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S U M M A R Y
Titanomagnetite (Tmt) grains, some partially maghemitized, of various oxidation levels
were microscopically observed under reflected light as a function of temperature step in a
Königsberger Thellier Thellier experiment in air. The reflected light microscopy indicated that
the brownish colour of homogeneous Tmt turned blue at ∼300 ◦C. This false blue colour was
caused by submicron scale rugged stripes on the surface, according to scanning electron mi-
croscope observations, which was made after the final heating step. The typical grey-to-bluish
colour of maghemitized parts of Tmt grains turned to a brownish colour at ∼300 ◦C, indicating
inversion of titanomaghemite to a mixture of magnetite and ilmenite (Ilm) or haematite (Hem).
Although these observations were from Tmt grains on the sample surface, oxidation must have
proceeded similarly within samples because the surface changes in the Tmt grains were highly
correlated with behaviour of data points on Arai plots. Alterations in Tmt after heating at
610 ◦C in air for increasing times from 10 to 500 min were evaluated by reflected light mi-
croscopy and scanning electron microscopy at the end of the experiment. Mottled patches
gradually emerged in the Tmt grains during subsequent heatings. However, the formation of
new Ilm lamellae was not observed, even after the final 500 min heating. In conclusion, the
alteration of Tmt during laboratory heating in air at ∼600 ◦C is likely not due to the typical
high-temperature oxidation that forms trellis-type Ilm lamellae. Below ∼400 ◦C, the process
should be closer to low-temperature oxidation. On the other hand, maghemitized parts of Tmt
grains invert instantaneously at 300 ◦C, and a trellis-type structure with Hem lamellae soon
emerges when heated at 610 ◦C.

Key words: Magnetic mineralogy and petrology; Palaeointensity; Rock and mineral
magnetism.

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

To obtain absolute palaeointensities, volcanic rocks must be heated
in the laboratory, with the magnitude of the natural remanent mag-
netization (NRM) being compared to that of thermoremanent mag-
netization (TRM) given under a controlled magnetic field. Titano-
magnetite (Tmt), the main remanence carrier of volcanic rocks, is
notoriously prone to alteration during laboratory heat treatment.
Alterations of magnetic minerals cause changes in their TRM ca-
pacity, leading to erroneous palaeointensity results. In principle, this
problem can be avoided by (1) utilizing only data from heat treat-
ments below a critical temperature at which alteration begins to pro-
ceed [Königsberger Thellier Thellier (KTT) method, Königsberger
(1938) and Thellier & Thellier (1959), or (2) correcting the change
of TRM capacity with that of anhysteretic remanent magnetization
(ARM) [Shaw method with ARM correction, Shaw (1974), Kono

(1978) and Rolph & Shaw (1985)]. Nevertheless, the alteration of
magnetic carriers in laboratory heat treatments is a major problem
facing palaeointensity experiments from volcanic rocks (e.g. Valet
2003; Tauxe & Yamazaki 2007).

Changes in remanence characteristics due to sample heating are
frequently studied in terms of the oxidation of Tmt. In most case
studies, when samples were heated in air at 400–800 ◦C for several to
tens of hours, drastic changes were observed in the rock magnetic
characteristics, such as the saturation magnetization (MS), Curie
temperature, magnetic susceptibility (χ ), TRM capacity, and others
(Strangway et al. 1968; Larson et al. 1969, Creer & Petersen 1969;
Davis & Evans 1976; Kono & Tanaka 1977; Kono 1985, 1987). Most
researchers have interpreted the change in rock magnetic character-
istics in terms of the high-temperature (deuteric) oxidation of Tmt.
When high-temperature oxidation proceeds, the initially homoge-
neous Tmt experiences an intergrowth of titanohaematite lamellae
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and Tmt host, with compositions close to ilmenite (Ilm) and mag-
netite (Mt), respectively (Buddington & Lindsley 1964). Hence, it is
natural to correlate the change in rock magnetic properties to the re-
sult of the high-temperature oxidation in which large homogeneous
Tmt grains are subdivided into smaller Mt regions. Some authors
have identified an increase of Ilm lamellae in the Tmt grains of
heated volcanic rock by microscopic observation (Strangway et al.
1968) or newly created fine Ilm lamellae by scanning electron micro-
scope (SEM; Davis & Evans 1976). Saito (2005) performed similar
laboratory heating experiments from a volcanological perspective,
revealing the cooling history of a pyroclastic deposit and observing
the creation and thickening of Ilm lamellae with increasing heating
time.

Changes in rock magnetic characteristics observed during
palaeointensity experiments are similar to those observed in lab-
oratory heating studies. It may be that high-temperature oxidation
is the cause of alteration of Tmt grains during palaeointensity ex-
periments. However, the effects of alteration (e.g. increased TRM
capacity) in palaeointensity experiments often occur at relatively
low temperatures (i.e. 300–500 ◦C) compared to the typical temper-
atures (i.e. 600–800 ◦C) adopted in laboratory heating experiments.
Additionally, the heating time for typical palaeointensity experi-
ments (i.e. 10–15 min at plateau of temperature) differs compared
to the heating time in laboratory heating investigations (i.e. a few
to tens of hours). According to calculations of Yamamoto (2006),
which were based on the experimental results of Mt–Tmt interdiffu-
sion reported by Freer & Hauptman (1978), it should take months to
create even a fine Ilm lamellae of 0.01 µm thick at ∼350 ◦C. Hence,
it is not obvious that the high-temperature oxidation of Tmt grains is
responsible for alterations in magnetic minerals in palaeointensity
experiments.

Low-temperature oxidation (also called maghemitization) is a
single-phase oxidation process that usually occurs below 200–
300 ◦C. As low-temperature oxidation proceeds, the spinel struc-
ture of Tmt is maintained, resulting in cation-deficient Tmt (called
titanomaghemite, Tmh). Low-temperature oxidation occurs under
various natural conditions, including oceanic basalt (e.g. Ozima
1971; Johnson & Atwater 1977), marine sediment (e.g. Kent &
Lowrie 1974), loess (e.g. Liu et al. 1992, Chen et al. 2005) and
subaerial rocks (e.g. Akimoto & Kushiro 1960, Ozima & Larson
1967, Allan et al. 1989). As these cases are, to some extent, re-
lated to hydrothermal alteration or prolonged weathering in which
water is circulated, water is generally considered to be necessary
for low-temperature oxidation. Hence, it is difficult to suppose that
low-temperature oxidation occurs during heating in palaeointensity
experiments. However, Creer et al. (1970) reported a case in which
low-temperature oxidation was suspected during laboratory heat-
ings of basalt at 400 ◦C in air for increasing times from 10 min to
88 hr.

