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a b s t r a c t

We investigated the deep-sea sedimentary sequence of core MD012422 corresponding to the last 350 ka
(since marine isotopic stage, MIS 10) from off Shikoku Island, NW Pacific Ocean, and refined its teph-
rostratigraphy. We detected many tephras and cryptotephras and correlated them with terrestrial
tephras on the basis of the major- and trace-element compositions of their glass shards. Then we cross-
checked our results against the reported marine tephrostratigraphy in the NW Pacific area and assessed
the relative timing of tephra eruptions and bioevents. Many widespread tephras and cryptotephras
originated from the Kyushu volcanic zone (Kuju, Aso, Kakuto, Aira, Ata, and Kikai volcanoes/calderas),
along with the Takayama-Ng1 tephra (Tky-Ng1) from Suiendani volcano in central Honshu, were
detected in the core. These tephras were used to validate and refine the reported NW Pacific marine
tephrostratigraphy and to develop useful time-synchronous markers for this ocean area. Among the
tephras, Ata-Torihama (Ata-Th) occurs at the MIS 7/8 transition (ca. 240 ka) and its horizon overlaps with
a calcareous nannofossil biohorizon, the first appearance datum (FAD) of Emiliania huxleyi. Ata-Th and
this biohorizon are stratigraphically above the Tky-Ng1 (MIS 8/9 transition, 290e300 ka) and Kakuto
(Kkt, MIS 9/10 transition, 330e340 ka) tephras, and these tephras have the same stratigraphic rela-
tionship with this biohorizon in deep-sea sediments from the East China Sea, off Shikoku Island, and off
central Honshu. However, in deep-sea cores from off northern Honshu, an inconsistency between the
tephrostratigraphy and the FAD of E. huxleyi has been reported. This inconsistency can be explained by
poor preservation of calcareous fossils in the deep waters off northern Honshu, which are more corrosive
to calcium carbonate than the shallower waters off Shikoku Island. These findings emphasize the
importance of cross-checking biohorizons against tephra horizons and of linking tephras between
terrestrial and marine sequences to assess the synchronicity of globally correlated age indicators.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Tephras are well-known, time-synchronous markers in ice cores
and marine and terrestrial sedimentary records separated by long
distances, because the eruption of a tephra is geologically instan-
taneous and fallout can occur at long distances from the source;
thus, they are useful for assessing the relative timing of environ-
mental changes (e.g., Lowe, 2011; Davies et al., 2014; Blockley et al.,
su’ura).

ier Ltd. This is an open access artic
2014; Rasmussen et al., 2014). In particular, compilations of hemi-
spherically distributed intercontinental tephras (Lane et al., 2017)
can provide reliable isochrons within sediments at many locations,
thereby improving chronological models. Fallout tephras that are
distributed mainly in ocean areas (i.e., transoceanic marine
tephras) are similarly useful for synchronizing marine sequences
between distant ocean areas.

Late Pleistocene tephras originated from the Kyushu volcanic
zone are widely distributed in the volcanic arc regions of Japan, on
the Asian continent, and in the waters of the Pacific Ocean, Japan
Sea, and East China Sea (Fig. 1a and b). These tephras have been
correlated and dated by using stratigraphic information and
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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radiometric dating techniques (e.g., Machida and Arai, 2003).
Recently, the major- and trace-element compositions of glass
shards in tephras present in cores SG06 and SG14 (high-resolution
lacustrine archives covering the last 150 ky in central Japan) have
been well characterized, providing reliable information for tephra
correlation; further, these tephras are well dated by varve stratig-
raphy, 14C, and AreAr dating techniques (Smith et al., 2011, 2013;
McLean et al., 2016, 2018, 2020; Albert et al., 2018, 2019). Albert
et al. (2019) used these Late Pleistocene tephras to cross-check
and refine the previously reported tephrostratigraphy of deep-sea
sediments in the Izu-Bonin arc (Holes U1436A and U1437B;
Schindlbeck et al., 2018) and East China Sea (Hole U1429; Sagawa
et al., 2018). However, not only Late Pleistocene tephras but also
Fig. 1. (a) Study area (NW Pacific) shown on a map of calcite saturation depth (Feely et al., 2
PAC, Pacific plate; PHS, Philippine Sea plate; EUR, Eurasian plate; OKH, Okhotsk plate. The da
(1996), and the area between them is the NE Japan block (NEJ), a possible microplate.
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Middle Pleistocene tephras need to be developed for use as time-
synchronous markers in this ocean area.

The MD012422 site off Shikoku Island is situated in the non-
volcanic forearc, about 280 km from the volcanic front on Kyushu
Island. Because this site is downwind of the Kyushu volcanic zone, it
receives tephras erupted from volcanoes on Kyushu Island (Ikehara
et al., 2006, Fig. 1b). MD012422 core sediments are associated with
d18O stratigraphy corresponding to the last 350 ky (marine isotope
stage [MIS] 9 to MIS 10 transition; Ikehara et al., 2006: Fig. 2); the
core thus contains sediments older than the oldest sediments in
cores SG06 and SG14. Glass shards and mineral grains in the re-
ported tephras in this core have already been characterized by their
refractive indices (Ikehara et al., 2006) but not yet by their major-
004). (b) Locations of volcanoes, survey sites, ocean drilling sites, and tephra isopachs.
shed lines indicate the Eurasian and Okhotsk plate boundaries proposed by Seno et al.



