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Abstract

We report the results of paleointensity determination with welded pyroclastic flow deposits co-born with widespread tephras
derived from Kikai (K-Ah, 7.3 ka), Aira (AT, 28 ka), and Aso (Aso-1, 270 ka; Aso-2, 140 ka; Aso-3, 120 ka; Aso-4, 90 ka)
calderas in Kyushu Island, Japan. Since the widespread tephras are commonly used as good key layers, their ages and oxygen
isotope stages have been well established. Thermal demagnetization and several rock magnetic experiments showed that
the pyroclastic flow samples had stable remanent magnetizations and are suitable for paleointensity measurements. Using
Thelliers’ method, we obtained reliable paleointensities from six eruptive units, and calculated corresponding virtual dipole
moment (VDM) values ranging from 2.7 to 9.7 × 1022 A m2. VDMs for the youngest units, K-Ah and AT, are consistent
with the global trend of increasing dipole moment for the past 40 kyr. Aso-4, -3 and -1 yield moderate VDMs similar to the
mean paleointensity for the past 1 Myr, and especially, the results from Aso-4 and -3 show good agreement with the VDM
variation between 70 and 130 ka obtained from La Réunion Island [J. Geophys. Res. 96 (1991) 1981; Earth Planet. Sci. Lett.
140 (1996) 173]. A low VDM value and an abnormal VGP position obtained from Aso-2 suggest a possibility that Aso-2
records an excursion-like event occurred around 140 ka between Blake and Jamaica events.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Geomagnetic secular variation studies have been
long focused mainly on fluctuations in the field direc-
tions or on the corresponding pole positions. However,
the secular variation of the geomagnetic field inten-
sity is also important as well as the paleodirectional
works, in order to understand the dynamics of the core
powering the geodynamo.

Paleointensity studies with the records from sed-
imentary cores have been recently developed. Sed-

∗ Corresponding author. Fax:+81-3-5841-8791.
E-mail address: yosihara@sys.eps.s.u-tokyo. ac.jp (A. Yoshihara).

iments are the only material which may record the
behavior of the past geomagnetic field continuously.
In addition, it is generally believed that the intensity
variations recorded in sediments are derived from
the changes in the dipole moment because of the
time-averaged nature of sedimentary magnetizations.
However, the complicated nature of detrital remanent
magnetization (DRM) prohibits us to estimate the
absolute value of the field intensity from the sedi-
mentary record. Thus, there have been some efforts
to construct the reference paleointensity secular vari-
ation curve by combining the sedimentary records
and the paleointensity studies on volcanic rocks. For
example,Guyodo and Valet (1999)determined the
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absolute value of Sint-800, which is their composite
intensity curve for the past 800 kyr, by fitting with the
absolute paleointensity data obtained from volcanic
rocks for the past 40 kyr. The trend of variation in
Sint-800 is consistent with volcanic data and many
sedimentary core data for this period. However, the
reliability for the older period seems debatable, and
it is necessary to be cross-checked with absolute
paleointensity values during the earlier period.

Volcanic records, on the other hand, have the great
advantage for the paleointensity studies. Their mag-
netization processes are relatively well understood,
and can be reliably reproduced in the laboratory, thus,
we can evaluate the absolute values of paleointensity
reasonably. Moreover, the volcanic records do not
suffer from possible environmental factors and from
the time-averaging effect inherent in the sedimentary
acquisition of the remanence. Therefore, volcanic
records can provide better quantitative appraisals of
the past geomagnetic field intensities, despite their
discontinuity.

In the present study, paleointensities were deter-
mined with the pyroclastic flow deposits co-born with
widespread tephras derived from Kikai, Aira, and Aso
calderas in Kyushu Island, Japan. Since dense-welded
pyroclastic flow deposits are considered to possess
thermoremanent magnetization (TRM), they are avail-
able for absolute paleointensity determinations by
Thelliers’ method (Thellier and Thellier, 1959). Their
principal advantage is that the stratigraphic positions
of the simultaneous widespread tephras have been
well established in the oxygen isotopic stratigraphy,
in addition to the ages by a variety of isotope dating
methods, the mineralogy, and the distributions, since
they are commonly used as good key layers over
a wide area including the ocean bottom sediments.
Therefore, paleointensity determinations from these
pyroclastic flows, combined with the information
about the tephras and their oxygen isotope stages,
will be able to be compared precisely with relative
intensity curves obtained from sedimentary cores.
Unfortunately, no relative paleointensity record in-
cluding these tephras has been reported to the present,
and few records have provided the oxygen isotope
data with sufficient resolution to distinguish the
sub-stages. However, when cores of magnetically uni-
form sediments except for including these tephras are
discovered, or cores which are correlated with oxygen

isotope stages to the detail are reported, the absolute
values obtained from the pyroclastic flows would
be able to provide the calibration points of virtually
error free in the age for the relative intensity curve.
Aside from a possibility of calibration of sedimentary
records, the paleointensity determinations with these
pyroclastic flows have large significance in that their
ages are strictly tied to the oxygen isotope stages,
being essentially different from other absolute data.

