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ntroduction

One of the biggest outstanding questions in lunar
nce is the timing and origin of the Moon’s ancient

gnetic field. Paleomagnetic investigations of Apollo
ples have returned paleointensity estimates ranging

 0.1 up to 120 mT (Weiss and Tikoo, 2014 for a review),
ecting a possibly complex and variable dynamo history.
urate paleointensities are of crucial interest, since they
 help us to discriminate the nature of the field (e.g.,
amo or impact-generated field), and have implications
the geophysical models that produce such fields – e.g.,
itional thermal convection, or more exotic tidally-

red dynamos (Dwyer et al., 2011).

When a rock carrying ferromagnetic minerals cools
from high temperature within a field, it acquires a thermal
remanent magnetization (TRM). To estimate the intensity
of the field (paleointensity) responsible for this TRM, the
most trusted methods are thermal ones (e.g., Thellier &
Thellier, 1959), since they mimic the same process by
which the rock acquired its remanence. The basic
principle of such methods is to compare the specimen’s
natural TRM with that of an artificial TRM acquired in a
laboratory field of known intensity (Dunlop, 2011). Such
methods have been applied to lunar rocks with often poor
results (Chowdhary et al., 1987; Lawrence et al., 2008;
Pearce et al., 1976; Suavet et al., 2014). Indeed, upon
heating, mineralogical alteration generates new phases
and the acquisition of parasitic magnetization that
prevents reliable paleointensity estimates in most lunar
samples.
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A B S T R A C T

Measuring the intensity of the Moon’s ancient magnetic field is an important goal of lunar

sample analysis. Paleointensity estimates using thermal methods (Thellier–Thellier) raise

the problem of sample alteration, especially for lunar samples carrying sulfides. To address

this problem, we made real-time measurements of sample magnetization during heating

with a three-axis vibrating sample magnetometer (the Triaxe, LeGoff and Gallet, 2004), in

the hope that rapid heating would minimize alteration (Coe et al., 2014). We studied the

Millbillillie meteorite, which has a lunar-like mineralogy. We find that after repeated

heating phases to �600 8C, we form pyrrhotite, magnetite, and magnetic phases with low

(200–270 8C) Curie temperatures. These low-temperature phases appear after pyrrhotite

has apparently been destroyed by subsequent heating phases, and their mineralogy is

unknown. These results have implications for the paleomagnetic study of any

extraterrestrial samples with even small amounts of sulfides, and further experiments

are required to understand them.
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Corresponding author.

E-mail address: ccourned@ucsc.edu (C. Cournède).
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To deal with the problem of alteration, methods that do
not involve heating have been developed to estimate
paleointensity. They are based on the sample’s acquisition
of anhysteretic remanent magnetization (ARM) (Markert
and Heller, 1972; Tauxe et al., 1995), an artificial remanence
created in the laboratory by superimposing an alternating
magnetic field on a small DC field, or the acquisition of
saturation isothermal remanent magnetization (sIRM) (e.g.,
Cisowski and Fuller, 1984; Gattacceca and Rochette, 2004),
the remanence created in a rock after it has been
magnetized by a saturating magnetic field at room
temperature. In both cases, one compares the artificial
magnetization with the natural remanent magnetization
(NRM) measured in the lab by alternating field (AF)
demagnetization. These methods have been extensively
used on Apollo samples to estimate paleointensities (e.g.,
Cournède et al., 2012; Garrick-Bethell et al., 2009; Shea
et al., 2012; Suavet et al., 2013; Tikoo et al., 2012, 2014).
Such methods have the advantage of being non-destructive
and avoid mineralogical alteration, but can be inaccurate by
a factor up to �4 (Tikoo et al., 2014; Weiss and Tikoo, 2014).