Fig. 2. Stratigraphy, datum planes, tephra grain components, and the oxygen isotopic record of the planktonic foraminifer Globigerinoides ruber in core MD012422. The d18O record
with the stratigraphic positions of the last appearance datum (LAD) of G. ruber (pink) and the first appearance datum (FAD) of Emiliania huxleyi is from Ikehara et al. (2006). Tephra
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and trace-element compositions; as a result, many tephras in the
core have not been sufficiently well characterized for correlation
with known tephra eruptions. Further, to establish an improved
tephrostratigraphy for the core, all core sections need to be
examined for cryptotephras (concentration horizons of tephra-
derived particles that do not form visible tephra layers in the sed-
iments). The core MD012422 tephrostratigraphy and cryptoteph-
rostratigraphy can potentially provide useful age indicators for both
the Late and Middle Pleistocene in marine sequences that include
tephras originated from the Kyushu volcanic zone in the NW Pacific
Ocean, East China Sea, and Japan Sea (Fig. 1b). In fact, the late
Quaternary tephrostratigraphy and cryptotephrostratigraphy of
deep-sea sequences have already been successfully developed for
Holes C9001C, ODP1150A, and ODP1151C, all off Northern Honshu
in the NW Pacific area (Matsu’ura et al., 2014, 2017, 2018; Matsu’ura
and Komatsubara, 2017, 2018).

In the marine realm, glass shard concentrations can result from
not only tephra falls but also redeposition, including reworking and
bioturbation of previously deposited tephras (Allan et al., 2008;
Griggs et al., 2014; Hopkins et al., 2015; Abbott et al., 2018). Further,
because marine tephras may have been transported from distant
areas not only in the air but also by oceanic currents or ice rafts (e.g.,
Griggs et al., 2014; Abbott et al., 2018), the glass shards in a single
tephra horizon may derive from multiple sources; thus, their ma-
jor- and trace-element distributions may not be unimodal but
multimodal. Therefore, to establish a reliable tephrostratigraphy, it
is important to discriminate in situ tephras from reworked tephras.

In this study, we investigated deep-sea sediments from core
MD012422 to develop the tephrostratigraphy and cryptotephros-
tratigraphy of the core. We identified tephra and cryptotephra
horizons by examining concentrations of glass shards in the core
sediments where possible. We also sampled possibly correlative
terrestrial tephras for comparison. Then we analyzed the major-
and trace-element compositions of the glass shards and correlated
the tephras and cryptotephras of the core with the terrestrial
tephras. Further, we used these results to cross-check and recon-
sider previously reported tephra correlations in deep-sea sedi-
ments of the NW Pacific Ocean and East China Sea. We also cross-
checked the tephrostratigraphy against the biostratigraphy of
deep-sea sediments in these ocean areas.

2. Regional setting and overview of core MD012422

2.1. Regional setting

The Japanese Islands are located in the KurileJapan subduction
zone, which comprises the Kuril, NE Japan, Izu-Bonin, SW Japan,
Kyushu, and Ryukyu Island arcs (Fig. 1b). Each arc is divided into
forearc (non-volcanic arc) and backarc (volcanic arc) areas by a
volcanic front. Many tephras erupted during the Quaternary from
volcanoes on the western side of the volcanic front on Kyushu Is-
land (Fig. 3) are widely distributed, covering broad areas of the
Japanese Islands, Pacific Ocean, Japan Sea, East China Sea, and the
Asian continent (Machida and Arai, 2003, Fig. 1b). The rim
morphology of Aso, Kakuto, and Aira calderas, which produced the
widespread Aso-4 to �1 (87e270 ka), Kakuto (Kkt, 330e340 ka),
and Aira-Tn (AT, 30 ka) tephras, respectively, is well preserved
(Fig. 3), but that of Kobayashi caldera, which produced the
Kobayashi-Kasamori tephra (Kb-Ks, 520e530 ka), is poorly
abbreviations: K-Ah, Kikai-Akahoya; AT, Aira-Tn; A-Kn, Aira-Kenashino; A-Fm, Aira-Fukamin
derived tephra; Ata-Th, Ata-Torihama; Tky-Ng1, Takayama-Ng1; Kkt, Kakuto. Only glass sh
source volcano has been suggested, are labeled. Glass shard morphology is classified into t
respectively (see Supplementary material 7 for illustrations of shard morphological types). (F
to the Web version of this article.)
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preserved (Fig. 3). The rim of Ata caldera, which produced the Ata
and Ata-Torihama tephras (Ata,100 ka; Ata-Th, 240 ka), is below sea
level, and its morphology is well preserved (Matsumoto and Ui,
1997: Fig. 3). Similarly, Kikai caldera (Fig. 1b), which produced the
Kikai-Akahoya (K-Ah, 7 ka) and Kikai-Tozurahara (K-Tz, 95 ka)
tephras, is below sea level, but its rim morphology is well pre-
served, as shown by bathymetric data (Tatsumi et al., 2018).