2. Geology and sampling

Kyushu Island is located in the southwest of
Japan (Fig. 1). In Kyushu Island, there are four large
calderas (Aso, Aira, Ata, and Kikai calderas) with
diameters of about 20 km along the volcanic front
originated from the subduction of the Philippine Sea
plate. These calderas are considered to have been
formed during the middle to late Pleistocene time,
by several explosive eruptions accompanied with
widespread tephras and pyroclastic flows. The targets
of the present study are the dense-welded pyroclas-
tic flow deposits co-born with widespread tephras of
Aso, Aira, and Kikai calderas (Fig. 1). Welded pyro-
clastic flow deposits of these calderas are widely dis-
tributed in Kyushu Island, and generally well suited
for paleomagnetic researches.

Aso volcano is one of the largest calderas in the
world and covers an area of 380 km2. It is well known
that the pyroclastic flow deposits are divided into four
major eruptive units which have occurred between 90
and 270 ka. They were accompanied by four sets of
the pyroclastic flow and widespread tephra referred to
as Aso-1, -2, -3, and -4 in ascending order. Further-
more, Aso-2, -3, and -4 are divided into two (Aso-2A
and -2B), three (Aso-3A, -3B, and -3C), and two
subunits (Aso-4A and -4B), respectively (Ono et al.,
1977). The samples were collected at 13 sites from
five subunits (Aso-l, -2A, -2B, -3B, -4A, and -4B) of
four eruptive units. At Aira and Kikai calderas, we
collected Ito pyroclastic flow deposits co-born with
Aira-Tn (AT) tephra with an age of 29 ka (Okuno,
2001; Shirai, 2001), and Funakura pyroclastic flow
deposits co-born with Kikai-Akahoya (K-Ah) tephra
with an age of 7.3 ka (Okuno, 2001; Shirai, 2001), re-
spectively. These widespread tephras are thought to
have spread over distances of at least 1300 km. In this



A. Takai et al. / Physics of the Earth and Planetary Interiors 133 (2002) 159–179 161

Fig. 1. Map of Kyusyu Island, showing the calderas and the sampling sites (solid circles).

paper, for convenience of description, we use the ab-
breviation of the widespread tephra (i.e. K-Ah, AT,
Aso-1, -2, -3 and -4) as a name for each eruptive unit
(set of pyroclastic flow and widespread tephra).

The lithology of Aso-1 is represented by pyroxene
rhyolite, and that of Aso-2 and -3 is represented by
pyroxene rhyolite and andesite. Aso-4 is character-
ized by pyroxene-homblende rhyolite and dacite (Ono
et al., 1977). For AT and K-Ah, pyroxene rhyolite

Table 1
Results of age determination recently reported

Tephra name Dating method Age (ka) δ18O stage Reference

K-Ah 14C 7.3 1 Okuno (2001)
A-Tn 14C 29 3a (29 ka) Okuno (2001), Shirai (2001)
Aso-4 K-Ar 89 ± 7 5b (88 ka) Matsumoto et al. (1991), Shirai (2001)
Aso-3 K-Ar 123± 6 5e (122 ka) Matsumoto et al. (1991), Yoshikawa and Kuwae (2001)
Aso-2 K-Ar 141± 5 Matsumoto et al. (1991)
Aso-1 K-Ar 266± 14 8b (255 ka) Matsumoto et al. (1991), Shirai (2001)

14C ages are after atmospheric radiocarbon calibration (Kitagawa and Plicht, 1998). Oxygen isotope stages are also represented.

and pyroxene dacite are representative, respectively.
The eruptive age for each widespread tephra has been
well investigated by several previous studies using a
variety of dating methods. Moreover, because these
tephras are distributed over a wide area including the
bottom of the sea, oxygen isotope stages correspond-
ing to these tephras were also generally well known.
The most recent reliable ages are summarized in
Table 1.



162 A. Takai et al. / Physics of the Earth and Planetary Interiors 133 (2002) 159–179

Table 2
List of the sampling localities of dense welded pyroclastic flow
deposits co-born with widespread tephras

Unit Site Longitude (E) Latitude (N)

K-Ah (Funakura flow) YM1 130◦25′10′′ 30◦48′42′′
AT (Ito flow) AT 130◦47′39′′ 31◦46′41′′

Aso-4B IB 131◦16′41′′ 33◦57′57′′
ST 131◦17′52′′ 32◦56′36′′

Aso-4A YM20 131◦16′48′′ 33◦14′58.4′′
YM24 131◦12′50′′ 33◦9′2′′
YM18 131◦17′25′′ 33◦25′′
WZ 131◦271′5′′ 32◦57′41′′

Aso-3B AS3 131◦21′34′′ 32◦54′09′′
AY3 131◦24′40′′ 32◦55′36′′

Aso-2B AY2 131◦08′50′′ 32◦56′35′′
SD21 131◦08′03′′ 32◦59′38′′

Aso-2A AS2 131◦12′08′′ 32◦59′55′′
SD20 131◦07′53′′ 32◦59′28′′

Aso-1 AS1 131◦13′32′′ 32◦59′32.5′′

We sampled the dense-welded pyroclastic flow
deposits of the above mentioned six eruptive units de-
rived from three calderas. The details of the sampling
localities are given inTable 2. In each sampling site,
6–17 samples oriented by a magnetic compass were
collected. At site AS1 (Aso-1), grayish and reddish
colored rocks were observed, and both types of the
samples were collected.

