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S U M M A R Y
We report on the magnetic properties and the acquisition of a chemical remanent magnetization
(CRM) in a field of 100 µT as a function of temperature and time during the lepidocrocite–
maghemite–haematite reaction chain. The development of CRM was monitored at a series
of 13 temperatures ranging from 175 to 550 ◦C; data acquisition was done at the specific
formation temperatures for durations of up to 500 hr. Up to acquisition temperatures of
200 ◦C it takes a considerable time (up to 7 hr) before the CRM is measurable. This time
decreases with increasing temperature, reflecting the activation energy of the reaction to form
the first maghemite. During the lepidocrocite conversion, formation of two types of maghemite
is suggested by two peaks in the CRM versus time curves.

Magnetic properties were analysed after various stages in the reaction. They indicate a mix-
ture of superparamagnetic and single-domain maghemite. The first reaction product (obtained
after annealing at 200 ◦C) is a fine-grained yet crystalline maghemite (labelled type A). Before
massive maghemite formation occurs, the coercive and remanent coercive forces go through a
minimum at intermediate temperatures of 250–300 ◦C (annealing for 2.5 hr). This minimum
lowers to 200–250 ◦C with increasing annealing time (500 hr). This is probably the result of
two processes acting simultaneously—formation of superparamagnetic maghemite particles
of a second less crystalline maghemite type (labelled type B) and removal of stacking faults
in type A maghemite. The second process is suggested by analogy to the behaviour of natural
magnetite/maghemite systems on annealing. Removal of stacking faults is reported to result in a
magnetic softening of the grain assemblage. Annealing at 300–350 ◦C removes most of the lep-
idocrocite and the second maghemite type, type B, becomes prominent. Haematite formation
sets in at slightly higher temperatures, yet the type B maghemite is in part thermally stable up to
600 ◦C enabling Thellier–Thellier experiments. This stability is also inferred from Arrhenius
fitting that shows a comparatively high activation energy for the maghemite to haematite
reaction. In Thellier–Thellier experiments the CRM showed a markedly downward convex
Arai–Nagata plot while a second thermoremanent magnetization (TRM) showed perfect linear
behaviour as expected. This feature may be used to recognize CRM in natural rocks.

Key words: chemical remanent magnetization, lepidocrocite, maghemite, red beds, thermal
stability.

1 I N T RO D U C T I O N

Continental red beds make up a significant proportion of the sed-
imentary record, particularly in the Palaeozoic and Mesozoic. As
a rule they are relatively strongly magnetized. Hence, red beds
constitute an important target for palaeomagnetic studies. They are

formed in a wide range of tectonic settings in deltaic, alluvial or aeo-
lian environments, and in both arid and moist climates. The redden-
ing induced by pigmentary haematite is now generally considered
to be diagenetic in origin. Detrital magnetite and early created ferric
oxyhydroxides with maghemite may be transformed into haematite
yielding a chemical remanent magnetization (CRM). The natural
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remanent magnetization (NRM) of a red bed is thus bound to con-
sist of more than one component. To interpret the geological history
of the rock from the various superimposed magnetizations, the ac-
quisition mechanism and age of each NRM component must be
determined. With this information, the tectonic and magnetostrati-
graphic implications can be assessed.

In addition to magnetite of detrital origin, the NRM of red beds
is carried predominantly by haematite and maghemite. Diagenetic
processes have been shown to be important in the development of the
latter two mineral types. In particular, the formation of maghemite
and haematite can proceed by dehydroxylation of the iron oxyhy-
droxides α-FeOOH (goethite) and γ -FeOOH (lepidocrocite). Pre-
vious work (e.g. Bagin 1967; Hedley 1968; Sakash & Solntseva
1971; McClelland & Goss 1993; Özdemir & Dunlop 1993; Gehring
& Hofmeister 1994; Gendler et al. 1999) has shown that the CRM
properties of reaction products are dependent on the starting mate-
rials and their particle size. Also reaction temperature, atmosphere
and annealing time were shown to be important parameters.

Here we report on an investigation of the magnetic mineral-
ogy during the lepidocrocite–maghemite–haematite reaction chain
along with the properties of the CRM acquired at different stages
during this transformation. Experiments included a thermomagnetic
study of the saturation magnetization and initial susceptibility of the
minerals formed at different stages during the transformation reac-
tions to follow the appearance, content, properties and decay of the
various magnetic phases. A second set of experiments involved the
continuous monitoring of CRM acquisition during long runs of up
to 500 hr performed at elevated temperatures T CRM ranging from
175 to 550 ◦C, hence at different stages of the transformation. The
aims of these experiments were to determine the kinetic character-
istics of the lepidocrocite transformation process as a function of
T CRM and to study magnetic properties and thermal stability of the
CRMs obtained. Finally, ‘Thellier–Thellier palaeointensity exper-
iments’ were carried out on the CRM obtained on the maghemite
that appeared to be in part remarkably thermally stable. This enabled
comparison of CRM and thermoremanent magnetization (TRM) as
‘primary’ NRM in Arai–Nagata plots.

2 L E P I D O C RO C I T E A N D M A G H E M I T E

In lepidocrocite, the double bands of iron–oxygen octahedra share
edges to form zigzag layers that are connected to each other by
hydrogen bonds (OH–O). The layer structure of lepidocrocite is
energetically less stable than the framework structure of goethite.
Lepidocrocite is crystallographically analogous to boehmite
(γ -AlOOH). Because of the oriented hydroxyl bonds, the layer struc-
ture of lepidocrocite (boehmite) is not completely close-packed.
Half of the oxygen atoms are located inside the octahedral layers and
half are on the surface, and only the latter are associated with hydro-
gen. Within the layers the oxygen atoms are in cubic close packing.
So, the γ -series oxyhydroxides and oxides of Al and Fe (boehmite,
lepidocrocite, γ -Al2O3 and γ -Fe2O3) are based on oxygen ions
in cubic close packing (Ewing 1935; Ervin 1952). Lepidocrocite
is a common minor constituent in redoxomorphic soils (seasonal
change of oxidizing and reducing environment) in both temperate
and humid climates (Schwertmann 1988; Cornell & Schwertmann
1996).

Chuhrov et al. (1975a,b) summarized various experiments on iron
hydroxide synthesis. They showed that lepidocrocite can be easily
produced at ambient temperatures from different ferrous compounds
oxidizing in hypergenic or supergenic zones. Control of the pH was
shown to be essential in the lepidocrocite formation reaction (see

also Schwertmann & Cornell 1991). pH should be close to neutral
and the oxidation reaction rate should be moderate. This leads to
green rust formation, a precursor of lepidocrocite. In nature, lep-
idocrocite formation is often connected with the hypergenic alter-
ation of siderite and other carbonates; iron is released to fluids as
Fe(HCO3)2. Chuhrov et al. (1975a,b) supposed that a characteristic
feature of lepidocrocite as a mineral phase would be a deficit of Fe
atoms leading to the appearance of vacancies. So, line broadening in
X-ray diffractograms is not due to small crystallite size only. Often
lepidocrocite also contains extra H2O and has a distinctly varying
crystallinity (De Grave et al. 1986).

2.1 Decomposition products

The thermal decomposition of synthetic and natural lepidocrocite
has been studied by a substantial number of researchers using differ-
ent techniques such as electron and X-ray diffraction (XRD) (Takada
et al. 1964), infrared (IR) and Mössbauer spectroscopy (Sakash &
Solntseva 1971; Subrt et al. 1981; De Bakker et al. 1991; Gehring &
Hofmeister 1994), thermogravimetric analysis (TGA) and calorime-
try (Giovanoli & Brütsch 1975; Von Keller 1976; Laberty &
Navrotsky 1998) and magnetic measurements (Bagin 1967; Sakash
& Solntseva 1971; McClelland & Goss 1993; Özdemir & Dunlop
1993; Gehring & Hofmeister 1994; Gendler et al. 1999).

The enthalpy of the dehydroxylation reaction of α-FeOOH to
1
2 α-Fe2O3 is 13.5 kJ mol−1 and that of γ -FeOOH to 1

2 γ -Fe2O3 is
5.1 kJ mol−1 (Laberty & Navrotsky 1998). So, lepidocrocite can be
converted to goethite in situ if the reaction rate were very slow. The
usual phase transition of lepidocrocite, however, is the dehydroxyla-
tion reaction as in goethite. For γ -FeOOH, in contrast to α-FeOOH,
this transformation occurs in three steps. The first step is attributed
to desorption of physisorbed (weakly bound) molecular water, the
second step corresponds to the dehydroxylation of iron oxyhydrox-
ide to γ -Fe2O3 and the third step is the transition of γ -Fe2O3 to
α-Fe2O3.

The transition from the hydrated to the dehydrated phase is
topotactic, i.e. the oxygen framework remains intact while the hy-
droxyl groups are removed and the iron atoms are redistributed.
Dehydroxylation requires the removal of one-quarter of the oxy-
gen atoms. As was suggested by Ervin (1952), half of the surface
oxygen atoms would be lost while oxygens from the interior of the
layers would remain unaffected. It is conceivable that after this oxy-
gen removal, the layers would amalgamate to a completely cubic
close-packed oxygen network. In the case of lepidocrocite, the dis-
tribution of the Fe atoms would be random and atoms would have
to migrate through the oxygen framework to reach stable positions.
This mechanism implies that lepidocrocite is not decomposed sim-
ply to γ -Fe2O3, but that a series of distinct dehydrated phases can
be produced. All of them will have oxygen in cubic close-packed
positions and Fe cations in the interstices of the network. The dif-
ference will be only in the arrangement of the metallic ions and in
their degree of ordering. For heated boehmite, these variably disor-
dered and ordered modifications were detected by XRD experiments
which showed reflections deriving from a more complex symmetry
than that of the classic spinel structure (Ervin 1952).

Maghemite formed by the calcination of lepidocrocite at compar-
atively low temperatures, however, is reported to have a structure
with ordered vacancies because the cation configuration of the par-
ent material is preserved (Takei & Chiba 1966). At higher tempera-
ture this ordered structure can be transformed into a disordered one.
In contrast, Bernal et al. (1957) reported that disordered γ -Fe2O3

was obtained by careful calcination of γ -FeOOH at 250 ◦C. The
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problem of the vacancy distribution in maghemite has been dis-
cussed for many years (e.g. Annersten & Hafner 1973; Waychunas
1991). The vacancy distribution is strongly related to the method of
preparation of the maghemite and its parent material. Different sets
of superstructure lines were reported, either consistent with a cubic
primitive lattice (five possible space groups) or a tetragonal lattice
(Van Oosterhout & Rooijmans 1958; Annersten & Hafner 1973).
Brown (1952) suggested the space group P4132 for his maghemite
sample, which contained some structural H2O. This suggestion is
important for the maghemite formed from heating lepidocrocite at
moderate temperatures. Maghemites formed along this pathway can
thus show a variable degree of vacancy ordering.

