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Abstract

Nondestructive magnetic detection of tephra layers in ice cores will be an important method to identify and correlate
stratigraphic horizons of ice bearing volcanic ash particles. Volcanic ash particles were extracted from tephra-bearing
ice samples collected from Nansen Ice Field south of the Sar Rondane Mountains, Antarctica. Particles are fresh glassy
volcanic ash with diameters of ~50 um, and chemical composition of the matrix glass belongs to a low-K basaltic
andesite group, ranging from SiO, 60-62 wt% and K,O 0.40-0.50 wt%. Considering the grain size of ash particles and

chemical composition of volcanic glass, the ash in tephra-bearing ice samples might be originated from the South
Sandwich Islands located 2800 km northwest of the sampling sites. Correlations on major element concentrations
with tephra layers associated with South Sandwich Islands in EPICA-Dome C, Vostok, and Dome Fuiji ice cores show
high similarity. Rock magnetic experiments show that the magnetic mineral is pseudo-single-domain titanomag-
netite with ulvospinel content of 0.2-0.35 mixed with single-domain to superparamagnetic (titano)magnetite. Small
blocks of the tephra-bering ice were measured with a SQUID gradiometer at 1-mm intervals with a spatial resolution
of ~3 mm. With DC magnetic field of 25 mT, magnetic signal could be enhanced and detected for all the samples
including the one with invisible amount of tephra particles. In order to simulate a thin ash layer in ice core, volcanic
ash particles extracted from the tephra-bearing ice were used to fabricate a thin ash layer, which were subsequently
magnetized, measured with the gradiometer. The noise level for Z axis gradiometer was about 0.6 pT. Detection limit
for a half-cylinder with 29 mm radius and a thickness of 1 mm uniformly magnetized in X axis direction is ~9 x 107>
A/m, which could be improved down to ~2 x 107° A/m by reducing the sensor-to-sample distance to 0.5 mm.

Background

The importance of ice core records to reconstruct cli-
mate in Late Pleistocene to Holocene is increasing for
the past decades (e.g., Jouzel 2013). The climate archives
of ice in Antarctica and Greenland have been retrieved
by ice coring projects such as Dome Fuji (e.g., Watanabe
et al. 1999), EPICA-Dome C (e.g., Landais et al. 2012),
Vostok (e.g., Bender et al. 2006). Ice cores are archives of
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waters (records of hydrogen and oxygen isotopes of ice),
gases (concentrations and isotopic compositions of oxy-
gen, nitrogen, carbon dioxide, methane, etc.), ions (chlo-
rine, sodium, sulfate, etc.) which deposited on surface,
pressed, frozen and encapsuled as archives of long-term
climate change and episodic events. Ice cores also con-
tain various solid particles such as eolian dust, volcanic
ash and extraterrestrial materials (e.g., Misawa et al
2010; Okazaki et al. 2015). Volcanic ash could be marker
horizons representing events associated with volcanic
eruptions in relatively short period of time (typically a
year to several years).
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Sulfur dioxide is extensively emitted at the time of vol-
canic eruptions as a major component of volcanic gases
(e.g., Mori and Kato 2013), which is further transformed
into sulfate by oxidation in the atmosphere (e.g., Kroll
et al. 2015). High-sensitivity nondestructive magnetic
detection of ash layers in ice cores could be an impor-
tant method to identify stratigraphic horizons of volcanic
activities for synchronization combined with electrical
conductivity peaks related to sulfate supplied at the time
of volcanic eruptions (e.g., Parrenin et al. 2012). Combi-
nation of electrical conductivity and magnetic methods
will be robust in identification of volcanic eruptions uti-
lizing both gas and solid phases. In particular, large-scale
eruption events which may have affected global climate
such as Toba supereruption is quite important for the
Quaternary paleoclimate and chronostratigraphy (Storey
etal. 2012).

Rock magnetic identification of continuous record of
terrestrial dust particles and extraterrestrial fallout in
ice cores of Greenland and Antarctica was carried out
by Lanci et al. (2012). On the other hand, Antarctic ice
containing visible ash related to volcanic events is known
to be distributed over bare ice areas as tephra-bearing
ice layers (e.g., Naraoka et al. 1991). Natural remanent
magnetization of tephra-bearing ice layers collected from
Antarctica has been studied and was suggested to give
stable magnetization with stepwise alternating demag-
netization (Funaki and Nagata 1985; Funaki 1990; Funaki
and Sakai 1997). Funaki and Sakai (1997) applied satura-
tion isothermal remanent magnetization (SIRM) to the
tephra-bearing ice and obtained relatively uniform mag-
netization within the studied tephra-bearing ice layer of a
thickness of 80 mm. Thus, magnetic detection of volcanic
ash layers in ice is promising either as natural state or
after acquisition of artificial magnetization such as SIRM.

In this study, we report on geochemistry and rock
magnetic properties of volcanic ash particles extracted
from tephra-bearing ice block samples collected from
Nansen Ice Field, Antarctica. The distribution of volcanic
ash particles within tephra-bearing ice block samples
was also measured with a microfocus X-ray computed
tomography (X-ray CT) scanner and presented. Then, the
tephra-bearing ice block samples were measured with a
three-axis LTS-SQUID gradiometer developed for non-
destructive evaluation. The extracted volcanic ash parti-
cles were used to construct a thin artificial ash layer of
half-circular shape to imitate half-round ice cores and
measured with the gradiometer.

Samples

Tephra-bearing ice samples were collected from Nansen
Ice Field south of the Sor Rondane Mountains (72°30’—
73°S, 23°-25°E; elevation 2900-3000 m), Antarctica
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(Fig. 1), during 54th Japanese Antarctic Research Expedi-
tion (Imae et al. 2015). Nansen Ice Field is known as one
of the major meteorite collection sites in Antarctica pro-
viding more than 2500 specimens (Cassidy et al. 1992).
Sampling sites are located in the bare ice area where
volcanic ash deposited in the past is exposed on sur-
face. Several tephra-bearing ice blocks were taken from
each of the three sites (Table 1). The tephra-bearing ice
layer was the largest encountered during the expedition
extending about 2 km or more, which could be clearly
traced from Site JARE54-ASHI1 to Site JARE54-ASH2,
and could mostly be traced from Site JARE54-ASH2 to
Site JARE54-ASH3. The darker dense part of the tephra-
bearing ice layer has a thickness of 5-10 cm, which is
sharply terminated by bluish clear ice on the northeast
side (Fig. 1c, d). The volcanic ash particle distributions
may have not been modified significantly by the effect of
ablation at the time of deposition or exposure to the sur-
face because the tephra-bearing ice layer could be traced
continuously more than several kilometers and could be
traced down into the ice at an angle with equal thickness
(see Fig. 1d). The whole thickness of the tephra-bearing
ice layer including brighter sparse part is about 20 cm
on average. The ice block samples were transported in
freezer from Antarctica to National Institute of Polar
Research (NIPR) by airplane together with meteorites
collected during 54th Japanese Antarctic Research Expe-
dition. Ice block samples were stored in low-temperature
storage of —20 °C at NIPR. Then, ice block samples were
transported (—20 °C) to Kanazawa Institute of Technol-
ogy (KIT) for the measurements with the gradiometer
or to Geological Survey of Japan (GS]) for the measure-
ments with SQUID magnetometer.