3. Paleomagnetic directions

To separate characteristic remanent magnetiza-
tion (ChRM) components of the samples, we carried
out thermal demagnetization (ThD) experiments, in
which the samples were heated in at least 12 tem-
perature steps up to around 600◦C. All the heating
procedures were conducted in air with a Natsuhara
thermal demagnetizer, in which the residual field in
the shield was maintained at less than 20 nT. Rema-
nent magnetizations were measured with an AGICO
spinner magnetometer. The natural remanent mag-
netization (NRM) intensities of most samples range
from 1 to 8 A/m. Typical examples of demagneti-
zation diagrams are shown inFig. 2 by orthogonal
projections of magnetization vectors. The NRMs of
these samples mainly consist of one or two magneti-

zation components. Low temperature components of
the two-component samples seem to be the viscous
remanences, which were removed at the low tempera-
tures below∼400◦C. Almost all of the stable ChRM
components were unblocked at the temperatures be-
tween 550 and 600◦C, indicating that the NRMs
are mainly carried by magnetite or Ti-poor titano-
magnetite. However, some reddish samples from site
AS1 showed much higher unblocking temperatures
up to ∼635◦C (Fig. 2d), suggesting the existence of
hematite. The demagnetization curves for the samples
from site YM1 and AT, and some samples from AS1
were obtained from the demagnetization procedures
included in the Thelliers’ experiments (seeSection 5).

All the ChRM directions show north-seeking de-
clinations and positive inclinations, and are well
clustered within each site and unit as summarized
in Table 3. For calculations of the site-mean and the
unit-mean directions, all the results from the ThD
and Thelliers’ experiments were used. InTable 3, the
bracketed numerals show the number of the specimens
used only for the ThD experiments and their direc-
tional data. Since they do not differ from the overall
means, inclusion of the results from the Thelliers’
experiments has no adverse effect. Some previous
works also reported detailed paleomagnetic directions
for these eruptive units, and their unit-mean direc-
tions are also given inTable 3. Fujii and Nakajima
(1998) obtained the paleomagnetic directions using
K-Ah ash flow deposits of northern Kyushu, and AT
co-ignimbrite ash and pyroclastic flow deposits of
several parts of Japan. And more recently,Fujii et al.
(2001) reported the results obtained from welded
tuffs in the four units of the Aso pyroclastic flow
deposits of central Kyushu. For Aso-2,Shibuya et al.
(1999) also determined the paleodirections using
dense-welded pyroclastic flow deposits. A visualized
comparison with equal area projections between the
results of this study and the previous works is shown
in Fig. 3. Our unit-mean directions closely agree with
the well-grouped previous results from an enough
number of the sites, suggesting that the ChRMs have
been acquired in a short enough time interval. The
unit-mean directions of AT, K-Ah, Aso-1, and -4
are reasonably close to the geocentric axial dipole
(GAD) field direction of the sampling area (Fig. 3a
and b), scattering within the range of secular variation.
Relatively large easterly declinations for Aso-3
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Fig. 2. Typical results of ThD. Open (solid) symbols represent the vector endpoints projected onto the vertical (horizontal) plane. Numbers
beside the symbols represent temperatures (◦C). The diagram for AT22c (a) was obtained by the demagnetization procedure included in
the Thelliers’ experiment.

(Fig. 3a and b) and abnormally steep inclinations
for Aso-2 (Fig. 3c and d) are observed both in the
present and previous results. For Aso-2, especially,
a corresponding virtual geomagnetic pole (VGP)

position calculated from our unit-mean direction is at
49◦N, 119◦E, which differs more than 40◦ from the
geographic pole. This implies that Aso-2 might have
recorded an excursion-like event.
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Table 3
Summary of the paleomagnetic directions

Unit Reference Site n Dec (◦) Inc (◦) α95 (◦) k

K-Ah This study YM1 4 (0) −6.1 (–) 46.4 (–) 4.8 (–) 369.4 (–)
Fujii and Nakajima (1998) 3 2.5 52.3 4.2 865.3

AT This study AT 13 (0) 10.7 (–) 45.8 (–) 2.6 (–) 678.0 (–)
Fujii and Nakajima (1998) 51 8.9 50.3 1.2 277.8

Aso-4 This study IB 9 (3) −2.9 (−2.5) 41.8 (42.3) 2.0 (6.6) 692.5 (345.4)
ST 8 (2) −5.5 (−4.6) 39.9 (38.5) 2.1 (7.3) 709.0 (1181.2)
YM20 12 (4) −6.7 (−6.7) 42.3 (41.3) 1.7 (12.7) 622.1 (386.3)
Mean 3 −5.0 (−4.6) 41.3 (40.7) 2.9 (3.8) 1769.4 (1030.5)

Fujii et al. (2001) 14 −5.2 42.0 2.4 271.0

Aso-3 This study AS3 10 (2) 31.6 (27.8) 49.6 (49.8) 1.9 (20.3) 669.2 (1397.9)
AY3 7 (1) 36.0 (35.2) 50.5 (52.9) 2.3 713.0
Mean 2 33.8 (30.2) 50.1 (50.9) 6.5 (4.4) 1494.0 (523.2)