In four well-defined synthetic lepidocrocite samples, the onset
of the weight loss indicative of incipient maghemite formation was
observed at about 200 ◦C (De Bakker et al. 1991). The electron
paramagnetic resonance (EPR) spectrum of synthetic lepidocrocite
was found to start changing after heating at 175 ◦C while IR spectra
(sensitive to small changes in the content and distribution of struc-
tural water and hydroxyl groups) already demonstrated substantial
variations in a temperature range from 155 to 176 ◦C (Gehring &
Hofmeister 1994). The temperature at which maximum weight loss
occurs in TGA curves (T TGA) varied from 211 to 250 ◦C for dif-
ferent synthetic lepidocrocite samples and from 280 to 306 ◦C for
various crushed natural samples (Von Keller 1976; De Bakker et al.
1991). Sakash & Solntseva (1971), however, determined that TTGA

changes from 230 to 280 ◦C when the heating rate is increased from
10 to 66 ◦C min−1. Hence, the starting temperature of the dehydrox-
ylation reaction and its further development depend strongly on
the initial lepidocrocite, sample preparation, heating rate and heat-
ing procedure (stepwise or continuous), etc. The activation energy
of the lepidocrocite dehydroxylation reaction varies from 13.1 to
26.7 kcal mol−1 depending on the crystallinity of the lepidocrocite
(Von Keller 1976).

Sakash & Solntseva (1971) did not observe any structural change
in synthetic lepidocrocite annealed at 105 ◦C for 227 hr. During
the course of the lepidocrocite dehydroxylation maghemite starts
to appear in the interval ranging from 200 to 300 ◦C. Its formation
process is not straightforward though, with a pathway going through
various intermediate stages. On the molecular level, it was shown
that removal of OH groups in lepidocrocite begins at 142–155 ◦C
(Gehring & Hofmeister 1994). In that temperature range they ob-
served the decrease of three IR peaks (at 739, 1015 and 1159 cm−1)
assigned to δ-OH bending bands (Lewis & Farmer 1986). The de-
crease was more pronounced after heating at 176 ◦C. Gehring et al.
(1990) argued for the creation of an activated stage at this tem-
perature. In these studies lattice changes were not discerned below
199 ◦C. Hence, the loss of water also occurs prior to the formation
of maghemite, which indicates the actual dehydroxylation of the
lepidocrocite structure.

The difference between the temperatures at which OH groups start
to be removed from the structure and the formation of maghemite is
most likely related to the time needed for OH− and H + to combine
to form H2O, and its subsequent diffusion (Gehring & Hofmeister
1994). A so-called activated intermediate state is created by the de-
hydroxylation process that precedes the structural transformation of
lepidocrocite to maghemite (Gehring et al. 1990). IR spectra show
first an increase of the Fe–O distance followed by a decrease and the
generation of an imperfect maghemite structure tied to superpara-
magnetic (SP) maghemite clusters (Gehring & Hofmeister 1994).
During this stage the specific surface area increases from 27 to
47.5 m2 g−1 and even to 60.7 m2 g−1 (Sakash & Solntseva 1971;
Laberty & Navrotsky 1998).

2.1.1 Maghemite crystallite size and microstructure

The size of maghemite particles produced from lepidocrocite is
usually <10 nm; it is independent of the grain size of the initial
lepidocrocite (De Bakker et al. 1991). Also Bernal et al. (1957) ob-
tained small maghemite crystallites of about 5 nm in size. Takada
et al. (1964) concluded from X-ray and electron diffraction exper-
iments on maghemite crystallites (obtained from plate-like lepi-
docrocite) that small γ -Fe2O3 crystallites with an average diameter
of about 6 nm link together to form highly oriented aggregates whose
shape resembles the morphology of the original lepidocrocite crys-
tallites. This mechanism causes a strong magnetic interaction be-
tween the particles. Under transmission electron microscopy (TEM)
the maghemite particles appear as agglomerates of a large number
of very small, needle-shaped crystallites (Lepin’ & Ruplis 1971;
McClelland & Goss 1993). These authors observed that upon an-
nealing a porous angular microstructure formed perpendicular to
(002) lepidocrocite planes. The size of the pores increases with an-
nealing from 1.7–4 nm (180–350 ◦C) to 6–7 nm (400 ◦C) along
with an increase in size of the maghemite nanoparticles from ∼4 to
∼6 nm. The major influence of porosity and defects on the magnetic
properties of maghemite and the stability of its magnetic record were
pointed out by Morales et al. (1998).

Maghemite is thermodynamically metastable with respect to
haematite, yet it can possess a remarkable thermal stability. Widely
varying γ to α transition temperatures (labelled GAT temperature
by De Bakker et al. 1991) have been reported ranging from room
temperature to 900 ◦C. A number of factors like the method of prepa-
ration, grain size and shape, impurities, reaction pressure, reaction
atmosphere and annealing time, have been put forward as an ex-
planation for this wide range. For example, Imaoka (1968) found at
atmospheric pressure a GAT of 560 ◦C for acicularγ -Fe2O3 particles
but 250 ◦C for granular particles. Takei & Chiba (1966) suggested
this temperature interval to range from 250 to 600 ◦C. Özdemir &
Banerjee (1984) reported on a maghemite that was thermally more
or less stable to heating in air up to 600–640 ◦C; complete transfor-
mation to haematite required temperatures higher than 660 ◦C. The
presence of Al in the structure stabilizes maghemite (e.g. De Boer
& Dekkers 1996).

Pressures of 150 MPa caused a lowering of the inversion temper-
ature to 0 ◦C (Kushiro 1960). In a series of experiments with chang-
ing annealing time or pressure, Adnan & O’Reilly (1999) monitored
GAT using magnetic properties as a proxy for the γ -Fe2O3 concen-
tration during the inversion process (acicular maghemite with an
aspect ratio of 6:1). The GAT process appears to be thermally acti-
vated, and Adnan & O’Reilly (1999) experimentally calculated an
activation energy of 3.7 eV at atmospheric pressure and of 0.5 eV
at a pressure of about 150 MPa. They pointed out that the presence
of defects strongly affects the activation energy, which results in
variation of the inversion behaviour of nominally similar materials.

Van Oorschot & Dekkers (1999) showed that the stability of
maghemite (formed from magnetite by oxidation in air) varied
substantially as a function of the heating atmosphere. In argon
maghemite was reasonably stable against heating cycles up to
700 ◦C, while in air complete transformation was already obtained
above 550 ◦C.

Adnan & O’Reilly (1999) suggested that the amount and types
of internal defects in the maghemite would be crucially dependent
on its preparation method. The role of the defects would be more
important than that of grain size or surface area of the particles.
Therefore, we will concentrate here on the GAT temperature ob-
served for maghemite obtained by calcination of lepidocrocite. This
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temperature is also reported to vary depending on starting material,
maghemite concentration, reaction atmosphere, heating procedure
(gradually increasing, stepwise increasing or just annealing at one
specific temperature) and measurement method. For instance, Bagin
(1967) reported a GAT temperature interval for bulk natural lep-
idocrocite heated stepwise in air of 375–575 ◦C based on XRD
and isothermal remanent magnetization (IRM) measurements. The
same lepidocrocite sample heated stepwise in vacuum did not show
an IRM decrease until annealing at 600 ◦C (Rybak 1971). Using
IR spectra and IRM measurements, Sakash & Solntseva (1971) ob-
served the GAT for synthetic lepidocrocite (10 nm) in a narrow tem-
perature interval of 315–350 ◦C in a stepwise annealing experiment.
For the same samples, TGA measurements indicated the maximum
rate of the GAT to occur at 237 ◦C for a heating rate of 4.5 ◦C
min−1 and at 350 ◦C for a heating rate of 10 ◦C min−1. Higher GAT
temperatures varying from 435 to 485 ◦C were found by De Bakker
et al. (1991), who also used TGA (heating rate ∼2 ◦C min−1) to
monitor the behaviour of four synthetic lepidocrocite samples. The
GAT temperature correlated with the excess H2O in the original
lepidocrocite: the smaller the amount the higher the GAT tempera-
ture. The incorporation of more OH− ions causes an increase of the
number of defects in the maghemite lattice which favours a lowering
of the GAT temperature by accelerating the transformation process.

In the same sample set De Bakker et al. (1991) varied the
annealing rates. For rates >2◦C min−1 they determined the
simultaneous presence of maghemite and haematite by XRD and
Mössbauer spectroscopy after annealing at 337–420 ◦C. Gehring &
Hofmeister (1994) studied the behaviour of synthetic lepidocrocite
samples after stepwise heating between 100 and 500 ◦C (0.5 hr at
each temperature). They observed a complete structural conversion
of maghemite to haematite at 500 ◦C using EPR spectra and at
600 ◦C according to bulk susceptibility measurements. During ther-
momagnetic measurements (steadily increasing temperature) this
lepidocrocite showed a GAT ranging from 273 to 450 ◦C.

McClelland & Goss (1993) also observed a variation of the
GAT temperature interval for tightly packed and dispersed (3.86
per cent by weight) synthetic lepidocrocite: 370–450 ◦C and 442–
591 ◦C respectively. Hence, the temperature cannot be used as an
absolute measure of the transformation progress, which appears to
be slower in dispersed samples than in pure samples. The same
observation was made by Özdemir & Dunlop (1993) who ob-
tained a GAT interval ranging from 480 to 560 ◦C for undispersed
lepidocrocite and from 550 to >653◦C for samples containing
2 per cent by weight. Hence, the simultaneous presence of both
α- and γ -Fe2O3 can occur over a significant temperature interval.
Bagin (1967) and McClelland & Goss (1993) concluded on the basis
of magnetic measurements only that inversion to haematite might
begin before all lepidocrocite has transformed to maghemite. This
assumption was not confirmed by direct methods such as XRD, IR
or Mössbauer spectroscopy. One of the aims of this study was to
check the possibility and conditions of a simultaneous presence of
all three phases—lepidocrocite, maghemite and haematite.

