TITLE:

Temporal change in rock-magnetic
properties of volcanic ashes ejected during a
1-year eruption event: a case study on the
Aso Nakadake 2019-2020 eruption

AUTHOR(S):

Anai, Chisato; Ohkura, Takahiro; Yoshikawa, Shin;
Mochizuki, Nobutatsu

CITATION:

Anai, Chisato ...[et al]. Temporal change in rock-magnetic properties of volcanic ashes
ejected during a 1-year eruption event: a case study on the Aso Nakadake 2019-2020
eruption. Earth, Planets and Space 2023, 75(1): 24.

ISSUE DATE:
2023

URL:
http://hdl.handle.net/2433/282052

RIGHT:

© The Author(s) 2023; This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article's
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder.

KURENAI #1

Kyoto University Research Information Repository



. N A Self-archived copy in ) RBAEEHERY AT LY
& j=3 #B j( ? Kyoto University Research Information Repository KURENA' ﬁ‘I

¥/ KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

Kyoto University Research Information Repository

Anai et al. Earth, Planets and Space (2023) 75:24 Earth Planets and Space
https://doi.org/10.1186/540623-023-01783-x !

. . ®
Temporal change in rock-magnetic iy

properties of volcanic ashes ejected
during a 1-year eruption event: a case study
on the Aso Nakadake 2019-2020 eruption

Chisato Anai'?", Takahiro Ohkura', Shin Yoshikawa' and Nobutatsu Mochizuki®

Abstract

We investigated temporal changes in the rock-magnetic properties of volcanic ash ejected from the Aso Nakadake
volcano during a sequence of ash eruptions from 2019 to 2020. For 39 volcanic ash samples, magnetic hysteresis
parameters, including saturation magnetization (M,), saturation remanent magnetization (M), coercivity (8., and
coercivity of remanence (8,,), were obtained. Curie temperature (T.) of the samples was also estimated using thermo-
magnetic analyses. Titanium-rich and -poor titanomagnetites were the dominant magnetic minerals in the volcanic
ash, of which the titanium-rich phase was dominant. Systematic magnetic measurements of the volcanic ash ejected
during the 1-year eruption event indicate that temporal changes in the hysteresis parameters occurred throughout
the event. These temporal changes suggest that the M,,/M, and B, values of the volcanic ash increased consider-
ably during several periods. The clear increases in M, /M and B,, associated with the central peak in FORC diagrams,
indicate that non-interacting single-domain grains increased. For these high M,/M, and B. samples, thermal demag-
netizations of 3-axis IRM show that the low unblocking-temperature component up to 250-300 °C has apparently
higher coercivity, suggesting that the above-mentioned, non-interacting single-domain grains are Ti-rich titanomag-
netite. Interestingly, the high M,/M, and B. values were synchronous with observations of volcanic glow. These results
suggest that changes in the magnetic properties of titanomagnetite grains in volcanic ash reflect changes in physical
conditions from the vent to the conduit of the volcano.

Keywords Coercivity, Saturation magnetization, Saturation remanent magnetization, Single domain, Volcanic ash,
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Paleomagnetism recently have been applied to make new
contributions to volcanology. In particular, estimates
of eruption ages and/or classification of volcanic ejecta
using paleosecular variations in paleomagnetic direction
have contributed greatly to the improvement of high-
resolution volcanic stratigraphy (e.g., Anai et al. 2021).
Meanwhile, only a few studies have linked eruptive activ-
ity to rock magnetism (e.g., Knnot et al. 2020; Risica et al.
2020).

The magnetic minerals in volcanic ash are usu-
ally dominated by titanomagnetite (e.g., Dunlop and
Ozdemir 1997). Notably, the composition of titano-
magnetite reflects the oxygen fugacity and temperature
during crystallization (Buddington and Lindsley 1964).
Therefore, the magnetic properties of titanomagnet-
ite can reflect the conditions present during its erup-
tion. However, previous studies estimating the physical
conditions inside a conduit have used relatively slow
cooling times, while ejecta from continuous erup-
tions do not necessarily reflect a single physical con-
dition. Bowles et al. (2013) and Jackson and Bowles
(2014) demonstrated post-depositional compositional
changes in magnetic minerals in pyroclastic flow
deposits through extensive rock-magnetic experiments.
These studies found that, even at lower temperature

the titanium (Ti) content changed. This compositional
change may record information about the magma sur-
face phenomena inside the shallow region of the vol-
canic conduit.

