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Abstract

Both chromite and low-Ti titanomagnetite are carriers of natural remanent magnetization (NRM) in Kurokami
andesitic pumices of Mt. Sakurajima, Japan. Thermal demagnetization of the NRM and of a laboratory isothermal
remanence indicate unblocking of chromite remanence between 200 and 260³C and of titanomagnetite remanence
between 400 and 520³C. Electron microprobe analyses support the compositions Fe1:9Cr1:11O4 and Fe2:9Ti0:1O4

indicated by the respective Curie temperatures of 260³C and 520^530³C. Chromite is thermally unstable and converts to
magnetite during thermal demagnetization, leading to a self-reversal of NRM between 500 and 580³C. The chromite
contributes about 25% of the NRM intensity of the sample. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chromites, members of the solid solution series
Fe2� Cr3�

23n Fe3�
n O4 with 09 n9 2, are common

in submarine gabbros [1], in Precambrian sepen-
tinite [2], in kimberlites [3], in volcanic rocks [4,5],
in lunar rocks [6], and in Martian meteorites [7].
Coexistence of chromites and titanomagnetites
has been reported in subaerially extruded olivine
basalts and in island^arc volcanic rocks [4,5,8].
However, chromite has only rarely been reported
as a carrier of natural remanent magnetization

(NRM) with unblocking temperatures higher
than room temperature [9]. Preliminary studies
on Kurokami pumices from Mt. Sakurajima, Ja-
pan revealed several interesting magnetic proper-
ties that are di¤cult to explain in terms of titano-
magnetite only [10]. The present study con¢rms
that chromite is a carrier of NRM in Kurokami
pumices.

Located in southernmost Kyushu, Sakurajima
volcano consists of three main cones, Kitadake
(1117 m), Minamidake (1040 m), and Nakadake
(1060 m) as well as several small parasitic cones.
Since A.D. 764, ¢ve historical major eruptions
have taken place [11]. Nagasakibana lava erupted
in A.D. 764^766. After a dormant period of 700
years, three large eruptions took place, Bummei
lava (A.D. 1471^1476), An-ei lava (A.D. 1779),
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and Taisho lava (A.D. 1914). In 1939, small erup-
tions occurred at the parastic crater in the eastern
slope near the summit of Minamidake. In 1946,
Showa lava erupted with pyroclastic materials
from the same parastic crater as the 1939 eruption
[12]. The Showa lava has a £at surface of thick
pumice deposits and is cut by deep valleys whose

smooth bottoms consist of dark andesite and red-
dish welded pumice [13].

A simpli¢ed geologic map of Mt. Sakurajima is
shown in Fig. 1. Four unoriented block samples
were collected at Kurokami site (solid circle).
Kurokami pumices are from the andesite forma-
tion of the Showa lava.

Fig. 1. A simpli¢ed geologic map showing the Kurokami sampling location (solid circle).

Fig. 2. An example of thermal demagnetization of NRM, showing the presence of phases A and B, with maximum unblocking
temperatures of 240^260³C and W500³C, respectively, and a self-reversal of NRM (phase C, 500^580³C). (a) Total intensity de-
cay of magnetization. (b) Vector projections: squares and diamonds are horizontal- and vertical-plane projections.
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2. Magnetic properties

2.1. Thermal demagnetization of NRM

Three or more cylindrical specimens 23 mm in
diameter and 21 mm in height were cut from each
block sample. Thermal demagnetization was per-
formed in 50³C steps to 500³C and then every
20³C up to 600³C using MMTD and Schonstedt
furnaces. Fig. 2 shows typical thermal demagneti-
zation results. Both lower unblocking tempera-
tures of 200^260³C (phase A) and higher unblock-
ing temperatures of 400^500³C (phase B) were
observed (Fig. 2a). A partially self-reversed com-
ponent (phase C) was also detected in the heating
range between 500³C and 580³C. In vector pro-
jections, the phases A, B, and C show univectorial
stability during thermal demagnetization (Fig.
2b). About one-quarter of the NRM is carried
by the phase A.

2.2. Rock magnetic experiments

Thermal demagnetization of a composite iso-
thermal remanence (Lowrie test, [14]) has been
used to identify magnetic minerals. The isother-
mal remanence was acquired in ¢elds of 1.2 T, 0.4
T, and 0.12 T applied successively along three
orthogonal directions (z, y, and x). Thermal de-

magnetization of the soft (6 0.12 T), medium
(0.12^0.4 T), and hard coercivity (s 1.2 T) com-
ponents shows that phase B with unblocking tem-
peratures of V520³C dominates all three compo-
nents (Fig. 3). On the other hand, phase A is
revealed by small decreases of remanence around
240^260³C for the hard and medium coercivity
fractions.