Magnetic determination of maghemite relies in part on the deter-
mination of its Curie temperature (T C). It is rather difficult to de-
termine experimentally because of the transformation to haematite.
A formal Curie temperature can be only measured on a thermally
stable maghemite. Various Curie temperatures from 400 to 645 ◦C
have been reported for maghemites of different origin. Maghemite
produced by oxidation of magnetite in air was reported to be mainly
cubic without clear superstructure with T C close to 640–645 ◦C
(Heider & Dunlop 1987; Özdemir & Banerjee 1984; Van Oorschot
& Dekkers 1999). Maghemite obtained by oxidation of synthetic

cubic magnetite grown in aqueous solution had a T C of 602–
614 ◦C (Özdemir & Dunlop 1989). A T C of 575 ◦C was observed by
Aharoni et al. (1962) for maghemite obtained by annealing α-Fe2O3

in H2. Minor Sn impurities in the maghemite (γ -Fe1.9Sn0.1O3) low-
ered T C to an interval between 477 and 547 ◦C for synthetic particles
of 44–46 nm (Berry & Helgason 2000). Single-crystal films grown
by different methods on MgO single crystals showed also a low T C

in an interval of 405–470 ◦C. These low T C values were observed for
thin films with a disordered cubic crystal structure (Takei & Chiba
1966) and with an ordered tetragonal lattice (Barinov 1982; Babkin
et al. 1991).

2.1.2 Haematite

The haematite grains forming from lepidocrocite via maghemite
are well-crystallized with sizes distinctly larger than that of the pre-
ceding maghemite particles. Feitknecht & Mannweiler (1967) pro-
posed that 50–100 neighbouring maghemite crystallites of about
5 nm would finally transform into one large haematite particle. As
a rule, X-ray diffraction shows fairly sharp haematite reflections,
also just after the appearance of haematite. They become sharper at
the final stage of the transformation reactions. McClelland & Goss
(1993) observed by TEM the formation of haematite single crystals
from polycrystalline aggregates of maghemite. These single crystals
had the same shape and size as their acicular lepidocrocite precur-
sor (2000 × 70 nm). They estimated the blocking temperature (T b)
of acicular haematite with dimensions 0.07 × 1.5 µm to be 640–
650 ◦C. Such reduced values of T b are very often observed in red
sandstones. Özdemir & Dunlop (1993) suggested that the blocking
temperature of haematite crystallites appearing in high-temperature
runs (>450 ◦C) is about 625 ◦C. The size of their initial lepidocrocite
particles was 30 nm × 400–900 nm. However, it is not common that
haematite formed from lepidocrocite has the same grain size as the
initial lepidocrocite.

The particle sizes are often estimated from X-ray diffraction. De
Bakker et al. (1991) observed haematite with a mean crystallite di-
ameter (MCD) of 8–35 nm after the 337–380 ◦C runs and haematite
with a MCD of 35–72 nm at the final stage of reaction. The average
particle diameters estimated from TEM data was in good agreement
with the X-ray data. The haematite particles in their experiments
were almost spherically shaped and did not exhibit any macropores.
In spite of their rather big particle size and high crystallinity, the
haematites showed a 15–45 ◦C decrease of their Morin transition
temperature. This was explained by relative lattice dilatation.

Thus the main feature of the haematite formed from lepidocrocite
via maghemite is its higher degree of crystallinity and its larger
particle size compared with its parent maghemite. The considerable
difference in crystallite sizes between maghemite and haematite in
this reaction is tied to the chain mechanism of interaction of small
maghemite particles (Takada et al. 1964; Berkowitz et al. 1968;
Morrish & Clark 1974). This mechanism allows small nominally SP
maghemite grains to act as one bigger magnetic particle to acquire
a CRM (McClelland & Goss 1993).

2.2 CRM formation in the iron oxyhydroxide
dehydroxylation reaction chain

In the first, to our knowledge, study of CRM (Bagin 1967) acquired
during the transition of goethite to haematite and of lepidocrocite via
maghemite to haematite, a significant difference in the properties of
these CRMs was revealed. The characteristics of the CRMs could
not be described unambiguously by a simple grain-growth mecha-
nism (cf. Haigh 1958; Kobayashi 1961; Stokking & Tauxe 1987).
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Grain-growth CRM is largely equivalent to a TRM and the parent
phase has no influence on the properties of the CRM of the daughter
phase. If the parent material is magnetic, more complex situations
result and the direction and properties of the CRM may be influenced
by the parent material, for instance when maghemite is forming from
magnetite by oxidation (e.g. Heider & Dunlop 1987). This situation
is referred to as alteration CRM by Stokking & Tauxe (1987) and
sometimes as crystallization remanent magnetization (Dunlop &
Özdemir 1997).

The CRM behaviour during lepidocrocite decomposition was
also studied by Hedley (1968) and more recently in detail by
Özdemir & Dunlop (1993) and McClelland & Goss (1993).
Hedley (1968) observed very different magnetic behaviour on two
series of synthetic lepidocrocite samples with different grain size
and shape. ‘Cornflake’-like particles with crystallite sizes of about
10 nm showed clearly the production of SP maghemite of the same
size as the initial material. A maximum remanence σ r of about
10−3 A m2 kg−1 was obtained, and no self-reversal occurred during
the GAT. Acicular particles of lepidocrocite (250 × 15 nm) exhibited
a much higher σ r (∼0.3 A m2 kg−1) and a remanence self-reversal
for T CRM between 522 and 630 ◦C. Hedley (1968) suggested that
exchange interaction would be more plausible than magnetostatic
interaction as a cause for the self-reversal. The experimental re-
sults of Özdemir & Dunlop (1993) and McClelland & Goss (1993)
agree by and large. However, some intriguing differences should
be noted. McClelland & Goss (1993) observed a wide temperature
interval of the CRM formation (T CRM of 250–550 ◦C) in which
the obtained CRM intensity was high. For T CRM between 572 and
591 ◦C, even a complete self-reversal of the CRM was docu-
mented similar to the results of Hedley (1968). They attributed
the self-reversal to negative exchange coupling between the par-
ent maghemite and daughter haematite phases. Özdemir & Dunlop
(1993) found a two-peak pattern in values of CRM intensity upon
T CRM with a prominent intervening minimum. As an explanation
they suggested the presence of negative exchange coupling between
regions of maghemite separated by antiphase boundaries. They ob-
served that the CRM produced in runs up to 450 ◦C was univectorial
with the remanence parallel to the applied field. It became bivectorial
between the 500 and 653 ◦C runs and neither CRM vector was paral-
lel to the applied field. After the 555 ◦C run an internal self-reversal
was observed. They also suggested the existence of exchange cou-
pling between the maghemite and haematite lattices. As explanation
of the partial or full self-reversal Özdemir & Dunlop (1993) argue
that at T CRM blocked and unblocked maghemite regions would co-
exist with haematite crystallites that are below their blocking tem-
perature. Thus, these authors concluded that the common working
assumption of a simple grain-growth CRM mechanism should be
reconsidered in the case of the γ -FeOOH transformation process.

3 S A M P L E S A N D E X P E R I M E N TA L
P RO C E D U R E S

For the experiments we used three synthetic lepidocrocite samples
labelled L1, L2 and L3, and one natural lepidocrocite sample la-
belled Ln. The synthetic samples were prepared from a solution
of iron (II) sulphate mixed with solutions of potassium iodate and
sodium thiosulphate at 45 ◦C as described by De Grave et al. (1986).
Three different batches with varying ferrous sulphate concentration
were prepared. The crystallinity and particle size of the initial sam-
ples were analysed using XRD. X-ray diffractograms of two initial
synthetic lepidocrocites (L1 and L2) were recorded at the Geophys-
ical Observatory Borok using a DRON-2 diffractometer with Co

Table 1. Crystallinity and crystallite size of the
synthetic and natural lepidocrocites.

Sample Kr D

L1 1 70
L2 0.25–0.5 4–6
L3 0.8 35
Ln 0.95 53

Kr, crystallinity according to eq. (1); D, average
crystallite size in nm. See text for further
explanation.

Kα radiation, with a scan speed of 1◦ min−1 for 2θ angles from 13
to 82◦; NaCl was used as the internal standard. X-ray patterns of
the third synthetic sample (L3) and the natural sample were mea-
sured using a Philips PW1700 diffractometer and Cu Kα radiation
at the Department of Earth Sciences, Utrecht University (stepscan
0.02◦ 2θ , 1 s counting time per step; no internal standard was added).

Because different diffractometers were used one cannot directly
compare the intensity of corresponding reflections. The crystallinity
Kr was determined according to eq. (1) as the ratio of the width
of lepidocrocite X-ray peaks and the instrumental line width as
determined from a highly crystalline material that is assumed to be
truly crystalline. W 1/2 is the width at half peak height.

Kr = W1/2 instrument

W1/2 lepidocrocite
. (1)

The average crystallite sizes D (Table 1) were determined from XRD
line broadening of the (200) and (002) reflections using Scherrer’s
formula (Araki 1989). They vary between 4–6 and 70 nm (Table 1).

L1 appears to be pure; there is no trace of an additional phase in the
X-ray diffractogram. The L2 lepidocrocite is poorly crystalline with
a smaller number of reflections. Its line broadening is significant
(Table 1) and varies with reflection. All reflections with (0k0) indices
are decreased in intensity or even absent. L3 shows fairly sharp
lepidocrocite lines. XRDs of L2 and L3 show some low-intensity
goethite reflections as well. Goethite is a rather common by-product
of the lepidocrocite synthesis (e.g. Hedley 1968; Schwertmann &
Cornell 1991). The Ln sample exhibits sharp lepidocrocite lines
only, hence it is pure.

