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Magnetic petrology and its implication for magma mixing of the 1991–1995
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Magnetic petrologic analyses were carried out on lava samples from the lava dome of the 1991–1995 erup-
tion of Unzen volcano, Japan. As a result, three kinds of titanomagnetites with different Curie temperatures were
identified and the difference between the samples from the lava dome which grew exogenously and endogenously
were revealed. Titanomagnetites with Tc of 460–500◦C and 380–400◦C are the predominant magnetic minerals.
In addition, a titanomagnetite with Tc of ∼540◦C, but in low concentration, is also present. The exogenous lava
samples contain more titanomagnetite with Tc of 380–400◦C and less microphenocrysts of titanomagnetites than
the endogenous samples. The equilibrium temperature of 900–920◦C, 780–820◦C and 720◦C is estimated from
titanomagnetite with Tc of 380–400◦C, 460–500◦C and 540◦C, respectively. We suggest that these titanomag-
netites are probably formed by magma mixing and eruption processes. Titanomagnetite with Tc of 460–500◦C
was derived from felsic magma (780–820◦C) in a shallow chamber. Titanomagnetite with Tc of 380–400◦C was
produced from the mixed magma (900–920◦C). After being squeezed out from the reservoir, a small amount of
titanomagnetite with Tc of ∼540◦C was crystallized.
Key words: Unzen volcano, lava dome, iron-titanium oxide, magnetic petrology, magma mixing.

1. Introduction
Magnetic minerals display a wide variety of chemical

and physical features, caused by crystallizing conditions
and successive cooling processes. In particular, volcanic
materials contain abundant magnetic minerals with wide
variations in magnetic properties. By analyzing magnetic
minerals, we can estimate magmatic conditions or eruptive
and cooling processes. In addition, unlike other rock form-
ing minerals, magnetic minerals exhibit strong and diverse
magnetic signals. Therefore, rock magnetic methods are
very effective in studying Fe-Ti oxides in igneous rocks.
Recently, studying magnetic signals and magnetic miner-

als have achieved steady results and such a method of study
is known as magnetic petrology (e.g. Frost, 1991; Audun-
sson et al., 1992; Kontny et al., 2003; Saito et al., 2004a).
Magnetic petrology identifies magnetic minerals and deter-
mines the factors that control the genesis of magnetic min-
erals (Saito, 2005). Therefore, magnetic petrology is very
useful for studying the genesis and evolution of the materi-
als.
Unzen volcano in southwest Japan is one of the most

active volcanoes in Japan. The most recent activity is the
1991–1995 eruption, which is characterized by the effu-
sions of dacite lava domes and the generations of abundant
block-and-ash flows of dome collapse origin (e.g. Nakada
et al., 1999). This activity was monitored and investigated
in detail and is typical of lava dome eruptions. Erupted
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magma has been studied by many petrologists (e.g. Sato et
al., 1999; Venezky and Rutherford, 1999; Nakada and Mo-
tomura, 1999; Holtz et al., 2005; Sato et al., 2005). How-
ever, except for Tanaka et al. (2004), there are few magnetic
studies of the 1991–1995 lava.
We have undertaken a magnetic petrologic study of the

1991–1995 dacite lava of Unzen volcano in order to clarify
the eruption and collapsing processes of a lava dome. Previ-
ously, we reported that the variations in magnetic minerals
and their oxidation states in the dome lava, was an indica-
tion that these variations were produced by redox reactions
in the lava dome (Saito et al., 2004b). During the course
of analyzing the dome lavas which did not suffer any redox
reactions, we found magnetic petrologic characteristics that
seemed to be derived from the mixed magma of 1991–1995
eruption. In this paper, we document magnetic petrology of
dacite lavas sampled from the lava dome and discuss it in
terms of magma mixing of the 1991–1995 eruption.