2.2. Overview of previous work on the stratigraphy and age model
of core MD012422

The MD012422 core site is on the continental slope off Shikoku
Island at 2737mwater depth (32.1450�N,133.8633�E; Ikehara et al.,
2006, Fig. 1b). Core MD012422 is a giant piston core retrieved by R/
V Marion Dufresne with a recovery rate of almost 100% (Ikehara
et al., 2006). The core contains a continuous 47.3-m-long record
of the marine sedimentary succession, which consists predomi-
nantly of silts or sandy silts that contain tephras and microfossils
(Ikehara et al., 2006, Fig. 2). Ikehara et al. (2006) reported the
following tephras and biohorizons in the MD012422 core sedi-
ments: from top to bottom, K-Ah (2.24 mbsf), AT (12.05 mbsf), Aira-
Fukaminato (A-Fm: 12.78 mbsf), Aira-Iwato (A-Iw: 16.04 mbsf),
Aira-Fukuyama (A-Fk: 23.89 mbsf), Ata (25.11 mbsf), last appear-
ance datum (LAD) of Globigerinoides ruber (pink) (ca. 26 mbsf), Ata-
Th (36.14 mbsf), first appearance datum (FAD) of Emiliania huxleyi
(36e39 mbsf), and Kkt (42.08 mbsf). All of these tephras were
erupted from volcanoes on Kyushu Island (Fig. 1b). The age model
for core MD012422 reported by Ikehara et al. (2006) is constrained
by 14C ages of Globorotalia inflata, by dated tephras and biohorizons,
and by the MIS boundary (MIS 9/10, 350 ka) inferred from the d18O
stratigraphy, which occurs at the bottom of the sequence. Accord-
ing to this age model, the sedimentation rates in the upper and
lower parts of the core (0e13 and 13e47.3 mbsf, respectively, cor-
responding to 0e30 ka and before 30 ka, respectively) were
20e70 cm/ky and about 10 cm/ky, respectively (Ikehara et al.,
2006). Mechanical elongation during coring, inferred from the
magnetic susceptibility anisotropy, may be the cause of the
apparent high sedimentation rate in the upper part of the core
(Ikehara et al., 2006).

3. Materials and methods

3.1. Sampling, laboratory procedures, and microscopic examination

We obtained samples from the working halves of sections 1 to
25 of coreMD012422 (Ikehara et al., 2006).We sampled the tephras
according to their thickness. We sampled thick (�5 cm) layers of
tephras and other sediments at 5-cm intervals from the top to the
bottom of the core. However, when we identified a boundary be-
tween a tephra and other sediments within a 5-cm interval, we
sampled them separately, if each was 2.5 cm thick; otherwise, if the
tephra or the other sediments at the top (or bottom) of an interval
that included a boundary was thinner than 2.5 cm, we combined it
with the sample above (or below) having the same lithology. As a
result, the sample on one side of the boundary could be almost
7.5 cm thick, whereas that on the other side would be between 2.5
and 5 cm thick. We collected a total of 945 samples, including 20
tephra and tephric samples (i.e., ash, sediments with very small ash
patches, scattered ashy particles, etc.), from the MD012422 core
ato; A-Iw, Aira-Iwato; A-Fk, Aira-Fukuyama; K-Tz, Kikai-Tozurahara; Kuju, Kuju-volcano
ard spikes and subspikes that have been correlated to known tephras, or for which a
ypes H, M, and L, corresponding to highly, moderately, and poorly vesiculated shards,
or interpretation of the references to colour in this figure legend, the reader is referred



Fig. 3. Locations of late Quaternary volcanoes and calderas and survey sites on Kyushu Island. Late and Middle Pleistocene volcanoes and calderas are from AIST (2019).
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sediments. We also sampled terrestrial tephras that we considered
to be possible correlatives of the marine tephras from outcrops
where they had been previously reported. All samples were sieved
under running water through disposable 0.125-mm and 0.0625-
mm sieves, which were changed between samples to prevent any
contamination. The residues between 0.125 mm and 0.0625 mm in
size were dried, embedded in resin, and mounted on slides. We
then counted all grains on each slide under a polarizing microscope
until a total of 3000 grains and tephra had been counted to
determine the tephric and mineral grain assemblage.

To distinguish tephras and cryptotephras within the sediment
record, we first picked out samples with high glass shard concen-
trations (more than 1500 glass shards per 3000 grains in core
MD012422) (hereafter, high-concentration samples are referred to
as “spikes”), and we assigned them whole-integer numbers from
the top to the bottom of the core (e.g., G1, G2, …). For glass shard
concentrations (defined as having fewer than 1500 shards per 3000
grains) between the whole-integer spikes, we identified concen-
trations of more than 300 glass shards per 3000 grains as subspikes
and assigned them whole-integer plus decimal numbers from the
top to the bottom of the core (e.g., G1.1, G1.2, …). We applied the
same thresholds for spikes that we previously applied to deep-sea
cores off the Japanese Islands, but because the background con-
centrations of glass shards differed among the cores, we applied
different thresholds for subspikes: 300 shards per 3000 grains for
Hole C9001C (Matsu’ura et al., 2014; 2017); and 500 shards per
3000 grains for Holes ODP1150A and ODP1151C (Matsu’ura et al.,
2018) (Fig. 1b).

3.2. Compositional analysis

3.2.1. Major-element compositions
We carried out chemical analyses of the samples containing

glass shard spikes and subspikes from core MD012422 and the
terrestrial outcrops. We randomly extracted 10e15 glass shards
from each spike or subspike and outcrop sample for these analyses.
The major-element compositions of the glass shards were analyzed
by using an energy-dispersive electron probe X-ray microanalysis
(EDS-EPMA) system (Horiba Emax Evolution EX-270) at Furusawa
Geological Survey. Major elements were measured by scanning a 4-
mmgrid of a targeted grainwith a counting time of 50 s (EX-270), an
accelerating voltage of 15 kV, and a beam current of 0.3 nA. The
f(rz) procedure was applied to correct for atomic number, ab-
sorption, and fluorescence effects. We report the major-element
compositions of the glass shards as percentages by weight. Mea-
surement data obtained by the EDS-EPMA system were also
checked against measurements of the NIST 620 glass standard and
secondary standard glasses (MPI-DING ATHO-G and StHs6/80-G,
provided by the Max Planck Institut fuer Chemie) (Jochum et al.,
2006; Kuehn et al., 2011). Analytical raw data were filtered to
remove measurements with totals of <93 wt% (e.g., McLean et al.,
2020: Supplementary material 1). Chemical compositions (aver-
ages and standard deviations) of the sample populations are shown
in Supplementary material 2.