The synthetic lepidocrocite samples L1, L2 and L3 were used
for thermomagnetic measurements only. Low-field mass suscep-
tibility was measured as a function of temperature between 20
and 700 ◦C on an AGICO KLY-3 susceptibility bridge (frequency
ω = 875 Hz with a rms peak field of 0.375 mT). A certain amount
of the Ln sample was uniformly dispersed in a kaolin matrix for
continuous measurements of magnetic susceptibility using a CS2
attachment to a KLY2 susceptibility bridge in the Earth Sciences
Department of Oxford University. The contribution of kaolinite to
the signal was always less than 0.05 per cent as test runs with pure
kaolin showed. Temperature dependence of the saturation magneti-
zation M s of non-dispersed tightly packed powdered samples of L1
and L2 was measured from 20 to 700 ◦C using a vibrating sample
magnetometer (VSM) in an external magnetic field H = 0.45 T
(palaeomagnetic laboratory of the Institute of Physics of the Earth
(UIPE), Moscow). The same experiments on dispersed L3 and Ln
samples were performed with Curie balance devices (at Observa-
tory ‘Borok’, Russia, the palaeomagnetic laboratory of UIPE, and
with the adapted horizontal translation balance at the Fort Hoofd-
dijk palaeomagnetic laboratory, Utrecht University; all balances use
H = 0.3 T, that in Utrecht cycles between a minimum and maximum
field value, 150 and 300 mT respectively).
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The natural lepidocrocite Ln is most suited for the CRM experi-
ments because it is well crystallized and has sufficiently large crys-
tallite sizes. Excess water was carefully baked out from dispersed
samples before beginning the experiments. Two sets of CRM ac-
quisition experiments (2.5 and 500 hr runs) were accomplished at
a series of temperatures (T CRM) ranging from 175 to 550 ◦C in a
100 µT steady field (H CRM). The samples were made by uniformly
dispersing the lepidocrocite particles in a kaolin matrix (1 per cent
lepidocrocite by mass) and moulding the mixture into 10 mm cubes.
We will refer to them as Lnd samples. The CRM acquisition was
monitored during the heating runs, which lasted up to 500 hr. It
was monitored at the annealing temperature in closely spaced time
intervals. To impart the CRM we used a high-temperature spinner
magnetometer specially designed in the Borok Observatory. Its flux-
gate sensor surrounds the water-cooling jacket. The noise threshold
of the magnetometer is 10−3 A m−1, the temperature stability is
±1 ◦C for periods of up to weeks. Note that our experiments report
for the first time CRM intensities monitored at the acquisition tem-
perature. After cooling each sample in zero field to room temperature
(T r), the CRM was measured again. Following the remanence ex-
periments, room-temperature hysteresis parameters and hysteresis
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Figure 1. Thermomagnetic curves (plus symbols) acquired in a field of 0.45 T (L1 and L2 lepidocrocite, VSM at UIPE Moscow) or in a field of 0.30 T
(Lnd lepidocrocite, Curie balance at Borok). The heating rate (in air) is 0.5 ◦C s−1 for L1 and L2 (a and b); for Lnd it is 1 ◦C s−1 (c) and 5 ◦C s−1 (d). The
decomposition of the thermomagnetic curves into Gaussian curves (dashed lines) and the sum of the Gaussians (full lines) is also shown in each panel. The
decomposition parameters (according to eq. 2, see text) are shown on the right-hand side of each set of curves.

loops were measured for all samples using a VSM with a maxi-
mum field of 1.6 T. The M s and H c values were calculated from the
hysteresis loops after subtraction of the paramagnetic signal.

For the Thellier–Thellier experiments, an induction coil mag-
netometer designed at the Borok Observatory was used to induce
and demagnetize various partial thermoremanent magnetizations
(pTRMs). With this PC-controlled instrument, the remanent mag-
netization of a sample can be monitored and recorded continuously
after having switched off the magnetic field during cooling and/or
heating. The noise threshold of the magnetometer is 3 × 10−9 A m2

for a cubic specimen with 1 cm edges. The maximum available exter-
nal field is 0.2 mT, while the residual field, after the coil is switched
off, is less than 100 nT. Related Mössbauer measurements and more
extensive XRD data will be detailed in a future contribution.

4 E X P E R I M E N TA L R E S U LT S

4.1 Magnetic measurements

The strong-field thermomagnetic curves M s(T) on heating the sam-
ples L1, L2 and Lnd at different rates are shown in Fig. 1. From
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an initially very low magnetization value, all curves begin to rise
steeply at approximately 250 ◦C, reflecting the start of the conver-
sion of lepidocrocite to maghemite. Note that the poorly crystalline
L2 sample starts to rise at 200 ◦C (Fig. 1b) already testifying to its
higher reactivity. Between 350 and 430 ◦C relatively minor changes
in the M s(T) values occur followed by a quicker decay between 430
and 480 ◦C. The magnetization decay is probably due to the forma-
tion of haematite at the expense of unstable maghemite and/or the
approach of the Curie temperature T C of maghemite which can be as
low as ∼420–470 ◦C when vacancies are confined to one sublattice
(Takei & Chiba 1966; Barinov 1982).

The obvious asymmetry of the curves and the occasional appear-
ance of double-peaked M s(T) curves (Figs 1b and c) suggests the
existence of two subsequent stages in the transformation of lepi-
docrocite to maghemite. For convenience they are labelled A and B
stages, with the A stage (or phase) indicating the lowest temperature
phase. To describe them formally, we have decomposed the M s(T)
curves into two Gaussian curves (eq. 2): the parameters A, B, σ A,
σ B, T maxA, T maxB of the Gaussians computed for the samples are
also shown in Fig. 1

Ms(T ) = A√
2πσA

exp

(
− (T − Tmax A)2

2(σA)2

)

+ B√
2πσB

exp

(
− (T − Tmax B)2

2(σB)2

)
. (2)
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Figure 2. (a) Normalized low-field (alternating current, AC) susceptibility versus temperature for the Lnd sample. The heating rate is 0.3 ◦C s−1. (b) Annealing
behaviour versus time as a function of temperature. Each curve was warmed up to the temperature indicated on its right-hand side (from 0 to 1750 s) after which
the temperature was held for about 20 min (from 1750 to 2950 s) and the susceptibility was monitored as a function of time; normalized values are shown. After
2950 s the samples were cooled down. The stars mark the samples taken for Mössbauer experiments (detailed in a future contribution). (c) Normalized AC
susceptibility versus temperature after 2950 s showing the differences in conversion rates. At 350 ◦C reaction progresses more rapidly than at 365 ◦C, testifying
to two maghemite types.

The decomposition fits the experimental curves reasonably well.
The low-temperature Gaussian might reflect the generation and
decay of unstable fine maghemite grains (A phase). The high-
temperature Gaussian would then reflect the transformation of the
A phase and residual lepidocrocite into a more stable maghemite
B phase followed by the conversion to haematite. Independent of the
initial lepidocrocite crystallinity, the A stage is always less promi-
nent than the B stage; also the temperature interval in which it exists
(2σ A), is narrower than that of the B stage. The starting temperature
(T st) of the lepidocrocite to maghemite transformation, the width
of the characteristic temperature intervals 2σ A and 2σ B, and their
mutual relations depend on the samples and heating rate. Indeed,
when comparing Figs 1(a) and (b), it becomes apparent that the
poorly crystalline lepidocrocite L2 has a lower T st and B/A ratio
than the well crystallized L1 sample. Interestingly, the shape of
the M s(T) curves for the Lnd sample varies with heating rate: the
low-temperature peak observed at a comparatively low heating rate
transforms into a kind of shoulder when the heating rate is higher
(cf. Figs 1c and d). The relative area of the B phase is expanded by
about 40 per cent at the expense of the A phase showing that with
higher heating rates the presence of the low-temperature phase can
be subdued or even suppressed completely.

The low-field susceptibility versus temperature curves k(T) (see
the example of the Lnd sample in Fig. 2a) are more symmet-
ric than the M s(T) curves. Note the much quicker decay above
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400 ◦C than that of M s(T) in Figs 1(c) and (d). To further study
the kinetics of the transformations, the low-field susceptibility ver-
sus time was monitored during heating, followed by annealing for
20 min at a specified temperature, and cooling down to T r (Fig. 2b).
All k(t) curves show a sharp increase in susceptibility when the tem-
perature reaches ∼300 ◦C (t ≈ 1400 s) followed by a decrease in k.
The increase indicates the growth of maghemite grains up to the SP
threshold size and the decrease in the transformation of maghemite
to haematite. The latter is supported by the quick decay of the k(T)
curve above 400 ◦C (Fig. 2a). An interesting feature of the curves
in Fig. 2(b) is that the decay rate changes with the annealing tem-
perature. Indeed, the rate first increases with annealing from 300
to 350 ◦C, then it falls, reaching a minimum at 365 ◦C. At higher
temperatures the decay rate increases again. Fig. 2(c) displays the
normalized susceptibility values of Fig. 2(b) after 2950 s (the end
of the annealing) versus temperature. The maximum susceptibility
at 365 ◦C, indicating a minimum transformation rate, is evident.

4.2 Magnetic properties of products produced during
the lepidocrocite to maghemite transformation

The temperature at which the maghemite is completely transformed
to haematite may be quite variable. Nonetheless, after heating at
600 ◦C during thermomagnetic analysis of tightly packed lepi-
docrocite only haematite is often observed (McClelland & Goss
1993; Özdemir & Dunlop 1993; Gehring & Hofmeister 1994). The
Ln sample behaves in accordance with this common observation
but the other samples show a detectable amount of maghemite, even
after being heated to 600 ◦C.

Of course, the majority of unstable A maghemite transforms to
haematite during the initial stages of the heating process. Never-
theless, after the first heating in air to 600 ◦C of L3 lepidocrocite
dispersed in kaolin a considerable amount of maghemite remains
present judging from the value of Ms(Tr) after cooling the sam-
ple (Fig. 3). The sample is stable to reheating: the first cooling and
second heating curves are reversible up to 600 ◦C. Only further
heating to 700 ◦C accomplishes complete conversion of maghemite
to haematite. Other examples are shown in Figs 4(a) and (b). In
these experiments tightly packed powder of synthetic lepidocrocite
samples L1 and L2 was pre-heated to 700 and 600 ◦C, respec-
tively, before performing the thermomagnetic treatment at a heating
rate of ∼0.2 ◦C s−1. All M s(T) curves in Figs 3 and 4 demon-
strate the presence of a phase with T C∼ 550 ◦C, i.e. some part of
the maghemite B phase survives heating up to 600 ◦C. One can argue
that the T C of ∼550 ◦C would point to magnetite. The appearance
of magnetite during the dehydroxylation of lepidocrocite has been
reported twice up to now based on Mössbauer spectroscopy data.
Rybak (1971) showed that magnetite appeared only upon annealing
of lepidocrocite in a vacuum. The appearance of magnetite was also
reported by Ona-Nguema et al. (2002) during bacterial reduction
of lepidocrocite but only when the reduction rate was high. The ex-
perimental conditions in those investigations, however, were vastly
different from those here. Heating in air makes reduction of ferric
iron to ferrous iron highly unlikely.

The content of the maghemite generated after the pre-treatment
during the first thermomagnetic run can be roughly estimated from
the ratio of the saturation magnetization after the first heating and
the peak value of M s of during the first heating. These ratios are
0.22 for L1 and 0.26 for L2 which both consist of tightly packed
lepidocrocite only. So, a noticeable fraction of the maghemite that
appeared during the course of the lepidocrocite dehydroxylation
survived the heating.