Fujii et al. (2001) 9 35.7 51.0 3.5 216.7

Aso-2 This study AY2 9 (2) 3.5 (5.9) 76.0 (76.3) 2.1 (2.6) 619.0 (8952.6)
SD21 10 (3) −80.3 (−85.1) 80.9 (81.0) 1.8 (1.9) 749.2 (4431.4)
AS2 9 (2) −31.4 (−41.9) 77.8 (79.6) 2.7 (25.6) 363.1 (97.5)
SD20 9 (3) −12.2 (−17.1) 82.6 (83.1) 2.3 (3.2) 500.9 (1474)
Mean 4 −25.9 (−29.8) 80.8 (81.7) 7.8 (8.0) 138.5 (133.3)

Fujii et al. (2001) 6 −6.6 76.4 4.7 204.9
Shibuya et al. (1999) 6 9.1 78.8 4.4 235.0

Aso-1 This study AS1 9 (0) 2.2 (–) 51.4 (–) 1.8 (–) 660.3 (–)
Fujii et al. (2001) 5 3.4 49.0 5.2 217.6

n, number of specimens (or site-mean data); Dec, site (or unit)-mean declination; Inc, site (or unit) mean inclination;α95, 95% confidence
limit; k, precision parameter. For calculations of the mean paleomagnetic directions, all the results from ThD and Thelliers’ experiments
were used. Bracketed numerals show the number of specimens used only for ThD experiments and their directional data. Unit-mean
directions from the previous reports byFujii and Nakajima (1998), Shibuya et al. (1999), andFujii et al. (2001)are also given.

4. Rock magnetism

To assess whether the samples are suitable for
Thelliers’ method, several rock magnetic properties
of the samples were investigated. Hysteresis curve
measurements and thermomagnetic analyses were
carried out with a PMC MicroMag 3900 vibration
sample magnetometer (VSM). As a result of these ex-
periments, it was recognized that most of the samples
are suitable for paleointensity determination.

4.1. Hysteresis measurements

Hysteresis loop parameters provide important infor-
mation about the dominant magnetic minerals in rock
samples and their grain size distribution. Hysteresis
loops were measured with several samples for each
site under a maximum magnetizing field of 500 mT.

Fig. 4shows typical examples of the hysteresis loops,
in which paramagnetic components were subtracted
assuming that the ferromagnetic components were
saturated by 400 mT. Typical coercivity (Hc) values
range from 6.3 to 33.9 mT, and these low Hc values
are indicative that the dominant magnetic mineral con-
tained in the samples is magnetite or titanomagnetite.
Assuming that the dominant mineral is pure mag-
netite, its typical content in the samples derived from
the saturation magnetization (Ms) is 0.25–2.1 wt.%.
The observed hysteresis parameters of the samples
from all units were plotted on a Day plot (Day et al.,
1976, 1977) (Fig. 5). This magnetic domain-state di-
agram represented by Mrs/Ms versus Hrc/Hc (Mrs:
saturation remanent magnetization; Hrc: remanent co-
ercivity) was designed to estimate magnetic grain size.
In this diagram, the critical values of SD–PSD and
PSD–MD state transitions are represented by the lines
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Fig. 3. Mean paleomagnetic directions with their 95% confidence limits. Solid circles are plotted on the lower hemisphere by an equal
area projection. The star shows the present geomagnetic field direction of the sampling area. In situ unit-mean directions of K-Ah, AT,
and Aso-1, -3, -4 by this study (a); the previous works (Fujii and Nakajima, 1998; Fujii et al., 2001) (b); in situ site-mean directions of
Aso-2 by this study (c); comparison of the unit-mean directions of Aso-2 between this study and the previous reports (Shibuya et al.,
1999; Fujii et al., 2001) (d).

(SD: single-domain; PSD: pseudo-single-domain;
MD: multidomain). As shown inFig. 5, the magnetic
grain size of most of the samples is small enough to be
in the PSD state, indicating that these samples can be

used for paleointensity determinations by Thelliers’
method. This result is consistent with the microscopic
observations for these samples with a scanning elec-
tron microscope (SEM) that many lamellaes created by



166 A. Takai et al. / Physics of the Earth and Planetary Interiors 133 (2002) 159–179

Fig. 4. Examples of the hysteresis loops at the room temperature.
Paramagnetic components were subtracted.

high temperature oxidation divide the magnetic crystal
into small sub-grains. The existence of the lamellaes is
one of the evidences that these magnetic minerals can
be stable carriers of TRM. The grain size of some of
the Aso-4 samples is in the MD state or significantly
separated from the PSD state. The SEM observations

Fig. 5. The Day plot (Day et al., 1976, 1977)for the samples
from all of the units. Domain states are represented in the regions
enclosed by the lines. SD: single domain; PSD: pseudo-single
domain; MD: multidomain.

also support that the magnetic grains in these samples
have a large size of the order of 10–100�m without
lamellaes. Hence, for these samples, the results of
paleointensity determination were not used for the
calculation of the unit-mean paleointensity value.