Low-temperature magnetic properties were
measured on several rock chips using an
MPMS2 SQUID magnetometer at the Institute
for Rock Magnetism (IRM), University of Min-
nesota. First, saturation isothermal remanent
magnetization (SIRM) was given by applying a
¢eld of 2.5 T at 20 K. Remanence was measured
every 5 K during warming to 300 K in zero ¢eld
(diamonds in Fig. 4). The result is a monotonic
decrease of SIRM as the temperature increases.
Another SIRM in 2.5 T was given at 300 K.
The temperature dependence of this SIRM was
determined every 5 K during cooling to 20 K
(triangles) and then warming to 300 K (squares)
in zero ¢eld. Almost reversible cooling and warm-
ing curves were obtained (Fig. 4).

In order to determine the Curie point of phase
B, high-temperature thermomagnetic experiments
were carried out for 17 individual grains using a
Micro VSM at the IRM. The 17 octahedral
grains, with diameters from 20 to 200Wm, were

Fig. 3. Progressive thermal demagnetization of a composite
isothermal remanence. The soft (diamonds), medium (trian-
gles), and hard (squares) components were produced by ap-
plying sequential ¢elds of 1.2 T, 0.4 T, and 0.12 T along z,
y, and x axes, respectively.

Fig. 4. Temperature dependence of low-temperature SIRM,
produced by 2.5 T at 20 K, during zero-¢eld warming to 300
K (diamonds), and zero-¢eld cooling (triangles) and warming
(squares) curves for an SIRM produced at 300 K in 2.5 T.
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separated under the stereographic microscope us-
ing a hand magnet. Saturation magnetization was
measured every 1³C from 20³C to 600³C in a 1-T
¢eld, yielding a Curie point for phase B of
W530³C (Fig. 5), characteristic of titanomagne-
tite with xW0.1 [15].

3. Magnetic mineral identi¢cation

To identify the magnetic phases, microscopic
experiments were carried out using scanning elec-

tron microscopy (SEM) and electron microprobe.
The composition of each grain was determined
using two independent scanning electron microp-
robes, a Cameco SX-50 in the Geology Depart-
ment, University of Toronto and a Hitachi S-4500
in the Materials Engineering Department, Univer-
sity of Toronto. Calibrations were made using
ilmenite (SX-50) and cobalt (S-4500) standards.
Samples were probed for Al, Ca, Cr, Fe, Mg,
Mn, Ni, O, Si, Ti, and Zn (Table 1).

SEM photos show typical rhombus-shaped ti-
tanomagnetite crystals (Fig. 6a). An energy dis-

Fig. 5. High-¢eld thermomagnetic curves for the individual
titanomagnetite grains.

Table 1
Composition calculation based on electron microprobe analy-
sis

Wt% A1 A2 B C

SiO2 0.17 0.18 0.20 0.47
TiO2 13.01 12.99 10.81 13.31
Al2O3 2.57 2.58 3.14 1.82
Cr2O3 0.04 0.04 0.04 0.00
FeO 41.59 40.87 39.15 41.65
Fe2O3 40.52 41.03 43.81 39.65
MnO 0.00 0.00 0.02 0.00
MgO 1.11 1.65 1.33 1.68
NiO 0.04 0.00 0.03 0.00
ZnO 0.00 0.00 0.03 0.00
CaO 0.00 0.01 0.00 0.00
Total 99.05 99.36 98.56 98.58

Fig. 6. (a) SEM image of a titanomagnetite grain (bright contrast). The microprobe analyses in Table 1 were carried out at A1
and A2 in (a) and on two other grains (B and C). (b) EDS from area E in (a).
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persive spectrum (EDS) from area E in Fig. 6a
shows that Fe and Ti are the major cations
(Fig. 6b). The EDS analyses normally counted
numbers of ions for 1 min.

Quantitative microprobe analyses show on
average 81^83 wt% of Fe, 11^13 wt% of Ti, and
3^4 wt% of other elements, mainly Al and Mg
(Table 1). The analyses indicate that phase B is
a low-Ti titanomagnetite with composition
x = 0.11^0.13.

An example of an SEM image of another mag-
netic mineral (phase A) is shown in Fig. 7a. The
image of the grain in Fig. 7ais magni¢ed in Fig.

7b. Unfortunately, quantitative compositional
analyses failed because the largest grain size of
phase A was 6 2 Wm, smaller than the beam
width. EDS from area E1 in Fig. 7a revealed
four major elements, Cr, Fe, Ni, and Si (Fig.
7c), indicating that phase A is a Cr^Fe oxide
(chromite) with Ni as a minor element. Microsco-
py (Fig. 7) suggests that the high coercivity of
phase A in Fig. 3 results from its small grain size.