0 100 200 300 400 500 600 700
temperature (°C)

0

2

4

6

sa
tu

ra
tio

n 
m

ag
ne

tiz
at

io
n 

(1
03

 A
 m

−1
)

0

0.1

0.2

0.3

0.4

ra
te

 o
f c

on
ve

rs
io

n

heating (to 600°C)

second heating (to 700°C)

rate of conversion

cooling (from 600°C)

cooling (from 700°C)

Figure 3. Strong-field thermomagnetic curves of dispersed synthetic lep-
idocrocite L3 (Curie balance, Borok). Full lines: heating to 600 ◦C and
cooling to T r. Note that maghemite partially survives heating to this temper-
ature. The long-dash-dotted line indicate the relative content of maghemite
created during first heating as calculated in Section 4.1. The short-dashed
lines correspond to a second heating to 700 ◦C and subsequent cooling to
T r. Maghemite does not survive.

This remarkable thermal stability of the maghemite upon heating
undoubtedly influences its CRM properties. The thermal stability
of the maghemite depends on the lepidocrocite concentration in the
starting samples. Also, the maximum temperature of the first heating
(the thermal stability during a second heating is of importance for
the analysis of CRM properties) is a meaningful factor. Annealing
diluted samples at 700 ◦C for 20 min leads to a complete lepi-
docrocite via maghemite to haematite reaction. Repeated heating
to 600 or 700 ◦C and cooling of non-diluted lepidocrocite samples
preserves part of the maghemite in a thermally very stable state. In
earlier studies (Hedley 1968; McClelland & Goss 1993; Özdemir
& Dunlop 1993) thermomagnetic analysis was performed on non-
diluted samples, hence containing 100 per cent lepidocrocite. CRM
acquisition experiments were done with samples containing 50 per
cent lepidocrocite (Hedley 1968), 4–8 per cent (McClelland & Goss
1993) and 2 per cent (Özdemir & Dunlop 1993).

4.3 CRM experiments

For the first set of experiments, the CRM acquisition versus time
was monitored at frequent intervals directly at the acquisition tem-
perature for 500 hr (except for the 235 ◦C run which lasted for only
2.5 hr for technical reasons). The corresponding curves are shown in
Fig. 5. The kinetic curves are remarkably non-linear against log(t).
Secondly, CRM acquisition is already observed at the low tempera-
ture of 175 ◦C, although it becomes measurable only after the com-
paratively long time interval tst of ∼7 hr. The value of tst decreases
quickly with increasing T CRM; above 300 ◦C CRM formation is ‘in-
stantaneous’, i.e. tst is shorter than the time span before the first
CRM measurement can technically be taken. Thirdly, the CRM(t)
curves observed for T CRM = 200 and 225 ◦C and—quite likely—
for 235 ◦C as well, are remarkable in the sense that they show an
intermediate peak in the initial part of the curve. We interpret this
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Figure 4. Strong-field thermomagnetic curves of bulk samples L1 and L2 pre-heated at 700 ◦C and 600 ◦C respectively (VSM, UIPE Moscow). The full lines
refer to the heating curves of the first thermomagnetic run (equivalent to a second heating). The dashed lines indicate a repeat thermomagnetic experiment
(equivalent to a third heating).

phenomenon as indication for a two-stage maghemite formation
process as discussed above. The time t1 after which the intermedi-
ate peak is reached decreases with increasing T CRM. Note that the
two-stage process is hinted at in the 250 and 275 ◦C CRM(t) curves
as a change in the slope of the initial parts of the curves. From 275 ◦C
upwards the CRM(t) curves are symmetric indicating the formation
of high-temperature maghemite (type B) only.

The CRM intensities (measured at T CRM and at T r) against the
annealing temperature T CRM are plotted for both the 2.5 hr runs
(Fig. 6a) and the 500 hr runs (Fig. 6b). The susceptibility at room
temperature was measured for the samples of the 2.5 hr runs and
plotted versus T CRM (asterisks in Fig. 6a). The hysteresis parameters
M s, M rs, the coercive force H c, remanence coercive force H cr and
the ratios of M rs/M s and H cr/H c were also obtained for these two
sets of experiments at T r (Figs 6c–h). The temperature dependence
of the CRM intensities (measured at T CRM and T r) was similar
in each set of experiments. The corresponding room-temperature
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Figure 5. CRM intensity versus time (logarithmic scale) monitored at the
temperature of CRM acquisition. The numbers near the curves refer to this
acquisition temperature (T CRM). The plus symbols show the actual experi-
mental data points.

values are evidently higher because of the increase in M s with de-
creasing temperature. So, for the sake of simplicity, in the following
we will consider the room-temperature results only.

CRM intensity values plotted versus T CRM in both sets yield
asymmetrical peak-shaped curves, with a sharp increase in inten-
sity with increasing T CRM at low temperatures. After a local max-
imum, a minor decrease occurs with an intermediate minimum at
about 200–235 ◦C. At yet higher T CRM the CRM values reach a
more pronounced maximum with a subsequent decrease to zero at
550 ◦C. The intermediate minimum is less pronounced for the
500 hr run and all maxima in the CRM(T CRM) curves are shifted to
lower temperatures in comparison with those of 2.5 hr runs (175, 250
◦ and 225, 325 ◦C, respectively). Accordingly, the temperatures at
which the CRM decrease slows down (Figs 6a and b) are also shifted
to lower temperatures: to 325 and 400 ◦C for 500 and 2.5 hr of an-
nealing time, respectively. The shift of the maxima together with
the weakened intermediate minimum fit well to what is seen on the
CRM versus time curves (Fig. 5): kinetic aspects play an essential
role. Moreover the difference in behaviour of CRM(T CRM) between
two sets shows that CRM acquired by the first type of maghemite
(A) was probably partly destroyed during prolonged heating. So,
type A maghemite is not a stable phase. Thus, the CRM intensity
as a function of T CRM shows a double-peak pattern similar to what
was found by Özdemir & Dunlop (1993). Their synthetic acicular
lepidocrocite had an elongation factor of about 13–30. The anneal-
ing time in their experiments was 2.5 hr. A noticeable difference
between the present results and those of Özdemir & Dunlop (1993)
is the expression of the ‘intermediate’ minimum of CRM(T CRM),
which is only about 10 per cent of the CRM maximum value in our
case but amounts to 90 per cent in the data of Özdemir & Dunlop
(1993).

It is noteworthy that the behaviour of the susceptibility versus
T CRM differs significantly from that of the CRM intensity in the
2.5 hr set of experiments. The susceptibility experiences a single
maximum at a temperature T CRM of 235 ◦C where the CRM intensity
has a local minimum. Further, the susceptibility decreases linearly
by about 35 per cent over the same temperature interval where CRM
increases. It stays almost constant over the interval of the main CRM
intensity peak. Similar differences in the behaviour of CRM and
susceptibility, reflected in distinct shifts between their maxima, were
observed by McClelland & Goss (1993) in their experiments with
lepidocrocite, annealed for 20 min in the temperature interval from
100 to 664 ◦C. They found, by control experiments determining
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Figure 6. Natural lepidocrocite Lnd. Main rock magnetic behaviour as a function of the CRM acquisition temperature for annealing times of 2.5 hr (left-hand
panels, full lines) and of 500 hr (right-hand panels, dash-dotted lines). (a, b) CRM intensities taken at the acquisition temperature (open squares), CRM intensities
at room temperature after cooling in a zero field (full squares), AC susceptibility at room temperature (open stars). The other rock magnetic parameters were
determined on samples that were cooled to room temperature as well. (c, d) Saturation magnetization M s (full circles) and remanent saturation magnetization
M rs (open circles) as function of CRM acquisition temperature. (e, f) Coercive force H c (open triangles) and remanent coercive force H cr (full triangles).
(g, h) Remanence ratio M rs/M s (open stars) and coercivity ratio H cr/H c (open circles) as a function of CRM acquisition temperature.

the mass loss, that the susceptibility began to decrease before all
lepidocrocite has dehydroxylated to maghemite.

4.3.1 Temperature dependence of Ms and Mrs

M s values continue to increase smoothly throughout the tempera-
ture interval of 235–325 ◦C (Fig. 6c), in which the susceptibility
decreases (compare Figs 6a and c). The CRM values measured
at T r correlate reasonably well with the corresponding values of
M s(T CRM); the latter curves display no intermediate minimum.

Thus, the CRM intensity is controlled mainly by the maghemite
content for annealing temperatures up to 400 ◦C. Variations in
maghemite grain size are apparently of lesser importance. The sharp
decrease of the M s(T CRM) values after 375 and 250 ◦C in the 2.5 and
500 hr runs respectively (Figs 6c, d) may conveniently be explained
by the mere transformation of maghemite into haematite. The dif-
ference between M s(T CRM) curves for the 2.5 and 500 hr runs is not
only apparent from the shift of the maxima but also from the width
of these curves, referred to as the ‘median destructive temperature’
(MDT). MDT decreases about 1.5 times when the annealing time
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is increased from 2.5 to 500 hr. Formally the M s(T CRM) curve for
the 2.5 hr run can be described by the sum of two peaks, i.e. com-
ponents with different widths similar to the M s(T) curves shown in
Fig. 1. The M s(T CRM) curve for the 500 hr run looks more like a
single-peak curve. This is also connected to the suppression of the
first reaction stage during prolonged heating. Maghemite transforms
more quickly (i.e. at a lower temperature) to haematite with longer
annealing time: after their maxima M s values drop more rapidly for
the 500 hr runs (compare Figs 6c and d).

Maximum M s values of about 34–39 A m2 kg−1 found for both
sets are well below the nominal maghemite saturation magnetization
value of 77 A m2 kg−1 (Bate 1980). For maghemite formed from
lepidocrocite reported M s values are 15.7 A m2 kg−1 (Sakash &
Solntseva 1971) and 39.7 A m2 kg−1 (Özdemir & Dunlop 1993).
The latter value is very close to the range obtained here. It could be
that maghemite is already partially transformed to haematite before
all lepidocrocite has been reacted but reduced M s values are often
reported for maghemites of different origin and grain size (see also
Section 5.2).

The saturation remanent magnetization curve M rs(T CRM) for the
set of 2.5 hr runs (Fig. 6c) is more similar to the CRM(T CRM) de-
pendence than to the M s(T CRM) behaviour. It shows an increase
with temperature, first followed by a flat and poorly resolved maxi-
mum in the same temperature interval as the susceptibility maximum
(and the ‘intermediate’ CRM minimum). After that, a second sharp
maximum is observed followed by a decrease concurring with the
behaviour of M s and CRM intensity. Therefore, in the two-stage
process of maghemite formation both saturation magnetization and
CRM are connected to the same grain ensemble. For the 500 hr runs,
however, the M rs and M s curves versus T CRM look quite similar. A
peak-type dependence of the saturation magnetization on T CRM as
observed here is not reported by Özdemir & Dunlop (1993) who
documented fairly constant M s values in runs from 220–550 ◦C and
decreasing M s values after their 615–653 ◦C runs. It could well be
that those differences are related to differences in grain size and
shape of the starting lepidocrocite in both studies.

