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The long-term stability of remanent magnetization is a requirement for paleomagnetic studies. Here we
present calculations that predict the magnetic relaxation times of single domain crystals of the iron-nickel
mineral kamacite as a function of their time-temperature history. Kamacite is one of the most abundant
ferromagnetic minerals in the solar system and is the dominant remanence carrier on the Moon. We perform
these calculations for a variety of grain sizes, times, and temperatures to derive a broad view of the
remanence stability of kamacite over geologic timescales. Previously, such blocking temperature calculations
were only available for the common Earth minerals magnetite, hematite, and pyrrhotite. Our results show
Keywords: that remanence in kamacite-bearing lunar samples is stable against typical thermal perturbations during the
kamacite last several billion years of lunar history and residence on Earth. Our findings indicate that lunar
lunar paleomagnetism cannot be entirely an artifact due to sample storage in the Earth's magnetic field. Future
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moon paleomagnetic studies of iron-bearing samples can use our blocking temperature diagram to determine the
blocking temperature effects of geologic heating events on magnetic remanence.
magnetism © 2010 Published by Elsevier B.V.

iron
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1. Introduction

On Earth, time-temperature events such as thermal metamor-
phism are often important sources of a rock's natural remanent
magnetization (NRM). Long-term heating in a magnetic field may
impart a viscous overprint on the NRM and obscure the primary
record of magnetization. Pullaiah et al. (1975) computed simple
diagrams to quantify this effect for the common Earth minerals
magnetite and hematite. Nearly three decades later, similar calcula-
tions and diagrams were published for pyrrhotite (Dunlop et al., 2000;
Weiss et al., 2000). These diagrams are based on theory developed by
Néel (1949) and illustrate the tendency of an assemblage of single
domain grains to relax its magnetization as a result of different time-
temperature histories.

On the Moon and in some meteorites, the primary carrier of
remanent magnetization is native iron, which is usually alloyed with a
minor amount of nickel and cobalt to form the body-centered cubic
mineral kamacite. Although nearly ubiquitous on the lunar surface,
kamacite is virtually absent from the Earth's crust. Because of the
complexities and unfamiliarity of working with kamacite, some
scientists have rightfully questioned the reliability of lunar rock
magnetism studies. One problem is that the NRM in kamacite may be
a mixture of thermoremanent magnetization (TRM) and phase-
transformation crystallization remanent magnetization (CRM) due to
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recrystallization during cooling (Wasilewski, 1974) (Section 2).
Another problem is the common prevalence of multidomain grains,
which do not have discrete blocking and unblocking temperatures. A
third problem is that chemical alteration of kamacite during heating
often confounds thermal paleointensity experiments. A final problem,
which forms the subject of this paper, is the uncertain effect of long
time-temperature histories on the stability of the remanent magne-
tization. For example, most lunar samples have been exposed to
diurnal surface temperature changes between 0-100 °C for hundreds
of millions of years, leaving open the possibility that their NRM has
decayed in the presumably low-field environment of the recent Moon
(Dunlop and Ozdemir, 1997). Apollo samples have also been stored at
room temperature in the Earth's field for several decades, which has
imparted a viscous remanence. In this paper, we follow the
methodology of Pullaiah et al. (1975) to derive time-temperature
stability diagrams for kamacite remanence. While these diagrams do
not perfectly predict unblocking temperatures and do not apply to
multidomain grains, they can provide guidance for samples with
mixtures of single and multidomain crystals. They have particular
relevance for paleomagnetic studies of lunar breccias and soils, which
contain significant amounts of superparamagnetic and single domain
grains.

2. Iron-nickel alloys

Since the chemistry and magnetism of iron-nickel compounds is
quite complex and not often discussed in the context of lunar and
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meteorite magnetism, we first review these issues. This discussion is
important for establishing the range of nickel content for which our
kamacite calculations are relevant.