Chemical ranges were compared by using a variety of elemental
bi-plots. The most diagnostically useful elements for this study
were SiO2, K2O, FeO* (¼ total iron), CaO, Na2O, and Al2O3. Other
elements (MgO, TiO2, and MnO) were not diagnostic for tephra
identification in this study; therefore, plots of these elements are
not shown.

3.2.2. Trace-element compositions
The trace-element compositions of the glass shards were

analyzed by laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICP-MS; quadrupole ICP-MS Thermo Fisher Scientific
6

iCAP Qc coupled to a Teledyne LSX-213 G2þ 213 nm excimer LA
system) at Furusawa Geological Survey. Analytical conditions and
the monitored isotopes are given in Supplementary material 1. We
used the Al content, determined by EDS-EPMA as Al2O3, as an in-
ternal standard because Al is the second-most abundant major
element in the glass shards. Although Si is themost abundantmajor
element, we did not use it as an internal standard because the
analytical precision of LA-ICP-MS is lower for Si than for Al. Among
measured trace-element compositions (Supplementarymaterial 1),
we made no use of the Cr, Cu, and Ni contents because their mea-
surement resolution was low.

We normalized our trace-element data by primitive mantle
values (Sun and McDonough, 1989) and used a spidergram to
display, as a first approximation, the volcanic sources of the
tephras. Then we examined all other trace elements to further
characterize and discriminate individual tephras in eruptive units
from the same source by using bi-plots of selected trace elements.

Trace-element compositions of glass shards from a glass spike or
subspike in core MD012422 were occasionally heterogeneous
(Supplementary material 1), indicating that shards in the spike/
subspike were derived from separate batches of magma that later
became mingled or from closely spaced eruptions, or that they
might include reworked shards, possibly from multiple sources,
transported by intense bottom currents (e.g., Lowe, 2011; Griggs
et al., 2014; Abbott et al., 2018). Our analytical data (10e15 points
per sample) are sufficient to detect unimodal and bimodal pop-
ulations but not multimodal populations or arrays (e.g., four arrays
identified among 718 shards from Toba tuff; Westgate et al., 2013).
Therefore, we only attempted to interpret unimodal or bimodal
trace-element distributions of shards in this study.

4. Glass shard chemistry of terrestrial tephra samples

Terrestrial tephras potentially in core MD012422, as indicated
by previous isopach mapping (e.g., Machida and Arai, 2003) and
reported marine tephrostratigraphy (Ikehara et al., 2006), together
with their sources, correlated MISs, numerical ages, sample IDs,
sample material, and grid references, are shown in Table 1 and
Supplementarymaterial 3, and the lithology and stratigraphy of the
tephras are shown in Supplementary material 4. Shard major-
element compositions are shown in a bi-plot of SiO2 versus K2O
(Fig. 4a), and in bi-plots of FeO* versus CaO and of Na2O versus
Al2O2 (Supplementary material 5). A spidergram is used to show
the shard trace-element compositions (Fig. 4b).

4.1. Tephras from volcanoes in Kyushu central volcanic region

The Kuju volcano group in Kyushu central volcanic region
(Kyushu CVR: Fig. 3) produced the Kuju-1 Pumice (Kj-P1) and the
Kuju-D (Kj-D), Kuju-Handa (Kj-Hd), Kuju-Shimosakata (Kj-Sm),
and Kuju-Miyagi (Kj-m) tephras (Ono et al., 1977;Machida and Arai,
2003). Glass shards in tephras and pumices derived from Kuju
volcano since 0.15 Ma (Kj-m eruption) are all rhyolitic (Supple-
mentary material 5). Kj-Hd (ignimbrite) possibly corresponds to Kj-
P1 (pumice fall) (Nagaoka and Okuno, 2014), but their relative
stratigraphic positions are still unclear; therefore, we investigated
only Kj-P1 as a possible candidate for a marine tephra at the distal
MD012422 site. These tephras, together with Aso-4, A-Fk, and Ata-
Th, are amphibole-rich tephras, a characteristic that distinguishes
them from the many amphibole-free tephras derived from vol-
canoes on Kyushu Island. Kj-P1, Kj-D, Kj-Sm, and Kj-m shards are
characterized by high SiO2 content ranges (>77 wt%) and high K2O
(>3.6 wt%) (Fig. 4a). Although in our analytical results, the Kj-P1
shards were subtly offset from the other Kuju tephras, being
slightly lower in both SiO2 and K2O, all of the Kuju tephras were



Table 1
Terrestrial tephras potentially at the MD012422 site sampled in this study, their source volcanoes/calderas, and their ages.

Source Eruption Tephra abbreviation Sample ID Tephra deposits Sample material MIS Age (ka) Age Ref.

Kyushu central volcanic region (CVR)
Aso Aso-4 Aso-4 1301 Ash fall Ash 5b 86.8 to 87.3 b

Aso-A Aso-A 504 Pumice & ash fall Ash, pumice 5ce5b 89.7 to 105.3 a, e
Aso-B Aso-B 503 Ash fall Ash ditto ditto a, e
Aso-C Aso-C 502 Pumice & ash fall Ash, pumice ditto ditto a, e
Aso-D Aso-D 501 Pumice & ash fall Ash, pumice ditto ditto a, e
Aso-3 Aso-3 202 Ignimbrite Ash, pumice 6/5 133 g, h
Aso-3 Aso-3 601 Ignimbrite Ash, pumice ditto ditto g, h
Aso-2 Aso-2 301 Ignimbrite Scoria, ash 6 146 g
Aso-1 Aso-1 1401 Ash fall Ash 8 250 to 270 e