Despite the utility of room-temperature paleointensity
techniques, the NRM of many lunar samples is likely a TRM,
such that paleointensities are best evaluated using thermal
methods. Recently, significant advances in reducing sample
alteration during heating were achieved by heating in a
controlled atmosphere (controlling fO2 and using a CO2–H2

gas mixture, Suavet et al., 2014). These authors obtained
reliable paleointensities on lunar analogs with low sulfur
content. They concluded that sulfide (likely troilite)-bearing
samples, such as most lunar basalts, may not be suitable for
analysis when sulfur fugacity is not controlled.

To study magnetic mineral evolution during heating,
previous works mainly performed rock magnetic measu-
rements at room temperature after each heating step (e.g.,
hysteresis, Henry et al., 2005; Mössbauer spectroscopy,
magnetic susceptibility, Li et al., 1998). In the Millbillillie
meteorite magnetic susceptibility was measured after each
heating step to progressively remove an imparted sIRM
(Morden, 1992). In some cases, susceptibility versus
temperature was investigated (Jeleńska et al., 2010;
Jordanova and Jordanova, 2016). One study focused on
magnetic properties of extraterrestrial material (irons to
stony meteorites and some tektites) in which the main
magnetic carriers were kamacite and taenite (Pechersky
et al., 2012). The aim was to track and understand the
mineralogical evolution upon heating using different
measurement conditions for some studies and simulating
natural processes for others.

The initial purpose of the present study was to take
advantage of the rapid heating–cooling capability of the
Triaxe instrument (LeGoff and Gallet, 2004). The Triaxe
provides an order of magnitude decrease in the time
required to perform a traditional thermal demagnetiza-
tion, and an order of magnitude higher temperature
resolution. Moreover, the Triaxe has already proven its
utility by revising a previous hypothesis for extremely
rapid changes in the Earth’s magnetic field by reducing
oxidation/reduction effects during heating (Coe et al.,
2014). Unfortunately, our pilot study failed to prevent
oxidation in a meteorite with a lunar-like mineralogy,

Millbillillie. However, the results showed a number of
interesting changes in magnetic mineralogy. Therefore, the
new goal of the study became to follow and understand
how such changes develop upon progressive heating. Such
analysis has never been employed on extraterrestrial
material. We therefore present the preliminary results
obtained from Millbillillie. Our ultimate goal is to find at
which temperatures which types of minerals are created,
modified or destroyed, with particular attention to sulfur-
bearing minerals with low Curie temperatures (< 350 8C).
A better understanding of such transformations would be
of valuable interest to suppress mineralogical alteration
and constrain at which temperatures reliable paleointen-
sity estimates can be obtained.

2. Methods and samples

2.1. Millbillillie meteorite

The Millbillillie meteorite is an achondrite, classified as a
Ca-rich polymict eucrite (Mason et al., 1979), which is a
class of meteorites that likely originated from the asteroid
Vesta. It was collected soon (ten years, Meteoritical Bulletin

Database) after its fall, thus ensuring minimal terrestrial
weathering. Its magnetic mineralogy was described as
follows: Fe–Ni: 0.1wt%, troilite: 0.01wt%, ilmenite: 1.3wt%,
chromite: 0.4wt% (Fitzgerald, 1980). The percentage of the
magnetic minerals in our samples is unknown and can be
different. Previous magnetic investigations report a mea-
surable remanence, with at least one stable component
(Fu et al., 2012; Morden, 1992). One paleointensity
investigation using thermal methods showed that mineral-
ogical changes occurred at about 300 8C (Morden, 1992).
The whole rock studied here (obtained from a meteorite
dealer) was cut into several sub-samples. All three
subsamples studied here are very fresh interior samples
(no visible rust), without fusion crust (identified as 3A, 4C
and 4D). Sample masses are 1.9 g, 2.1 g, and 2.2 g with
natural remanent moment of 3.6�10�8 A�m2, 4.8�10�8 A m2

and 7.5�10�8 A�m2, respectively. Unfortunately, the NRM
measured in Millbillillie appears from its AF demagnetiza-
tion characteristics to be dominated by IRM (likely produced
by a hand magnet after collection, data not shown here),
which precluded a paleomagnetic investigation of its
remanence. Further, the sample NRM was close to the limit
of the instrument’s sensitivity (see below). However, the
meteorite is still useful for the study of oxidation and
alteration processes during heating, the goal of the study.

