30] An exact treatment is given by FEgli and Lowrie
[2002], who find (their equation (42))

( /M3(0¢0 )=a+bIna, (8)

a=1 +1na0/1n[(o.7f;,/%vHKo)(kTo/VMso)3/2 .9
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b= —1n10/1In[(0.7f, /aovHo) (kTo | VM, )3/2]7 (10)

Q, being a reference decay rate.

6.4. Comparison of Predicted and Measured Decay
Rate Dependence

[31] We now use equations (5) and (7) to predict values of
ARM intensity for our 0.065 pm SD magnetite sample. The
t values calculated from (7) for our range of o values (0.72—
6.3 mT/s) turn out to be 0.2—1.8 secs. Thus it is reasonable
to use a trial value 7= 1 s along with f, = 1.3 x 10° s~ [Egli
and Lowrie, 2002], giving AE(T,)/kT, = In( f,f) = 21.0. For
0.065 pm grains, near the maximum size for SD behavior,
the difference H, between the microscopic coercive force in
the absence of thermal fluctuations and the switching field
observed in AF demagnetization is only ~1 mT (estimated
from Egli and Lowrie [2002, Figure 10]). Thus we used
Hy,=27.5 mT, the median demagnetizing field of ARM for
this sample [Yu et al., 2003, Figure 7]. These values when
substituted in (7) along with our experimental values of o
yield the ¢ values in Table 3.

[32] Next In( fof) was recomputed with the exact ¢ values
and substituted in equation (5) to find M, /M, for each value
of a. The results appear in Table 3, normalized to ARM
intensity for decay rate D (o, = 6.30 mT/s). As ¢ increases
from 0.208 s to 1.82 s (decay rate decreasing by one order
of magnitude), ARM intensity is predicted to increase by
11%. The observed increase is 12.5% (Figures 1 and 4).

[33] Finally we predicted absolute ARM intensities from
Egli and Lowrie’s [2002] exact theory. With the same values
of £, Hx, and « as before and an average grain moment
VM, =130 x 107'® A m? (9) and (10) give a = 1.154 and
b = —0.1924. Computing Mar(OL)/Mar(OLO) by substltutmg
in (8), we arrived at the M, (a)/M,(c,) values in Table 3,

1.16
-_
1.12 - 0.065 um
g
Sh 1 equation (5)
< 108 -
« -
E
Sa 1.04 - equation (8)
1.00 T T IIIIIII IIIIIII
1 10 100
Decay rate
(U T/cycle)

Figure 4. A comparison of observed and predicted
dependences of ARM intensity on the AF decay rate in
ARM acquisition for the SD (0.065 pm) sample. The
approximate theory uses equations (5) and (7) of the text.
The exact theory uses the results of Egli and Lowrie [2002]
(equations (8)—(10) of the text).
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which increase by about 6% as « decreases from 6.30 to
0.72 mT/s. This is about one-half the observed rate.

[34] Both the exact and approximate theories predict that
for SD grains, ARM intensity increases as exposure time to
H increases, i.e., as decay rate o decreases. An increase in
ARM is logical because a longer time allows a closer
approach to equilibrium alignment of SD moments, analo-
gous to the cooling-rate dependence of TRM. However,
both theories predict ARM increases that are nearly linear
with log o, whereas we observe non-linear changes for the
0.065 um and other samples.

6.5. Multidomain (MD) Model of ARM Acquisition
Decay Rate Dependence

[35] In the case of MD grains, we will not attempt a
numerical theory. Rather we rely on our observations to
give insight into the microscopic situation. For simplicity,
we ignore domain nucleation, which would produce whole-
sale reorganization of all walls. With a fixed population of
domain walls, magnetization changes when one or more
walls move between pinning sites. Pinning strength is
expressed by the microcoercivity distribution. Walls move
under the combined influence of the AF H, which may lead
to a higher or a lower net magnetization M, and the self-
demagnetizing field Hy, which always favors a lower M.
The steady field H provides a bias.

[36] In an SD grain, Hy produces a shape anisotropy
barrier between states but cannot change the magnitude of
M because all states have the same moment VM. In an MD
grain with a wide range of states, Hy severely limits M. As
the AF ramps down from large fields, the entire population
of walls in a grain is at first mobilized. Each wall blocks as
H drops below its microcoercivity H. (determined by the
local potential well around a dislocation or other pin) but
blocking is conditional. Later movements of other walls
may make Hy > H, locally and unpin the wall.