2. Geological Setting and Sample Description
Unzen volcano is located in a volcanotectonic depres-

sion, the Unzen graben, on the Shimabara peninsula of
Kyushu, Japan (Ohta, 1973; Fig. 1(b)). The Unzen
graben composes the western part of the Beppu-Shimabara
graben, in which many quaternary volcanoes are concen-
trated (Matsumoto, 1993). Unzen is a composite volcano
of thick andesite-dacite lavas and pyroclastic materials. Its
activity, which started about half a million years ago, is
characterized by effusions of lava flows and domes and by
block-and-ash flows of dome collapse origin (Hoshizumi et
al., 1999). In historic time, two lava flows were effused in
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Fig. 1. (a) Simplified map of the Japanese islands. (b) Map of Kyushu island showing major active volcanoes (triangles). The Beppu-Shimabara graben
and Unzen graben are outlined by thick lines (Matsumoto, 1993). (c) Simplified geologic map of Unzen volcano after Ui et al. (1999). Distribution
of the volcanic deposits during 1991–1995 and two lava flows in historic times is shown.

Fig. 2. Simplified map of the lava dome formed in the 1991–1995 eruption
(named Heisei-Shinzan). The dome grew exogenously on the eastern
slope, while the western part grew endogenously (Nakada et al., 1999).
Sampling locations (UD and UX) are shown.

1663 and 1792. The most recent activity is the lava dome
eruption that occurred in 1991–1995 (Fig. 1(c)).
In 1991–1995 eruption, the lava dome was emplaced

on the summit of Fugen-dake volcano, which was newly
named Heisei-Shinzan (Fig. 2). The dome exhibited two
different growth styles. Exogenous growth occurred when
new lava was squeezed out from the vent and slowly spread
laterally. Endogenous growth occurred when new magma
was intruded within the dome and no new lava was extruded
on the surface of the dome (Ui et al., 1999). The exogenous
growth occurred when the effusion rate of the lava was high,
while the endogenous growth occurred when the effusion
rate was low (Nakada et al., 1999).
The western part of the dome is covered with abundant

large lava blocks of several meters in diameter, which were
supplied during the final stage of endogenous growth. The

exogenous dome is mainly emplaced on the eastern slope of
Fugen-dake volcano. Although a large part of the dome lost
its initial structure due to partial collapsing or successive
intrusions of endogenous dome, in some localities initial
structures still remain. Around the vent area of dome 11,
the lava dome exhibits some flows with smooth surfaces.
Lava blocks were sampled from the dacitic lava dome

with different growth styles (Fig. 2). Eight exogenous dome
samples (UX1-8) were taken from the vent area of dome
11. Six endogenous dome samples (UD1-6) were taken
from the western part of the dome. We selected fresh lavas,
which did not suffer any redox or secondary reactions, for
sample collection. The dome lava is a plagioclase-phyric
dacite (SiO2 64.5–66.0 wt.%), containing phenocrysts of
plagioclase, hornblende, biotite, quartz, Fe-Ti oxides and
pyroxene (Nakada et al., 1999). The endogenous dome lava
shows higher groundmass crystallinity than the exogenous
dome lava (Nakada and Motomura, 1999).

3. Rock Magnetic Analyses
3.1 Experimental procedures
Almost all the rock magnetic analyses were carried out in

the rock magnetic laboratory at Graduate School of Human
and Environmental Studies, Kyoto University. For the ex-
periments, specimens of 25 mm diameter and 22 mm height
were cut from the lava samples. For thermomagnetic analy-
ses and high-temperature susceptibility measurements, rock
samples were crushed and small chips were prepared.
Thermomagnetic analyses were performed on rock chips

of ∼30 mg using a horizontal thermomagnetic balance. The
samples were heated up to 600◦C and cooled in air, in an ap-
plied field of 0.2–0.4 T. Some experiments were carried out
in an argon atmosphere in order to assess the thermal alter-
ation during the heating. The heating and cooling rates were
about 8◦C/min. Curie temperatures (Tc) were estimated by
the differential method (Tauxe, 1998).
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Fig. 3. Representative thermomagnetic curves of the exogenous dome samples (UX5) in an argon atmosphere (a) and in air (b) and the curves of the
endogenous dome samples (UD3) in an argon atmosphere (d) and in air (e). Solid and dashed lines indicate heating and cooling curves, respectively.
(c) and (f) All heating curves of exogenous and endogenous samples in air. Each curve was normalized by its initial value.