Alteration of Tmt grains during laboratory heating is not always
caused by high- or low-temperature oxidation. Subaerial volcanic
rocks sometimes suffer from low-temperature oxidation of Tmt
grains due to weathering. When these rocks samples, which include
maghemitized Tmt grains, are heated in the laboratory up to 300–
400 ◦C, Tmh easily inverts to a mixture of Mt and Ilm or haematite
(Hem) (O’Reilly 1983). As Tmh inversion occurs regardless of
furnace atmosphere, air or vacuum (Ozima & Larson 1970), this
event can lead to a severe problem in palaeointensity experiments.

Observations of magnetic minerals through optical and electron
microscopy or by recently developed sophisticated techniques, such
as magnetic force microscopy, have contributed tremendously to the
field of rock magnetism and magnetic mineralogy (e.g. Haggerty

1991; Dunlop 2012). An electron probe microanalysis by Furuta
et al. (1985) established the oxidation process of iron removal in
the low-temperature oxidation of submarine basalt, which had been
suggested by other rock magnetic studies (e.g. Marshall & Cox
1972; Ryall & Hall 1980). Watkins & Haggerty (1967) demon-
strated a clear correlation between the magnitude and stability of
lava remanence and the level of high-temperature oxidation of Tmt,
which was classified by Wilson & Watkins (1967). A study by Davis
& Evans (1976) incorporating electron microscope observations re-
vealed the importance of high-temperature oxidized Tmt grains with
lamellae intergrowth to remanence stability.

In spite of the potential of microscopic observations to address
various problems in palaeointensity experiments, only a few studies
have used this approach (e.g. Yamamoto et al. 2003; Yamamoto &
Hoshi 2008). The aim of the study described in this paper was to
clarify the mechanism of alteration of magnetic carriers, through
observing Tmt grains by optical microscopy at each step of KTT
experiments. No previous study of magnetic minerals at every step
has been performed, except for Holm & Verosub (1988), in which
magnetic carriers of marine sediments were observed by SEM dur-
ing thermal demagnetization.

We also performed microscopic observations in typical labora-
tory heating experiments on a sample heated at 610 ◦C in air for
increasing times from 10 to 500 min. We employed a series of ex-
periments with the same heating temperatures and times as used
by Tanaka & Komuro (2009), in which validity and limitations of
ARM correction in the Shaw experiments were studied, to obtain
its magneto-mineralogical background.

Microscopic observations were made on large multidomain (MD)
grains, which might not be related to the behaviour of the remanence
that should be predominantly carried by single-domain (SD) and/or
pseudo-single-domain (PSD) grains. Nevertheless, we think that
the alteration that occurs in MD grains will also proceed in smaller
SD/PSD grains with even higher rates.

2 S A M P L E S

Four volcanic rock samples were used in this study: (1) Creta-
ceous basalt from Inner Mongolia, northeastern China (CP0106B),
(2) 1983 AD basalt lava from the Miyakejima Volcano, Japan
(MY070132), and (3) glassy part of 500 Ka (OT572261) and (4)
massive part of 740 Ka (OT580411) andesite lavas from the On-
take Volcano, Japan. CP0106B is a pristine sister sample of one of
the lava samples used by Tanaka & Kono (2002). The other three
samples are pristine sister samples of those used by Tanaka & Ko-
muro (2009). CP0106B and MY070132 were used during the KTT
experiment. OT572261 and OT580411 were used in the heating
experiment at 610 ◦C for progressively longer heating times.

Samples were prepared as a plate of ∼10 mm in thickness and
25 mm in diameter. The top surface was polished with diamond
paste of 1 µm in grain size for observations under reflected light
microscopy or SEM. Optical and electron microscopic observations
were performed with Metaphoto (Nikon Corporation, Tokyo, Japan)
and JSM-6500F (JEOL Ltd., Tokyo, Japan) equipment, respectively.
The chemical composition of Tmt grains was occasionally measured
in the SEM observation by energy dispersive spectroscopy (EDS).

Before the palaeointensity experiments were performed, pristine
samples were examined by optical microscopy and SEM, to obtain
a general view of compositions and oxidation levels of magnetic
minerals. Oxidation levels of Tmt grains were determined based
on surface texture under optical microscope following Haggerty
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Table 1. Magnetic carriers of the volcanic rock samples.

Sample Rock type Magnetic mineral Composition Grain size (µm) Oxidation level

CP0106B Basalt Tmt (partially ∼0.7 5–100 C1 (partially
maghemitized) low-T oxidized)

MY070132 Basalt Tmt 0.05–0.4 1–20 C1–C5
OT572261 Andesite Tmt 0.1–0.4 0.5–20 C1
OT580411 Andesite Tmt (partially 0.2–0.4 5–100 C1–C3 (partially

maghemitized) low-T oxidized)

Note: Composition, Usp content (x) of Tmt; oxidation level, classification by Haggerty (1991).

(1991): homogeneous ulvospinel (Usp)-rich Tmt (C1), Mt-enriched
Tmt with a small number of Ilm lamellae (C2), Ti-poor Tmt with
densely crowded Ilm lamellae (C3), additional oxidation with indis-
tinct mottling of Ilm lamellae and the development of metailmenite
(C4), further oxidation characterized by the development of rutile
and titanohaematite within the metailmenite (C5), incipient forma-
tion of pseudo-brookite from the rutile and titanohaematite (C6),
and the most advanced level characterized by the assemblage of
pseudo-brookite and Hem (C7).

Magnetic minerals of CP0106B were homogeneous Tmt with
x ∼ 0.7, where x is a mole fraction of Usp. Typical grain sizes of
these minerals ranged from 1 to 50 µm. About 50 per cent were
maghemitized to Tmh along the grain periphery and cracks. This
maghemitization was not reported in Tanaka & Kono (2002) be-
cause microscopic observation was not performed in the original
study. Magnetic minerals of MY070132 were fine Tmt grains (1–
5 µm) that existed in various oxidation levels, from homogeneous
(C1) to highly oxidized (C4 or C5). They occasionally include grains
of ∼50 µm or larger. Magnetic minerals of OT572261 were very fine
(∼1 µm or smaller) homogeneous Tmt, with x ranging from 0.1 to
0.4. Occasionally, large homogeneous grains of 10–50 µm were in-
cluded. Magnetic minerals of OT580411 were originally Tmt grains
with various oxidation levels (C1–C3). Roughly half of them were
maghemitized to Tmh along the periphery and cracks, although,
similar to CP0106B, this maghemitization was not described in
Tanaka & Komuro (2009). Characteristics of the magnetic minerals
are described in Table 1.