Instruments and methods

Reflection on surfaces of an ice block is irregular pre-
venting clear visual observation. In order to visualize the
3D distribution of volcanic ash particles in ice, measure-
ments on an ice block sample from each of the three sites
(Table 2) were conducted with a microfocus X-ray CT
scanner (TESCO Corporation HMX225-ACTIS+3) at
the Center for Advanced Marine Core Research (CMCR),
Kochi University. The voltage was 120 kV, and cur-
rent was 30 pA. Pixel size was 30 x 30 x 30 pum® with
1024 x 1024 pixels and 435 slices. Cylindrically shaped
container with a lid was made from formed polysty-
rene, and ice block sample was placed in the upper half
of the container on a horizontal support in the middle.
Liquid nitrogen (LN,) was filled in the lower half of the
container to keep the temperature of ice below ice freez-
ing point for more than 10 min. Scanning with X-ray was
conducted by rotating the sample in the X-ray radiation
chamber for about 5 min. After each scan, the lid was
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Fig. 1 Location of tephra-bearing ice samples collected from Antarctica. a Map of Antarctica showing sampling areas with names of stations and
ice core sites (gray circles). Triangles are volcanic sources reproduced from Narcisi et al. (2010); South Sandwich Islands (blue), South Andes and South
Shetland Islands (green) and Marie Byrd Land and McMurdo (orange). b Nansen Ice Field around Ser Rondane Mountains; close-up of the rectan-
gular area shown in (a) south of Asuka Station. Sampling sites are shown in red. Dark colored areas are bare ice without snow due to strong wind.

¢ Close-up of the rectangular area shown in (b). Sampling sites are shown in red. d Photograph of tephra-bearing ice layer exposed on ice surface
around Site JARE54-ASH1 looking at the direction of Site JARE54-ASH2. Clear bluish ice on the left is the ice without volcanic ash

opened to confirm that ice block sample was not melt- A small ice block sample was taken from each of the
ing. The results were processed with the software OsiriX three sites and each ice block sample was melted in a
(http://www.osirix-viewer.com). small plastic tray, dried and gathered with a thin brush


http://www.osirix-viewer.com

Oda et al. Earth, Planets and Space (2016) 68:39 Page 4 of 19

Table 1 List of sampling sites

Sampling sites Date Latitude (°) Longitude (°) Elevation
(m)

JARES4-ASH1 January 30,2013 72°38"16.57"S 24°47'27.67"E 2819

JARE54-ASH2 January 30,2013 72°38/45.97"S 24°48/50.00"E 2840

JARE54-ASH3 January 30,2013 72°38/56.85"S 24°49'07.93"E 2993

Table 2 List of ice block samples

Sample_No Ice (g) Ash(mg) Ash content Comments
(wt%)

JARE54-ASH1-1 3879 1.8 0.046 AGM

JARE54-ASH2-1 5312 03 0.006

JARES4-ASH3-1 3427 54 0.158 AGM

JARE54-ASH1-2 2250 22 0.098 X-ray CT, SQUID
gradiometer

JARE54-ASH2-2  2.850 0.2 0.007 X-ray CT, SQUID
gradiometer

JARE54-ASH3-2 1980 4.5 0227 X-ray CT, SQUID
gradiometer

JARES54-ASH1-3 4207 7.1 0.169 Curie balance

JARE54-ASH2-3  13.070 0.6 0.005

JARE54-ASH3-3 12782 3.7 0.029 Curie balance

JARE54-ASH1-4 18816 9 0.048 Curie balance

JARE54-ASH3-4 45743 6.8 0.015 Curie balance

onto chartulae. In order to increase the speed of dry-
ing, the top clear layer was discarded and replaced with
ethanol after about an hour of settlement. Mainly due
to the process of discarding, part of smaller particles
(i.e., grain size of less than a few microns) may have
possibly been lost. The size and number of particles
extracted from JARE54-ASH2-1 was not enough, and
the particles extracted only from JARE54-ASH1-1 and
JARE54-ASH3-1 were used for further analysis. The par-
ticles turned out to be fresh glassy volcanic ash under
a binocular microscope with diameters of ~50 pm. The
ash particles were mounted on a glass disk (f = 5 mm,
phi = 24 mm) with an epoxy resin, polished and were
analyzed with an electron probe microanalyzer (EPMA;
JEOL JXA-8900) installed at GSJ. After microtextural
observations using backscattered electron images (BEIs)
using the EPMA, major element analysis (Si, Ti, Al, Fe,
Mn, Mg, Ca, Na, K S, Cl and F) were performed with
an accelerating voltage of 15 kV, probe current of 12 nA
and probe diameter of 4 pm, using a wavelength-dis-
persive X-ray spectroscopy (WDS) and the ZAF correc-
tion. The extracted particles were also analyzed with an
alternating gradient field magnetometer (AGM) at GSJ
to obtain magnetic hysteresis parameters and isothermal

remanent magnetization (IRM) acquisition curves and
to draw first-order reversal curve (FORC) diagrams.
For FORC measurements, following parameters were
used: T, = 0.4 's, H,, = —20 ~ +20 mT, H, = 0-60 mT,
Hg, = 1.4 T, N_yes = 150. Data were processed by the
software FORCinel version 2.0 (Harrison and Feinberg
2008) using VARIFORC grid method (Egli 2013) with
Seo =750 =3, 5,1 = S,; = 6, and A = 0.1. A magnetic
balance (NMB-89, Natsuhara Giken, Osaka, Japan) at
the CMCR, Kochi University, was used to measure Curie
temperature of ash (4-5 mg) extracted from melted ice
up to 700 °C in vacuum (~1-10 Pa) with a field of 0.3 T at
a rate of 10 °C/min.