The M rs/M s ratios (Figs 6g and h; lowermost curves) vary be-
tween 0.08 and 0.15 for the 2.5 hr runs and between 0.12 and 0.22 for
the 500 hr runs. This ratio demonstrates a wide minimum over the
same temperature intervals as the coercivity (cf. Section 4.3.2). The
reduction in M rs/M s from the theoretical value 0.87 or 0.5 for SD
particles of different shape (Gans 1932; Stoner & Wolfarth 1948)
can be attributed to the presence of a superparamagnetic compo-
nent in the samples throughout the whole temperature interval 175–
550 ◦C. This markedly differs from data from Özdemir & Dunlop
(1993) who observed a sharp increase inM rs/M s from 0 to 0.37
after runs at 150–225 ◦C followed by almost constant values up to
615 ◦C. This difference may be explained by higher grain sizes of
both the initial lepidocrocite and the maghemite forming from it.

4.3.2 Temperature dependence of Hc and Hcr

and median destructive fields

H c and H cr first drop to a minimum with increasing annealing tem-
perature, then they increase with a variable rate for different tem-
perature ranges (Figs 6e, f). The coercivity minima (for H c: ∼3 and
∼6 mT after 2.5 and 500 hr annealing; corresponding H cr minima:
∼6 and ∼10 mT) are observed in the same temperature interval
as the local minimum of the CRM(T CRM) curve. Both H c and H cr

show an approximate two-fold increase at 550 ◦C. The H cr/H c val-
ues lie between 1.8 and 2.1 and 1.6and 1.8 for the 2.5 and 500 hr
runs, respectively (Figs 6g, h), higher than the theoretical SD values

Figure 7. Median destructive fields of CRM (filled squares), ARM (filled
triangles) and pTRM (filled circles) as a function of CRM acquisition tem-
perature for 2.5 hr annealing (left panel, full lines) and 500 hr annealing
(right panel, dash-dotted lines).

of 1.04–1.09 (Stoner & Wolfarth 1948), pointing to the presence
of SP particles in the samples (Bean & Livingstone 1959; Kneller
& Luborsky 1963; Roberts et al. 1995; Dunlop & Özdemir 1997).
H cr/H c values for the 500 hr runs show a gradual shift to pseudo-
single-domain (PSD) values with increasing annealing temperature.

The CRMs were demagnetized in an alternating field (AF) at
room temperature. Subsequently, an anhysteretic remanent magne-
tization (ARM) and a pTRM were AF demagnetized as well. Median
destructive field (MDF) values of these remanences are shown in
Fig. 7. They show a similar behaviour as a function of annealing
temperature as the coercivities. The CRM MDF values are signifi-
cantly lower than those of Özdemir & Dunlop (1993), who observed
an almost continuous MDF increase from 10 to about 20 mT after
runs at 300–555 ◦C. It may be possible that they could have mea-
sured only the increase of MDF with temperature because of low
levels of remanent magnetization.

Bagin et al. (1971) found a coercivity behaviour similar to that
reported here. However, the present behaviour noticeably differs
from that reported by Özdemir & Dunlop (1993). They observed a
sharp increase in both H c (from 0 to 10 mT) and H cr (from 7 to
13 mT) between 200 and 250 ◦C, then a slower rise over the interval
250–600 ◦C up to 12 and 18 mT, respectively. It should be noted
that CRM in their experiments became measurable after 225 ◦C only
and coercivity measurements were started after the 200 ◦C run when
H c = 0. They explained this result by arguing for formation of 75 per
cent stable SD particles and 25 per cent of SP particles. Indeed, such
values seem to be rather low for maghemite SD particles, although
a wide variety of both theoretical and experimental values are found
in the literature (see review by De Boer 1999). H c values for fine
elongated SD maghemite particles ranged from 23 to 36 mT and
from 7.5 to 15 mT for equidimensional fine particles (see review in
Özdemir & Dunlop 1988). Goss (1988) calculated that a coercivity
of about 4 mT would correspond to 37 nm grains.

The coexistence of SP and SD grains may be traced by measur-
ing hysteresis loops (e.g. Tauxe et al. 1996). Indeed, we found that
the loops taken after 2.5 hr annealing at T ≤ 450 ◦C display such
behaviour (Fig. 8). It is noteworthy that after the sample was heated
to 580 ◦C, the constriction of the loop became much less noticeable,
leading to a substantial increase in the coercivity and a decrease
of intensity of magnetization, evidently due to the transformation
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Figure 8. The central parts of the hysteresis loops acquired at room tem-
perature for a sample annealed for 2.5 hr at 275 ◦C showing clearly the
wasp-waistedness (full lines) with a hysteresis loop acquired after subse-
quent annealing at 580 ◦C, no longer showing wasp-waistedness (dashed
lines).

of SP maghemite grains to SD maghemite and finally to haematite
particles.

The magnetic softening, minima in CRM intensity with the cor-
responding maxima in susceptibility, could be made plausible by an
increase in the relative proportion of superparamagnetic grains. Al-
ternatively, structural changes in the maghemite could be proposed
along the lines set out by Banfield et al. (1994) in a TEM and mag-
netic properties study of a natural magnetite/maghemite system.
They provided an explanation for the softening of the maghemite
with increasing annealing temperature up to 275 ◦C which may
have relevance for the lepidocrocite–maghemite reaction reported
on here. Their analysis of microstructures as a function of annealing
temperature showed that a decrease in coercivity is related to the re-
moval of stacking faults with 〈 1

4
1
4 0〉 displacement in the maghemite.

Planar structures of width 0.6 nm subdivide non-heated maghemite
grains formed in the laboratory into subgrains. After heating at
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Figure 9. (a) Arai–Nagata plot for CRM obtained at a temperature of 350 ◦C for 8 hr annealing time. The plus symbols show the pTRM checks. (b) Arai–Nagata
plot for TRM (TRM2) imparted after the completion of the Thellier–Thellier experiment with the CRM. The pTRM checks appear to coincide completely with
the TRM2–TRM3 data point checks, therefore they are not shown.

200 ◦C these planes were removed with a corresponding decrease
in coercivity. Upon heating the lepidocrocite to low temperatures
of 175–200 ◦C, slow dehydroxylation and the formation of the ac-
tivated intermediate lepidocrocite as described by Gehring et al.
(1990) occurs with the development of maghemite type A char-
acterized by superstructures in the vacancy distribution (reported
on in detail in a future paper). Also, stacking faults can occur di-
viding maghemite grains into subgrains. These stacking faults and
also small, topotactically oriented residual amounts lepidocrocite,
are envisaged to contribute to magnetic hardness. At higher anneal-
ing temperatures (225–275 ◦C, 2.5 hr annealing) the stacking faults
as well as the lepidocrocite–maghemite boundaries would dimin-
ish, resulting in a decrease of coercivity, M rs/M s values and CRM
intensity. Along the lines of Banfield et al. (1994), at higher tem-
peratures more maghemite is formed without these stacking faults.
Wasp-waisted loops can be explained as a consequence of small
maghemite regions between the residual stacking faults. At tem-
peratures higher than 275–300 ◦C the rate of lepidocrocite dehy-
droxylation is much higher. Maghemite type B then forms with a
different vacancy distribution and new planar faults, which results
in the increase of coercivity, CRM and M rs (second maximum). By
analogy with Banfield et al. (1994), most of the CRM in our samples
is probably associated with structural defects in maghemite.

4.4 Thellier–Thellier experiments

Several Thellier–Thellier experiments with the CRM as the primary
natural remanent magnetization (NRM) were carried out on Lnd
samples in order to investigate the similarity of the Arai–Nagata
plots to the TRM as the primary NRM. All CRM-TRM1 diagrams
(TRM1 being the first laboratory TRM) show extremely concave-
up plots as exemplified in Fig. 9a. For the second experiment, the
same samples were given a second TRM, TRM2, acquired by cool-
ing from 580 ◦C to room temperature in the same field. They were
again subjected to the Thellier–Thellier procedure. Contrary to the
previous case, these plots show a classic straight line with tangent
very close to 1 up to 560 ◦C (Figs 9a and b). This proves that no
mineralogical changes are going on, at least during the second heat-
ing to 560 ◦C. Besides, the carriers of the TRM must be of SD size
as only PSD and MD grains display concave-up plots (Shcherbakov
et al. 1993). On further heating above 560 ◦C an unusual kink ap-
pears in Fig. 9(b), when the representative points start to move in the
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Figure 10. Continuous thermal demagnetization of CRM acquired during
annealing a lepidocrocite sample at T = 350 ◦C for 8 hr (full line). The
behaviour of the saturation magnetization M s of the same sample is shown
with the dashed line.

opposite sense, evidently due to the transformation of maghemite
to haematite.

Fig. 10 displays the thermal demagnetization curve of the CRM
together with the saturation magnetization of the same sample. The
shape of the thermal demagnetization curve is in good agreement
with the corresponding Arai–Nagata pattern (Fig. 9a), which also
demonstrates a quick decay from 300 to 500 ◦C. The thermomag-
netic curve of the saturation magnetization confirms the conclusion
of the previous sections that the carriers of CRM are maghemite
grains with T C of about 560 ◦C.

5 D I S C U S S I O N

In this section four main aspects will be dealt with. First we discuss
the apparently different temperatures of maghemite formation as
following from different types of measurement. Ways to determine
the amount of maghemite present, its Curie temperature and its
thermal stability form the second topic. Then, CRM versus time-
dependent properties will be analysed and finally the implications
of the Thellier–Thellier experiments will be evaluated.

5.1 Apparently different starting temperatures of the
lepidocrocite transformation and temperature–time
considerations of the reaction chain

From the strong-field thermomagnetic curves (Fig. 1) it follows that
the generation of maghemite starts at T st ≈ 250 ◦C, except in the case
of poorly crystalline lepidocrocite which starts to alter at ∼200 ◦C.
The k(T) curve, however, so indicative of the presence of maghemite,
starts to rise later around 300 ◦C (Fig. 2). k(T) values mainly re-
flect the temperature variation of the susceptibility of SP grains,
while the saturation magnetization M s(T ) = I s(T )w is proportional
to the maghemite content. Here I s is the spontaneous magnetization
of the magnetic phase expressed on a mass-specific basis and w is
the relative weight content of maghemite (compared with the sample
mass). During the initial stage of the transformations, w increases
rapidly with T which, in turn, leads to the sharp increase in M s.