2.2. Magnetic mineralogy and iron sulfide properties

In order to help interpret the results of our experiments,
we first provide some background on iron-sulfur-bearing
magnetic minerals. The pyrrhotite mineral group general
formula is Fe(1–x)S, with x ranging from 0 to 0.125. Its
magnetic and mineralogic characteristics depend on the
crystal structure, which is based on a NiAs structure (with A
and C the axial lengths of the NiAs type-cell). As a function of
composition and temperature, various ordered distributions
of Fe-site vacancies produce different superstructures that
are either ferrimagnetic or antiferromagnetic (Table 1 in
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fai et al., 2000). Overall, magnetization increases as x

reases. The two extreme values for x give two end-
mbers, troilite (FeS, 2C superstructure), which is purely
iferromagnetic and monoclinic pyrrhotite (Fe0.875S or
S8, 4C), which is ferrimagnetic. In terms of magnetic
sition, troilite has a Néel temperature of �315 8C
warz and Vaughan, 1972) and monoclinic pyrrhotite

 a Curie temperature (Tc) between 310 and 325 8C,
htly dependent on its composition (Lotgering, 1956).
ng the rest of the composition range, intermediate
ble and metastable) phases known as nC may exist.
ir structure and their magnetic properties upon heating

are quite complex (Schwarz and Vaughan, 1972; Wang and
Salveson, 2005 for a review), which is one reason why our
results are not easily interpreted. Broadly, stable interme-
diate phases (known as, 5C, 11C and 6C, mostly hexagonal)
are purely antiferromagnetic, while metastable phases are
ferrimagnetic.

2.3. The Triaxe instrument: System description and

measurements methods

All measurements were performed using the Triaxe (at
IPGP, Paris, France). The Triaxe is a three-axis vibrating
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sample magnetometer with a built-in furnace (Fig. 1 in
LeGoff and Gallet, 2004), allowing for continuous high-
temperature measurements of the remanent or induced
magnetization vector. It accepts a cylindrical sample of 1-
cm-diameter and 1-cm-length (volume of �0.75 cm3), and
has a sensitivity better than 10�8 A�m2. This system is able
to apply magnetic fields up to 200 mT in any direction,
enabling acquisition of TRM during cooling. Heating-
cooling rates as high as 60 8C/min are possible, thereby
reaching the system’s maximum temperature of 650 8C in
only �10 minutes. Paleointensity determination using the
Triaxe is based on a Thellier–Thellier-like method, as
explained in LeGoff and Gallet (2004).

To follow the mineralogical changes of Millbillillie upon
heating, different protocols were performed on each
subsample. All experiments were performed in air.

3. Results

For sample 3A, the total magnetic moment (Mtot)
(induced + remanent [NRM]) reaches 10.6�10�8A�m2 when
the field is turned on (Fig. 1A). After the first heating to
400 8C, a rapid but very small increase in Mtot can be
noticed at 320 8C upon cooling (Fig. 1A). Since the total
moment (�4�10�8 A�m2) is close to the sensitivity of the
Triaxe and the same behavior is not recovered upon the

next heating to 4008, we do not consider this to be a real
magnetic/mineralogical transition. This is confirmed by
the following cooling–heating cycle, where the field was
turned off for cooling (from 400 8C to �250 8C), and almost
no remanent magnetic moment remained. When the field
was turned on again during the following heating, Mtot

recovered its previous value and the transition at 320 8C
did not appear. We therefore assume that almost no
mineralogical changes develop before 400 8C. After heating
to 500 8C, the Mtot(T) cooling curve is flat between 500 8C
and 320 8C and increases substantially at 320 8C (from 7 to
14�10�8 Am2, Fig. 1B, dashed arrow). This blocking
temperature observed upon cooling (herein called
unblocking temperature upon heating) is likely the Curie
temperature of pyrrhotite (Fe7S8). At the end of the cooling,
the remanent magnetic moment is 11 times higher than at
the beginning of the experiment (reaching 41�10�8 A�m2 at
120 8C when the field is turned off), suggesting the
formation of new ferromagnetic minerals.