3 E X P E R I M E N T S A N D M I C RO S C O P I C
O B S E RVAT I O N S

3.1 Alterations during KTT experiment

The KTT experiment, using the protocol by Coe (1967a), was per-
formed on basalt samples CP0106B and MY070132 in air. About
20 Tmt grains from each sample were selected for optical micro-
scopic observation after each step of the experiment. Photographs
were taken under reflected light with magnifications of ×600 and
×1000. SEM image with various magnifications were taken after
completion of the KTT experiment.

The experiment was concluded at 400 ◦C for CP0106B because
of its low blocking temperature. Throughout the experiment, grain
surface alterations differed between homogeneous and partially
maghemitized grains. Fig. 1 shows representative photographs of
selected steps for a homogeneous Tmt grain (a), Tmt grain with
Tmh at the periphery (b) and an Arai plot (Nagata et al. 1963)
of the KTT experiment (c). Scale bars in the photographs indicate
10 µm. In each series, the final photograph shows the grain sub-
surface at the end of the experiment after scraping the top altered

surface. The subsurface layer was considered to be a few microns
below the original surface.

The typical brown-to-tan colour of the homogeneous Tmt grain
turned bluish at 250 ◦C and became dark blue above 300 ◦C (Fig. 1a).
This peculiar blue colour invaded only the surface, reaching a depth
of a few microns at most. This is because after the last heating step
and repolishing, the subsurface showed the typical brownish colour
of Tmt, although it was more reddish than usual, possibly due to
oxidation.

The Tmh part of partially maghemitized Tmt grain showed a
much different colour change (Fig. 1b). The typical grey-to-bluish
colour of Tmh turned brownish at 300 ◦C, but the unoxidized part
showed a similar colour change as the homogeneous Tmt grain in
Fig. 1(a). The grey-to-bluish colour of the Tmh part was intrinsic
to the mineral. The change to brownish colour at 300 ◦C indicated
inversion of Tmh to a mixture of Tmt with low Usp content and Ilm
or Hem, although no lamellae structure was observed.

The Arai plot revealed a linear relation between NRM lost and
TRM gained, which is shown in a solid line in Fig. 1(c). The data
points exhibited scatter starting at 250 ◦C, coinciding with the tem-
perature of the first appearance of the bluish colour in Figs 1(a)
and (b).

The second sample MY070132 was observed with wider temper-
ature steps, up to a higher maximum of 560 ◦C. The surface colour
of Tmt grains turned blue around 300–400 ◦C, similar to the first
sample CP0106B (Fig. 1). However, the surface alterations were
more severe in the later experimental stages, due to the much higher
temperatures of the final steps. Tmt grains of MY070132 were free
of maghemitization, but the level of high-temperature oxidation
differed among different grains (oxidation levels of C1–C5). Fig. 2
shows series of photographs for three representative Tmt grains with
oxidation levels C1 (a), C3 (b) and C5 (c), together with an Arai
plot of the KTT experiment (d). The last photograph of the series
shows the appearance of the subsurface, a few microns below the
original surface, after the final heating step.

When we compared the three series of photographs in Figs 2(a)–
(c), we observed that alterations of the Tmt grains during the ex-
periment were more severe for those of lower oxidation level. For
example, whereas the Tmt grain of C1 oxidation level (Fig. 2a)
demonstrated a complicated false colour outcome at 560 ◦C, the C5
grain (Fig. 2c) showed little change in appearance. For each grain,
the subsurface showed no sign of alteration, as shown in the last
photographs of the series, except for a more reddish colour that was
possibly due to oxidation.

The Arai plot of this sample (Fig. 2d) revealed that TRM gain
increased at ≥440 ◦C, coinciding with the temperature range of
severe changes in the surface appearance of Tmt grains in Figs 2(a)
and (b). The temperature of initiation of bluish colour at ∼300 ◦C
did not seem to be related to scatter in the Arai plot. Nevertheless,
the test of partial TRM (pTRM) at 300 ◦C was negative when the
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148 H. Tanaka and Y. Yamamoto

Figure 1. Change of colour and morphology of two representative Tmt grains on the surface of a basalt sample CP0106B during a KTT experiment. Each
photograph is a half-crop from the original image of 4256 × 2832 pixels, which was taken with ×1000 magnification (×10 eyepiece with ×100 object lens)
under reflected light. Series of photographs are for homogeneous (a) and half maghemitized (b) titanomagnetite, where a white bar indicates a scale of 10 µm
and the number is the temperature of selected step. The last photograph of each series shows the subsurface of the grain at the end of the experiment, which
was prepared by scraping the altered surface with 1 µm diamond paste after the last heating step at 400 ◦C and after subsequent SEM observation. In the first
photograph of half maghemitized titanomagnetite (b), maghemitized and unoxidized host parts are indicated by black letters of Tmh and Tmt, respectively.
Results of the KTT experiment (c) are shown on an Arai plot together with an orthogonal plot of NRM direction at zero field steps and a curve of magnetic
susceptibility versus temperature step. On the Arai plot, a thick line shows the best fitted linear relation of NRM and TRM and triangles are the data points of
pTRM checks. Solid and open circles on the orthogonal plot indicate projections on horizontal and vertical planes, respectively. Results of Arai plot analysis
are summarized in Table 2.

conventional criterion of 7 per cent for the difference ratio (DRAT)
was applied.

After the KTT experiment was completed at the 400 ◦C and
560 ◦C steps for CP0106B and MY070132, respectively, SEM im-
ages of the altered surfaces and subsurfaces of the Tmt grains were
obtained. For the homogeneous Tmt grain of CP0106B, Figs 3(a)
and (b) show the original optical microscopic photograph and
the backscattered electron (BSE) image, respectively, of the blue-