SQUID rock magnetometer (SRM-760; 2G Enterprises)
was used to measure remanent magnetization of ice block
samples. First, a block ice sample from each of the three
sites was prepared and natural remanent magnetiza-
tion (NRM) was measured by stepwise demagnetization
with AC magnetic field of 0, 5, 10, 15, 20, 30, 40 mT. Sec-
ond, anhysteretic remanent magnetization (ARM) was
imparted in DC magnetic field of 50 mT and AC magnetic
field of 80 mT, then the samples were stepwise demagnet-
ized with AC magnetic field of 0, 5, 10, 15, 20, 30, 40 mT.

A three-axis LTS-SQUID gradiometer at KIT was used
to measure magnetic gradients in three axes just above
tephra-bearing ice block samples and model samples.
The gradiometer is based on Nb/AIAIOx/Nb Josephson
junctions with a flux transformer (Jacox and Ketchen
1981), which was fabricated on a 5 mm x 5 mm silicon
chip using the similar thin-film processing described in
Kawai et al. (2005). The gradiometric planar pickup coil,
which is also integrated on the same chip, has the area
of 1.5 mm x 1.5 mm with the baseline of 3 mm (Fig. 2).
The field resolution of the gradiometer is measured as
10 fI/v/Hz/mm. Measurements were conducted with
5 mm distance between surface of samples and a fiber-
reinforced plastic housing leaving 9 mm between upper
surface of sample and plane of z axis gradiometer coil.
Model samples were measured in room temperature,
whereas ice block samples were measured in a plastic
tray which is placed above another tray filled with LN,
to keep the temperature of ice sample below ice freezing
point (approximate temperature —100 to —10 °C depend-
ing on parts of ice blocks). The tray with samples was put
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Fig. 2 Schematic figures of three axes SQUID gradiometer system. a Cross section of a cryostat with three axes SQUID sensors. b Close-up of a
gradiometer pickup coil and a SQUID. € Geometry of three axes pickup coils. d Photograph of assembled pickup coils and SQUIDs

on a non-magnetic track and moved stepwise at intervals
of 1 mm. The signal from the gradiometer is obtained at
a sampling rate of 200 Hz with low-pass filter (LPF) of
10 Hz. Upon each stepwise movement of the tray, a trig-
ger is produced and 80 data are acquired for each posi-
tion. Twenty data points were averaged from the time
when transient shift due to LPF has passed and used for
further analysis. First, a block ice sample from each of the
three sites was prepared and natural remanent magnetiza-
tion (NRM) was measured. Second, IRM was imparted in
25-mT DC magnetic field for about 5 s on samples in the
center of a Helmholtz-type static magnet with DC current.

Results

Microfocus X-ray CT

Similar to the previous study of microfocus X-ray CT
scanning on ice block samples (Dadic et al. 2013), we
could discriminate air bubbles, ice and solid particles

based on CT value of each boxel. Figure 3a—c shows the
3D perspective views of microfocus X-ray CT scan images
showing distribution of particles with density higher than
ice (red pixels; CT values higher than 15,200). Grayish
pixels represent ice (with CT values lower than 13,875,
13,648 and 13,569 for ice 1, ice 2 and ice 3, respectively),
and dark pixels are air bubbles. Ash contents for block
samples JARE54-ASH1-2 and JARE54-ASH3-2 are 0.098
and 0.227, respectively (Table 2). On the other hand,
JARE54-ASH2-2 has much lower ash content. The differ-
ence in ash content could be recognized as difference in
number of red pixels in Fig. 3a—c. Particles smaller than
the pixel size (30 pm x 30 pm x 30 um) may not be well
distinguished as pixels with CT values corresponding to
the density of volcanic ash. Figure 3a, b shows scattered
distribution of red pixels, whereas Fig. 3¢ shows rather
clustered distribution of red pixels. There are no clear
layered structures in the three images. The complete 3D
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Fig. 3 3D perspective view of X-ray CT scan of tephra-bearing ice
block samples. a JARE54-ASH1, b JARE54-ASH2, € JARE54-ASH3.
Greenish pixels correspond to ice, and darker pixels are air bubbles. Red
pixels are those with CT values higher than 15,200, which corresponds
to particles with density higher than ice such as volcanic ash

distributions could be recognized as rotation movies in
supplementary materials (Additional file 1, Additional
file 2, Additional file 3). The difference in distributions of
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red pixels could be controlled by particle density hetero-
geneity such as distance from the bottom of the tephra-
bearing ice layer as well as location of the sites.

Geochemical analysis

The BEIs revealed that the particles are volcanic ash and
consist of vesiculated fresh glass and microphenocrysts.
No clear difference was recognized between the samples
JARE54-ASH1 (Fig. 4a) and JARE54-ASH3 (Fig. 4b), in
terms of their grain size, grain shape, vesicularity, crystal-
linity, microtexture (size and shapes of minerals and vesi-
cles), mineral assemblages, chemical composition of the
mineral and matrix glass and their color under binocular
microscope. Size of each volcanic particle was confirmed
by averaging the lengths of major axis and minor axis of
each grain in the electron microscope images. Typical
individual volcanic particle (~50 um) consists of multiple
mineral grains such as plagioclase, pyroxene, magnetite
(e.g., 10 pm) and volcanic glass. Major element analyses
of volcanic glass by EPMA are summarized in Table 3.
Chemical composition of matrix glass belongs to a low-K
basaltic andesite group, ranging from SiO, 60-62 wt%
and K,O 0.40-0.50 wt% (Fig. 4c, solid circles). These are
similar to the chemical composition of volcanic glass
of Type B ash (open circle) analyzed by Naraoka et al.
(1991) for a tephra-bearing ice layer in Nansen Ice Field
located south of point A233 (72°44/13"S, 24°10’28"E). In
addition, these are similar to the chemical composition
of volcanic glass of tephra layers in the EPICA-Dome C
ice core with low-alkali tholeiitic signatures (gray cir-
cles), which are considered to originate from the South
Sandwich Islands (Narcisi et al. 2005). Crystallinity of
the ash particles is primarily <40 vol%. The ash particle
include microphenocrysts of plagioclase (core An 65-90
(mostly 65-77) and rim An 57-65, where An represents
anorthosite content), orthopyroxene (En mostly 58-59,
where En represents enstatite content), clinopyroxene
(Wo mostly 23-37, where Wo represents wollastonite
content) and Fe-Ti oxide mineral (XUsp mostly 0.2-0.35;
Fig. 4d, where XUsp represents ulvospinel content).