High-temperature susceptibility measurements were per-
formed on rock chips of ∼1.5 g using a furnace attach-
ment to a Bartington MS2 susceptibility meter. The sam-
ples were heated up to ∼660◦C and cooled in air. The heat-
ing and cooling rates were about 8◦C/min. Some experi-
ments were carried out under an argon atmosphere by using
a Kappabridge KLY-3S susceptibility meter with the CS-3
furnace apparatus of AGICO at Science and Engineering
Research Institute, Doshisha University. The heating and
cooling rates were about 11◦C/min.
Acquisition and demagnetization experiments of arti-

ficial remanences, anhysteretic remanence (ARM) and
isothermal remanence (IRM), were performed. For the
measurements of ARM and IRM, we used a spinner magne-
tometer (Natsuhara-Giken SMM-85). ARM was imparted
at 100 mT alternating field with a 0.1 mT direct field. IRM
was given with a pulse magnetizer (Magnetic Measure-
ments MMPM-10) up to maximum fields of 1.7 T. Before
remanence acquisition, samples were demagnetized in an
alternating field of 100 mT using a Natsuhara-Giken AF
demagnetizer (DEM-8601M) with a three-axis tumbler sys-
tem. Then, progressive alternating-field demagnetization
(PAFD) of each artificial remanence was carried out up to a
peak alternating field of 100 mT. After PAFD experiments,
progressive thermal demagnetization (PThD) of orthogonal
IRMs (Lowrie, 1990) was carried out. The orthogonal IRM
was produced by applying a direct field of 1.7 T along the
z-axis, followed by 0.4 T along the y-axis and finally 0.12 T
along the x-axis. Then, PThD was carried out up to 580◦C
in air using an electric furnace in a three-layerμ-metal mag-
netic shield. The residual field in the furnace is less than 7
nT.

3.2 Thermomagnetic analyses
All measured curves for Unzen samples showed com-

pletely reversible shapes (Fig. 3). There was no signifi-
cant difference between the results in air and argon atmo-
sphere, indicating that significant thermal alteration did not
occur during the heating. All the heating curves showed
two distinct inflections at 380–400◦C and at 460–500◦C.
Some endogenous samples showed another inflection above
500◦C (Fig. 3(d) and (e)) but this signal was not clear in the
other samples. Induced magnetization (Js) of the exogenous
dome samples decreased below 40% of the initial value up
to low Tc, while those of the endogenous curves remained
above 40% (Fig. 3(c) and (f)). The data indicated that the
Unzen samples contain two kinds of magnetic minerals with
different Tc (380–400◦C and 460–500◦C) and the relative
amounts of the two magnetic minerals differ between the
exogenous and endogenous samples.
3.3 High-temperature susceptibility
Susceptibility curves did not show so reversible shapes

as thermomagnetic curves did (Fig. 4). This is probably
due to thermal alteration of magnetic minerals during the
experiments. However, both heating and cooling curves
showed same characters as described later. Therefore we
think the characters are intrinsic.
All measured curves of Unzen samples showed three dis-

tinct inflections (Fig. 4). Susceptibility curves gently in-
creased up to 300◦C and then dropped rapidly above 350–
380◦C, implying the presence of magnetic minerals with Tc
of 380–400◦C. Above 400◦C, the decrease of the curves be-
came more gentle and small plateaus occurred around 400–
450◦C. The curves fell again above 450◦C, probably due to
magnetic minerals with Tc of 460–500◦C. Finally the sus-
ceptibility dropped to the lowest value around 500–550◦C,
suggesting the existence of still another magnetic mineral
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Fig. 4. Representative temperature-susceptibility curves of the exogenous dome samples (UX5) in an argon atmosphere (a) and in air (b) and the
curves of the endogenous dome samples (UD4) in an argon atmosphere (d) and in air (e). Solid and dashed lines indicate heating and cooling curves,
respectively. (c) and (f) All heating curves of exogenous and endogenous samples in air. Each curve was normalized by its initial value.