2.1. Equilibrium phase diagram

Upon slow cooling from the liquid state, pure iron at low pressure
(< ~5 GPa) passes through a series of equilibrium solid-state phases
known as delta (6), gamma (), and alpha («), in order of their
appearance (Swartzendruber et al., 1993; Anderson and Isaak, 2000;
Cacciamani et al.,, 2006). These phase changes correspond to
crystallographic transformations from body centered cubic (bcc) to
face centered cubic (fcc), and finally back to bcc, respectively. In steel
formation, where iron is mixed with carbon, the three crystalline
phases are known as §, austenite, and ferrite, respectively. When iron
is alloyed with nickel (as typically found in meteorites and lunar
rocks), these phases are referred to as 6, taenite, and kamacite,
respectively, as shown in the simplified equilibrium Fe-Ni phase
diagram in Fig. 1 (at atmospheric pressure) (Cacciamani et al., 2006).
Since carbon and nickel prefer fcc solvents, both constituents will
diffuse out of ferrite (kamacite) into austenite (taenite) during
cooling in the o + y two-phase stability field. This exsolution process
leads to mixtures of taenite enriched in nickel, and kamacite depleted
in nickel, relative to the bulk Ni content. Below about 345 °C, the ot + vy
stability field is believed to become a field with o 4 ordered FeNis (7Y/,
also known as awaruite) (Cacciamani et al., 2006). Below ~400 °C and
for low bulk nickel compositions, the kinetics of the formation of
awaruite can be very slow (Romig and Goldstein, 1980), but it has
been observed in meteorites (Yang et al., 1997) with <10% Ni.

Kamacite and high nickel taenite (>~ 30% Ni (Dunlop and Ozdemir,
1997; Goldstein et al., 2009)) are both ferromagnetic. For bulk alloy
compositions with <3% Ni, equilibrium cooling produces a pure
thermoremanent magnetization (TRM) in the kamacite phase, which
wholly makes up the cooled metal before and after the Curie
temperature is reached. Kamacite with 3% Ni has a Curie temperature
of approximately 760 °C (Fig. 1). For bulk compositions with >3% Ni,
kamacite and taenite continually equilibrate below the Curie
temperature during cooling to produce a phase-transformation CRM
in the kamacite (as well as in taenite if it is high enough in Ni to be
ferromagnetic). It is not known if such a remanence mechanism
retains a memory of TRM acquired at earlier equilibrium states
(Dunlop and Ozdemir, 1997). However, phase diagrams often depict a
Curie temperature line for compositions up to about 7% Ni where the
Curie temperature line intercepts the <y phase. Curie temperature
measurements of kamacite with >3 Ni% can be made by rapid cooling
to form a supersaturated nonequilibrium o phase (see below)
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Fig. 1. Equilibrium phase diagram for the Fe-Ni system from (Cacciamani et al., 2006).
The dashed lines show the Curie temperatures (T.) for taenite and kamacite.

(Peschard, 1925). The alloy is then heated relatively quickly to
measure the Curie temperature before chemical equilibration alters
the TRM-carrying supersaturated material.

2.2. Non-equilibrium transformations

The equilibrium transformations described in the previous section
depend heavily on cooling rate. Volume diffusion kinetics can be very
slow in Fe-Ni alloys, so non-equilibrium taenite and kamacite
compositions may be the end products of slow cooling. The diffusion
rates for the decomposition of taenite into taenite plus kamacite can
eventually slow to a point where equilibrium will not be reached over
geologic timescales, even at modest temperatures. Therefore, inter-
mediate non-equilibrium taenite-kamacite mixtures may freeze in.
An example of this process includes the Widmanstdtten structures in
iron meteorites (Goldstein et al., 2009). Derived equilibrium phase
diagrams may illustrate the thermodynamic preferences of an alloy,
but the domination of kinetics often limits their practical use.