4.2. High temperature measurements of rock
magnetic properties

In order to determine Curie temperatures and con-
strain dominant magnetic minerals of the samples, we
measured high field thermomagnetic curves in helium
atmosphere with heating (up to 700◦C) and cooling
rates of 35◦C/min, applying a field of 500 mT.Fig. 6
shows some examples of the thermomagnetic curves.
The Curie temperatures for the samples represented
in Fig. 6a and bare around 580◦C, and most of the
samples have a Curie temperature ranging between
550 and 595◦C. Thus, their magnetic careers are
magnetite or Ti-poor titanomagnetite, and they seem
to have been affected by high temperature oxidation.
As mentioned above, this is also supported by the
SEM observations which clarified the existence of the
lamellaes in the magnetic grains. Reversible nature
represented byFig. 6aindicates that magnetic proper-
ties in this sample have been rarely affected by heating
up to 700◦C. Fig. 6b shows an example of the irre-
versible curve, which results from chemical alteration
of the sample by heating up to the high temperature
of 700◦C. This behavior can be explained as Ti-poor
regions formed during the in situ high temperature
oxidation have been reduced to titanomagnetite of
intermediate composition during the laboratory heat-
ing. As shown inFig. 6c, the high Curie temperature
of 635◦C indicates that hematite is also contained in
this sample. This result was obtained from the reddish
rock samples from site AS1, and is consistent with
the result of ThD (seeSection 3). Fig. 6a and ccor-
respond to the grayish and reddish colored samples
from the same site (AS1), respectively. Thus, the dif-
ference of magnetic minerals between those samples
may be attributable to the difference in depositional
environments (i.e. oxidizing or reducing conditions).

The degree of chemical alternation of the magnetic
minerals during the laboratory heating was examined
further for six samples by observing the hysteresis pa-
rameters after heating.Fig. 7shows the normalized Ms
values at the room temperature after stepwise heating
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Fig. 6. Examples of the thermomagnetic curves. (a) Reversible
curve from the grayish sample of Aso-1, showing a Curie temper-
ature of 591◦C. (b) Irreversible curve from the sample of Aso-4,
showing the Curie temperature of 570◦C. (c) Reversible curve
from the reddish sample of Aso-1, showing a Curie temperature
of 635◦C.

Fig. 7. Change in the Ms values derived from the room temperature
hysteresis measurements after stepwise heating. The Ms values are
normalized by the original value before heating.

up to 500–640◦C. Although no significant change in
Ms value is observed in the temperature range up to
400◦C, the specimens from site AS1 (AS115) and
AY2 (AY203) show considerable change due to chem-
ical alteration after heating to temperatures higher
than 500 and 600◦C, respectively, at which the Ms
values increased more than 10% of the original val-
ues. Therefore, in the Thelliers’ experiments for the
samples from these two sites, the data points higher
than 500 and 600◦C, respectively, were not used for
the paleointensity determinations (seeSection 5).

5. Paleointensity determinations

Paleointensity determinations were made for the
samples of six eruptive units of dense welded pyro-
clastic flow deposits (15 sites), and we obtained suc-
cessful results from the samples from 11 sites.

The technique used for the absolute paleointensity
determinations isCoe’s (1967)modified Thelliers’
method. More than eight sequences of double heating
procedures were carried out, and applied magnetizing
field was controlled at 25, 30, or 40�T, depending
on the ability of TRM acquisition for each sample.
In order to monitor possible chemical alterations by
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laboratory heating, magnetic susceptibility measure-
ments at room temperature were performed after each
heating step with a Bartington MS-2 susceptibility
meter. In addition, the pTRM (partial thermorema-
nent magnetization) test (Coe, 1967), which checks

Fig. 8. Typical successful results of the Thelliers’ experiments for YM2O3a (Aso-4) (a) and AS36a (Aso-3) (b). The demagnetization curves
(left) and NRM–TRM diagrams (right) with the results of susceptibility measurements (right-upper inset). In the NRM–TRM diagram,
units of the NRM and TRM axes are normalized by the original NRM intensity, NRM0. Solid (open) circles indicate the data points used
(rejected) for the straight-line fitting. Numbers beside the points show temperature steps (◦C). Open triangles show the data points of the
pTRM test. Susceptibility values (χ ) are normalized by the original value (χ0).

reproducibility of pTRMs, was carried out at least
four times in the sequences of double heating. In the
NRM–TRM diagram, in which the remaining NRM
value was plotted versus the acquired TRM value for
each heating step, a least-squares fitting was made for
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the data points corresponding to the ChRM with the
treatment byYork (1966, 1968). The criteria for data
analysis were based on the following three tests. (1)
The change in susceptibility after each heating step
should be less than 20% of the original value. (2)
In the linear segment, the pTRMs should be repro-
duced within the experimental errors of the previously
acquired TRMs at the same temperature. The exper-
imental errors were estimated with the method pro-
posed byKono and Tanaka (1984), in which we used
the error estimates for various sources, such as errors
in applied magnetic field control of 0.1�T, in inten-

Fig. 9. NRM–TRM diagrams of typical successful results from K-Ah (a), AT (b), Aso-2 (c), and Aso-1 (d).

sity measurement of 2.5%, in direction measurement
of 2.5◦, etc. (3) The linear segment should consist
of more than four data points, and their correlation
coefficient should exceed 0.99.