Fig. 5. Normalized IRM acquisition curves for the exogenous dome
samples (circles) and the endogenous dome samples (crosses) in fields
up to 1.7 T. Insert shows the acquisition curves up to 0.2 T.

with high Tc, although all thermomagnetic results did not
indicate a clear signal above 500◦C (Fig. 3). The amount
of the first drop at 350–400◦C for the exogenous samples
is greater than that for the endogenous samples. This is
consistent with the result of thermomagnetic analyses, indi-
cating that relative amounts of magnetic minerals with the
lowest Tc in the exogenous samples are grater than those in
the endogenous samples.
3.4 Acquisition and demagnetization of IRM and

ARM
IRM acquisition curves for Unzen samples rose very

steeply initially and reached over 95% of saturation by 0.2
T (Fig. 5). Complete saturation was achieved by 0.3 T, in-
dicating titanomagnetite as the predominant magnetic min-
eral. The curves of the exogenous samples lay above those
of the endogenous samples. It is suggested that titanomag-
netites with slightly higher coercivities in the endogenous
samples make a greater contribution to the remanences than

those in the exogenous samples.
PAFD curves of ARM always lay above those of IRM,

indicating SD-like behavior (Fig. 6). The endogenous sam-
ples showed higher medium destructive fields for both artifi-
cial remanences than the exogenous samples. This also sug-
gests that higher coercivity grains in the endogenous sam-
ples make a larger contribution to the remanences than those
in the exogenous samples.
The orthogonal IRM were completely demagnetized by

540◦C (Fig. 7). The soft coercivity (<0.12 T) fraction car-
ried most of the IRM and little magnetization remained with
the hard fraction (0.4–1.7 T). This suggests that titanomag-
netite is the predominant magnetic mineral rather than anti-
ferromagnetic phases like hematite or titanohematite. There
was a kink at 400◦C on the curves of soft and median frac-
tion of the exogenous dome samples (Fig. 7(a)), indicating
another titanomagnetite with a different Ti content. On the
other hand, the soft fraction of the endogenous sample was
demagnetized smoothly to zero by 540◦C (Fig. 7(b)). The
median fraction of the endogenous samples made a larger
contribution to the remanence than that of exogenous sam-
ples, suggesting the larger contribution of higher coercivity
grains in the endogenous samples.

4. Microscopic Observation
In order to examine the existence and occurrence of mag-

netic minerals, microscopic observation was carried out on
the lava samples. Polished thin sections were examined by
optical microscopy in reflected light. As a result, various
Fe-Ti oxide minerals were identified. Incidentally, there are
many oxidized lavas at the Unzen dome, which contain Fe-
Ti oxide minerals oxidized to various degrees. Their occur-
rences and characteristics were described in detail by Saito
et al. (2004b). In this study, we eliminated these oxidized
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Fig. 6. Normalized PAFD curves of ARM (circles) and SIRM (diamonds)
for the exogenous samples (a) and endogenous samples (b). ARM was
produced by applying a direct field of 0.1 mT in a peak alternating field
of 100 mT. IRM was imparted in 1.7 T.

samples on the basis of petrologic observation.
Fe-Ti oxide minerals in our samples were character-

ized by homogeneous titanomagnetite and titanohematite.
Hematite or iron sulphide was not identified. This is con-
sistent with the rock magnetic results. Titanomagnetite and
titanohematite occur as phenocrysts up to about 0.5 mm
across. They are optically homogenous discrete crystals
without lamellas. Some titanomagnetite grains mantle with
or attach to titanohematite. Small microphenocryst-sized
crystals are found in the groundmass. The endogenous
dome samples show higher groundmass crystallinity than
the exogenous samples do. The groundmass of the exoge-
nous samples is glassy. The endogenous samples contain
larger amounts of titanomagnetite and titanohematite mi-
crophenocrysts in the groundmass than the exogenous sam-
ples.