On the other hand, the AC in-phase susceptibility, measured at
the frequency ω, is (Worm & Jackson 1999):

k(ω, T ) =
(

I 2
s v2n

3kBT

) (
1

1 + ω2τ 2

)
. (3)

Here n is the number of grains with volume v expressed per unit
volume of the sample, τ is the relaxation time of the grains and v is
volume. Hence, the AC susceptibility is determined mainly by the
SP grains that satisfy the condition ωτ 	 1. Taking into account
that the relative volume concentration c = nv and w = cP m where
Pm is the specific gravity of maghemite, we get instead of (3):

k(ω, T ) =
(

Is(T )Ms(T )v

3kBT Pm

) (
1

1 + ω2τ 2

)
. (4)

Thus, the AC susceptibility is proportional to the product of M s and
the volume v. So, a plausible explanation for the delay in growth
of k is that during the very first stage of the transformation at
T > T st massive nucleation of very small maghemite particles (or
small regions of planar defects) would take place, reflected in a
sharp increase of M s. These particles continue to grow in volume at
higher temperature (or the planar defects decrease with a concurrent
increase in size of the maghemite regions) and this is reflected in
the increase of k(T) dependence. When the temperature increases to
about 350–370 ◦C, the volume of the grains reaches a value deter-
mined by the condition that the relaxation time τ approaches 1/ω.
From eq. (4) with E B = Kv, (EB = magnetic blocking energy;
K = anisotropy constant; v = grain value) it follows that the AC
susceptibility reaches its maximum due to increasing volume in this
temperature range. Consequently, on further heating k(T) decreases
rapidly due to both the blocking of the SP grains (formally it fol-
lows from the inequality ω τ > 1) and the inversion of maghemite
to haematite.

In contrast to the M s(T) and k(T) experiments, the monitoring
of CRM acquisition shows that CRM is already detectable on the
Lnd sample at 175 ◦C annealing. However, it took 7 hr of anneal-
ing before the remanence was developed (Fig. 5). Obviously, this
reflects the dependence of the degree of lepidocrocite transforma-
tion on the heating rate (or the time of annealing): the slower the
heating (or the longer the annealing time), the earlier is the ap-
pearance of maghemite and its subsequent inversion to haematite. It
should be recalled that a minimum temperature is required: Sakash &
Solntseva (1971) did not observe any structural change in lepi-
docrocite annealed at 105 ◦C for 227 hr and Gehring & Hofmeister
(1994) pointed out that the lepidocrocite δ-OH bands started to
weaken after heating at just 176 ◦C.

To further illustrate this, Fig. 11 shows the combination of the
two normalized M s(T CRM) curves (from Fig. 6) obtained for 2.5
and 500 hr annealing time with the similar curve of M s(T) taken
from Fig. 1(d) (also normalized). Remember that the last curve
was obtained during continuous heating of the sample, so it was
recalculated to T = T r according to the relationship M s(T CRM) =
M s(T )(I s(T r)/I s(T )) to make all curves comparable to each other.
The required temperature behaviour of I s(T) was taken from the
cooling curve (Fig. 3). The resulting curves are similar to each other
but shifted on the temperature axis (Fig. 11). This demonstrates the
strong tendency of the lepidocrocite–maghemite transformation to
shift to lower temperatures when the time available for the reaction is
increasing. This gives the possibility to extrapolate the experimental
results acquired on a laboratory timescale to processes taking place
on natural timescale (see Section 5.3).

The same can be stated for the transformation rate of maghemite
to haematite, also apparent from Fig. 11. Thus, this study once
more provides evidence that it is not the temperature alone but the
temperature–time combination that is responsible for the acquisition
or decay of a magnetic remanence during a solid phase reaction. For
example, the so-called ‘inversion temperature’ of the maghemite to
haematite transition is reported to vary from 350 to 650 ◦C. Morrish
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Figure 11. Dashed lines: saturation magnetization measured at room tem-
perature (normalized to maximum values) versus CRM acquisition temper-
ature for Lnd lepidocrocite (same data as shown in Fig. 6). The full circles
indicate the experimental data points for 500 hr annealing time, the plus
symbols indicate those for 2.5 hr annealing time. The full line shows the
temperature-dependent behaviour of the saturation magnetization of Lnd
lepidocrocite during continuous heating (same data as in Fig. 1d), normal-
ized to its maximum value and recalculated to values at room temperature
to make it comparable to the other two curves shown.

& Sawatsky (1971), Ozima & Ozima (1972) and Housden et al.
(1990) suggested that the inversion is a thermally activated process.
Therefore, the inversion temperature depends on the timescale over
which inversion is allowed to take place; this is millions of years
in nature (Adnan & O’Reilly 1999). Also, the amount and type of
maghemite that is formed varies with the rate of dehydroxylation of
lepidocrocite (see Figs 1c and d).

5.2 Maghemite amount, Curie temperature, thermal
stability and vacancy ordering

The relative weight w of maghemite in a sample is of prime impor-
tance for assessing the (relative) maghemite content during a thermal
experiment. Hence, measurement of an M s(T) curve allows us to
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Figure 12. Normalized thermomagnetic curves M s(T) for Lnd samples subjected to annealing: (a) for 2.5 hr at T = 225 ◦C (full line) and at T = 500 ◦C
(dashed line); (b) at T = 275 ◦C for 2.5 hr (full line) and for 500 hr (dashed line).

estimate w = M s(T )/I s(T ), provided that we know the I s(T) depen-
dence. Dunlop & Özdemir (1997) recommend the use of I s(T r) =
78 A m2 kg−1 for maghemite. However, for fine grains, which
make up the main subject of this study, I s(T r) can be substantially
lower (Coey & Khalafalla 1972; Goss 1988; Novakova et al. 1992;
Han et al. 1994; De Boer & Dekkers 2001). Various mechanisms
have been postulated to explain the decrease in saturation magne-
tization with particle size: a non-magnetic surface layer of width
∼0.6 nm (Berkowitz et al. 1968), absorbed water, a non-collinear
spin arrangement (Coey & Khalafalla 1972) and variations in va-
cancy concentration on the B and A sites in the spinel lattice (Goss
1988; De Bakker et al. 1991). The reported M s(T r) values for fine
maghemite grains of different origin ranging from 43 to 5 nm are
16–66 A m2 kg−1 (Han et al. 1994; Novakova et al. 1992).

The results presented in Fig. 6 give ∼40 A m2 kg−1 as the lower
limit of the I s values for the Lnd samples at room temperature. Let us
take a I s(T r) of 50 A m2 kg−1, i.e. somewhat higher to avoid extreme
cases. The temperature behaviour of I s(T) follows again from the
cooling curve (Fig. 3), the corresponding w(T) dependence is also
shown in the same figure. Because I s as function of T does not
change significantly until T is far from T c, the curves of M s(T)
(during the first heating) and w(T) correlate with each other, with
the exception that the maximum maghemite content is shifted to a
higher temperature of ≈450 ◦C. At that temperature the maghemite
content amounts to ∼60 per cent, the remaining 40 per cent should
be attributed to haematite as the lepidocrocite can hardly survive at
this temperature. As a cautionary note: the actual values of w(T)
should not be taken too strictly because of the approximations made
in the above.

The Curie temperature of the maghemite surviving the first heat-
ing to 600 or 700 ◦C is estimated to be 500–570 ◦C (Figs 3 and
4) which is substantially less than the value of 645 ◦C quoted by
Dunlop & Özdemir (1997). However, it is close to a T C of 848 K
(575 ◦C) estimated by extrapolation of x to x = 0 in (FeO)xFe2O3

(Neél 1949). Also Aharoni et al. (1962) obtained a value of 860 K
(587 ◦C) for TC and Rybak (1971) determined T C at 570 ◦C for
well-defined maghemite. The value of T C < 600 ◦C is also sup-
ported by measurements of the M s(T) dependence for the samples
subjected to CRM experiments (Figs 3 and 12a). The lowering of
the Curie point is consistent with the common opinion that T C may
be significantly reduced in fine grains and thin films due to the influ-
ence of surface phenomena and tetragonal symmetry (Barinov 1982;
Babkin et al. 1991) and the disordering of the vacancy distribution
(Takei & Chiba 1966; De Boer & Dekkers 2001; Liu et al. 2003).
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Takei & Chiba (1966) implied by ‘disordered’ a random vacancy
distribution over both tetrahedral and octahedral sites.

In addition to being able to determine the Curie point, the M s(T)
curves nicely show the evolution of the maghemite phase (or phases)
with annealing temperature (Fig. 12a) or annealing time (Fig. 12b):
with less pre-treatment (full lines), more intermediate phases de-
velop during the heating. Indeed, the full lines show the presence of
an inflection point which, in our opinion, indicates the transition of
the less stable maghemite A phase into more stable B maghemite
and possibly haematite. For the 225 ◦C annealing (2.5 hr) the inflec-
tion point lies at ∼300 ◦C (Fig. 12a) and for the 275 ◦C annealing
(2.5 hr) at ∼350 ◦C (Fig. 12b). Note, that Banfield et al. (1994)
observed about 80 per cent demagnetization of NRM residing in
maghemite after heating at 300 ◦C without any traces of a γ - to
α-Fe2O3 transition. They explained this by the removal of structural
defects.

The dehydroxylation of residual lepidocrocite to maghemite after
the 225 ◦C run also contributes to the convex part of the thermo-
magnetic curve in Fig. 12(a). This follows from the peak-shaped
thermomagnetic curve after the 200 ◦C run (not shown in Fig. 12a).
Further heating of this sample for 1 hr at 350 ◦C demonstrated a
smooth rise of M s pointing to an ongoing process of maghemite for-
mation. The less stable intermediate maghemite phase is observed
in thermomagnetic curves of samples heated for 2.5 hr at 225–
275 ◦C. After heating at 350 ◦C the thermomagnetic curve looks
single-phase and similar to that shown in Fig. 12(a) (dashed line).
Note that the coercivity of material obtained during CRM experi-
ments also increases after heating at 275 ◦C (Figs 6e, and 7), when
the intermediate maghemite phase disappears (or stacking faults are
eliminated), suggesting that less stable maghemite A is magnetically
softer than more stable maghemite B. There are two possibilities for
the transformation of maghemite A: the first is conversion into more
stable maghemite B and the second is conversion of γ -Fe2O3 to
α-Fe2O3. The presence of a small amount of haematite that would
appear during the course of heating is difficult to evaluate from
thermomagnetic curves because of its small concentration and in
particular its low M s value.