Magnetic properties vary with composition, grain
size, and shape (Dunlop and Ozdemir 1997). Grain size
is a particularly important factor, single-domain grains
governed by shape anisotropy have a ratio of satura-
tion remanent magnetization to remanent magnetiza-
tion (M, /M) close to 0.5 and a ratio of coercivity of
remanence to coercivity (B, /B,) close to 1. The grain-
size distribution of dominant magnetic mineral can be
estimated by obtaining the parameters of their hyster-
esis measurements combined with first order reversal
curve (FORC) diagram. Hysteresis data for volcanic ash
would provide the temporal variations in properties
(composition, grain size, and shape) of the magnetic
minerals.

In this study, we revealed temporal changes in the
rock magnetic properties (grain size and/or compo-
sition) and discuss the relationship to volcanic phe-
nomena based on detailed magnetic measurements of
volcanic ash ejected by intermittent magmatic erup-
tions that occurred from July 2019 to June 2020 at Aso
Nakadake volcano.
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The 2019-2020 eruption of Aso Nakadake volcano
Aso Nakadake volcano, which is the only active central
cone inside the Aso caldera, is one of the most active vol-
canoes in Japan (see the Additional file 1 for a detailed
description). Magmatic activity at the first crater of the
Nakadake volcano in Aso began on July 26, 2019 and
continued until June 2020, with several pauses. Increases
in volcanic gases and volcanic glow were observed during
the active period, in addition to a large amount of ash-
fall (Japan Meteorological Agency (JMA) 2021; Miyabu-
chi et al. 2021). Volcanic glow occurs when clouds and
plumes above a crater are brightly illuminated by hot
magma or volcanic gas in the crater or at the top of the
crater (JMA 2021). Volcanic glow is generally observed at
night with a highly sensitive camera, and was observed
continuously at Aso Nakadake in mid-October 2019 and
from early to mid-February 2020. However, the physical
mechanism that causes volcanic glow remains unclear.

A series of continuous ash eruptions occurred in 2019—
2020 as part of the typical eruptive cycle (see Additional
file 1: Fig. S1) of Aso Nakadake volcano. Volcanic gas
plumes, seismicity, infrasound, and the total geomagnetic
field are monitored at Aso Nakadake volcano by Kyoto
University and the Japan Meteorological Agency (JMA).
A detailed study of the eruption of Aso Nakadake vol-
cano was also conducted to analyze the discharged mass
and the components of the tephra-fall deposits (Miyabu-
chi and Hara 2019). Systematic analyses of temporal
changes in the rock-magnetic properties of the volcanic
ash throughout the eruption have not been performed
for eruptions prior to 2019. However, since the grain sizes
and composition of magnetic minerals in volcanic ash
are thought to reflect the ambient temperature gradients
and pressure conditions during eruption, rock magnetic
analyses have the potential to infer temporal changes in
physical conditions inside the crater.

Sample

Volcanic ash samples were collected from eight sites
including the observation points established by the
Aso Volcanological Laboratory, Kyoto University. In
this study, we focused on volcanic ash collected at four
sampling sites: Kako-fuchi (KAF), Hondo observatory
(HOND), Sakanashi (SAK), and National Aso Youth
Friendship Center (AYFC), which are located approxi-
mately 250 m WSW, 1000 m SW, 7000 m NE, and 4400 m
NNE of the first crater of the Nakadake volcano, respec-
tively (Additional file 1: Fig. S2). We collected volcanic
ash at the KAF and HOND sites that had fallen on solar
panels used for the volcano monitoring equipment. At
the SAK and AYFC sites, ash samples were collected
from the ash that accumulated on the windshield of a
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car. Ash samples were collected approximately 24 h after
the ashfalls were observed, which is quasi-real time to
the individual eruptions. Notably, the ashfalls occurred
after individual ash eruptions during the 1-year eruption
period.