Kuju Kuju-1 Kj-D 101 Ash fall Ash 4 54 ± 1.6 a
Kj-P1 102 Pumice & ash fall Pumice, ash ditto ditto a

Kuju-Shimosakata Kj-Sm 401 Ignimbrite Ash, pumice 0.11 ± 0.04 Ma d
Kuju-Miyagi Kj-m 201 Ignimbrite Ash, pumice 0.15 ± 0.04 Ma d

Kyushu southern volcanic region (SVR)
Kakuto Kakuto Kkt 1001 Ignimbrite Ash, pumice 9/10 330 to 340 e

Aira Aira-Tn AT 103 Ash fall Ash 3 30.078 ± 0.096 a, k
Aira-Ito Flow A-Ito 8011 Ignimbrite Ash, pumice ditto ditto a, k
Aira-Tsumaya S A-TsS 8010 Ignimbrite Ash, pumice ditto ditto a, k
ditto ditto 809 ditto Ash, pumice ditto ditto a, k
Aira-Osumi A-Os 808 Pumice fall Pumice ditto ditto a, k
Aira-Kenashino A-Kn 807 Ash fall Ash ditto 29.545 to 30.437 (f) or 29 (i) f, i
Aira-Fukaminato A-Fm 806 Pumice fall Pumice ditto 29.865 to 30.933 (f) or 31 (i) f, i
Aira-Otsuka A-Ot 805 Pumice & ash fall Pumice, ash ditto 30.730 to 33.216 (f) or 32.5 (i) f, i
Aira-Iwato A-Iw 704 Pumice fall Pumice ditto 55.4 to 58.0 c
Aira-Iwato Flow A-Iw Fl 804 Ignimbrite Pumice, ash ditto ditto c
Aira-Iwato Fall A-Iw Fa 803 Pumice fall Pumice ditto ditto c
Aira-Fukuyama A-Fk 901 Pumice fall Pumice 5b/5c 90 e

Ata Ata Ata 802 Ignimbrite Ash, pumice 5c/5d 99.3 ± 6.0 a, j
801 Ignimbrite Ash, pumice ditto ditto a, j

Ata-Torihama Ata-Th 1002 Ignimbrite Ash, pumice 7/8 240 e

Sakurajima Sakurajima-Satsuma Sz-S 1101 Pumice fall Pumice 2 12.8 e
1102 Pumice fall Pumice ditto ditto e

Kikai Kikai-Akahoya K-Ah 104 Ash fall Ash 1 7.253 ± 0.046 a, k
Kikai-Tozurahara K-Tz 702 Ash fall Ash 5ce5b 94.5 ± 4.8 a, e

Central Japan volcanic region
Suiendani? Takayama-Ng1 Tky-Ng1 1201 Pumice fall Pumice 8/9 290 to 300 e

References: a, Albert et al. (2019); b, Aoki (2008); c, Ikehara et al. (2006); d, Kamata et al. (1998); e, Machida and Arai (2003); f, McLean et al. (2020); g, Nagahashi et al. (2004);
h, Nagahashi et al. (2007); i, Nagaoka et al. (2001); j, Oba (1991); k, Smith et al. (2013).
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generally similar. Further, they overlappedwith K2O-rich glass from
Aira caldera in Kyushu southern volcanic region (SVR) (Fig. 4a).
Tephra shards derived from Kuju volcano cannot be distinguished
from ones derived from Aira caldera by only their major-element
compositions, but they can be distinguished by their trace-
element compositions, because among tephras from Kyushu Is-
land, only the Kuju tephra series shows an adakitic signature
(Albert et al., 2019; see below).

Aso caldera in Kyushu CVR (Fig. 3) produced the widespread
Aso-4, Aso-ABCD, Aso-3, Aso-2, and Aso-1 tephras (Ono et al., 1977;
Machida and Arai, 2003). In our analytical results, tephra shards
from Aso caldera since Aso-1 eruption (mid MIS 8, 250e270 ka:
Machida and Arai, 2003) ranged compositionally from trachydacite
to rhyolite (Supplementary material 5). In addition, the K2O con-
tents of Aso-4, Aso-ABCD, Aso-2, and Aso-1 shards were high
(>4 wt%), but Aso-3 shards had high (mode 1, >4.5 wt%) or mod-
erate K2O contents (mode 2, ca. 3.5 wt%) (Fig. 4a). These shard
modes correspond to high (mode 1, ca. 70 wt%) and low (mode 2,
ca. 62 wt%) SiO2 content modes, respectively (Supplementary ma-
terial 2). On the SiO2 and K2O bi-plot, the intercept of the Aso-3
7

compositional array on the K2O axis is higher than that of the
Aso-4 array and lower than that of the Aso-2 array (Fig. 4a). The
properties of these arrays are consistent with results reported by
Nagahashi et al. (2004). The Aso-3 tephra has been divided into
subunits (Aso-3W, -3A, -3B, and 3C: Kaneko et al., 2015). The
occurrence of Aso-3 mode 2 at location 6 (sample 601) indicates
that at that location, Aso-3 corresponds to the upper ignimbrite
subunit (Aso-3B: Kaneko et al., 2015), which includes low-SiO2
(63e66 wt%) glass shards (Albert et al., 2019). On the other hand,
sample 202, which included only mode 1 shards with higher SiO2
and K2O contents, is consistent in this respect with the Aso-3A
ignimbrite subunit (Kaneko et al., 2015; Albert et al., 2019).
Further, among these tephras, Aso-3mode 2 and Aso-2 shards were
characterized by high FeO* (>6.0 wt%) and high CaO (>4.4 wt%)
(Supplementary material 5).