During the next heating cycle to 515 8C, the same
behavior is recovered, with a sharp decrease up to �330 8C
(unblocking temperature of pyrrhotite) and a flat pattern
at higher temperatures. Small differences between this
heating and the prior cooling cycle could be due to the
average sample temperature lagging the thermocouple
temperature. The following cooling–heating cycle shows
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Fig. 2. Sample 4C total magnetic moment (remanent + induced) versus temperature (Mtot[T]). A. Thermal demagnetization of the NRM (likely an IRM) up to

�300 8C. Panels B to D correspond to subsequent heating (black curves) and cooling (grey curves) under a field of 100 mT (solid curves) or in 0 mT (dashed

curves). B-1, Field is turned on, 2, heating from 290 8C to 400 8C, 3, cooling from 400 8C to 105 8C, 4, heating from 105 8C to 500 8C. C-5, Cooling from 500 8C to

105 8C, 6, heating from 105 8C to 610 8C. D-7, Cooling from 610 8C to 40 8C. Vertical dashed arrows point to the transitions. Black circles indicate the
beginning (‘‘Start’’) and the end (‘‘End’’) of the progressive heating experiment.



sim
tran
inc
hea
Mto

unb
tur
me
this

sign
coo
cre
blo
by 

ma
rem
(�1
tha
the
occ
arro
exp
tem
form

dem
sim
(Fig
pyr
ind
12�
dur
cha
min
Thi
tem
pre
tota

Fig. 

A. T

610

dash
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ilar behavior (Fig. 1C). However, the pyrrhotite
sition at 320 8C is steeper, and there is a global

rease in the total magnetic moment. The end of the
ting step up to 605 8C is marked by a sharp decrease in

t around 580 8C (black dashed arrow in Fig. 1C), an
locking temperature that is likely the Curie tempera-

e of magnetite (Fe3O4). The global increase in Mtot

ntioned previously can be explained by the formation of
 new magnetic phase.

When the sample reaches a temperature of 605 8C
ificant changes are observed upon the subsequent

ling (Fig. 1D). Importantly, the newly (and previously)
ated pyrrhotite is not recovered, while a new low
cking temperature phase (LBTP) is created, as indicated
the sharp increase in the total moment at �200 8C. The
gnetite transition is still present. When the field is
oved, the remanent magnetic moment remains high
60�10�8 A�m2). The last heating in zero field indicates
t this new LBTP is ferromagnetic. We note that through
 final cooling, the LBTP transition shifted slightly,
uring at 230 8C instead of 200 8C (light gray dashed
w in Fig. 1E. The remanent intensity at the end of the
eriment is > 54 times the original value at room
perature (reaching 195�10�8 A�m2), indicating the
ation of new ferromagnetic phases.

The NRM of sample 4C is almost completely thermally
agnetized at 300 8C (Fig. 2A). Then, sample 4C exhibits

ilar results as those described above for sample 3A
. 2B–D). However, after the first heating to 400 8C, the
rhotite identified previously is already created as
icated by the slight increase in Mtot from 4 to
10�8 A�m2 between 320 8C and room temperature
ing the cooling step (Fig. 2B). This observation
llenges the conclusion made for sample 3A that no
eralogical changes operate before 400 8C (see above).

s aspect will be discussed later (Section 4.4). When the
perature reaches 500 8C, a sharper transition marks the

sence of pyrrhotite upon cooling and an increase in
l magnetic moment occurs (Fig. 2C), as observed for

sample 3A. This increase was associated with magnetite
growth, but its presence here is not as evident as in sample
3A (Mtot decreases only from 4 to 2�10�8 A�m2 between
570 and 610 8C through the heating to 610 8C). Finally, as in
3A, the last cooling step is characterized by three majors
features; a large 29-fold increase in Mtot (to 145�10�8 A�m2)
at the end, the disappearance of the pyrrhotite and the
presence of magnetite, plus the appearance of the LBTP
(Fig. 2D).