Methods

The collected ash samples were washed with deionized
water using an ultrasonic cleaner for 10 min and dried
at 60 °C for 2 h. Various rock-magnetic analyses were
made on the ash samples. Thirty-nine samples were used
for the measurements: 22 samples from KAF, 11 samples
from SAK, 5 samples from HOND, and 1 sample from
AYFC.

Thermomagnetic analysis yields a diagram of strong-
field magnetization vs. temperature, which provides
Curie temperature (T,) phases that can be linked to mag-
netic minerals and their amounts of each phase. For the
thermomagnetic analyses, we used a thermomagnetic
balance (NMB-2000 M: Natsuhara Giken, Japan) at Kum-
amoto University. The measurement conditions were as
follows: a maximum temperature of 600 °C, a hold time of
60 s, a heating/cooling rate of 10 °C/min, and an applied
field of 0.3 T. Heating/cooling cycles were performed in
the air and vacuum atmospheres. For 10 samples, meas-
urements were performed in both air and vacuum atmos-
pheres, but they did not show any notable difference
(Additional file 1: Fig. S3). Therefore, the other samples
were measured in air. The T, was determined using the
intersecting tangents method which is intersection point
of the two tangents to the thermomagnetic curve that
bounds the Curie temperature (Grommé et al. 1969).

Thermal demagnetization curves of laboratory-
acquired remanence are useful, as they show unblocking-
temperature distribution that is linked to T.. Thermal
demagnetization of 3-axis composite isothermal rema-
nent magnetization (IRM) (Lowrie 1990) was per-
formed on ash samples packed in cylindrical quartz cups
(depth:~20 mm, inner diameter:~22 mm). Because
the volcanic ash was not consolidated, the sample was
placed halfway into the quartz cylindrical cup, and the
upper space was filled with glass wool to hold the sam-
ple in place. IRM measurements of the samples were per-
formed using a pulse magnetizer (MMPM10, Magnetic
Meas. Ltd., UK) at the Center for Advanced Marine Core
Research, Kochi University (KCC). A pulse magnetic
field of 1 T was applied along the axis of the cup (z-axis),
a field of 0.3 T was subsequently applied to the y-axis,
and a field of 0.1 T was applied to the x-axis. Progres-
sive thermal demagnetization was performed to check
the changes in the three components of IRM acquired
after the treatment. This method can estimate magnetic
minerals as remanence carriers based on the unblocking
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curves for three different coercivity components (<0.1 T,
0.1-0.3 T,and 0.3-1 T).

Hysteresis measurements and back field demagneti-
zation were performed using a vibrating sample mag-
netometer (VSM; model 3900, Lake Shore (PMC), USA)
at KCC. For all of the ash samples, hysteresis loops were
measured with a maximum field of 1 T. Hysteresis loops
are characterized by three parameters that contribute to
estimating the domain state of magnetic minerals: satu-
ration magnetization (M), saturation remanent magneti-
zation (M,), and coercivity (B,). When a magnetic field
is applied to a sample and the field strength increases,
the magnetization of the sample also increases. M is the
state in which, when the magnetic field is increased fur-
ther, the rate of increase in magnetization slows down
and finally reaches practically saturation. This corre-
sponds to a state, where the magnetization of all the mag-
netic minerals in the sample are parallel to the magnetic
field. M, is determined for each magnetic mineral, e.g.,
it is 480 kA/m for magnetite and 2.5 kA/m for hematite
(Dunlop and Ozdemir 1997). Therefore, the volume con-
centration of magnetic minerals in a sample can be cal-
culated from the value of M if the mineral species have
been determined independently. After reaching satura-
tion magnetization, the magnetic field is damped back
to zero, but the magnetization remains (i.e., M,). M, is
strongly dependent on magnetic mineral type and on the
magnetic domain structure, which is closely related to
grain size. As the magnetic field increases in the oppo-
site direction, magnetization gradually decays to zero.
The strength of the magnetic field at this point is defined
as B.. Increases in B, indicate that enhanced stability of
the magnetic minerals. M, M, and B, were obtained
for all samples after correcting the paramagnetic linear
contribution.