coloured surface at 400 ◦C step. The high-magnification (×50 000)
secondary electron image (SEI) and BSE image for the rectan-
gular area in Fig. 3(b) are shown in Figs 3(c) and (d), respec-
tively, which showed rugged surface. This is contrasted to a smooth
surface of Tmt grains of a pristine sample shown in the bottom row
of Figs 3(m)–(p). Fig. 3(m) is an optical microscopic photograph
of a sister sample, with Fig. 3(n) showing a high magnification
BSE image for the yellow rectangular area. The smooth surface in
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Figure 2. Change of colour and morphology of three representative Tmt grains on the surface of a basalt sample MY070132 with higher blocking temperatures
than the sample shown in Fig. 1. The oxidation level following Haggerty (1991) of the Tmt grains at the initial pristine state are C1 (a), C3 (b) and C5 (c). A
white bar indicates a scale of 10 µm throughout the images. Results of the KTT experiment are shown in (d). For the details of symbols and numbers, see the
caption of Fig. 1.
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Figure 3. Altered surface of Tmt after the last step of 400 ◦C for the homogeneous (a–d) and partly maghemitized (e–h) grains of CP0106B. Original
optical microscopic photographs of Figs 1(a) and (b) are shown in (a) and (e), respectively, and their BSE images are shown in (b) and (f), respectively. The
high-magnification (×50000) SEI and BSE image for the rectangular area in (b) are shown in (c) and (d), respectively. BSE images of two rectangular areas at
upper left-hand side of (f) are shown in (g) and (h); (g) was originally maghemitized but now appears brownish, and (h) was originally homogeneous but now
appears dark blue. Low- and high-magnification BSE images of subsurface after scraping the altered surface are shown in (i) and (j) for the homogeneous grain
and in (k) and (l) for the partly maghemitized grain. Microscopic photographs and high-magnification BSE images of Tmt grains in a pristine sister sample
are shown in the bottom row (m–p). (m) and (n) are homogeneous Tmt grain and (o) and (p) are partly maghemitized grain. In the latter, maghemitized and
unoxidized parts are indicated in white letters of Tmh and Tmt, respectively (o) and the high-magnification BSE image (p) shows maghemitized part.

Figs 3(m) and (n) was clearly different from the rugged surface
of the altered grains in Figs 3(c) and (d), allowing us to conclude
that the rugged, striped surface was the cause of the false blue
colour.

The original photograph of the partially maghemitized grain
of CP0106B at the 400 ◦C step and its BSE image are shown in
Figs 3(e) and (f), respectively. Fig. 3(g) is the high-magnification
BSE image of the rectangular area at the upper left-hand side corner
in Fig. 3(f), which was originally maghemitized, but now appears
brownish. Fig. 3(h) is the high-magnification BSE image of the rect-
angular area at the lower right-hand side from the former in Fig. 3(f),
which was originally homogeneous Tmt host but now appears dark
blue. The surface of the former was smooth, whereas the latter was
rugged with stripes.

BSE images of the subsurfaces of the same grains (after re-
polishing) are shown in the third row of Fig. 3. Figs 3(i) and (j)

are images of the subsurface of the homogeneous grain shown
in (a)–(d). Figs 3(k) and (l) are images of the subsurface for the
maghemitized grain shown in (e–h). The white rectangular areas in
low magnification images (i) and (k) were enlarged by ×50 000 and
are shown in (j) and (l), respectively. On reflected light microscopy,
the surfaces of these areas were a normal brownish colour, although
more reddish than the originals shown in the last photographs of
Figs 1(a) and (b). Nevertheless the enlarged BSE images of Figs 3(j)
and (l) showed a complicated appearance, with many whisker-like
microfractures. As mentioned earlier, Tmt grains in the pristine
sister sample lacked these microfractures (Figs 3m and n). The
maghemitized part of Tmt grains in the pristine sample (Figs 3o
and p) also lacked these microfractures. In the high-magnification
image of the maghemitized part (Fig. 3p), the surface was smooth,
although the shrinkage cracks typical for Tmh can be clearly seen
(Petersen & Hojatollah 1987).
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Microscopic observation of titanomagnetite 151

Figure 4. Top three rows show SEM images of three Tmt grains of MY070132 after the final step of 560 ◦C. Original oxidation levels of the Tmt grains were
C1 (a–d), C3 (e–h) and C5 (i–l). Photographs in the two left-hand columns show altered top surface (a, b, e, f, i, j) and scraped subsurface are shown in the
two right-hand columns (c, d, g, h, k, l). Rectangular area in the low-magnification images were enlarged and are shown beside each of the low-magnification
images. Bottom row (m–p) shows Tmt grains of C3 oxidation level in a pristine sister sample.

SEM images of Tmt grains of MY070132 at the 560 ◦C step and
those of the subsurface are shown in the top three rows of Fig. 4.
Oxidation levels of the Tmt grains in the initial pristine state were
C1 (a–d), C3 (e–h) and C5 (i–l). Yellow rectangular areas in the low-
magnification images were enlarged and are shown beside each of
the low-magnification images. Images of the altered surfaces of the
Tmt grains shown in the two left-hand columns of Figs 4(a), (b), (e),
(f), (i) and (j) revealed that the surface roughness was less severe
for grains of higher oxidation level. SEM images of the subsurfaces
shown in the two right-hand columns of Figs 4(c), (d), (g), (h), (k)
and (l) did not indicate any major structural changes of Tmt, such
as the creation of new Ilm lamellae, at least for the low- to medium-
magnification images (Figs 4c, g, h and k). Nevertheless, the pecu-
liar appearance of many microfractures in the high-magnification
images (Figs 4d and l) indicated that the alteration had penetrated
to a depth of more than several microns. These microfractures were
products of alteration because there was no such feature in the Tmt
grains of the pristine sister sample. BSE images in the bottom row
of Figs 4(m)–(p) were taken from two Tmt grains of C3 oxidation

level in a pristine sister sample. A smooth surface was seen in the
high-magnification images (Figs 4n and p) of each grain.

3.2 Alteration during progressively longer heatings
at 610 ◦C

In a second series of experiments, we observed alterations of the
Tmt grains by optical microscope under reflected light while heating
two andesite samples (OT572261 and OT580411) at 610 ◦C in air
for increasing times of 10, 20, 50, 100, 200 and 500 min. About
20 Tmt grains were observed in each sample. Because the first
experiment revealed that the false colour of the altered Tmt grains
was caused by the top thin rugged surface, microscopic observations
were made on the subsurface, prepared by scraping the surface with
a 1 µm diamond paste after each run of heating experiments. In
the following, one representative result from each sample is given.
After the final heating run of 500 min, SEM observation was made.
As the initial pristine state of the Tmt grains of these two samples

 at K
ochi U

niversity on D
ecem

ber 24, 2013
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


152 H. Tanaka and Y. Yamamoto

Figure 5. Change of morphology of a homogeneous Tmt grain of andesite
sample OT572261 during heating at 610 ◦C in air for increasing times. The
first two photographs are BSE and optical images in the initial pristine
state and series of optical images follow, where the number is the heating
time in minutes and scale bars indicate 10 µm. Note that the grain size
gradually decreased as the experiment proceeded because the top surface
was scraped after each heating run. Bottom graph shows change of magnetic
susceptibility versus heating time, where the abscissa is in log scaling.

had been observed by SEM, we were able to clarify changes in the
Tmt grains on the basis of SEM images.