Rock magnetism

Stepwise AF demagnetization of NRM for ice block sam-
ples shows that the intensity of magnetizations is ~2 X
1077 A m?*/kg for JARE54-ASH1-1 and ~4 x 1077 A m?/
kg for JARE54-ASH3-1 (Fig. 5a). JARE54-ASH2-1 shows
much weaker intensity of magnetization ~1 x 107 A m%/
kg close to the detection limit, which is consistent with
the absence of visible ash particles in the ice sample.
Figure 5b shows intensity of ARM measured on JARE54-
ASH1-1 (JARE54-ASH3-1) as ~1 x 107° A m¥kg
(~1.8 x 107% A m?/kg), respectively. ARM for JARE54-
ASH2-1 is weaker intensity of ~6 x 107® A m*/kg.
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Fig. 4 Backscattered electron images (BEls) of volcanic ash particles extracted from tephra-bearing ice block samples collected from Sites a JARE54-
ASH1 and b JARE54-ASH3. BB bubble, GL glass, MT titanomagnetite, PL plagioclase, PX pyroxene. ¢ Harker diagram of K,O for volcanic glass. Black
solid circles are data from this study, white circles are data from Naraoka et al. (1991), and gray solid circles are from Narcisi et al. (2005). Boundary of
low-K, medium-K and high-Kis from Gill (1981). d Histogram of ulvospinel content for the analyzed titanomagnetite grains

Table 3 Major element compositions of volcanic glass analyzed with EPMA (Additional file 4, Additional file 5: Table S1)

Sample N Sio, Tio, Al,O04 FeO MnO MgO CaO Na,O K,0 SO, F cl
JARE54-ASH1
Mean 14 61.56 1.05 13.76 10.50 0.20 246 6.85 299 0.48 0.11 0.01 0.15
1o 1.56 0.12 0.53 0.77 0.02 038 0.38 0.16 0.07 0.07 0.01 0.05
JARE54-ASH3
Mean 42 60.86 1.07 14.01 10.64 0.20 2.56 7.08 298 045 0.08 0.01 0.15
1o 0.61 0.07 0.73 0.61 0.04 0.25 0.26 0.23 0.03 0.03 0.02 0.02
Total
Mean 56 61.04 1.06 13.95 10.61 0.20 253 7.02 299 045 0.09 0.01 0.15
10 0.98 0.08 0.69 0.65 0.04 0.29 0.31 0.21 0.05 0.04 0.02 0.03

N number of analyzed grains

Figure 5c shows IRM acquisition curves for JARE54-  Saturation magnetization per particle weight is higher
ASHI1-1 and JARE54-ASH3-1. The curves show that the for a sample taken from JARE54-ASH1 than from
magnetic minerals were mostly saturated at ~300 mT. JARE54-ASH3. The derivative of the IRM acquisition
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curves shows broad distribution of coercivities with a
peak around 10 mT for JARE54-ASH1-1 and 20 mT for
JARE54-ASH3-1. Vertical broken line represents 25 mT,
which is used to acquire IRM for the measurements with
the gradiometer. Magnetic hysteresis properties were
measured on four sets of particles taken from two sites
and plotted on Day plot (Fig. 5d). The volcanic particles
included in tephra-bearing ice samples from Nansen
Ice Field are distributed around pseudo-single-domain
(PSD) and multi-domain (MD) particle size range. FORC
diagrams were also measured on samples from the two
sites (Fig. 5e, f). The results show several features includ-
ing peaks close to the origin, broad peaks between 0 and
30 mT with vertical spread, central ridges extending to
the measured limit of 60 mT.

Thermomagnetic curves for JARE54-ASH1 and
JARE54-ASH3 show Curie temperatures at 360-370
and 450-550 °C in heating curves (red curves; Fig. 5g, h)
and at ~500 °C in cooling curves (blue curves). Cooling
curves show an increase in magnetization after heating.
Assuming that the magnetic mineral is titanomagnet-
ite, the lower Curie temperature phase in heating curves
corresponds to titanomagnetite of XUsp ~0.34 (Lattard
et al. 2006). This is consistent with XUsp estimated from
EPMA analysis. Existences of the higher Curie tempera-
ture phases may indicate the production of magnetite
from titanomagnetite by heating in vacuum.

Ice block measurement with three-axis LTS-SQUID

Ice block samples of JARE54-ASH1-2, JARE54-ASH2-2
and JARE54-ASH3-2 were subjected to measurements
of natural remanent magnetization (NRM) with the gra-
diometer while cooling with LN, (Fig. 6). Although the
mechanism is not clear, the blank tray with LN, measured
with the gradiometers showed a small amount of mag-
netic signal, especially in Y axis. Thus, the blank tray with
LN, and drift of the measurements were corrected for
all the diagrams. JARE54-ASH1-2 and JARE54-ASH3-2
show peaks in Z axis gradiometer magnetic field intensity
of 4-8 pT in Z axis gradiometer. JARE54-ASH2-2 shows
only a significant peak at 90 mm, which might be a mag-
netic contamination away from the ice block sample. The
average noise level for the measurements in Z axis gradi-
ometer is about 0.6 pT.

After the measurement of NRM, DC magnetic field
of 25 mT was put on these samples in the direction of
X axis and were subjected to measurements with the
gradiometer (Fig. 7). All the ice block samples show
peaks centered around zero position. JARE54-ASH1-2
and JARE54-ASH3-2 show relatively large peaks of
about 400 and 1200 pT, whereas JARE54-ASH2-2
shows a small peak of about 10 pT. The average noise
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level for the measurements in Z axis gradiometer
is about 0.6 pT, which is the same as the measure-
ments for NRM. As a result, signal-to-noise ratio was
improved thanks to the enhancement of signal by arti-
ficial magnetization.