The existence of at least two metastable maghemites, a low- and a
high-temperature form, during the course of oxidation of magnetite
to haematite was proposed by Goss (1988). The first maghemite has
a face-centred cubic lattice, the second a primitive cubic structure.
Adnan & O’Reilly (1999) applied the common model of competing
energy terms of the volume and surface contributions to the γ - to
α-Fe2O3 transition when a small haematite nucleus appears within
a non-inverted maghemite crystal. The combination of these two
terms provides an energy barrier to the growth of the haematite
inclusion. Only after the inclusion has grown beyond a critical
radius Rcr may the remainder of the particle be rapidly transformed
to the α-form. This model would explain the different temperatures
of the γ - to α-Fe2O3 transition reported in the literature. Differ-
ences in the starting material, for instance concerning the surface
area, particle size and/or shape, appear to be very important for the
stabilization of maghemite grains. For example, Adnan & O’Reilly
(1999) did not observe any decrease in saturation magnetization of
maghemite being heated at 400 ◦C for 4 hr. Acicular maghemite
converted to haematite on a laboratory timescale only after heating
to 750 ◦C (Özdemir 1990). On the other hand, the conversion of
spherical grains with a median grain size of 24.5 nm was completed
between 500 and 600 ◦C (Özdemir & Dunlop 1988).

Maghemite particles convert to haematite forming nanoparticles,
either as inclusions or as whole grains. Either way, the number of
defects in the maghemite lattice is likely to increase. This leads to

a reduction in the mobility of phase boundaries making the remain-
der of the maghemite more stable: Morrish & Sawatsky (1971) ob-
tained an increase of 1.6 times for the activation energy of Co-doped
maghemite (∼3 per cent Co) when compared with pure maghemite.
The stabilization of maghemite may also be due to the inclusion of
additional H+ in the crystal structure (Aharoni et al. 1962). This
last mechanism for the stabilization of maghemite nanoparticles
seems most likely during lepidocrocite dehydroxylation. Indeed, it
is reasonable to suggest that small maghemite grains lose additional
water more easily than bigger ones; thus, they can be converted to
haematite at quite moderate temperatures while the bigger grains
(1–2 µm in size), which would be stabilized by the extra hydroxyl
groups, still retain the maghemite structure.

In the present study we found three phases involved in the process
of dehydroxylation of lepidocrocite: two maghemite types (an unsta-
ble A phase and a more stable B phase) and haematite. Undestroyed
residual lepidocrocite appeared to still be present as well. Different
maghemite phases might appear, since solid state reactions often
lead to unusual effects because of the limited opportunity provided
for atomic rearrangement. In particular, the formation of dehydrated
phases is often pseudomorphic after their hydrated precursors (e.g.
Ervin 1952). Hence, the formation of well-crystallized maghemite
proceeds with complete or partial preservation of the original cation
configuration through the generation of so-called semi-coherent in-
terphase boundaries, a topic that will be expanded in a future paper.
Takei & Chiba (1966) also reported that maghemite, prepared by
calcination of lepidocrocite at low temperature, preserves the orig-
inal cation configuration. As a result, vacancies were ordered in
octahedral positions of the maghemite structure. Further annealing
of the lepidocrocite for another 8 hr ends up with the almost entire
disintegration of the parent lepidocrocite phase. The maghemite
grains can now form their own structure which is not dictated by the
parent lepidocrocite so the vacancy ordering may be lost. Two com-
peting processes are envisaged to transform the originally ordered
maghemite structure: disordering of vacancies on further annealing
as well as haematite formation. Takei & Chiba (1966) reported on
the decrease in intensity of superstructural maghemite lines on X-ray
diffractograms along with the increase in annealing temperature.

5.3 Further aspects of the CRM acquisition

The CRM acquisition runs with T CRM ≤ 300 ◦C exhibit a substantial
delay time tst to the start of CRM acquisition. Dehydroxylation of
the initial lepidocrocite material, a pre-condition for the formation
of maghemite (Takei & Chiba 1966; Gehring & Hofmeister 1994),
is thought to be the cause of this delay time in CRM acquisition. It
progressively decreases with increasing annealing temperature. By
extrapolation using Arrhenius’ law (eq. 6) that describes reaction
kinetics as function of temperature, we can estimate roughly the
time tst to achieve noticeable CRM acquisition at temperatures as
low as the ambient temperature:

tst = A exp

(
EB

kT

)
or log(tst) = log A + EB

kT
. (5)

By plotting log(tst) against 1/T , one can estimate the parameters A
and EB and extrapolate from a certain temperature interval as shown
by the open symbols in Fig. 13. Gehring & Hofmeister (1994) found
that the dehydroxylation was completed over 48 hr run at 176 ◦C;
however, it had not significantly proceeded after 1 hr annealing at
the same temperature. These observations agree with our results for
the 175 ◦C run when CRM formation started after 7 hr annealing.
The M s data (Figs 6c and d) also agree in general with these es-
timations as there was no detectable M s value after the 2.5 hr run
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Figure 13. Values for the delay time tst of CRM acquisition (full triangles),
for the time t1 of the initial lepidocrocite destruction (full circles), and for the
time t2 of the onset of the transformation from maghemite to haematite (full
squares). The lines are linear fits to the data. For convenience extrapolated
values of tst, t1 and t2 to 100 and 30 ◦C are given by the open symbols to
estimate the duration of the respective reactions at those temperatures.

at this temperature but a well measurable M s appeared after 500 hr
annealing.

An unusual feature of the kinetic CRM(t) curves at relatively
low T CRM is the appearance of an intermediate maximum at a cer-
tain time t1. We argue that this maximum marks the transformation
from A maghemite to B maghemite, or the time of the complete
destruction of the initial lepidocrocite. The transformation from A
maghemite to B maghemite is rapid. Therefore, the rate-determining
step of the lepidocrocite destruction is primarily the dehydroxylation
reaction. We only have three experimental t1 values, marked with
full circles in Fig. 13. Nevertheless, the fitted line predicts that the
final destruction of the lepidocrocite requires less time than the de-
hydroxylation over the whole temperature interval, concurring with
its rate-determining character. Both processes seem to be quick—
according to the estimates they should be completed in less than
100 000 yr at ambient temperature. Soil lepidocrocites are indeed
not considered to be long-term stable phases. When dealing with hy-
drothermally formed very large crystalline lepidocrocites that may
contain other isomorphously substituted cations, the activation en-
ergy of the dehydroxylation reaction, as determined here, could be
experimentally underestimated.

Further, the CRM(t) temperature runs with T CRM ranging from
225 to 450 ◦C exhibit a maximum at a certain t = t 2, related to
the beginning of the transformation of maghemite to haematite. The
corresponding data are shown by the squares (Fig. 13) and fitted
with the line in the same way as for the tst fitting. This process
appears to be the slowest compared with the other two. At ambient
temperatures it would take tens of millions of years to complete the
transformation, so in practice maghemite would survive forever.

5.4 Implications of the Thellier–Thellier experiments

The non-linearity of the Arai–Nagata diagrams demonstrates the
low capacity to acquire pTRM during the subsequent heating,
which is usually related to the multidomain structure of the grains
(Shcherbakov & Shcherbakova 2001). However, in the case of CRM
such behaviour is not related to the domain structure but accounts

for chemical and structural transformations during the course of
the Thellier–Thellier experiments. Another manifestation of such
transformations is the appearance of an unusual kink on the Arai–
Nagata diagram for the TRM—when the heating temperatures reach
values T > 550 ◦C, the representative points start to move in an op-
posite sense, evidently due to the transformation of maghemite to
haematite. Thus, these features of Arai–Nagata diagrams reported in
an experimental set-up for the first time, might be a discriminatory
test for secondary NRM related to maghemite.

6 C O N C L U S I O N S

The transformation of lepidocrocite via maghemite to haematite oc-
curs in four partially overlapping stages. First, the dehydroxylation
of the initial lepidocrocite takes place. This process is completed
on laboratory timescales at temperatures from 150 to 200 ◦C, as
follows from the Lnd data. At ambient temperatures it may take up
to 100 000 yr. The ordered yet unstable maghemite A phase with
planar defects is formed next. Grains (or regions divided by stack-
ing faults) are very small, often superparamagnetic as indicated by
wasp-waisted hysteresis loops. The next stage is characterized by
the complete transformation of lepidocrocite into maghemite. This
leads to the generation of poorly crystalline maghemite grains with
a Curie temperature close to 570 ◦C (B maghemite phase). This two-
stage generation of maghemite is a specific feature of lepidocrocite
destruction. On further annealing these grains may ‘heal’, i.e. re-
crystallize to bigger grains. Finally, the maghemite entirely converts
into haematite. The presence of lepidocrocite in sediments may be
inferred from asymmetric and double-peaked M s versus tempera-
ture curves.

CRM is acquired by the nucleation and growth of maghemite
through the superparamagnetic threshold size. A remarkable aspect
of CRM acquisition is that it resides in the ordered maghemite that
is commonly reported as unstable, during the initial stage of its for-
mation. On further heating above 250 ◦C (or annealing for a longer
time at lower temperatures) this maghemite converts into a more
stable disordered maghemite B phase with a Curie temperature of
500–570 ◦C. This phase appears to be quite stable to heating: in
some cases it proves to be entirely stable to heating to 600 ◦C so
it can serve as a possible CRM carrier in rocks. In fact, the exis-
tence of such thermally stable maghemite may be easily mistaken
for the magnetite in common palaeomagnetic practice. The corre-
sponding NRM may be regarded as a TRM or a detrital remanent
magnetization when dealing with sediments while it is, in fact, a
CRM.
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Gans, V.R., 1932. Über das magnetishe Verhalten isotroper Ferromagnetika,
Ann. Phys., Leipzig, 15, 28.

Gehring, A.U. & Hofmeister, A.M., 1994. The transformation of lepi-
docrocite heating: a magnetic and spectroscopic study, Clays Clay Miner.,
42, 409–415.

Gehring, A.U., Karthein, R. & Reller, A., 1990. Activated state in the lep-
idocrocite structure during thermal treatment, Naturwissenschaften, 77,
177–179.

Gendler, T.S., Bagin, V.I., Butuzova, G.Yu. & Haliulina, E.A., 1999. The
peculiarities of formation of Fe-Mn minerals from Tetis deep: data of
magnetic mineralogy and Mossbauer spectroscopy (in Russian), in Pale-
omagnetism and Rock Magnetism, pp. 18–19, ed. Scsherbakov V.P., UIPE
RAS, Moscow.
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Özdemir, Ö., 1990. High-temperature hysteresis and thermoremanence of
single-domain maghemite, Phys. Earth planet. Inter., 65, 125–136.
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