Kj-P1, Kj-Sm, and Kj-m shards contained much less Y than Sr,
indicating that they are adakitic, and their rare earth element (REE)
abundances are systematically low among tephras from Kyushu
Island (Albert et al., 2019: Fig. 4b). Consistent with their K2O con-
tent range, Aso-4, Aso-3 mode 1, and Aso-1 shards were



Fig. 4. Chemistries of glass shards in terrestrial tephras derived from volcanoes on Kyushu Island. (a) A bi-plot of SiO2 and K2O. Error bars on plots represent reproducibility,
calculated as 2 SD of replicate analyses of MPI-DING ATHO-G and StHs6/80-G. (b) Spidergram showing trace-element compositions. In the key, the numbers in parentheses
following the tephra names are sample IDs, the horizons of which are shown in stratigraphic sections in Supplementary material 4.
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characterized by high contents of large-ion lithophile elements
(LILE: Rb, Ba, etc.) and high-field-strength elements (HFSE: Th, U,
etc.), and the REE abundances of these shards were systematically
high among tephras from Kyushu Island (Fig. 4b; Supplementary
8

material 2). On the other hand, Aso-3 mode 2 and Aso-2 shards had
very high Sr and Eu contents, but otherwise their trace-element
patterns were systematically lower than those of other Aso series
tephras.
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4.2. Tephras from volcanoes in Kyushu southern volcanic region

In Kyushu SVR (Fig. 3), glass shards derived from Kakuto, Aira,
Sakurajima, Ata, and Kikai volcanoes/calderas since Kkt eruption
(MIS 9, 330e340 ka: Machida and Arai, 2003) are all classified as
rhyolitic (Supplementary material 5). The K2O contents of these
shards show the rough decreasing trend from north to south re-
ported by Albert et al. (2019): from calderas Kakuto (Kkt, ca. 4.5 wt
%) to Kikai (K-Ah, ca. 3.0 wt%) (Fig. 4a).

Glass shards in all samples of the Aira tephra series, except for A-
Fk, were not distinguishable by their major-element compositions
(Fig. 4a). A-Fk could be distinguished from the other tephras by its
lower K2O content range (Fig. 4a). Glass shards in Sz-S, from
Sakurajima volcano, were similar to Ata shards in SiO2 and K2O
contents, but they were characterized by high CaO and Al2O3
contents relative to those of Ata shards (Supplementary material 5).
Ata and Ata-Th were derived from Ata caldera, but Ata shards were
characterized by lower SiO2 contents (<76 wt%) than Ata-Th shards
(>78 wt%) (Fig. 4a). Ata-Th shards could be distinguished from K-Tz
shards by their higher Al2O3 contents (Supplementary material 5),
although shards from these two tephras overlapped on the bi-plots
of SiO2 and K2O (Fig. 4a) and of FeO and CaO (Supplementary ma-
terial 5). K-Tz shards were characterized by a higher SiO2 content
(>78 wt%) compared with K-Ah shards (<75 wt%) (Fig. 4a). In
addition to these shard major-element compositions, A-Fk and Ata-
Th included moderate to large amounts of amphibole grains, unlike
all other Kyushu volcanic region tephras.

With regard to their trace-element pattern, Kkt shards generally
plotted between Aso- and Aira-caldera-derived tephra shards
(Fig. 4b); thus, the Kkt shard chemistry is consistent with the
geographical location of Kakuto caldera between Kyushu CVR and
SVR (Fig. 3). Glass shards of the Aira series tephras, except A-Fk,
were characterized by higher LILE and HSFE contents relative to
tephra shards from Sakurajima volcano and Ata and Kikai calderas
(south of Aira caldera) (Fig. 4b). Different from the other Aira series
tephras, A-Fk shards had bimodal trace-element content ranges,
although the major elements were unimodally distributed. A-Fk
modes 1 and 2 both showed systematically low HREE (TbeLu)
abundances (Fig. 4b), and the Y content in particular of A-Fkmode 1
(11.49 ± 1.76 ppm) was similar to the Y contents of Kuju series
tephras. However, A-Fk mode 1 shards were characterized by lower
Ba content (421 ± 12 ppm) than shards of the Kuju tephra series
(Kj-P1, 744 ± 83 ppm; Kj-Sm, 898 ± 34 ppm; Kj-m, 787 ± 57 ppm,
respectively: Supplementary material 2). Among these tephras
from Kyushu Island, Sz-S shards were characterized by very low
LILE and HFSE content ranges (Fig. 4b). Ata and Ata-Th shards were
systematically high and low in REE abundance, respectively
(Fig. 4b); thus, they can be distinguished on this basis. Shards of
both K-Ah and K-Tz were characterized by low Ta and Nb content
ranges, as reported previously by Albert et al. (2019).

4.3. A tephra from a distant volcano

Tky-Ng1, which erupted from Suiendani volcano in central
Honshu or another nearby volcano Tamura and Suzuki (2001),
Fig. 1b), is found in terrestrial sediments onwestern Shikoku Island
(Mizuno and Kikkawa,1991; Tsuji et al., 2018), southwestward from
the source. Therefore, Tky-Ng1 potentially occurs at the MD012422
site in the Pacific Ocean. The Tky-Ng1 age is 290e300 ka, based on
stratigraphic information (Machida and Arai, 2003). Glass shards in
Tky-Ng1 were classified as rhyolitic (Supplementary material 5).
The shards were characterized by high SiO2 content ranges (>77 wt
%) and high K2O (>5.1 wt%) (Fig. 4a). Consistent with their K2O
content range, the shards were also characterized high Rb and high
Th content ranges (>146 and > 23.5 ppm, respectively)
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(Supplementary material 1). Their REE abundances were system-
atically low compared with those of tephras from Kyushu CVR and
SVR (Fig. 4b).