5. Discussion
5.1 Magnetic mineralogy
Our results indicate the existence of more than one mag-

netic mineral. Reversible shapes of thermomagnetic curves
indicate titanomaghemite is not contained (Fig. 3). Al-
though susceptibility curves showed slightly irreversible
shapes (Fig. 4), it is hard to say that titanomaghemite con-
tributes the magnetic signals. There is no indication of the
existence of magnetic minerals with high coercivity, such
as hematite. Although titanohematite phenocrysts were ob-
served in the thin sections, the titanohematites are inferred
to have high Ti content and to be thus non-magnetic at and
above room temperature. Previous petrologic studies re-

Fig. 7. Typical PThD results of the orthogonal IRM. (a) is the result of
the exogenous dome samples (UX4) and (b) is the endogenous samples
(UD2). The orthogonal IRM was produced by magnetizing the sample
in 1.7 T along the z-axis (circles), followed by 0.4 T along the y-axis
(triangles) and then 0.12 T along the x-axis (squares).

ported the existence of titanohematite with high Ti content
of ∼0.8 in the dome samples of the Unzen volcano (Naka-
mura, 1995; Venezky and Rutherford, 1999; Nakada and
Motomura, 1999). Therefore we conclude magnetic miner-
als are titanomagnetites with different character.
Thermomagnetic analyses revealed the presence of two

kinds of titanomagnetite with Tc of 380–400◦C and 460–
500◦C. In addition to the two titanomagnetites, high-
temperature susceptibility measurements suggested the ex-
istence of another titanomagnetite with higher Tc above
500◦C. The orthogonal IRM did not demagnetized com-
pletely below 500◦C and complete demagnetization oc-
curred at 540◦C, which also indicate the existence of titano-
magnetite with Tc of ∼540◦C.
Although the presence of three kinds of titanomagnetites

with different Tc values were suggested based on the ther-
mal behaviors of Js, susceptibility and IRM, all samples did
not show all of the magnetic signals of the three titano-
magnetites. The different behaviors in the thermal exper-
iments may be caused by the difference in relative amounts
of the three magnetic minerals in the samples. The thermo-
magnetic results did not indicate the presence of the high-
Tc titanomagnetite clearly. The amount of the high-Tc ti-
tanomagnetite seems to be very small. The signals of the
low- and middle-Tc titanomagnetites were clearly detected.
The two titanomagnetites are therefore regarded as the main
magnetic minerals. In addition, the lower the Tc of titano-
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Fig. 8. Curie temperature (solid line) and saturation magnetization
(dashed line) of titanomagnetite as a function of Ti content x after Hunt
et al. (1995). The values of titanomagnetites in Unzen samples are also
shown as grey bars.

magnetite becomes, the lower its saturation magnetization
(e.g. Dunlop and Özdemir, 1997; Fig. 8). Js of the low-
Tc titanomagnetite is about 70% of that of the high-Tc ti-
tanomagnetite. This implies that the ratio of the amount of
the low-Tc titanomagnetite to the other titanomagnetites is
actually higher than the apparent ratio indicated by the Js
(Fig. 3) and IRM (Fig. 6) curves.
The orthogonal IRM results of the endogenous samples

did not show clear signals from the low-Tc titanomagnetite,
while the exogenous samples showed a large drop at 400◦C
(Fig. 7). The thermomagnetic and high-temperature sus-
ceptibility results indicated that the low-Tc titanomagnetite
makes a greater contribution to Js or susceptibility in the
exogenous samples than the endogenous ones (Figs. 3 and
4). It is inferred that the endogenous samples do not con-
tain as much of the low-Tc titanomagnetite as the exogenous
samples.
We conclude that Unzen samples contain three kinds