Depending on the cooling rate, a number of different mineral
microstructures can develop in Fe-Ni alloys as a result of composi-
tion-invariant transformations. An example is the martensitic trans-
formation, in which a supersaturated bcc structure forms by a
shearing dislocation in the crystal lattice. According to Wilson
(1994), there are six different composition-invariant transformations
in the nickel-iron system; equi-axed ferrite, massive ferrite, Wid-
manstatten ferrite, bainitic ferrite, lath-martensite (classic martensite,
also known as “massive martensite”), and twinned martensite. These
transformations may also occur in pure iron, since they are crystal
lattice dislocations that do not require the presence of solute atoms
(Bhadeshia, 1985). However, the addition of a solute such as nickel
can lower the start temperature of these reactions by several hundred
degrees. Cooling rates to achieve these transformations can also vary
by six orders of magnitude depending on the reaction types and solute
content. Many studies have been performed on the cooling rates
necessary to achieve a given microstructure, e.g. (Massalski, 1984;
Chong et al, 1998; Wilson and Chong, 2002). In addition, the
formation of awaruite from taenite below ~345 °C is suppressed by
formation of metastable ordered states (FesNi and FeNi, tetrataenite),
but these states are not likely to appear for <5-15% Ni, assuming
cooling times substantially faster than meteorites (~1-100 °C/M.y.)
(Reuter et al., 1989; Swartzendruber et al., 1993; Reisener and
Goldstein, 2003).

Some aspects of the effect of cooling rate, microstructure, and
nickel content on kamacite magnetic properties have been examined
by Wasilewski (1974, 1981). Wasilewski (1974) proposed nine new
remanence mechanisms for Fe-Ni alloys based on microstructure, and
included samples transformed by both the massive and martensite
transformations. Further experiments (Wasilewski, 1981) concluded
that microstructure is a major factor in determining intensity of
remanence and stability to AF demagnetization. Other solutes such as
carbon, cobalt, and phosphorous can alter the likelihood and nature of
phase transformations. Since almost all lunar kamacite has some
nickel, cobalt, or other contaminants, and its grain size is often
multidomain, its remanence characteristics may be complex and
include CRM. However, even for bulk alloys with >3% Ni for which
some CRM is predicted (Section 2.1.), we note that equilibrium
reactions may not go to completion. Instead, they may form
nonequilibrium supersaturated kamacite at sub-Curie temperatures
high enough to block in significant TRM, and lesser minor amounts of
CRM. For example, Wilson and Chong (2002) found supersaturated
Widmanstatten ferrite and equi-axed ferrite after cooling a 9% Ni alloy
at various rates. Néel theory is directly applicable to the TRM of such
supersaturated materials, but caution must be used for grains with
high blocking temperatures that may be dominated by CRM. This
same caution should be used when considering paleomagnetic
heating experiments.
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Clearly, the remanence of metals is more complicated than that of
magnetite. Efforts must be made to understand the thermal history of
the sample in question before applying our calculations, which are
strictly for TRM in single domain crystals. With these complexities in
mind, we will calculate the relaxation times for homogeneous single
domain bcc iron crystals and assess their validity for low nickel and
cobalt alloys.

3. Time-temperature relaxation calculation
3.1. Single domain iron

Our calculations follow those of Pullaiah et al. (1975). The
relaxation time, 7, of a single domain particle in zero field can be
written (Néel, 1949):

1 _ oy HoVs(DH(T)
?_UWG_WT_»’ M

where C is the characteristic frequency of thermal oscillation, y, is the
magnetic constant, v is the particle volume, J;(T) is the temperature
dependent spontaneous magnetization, H.(T) is the temperature
dependent microscopic coercivity, k is Boltzmann's constant, and T is
temperature in kelvins. Grains with a given v, H., and J; will unblock
their magnetization after heating to a temperature T for an unblocking
time 7. We use a parameterization of the J4(T) curve from (Kuz'min,
2005):