Fig. 5 shows the results from a Tmt grain of OT572261 with
an oxidation level of C1. The first two photographs are BSE and
optical images of the initial pristine state, which are followed by a
series of optical microscopic photographs. The scale bar is 10 µm,
and the number is the heating time in minutes. The change in the
magnetic susceptibility versus heating time is also shown at the
bottom of the figure. The grain size gradually decreased as the
experiment proceeded because the top surface was scraped after
each heating run. The change in surface appearance was not drastic,
but a slight loss of brown colour was recognized after a 20-min
heating run. Small bluish patches appeared after a 50-min heating
run, which spread all over the grain after the final 500-min heating
run. Magnetic susceptibility increased by 20 per cent after the first
heating of 10 min and was constant thereafter.

Figure 6. BSE images of two Tmt grains of OT572261 after the final heat-
ing run of 500 min: (a) and (b) show low and high magnification images,
respectively, of the grain shown in Fig. 5. BSE images of another grain of
C2 oxidation level are shown in pristine state (c) and after final run (d).
High-magnification BSE images of the yellow rectangular areas at the lower
left-hand side and upper right-hand side in (d) are shown in (e) and (f),
respectively.

Fig. 6(a) shows a BSE image of this grain after the final heating
run. The yellow rectangular area was enlarged by ×50 000 (Fig. 6b),
revealing that the dark patches on the BSE image were the cause
of the mottled appearance on the optical microscopic photographs.
Many small whisker-like microfractures appeared, as was the case
in the KTT experiment.

Figs 6(c)–(f) show the BSE images of another Tmt grain of C2
oxidation level. Low-magnification BSE images indicated that the
Tmt host part of the grain was mottled after the final heating run
(Fig. 6d), whereas the pristine state was smooth (Fig. 6c). There
was no difference in Ilm lamellae between the pristine state (Fig. 6c)
and the altered grain (Fig. 6d). However one-to-one correspondence
of lamellae is difficult because the surface observed after the final
heating run was deeper than the original layer by more than ∼10 µm,
due to the multiple polishing. High-magnification BSE images of the
yellow rectangular areas at the lower left-hand side and upper right-
hand side in Fig. 6(d) are shown in Figs 6(e) and (f), respectively.
There was some regularity in the distribution of the dark patches,
especially in the image of Fig. 6(e).

Fig. 7 shows a representative result from another andesite sample
(OT580411), in which about half of the Tmt grains were maghemi-
tized. The Tmt grain shown in Fig. 7 was completely maghemitized.
This grain was originally at an oxidation level of C2, judging from
the presence of a thick Ilm lamellae and sporadic fine lamellae.
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Figure 7. Change of morphology of a completely maghemitized Tmt grain
of andesite sample OT580411 during heating at 610 ◦C in air for increasing
times. A trellis-type structure developed as the heating experiment pro-
ceeded. The magnetic susceptibility decreased drastically with heating time
(bottom graph). For the details of symbols and numbers, see the caption of
Fig. 5.

Fig. 7 clearly shows that a trellis-type structure developed as the
heating experiment proceeded. This structure appeared only after
the first 10 min heating run. The magnetic susceptibility decreased
drastically with heating time (bottom graph of Fig. 7). After the
final 500 min heating run, χ was 39 per cent of the initial value of
the pristine state.

SEM images of this grain are shown in Figs 8(a)–(d). Fig. 8(a)
shows a BSE image of the pristine state at ×3000 magnification,
covering the lower left-hand side part of the first image of Fig. 7.
Many cracks typical of Tmh were clearly seen. Nearly the same
area of the grain that was altered after the final 500 min heating run
is shown in the BSE image of Fig. 8(b) under the same magnifica-
tion. The altered grain surface showed a well-developed trellis-type
structure. Fig. 8(c) shows another BSE image of the same grain after

Figure 8. BSE images of the completely maghemitized Tmt grain shown
in Fig. 7 in pristine state (a) and after the final 500 min heating run (b–d).
Rectangular area in (c) is shown in (d) with enlarged magnification. BSE
images of two other partially maghemitized Tmt grains are shown in (e–h).
Initial pristine state is shown in the images on the left-hand side (e, g). The
images on the right-hand side are of the altered surface of the same grain (f,
h) after the final 500 min heating run.

the final heating run, with Fig. 8(d) showing an image with ×10 000
magnification of the yellow rectangular area. The trellis-type struc-
ture was obviously along the {111} plane of the spinel structure.
As will be discussed later, we think that these trellises are lamellae
of Hem produced by inversion of Tmh, although it was difficult to
identify their chemical composition due to their fine scale compared
to the size of the electron microscope beam.

SEM images of two other representative grains are shown in the
third and bottom rows of Fig. 8. Homogeneous Tmt host remained at
the centre in the initial pristine state shown in the images on the left-
hand side (Figs 8e and g). The images on the right-hand side are of
the altered surface of the same grain, more than 10 µm below from
the original surface, after the final 500 min heating run (Figs 8f and
h). In the latter images, the boundary between the central unoxidized
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Figure 9. χ − T and MS − T curves for sister samples of the four samples used in this study. Red solid and blue dotted lines indicate heating and cooling
runs, respectively. Second from the left and rightmost graphs show χ − T and MS − T curves, respectively, to progressively elevated temperatures. Progressive
χ − T curve of OT57-02 [second graph from the left-hand side in panel (c)] is incompatible with other measurements of the same lava flow. The specific
sample was seemingly suffered from maghemitization, possibly due to weathering.

part and the surrounding maghemitized part became smeared, and
the trellis-type structure was well developed along the originally
maghemitized part.

3.3 Temperature dependence of magnetic susceptibility
and saturation magnetization

Supplemental measurements were made to obtain χ − T and MS − T
curves using sister samples of the four samples experimented in this
study. χ − T curves were measured in air with either a magnetic sus-
ceptibility system (MS2) from Bartington Instruments Ltd. (Witney,
England, U.K.) or a Kappabridge (KLY-3S) of Agico Inc. (Brno,
Czech Republic). MS − T curves were measured in helium with
a vibrating sample magnetometer (VSM; Micromag 3900) from
Prinston Measurements Co. (Westerville, Ohio, U.S.A.) except for
MY07-01-3, which was measured in vacuum with a magnetic bal-
ance (NMB-89) of Natuhara–Giken (Osaka, Japan).

Results are summarized in Fig. 9 in which left- and right-hand
two columns show χ − T and MS − T curves, respectively. Progres-
sive χ − T and MS − T curves with 100 ◦C increment are shown
in the second graph from the left and the rightmost graph, respec-

tively. Magnetic hysteresis parameters were also measured for sister
samples with the VSM. They are summarized on a Day plot (Day
et al. 1977) shown in the Appendix.