Back field demagnetization curves were measured
after applying a strong field (1 T) which gives M, to the
sample. The sample was progressively demagnetized by
applying a direct current back field. The field at which the
remanence was demagnetized to zero is call as coercivity
of remanence (B,,).

First-order reversal curve (FORC) measurements
were also performed for all samples using VSM at KCC.
FORC analyses provide information about the magnetic
responses of all grains in a sample in terms of their mag-
netization, represented by the magnitude of the FORC
distribution, and the coercivity and magnetic interaction
field distributions (shown by the B, and B, axes of the
FORC diagram, respectively), in which contrasting fea-
tures can be used to diagnose the full range of magnetic
domain states in fine magnetic grain systems (Roberts
et al. 2018).
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Microscopic observations and semi-quantitative analy-
ses were conducted on two samples (2019.09.14_KAF
and 2019.10.14_KAF) by field emission scanning electron
microscope (FE-SEM: JSM-7001F, JEOL Ltd., Japan) with
an energy dispersive spectroscopy (EDS) system (Aztec-
Energy, Oxford Instruments, UK) at Kumamoto Univer-
sity. The accelerating voltage, beam current, and beam
size is 15 kV, 1 nA, and <1 pm, respectively.

Results

Thermomagnetic analyses are performed for all of the
volcanic ash samples and two examples are shown in
Figs. 1a, b, Additional file 1: Figs. S3 and S4. For a few
exceptions, most of the thermomagnetic curves are char-
acterized by two T_ phases (Additional file 1: Figs. S3,
S4). The low T, is 200-350 °C, which is regarded as Ti-
rich titanomagnetite with ulvospinel content x=0.4—0.6
(Hunt et al. 1995). The high T, is about 500 °C, which
is considered as Ti-poor titanomagnetite with x~0.1.
Ti contents of titanomagnetite estimated are included
in Additional file 1: Table S1. It should be notified that
approximately 60—-80% of the strong-field magnetization
at room temperature is lost below the low T (Fig. 1a, b).
Therefore, the dominant magnetic phase for the ash sam-
ples of this study is low T phase of 200-350 °C.

We observed two exceptional thermomagnetic results
that show only a high T, phase of ~500 °C. These two
samples did not contain a low T, phase of 200-350 °C,
which was observed for the other samples. The two sam-
ples were collected just before the eruption ceased in
June 2020.

Thermal demagnetizations of the 3-axis IRM also show
two unblocking-temperature ranges of 200-300 °C and
500-600 °C (Fig. 1c, d and Additional file 1: Fig. S5),
where the low unblocking-temperature component is
dominant. These two unblocking-temperature compo-
nents should be carried by the two T, phases, which are
recognized in the thermomagnetic curves (Fig. la, b).
Throughout the eruption period, the low unblocking-
temperature component, carried by the low T, phase, is
dominant. It should be noted that the coercivity of the
low unblocking-temperature component varies with the
eruption period. For the sample of September 14, 2019,
the low coercivity component of <0.1 T (Fig. 1c) is domi-
nated in the low unblocking-temperature component
of 200-300 °C, whereas for the sample of October 14,
2019, the low unblocking-temperature component dem-
onstrates a higher coercivity distribution: the middle
coercivity component of 0.1-0.3 T is dominant, the low
coercivity component of <0.1 T is smaller than the mid-
dle coercivity component, and the high coercivity com-
ponent of 0.3—1 T is small but can be identified (Fig. 1d).
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Fig. 1 Results of thermomagnetic analyses and thermal demagnetizations of a 3-axis composite IRM. a Thermomagnetic analysis in air for the
sample of September 14, 2019. The red solid line is the heating curve and the blue dashed line is the cooling curve. b Result of thermomagnetic
analyses in air for the sample of October 14, 2019. Legend is the same as a. ¢ Result of thermal demagnetization of a 3-axis composite IRM for the
sample of September 14, 2019. Coercivity components of <0.1T,0.1-0.3 T, and 0.3-1 T are shown by circles, triangles, and squares, respectively. d
Result of thermal demagnetization of a 3-axis composite IRM for the sample of October 14,2019

Thermomagnetic analyses and thermal demagnetiza-
tions of 3-axis IRM suggest that the major magnetic min-
eral in the volcanic ash samples used in this study is low
T. phase of 200-350 °C (Fig. 1a, b), which show a large
change in coercivity (Fig. 1c, d).