In sample 4D, thermal demagnetization shows that less
than 1% of the NRM remains after 400 8C (Fig. 3A). After
heating to 610 8C, two phases are evidenced (magneti-
te + LBTP) as previously observed for 3A and 4C. This direct
heating to high temperature has apparently avoided the
formation of pyrrhotite. Moreover, we note that the LBTP
transition occurs at a higher temperature (270 8C) (Fig. 3B).

While some discrepancies are observed between the
three studied samples, a global pattern of the mineralogi-
cal changes that occur can be depicted (Fig. 4). The initial
magnetic assemblage is almost stable up to a temperature
ranging from 300 to 400 8C. Above this temperature,
pyrrhotite transiently appears, followed by magnetite.
Both phases coexist when a temperature of 600 8C is
reached. Above, or maybe earlier, the LBTP forms while
pyrrhotite disappears and magnetite is still present.

4. Discussion of mineralogical changes

4.1. Pyrrhotite formation

In agreement with a previous study (Morden, 1992), the
Millbillillie meteorite magnetization increased by the end
of heating experiments, indicating that mineralogical
changes took place.

Among those changes, the first phase created is
interpreted to be pyrrhotite, based on the transition
observed at 320 8C. In the following, we will discuss three
ways in which this mineral can be formed.
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� Considering the initial magnetic assemblage (kamacite,
Fe-Ni and troilite, FeS), the pyrrhotite behavior could be
mimicked by metal–troilite intergrowth textures and,
more precisely, a magnetostatic interaction between
these two minerals (Chowdhary et al., 1987; Pearce et al.,
1976). According to these authors, troilite is reversely
magnetized in the presence of iron. Such a reversal has
never been properly evidenced for troilite and iron in the
literature. A reverse magnetization would require
impurities or lattice defects in the troilite structure (as
proposed for hematite, Néel, 1955). The presence of
impurities has yet to be demonstrated in Millbillillie and
lattice defects may form by the thermal processes.
However, the latter would likely have led to the second
proposition (see below).
� Alternately, since pyrrhotite is the iron-deficient end-

member of the iron sulfide solid solution, pyrrhotite (4C
superstructure = 4Cs) may be produced from cation
vacancies in the troilite structure created through iron
liberation. To corroborate this explanation, reduction
and the decomposition of troilite into iron (and possibly
pyrrhotite) was observed when lunar samples were
heated in controlled atmosphere (Watson et al., 1974)
and in vacuum (Larson, 1978). Moreover, formation of
pyrrhotite from troilite has been invoked in lunar
samples to explain susceptibility variations upon heating

� Finally, another way to explain pyrrhotite formation
could be found in the possibly complex structural forms
of the iron sulfide present before heating. For example,
Nakazawa and Morimoto (1971) synthesized iron
sulfides of the pyrrhotite group mineral. For a
composition of Fe0.95S (very close to that of pure
troilite), they obtained two structure types, 2C (FeS)
and 6C (Fe11S12, antiferromagnetic, Fig. 5). It was
confirmed later that, for x � 0.05, the Fe–S system cools
into a two-phase region, where the troilite phase
coexists with a hexagonal phase (Li and Franzen,
1996a). The 2C + 6C mixture was then heated to
292 8C with a constant flow of heated nitrogen gas,
and subsequently cooled. The resulting phase was 4.5 C,
a magnetic metastable intermediate pyrrhotite with a
non-integer C dimension superstructure. Regarding
this experiment, and in order to explain our results, we
suggest that the troilite phase identified in the initial
mineralogic assemblage could be a mixture of iron
sulfide structures, likely troilite + an intermediate
phase. Such a mixture may convert upon heating into
pyrrhotite (equal or close to 4Cs) with an atomic
percentage iron comprised between 46.7 and 47%
(Fig. 5, light grey zone). Curie temperatures for this
range of composition are consistent with the transition,
we observed at �320 8C. This mechanism has never
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Fig. 4. For each Millbillillie subsample, the temperatures reached are indicated above and the magnetic transitions observed upon the next cooling–heating