χ − T and MS − T curves of CP01 show a drastic increase in the
cooling run (Fig. 9a), which is often seen in oceanic basalt, indicat-
ing presence of Tmh. Progressive curves indicate that the inversion
of Tmh occurred at 300–400 ◦C, which is in agreement with the
microscopic observation during the KTT experiment. χ − T and
MS − T curves of OT58 showed a decrease of χ and MS at 300–
400 ◦C (Fig. 9d), which is also an indication of Tmh inversion. Slight
decrease of χ and MS in the cooling run was observed for MY07
(Fig. 9b) and the progressive curves indicated 400–500 ◦C for its
occurrence. χ − T and MS − T curves of OT57 showed almost no
change between heating and cooling runs (Fig. 9c). An exception is
the progressive χ measurements in air of OT57-02 (second graph
from the left-hand side), which is incompatible with other measure-
ments of the same lava flow. The specific sample was seemingly
suffered from maghemitization, possibly due to weathering. This
indicates that level of oxidation or weathering varies within a lava
flow, ascertaining the importance of using multiple samples in the
palaeointensity experiments.

 at K
ochi U

niversity on D
ecem

ber 24, 2013
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


Microscopic observation of titanomagnetite 155

4 D I S C U S S I O N

4.1 Alteration during KTT experiments

The surface of Tmt grains exhibited a bluish false colour at ∼300 ◦C
during the KTT experiment, which was caused by a rugged, multi-
striped surface (Figs 3c, d and h). We were unable to identify the
chemical component of the striped structure by elemental analysis
or mapping using EDS, due to its too fine scale. Nevertheless, for-
mation of the striped structure demonstrated that surface oxidation
of Tmt occurred at temperatures as low as 300 ◦C. If the oxida-
tion involved iron removal, similar to the natural maghemitization
of submarine basalt, then the stripes would form from the migrated
iron, which would be converted to Hem. On the other hand, based on
gravimetric monitoring by O’Donovan & O’Reilly (1977), O’Reilly
(1983) suggested that low-temperature oxidation occurs through the
addition of oxygen to Tmt during laboratory heating in air. We think
that the latter process occurred in this study. In that case, irregular
striped forms would also appear because the chemically bounded
oxygen would form an extension of the crystal lattice on the grain
surface. The mottled pattern with many microfractures in the sub-
surface layer (Figs 3j and l) was probably related to the oxidation
process.

A similar oxidation process with a much larger rate must have
continued up to 560 ◦C in the case of MY070132 (Figs 2 and 4). Al-
though the subsurfaces of the severely altered Tmt grains appeared
normal under optical microscopy (last photographs of Figs 2a–c)
and low- to medium-magnification SEM (Figs 4c, g, h and k),
high-magnification SEM revealed a mottled appearance with many
whisker-like microfractures (Figs 4d and l). These microfractures in-
dicated that the oxidation process involved not only the top surface,
but also deeper subsurface layers. The results in Figs 1–4 indicated
that Tmt was highly sensitive to surface oxidation. This fact was
demonstrated by Lattard et al. (2012), although they used higher
heating temperatures (500–700 ◦C) and observed high- rather than
low-temperature oxidation.

Maghemitized parts of Tmt showed a different appearance during
the KTT experiment below 400 ◦C, with the typical grey-to-bluish
colour of the Tmh parts becoming brownish at ∼300 ◦C. This colour
change was thought to be due to inversion of Tmh. This interpreta-
tion was supported by χ − T and MS − T curves obtained from sister
samples (Fig. 9). All of the results in Fig. 9(a) showed the typical
indications of inversion of Tmh at 300–400 ◦C. The χ − T curve in
air with increasing temperatures (second graph from the left) most
clearly indicated that inversion of Tmh started at 200–300 ◦C. The
increase of MS during the progressive heating in helium (rightmost
graph) started at a higher temperature (300–400 ◦C), probably due
to differences in the samples.

The inversion product was a mixture of Tmt with lower Usp con-
tent and Ilm, if the oxidation state of the originally Tmh part was
assumed to be zone 1 of O’Reilly (1983), which is a low-oxidation
state of maghemitization. After inversion, the surface of the origi-
nally Tmh part was very smooth when viewed by high magnification
(Fig. 3g). This smooth surface indicated that the structures of the
mixture of Tmt and Ilm were too fine to be detected, as was the case
of the inversion of artificial Tmh powder investigated by Özdemir
(1987). Strangely, the high-magnification BSE image of the sub-
surface of the originally Tmh part (Fig. 3l) was almost the same as
that of the originally Tmt host with many microfractures (Fig. 3j).
One interpretation of this finding may be that further oxidation
proceeded in the inversion product (Tmt with lower Usp content),
and the oxidation process was essentially the same as that which
occurred in the original Tmt host. As mentioned earlier, the mi-
crofractures in the originally Tmt and Tmh parts were presumed to
be the products of alteration during the KTT experiments because
the Tmt and Tmh parts of the pristine sister samples lacked this
feature (Figs 3m–p).

It could be argued that all of the observations in this study are
only applicable to the Tmt grains distributed on the surface or in
the thin surface part of the samples, and are not directly related to
the results of the Arai plots. However, there seemed to be a distinct
correlation between the change of surface appearance of Tmt grains
and the initiation of scatter in the Arai plot (Figs 1c and 2d). The
change in surface appearance also seemed to coincide with the
change in the χ -step curves. Because inversion of Tmh at ∼300 ◦C
should occur throughout the whole sample, the correlation between
the microscope observation and the Arai plot of CP0106B is to be
expected (Fig. 1).

In the case of Tmh-free MY070132 the increase in TRM capacity
and decrease in χ started at ∼400 ◦C (Fig. 2d), coincident with the
start of the severe change of surface appearance of Tmt grains. The
χ − T and MS − T curves of sister samples of MY070132 (Fig. 9b)
were not as conspicuous as those of CP01 (Fig. 9a). The curves to
increasingly elevated temperatures began to change at 400–500 ◦C
for χ in air (second graph from the left) and 300–400 ◦C for MS

in vacuum (rightmost graph). All these results indicated that the
microscopically observed alteration of Tmt grains on the surface
was similarly occurring inside the sample during laboratory heating.

Arai plot analyses are detailed in Table 2. The palaeointensity
of 8.4 μT obtained from CP0106B is obviously unacceptable due
to the prevalent occurrence of Tmh within the sample. Using typ-
ical acceptance criteria (e.g. Kissel & Laj 2004), we rejected the
result because of the large MAD (mean angular deviation), large
α (angular difference from the origin on the orthogonal plot) of
the selected NRM component and small f (fraction of NRM for

Table 2. Results of KTT experiments.