Half-cylinder theoretical response and model sample

with Antarctic ash

Figure 8a shows the top view of z axis coil geometry
together with assumed thin volcanic ash layer. Theoreti-
cal response curves for the gradiometers were calculated
for half-cylinder with radius of 29 mm and variable thick-
nesses with uniform magnetization in X axis. Total mag-
netic moment for each thin slice is assumed to be the
same value of 1.3 x 10~ A m? which means dilution
of the same amount of magnetic material with increas-
ing total volume. The distance between the surface of
half-cylinder sample and z axis pickup coil was set to be
9 mm. Theoretical curves for the gradiometer were cal-
culated by using magnetic field values in the center of the
two 1.5 mm X 1.5 mm rectangular coils by integrating
point source responses over the whole volume of each
half-cylinder thin slice. Calculated theoretical responses
of Z axis gradiometer are plotted versus position for vari-
ous thicknesses (Fig. 8b; right axis). Peak value decreases
and half-width increases with increasing thickness of
half-cylinder. Theoretical response for a point source
with the same magnetization is also shown by broken line
(Fig. 8b; left axis), which has much higher peak value and
sharp response compared with the thin slices.

Figure 8c shows response in X (black curve), Y (red
curve) and Z axis (blue curve) gradiometers for thin
model sample with volcanic ash particles of JARE54-
ASH3 mixed with epoxy glue. The block ice sample
was melted, and the extracted particles were mixed
with epoxy glue to make a half-cylinder model sample
with 29 mm radius and 1 mm thickness. The sample
was magnetized in X axis with a DC magnetic field
of 25 mT. Among three axes, Z axis response has a
highest peak of 152 pT, whereas X axis response has
a negative peak of —85 pT. Y axis response is nearly
zero for the whole length, which is predicted from the
theoretical calculation. Z axis response could be well
compared with the theoretical response with a thick-
ness of 1 mm. The distances of two zero crossings are
16 mm for both measured and theoretical responses.
Negative lobes for theoretical response are 19 % of the
peak value on both sides, whereas those for measured
response are 22 and 17 % with asymmetry. The asym-
metry might be caused by slight tilt of half-cylinder
model slice relative to the axes of the gradiometer
pickup coil.
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Discussions

Origin of volcanic ash in tephra-bearing ice block

Particles extracted from ice block samples collected
in Nansen Ice Field were analyzed and found to be vol-
canic ash with chemical composition similar to Type B
ash (low-K) reported by Naraoka et al. (1991) and group
(a) ash of basaltic andesitic or andesitic compositions
with affinity (K,O ca. 0.4 wt%) (Narcisi et al. 2005). They
implied that Type B or group (a) ash might have been
originated from the South Sandwich Islands, which is
2800 km away to the northwest from the sampling sites
of this study (Fig. 1). Continuous distribution of tephra-
bearing ice layer with minimum extension from JARE54-
ASH1 to JARE54-ASH3 without significant grain size
change may suggest relatively large volcanic eruption.
The volcanic ash particles consist mainly of fresh blocky
andesitic glass with small spherical bubbles (Fig. 4a, b),
indicating explosive phreatomagmatic or magmatic erup-
tion. Clusters of volcanic particles observed for X-ray
CT image of JARE54-ASH3 may suggest the process of
initial deposition onto surface of snow. Although age of
eruption and deposition of volcanic ash is not clear, the
tephra-bearing ice layer with volcanic ash should have
been transported as the ice sheet moves and uplifted as
the bare ice area is eroded by strong wind through signifi-
cant time after deposition and consolidation.

Nishio et al. (1985) reported tephra-bearing layers on
the bare ice surface in the Meteorite Ice Field near the
Yamato Mountains, Dronning Maud Land, southwest
of Syowa Station (Fig. 1). The volcanic glass shards were
extracted from bare ice samples collected from the Ice
Field, and the analyzed average chemical compositions
(N = 14, SiO,: 57.92 £+ 0.71 %, K,0: 0.39 %+ 0.06 %) lie
on the trend of this study (Fig. 4). This implies that the
volcanic ash analyzed in this study and those reported by
Nishio et al. (1985) may have been originated from the
same area. Based on the chemical compositions, they
suggested that the volcanic ash of the Ice Field near the
Yamato Mountains might have been derived from a vol-
cano of the South Sandwich Islands, which are about
3000 km away from the Yamato Mountains. They also
mentioned about the median grain size of the analyzed
particles (40-55 pm) as a supporting evidence for the
above-mentioned hypothesis.

East Antarctic deep ice cores (Dome Fuji, Vostok and
EPICA-Dome C) are dominated by tephra events from
volcanoes in the South Atlantic region (Narcisi et al.
2010). In particular, the South Sandwich Islands repre-
sent an important source for volcanic ash in East Ant-
arctic ice. Relative abundance of ash layers from South
Sandwich Islands decreases with increasing distance
from the source (i.e., from Dome Fuji, through Vostok, to
EPICA-Dome C). Seventeen out of twenty-three visible
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ash layers found in Dome Fuji ice core are considered
to be originated from the South Sandwich Islands (Nar-
cisi et al. 2010). Tephra layers in these ice cores from the
volcanic province are also characterized by coarser vol-
canic ash grains than that for layers from other sources.
The peak grain size of the tephra from South Sandwich
Islands in EPICA-Dome C is 10 um (Narcisi et al. 2010).
Maximum size of the volcanic ash grains found in Dome
Fuji ice core is mostly <50 um (Kohno et al. 2004).

Considering the location of our sampling sites between
the South Sandwich Islands and Dome Fuji, coarser
grains with size of 50 um could have been transported
from the South Sandwich Islands to the studied area.
This is also consistent with the fact that products from
the South Sandwich Islands are characterized by very
low K contents (Leat et al. 2003). Although the grain size
of 50 um transported 2800 km away from the expected
source area is relatively large, stronger westerly jet stream
in the upper troposphere and lower stratosphere for the
circum Antarctic regions could potentially transport
the particles. Based on composite satellite data, Lazzara
et al. (2014) calculated mean wind speed of high-lati-
tude southern hemisphere above ~7 km as ~28 m/s (i.e.,
~100 km/h). On the other hand, Suzuki (1983) estimated
terminal fall velocities of volcanic particles as a func-
tion of mean diameter in the atmosphere. Terminal fall
velocity of particles with mean diameter of 50 um is cal-
culated as ~0.1 m/s. Height of the volcanic cloud is con-
trolled by the magma discharge rate and wind conditions
(e.g., Suzuki and Koyaguchi 2013), which could reach up
to 16 km (e.g., Prata et al. 2015). Assuming that volcanic
cloud with column height of 12 km was formed by an
explosive phreatomagmatic or magmatic eruption, ash
particles with diameter of 50 pm would have taken ~28 h
to settle down onto the surface of sampling sites (altitude
~2 km). The wind speed of westerly jet steam in Antarc-
tic region (~100 km/h) is just enough for the particles to
be transported from the South Sandwich Islands to the
sampling sites with a distance of 2800 km.