EDS obtained from the matrix (area E2 in Fig.
7a) indicate that Si is the dominant element in the
matrix (Fig. 7d). For the EDS collected from the
matrix, numbers of ions were counted for 10 min.

Fig. 7. (a) SEM image of a chromite grain. (b) Magni¢ed image of the same chromite grain. (c) EDS from area E1 in (a).
(d) EDS from area E2 in (a).
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4. Thermal stability of chromite

Thermal stability of a laboratory-produced
remanence was tested. After thermal demagneti-
zation of the NRM, thermoremanent magnetiza-
tion (TRM) was produced by cooling from 590³C
in a laboratory ¢eld Hlab = 40 þ 0.2 WT along the
cylindrical axis of the specimens. Then progressive
thermal demagnetization was carried out in sim-
ilar thermal steps to those described in Section
2.1. After TRM was produced, phase B (titano-
magnetite) recovered most of its original intensity
(Figs. 2 and 8a). However, the signal of phase A
(chromite) was low, with only a slight indication
of remanence unblocking around 260³C (Fig. 8a).
It is also interesting that the partially self-reversed
phase C in Fig. 2abecame normally magnetized,
with maximum unblocking temperatures of
580³C, indicating magnetite. Since there is little
change of total intensity of phase B (titanomag-
netite), oxidation of chromite (phase A) to mag-
netite (phase C) seems to be responsible for the
anomalous increase of NRM intensity in the heat-
ing range between 500³C and 580³C (Fig. 2).
When TRM was produced a second time,
this repeated heating and cooling totally de-
stroyed phase A but had less e¡ect on phase B
(Fig. 8b).

5. Discussion

5.1. Magnetic properties

Thermal demagnetization results (Fig. 2b) re-
vealed maximum unblocking temperatures of
phase A of W260³C. According to Francombe
[16], a Curie point of 260³C corresponds to a
chromite composition n W0.9, i.e., Fe2� Cr2�

1:1
Fe3�

0:9 O4. Although EDS analyses cannot provide
a precise quantitative composition, they do give
general support for this estimate of n. Compari-
son of peak intensities in Fig. 7c implies approx-
imately twice as much Fe as Cr.

Interesting low-temperature behavior of Kuro-
kami pumices was anticipated because both low-
Ti titanomagnetite and chromite may potentially
show low-temperature transitions. However, Fig.
4 shows no low-temperature transitions. Sharp
remanence transitions in SIRM warming curves
have been reported for low-Ti titanomagnetites
(x6 0.4) [17]. For phase B (titanomagnetite), ele-
ments such as Al and Mg (see Table 1) may pro-
vide an explanation for the lack of a Verwey tran-
sition [18]. The estimated composition of phase A
(chromite), based on its Curie point, is nW0.9.
Chromites in the compositional range between
n = 0.1 and n = 0.9 do not show a low-temperature
transition even though chromite has low-temper-
ature phase transitions in four other composition
ranges [19].

Fig. 8. (a) Stepwise thermal demagnetization of laboratory-produced TRM. TRM was produced in a ¢eld of 40 WT during cool-
ing from 590³C. (b) Stepwise thermal demagnetization of a second TRM produced as in (a).
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5.2. Thermal stability of chromite and
paleomagnetic implications

A thermal stability test shows that phase A
(chromite) oxidized to magnetite as a result of
heatings to 600³C (Fig. 8). Haggerty [8] proposed
that high-temperature oxidation of chromite, at
least for oceanic basalts, happens under extremely
oxidizing conditions. However, surface oxidation
of chromite, a gradual compositional change to
magnetite caused by prolonged metamorphism,
has been reported for serpentinites [2]. Further-
more, as demonstrated by Kumar and Bhalla
[9], formation of magnetite during thermal de-
magnetization of chromite-bearing rocks is not
uncommon.

The existence of an NRM-carrying chromite in
nature seems to require certain conditions. First,
enough Cr, comparable to the amount of Fe,
must be available. Cr is a more common element
in the upper mantle than in the crust. Second, a
quench-cooled environment is required to pre-
serve magnetic chromites. Simulated TRM experi-
ments (Fig. 8) and the results of Kumar and Bhal-
la [9] indicate that chromites cannot survive
repeated heatings. Long-term exposure to above-
ambient temperatures in nature may also oxidize
chromite to other minerals. These two require-
ments explain why NRM-carrying chromites are
rare in nature.
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