5. Characterization of tephra grains from core MD012422 and
correlations with terrestrial tephras

We identified a total of 64 spikes and subspikes (24 spikes and
40 subspikes) that met our criteria for spikes and subspikes (see
Section 3.1). The spike and subspike IDs and their depths, tephra-
related core descriptions, amounts of tephra grains (shards and
heavy minerals), and correlated tephras are shown in Table 2 and
Supplementary material 6. The chemical compositions of all spikes
and subspikes are given in Supplementary material 2, and those of
spikes and subspikes confidently correlated to, or suggested as
possible correlatives of known tephras, or for which a source vol-
cano has been suggested, are in Table 3. Among the spikes and
subspikes, spikes G4 and G9 and subspike G20.5 correspond to
visible tephra layers, spike G21 occurs just above a visible tephra
layer, and many spikes and subspikes appear to correspond to ash
patches or scattered ashy particles in the core (Fig. 2). However,
other spikes and subspikes do not correspond to visible tephra
horizons, although several correspond just to coarse sediments
(e.g., to sand layers or patches within a silty clay layer).

5.1. MIS 1 to 4 (present to 70 ka)

5.1.1. Spike G1 and Kikai Akahoya tephra
Spike G1 (1.81e1.91 mbsf) included a large amount of highly

vesiculated (H-type; see Supplementary material 7) shards, but we
did not observe any visible tephra in the corresponding horizon in
our examination of the core (Table 2). The shards of spike G1 had
wide SiO2 and K2O ranges, but most of them were similar to K-Ah
shards from Kikai caldera (Fig. 5a). The occurrence of shards with a
higher SiO2 content, similar to that of AT shards (see below), in-
dicates contamination. Most shards in spike G1 are also similar to
K-Ah shards with respect to their FeO*, CaO, Na2O, and Al2O3
content ranges (Supplementary material 5). Subspikes G0.1 and
G0.2 are parts of the upward shard concentration tail (Fig. 2), and
their shard major-element compositions are similar to that of G1
(Fig. 5a), indicating that their shards were reworked from the spike
G1 horizon.

The shards of spike G1 are characterized by low Th and high Zr
contents, similar to those of K-Ah (sample 104) analyzed in this
study and reported by Albert et al. (2019) (Fig. 5b). Further, the
trace-element contents of spike G1 and K-Ah are roughly similar,
although the contents of some elements (e.g., Zn, Gd, Tb, Dy, Ho, Er,
Yb, and Hf: Supplementary material 1) showed subtle differences,
indicating heterogeneity of the original magma. Therefore, we
correlate spike G1 with K-Ah, and spike G1 corresponds to the re-
ported K-Ah horizon of 1.47e2.24 mbsf (Ikehara et al., 2006).

5.1.2. Spike G3 and Aira-Tn tephra
Spike G3 (12.50e12.81 mbsf) included a large amount of highly

vesiculated (H-type) shards, and we observed fine sand but no
visible tephra layer in this horizon in the core (Table 2). Most shards
are similar to shards of the Aira tephra series, except A-Fk, with
respect to their SiO2 and K2O content ranges (Fig. 5a) and their
FeO*, CaO, Na2O, and Al2O3 content ranges (Supplementary mate-
rial 5). With respect to the large number of included H-type shards,
Spike G3 is similar to AT, A-Ito, A-Ts, and A-Iw, all of which include
many highly vesiculated shards, but it is dissimilar to A-Os, A-Kn, A-
Fm, and A-Ot, which include many moderately or poorly vesicu-
lated shards (M and L types; Supplementary material 7. Therefore,
spike G3 may correlate with AT, A-Ito, A-Ts, or A-Iw. The spike G3



Table 2
Glass shard spikes and subspikes correlated to known tephras, or for which a source volcano has been suggested, in core MD012422, related core descriptions, glass shard
morphologies, heavy mineral contents, and correlative tephras. Descriptions of visible tephra layers such as ash layers or ash patches are underlined. Amount ranges of glass
shards (H, M and L types) and mineral grains (orthopyroxene [opx] and amphibole [amp]) are shown for spikes and subspikes that cover two or more sample horizons. All
spikes and subspikes are included in Supplementary material 6.

Spike
ID

Depth (mbsf) Tephra-related core description Glass
shards

Heavy
minerals

Correlated or
suggested tephra

Top Bottom H M L Opx Amp

G1 1.81 1.91 None 1032 to
1275

361 to
463

45 to 48 21 to
22

13 to
24

K-Ah

G3 12.50 12.81 Contains sand at 12.67e12.68 m and 12.74e12.76 m. 1321 to
1815

746
e1263

17 to 122 1 to
13

1 to 7 AT

G4 13.26 13.35 Contains light gray ash layer at 13.31e13.345 m. 0 2055 to
2698

18 to 161 2 to 4 0 to 2 A-Kn?

G5 13.90 13.96 Contains ash patch (diameter: 0.8 cm) 0 1481 712 13 0 A-Fm
G6 14.10 14.26 Contains ash patch (diameter: 1.5 cm) at 14.20e14.26 m 0 86 to 305 1512 to

1925
2 to
11

0 to 1 A-Fm

G6.3 16.40 16.44 Contains sand patch at 16.40e16.42 m 250 245 820 199 0 A-Iw
G8.2 23.35 23.41 None 532 265 65 10 13 Aso-4
G9 23.71 23.95 Contains ashy sediments and ash layer at 23.80e23.84 m and 23.84

e23.89 m.
198 to
595

1005 to
1572

55 to 198 6 to
40

45 to
508

A-Fk

G11 24.10 24.15 None 1155 403 15 6 0 K-Tz
G12 24.35 24.37 Contains sand patch 122 1791 25 9 0 Aso-ABCD
G13 24.50 24.55 None 96 1231 281 13 2 Ata
G13.1 24.65 24.86 None 10 to 39 407 to

896
57 to 88 5 to 8 1 to 3 Pre-Ata

G14 25.11 25.15 Contains sandy sediments at 25.11e25.13 m and sand patch at 25.13
e25.15 m.