[37] Experimentally, the correlation between the decay
rate used to reach a demagnetized initial state and ARM
intensity produced in a later experiment is negative for both
SD and MD grains (Figure 2), while the correlation between
decay rate in the ARM experiment and resulting ARM
intensity is negative for SD grains but positive for MD
grains (Figures 1 and 4). The initial-state decay-rate corre-
lation is a universal effect, independent of self-demagneti-
zation. The ARM decay-rate correlation, on the other hand,
must have a different cause, which in MD grains probably
involves self-demagnetization. Another key factor in the
ARM decay-rate effect must be microcoercivity. Decay-rate
differences in ARM are larger when lower-H, fractions are
isolated, either by AF demagnetization (Figure 3) or by
annealing out internal stress (Figure 1). Tightly pinned walls
do not display an ARM rate dependence.

[38] Thus we can begin our theorizing at a point when the
first 30% or so of the ARM, carried by the most strongly
pinned walls, has been locked in. These walls are the least
likely to be unpinned by later movements of the soft walls,
which will continue to oscillate as H decays. Why should
the softer walls reach a state of lower M for a slower decay
rate, i.e., a longer exposure to the AF? The answer is likely
that the demagnetizing field Hy due to pinned walls of
higher H, has a longer time to act. As more of the ARM is
blocked, Hy grows. The result is that the time/rate effect on
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intensity will be largest for the last walls blocked, which
will also be the first to be AF demagnetized. This is what
we observe (Figure 3). This model could be tested by
measuring the rate effect on partial ARMs in different
coercivity ranges. Note that the same model accounts for
the MD cooling-rate dependence of TRM [Papusoi,
1972b].

6.6. Models of ARM Initial State Decay Rate
Dependence

[39] The origin of the initial-state decay-rate effect is less
obvious. Traditionally a dependence of magnetic properties
on prior magnetic history has been considered a property of
MD grains, PSD and SD grains showing reduced effects or
none at all [Shcherbakova et al., 2000]. It is true that the
initial-state rate dependence in Figure 2 is stronger for the
16.9 pm MD sample (~3.5% decrease between ARM, and
ARMp) but the decrease for fine PSD sample 578 B (~1%)
is still consistent and readily measurable. In the MD case, it
seems that exposure to AF demagnetization for a longer
time leaves the softer domain walls in somewhat deeper
potential wells with higher H., thus rendering them less
susceptible to later self-demagnetizing fields during the
ARM acquisition process. The self-demagnetization effect
is still dominant compared to the proposed enhanced wall
pinning. The direct ARM decay-rate dependence in
Figure 2b is about +10% compared to the initial-state rate
dependence of about —3.5%.

[40] The only reported state dependence of SD/PSD
magnetic properties is the contrast between TRM and
ARM intensities for magnetites ~0.07—0.5 um in size, just
above the SD critical size [Dunlop and Argyle, 1997].
Theoretically vortex structures should make their first
appearance in this range and one can speculate that alter-
nating fields are responsible for inducing such states and
lowering ARM intensities. One could speculate further that
longer exposure to AF demagnetization might produce a
larger proportion of vortex compared to SD initial states.
However, this would result in weaker ARMs for lower
initial-state decay rates, which is opposite to the trend
observed in Figure 2a.

[41] Alternatively, the negative initial-state rate depen-
dence may be a property of the MD component of PSD
remanence. This would explain why it has the same sign as
the MD effect but a smaller magnitude. If this is so, truly SD
grains should have no initial-state effect, and the causes of
the initial-state and the direct rate dependences of ARM
intensity in the PSD range would be unrelated. The former
would be an MD effect and the latter an SD effect.

7. Implications for Paleomagnetism and
Paleointensity Determination

[42] The decay-rate dependence of ARM intensity poses a
problem because ARM is frequently used as a standard for
inter-laboratory calibration of instruments and because
ARM is the most commonly used normalizing remanence
in relative paleointensity studies. Samples in our study that
had yielded reliable absolute (C6 C1) and relative (578 B)
paleointensity results exhibited ~7% variation in ARM
intensity as the decay rate used in producing the ARM
varied by an order of magnitude (Figure 1). How can we
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correct for this potential source of error in comparing values
of ARM obtained using different decay rates?

[43] In all samples tested, ARM differences disappeared
after AF demagnetization to ~0.3 of the initial intensity
(Figure 3). Using ARMy 5 rather than untreated ARM is a
practical solution to the decay-rate problem. Note, however,
that there is no single “best field” for AF treatment.
ARM 5 is reached with AFs ranging from 10 mT (Figure 3b)
to 40 mT (Figure 3a).