Two typical successful examples are shown in
Fig. 8, in which the demagnetization curves (left) and
the NRM–TRM diagrams (right) with the results of
susceptibility measurements (right-upper inset) for
sample YM2O3a (a) and AS36a (b) are represented.
The data in the NRM–TRM diagram and the suscepti-
bility values were normalized by the original values of
NRM and susceptibility before heating, respectively.
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The linear segments used for paleointensity determi-
nation were drawn with the solid data points in the dia-
grams, and the results of the pTRM test were indicated
by the open triangles. InFig. 8, the demagnetization
curves of YM2O3a (a) and AS36a (b) show that the
low temperature components up to 150 and 400◦C,
respectively, contain the secondary magnetizations.
Hence, the data points of these temperature ranges
were rejected for the straight-line fittings in the dia-
grams. We also rejected the data points above 450◦C
for YM2O3a (a), and the points of 400 and 570◦C for
AS36a (b) because these data reduce the correlation
coefficients to less than 0.99, although some of them
pass the pTRM test and the susceptibility values of
these samples did not change more than 20% of the
original values. Typical successful examples of the
NRM–TRM diagram for another four units are shown
in Fig. 9. We selected the temperature ranges for the
straight-line fitting using the same procedures as ex-
plained above. As shown in most of the diagrams, a
few data points at higher temperatures deviate from
the fitted straight line, and some of them show large
changes in susceptibility and negative results of the
pTRM test. For example, inFig. 9d, the data points of
430 and 460◦C did not pass the pTRM test due to the
chemical alteration by the repeated heating, showing
relatively large change in susceptibility. Thus, these
data points were not used for the straight-line fitting.

Summary of the results is given inTable 4. For each
sample, the slope of the linear segment,b, the standard
error of the slope,σb, and the correlation coefficient,
r, were calculated. The factorsf (fraction of total
extrapolated NRM spanned by the linear segment),g
(gap factor for the data points in the linear segment),
and q (combination of these parameters defined as
q = |b|fg/σb) relating to the quality of the paleointen-
sity determination, and weighted site-mean intensities
were also calculated following the algorithm given by
Coe et al. (1978). The samples with a large magnetic
grain size (larger than PSD state) did not pass the cri-
teria, except for the samples from site ST. Although
the samples from site ST seem to have yielded plau-
sible paleointensity values, they were not used for the
calculation of the unit-mean intensity. For AT, we ex-
amined the effect of anisotropy of TRM acquisition on
the paleointensity results using three samples, AT01,
AT02 and AT25. Two or three cylindrical specimens
were taken from each core sample, and one of them

was placed in the magnetizer so that the axis of sym-
metry of the specimen was perpendicular to the mag-
netizing field direction. And the other specimens were
magnetized in a direction parallel to their axes of sym-
metry. As shown inTable 4, no significant difference
in the paleointensity values between the specimens
can be recognized for these three samples, suggesting
that the paleointensity results from AT were hardly
affected by anisotropy of TRM acquisition.

As summarized inTable 4, similarity of the pa-
leointensity values obtained from each site and unit
suggests that the experiments were carried out accu-
rately. The unit-mean intensity values calculated from
the unweighted site-means for K-Ah, AT, Aso-4, -3,
-2 and -1 are 37.8 ± 6.6, 23.6 ± 1.2, 45.9 ± 5.2,
31.8±3.6, 20.4±3.8 and 31.0±3.4�T, respectively.

6. Discussions

6.1. Comparison with other paleointensity records

The eruptive unit-mean paleointensity values of
K-Ah, AT, Aso-4, -3, -2 and -1 yield the virtual dipole
moment (VDM) values of (7.6 ± 1.3), (4.8 ± 0.2),
(9.7 ± 1.1), (6.1 ± 0.7), (2.7 ± 0.5), and (5.9 ± 0.6)
× 1022 A m2, respectively (Table 4). For the VDM
calculation, the unit-mean inclinations of the respec-
tive units were used. Except for Aso-2, the mean
inclination for each unit is almost the same as that of
the GAD field at the sampling area. Hence, there is
no difference between the VDM and the virtual axial
dipole moment (VADM) for these five units (Table 4).
On the other hand, the VADM of 3.8× 1022 A m2 for
Aso-2 is slightly larger than the VDM because of its
abnormally steep inclination.

In Fig. 10, we plotted our VDM results as a function
of age and compared with other volcanic and sedimen-
tary paleointensity data.Fig. 10aincludes absolute pa-
leointensities extracted from the most recent available
compilation of paleointensity so-called ‘Montpellier
1998’ database (Perrin et al., 1998), and recently pub-
lished data from Kohala Mountain, Hawaii (Brassart
et al., 1997) and La Guadeloupe Island, French West
Indies (Carlut and Quidelleur, 2000). Fig. 10bshows
the comparison with the global composite curve called
Sint-800 constructed byGuyodo and Valet (1999),
which is a stack of 33 relative paleointensity records.
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In Sint-800, the absolute scale is determined as VADM
by fitting the relative intensity variation for the past
40 kyr with the absolute paleointensity data obtained
from the volcanic rocks. In both graphs, the 1� range
of the averaged VDM value of(7.8±3.4)×1022 A m2

for the past 1 Myr calculated from the database is
shown in gray. As shown inFig. 10, the VDMs from
K-Ah, AT, Aso-4, -3 and -1 do not differ much from
the average value for the past 1 Myr, being within the
1� range. The results from K-Ah and AT are perfectly
consistent with the clear-cut trend that the dipole mo-
ment has been increasing for the past 40 kyr after the
Laschamp event, which can be observed in both of
volcanic and sedimentary records. For the absolute
data older than 200 ka, as can be seen inFig. 10a,