of titanomagnetites, whose Tc is about 380–400◦C, 460–
500◦C and ∼540◦C respectively. The lowest and middle Tc
titanomagnetites are predominant compared to the highest
Tc titanomagnetite. The exogenous samples contain larger
amount of titanomagnetite with the lowest Tc than the en-
dogenous samples.
5.2 Magnetic granulometry
Acquisition and demagnetization of IRM and ARM ex-

periments indicated that the contribution of the higher co-
ercivity grains differ between the endogenous and exoge-
nous samples. All the results from the endogenous samples
showed larger contribution of the higher coercivity grains
to the remanence than those from the exogenous samples.
Generally speaking, the smaller grain size of titanomag-
netite becomes, the higher its coercivity becomes (e.g. Dun-
lop and Özdemir, 1997). This suggests that the dominant
grain size of titanomagnetite in the endogenous samples is
smaller than that in the exogenous samples.
The ratio of susceptibility to SIRM (Thompson and Old-

field, 1986) is also useful for estimating magnetic granu-
lometry. While initial susceptibility values of both samples

Fig. 9. Bilogarithmic susceptibility versus SIRM plot for the exogenous
samples (solid squares) and the endogenous samples (open squares).
High concentrations of magnetic minerals plot towards the top right and
small grains plot towards the top (Thompson and Oldfield, 1986).

were concentrated in the range 6.3–8.5×10−6 m3/kg, SIRM
values were relatively scattered (Fig. 9). The endogenous
samples showed higher SIRM values than the exogenous
ones. It is implied that the dominant grain size are smaller
in the endogenous samples than the exogenous ones.
These results are consistent with microscopic observa-

tion. Microscopic observation revealed that the endoge-
nous samples contain larger amount of titanomagnetite mi-
crophenocrysts than the exogenous samples. The exoge-
nous samples lack these small microphenocrysts, resulting
in glassy groundmass. This difference between the endoge-
nous samples and exogenous samples seems to cause the
difference in the dominant grain size.
5.3 Genesis of magnetic minerals
Curie temperature of titanomagnetite depends on Ti con-

tent x . X values of Unzen titanomagnetites were estimated
from their Tc by using the equation of Hunt et al. (1995).
Ti contents of titanomagnetite with Tc=540◦C, 460–500◦C
and 380–400◦C were estimated to be about 0.06, 0.13–0.19
and 0.29–0.31, respectively (Fig. 8).
Ti content of titanomagnetite in Unzen lava was previ-

ously reported by some petrologic works. Nakamura (1995)
reported that the Ti content of titanomagnetite were with
0.17 < x < 0.23. Venezky and Rutherford (1999) reported
the values of 0.14 < x < 0.32, while Nakada and Moto-
mura (1999) reported the value of 0.17 < x < 0.35. These
values from petrologic studies are consistent with two ti-
tanomagnetites with 0.13 < x < 0.19 and 0.29 < x < 0.31
in our study. However, the value of 0.06 is not reported
by any previous works. We think this is because this par-
ticular titanomagnetite occurs in very low concentrations.
In addition, this titanomagnetite possibly occurs as small
microphenocryst in the groundmass. As described later,
this Ti-poor titanomagnetite shows the lowest equilibrium
temperature, suggesting it was crystallized as microphe-
nocrysts just before the eruption. The chemical composi-
tions of small microphenocryst are usually difficult to deter-
mine by an electron microprobe analyzer (smaller than 2–3
μm, the spot size of the beam). Therefore, this titanomag-
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Table 1. Characteristics of three titanomagnetites in Unzen dacite. Ti
content x was evaluated by using the equation of Hunt et al. (1995).
Equilibrium state was estimated by a two-oxide geothermobarometer
(Spencer and Lindsley, 1981).