J(T /1) = Iy (1=(T /T *=(=s)(T/T) @)
where J, is the saturation magnetization at T= 0 K, equal to 1750 kA/m,
T. is the Curie temperature, 1044 K, and s=0.35 and p=4 are
empirically determined parameters (Fig. 2). Eq. (1) is based on
experimental data from (Crangle and Goodman, 1971). Crangle and
Goodman (1971) measured 99.95% pure iron and make no remarks
about rapid cooling in their work, so it is unlikely their data are greatly
affected by nonequilibrium microstructure effects. Other experimental
and theoretically determined curves for J(T) (Bozorth, 1951) produce
similar blocking temperature results as those presented here.
Complete data for the temperature dependence of the microscopic
coercivity of iron do not appear in the literature. Fortunately, we may
make a reasonable approximation for H/(T) by examining its
dependence on the magnetic anisotropy of the grain and J,(T). Single
domain magnetic anisotropy is due to three different effects: grain
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Fig. 2. Saturation magnetization Ji(T) vs. temperature for pure iron, from the parameter-
ization of (Kuz'min, 2005).

shape (shape anisotropy), grain crystal structure (magnetocrystalline
anisotropy), and stress on the grain (magnetoelastic anisotropy). The
H.(T) dependence on these three anisotropies is, respectively:

Heo(T) = NI(T) 3a)
_ 41K
3]0

MerM) = iy 59

where N is the difference between the demagnetizing factors in the
easy and hard directions, K; (T) is the first term of the magnetocrystal-
line anisotropy constant, and A is the polycrystalline magnetostriction
constant at saturation. At 20 °C K; =4.8x 10* J/m? and A\= —7x 10~ ¢
(Dunlop and Ozdemir, 1997).

We wish to understand which of these three anisotropies
contributes the most to H.(T). We first note that at 20 °C, H. is larger
than H.. when N>0.017, which occurs when grains are elongated by
4.4% or more, using the prolate ellipsoid shape demagnetizing factors
from Eqs. 2.20 and 2.21 of (Cullity, 1972). To determine if this
relationship holds true for all temperatures, we use the temperature
dependent K;(T) function presented by Bozorth (1951) (Fig. 12-11,
scanned and digitized) and shown in Fig. 3. Values of H.s and H, are
plotted in Fig. 4 with a value of N=0.017 for H.s, demonstrating that
H.s continues to dominate H.. at temperatures >20 °C. For magne-
toelastic anisotropy, even if we use the ultimate tensile strength of
iron, 0~400 MPa, H, is 7 times larger than H,, at 20 °C (Fig. 4).
Therefore, we conclude that for nearly all grain shapes and stress
states, shape anisotropy dominates the coercivity of kamacite:
H.=NJy(T). Pullaiah et al. reach the same conclusion for magnetite
grains elongated by >10%.

Taking C=10'° Hz (Pullaiah et al., 1975) we compute Eq. (1) for a
variety of temperatures (Fig. 5). For example, we can see that grains
with a 1000 s (typical laboratory heating time) blocking temperature
of 375 °C will also unblock after heating at 125 °C in zero field for
3 My. Relaxation in a non-zero field changes (1) to:

where H, is the ambient field (Eq. 8.17 of (Dunlop and Ozdemir,
1997)). For H,=0.1 mT compared to H.(T) =37 mT (assuming shape
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Fig. 3. First order term of the magnetocrystalline anisotropy constant (K;) vs. temperature
for pure iron (Bozorth, 1951).
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Fig. 4. Coercivity from shape anisotropy (H, ), magnetocrystalline anisotropy (H, ¢),
and magnetoelastic anisotropy (H, ) for kamacite as a function of temperature.

anisotropy, J;(20°C) = 1715 kA/m (Dunlop and Ozdemir, 1997), and
N=0.017), we obtain (1 — HD/HE)2 =0.995. Therefore predictions for
7 from Eq. (4) for typical geomagnetic fields are essentially identical to
that from Eq. (1).