The hysteresis measurements were performed for
all of the volcanic ash samples. Hysteresis parameters
M /M, B, and B_/B.) were determined from the
hysteresis loop measurements (Fig. 2a, b). The M /M,
and B, ranges were approximately 0.2-0.5 and 5-85
mT, respectively. These values indicate a clear posi-
tive correlation (Fig. 2c). On the diagram of M, /M,
vs. B, (Fig. 2c), magnetic minerals governed by dif-
ferent magnetic anisotropies have their own trends
(e.g., Wang and Van der Voo 2004). For this reason,
the domain state was not determined by this diagram
alone, but should be discussed based on the M, /M, vs.

B../B. diagram (Day plot: Day et al. 1977) as shown in
Fig. 2d. The values of B_/B. were 1.2—4.3. In general,
high M /M, values and low B_/B_ values originate from
a high SD fraction (low multi-domain (MD) fraction),
thereby indicating that the high M, /M values (and the
high B, values) mean the size distribution of magnetic
grains shifts finer (Dunlop 2002a and b).

Figure 2a, b shows hysteresis loops for the samples of
September 14 and October 14, 2019 (Note that the two
samples are the same as those in Fig. 1). The sample of
October 14, 2019 indicates a clear increase in M, /M, and
B, (Fig. 2b) compared to the sample of September 14,
2019 (Fig. 2a). The observed increase in M, /M, and B,
appears to be consistent with the clear coercivity increase
of the low unblocking-temperature component observed
in the thermal demagnetizations of 3-axis IRM (Fig. 1c,

d).
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Fig. 2 Results of hysteresis measurement. a, b Examples of hysteresis loops. The red solid line is the measured hysteresis loop (raw data). The

blue dashed line is the corrected loop for the effect of paramagnetic minerals. ¢ Ratio of the saturation remanent magnetization to saturation
magnetization (M,i/M,) vs. coercivity (B.). d M,//M vs. coercivity of remanence to coercivity (B./B.). The upper left in the plot is single-domain (SD)
region, while the lower right is closer to the multi-domain (MD) grain size. The two dotted lines are the SD-superparamagnetic (SP) mixing line (top)

and the MD-SD mixing line (bottom) (Dunlop 20024, b)

FORC measurements were performed on all volcanic
ash samples. Representative results are shown in Fig. 3
and the other results are in Additional file 1: Fig. S6.
Similar to the results of the hysteresis measurements,
variations of B and By were observed in each sample.
Overall, B; tended to spread up and down at lower val-
ues of B... In addition, some samples contained magnetic
grains with B values greater than 0.1 T, which had nar-
rower By, ranges. The parameters (B and By;) obtained
from the FORC diagram indicate the coercive force and

interaction, respectively. According to Roberts et al.
(2018), a low B value with a large spread of By, can be
interpreted as MD grains, while a high B value with
a narrow distribution of By can be interpreted as SD
grains. The FORC results of the samples in this study
indicate that MD grains were present throughout the
eruption period, with additional periods of predominant
SD grains.

Figure 3 shows an FORC diagram for the volcanic ash
samples collected from September to October 2019.
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Fig. 3 Results of FORC measurement. a FORC diagram for the sample of September 14, 2019, collected from the KAF station. b FORC diagram for
the sample of October 14, 2019, collected from the KAF station. Ash samples from October 14 indicate the presence of non-interacting SD grains

with high coercivity and a narrow range of B, values

The FORC diagram for the sample of October 14, 2019
(Fig. 3b) indicate the non-interacting SD grains with high
coercivities compared to the sample of September 14,
2019 (Fig. 3a). As noted above, the sample of October 14,
2019 indicates a clear increase in M, /M, and B, (Fig. 2b)
compared to the sample of September 14, 2019 (Fig. 2a).
The increase in M, /M, and B, can be explained by the
non-interacting SD grains.