In order to confirm the correlations between tephras
reported in this study and those from other areas in Ant-
arctica, we have calculated the Euclidean distance func-
tion, D, for element concentrations in volcanic glass
normalized by standard deviations (Perkins et al. 1995).
Dunber and Kurbatov (2011) applied the distance func-
tion with 6 elements (i.e., Fe, Ca, Ti, Mg, Mn and K) for
Antarctic ice samples, which are also used for the tephras
reported in this study. They also suggested that identical
tephras typically have D values around 4 and that D val-
ues below 10 are considered as high degree of similarity.
D value between JARE-ASH1 and JARE-ASH3 (Table 3)
is calculated as 1.0, which is consistent with the idea
that these are identical. Thus, total average and standard
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deviation for elements in Table 3 were used for further
analyses with other tephras in Antarctica reported pre-
viously (Table 4). D value with Type B ash reported by
Naraoka et al. (1991) is 2.9 and that with ash near the
Yamato Mountains reported by Nishio et al. (1985) is
1.9, suggesting that these could be identical to the tephra
reported in this study or the source is the same. Group
(a) tephra layers of EPICA-Dome C (Narcisi et al. 2005)
with low K associated with South Sandwich Islands
(132.6, 339.5, 923.8, 1804.0 and 2086.6 m) gave smaller D
values (2.5, 3.2, 1.0, 8.6 and 4.2) suggesting the same ori-
gin. Volcanic ash layers in Vostok ice cores (Palais et al.
1987, 1989; Basile et al. 2001) with low K (100, 369, 550,
104, 547, 1280 Type A, 1992, 2169, 2231, 2260, 2326 and
2502 m) show D values lower than 10 (3.4, 1.8, 9.0, 2.5,
7.1,4.0,10.3, 8.1, 4.9, 5.3, 4.2 and 4.6). Kohno et al. (2004)
made correlation of tephra layers found in Dome Fuji ice
core with those in Vostok based on major and trace ele-
ments (Table 4; numbers in the ‘Correlation’ column).
Tephra layers in Dome Fuji correlated with the tephra
layers in Vostok associated with South Sandwich Islands
(505, 2026 and 2117 m) show D values lower than 10 (9.6,
5.3 and 1.9). Whole analyses of D values suggest that the
tephra layer investigated in this study could be correlated
with the tephra layers distributed over a large area in Ant-
arctica which is associated with South Sandwich Islands.

Rock magnetic granulometry of volcanic ash
FORC diagrams provide valuable information on the mix-
ture of magnetic minerals with various domain states in
natural sample. Thanks to the ability of VARIFORC to
extract important features from FORC datasets, a mixture
of magnetic minerals in various domain states could be
resolved in FORC diagrams (Fig. 5e, f). Here we diagnose
each feature based on the description summarized by Rob-
erts et al. (2014). Sharp central ridges could be identified
along horizontal lines at H, = 0 extending from ~15 mT to
the maximum H, of 60 mT and further, which is indicative
of non-interacting single-domain (titano)magnetite. Strong
peaks centered around the origin suggest the presence of
particles near the SP to stable SD threshold size. Distri-
butions along vertical lines at H, = 0 could be created by
the presence of SP particles. Triangular-shaped vertically
spread broad peaks around 0-30 mT might be characteris-
tics of PSD grains. This is also supported by the presence of
troughs near the H, axis in the negative region (lower half).
Although there might also be some amount of MD par-
ticles, contribution to the hysteresis parameters and FORC
diagrams might be small and could not be resolved clearly.
Titanomagnetite grains in PSD size could actually be iden-
tified in the electron microscopic images typically attached
to the other mineral grains such as plagioclase (e.g., Fig. 4a,
b). SP and SD size (titano)magnetite grains could exist as
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Table 4 D value for a tephra layer reported in this study
with tephras in Antarctica

References Area/ice core  Sample/ Correlation D value
depth (m)

Naraoka etal. ~ Nansen Ice Type A 12.1
(1991) Field 88101908

Naraoka etal. ~ Nansen Ice Type B 29
(1991) Field 88022501

Naraoka etal.  Nansen Ice Type C 10.7
(1991) Field 88120503

Naraoka etal. ~ Nansen Ice Type C 14.2
(1991) Field 88121105

Naraoka etal. ~ Nansen Ice Type C 129
(1991) Field 89010201

Naraoka etal. ~ Nansen Ice Type C 11.6
(1991) Field 88120402

Nishio et al. Allan Hills Allan ash 46.3
(1985)

Nishio et al. Yamato Yamato ash 1.9
(1985) Mountains

Kohno et al. Dome Fuji 505 1 9.6
(2004)

Kohno et al. Dome Fuji 1129 2 12.5
(2004)

Kohno et al. Dome Fuji 1361 63.5
(2004)

Kohno et al. Dome Fuiji 1849 3 49.7
(2004)

Kohno et al. Dome Fuiji 2026 4 53
(2004)

Kohno et al. Dome Fuji 2117 5 1.9
(2004)

Kohno et al. Dome Fuji 2170 6 83
(2004)

Narcisi et al. EPICA-Dome C 1326 2.5
(2005)

Narcisi et al. EPICA-Dome C 3395 3.2
(2005)

Narcisi et al. EPICA-Dome C 4347 67.5
(2005)

Narcisi et al. EPICA-Dome C 572 135
(2005)

Narcisi et al. EPICA-Dome C 9238 1.0
(2005)

Narcisi et al. EPICA-Dome C 11171 226
(2005)

Narcisi et al. EPICA-Dome C  1265.1 67.8
(2005)

Narcisi et al. EPICA-Dome C 17325 736
(2005)

Narcisi et al. EPICA-Dome C  1796.3 584
(2005)

Narcisi et al. EPICA-Dome C 1804 86
(2005)

Narcisi et al. EPICA-Dome C  1868.3 255
(2005)

Narcisi et al. EPICA-Dome C  2086.6 4.2
(2005)
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Table 4 continued

References Area/ice core  Sample/ Correlation D value
depth (m)

Narcisi et al. EPICA-Dome C 21509 9.7
(2005)

Palais et al. Vostok 100 34
(1987)

Palais et al. Vostok 369 1 1.8
(1989)

Palais et al. Vostok 550 9.0
(1989)

Palais et al. Vostok 641 293
(1989)