[44] Modern relative paleointensity studies do use par-
tially demagnetized rather than untreated NRM and ARM.
Optimum demagnetization is tuned to eliminating viscous
overprints without rendering the signal unmeasurably weak.
In recent studies, a wide variety of fields and temperatures
were used: 10 mT [Peck et al., 1996; Yamazaki et al., 1995],
15 mT [Verosub et al., 1996; Yamazaki and loka, 1994],
17.5 mT [Tauxe and Hartl, 1997], 20 mT [Clement and
Kent, 1991; Meynadier et al., 1994, 1995; Tric et al., 1992,
Valet et al., 1994; Yamazaki and Oda, 2001, 2002], 25 mT
[Roberts et al., 1997], 30 mT [Haag, 2000; Pan et al.,
2001], 40 mT, [Glen et al., 1999], averages of more than
two steps [Brachfeld and Banerjee, 2000; Channell et al.,
2002; Dinares-Turell et al., 2002; Guyodo et al., 2001;
Meynadier et al., 1992], and thermal demagnetization to
420°C [Laj et al., 1996].

[45] Since individual studies resulted in different fractions
of initial ARM, there is a risk that records compiled from
different studies [e.g., Guyodo and Valet, 1999] might be
affected by the decay-rate dependence of ARM. Each study
applies a single optimal demagnetization to an entire sed-
imentary sequence. Within such a study, any decay-rate
dependence of ARM is probably unimportant because the
whole unit was treated identically. However, more attention
is called for in stacking results determined with different
optimal demagnetizations and/or different instruments. The
decay-rate dependence of ARM is unlikely to seriously
distort major relative paleointensity trends since ARM
intensity for PSD samples varies only a few% as the decay
rate varies an order of magnitude (Figures 1 and 2).
However, minor features might be enhanced in one record
or suppressed in another by different demagnetization
levels. For best stacking results, a common level of demag-
netization in all records is advisable. To eliminate decay-rate
effects, that level would be ARMj 5.

8. Conclusions

[46] This study has both fundamental and practical impli-
cations. For truly SD grains, our study (0.065 pm magnetite)
and that of Egli and Lowrie [2002] (tuff containing
0.016 um magnetite) find that ARM intensities increase by
4—12% for an order of magnitude increase in AF exposure
time (i.e., decrease in decay rate) during acquisition. Our
approximate adaptation of Néel’s [1949] SD thermal acti-
vation theory and Egli and Lowrie’s [2002] exact treatment
both predict increases of this order (Figure 4). PSD-size
magnetites have the same experimental decay-rate depen-
dence but the magnitude of the effect is smaller (Figure 1).
This situation is the analog of the well-established SD/PSD
cooling-rate dependence of TRM intensity.

[47] MD grains (16.9 pm magnetite, granites) have a
wealth of previously unknown decay-rate properties. ARM
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decreases, rather than increasing, with increasing AF expo-
sure time during acquisition, probably because the self-
demagnetizing field has longer to act on loosely pinned
domain walls. The same model explains the MD cooling-rate
dependence of TRM [Papusoi, 1972b]. Tightly pinned walls
show no acquisition decay-rate variation of their ARM, as
demonstrated by unannealed grains (Figure 1) and by AF
demagnetization following ARM production (Figure 3).
However, tighter wall pinning in the initial demagnetized
state (where the net self-demagnetizing field is zero) as a
result of longer AF exposure is the probable cause of the
initial-state decay-rate dependence, which has the opposite
sign to the acquisition decay-rate response (Figure 2).

[48] These MD theoretical interpretations are speculative
and there are no domain observations on MD magnetites in
an ARM state to back them up, but they do account for all
our results in a consistent way. They also explain the
properties of PSD grains as a blend of SD and MD
responses: SD-like but reduced acquisition decay-rate
response (Figure 1), MD-like but reduced response to
annealing (Figure 1), and MD-like initial-state decay-rate
dependence (Figure 2).

[499] On the practical side, the dependence of ARM
intensity on the AF decay rate used in producing it affects
the ARM/susceptibility ratio, widely used as a grain size
indicator, and the normalizing ARM intensity used in
relative paleointensity determination to correct for differing
magnetic mineral contents between samples. Because rate
effects are small, errors in a set of measurements made in
the same laboratory with a fixed decay rate are unlikely
to be serious. However, inter-laboratory comparisons of
standards and stacking of paleointensity records obtained
in different laboratories would be on safer ground if ARMg 3
(ARM demagnetized to 0.3 times initial intensity) were used
instead of untreated ARM. The AF required to achieve
ARMg 3 varied in our work from 10 mT for small MD
magnetite grains to 40 mT for SD grains, and must be tuned
to the requirements of a particular study, including cleaning
viscous and other secondary remanences as well as elimi-
nating decay-rate differences.
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