Especially in late January and early to mid-February
2020, the dominance of SD grains with high coercivities
are observed. The results for September 14, 2019 (Fig. 3a)
and April 29, 2020 (Additional file 1: Fig. S6) had ranges
of By, values at low B values (<0.05 T) that can be inter-
preted as the dominance of pseudo-single domain (PSD)
and/or MD grains. For most of the samples, PSD and/or
MD-like characters were identified.

SEM observations with EDS analysis revealed Ti-rich
and Ti-poor titanomagnetite grains exist in the two sam-
ples (Additional file 1: Fig. S7). Ti-rich titanomagnetite
grains are small in size (approximately <1 pm), and they
are recognized in the bubble-fractured volcanic glass.
On the other hand, the 10-20 pum grain contains ilmen-
ite—magnetite (Ti-poor titanomagnetite) lamellae (Addi-
tional file 1: Fig. S7).

The measured hysteresis parameters of M, /M, and
B. were not constant throughout the eruption period.

Figure 4 shows the temporal variation in M, /M, for the
1-year eruption period. M, /M, occasionally exhibited a
large increase, which is followed by a decrease to typi-
cal values (approximately M, /M <0.32, Fig. 4). It is also
noted that high M, /M, values appear to be correlated
with the periods of volcanic glow. This matter is dis-
cussed in the next section.

Discussion

Temporal changes in rock magnetic properties

The thermomagnetic analyses and thermal demagnetiza-
tions of 3-axis IRM indicate that the volcanic ash sam-
ples contain two magnetic minerals, a low T, phase of
200-350 °C and a high T, phase of ~500 °C (Fig. 1). Both
of the thermomagnetic analyses and thermal demagneti-
zations of 3-axis IRM indicate that dominant magnetic
mineral is the low T, phase (Fig. 1). As shown in Addi-
tional file 1: Fig. S7, Ti-rich and Ti-poor titanomagnetite
grains were identified in the SEM observations with EDS
analysis. Therefore, we concluded that the low and high
T. phases correspond to Ti-rich titanomagnetite and
Ti-poor titanomagnetite, respectively. It should be also
notified that the low T, phase, which is considered to be
Ti-rich titanomagnetite, is dominant for most of the sam-
ples ejected during the 1-year eruption.
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Temporal variation of M /M, (Fig. 4) and hysteresis
parameters on the two diagrams (Fig. 2¢, d) reveal that
the domain state is changing with time. It is clear that
M, /M and B_ have a linear correlation (Fig. 1c), and both
parameters increase or decrease depending on the timing
of the eruption. As mentioned above, the low T, phase
is dominant for the ash samples throughout the 1-year
eruption period. Therefore, the changes in M, /M, and B,
mainly reflect the change of domain state of the low T,
phase, which is regarded as Ti-rich titanomagnetite.

The two hysteresis loops shown in Fig. 2a, b are evi-
dently constricted (wasp-waisted), indicating coexisting
components with different coercivities. As noted above,
the ash sample contains two T, phases (low T, and high
T. phases). In addition, the thermal demagnetizations of
3-axis IRM also indicate that two unblocking-temper-
ature components were recognized, which correspond
to the two T, phases. Therefore, the constriction of the
hysteresis loops appears to result from the mixing of two
T. phases. However, as noted above, the low T, phase
is dominated for most of the samples. Therefore, large
change in hysteresis measurements is mainly related to
the low T, phase.

The FORC diagram for the sample of October 14, 2019
(Fig. 3b) shows the non-interacting SD grain, in addition

to the MD character. The non-interacting SD character
can be also identified in the sample of January 22, 2020
at SAK site and February 2 and 11, 2020 at KAF site
(see Additional file 1: Fig. S6). The contribution of non-
interacting SD grains is observed for the samples show-
ing high M, /M, and high B_. Therefore, we consider that
the high M, /M, and high B, originated from the non-
interacting SD grains. In the thermal demagnetizations of
3-axis IRM, the low unblocking-temperature component
show a higher coercivity for the high M, /M, and high B,
periods (Fig. 1d). Therefore, we consider the non-inter-
acting SD grains are Ti-rich titanomagnetite.