Sample T1–T2 n −r −b σ b/b MAD α f CDRAT q FL F
( ◦C) (◦) (◦) (μT) (μT)

CP0106B 75–200 6 0.981 0.419 0.10 10.9 16.9 0.24 −0.05 1.5 20 8.4a

MY070132 150–400 6 0.999 1.493 0.02 3.8 5.9 0.29 0.15 11.3 50 74.6b

Note:T1, T2, lower and upper temperatures for the linear segment; n, number of data points included in the linear regression;
r, correlation coefficient of the linear segment; b, slope of the segment; σ b, standard error of b; MAD, mean angular
deviation of the selected NRM component; α, difference angle of the selected NRM component from the origin on the
orthogonal plot; f, fraction of NRM for the linear segment; CDRAT, cumulative difference ratio; q, quality factor; FL,
laboratory field strength; F, palaeointensity.
aPrevious result for this lava flow (CP01) is 10 ± 2 μT (N = 2) by Tanaka & Kono (2002), which should be regarded as
unreliable due to prevalent occurrence of maghemitization.
bExpected value for the site locality (34.1◦N, 139.5◦E) of this 1983 lava flow (MY07) is 45 μT according to DGRF1985.
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the linear segment). Nevertheless, the palaeointensity was consis-
tent with the result of 10 ± 2 μT obtained from two specimens
by Tanaka & Kono (2002), in which all of acceptance criteria were
cleared. Hence, this is a cautionary case that the linear data points
below the critical temperature at which the alteration starts are not
necessarily reliable if the sample contains Tmh. This is because,
in that case, it signifies that the sample may not hold a pure TRM
and hence should not have been used in the palaeointensity study.
Thus, we recommend that the sample be microscopically observed
when severe changes in the TRM capacity or χ -step curve occur at
300–400 ◦C.

We obtained a very high palaeointensity for MY070132
(74.6 μT), 66 per cent higher compared to the expected value (45
μT) at the site locality according to DGRF85 (IAGA WG V 2010).
This result was rejected due to a small f and large values of DRAT
and CDRAT (cumulative DRAT covering the linear segment). Nev-
ertheless, this is another cautionary case in which the KTT experi-
ment sometimes gives an intensity value that is too high, a problem
that has been one of the most controversial theme in the community
(e.g. Valet 2003).

First interpretation of the high palaeointensity and the concave-up
appearance of the Arai plot (Fig. 2d) is the MD effect as the cause.
Concave-up Arai plot as a manifestation of MD-like behaviour has
been a major issue in the community and is no longer viable to
be dismissed (e.g. Shcherbakov & Shcherbakova 2001; Calvo et al.
2002; Biggin & Thomas 2003; Coe et al. 2004; Chauvin et al. 2005;
Biggin et al. 2007; Michalk et al. 2010). It is well known that, in
the concave-up Arai plot from MD remanence, the slope between
the initial point (full NRM) and the endpoint (full TRM) gives a
correct palaeointensity (e.g. fig. 9.8 of Dunlop & Özdemir 1997).
In the case of MY070132 the endpoint comes at 1.3 on the abscissa,
and this is quite close to 1.1, the ratio of the laboratory field (50
μT) to the expected field (45 μT). This gives 38 μT, which is only
15 per cent lower than the expected value and the difference would
be explained by alteration occurred over 400 ◦C as evidenced by the
displaced point at 480 ◦C pTRM test.

Nevertheless, we prefer an alternative interpretation that the
concave-up appearance of the Arai plot was largely due to de-
flected data points over 400 ◦C that were caused by the alteration.
This is based on the results of the microscopic observation, mod-
erate change in χ -step curve, and the PSD nature on the Day plot
(Appendix). A concave-up Arai plot may not necessarily be due
to the MD effect (e.g. Paterson 2011; Tanaka et al. 2012). High
slope under low temperatures often gives a concave-up appearance,
which seems to be the case for MY070132. Causes of the low tem-
perature high slope may include decay of viscous remanence (Coe
1967b), physical change of the domain state in PSD grains (Kos-
terov & Prévot 1998) and thermochemical remanent magnetization
(TCRM) as an intrinsic NRM origin (Yamamoto et al. 2003; Ya-
mamoto 2006; Yamamoto & Hoshi 2008). Given that MY070132
contains highly oxidized Tmt grains (Fig. 2c), similar to the Hawai-
ian 1960 lava studied by Yamamoto et al. (2003), it is possible
that natural TCRM caused the high palaeointensity. Nevertheless,
we cannot exclude the possibility that the Tmt grains began to be
altered at low temperatures of 250–300 ◦C, as evidenced by the
false blue colour (Figs 2a and b), and that this process somehow
diminished the magnitude of NRM.

4.2 Alteration at 610 ◦C

In a second series of experiments, we heated the samples in air at
610 ◦C for increasing times. After the 50-min run, a mottled pattern

appeared in the Tmt part of OT572261 under optical microscopy.
After 200 min run, the mottled pattern became more discernible
(Fig. 5). We could not identify the dark patch in the BSE image
due to its too-fine scale (Figs 6b, e and f). It could be that Ilm
precipitated during high-temperature oxidation, based on its darker
shade than the Tmt part. However, after its initial increase by 20 per
cent, χ remained constant throughout the experiments, which may
have precluded the creation of Tmt close to Mt by high-temperature
oxidation. This possibility is supported by the completely repro-
ducible χ − T and MS − T curves (Fig. 9c except for the second
graph from the left-hand side, in which the sample was seemingly
suffered from maghemitization). Gehring et al. (2009) reported a
similar mottled pattern in Tmt grains contained in basalt-originated
dune sand. They identified Si along with Al and Ca in the mottled
patch, which was interpreted as migration from silicate into Ti-poor
parts during high-temperature oxidation. In any case, the result sug-
gested that the rate of oxidation of Tmt grain when heated at 610 ◦C
in air was on the order of tens of minutes. This timing confirms the
importance of minimizing the heating time in the palaeointensity
experiment, which is the basis for variations of the KTT method
with single heating steps (Kono & Ueno 1977), a multispecimen
method (Hoffman et al. 1989) and a microwave method (Walton
et al. 1993).

It took only 10 min for the trellis-type structure to appear in
the case of the completely maghemitized Tmt grain of OT580411
(Fig. 7). It is important to note that the trellis-type structure was
not a product of the high-temperature oxidation of Tmt, but of
Tmh inversion, as indicated by the curves of χ − T and MS − T
(Fig. 9d). This near-instantaneous occurrence of Tmh inversion
is reasonable in light of its small activation energy of 0.033 eV,
measured from thermomagnetic analysis using a submarine basalt,
by Ozima & Ozima (1972). The low activation energy for unmixing
of Tmh is contrasted to that of 2.2 eV for interdiffusion of Fe and Ti
cations, applicable to high-temperature oxidation of Tmt, by Freer
& Hauptman (1978).