3.2. Extrapolation to low nickel and cobalt alloys

Although we have calculated blocking temperature relations for
pure iron, we can apply these calculations to low nickel alloys be-
cause they have similar J(T), H/(T), and T.. Most lunar kamacite has
Ni<10% (Nagata et al., 1974), and Co<3% (Ryder et al., 1980). The Curie
temperature of o iron decreases slowly up to about 15% nickel
(T;=700°C) (Swartzendruber et al, 1993). Measurements show
that the saturation induction at 20 °C, which can be used as a proxy
for J5(20 °C), increases by only 3% with the addition of 5% Ni, and then
decreases again to the zero nickel value at 10% Ni, and 3% below the zero
Ni value at 15% Ni (Bozorth, 1951) (see his Fig. 5-8). In addition,
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Fig. 5. Time-temperature unblocking relationships for single domain kamacite grains
(100% Fe). Each curve shows the time required to demagnetize or remagnetize a grain
(in weak fields) for a particular value of the product vH.(T), where v is the grain volume
and H((T) is its microscopic coercivity. The curves here were calculated for prolate
ellipsoidal grains with axial ratios (length/width) of 1.10 (dominated by shape anisotropy)
and widths from 14 to 50 nm, although they can represent the demagnetization behavior
for grains with any value of vH.. The critical superparamagnetic threshold (diameter at
which a grain will demagnetize after 100 s at room temperature) is ~14 nm, in good
agreement with other estimates (Dunlop and Ozdemir, 1997).

measurements of the saturation induction as a function of temperature
at 40% Ni follow a function that is similar in shape to that at 0% Ni
(Bozorth, 1951) (see his Fig. 5-10). The value of K; decreases
monotonically to ~40% of its 0% Ni value at 16% Ni, at room temperature
(Tarasov, 1939), which implies that shape anisotropy continues to
dominate at this Ni concentration. Data on the change in K; with
temperature could not be found for higher nickel contents, but the
slowly and monotonically changing values of K; with temperature for
pure Ni and Fe ((Bozorth, 1951) Fig. 12-11 and 12-13) make it likely
that shape anisotropy continues to dominate the anisotropy contribu-
tion to H, at higher temperature.

In summary, the slowly varying T. and Js(20 °C) up to at least 15% Ni,
the similar shape of the Ji(T) function at high nickel, and the smooth
behavior of the anisotropy functions suggest that the above equations
and assumptions for 0% Ni will be fairly accurate for up to about 15% Ni
(which would be nonequilibrium supersaturated kamacite). For
instance, if one were to use the reduced Curie temperature for 15% Ni
(700 °C), aJs(0 °C) value equal to the 0% Ni value (the value at 15% Ni is
~97% of its 0% Ni value, based on (Bozorth, 1951) Fig. 5-8), and the same
Js(T) function shape, the estimated change in the time-temperature
curves can be determined. Under these assumptions, 15% Ni curves
initially overlapping the 0% Ni curves at long blocking times (~4 B.y.)
diverge and unblock at slightly lower temperatures at unblocking times
of 1000s. The divergence increases at higher temperatures. For
example, for curves initially overlapping at 4B.y. at 100 °C the
unblocking temperatures for 1000s are nearly identical, while at
500 °C the unblocking temperatures are reduced by 30 °Cto 470 °C, and
at 700 °C the unblocking temperatures are reduced by 50 °C to 650 °C.
These uncertainties (particularly relating to the Ni-dependence of the
Curie temperature) may be too large for some applications, and we end
by noting that our calculations are therefore strictly only accurate for 0%
Ni iron.

For iron with < 20% Co, T, rises slowly with Co content, increasing
by a few degrees at 3% Co (Nishizawa and Ishida, 1993). Ji(T) data
could not be found for low Co alloys, but the saturation induction at
20 °C decreases less than 5% for Co <10% (Bozorth, 1951) (see his
Fig. 5-80). We could not find data on the temperature dependence of
K; for Co <10%, but for pure cobalt K; changes slowly and
monotonically as a function of temperature (Bozorth, 1951) (see his
Fig. 12-12). Given the small and monotonic changes in T, K;, and
saturation induction for alloys up to 10% Co, we conservatively apply
our calculations to kamacite with <3% Co. Using the available data for
3% Co would not significantly change our blocking temperature
calculations.

For bulk nickel content greater than about 3%, Curie temperatures
become less well defined for two reasons. The first is that if the metal
is assumed to have been in complete equilibrium during cooling and
subsequent heating, the magnetic remanence will be altered by
crystal structure changes in the kamacite + taenite stability field
(Section 2 and Fig. 1). The second is that the metal may contain
nonequilibrium reaction products that include kamacite with varying
amounts of nickel; the Curie temperatures of these intergrown phases
are often not known. These complications are probably more
significant for meteorites, where large multidomain grains of iron
with high nickel contents may have formed with very slow cooling
times. In any case, the blocking temperature calculations are not
affected by these complications, as long as the user is aware of the
microstructure of the kamacite in the sample.