Fig. 10. Comparison with other volcanic and sedimentary paleointensity data. The VDM values obtained in this study are represented
by the solid circles. (a) Comparison with the other volcanic data (open circles) extracted from the ‘Montpellier 1998’ database (Perrin
et al., 1998), and recently published data from Hawaii (Brassart et al., 1997) and French West Indies (Carlut and Quidelleur, 2000). (b)
Comparison with Sint-800 (Guyodo and Valet, 1999) (open circles). The absolute scale for Sint-800 was determined as VADM. The 1�

range of the averaged VDM for the past 1 Myr calculated from the database is shown in gray.

most of the age controls seem to be much less certain
than the younger ones, prohibiting us to characterize
the dipole variation on time scales of the order of
10 kyr. The result from Aso-1 has large significance
in that it is one of the best-dated absolute data with
the ages older than 200 ka.

In the interval between 70 and 130 ka, almost all of
the volcanic VDM values reside within the 1� range
of the average VDM for the past 1 Myr (Fig. 10a), and
this compilation hardly recognizes such a duration of
low dipole moments between 100 and 120 ka con-
cerning the Blake event as displayed in Sint-800 curve
(Fig. 10b). The numerous absolute paleointensity
data obtained from a volcanic sequence of La Réu-
nion Island (Chauvin et al., 1991; Raı̈s et al., 1996)
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Fig. 11. Absolute VDM variation with the interpolated ages from La Réunion Island byChauvin et al. (1991)(open squares) andRäıs
et al. (1996)(open circles), and other available data for the period between 70 and 130 ka (open triangles) from Sicily (Tric et al., 1994),
Germany (Schnepp, 1996), Hawaii (Brassart et al., 1997), French West Indies (Carlut and Quidelleur, 2000). The results from Aso-4 and
-3 are shown by the solid circles. The 1� range of the averaged VDM for the past 1 Myr calculated from the database is shown in gray.

are quite informative to investigate the variation of the
dipole moments in this time interval in further detail.
Räıs et al. (1996)observed a linear extrusion rate in
their sampled section using K-Ar ages, and calculated
an interpolated age for each lava flow. Following the
same approach, we estimated an age for each cooling
unit of Chauvin et al. (1991)andRäıs et al. (1996), as-
suming a constant extrusion rate between flows dated
by K-Ar method.Fig. 11 shows the absolute VDM
variation with the interpolated ages from La Réunion
Island and other available data for the period between
70 and 130 ka from Sicily (Tric et al., 1994), Ger-
many (Schnepp, 1996), Hawaii (Brassart et al., 1997),
French West Indies (Carlut and Quidelleur, 2000), and
Aso-4 and -3 (this study). One can see that the results
of Aso-4 and -3 show remarkable agreement with the
La Réunion Island results, although both areas are
much separated from each other, and each value is
considered to be a spot-measure of the geomagnetic
field. The La Réunion Island results indicate two
troughs of low dipole moments around 95 and 115 ka,
which coincide with the duration of the Blake event
documented in Sint-800 (Fig. 10b). Räıs et al. (1996)
interpreted the observed vector change at 115 ka as a
partial record of the Blake event. Hence, we conclude
that the occurrence of Aso-3 was just before the Blake
event, or at the beginning of this geomagnetic episode.

The large east-seeking declination observed in Aso-3
also might imply that, at the time of the Aso-3 erup-
tion, the non-dipole component were relatively strong
compared with the dipole, being related to the be-
ginning of the Blake event. As can be seen from
Fig. 10b, there is a considerable difference between
the Aso-4 result and the Sint-800 curve. However, all
the absolute VDMs between 70 and 90 ka (Fig. 11)
are significantly larger than the moments of Sint-800,
suggesting that the amplitude of the intensity variation
of Sint-800 for this time interval has been reduced
due to the stacking of many sedimentary records.

6.2. Excursion-like event recorded by Aso-2

The result from Aso-2 requires special attention.
Its low VDM value of (2.7 ± 0.5) × 1022 A m2 cor-
responds to about 35% of the mean value for the
past 1 Myr (Fig. 10), and even taking the VADM of
3.8×1022 A m2, the moment is much smaller than the
average.Shibuya et al. (1999)previously reported low
paleointensity values of the pyroclastic flow deposits
of Aso-2 ranging from 23 to 27�T, which are similar
to the present results. In addition to its abnormal VGP
(49◦N, 119◦E) position as described inSection 3, this
weak intensity also supports the possibility that Aso-2
records an excursion-like event. As mentioned earlier,
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we interpret that Aso-3 has occurred just before the
Blake event, and there seems to be a considerable
age difference between Aso-2 and the Jamaica event
occurred around 180–190 ka (e.g.Champion et al.,
1988). Therefore, we consider that the geomagnetic
event recorded by Aso-2 cannot be correlated with
these two previously known excursions. As shown in
Fig. 10b, however, there is no significant intensity drop
which corresponds to the low intensity obtained from

Fig. 12. Stacked relative paleointensity curves obtained from Açores area in north Atlantic (Lehman et al., 1996) (a), Ontong–Java in
western equatorial Pacific (Tauxe and Shackleton, 1994) (b), and Leg. 138 in eastern equatorial Pacific (Meynadier et al., 1995) (c). The
troughs interpreted as the Blake and Jamaica events, and the intensity drops with similar ages to that of Aso-2 are indicated by the lines.