cycle are indicated below. ‘‘N’’ indicates that no changes are observed. Small fonts are used when the transition is small and just starts to be apparent. The

temperature line at the bottom summarizes the mineralogical changes that operate after reaching the temperature shown. Solid arrows indicate where

mineralogical changes are effective, with the dashed part indicating where mineralogical changes can start to operate. ‘‘4Cs’’ refers to 4C pyrrhotite

superstructure, in contrast to subsample ‘‘4C’’ (cf. section 4.1 in the text).
in air (Collinson et al., 1973).
 been observed previously.
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Considering the poor constraints, we have concerning
 initial structure of troilite, we favor the second
othesis to account for the appearance of pyrrhotite.

 Magnetite growth

The second phase created, when a temperature of
 8C is reached, is magnetite. Insights into the formation
agnetite can be obtained from studies on terrestrial

ks. For instance, Li et al., 1998 observed an enhance-
nt of susceptibility in sandstone and siltstone samples
ween 400 and 650 8C, which they explained by the
sformation of trace amount of sulfides into magnetite/

ghemite and ultimately hematite. Similarly, in Devoni-
sediments from Algeria, Aı̈fa, 1993 inferred from

rmomagnetic curves that mineralogical changes be-
en 500 8C and 550 8C were attributable to sulfides
ssibly of pyrrhotite type) transforming into magnetite.
h conversions have been previously documented
nnet and Graham, 1980; Soffel, 1977). More recently,
 magnetic monitoring of individual pyrrhotites per-

ed during stepwise thermal demagnetization under
showed a progressive oxidation via magnetite to
atite for a temperature > 500 8C (Dekkers, 1990).

sidering our results, the formation of magnetite

through the breakdown of troilite reported in ordinary
chondrites (Collinson, 1987) may be explained as follows
for Millbillillie: upon heating the initial troilite evolves into
a transient pyrrhotite (4Cs) that oxidizes into magnetite.
Besides sulfides, kamacite oxidation can also lead to
magnetite formation (Suavet et al., 2014). Our observa-
tions are in agreement with the previous study on
Millbillillie which reported that above 500 8C Fe starts to
oxidize (Morden, 1992).

4.3. LBTP appearance

The most striking feature after heating to 605–610 8C
was the disappearance of pyrrhotite and the appearance of
the LBTP (at 200-270 8C upon cooling). At first, one could
interpret this change as the breakdown of pyrrhotite into a
new phase of the Fe–S system (concomitantly with its
oxidation into magnetite). For example, it has been shown
that after heating to high temperature (600 8C), mostly
antiferromagnetic intermediate pyrrhotite types (5C, 11C,
6C) remain (Li and Franzen, 1996b). The problem is that
such phases are ferrimagnetic only between the gamma
transition (Tg, which corresponds to the antiferromagnetic
to ferrimagnetic ordering) (150–230 8C) and Tc (205-
270 8C) (Fig. 5). In this case, one would expect an increase
in magnetization after Tg and a rapid drop at Tc. Such a
change is not observed in our results. However, the LBTP
transition (200–270 8C) overlaps with Curie temperatures
defined for metastable ferrimagnetic phases with an
atomic iron percentage ranging from 47 to 48% (dark grey
in Fig. 5). This would mean that the pyrrhotite (4Cs)
formed previously is a transient phase (unstable at high
temperatures), which transforms back into such an
intermediate ferrimagnetic metastable form.