The increased SD fraction may be caused by a possible
supply of non-interacting SD titanomagnetite. However,
this possibility is not plausible, because the M values per
unit mass do not show a correlation with the variation in
M, /M, (Additional file 1: Fig. S8).

As discussed later, a small Ti content change is
observed for the low Tc phase (Additional file 1: Fig. S4).
A change in Ti content may change coercivity of titano-
magnetite grains. However, such small change in Ti con-
tent cannot give an explanation for the large variation in
M,/M; and B, (Figs. 2c, d, and 4).

Overall, during the period of high M, /M, shown
in Fig. 4, the hysteresis loops demonstrate an SD-like



A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp Koot Unversity ecemreh on

RBAFEFHERY LS b

K 5

KYOTO UNIVERSITY

Anai et al. Earth, Planets and Space (2023) 75:24

character (Fig. 2b), which is well-explained by the non-
interacting SD grains (Fig. 3b). For the high M, /M peri-
ods, the coercivity increase is also recognized for the
low unblocking-temperature component of the samples
(Fig. 1d). SEM observations with EDS analysis show that
small grains of <1 um are Ti-rich titanomagnetite. There-
fore, these data indicate the non-interacting SD grains
are Ti-rich titanomagnetite. We conclude that the high
M,,/M; values result from the non-interacting SD Ti-rich
titanomagnetite.

Potential link between rock magnetic properties

and volcanic stages

Magmatic activity in the first crater of Aso Nakadake
volcano began on July 26, 2019, and eruptions contin-
ued until June 15, 2020, with multiple pauses. During the
active period, a large amount of ashfall, increases in vol-
canic gases, and increases in volcanic glow events over
the crater were observed (Miyabuchi et al. 2021). Since
volcanic glow produces bright illumination above a cra-
ter when hot magma or volcanic gas is present, it is rea-
sonable to assume that volcanic glow is observed when
volcanic activity is enhanced. Volcanic glow events were
observed frequently from late July to early August 2019,
from early October to mid-November, late December
2019, and from late January to late February 2020. As
shown in Fig. 4, the high M, /M period coincide with the
observed volcanic glow periods.

The results of thermomagnetic analysis and the Curie
temperature estimates indicate that the Curie tempera-
ture of Ti-rich titanomagnetite varies slightly (Additional
file 1: Fig. S4, Table S1). For a more quantitative inves-
tigation on the thermomagnetic curves, the median
destructive temperature (T,) of induced strong-field
magnetization at room temperature was adopted as a
proxy (Fig. 4). The T, values were inversely correlated
with M,/M (Fig. 5) and several tens of °C lower during
the period of volcanic glow observed than during the rest
of the study period, indicating that Ti-rich titanomagnet-
ite with slightly higher Ti content crystallized during the
period of volcanic glow observed. Thus, the crater inte-
rior during the high M, /M, (volcanic glow observed)
period changed to physical conditions that allowed SD
Ti-rich titanomagnetite to crystallize.

Here we discuss the physical conditions inside a con-
duit. If we assume the pressure is constant throughout
the eruption period, a higher temperature yields a higher
Ti content of titanomagnetite based on Buddington and
Lindsley (1964). Equivalently, if we assume the tempera-
ture is constant, a lower pressure gives a higher Ti con-
tent of titanomagnetite. Thus, the temperature of the
magma head may be higher with the constant depth of
the magma head, or the depth of the magma head may be
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shallower with the constant temperature. Such changes in
physical conditions could have caused the volcanic glow
events as well as the changes in rock-magnetic properties
of the ash samples.