4. Predictions
4.1. Lunar thermal histories
We can use Fig. 5 to predict the long-term stability of lunar rock

magnetism for three idealized thermal processes that nearly all Apollo
samples have likely experienced: (Case 1) burial in the near-surface
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regolith, (Case 2) exposure to solar heating on the lunar surface, and
(Case 3) residence on Earth. While these predictions are for Iunar
samples, similar thermal histories could be applied to kamacite-
bearing meteorites.

The temperature gradient of the lunar regolith is about — 1.7 °C/m
(Heiken et al., 1991), and most regolith is on the order of 10 m thick
(Wilcox et al., 2005). Below the regolith, thermal gradients decrease
markedly, so that rocks are not heated to high temperatures (>100 °C)
in the upper few kilometers from which most lunar samples have
originated. At the surface, the diurnal temperature variation is — 140
to +110°C at the equator, but it is completely attenuated to a
constant —20 °C at approximately 30 cm depth. Therefore, the
minimum temperature lunar rocks could have experienced during
their pre-surface history lasting for 1-4B.y. is about—20°C at
~30 cm. We conservatively assume—20 °C for our first part of the
rocks' thermal history lasting for 1-4 B.y.

On the Moon, rocks are often brought to the upper few meters of
the lunar surface before being fully exposed. Near-surface expo-
sure ages calculated from spallation-produced elements range from
1-300 M.y. (Arvidson et al., 1975), but the depth of burial is not often
resolved to 30 cm accuracy, leaving open the possibility that they
experienced some diurnal heating. Particle tracks and microcraters have
been used to calculate the “suntan” ages of rocks, which can often span
1-300 M.y. Therefore, the second part of the rock's history will be
exposure to the diurnal surface wave at 100 °C lasting for 1-300 M.y.
(assuming the rocks are only heated during half of each lunar day during
this period gives nearly the same results).

For the third part of the rock's history we assume storage on Earth
for ~10 yr at 20 °C.

We use Fig. 5 to calculate the 1000 s unblocking temperatures that
will demagnetize the same grains affected by each of the above three
idealized thermal histories. We assume there were negligible
ambient magnetic fields on the Moon for the past 4 B.y. For Case 1,
near-surface residence at—20 °C for 1-4 B.y. yields an unblocking
temperature of about 215 °C. In Case 2, storage on the surface at
100 °C for 1-300 M.y. leads to an unblocking temperature of 325-
375 °C. In Case 3, storage on Earth for 10 yr yields an unblocking
temperature of 125 °C. Therefore, grains with unblocking tempera-
tures up to 125 °C acquire magnetization from the Earth's field. This
viscous contamination can be mostly removed by ~1 month of
storage at 20 °C in zero field, which resets grains up to blocking
temperatures of 85 °C. Additional histories such as mare volcanism
heating, ejecta blanket heating, and shock heating, may also be
explored using Fig. 5.

4.2. Thellier-Thellier paleointensity determination and ideal Arai plot

Thermal demagnetization experiments are useful in determining
which grains carry remanence and how the remanence of those grains
has been affected by viscous overprinting. The most robust thermal
demagnetization technique for determining the paleofield H, is the
modified Thellier-Thellier double heating method (Thellier and
Thellier, 1959). Briefly, rocks are heated to a given temperature, and
their remaining remanent magnetization is measured after cooling in
a zero field environment. The samples are then reheated to the same
temperature and allowed to cool in an ambient field, H,. Ideally, the
NRM lost in the first step will be equal to the partial thermal remanent
magnetization (pTRM) gained in the second step, up to a factor equal
to the ratio Ho/H,. Each double heating step is plotted as NRM
remaining vs. pTRM gained (the Arai plot), for which a straight line
indicates ideal single domain behavior with no thermal alteration, and
the slope provides H,/H..