Aso-2 between the Blake and Jamaica events in the
Sint-800 curve.

We can give four possibilities to explain the invis-
ibility of this geomagnetic episode in Sint-800. The
first is that the evaluations of the constituent relative
paleointensities themselves are incorrect, but this is-
sue seems to be beyond the present discussion. The
second is that the amplitude of the intensity variation
of Sint-800 has been reduced due to the stacking of
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many sedimentary records as mentioned above. The
third is that the age scale for Sint-800 is in error. And
the forth is that short-period variations in the Sint-800
curve have been smoothed out owing to the stacking.
However, it is difficult to attribute the main cause of
the invisibility to the second and third possibilities. All
the other major excursions can be observed clearly in
Sint-800, suffering reduction of the amplitude to some
extent. It is also impossible to adjust the Sint-800 curve
to the Aso-2 result by changing its age assignment. The
age control for Sint-800 is based on oxygen isotope
stages, which allow no significant errors more than
∼30 ka. The fourth seems much more likely, because
short-period variations can be cancelled out through
the stacking of a large number of records which con-
tain uncertainty in age and amplitude.

By investigating all the source records of Sint-800
and some other reliable sedimentary records, we found
the similar features to the result from Aso-2 in most
of them. Following three records are good examples;
stacked relative paleointensity curves obtained from
Ontong–Java in western equatorial Pacific (the results
from core ERDC-113p and RNDB-75p are contained
in Sint-800) byTauxe and Shackleton (1994), Leg.
138 in eastern equatorial Pacific (core ODP851 in
Sint-800) byMeynadier et al. (1995), and Açores area
in north Atlantic (core SU92-18 and 19 in Sint-800)
by Lehman et al. (1996). The results from these three
areas are shown inFig. 12. In each record, one can see
an obvious intensity drop between two durations of the
low intensities around 90–120 ka and around 190 ka,
which can be interpreted as the Blake and Jamaica
events, respectively. The age of the intensity drop
closely agrees with that of Aso-2 of 140 ka. Among the
16 boring sites, the records from six sites show this in-
tensity drop obviously. The slight drop can be observed
in another eight sites, and only the two other sites
do not show such event. Supposing that this intensity
drop around 150–160 ka represents the same event as
the excursion-like event of Aso-2, we propose to name
it ‘Aso event’. As well as the intensity drop, rapid
changes in the paleomagnetic direction, especially in
inclination, between the Blake and Jamaica events
have also been observed in some of the sedimentary
records (e.g.Yamazaki and Ioka, 1994; Lehman et al.,
1996). Moreover, apart from the relative intensity
records, an excursion event around 150–160 ka has
been reported by several paleodirectional secular vari-

ation records from Alaska (Weatgate, 1988; Gillen
and Evans, 1989), Arctic Ocean Nowaczyk and
Baumann, 1992; Nowaczyk et al., 1994), and South
China Sea (Lee, 1999). Nowaczyk et al. (1994)cate-
gorized the excursion discovered at Alaska and Arctic
Ocean as ‘Baffin Bay event’, andPeate et al. (1996)
prefer to call it ‘Old Crow event’. The Aso event might
be correlated with the Baffin Bay (Old Crow) event.

7. Conclusions

A detailed paleomagnetic study was undertaken
on welded pyroclastic flow deposits co-born with
widespread tephras derived from Kikai (K-Ah,
7.3 ka), Aira (AT, 28 ka), and Aso (Aso-1, 270 ka;
Aso-2, 140 ka; Aso-3, 120 ka; Aso-4, 90 ka) calderas
in Kyushu Island, Japan. Thermal demagnetization
shows that these pyroclastic flow deposits have stable
ChRM components, and their directions are consistent
with the results of the previous paleodirectional works
(Fujii and Nakajima, 1998; Shibuya et al., 1999; Fujii
et al., 2001). Several rock magnetic measurements in-
dicate that their main magnetic careers are magnetite
or Ti-poor titanomagnetite with the grain size small
enough to be in the PSD state, and that their magnetic
properties are hardly affected by laboratory heating.

Paleointensity determinations by Thelliers’ method
with the pTRM test were carried out for the samples
of six units of pyroclastic flow deposits, and reliable
results were obtained from them. The VDM values
for the youngest units of K-Ah and AT are consistent
with the clear-cut global trend of increasing dipole
moment for the past 40 kyr after the Laschamp event
observed in the previous volcanic and sedimentary
records. Aso-4, -3 and -1 yield the moderate VDMs
similar to the averaged absolute VDM value for the
past 1 Myr, and especially, the results from Aso-4 and
-3 show remarkable agreement with the paleointen-
sity variation for the interval between 70 and 130 ka
obtained from La Réunion Island (Chauvin et al.,
1991; Räıs et al., 1996). The low VDM value and ab-
normal VGP position obtained from Aso-2 suggest a
possibility that Aso-2 records an excursion-like event
around 140 ka. Although a corresponding intensity
drop cannot be observed in Sint-800, we found the
similar features to the Aso-2 result in some of the
individual sedimentary records around 150–160 ka.
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