The shift of the LBTP from 200 to 230 8C observed in
sample 3A during the two last cooling phases (from 605 8C)
may be related to progressive equilibration of partially
altered phases upon subsequent heating to this maximum
temperature (605 8C, Fig. 4). This could be the case if
oxidation did not occur homogeneously throughout the
volume of the pyrrhotites.

It is noteworthy that the LBTPs are observed at much
lower temperatures (�200–230 8C) in samples 3A and 4C
than for 4D (270 8C). In that case, beyond equilibration
issues (above), the difference could result from different
cooling rates (408/min for sample 3A and 4C or 20 8C/min
for sample 4D). It appears that a faster cooling rate may
produce a lower transition temperature. As observed for
heating above 450 8C in pyrrhotite (Dekkers, 1990) and in
titanomagnetite (Bowles et al., 2013), a faster cooling rate
might freeze in more disordered states with lower Curie
temperatures.

Finally, it is plausible that other minerals with low
blocking temperature may account for the results we
obtained. For definite conclusions, more experimental data
are needed to explain the LBTP.

4.4. Implications for Millbillillie paleomagnetism

In our samples, mineralogical changes begin before (in
sample 4C) or slightly after (in sample 3A) a temperature of

5. Magnetic phase diagram for synthetic pyrrhotites annealed at

 8C (simplified from Schwarz and Vaughan, 1972), curie temperatures

dark dashed lines) and gamma transition (Tg) are reported (light grey

s). Tc corresponds to the ferromagnetic-to-paramagnetic ordering, Tg

esponds to the antiferromagnetic-to-ferrimagnetic ordering. Below is

periodic pattern of the relationship between iron-sulfide composition

 net magnetic moment (adapted from Wang and Salveson, 2005).

erstructures and types are indicated below the graphs.

ferromagnetic superstructures are indicated with *. The light grey

 indicates the range of composition for which pyrrhotite has a Curie

perature close to �320 8C. The horizontal hatched zone on the Y-axis

esents the low blocking temperature range observed in our

riments. The dark grey zone indicates the range of composition

esponding to these temperatures.
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400 8C was reached (Fig. 4). A previous study indicated that
mineralogical changes start to operate at 300 8C in
Millbillillie (increase in susceptibility) (Morden, 1992).
We thus conclude that the initial assemblage of magnetic
minerals is stable up to a temperature between 300 and
400 8C. One thermal demagnetization study of the NRM in
Millbillillie reported three stable components; a low, a
medium and a high temperature component (Fu et al.,
2012). This latter was defined between 135 and 540 8C. Our
observations suggest that caution should be taken in
interpreting this component.

Millbillillie is a polymict breccia with some clast-rich
and clast-poor regions resulting in a layered structure
(Fitzgerald, 1980). Small-scale variations may occur in our
subsamples, such that different mineralogies may produce
different behavior upon heating. It is also possible that the
protocol followed can also influence the observed transi-
tions (Fig. 4). In sample 3A, the progressive heating–
cooling sequence was started right after the NRM was
measured, while in sample 4C low-temperature (to 300 8C)
measurements (results not presented here) were perfor-
med after the NRM thermal demagnetization to 300 8C
(Fig. 2A), and before the full protocol (Fig. 2B–D). These
prior analyses below 300 8C in sample 4C may have acted
as a precursor of the alteration, destabilizing the initial
mineralogical assemblage and leading to formation of
pyrrhotite at a lower maximum heating temperature than
in sample 3A. Similarly, in sample 3A, magnetite growth
could have been accelerated by the double heating it
experienced to �500 8C (505 and then 515 8C). Alternately,
the magnetite growth in3A could just be the result of the
progressive increase of the maximum temperature reac-
hed. It is still uncertain if the result of heating is more
affected by the maximum temperature reached (as shown
for a carbonaceous chondrite by Nakato et al., 2016 and in
sample 4D) or by the number of heating–cooling steps
performed.