Muyjin and Nakamura (2014) noted that, when the
magma head was located deep inside the crater, relatively
large grains crystallized due to depressurization and a
low temperature gradient. They mentioned, when the
magma head rose, fine grains formed under the effects of
degassing, rapid cooling, and oxidation. The high M, /M,
period, characterized by SD Ti-rich titanomagnetite with
a slightly higher Ti content (Fig. 5), might be consistent
with the magma head shallowing in the latter explana-
tion. It is essential to compare the findings of this study
with physical observations in the future studies. This
study indicates that the temporal change in the rock-
magnetic properties of volcanic ash can be used to inves-
tigate eruption processes. The 2019-2020 eruption of
Aso Nakadake volcano was only ash eruption and we did
not observe the precursor phenomena to a Strombolian
eruption. In the future, we will perform a detailed study
of the 2014-2015 eruption of Aso Nakadake volcano,
which was accompanied by a Strombolian eruption.

Conclusions

In this study, rock-magnetic analyses were performed
on volcanic ashes ejected by intermittent eruptions of
the Aso Nakadake volcano from July 2019 to June 2020.
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Ti-rich and Ti-poor titanomagnetite grains are included
in the volcanic ash samples, where Ti-rich titanomagnet-
ite is dominant. The hysteresis properties varied depend-
ing on the timing of the eruption. The higher M, /M, and
B, values, combined with FORC diagrams, are indicative
of the non-interacting SD grains. Thermomagnetic analy-
ses and thermal demagnetizations of 3-axis IRM suggest
that the non-interacting SD grains are Ti-rich titanomag-
netite. The results of this study indicate that the high M,/
M (high B_) values coincide with the observed volcanic
glow events. The temporal change in hysteresis proper-
ties of volcanic ash would reflect the physical conditions
within the crater during the eruption.
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AYFC National Aso Youth Friendship Center
FORC First-order reversal curve

HOND Hondo observatory

IRM Isothermal remanent magnetization
IMA Japan Meteorological Association
KAF Kako-fuchi

KCC Center for Advanced Marine Core Research, Kochi University
MD Multi-domain
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SD Single domain

VSM Vibrating sample magnetometer
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Additional file 1: Figure S1. Processes of Aso Nakadake Volcano activity,
modified from Kawakatsu et al. (2000). Figure S2. Locality map of the Aso
Nakadake Volcano and sampling points. The distances and directions of
Kako-fuchi (KAF), the Hondo Observatory (HOND), Sakanashi (SAK), and
the National Aso Youth Friendship Center (AYFC) from the first crater of the
Aso Nakadake Volcano are approximately 250 m WSW, 1000 m SW, 7000 m
NE, and 4400 m NNE, respectively. KAF and HOND are the observation
stations of the Aso Volcanological Laboratory, Kyoto University. Figure S3.
Comparison of air and vacuum atmosphere measurements in thermo-
magnetic analysis. No significant variation was observed in both vacuum
and air atmosphere measurements. Figure S4. Results of strong-field ther-
momagnetic analyses (heating curve) of all samples. For a few exceptions,
most of the thermomagnetic curves are characterized by two T_phases.
Figure S5. The result of thermal demagnetization of a 3-axis composite
IRM. Coercivity components < 0.1T,0.1-0.3T, and 0.3-1T are shown by
circles, triangles, and squares, respectively. Figure S6. First-order reversal
curve diagrams of the measured ash samples. The samples shown in Fig. 2
are omitted in this figure. The diagrams are arranged in chronological
order. The results for the ash samples collected at (a) the Kako-fuchi (KAF)
site, (b) the Sakanashi (SAK) site, and (c) the Hondo Observatory (HOND)
site. Figure S7. The results of Scanning Electron Microscope (SEM) obser-
vation of 20191014_KAF ash. These photos are back-scattered images
(BEIs). Left image: the white grain is titanium-poor titanomagnetite, which
probably crystallized deep within the fire channel and formed ilmenite
lamellae. Right image: white particles are titanium-rich titanomagnetite
crystallized in volcanic glass (dark shard with curved, bubble-fractured
edges). Figure S8. M vs. M, /M for the ash samples. No clear correlation
has been recognized between M, /M, and M,. Table S1. Summary of rock-
magnetic properties of the ash samples.
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