Three titanomagnetites

Tc (◦C) 380–400 460–500 540

Ti content x 0.29–0.31 0.13–0.19 0.06

Temp (◦C) 900–920 780–820 720

log10 fO2 −10.5 −12 −13

netite might not be identified by previous petrologic studies.
On the other hand, rock magnetic analyses are effective for
even small grains because small grains show strong mag-
netism; grains with submicron sizes exhibit SD behavior.
This may be the reason why we can detect the titanomag-
netite.
Next, equilibrium states were estimated by a two-oxide

geothermobarometer (Spencer and Lindsley, 1981). This
estimation needs Ti content y of coexisting titanohematite.
It is noted that titanohematite in the Unzen dacite is rela-
tively homogenous with respect to Ti content, while Ti con-
tent of titanomagnetite is widely distributed and shows re-
verse zoning (Nakamura, 1995). Previous petrologic stud-
ies reported the chemical compositions of titanohematite
were with 0.79 < y < 0.82 (Nakamura, 1995), 0.73 < y <

0.78 (Venezky and Rutherford, 1999) and 0.79 < y < 0.83
(Nakada and Motomura, 1999). For our calculations, we
adopted a y value of 0.8. Although uncertainty about the y
value obscures the estimation, qualitative tendency is plau-
sible and we believe the following estimation is worth dis-
cussing.
As a result, equilibrium temperature of 900–920◦C, 780–

820◦C and 720◦C was estimated from titanomagnetite with
0.29 < x < 0.31, 0.13 < x < 0.19 and x=0.06, respec-
tively, at an oxygen fugacity of 2 log unit higher than the
NNO buffer (Table 1). It is suggested that three titanomag-
netites with different Tc were produced in different equilib-
rium states. The lower the Tc of titanomagnetite becomes,
the higher its equilibrium temperature.
5.4 Implications for magma mixing of the 1991–1995

Unzen dacite
Our study suggested that Unzen samples have three ti-

tanomagnetites with different equilibrium states and the rel-
ative amounts of these titanomagnetites differ between the
exogenous dome samples and endogenous samples. Finally,
we discuss our results in terms of magma mixing during the
1991–1995 eruption.
Under the Unzen volcano, several magma chambers ex-

ist according to GPS measurements (Nishi et al., 1999)
and seismologic analyses (Umakoshi et al., 2001). Petro-
logic studies showed that magma mixing occurred during
the 1991–1995 eruption (e.g. Nakamura, 1995; Nakada and
Motomura, 1999; Holtz et al., 2005; Sato et al., 2005). Al-
though there are still some controversial points, such as pre-
cise positions of magma chambers or detailed processes of
magma mixing, the following scenario is widely accepted.
High temperature mafic and aphyric magma in a deep
magma chamber was intruded into low temperature felsic
and phyric magma in a shallow chamber. Magma mixing

occurred in the shallow chamber and erupted magma was
produced.
Two main titanomagnetites with Tc=460–500◦C and

380–400◦C yielded the equilibrium temperature of 780–
820◦C and 900–920◦C, respectively. These temperatures
correspond with the temperature of the 1991–1995 magma.
According to Holtz et al. (2005), the temperature of mafic
and felsic magma is about 1050◦C and 760–780◦C and the
erupted magma of 870–900◦C was produced by magma
mixing. The equilibrium temperature from titanomagnetite
with Tc=460–500◦C and 380–400◦C is close to the temper-
ature of felsic magma and mixed magma, respectively. This
suggests that titanomagnetite with Tc=460–500◦C is de-
rived from felsic magma and the mixed magma produced ti-
tanomagnetite with Tc=380–400◦C. Incidentally, high tem-
perature mafic magma is aphyric and contain little titano-
magnetite, resulting in no indication in our study.
Titanomagnetite with Tc=∼540◦C showed the lowest