Thellier-Thellier experiments are ideally suited for assessing our
predictions because the incremental heating method allows the user
to determine the effects of past thermal events without knowledge of
the blocking temperature distribution in the rock. For example, it may

be that a rock has few grain sizes with low blocking temperatures, such
that most of its remanence is carried by higher blocking-temperature
grains. Merely heating such a rock and measuring the decrease in NRM
would reveal small changes in NRM at low temperatures and greater
changes at higher temperatures. However, this would not unambig-
uously distinguish between there being few grains of low blocking-
temperature, or a significant amount of low blocking-temperature
grains that had relaxed in a low field environment. In a Thellier-
Thellier experiment, if there are few grains within a given blocking
temperature range, this will be reflected as small differences in the
distances between heating steps at those blocking temperatures (in an
Arai plot), but the slope of the line will nonetheless be indicative of the
field that those grains have acquired.

The three previously outlined lunar thermal histories predict an
idealized Arai plot with three different slopes (Fig. 6). The first slope at
low temperature heating steps represents acquisition of viscous
remanence in the Earth's field. The second slope is shallower,
representing the loss of remanence over 2-4 B.y. in a presumably
low field environment on the lunar surface. It represents both the time
spent in the shallow subsurface at cold temperatures and at the surface
at diurnal temperatures. The second slope should ideally begin near
125 °Cand end at approximately 325-375 °C. The third slope is steeper
than the second, indicating acquisition of an NRM in a lunar paleofield
and should end at the Curie temperature, 771 °C. The third slope may
or may not be higher than the first slope, or even zero, depending on
the lunar paleofield strength. Fig. 8.14 of ref. (Dunlop and Ozdemir,
1997) shows examples of similar effects in terrestrial basalts.

Unfortunately, comparison of our predictions with published data
is presently difficult for four reasons: 1) With the exception of
(Lawrence et al., 2008), previous Thellier-Thellier studies lack pTRM
checks for alteration; 2) The most recent Thellier-Thellier experi-
ments (Lawrence et al., 2008) were not performed in an atmosphere
that controls oxidation (Sugiura et al., 1979); 3) Many previously
studied samples may have had an overprinting IRM or shock remanent
magnetization component that would have to be removed by
alternating field demagnetization prior to heating (Gattacceca et al.,
2007; Gattaccecaa et al., 2008; Lawrence et al., 2008; Garrick-Bethell
et al., 2009); 4) Most lunar samples analyzed with Thellier-Thellier
techniques are multidomain.

5. Discussion

Despite the above complications, our calculations should still be
useful because there exist lunar samples with well-known metal

Earth overprint (Case 3)

325-375

Near—surface or "suntan" history
(Cases 1 and 2)

NRM remaining, arbitrary units

pTRM gained, arbitrary units

Fig. 6. Idealized Thellier-Thellier experiment for an Apollo rock containing a population
of single domain kamacite grains (<15%Ni, <3% Co) with a spectrum of blocking
temperatures between room temperature and the Curie point. Temperatures are
indicated in degrees Celsius.
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chemistry, cooling histories, and predominantly single domain grain
sizes. Well-controlled Thellier-Thellier experiments on these samples
may be possible. For example, Apollo samples 15498 and 60255 are
glassy regolith breccias with relatively high ratios of saturation
remanent magnetization (J;s) to Js of 0.09 and 0.06, respectively, and
relatively high ratios of initial susceptibility per unit mass ( yo) to Js of
7x1072and 9x 10~ 2 m/A, respectively, suggesting that they contain
predominantly a mixture of single domain and superparamagnetic
grains (Gose et al., 1973; Nagata et al., 1973; Pearce et al., 1973; Fuller
and Cisowski, 1987). In fact, Gose and Carnes (1973) found that the
time-dependent behavior of the magnetization of fine grained lunar
breccias was well modeled by the same single domain Néel theory
used in our analysis.