Palais et al. Vostok 1510 49.8
(1989)

Basile et al. Vostok 104 2.5
(2001)

Basile et al. Vostok 181 10.8
(2001)

Basile et al. Vostok 547 7.1
(2001)

Basile et al. Vostok 989 2 13.0
(2001)

Basile et al. Vostok 1280, Type A 4.0
(2001)

Basile et al. Vostok 1280, Type B 64.6
(2001)

Basile et al. Vostok 1431 69.2
(2001)

Basile et al. Vostok 1981 7.5
(2001)

Basile et al. Vostok 1992 10.3
(2001)

Basile et al. Vostok 1996 74.6
(2001)

Basile et al. Vostok 2169 81
(2001)

Basile et al. Vostok 2231 4.9
(2001)

Basile et al. Vostok 2260 53
(20071)

Basile et al. Vostok 2326 4.2
(20071)

Basile et al. Vostok 2502 4.6
(2001)

Basile et al. Vostok 2587 9.5
(2001)

Correlation is based on major and trace elements by Kohno et al. (2004)
D value is calculated based on Perkins et al. (1995) with Fe, Ca, Ti, Mg, Mn and K

D values in italic letters are for tephra layers associated with South Sandwich
Islands

Italic letters for Dome Fuji is based on the correlation with Vostok

inclusions in other grains such as plagioclase or volcanic
glass.

According to the geochemical analysis and Curie tem-
perature measurements, titanomagnetite in the volcanic
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ash particles was considered to have ulvospinel content of
0.2-0.35. In addition to the above-mentioned granulom-
etry based on FORC diagrams, conventional biplots such
as Day plots could be used to understand the mixture
of magnetic minerals with various domain states. Dun-
lop (2002a, b) developed comprehensive theory on Day
plot covering superparamagnetic (SP), single-domain
(SD), PSD and MD titanomagnetite. In Fig. 9, our data
(solid circles) were plotted together with the data points
measured by Day et al. (1977) for variable size fractions
of titanomagnetite with chemical compositions of TMO,
TM20, TM40 and TM60. Numbers marked beside red
circles are mean size of TM40, which is roughly compa-
rable to the chemical composition to the studied mate-
rial. It should be noted that titanomagnetite grains used
by Day et al. (1977) is crushed and unannealed. Crushed
magnetite grains tend to show much higher M, /M, val-
ues and lower H_,/H_ values than the same size fractions
with annealing (e.g., Dunlop 2002a).

Thick and thin solid lines are mixing curves for SD and
MD magnetites, whereas thick broken curve is the mixing
curve for titanomagnetite with chemical composition of
TM60 (Dunlop 2002a). Note that most of the data points
of this study are significantly away from the mixing curves
for magnetite and those for the size fractions of titanomag-
netites measured by Day et al. (1977), whereas the mixing
curve of TM60 is touching some of the data points of this
study, which is also touching two data points for TM40
size fraction 0.95 pm on the upper left and ~20 um on the
lower bottom. Considering the interpretation of FORC
diagrams, the magnetic mineral is primarily the mixture
of PSD and SD titanomagnetite grains. Thus, the mixture
of magnetic minerals should be right of thick solid curve
and might be slightly left of thick broken curve. Additional
SP contribution may shift the data points to the right of
thick broken curve and slightly downward (Dunlop 2002a,
b). Based on the calculation of thermally activated loops,
Lanci and Kent (2003) also suggested that data points for
SP particles on Day plot can be shifted further to the right
and slightly downward depending on the volume and ani-
sotropy distributions.

Wang and Van der Voo (2004) proposed a plot of
M. /M, versus H_ (see Fig. 9b) to discriminate mag-
netic hysteresis properties of titanomagnetites in oce-
anic basalts. Dunlop (2002a) also noted that M, /M and
H_ respond to the mixing of size fractions of magnetic
grains linearly, whereas H,, respond nonlinearly. Thus, it
is expected that the plot of M, /M, versus H, for a suite
of samples with the same chemical composition may
follow a linear trend. In Fig. 9b, it should be noted that
the trend for TM40 or TM20 by Day et al. (1977) is well
below the trend of samples measured in this study (solid
broken line). The difference might be accommodated by
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Fig. 9 a Day plot for this study (solid circles, which is basically the
same as Fig. 5d. Colored symbols are from Day et al. (1977) for pure
magnetite (open blue circles), TM20 (solid green circles), TM40 (solid
red circles) and TM60 (open purple circles). Thick (thin) black curve is
theoretical mixing line of SD and MD magnetite by Dunlop (2002b)
for case 2 and case 3 in his Fig. 2. Numbers on the sides of red circles
are size of particles prepared by Day et al. (1977) for TM40. Thick bro-
ken line is a mixing curve of SD and MD titanomagnetite with TM60
composition (a curve in Figure 10 of Dunlop 2002a). b M /M versus
H. plot proposed by Wang and Van der Voo (2004). Symbols are the
same as Fig. 9a. Broken line is the fit through the origin for the data in

this study (solid circles)

the effect of the presence of SP magnetic particles, which
may shift data points to the left and slightly downward
on the diagram. Although SP contribution of meteoric
smoke in ice samples from Greenland and Antarctica
has been pointed out (Lanci and Kent 2006; Lanci et al.
2007), the samples used for rock magnetic analyses in
this study may not contain these particles due to the
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extraction process employed. The contribution of SP par-
ticles suggested by the rock magnetic parameters might
be originated from inclusions in mineral grains and/or
volcanic glasses.

Detection of ash with LTS-SQUID gradiometer

Peak value of 152 pT for the measurement of model
half-cylinder sample and that of 6.6 pT for the theoreti-
cal curve suggest that the total magnetic moment for the
measurement is estimated to be 3.0 x 10~® A m? Mag-
netization of JARE54-ASH3-1 after acquisition of IRM at
25 mT is 1.0 x 1072 A m?/kg (Fig. 5c), so the estimated
amount of material in the modeled sample is 3.0 mg. This
is much smaller than the total volcanic particle weight
of 9 mg extracted from JARE54-ASH3 and mixed with
epoxy glue to make the thin half-cylinder model sample.
The discrepancy might be caused by the inhomogeneity
within JARE54-ASH3 block sample in magnetization,
larger distance of sensor to sample than calculated and/
or heterogeneous distribution of volcanic particles within
half-cylinder sample mixed with epoxy glue. Lanci et al.
(2001) pointed out the possibility of rotation of magnetic
grains by meting of surrounding ice by the heat caused by
electromagnetic induction at the time of IRM acquisition
with a pulsed magnetic field. However, this may not be
the case for this study, because we used static DC mag-
netic field for the acquisition of IRM.