equilibrium temperature of 720◦C, which is lower than
magmatic temperature. This titanomagnetite may be pro-
duced after being squeezed out from the chamber. A tem-
perature of 670◦Cwas measured from the surface of the lava
dome (Taniguchi et al., 1996). The temperature of 720◦C is
suitable for the temperature of the conduit or the inner part
of the dome. Nakada et al. (1999) indicated that a minor
amount of groundmass crystallization continued after dome
formation, though most crystallization was completed be-
fore the magma reached the conduit top. Small amounts of
titanomagnetite with Tc=∼540◦C was possibly produced in
the groundmass after dome formation.
Our study revealed that the exogenous lava samples con-

tain larger amounts of titanomagnetite with Tc=380–400◦C
than the endogenous samples. This titanomagnetite seems
to be derived from the mixed magma about 900◦C. The
exogenous growth occurred when the effusion rate of the
lava was high (Nakada et al., 1999). During the exogenous
growth, magma was squeezed out relatively quickly from
the chamber and rapidly cooled. There are little amount
of microphenocrysts in the glassy groundmass. Therefore,
titanomagnetite from the mixed magma probably becomes
dominant. On the other hand, the endogenous lava was ef-
fused slowly and abundant microphenocrysts were crystal-
lized during the eruption. It is suggested that Ti-poor ti-
tanomagnetite was crystallized at low temperature and the
relative amount of titanomagnetite from the mixed magma
becomes small. These results are consistent with micro-
scopic observation, which indicates the endogenous dome
lava shows higher groundmass crystallinity than the exoge-
nous dome lava. This difference of groundmass crystallinity
was also identified by magnetic analyses. Magnetic granu-
lometry revealed that the dominant grain size of endoge-
nous samples is smaller than that of exogenous samples.
This study has demonstrated that three titanomagnetites

in the 1991–1995 Unzen dacite are probably caused by
magma mixing and eruption process. Another study of our
group revealed that two lava flows in 1663 and 1792 also
contain two kinds of titanomagnetite with different Tc (Saito
et al., 2006). Curie temperature of one of the titanomag-
netites was estimated about 460–470◦C, which is the same
value as the second titanomagnetite of the 1991–1995 lava,
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and this titanomagnetite was contained in both lava flows.
This suggests that the shallow magma chamber, whose tem-
perature is estimated about 780–820◦C, exists over several
hundred years. The other titanomagnetite showed lower Tc
and the value differed between the two lava flows. This sug-
gests that temperature of the mixed magma differ among the
three recent eruptions, resulting in different modes of erup-
tion.

6. Conclusions
The 1991–1995 dacite at Unzen volcano exhibits distinct

magnetic petrologic behaviors associated with magma mix-
ing and eruption processes. Three kinds of titanomagnetite
with different Curie temperature are identified by rock mag-
netic analyses. Titanomagnetites with Tc=460–500◦C and
380–400◦C are the predominant minerals. Small amounts
of titanomagnetite with Tc=∼540◦C is also present. The
equilibrium temperatures of 900–920◦C, 780–820◦C and
720◦C are estimated from titanomagnetites with Tc=380–
400◦C, 460–500◦C and ∼540◦C, respectively. The ex-
ogenous lava samples contain more titanomagnetite with
Tc=380–400◦C and less microphenocrysts of titanomag-
netites than the endogenous samples.
These results are explained as follows. Titanomag-

netite with Tc=460–500◦C was derived from low temper-
ature felsic magma in a shallow magma chamber. Mixed
magma was produced by intrusion of high temperature
mafic magma resulting in the crystallization of titanomag-
netite with Tc=380–400◦C. Finally, after being squeezed
out from the magma reservoir, small amounts of titanomag-
netite with Tc=∼540◦C were crystallized. The exogenous
lava effused quickly and few microphenocrysts were crys-
tallized during eruption, resulting in the dominance of ti-
tanomagnetite from the mixed magma. On the other hand,
the endogenous lava was effused slowly and abundant mi-
crophenocrysts were crystallized, resulting in smaller rela-
tive amount of titanomagnetite from the mixed magma and
smaller dominant grain size of titanomagnetite.
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