If a rock has multidomain grains it will thermally demagnetize at
higher temperatures and have a concave up Arai plot. The source of
this difficulty is that a multidomain grain acquires its magnetization
by rearrangement and pinning of its domain walls (Dunlop and
Ozdemir, 1997). Increasingly elevated temperatures continually shift
the domain magnetization through progressively lower-energy
pinning states instead of rotating domains at a well-determined
temperature as in single domain grains. This produces a spectrum of
unblocking temperatures up to the Curie temperature (Dunlop and
Ozdemir, 1997). Therefore, on the lunar surface, it may be more
difficult to demagnetize rocks with multidomain grains up to the
blocking temperatures of 325-375 °C predicted by Fig. 6. This would
suggest the predicted slope break near 325-375 °C would be an
underestimate of the apparent unblocking temperature.

It is also important to note that there may be a magnetostatic
interaction effect operating near 300 °C in lunar Thellier-Thellier
studies, possibly further confounding predictions made from Fig. 5.
Between 250-300 °C Pearce et al. (1976) and Chowdhary et al. (1987)
observed discontinuities in Thellier-Thellier heating experiments and
pTRM acquisition experiments in a variety of lunar rocks. They
suggested that troilite (FeS), a phase commonly found in contact with
kamacite, was interacting with the adjacent kamacite, either through
a self-reversal or self-demagnetizing mechanism. These processes
require that troilite, an antiferromagnet, behave ferromagnetically
due to defect magnetizations. Because troilite has a Néel temperature
of 320 °C, it may exert the greatest effect on the Arai plot below these
temperatures.

Finally, it is worth discussing the effect of our predictions on room
temperature techniques for measuring lunar paleofields. Some studies
of lunar samples have crudely attempted to estimate the paleofield by
normalizing NRM by saturation isothermal remanent magnetization
(SIRM) (Sugiura and Strangway, 1980). The thermal demagnetizing
effects of the lunar surface means that the NRM/SIRM technique of
measuring the paleofield is only measuring grains with unblocking
temperatures above 325-375 °C, assuming the sample does not have a
contaminating IRM (Garrick-Bethell et al., 2009). Therefore, this
technique may underestimate the paleofield by a factor of almost two,
assuming the sample has evenly distributed blocking temperatures
and has a significant remanence carried by single domain grains. We
note that Dunlop et al. (1973) found that at least one lunar sample had
almost half of its grain population with blocking temperatures below
300 °C.

6. Conclusions

1) Néel theory demonstrates that despite storage near the lunar
surface for billions of years, lunar rock magnetism is thermally
stable. Uncertainties regarding the origin of the paleofields that
existed on the Moon, nonequilibrium iron microstructures,
magnetostatic interaction effects, thermal alteration during heat-
ing, and the multidomain character of the remanence carriers are
likely to be more important than time-temperature effects in the
interpretation of lunar paleofields.

2) Single domain grains with blocking temperatures up to ~325-
375 °C should have lost some of their remanence due to exposure
to temperatures up to 110 °C on the lunar surface. Therefore,
remanence carried by such grains is unlikely to be a primary
paleomagnetic record. Remanence carried by grains with blocking
temperatures below ~125°C is probably a recent viscous
remanence acquired on Earth.

3) Viscous contamination from storage in the Earth field for 10-
30 years can be mostly removed by ~1 month of storage at 20 °Cin
zero field, which should demagnetize single domain grains with
blocking temperatures up to 85 °C. Alternatively, the sample can
be heated in zero field to 125 °C.

4) The unblocking of magnetism over millions of years implies that
crude NRM/SIRM (otherwise known as total REM) measurements
may underestimate the lunar paleofield by a factor of two,
depending on the blocking temperature and grain size distribution
in the rock.

5) Our calculations can be used to assess a variety of other lunar
thermal histories including mare volcanism and impact ejecta
burial. They can also be used to interpret the magnetism of
meteorites, asteroids, and any other iron-bearing bodies in the
solar system.

6) Our calculations do not apply to samples dominated by multidomain
grains. A complete test of our calculations will require studying
predominantly single domain samples with well-documented time-
temperature histories.
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