It is important to know the detection limit of volcanic
ash with the gradiometer. Average noise level for Z axis
gradiometer is 0.6 pT. Theoretical response curve of half-
cylinder of uniform magnetization with total magnetic
moment of 1.3 x 107 A m? in X axis (radius 29 mm,
thickness 1 mm) shows peak value of about 6.6 pT (Fig. 8b;
red curve). From these values, detection limit of magnetic
moment can be calculated as ~1.2 x 107 A m? for a
thickness of 1 mm. Corresponding detection limit of mag-
netization is 9.2 x 107> A/m. With decreasing distance
between sample and sensor from 9 to 6, 3, 1 and 0.5 mm,
calculated peak magnetic field value increases to 15, 53,
184 and 277 pT, respectively (Fig. 10). These peak values
correspond to detection limit of magnetic moment of
53 x 107,14 x 107", 4 x 107*? and 2.7 x 107 A m?
for a uniformly magnetized half-cylinder shaped sample
with a thickness of 1 mm. As the volume of the sample
is 1.32 cc, corresponding magnetization is calculated as
40 x 107, 1.1 x 107% 3.0 x 10 ®and 2.1 x 107° A/m,
respectively. 2G superconducting rock magnetom-
eter (SRM) has a total magnetic moment noise level of
about 2 x 107 A m?* at GSJ. Considering the volume
of the sample of 1.32 cc for a half-cylinder with a thick-
ness of 1 mm, corresponding magnetization is calculated
as 1.5 x 107® A/m. Thus, the detection limit of volcanic
ash layer with the current gradiometer system could be
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b Calculated peak value as a function of distance from sensor to
sample

improved to the level of SRM by reducing the sample-
to-sensor distance down to 0.5 mm. Further improve-
ments could be realized by increasing the stacking time
and improvements in the magnetic shielding since the
door of the magnetic shield room was open during our
experiments.

Conclusions

Ice block samples of tephra-bearing layer with vol-
canic ash were collected from Nansen Ice Field south
of the Ser Rondane Mountains, Antarctica. Three-
dimensional distributions of volcanic ash particles were
imaged with microfocus X-ray CT. The volcanic ash par-
ticles have grain size of ~50 pm, and the chemical com-
position of the matrix glass was found to belong to a
low-K basaltic andesite group. The ash particles include
microphenocrysts of plagioclase, orthopyroxene, clino-
pyroxene and Fe-Ti oxide mineral. Considering the
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chemical composition, grain size and stronger westerly
jet steam in the lower stratosphere of circum Antarctic
region, the South Sandwich Islands could be the source
area providing the analyzed volcanic ash particles. Cor-
relations with tephra layers associated with South Sand-
wich Islands in EPICA-Dome C, Vostok and Dome Fuji
ice cores show high similarity.

Magnetic mineral in the volcanic particles is consid-
ered to be titanomagnetite with ulvospinel content of
0.2-0.35. Rock magnetic granulometry based on mag-
netic hysteresis properties including FORC analysis and
biplots such as Day plot indicates that the volcanic parti-
cles are the mixture of PSD titanomagnetite, SD (titano)
magnetite and SP (titano) magnetite with possible minor
amount of MD titanomagnetite.

Magnetic signal of Antarctic ice block samples were
measured in natural state with the gradiometer. Mag-
netic signal could be detected for ice block samples from
JARE-ASH1 and JARE-ASH3 with volcanic ash content of
0.1-0.2 wt%. After magnetized with DC magnetic field of
25 mT, magnetic signal could be detected for all the sam-
ples including the one with invisible amount of tephras
with concentration of 0.007 wt%. With the noise level of
0.6 pT for Z axis gradiometer and sensor-to-sample dis-
tance of 9 mm, detection limit of magnetization was cal-
culated as ~9 x 107> A/m for half-cylinder with radius of
29 mm and thickness of 1 mm. The detection limit could
be improved down to ~2 x 107® A/m by reducing the sen-
sor-to-sample distance to 0.5 mm and further by increas-
ing stacking time with improved magnetic shielding.

Additional files

Additional file 1. Rotation movie on ice sample JARE54-ASH1-2 by
micro focus X-ray CT scan. Darker pixels are less dense (air). Red pixels cor-
respond to particles with density higher than ice.

Additional file 2. Rotation movie on ice sample JARES4-ASH2-2 by
micro focus X-ray CT scan. Darker pixels are less dense (air). Red pixels cor-
respond to particles with density higher than ice.

Additional file 3. Rotation movie on ice sample JARE54-ASH3-2 by
micro focus X-ray CT scan. Darker pixels are less dense (air). Red pixels cor-
respond to particles with density higher than ice.

Additional file 4. Backscattered Electron Images (BEls; each image area
is a square, 500 um each side) of volcanic ash particles extracted from
tephra-bearing ice block samples with analyzed points (red numbers with
arrows) for major element concentrations with EPMA.

Additional file 5: Table S1. Table of major element concentrations for
the points in BEIs (Suppl. 4). No. corresponds to each analyzed point.
Abbreviations for phase are as follows; PI: plagioclase, MG: matrix glass,
Mt: magnetite, Px: pyroxene, FeS: iron sulfide. Bold letters are mean and
standard deviation for each phase. Analyzed points with mixed phases are
not included in the table.

Abbreviations

AC: alternating current; AF: alternating field; ARM: anhysteretic remanent
magnetization; BEIl: backscattered electron image; Day plot: biplot of magnetic
hysteresis parameters M, /M, versus H,/H_ after Day et al. (1977); DC: direct
current; EPMA: electron probe microanalyzer; FORC: first-order reversal curve;
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GSJ: Geological Survey of Japan; IRM: isothermal remanent magnetization; KIT:
Kanazawa Institute of Technology; LN,: liquid nitrogen; LPF: low-pass filter; LTS:
low-temperature superconductor; MD: multi-domain; NIPR: National Institute
of Polar Research of Japan; NRM: natural remanent magnetization; PSD:
pseudo-single-domain; SD: single-domain; SP: superparamagnetic; SIRM: satu-
ration isothermal remanent magnetization; SQUID: superconducting quantum
interference device; VARIFORC: variable FORC analysis proposed by Egli (2013);
X-ray CT: X-ray computed tomography.
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