Kamacite, one of the main magnetic carriers in
Millbillillie, is not evidenced in our results. It might be
expected that if the Triaxe could reach higher tempera-
tures, a poorly defined kamacite Curie point (�780 8C)
would have occurred (as observed in Morden, 1992),
assuming that all kamacite is not oxidized before that
point.

5. Implication for lunar samples

We have shown that for Millbillillie a very small
amount of iron sulfide may play a large role in the
magnetic behavior upon heating. The mineralogical
assemblage in Millbillillie is comparable to that of some
Apollo samples. Therefore, when thermal methods are
used for paleointensity determinations on lunar samples
(containing troilite) a similar scenario might be expected.
In the following, we will discuss this possibility through
the example of an extensively studied Apollo sample,
62235. The lunar impact melt breccia 62235 contains
kamacite (1.2 vol%), troilite (0.1 vol%), and ilmenite
(2.8vol%) (Vaniman and Papike, 1980). Its age was found
to be 3.872 � 0.032 Ga (39Ar/40Ar, Norman et al., 2006).

Thellier–Thellier experiments (Collinson et al., 1973;
Sugiura and Strangway, 1983), and one that failed (Pearce
et al., 1976). The remanence was shown to be mostly
directionally stable up to 500 8C. Mineralogical changes were
monitored by measuring IRM after each heating, indicating
that it was stable up to 600 8C (Collinson et al., 1973). A fourth
study found that 62235 can record a reliable paleointensity up
to �450 8C, after which alteration may begin, leaving any
high-temperature component uninterpretable (Lawrence
et al., 2008). The paleointensity estimated from the low-
temperature component was 92 mT, but concerns about the
primary origin and the nature of this component were raised
(Lawrence et al., 2008). Furthermore, high paleointensity is
difficult to reconcile with theories of lunar dynamo action at
�3.9 Ga (Weiss and Tikoo, 2014).

The Triaxe could be helpful for elucidating the magnetic
history of 62235, given its �10-fold increase in tempera-
ture resolution compared to other Thellier–Thellier
systems. One aim would be to resolve the low- and
high-temperature components identified by Lawrence
et al., 2008, this time using AF demagnetization to remove
the putative IRM the sample received, prior to heating. The
second goal would be to retrieve a more reliable
paleointensity, possibly correcting for the effects of sulfur
phase transformations, which were suggested for this
sample by Pearce et al. (1976). Further experiments with
Millbillillie and other meteorites should help clarify the
extent to which one can correct for such transformations.

6. Conclusion

We performed stepwise heating on the Millbillillie
meteorite using the Triaxe. The original magnetic assem-
blage remains stable up to �300 8C. Above this tempera-
ture, new ferrimagnetic phases are identified. We propose
that the initial troilite breaks down into pyrrhotite (4Cs)
between 300 and 400 8C. This phase and plausibly
kamacite convert into magnetite beginning at �500 8C,
and when a temperature of 600 8C is reached a new phase
with low blocking (unblocking) temperature (LBTP) is
created. Further studies are needed to determine exactly
the nature of this phase. Some differences of behavior were
observed between subsamples. This may be attributed to
the brecciated nature of Millbillillie for some samples, and
to different measurement conditions for others (e.g.,
heating–cooling rates).

Further studies should be conducted on additional
Millbillillie samples including:

� progressive stepwise heating in order to better constrain
the temperature at which alteration starts;
� different heating–cooling rates and steps to evaluate if

such parameters have an influence on the temperature at
which transitions occur;
� complementary magnetic property measurements after

each heating/cooling step, such as magnetic susceptibil-
ity and/or mineralogical analysis.

Tests on some lunar samples (e.g., 62235) should
also be considered. The Triaxe is a powerful tool for

paleointensity determination in terrestrial rocks and
Paleomagnetic investigations reported two successful
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haeological artefacts, and has been shown to be
y useful for following mineralogical alterations in
lbillillie.

nowledgements
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