We could not identify the chemical components of the inversion
product due to its too-fine structure (Fig. 8d), but we think that the
trellis part was Hem rather than Ilm. The trellis had a lighter shade
in the BSE image than the original thick and fine Ilm lamellae, indi-
cating elements with higher mean atomic number compared to Ilm.
The host part must be Mt, although its shade was darker than the
trellis in spite of the larger mean atomic number of Mt compared to
Hem. The darker shade was probably caused by the uneven surface
of the grain. Inversion products of similar Hem lamellae were ob-
served by Ozima & Larson (1967) in partially maghemitized Tmt
gains of subaerial andesite rock when the sample was heated under
vacuum. Inversion of Tmh accompanied by production of Hem in-
dicates that the oxidation level of Tmh was fairly high of zone 3,
according to O’Reilly (1983).

As discussed in the previous section, the presence of Tmh is
hazardous in KTT experiments because the inversion temperature
could be misinterpreted as the critical temperature under which the
data points can be included in the analysis, although in reality the
sample may not hold a pure TRM and hence should not have been
used in the experiments. The presence of Tmh is also problematic in
Shaw experiments. Even if the inversion of Tmh occurs when labo-
ratory TRM is induced, the ARM-corrected Shaw plot could appear
reasonably linear, due to the proportionality between the changes of
TRM and ARM and the general insensitivity of the alternating field
spectra to the change of blocking temperature (Tanaka & Komuro
2009). In the case of the sister sample OT58-4-5 (fig. 5 of Tanaka
& Komuro 2009), the ARM-corrected Shaw plot was fairly linear,
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although it was successfully rejected by the criteria of Yamamoto
et al. (2003).

4.3 Alteration as a low-temperature oxidation process

We demonstrated the alteration of Tmt grain during KTT exper-
iments and laboratory heating at 610 ◦C in air. A considerable
change in morphology was observed in the polished surface and
near subsurface. The surface oxidation was clearly not in equilib-
rium, as is the case for the high-temperature oxidation at 1300 ◦C
(Lattard et al. 2012). It has often been suggested that in the labora-
tory heating of volcanic rocks, trellis-type Ilm lamellae are newly
created in Tmt grains due to high-temperature oxidation, leading
to a change of TRM capacity. However, actual microscopic ob-
servation has been rarely reported. We also failed to observe this
event in this study. Other studies may have attributed the forma-
tion of Ilm lamellae to higher heating temperature (Strangway et al.
1968) or longer heating time (Davis & Evans 1976) or both (Saito
2005). Holm & Verosub (1988) reported the creation of Ilm lamel-
lae in Tmt grains contained in marine sediments at temperatures
as low as 200 ◦C, although this occurrence was probably an excep-
tional case that occurred in a specific sediment in which magnetic
grains were extremely susceptible to high-temperature oxidation.
In any case, it seems that typical high-temperature oxidation form-
ing trellis-type Ilm lamellae is not easily attained in solid volcanic
rocks during short laboratory heating at temperatures at or below
∼600 ◦C.

It is generally believed that low-temperature oxidation does not
proceed in laboratory heating in air unless the material is very fine
Tmt grains ballmilled in water (Nishitani & Kono 1982). In fact, the
magnetic properties of Tmh reported by Akimoto et al. (1957) were
later denied because the heating of sintered Tmt material in air at
400–500 ◦C would produce products of high-temperature oxidation
(Ozima & Larson 1970). Nevertheless, based on the observations
in this study, we think that the oxidation process on the Tmt surface
during laboratory heating below ∼400 ◦C is closer to a low- than to
a high-temperature oxidation. In fact, Creer et al. (1970) suspected
that low-temperature oxidation occurred when basalt samples were
heated at 400 ◦C in air.

It is usually considered that water is necessary for low-
temperature oxidation to proceed. However, the presence of Tmh
has sometimes been reported in situations where no water circu-
lation was expected. Non-stoichiometric Tmt (i.e. Tmh) has been
reported to form at temperatures of 1275 ◦C during laboratory syn-
theses (Hauptman 1974) or below 500 ◦C during the primary cool-
ing of the Olby Basalt, France (Krása et al. 2005). Gehring et al.
(2009) found aggregates of Mt and maghemite (Mh) in the host
part of high-temperature oxidized Tmt in basalt-originated dune
sand, suggesting that Mh formed from Mt by oxidative alteration
under an arid climate. Formation of Tmh was reported in Icelandic
lavas, which suffered heating from dyke intrusion (Kristjansson
1985; Gunnlaugsson et al. 2008) . The last case of dyke intru-
sion is probably closest to the oxidation process of Tmt during
the KTT experiment in air under ∼400 ◦C, as observed in this
study.

5 C O N C LU S I O N S

Tmt grains on the polished surface of volcanic rocks were micro-
scopically observed during KTT experiments in air. Changes in
the colour and morphology of the Tmt surface were observed at

a fairly low step temperature of 300 ◦C, and they became more
pronounced as the experiment proceeded. Although observations
were made from the top surfaces of the samples, similar oxidation
of Tmt must have occurred inside the samples because grain sur-
face changes were notably correlated with the scatter of data points
on the Arai plot. In a second experiment, samples were heated at
610 ◦C in air for increasing times from 10 to 500 min. We observed
the gradual alteration of Tmt by microscopy. Many patches and
whisker-like microfractures of submicron size were created during
heating, but the creation of new Ilm lamellae was not observed, even
after a 500 min heating run. Taken together, these results allow us
to conclude that typical high-temperature oxidation forming trellis-
type Ilm lamellae is not easily attained during laboratory heating in
air at temperatures at or below ∼600 ◦C, and that alteration under
∼400 ◦C is closer to a low- than to a high-temperature oxidation
process. On the other hand, inversion of the maghemitized part of
Tmt occurs instantaneously at 300 ◦C during the KTT experiment,
and when heated in the laboratory at 610 ◦C, the trellis-type struc-
ture emerges only after 10 min. Inversion of the maghemitized part
of Tmt is hazardous in the KTT experiment because the inversion
temperature can be misinterpreted as the critical temperature under
which the data points can be included in the palaeointensity analy-
sis, even though the sample may not hold a pure TRM and should
not have been used.
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A P P E N D I X : DAY P L O T O F H Y S T E R E S I S
PA R A M E T E R S

Figure A1. Day plot of magnetic hysteresis parameters measured in the
sister samples of the four samples used in this study. Both abscissa and
ordinate are in log scaling. The dashed curves, 1 and 2, are mixing curves
of SD–MD and SD–SP (10 nm) from Dunlop (2002), respectively.
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