17 to 92 503 to
755

1112 to
1502

5 to 8 0 to
0.5

Aso-3iii

G15 26.05 26.10 None 2 132 1435 6 345 Kuju
G16 26.60 26.65 None 385 1075 170 15 1 Aso-3ii
G17 27.50 27.55 Contains sandy silt at 27.48e27.54 m. 13 2335 231 7 1 Aso-3i
G18 28.50 28.57 Contains blackish brown sandy silt. 3 26 1585 8 11 Aso-2
G21 36.30 36.38 Contains yellow layer at 36.38 m. An ash layer occurs at 36.38e36.41 m, just

below spike G21.
1811 to
1855

437 to
1045

25 4 to 6 17 to
18

Ata-Th

G22.2 40.55 40.60 Contains dark brown fine sand patch at 40.58e40.60 m. 136 1056 88 5 5.5 Tky-Ng1
G24 44.80 44.85 Contains no tephric material but occurs above sandy silt at 44.89e45.05 m. 1045 655 67 6 15 Kkt
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shards are characterized by slightly lower Th and higher Zr than
shards of the proximal AT tephra series (from A-Os to A-Ito) and
those of the A-Iw tephra (distal and proximal A-Iw flow and fall
deposits) (Fig. 5b). Albert et al. (2019) differentiated AT and A-Iw by
their Th and Zr content ranges, but in our samples the Th and Zr
content ranges, though close to the reported ranges, partly overlap
(Fig. 5b). Further, trace-element compositions of AT tephra series
showed subtle differences in their U, Rb, Cs, and Pb contents
(Supplementary material 1), indicating heterogeneity of the orig-
inal magma or reflecting analytical uncertainty. On the basis of its U
content especially, G3 is similar to A-Os (Fig. 5d), but this correla-
tion is simply not supported by their glass shard morphologies (see
above). We suggest, therefore, that spike G3 corresponds to the AT
eruption sequence, but we cannot confidently correlate spike G3 to
any proximal unit. The spike G3 horizon corresponds to the re-
ported A-Fm horizon of 12.76e12.78 mbsf and is lower (by
0.5e1 m) than the reported AT horizon of 11.87e12.05 mbsf
(Ikehara et al., 2006). We thus interpreted the reported A-Fm as
original AT, and the reported AT as reworked AT.
5.1.3. Spikes G4, G5, and G6 and Aira-Kenashino, Aira-Fukaminato,
and Aira-Otsuka tephras

Spikes G4 (13.26e13.35 mbsf), G5 (13.90e13.96 mbsf), and G6
(14.10e14.26 mbsf) included large amounts of moderately vesicu-
lated M-type shards but, unlike spike G3, they did not include any
H-type shards (Table 2; Supplementary material 7). We observed a
light gray ash layer in the spike G4 horizon and a light gray ash
patch in the spike G5 and G6 horizons, respectively (Table 2). Their
glass shards are similar to shards of the Aira tephra series, except A-
Fk, with respect to their SiO2 and K2O content ranges (Figs. 4a and
5a) and their FeO*, CaO, Na2O, and Al2O3 content ranges
10
(Supplementary material 5). With respect to their K2O content
ranges (Fig. 5a; Supplementary material 2), G5 shards
(4.05 ± 0.08 wt%) are more similar to A-Fm shards (4.09 ± 0.08 wt%)
than to G6 shards (3.76 ± 0.14 wt%).

The shards of spikes G4eG6 are also similar to one other and to
Aira tephra series shards with respect to their Th and Zr contents
(Fig. 5c), but shards of spikes G5 and G6 are characterized by higher
U than shards of spike G4, and they are similar to A-Fm shards
rather than to A-Kn shards (Fig. 5e). However, the U contents did
not differ between A-Fm and A-Kn tephras reported by McLean
et al. (2020: Fig. 5e), or between their correlative tephras in Lake
Suigetsu sediments (SG14-2856/2873 and 2814, respectively:
McLean et al., 2020: Fig. 5e). These findings indicate that the trace-
element compositions of A-Fm and A-Kn may reflect heterogeneity
within these eruptive units. Because we sampled only a single
horizon of each of these tephras from the thickest A-Fm and A-Kn
units (Supplementary material 4: location 8), on the basis of our
data, we cannot address possible vertical variation of shard
chemistries within the A-Fm and A-Kn eruptive units. Considering
the available shard chemistry data, the trace-element compositions
of G5 and G6 shards are very similar to that of A-Fm shards (Sup-
plementary material 1). Their Rb contents (G5, 155 ± 15 ppm; G6,
162 ± 14 ppm; A-Fm, 166 ± 14 ppm, respectively: Supplementary
material 2) are linked to their K2O contents (see above), as indicated
by Albert et al. (2019), but the Rb content differences are not large,
so cannot be used differentiate among them. Further, the trace-
element compositions of spikes G5 and G6 are consistent with
those of SG14-2873 shards, but they do not perfectly overlap with
the trace-element compositions of A-Fm shards reported by
McLean et al. (2020: Fig. 5c and e).

On the other hand, although the trace-element compositions of



Table 3
Matsu'ura.

Spike ID G1 G3 G4 G5 G6 G6.3 G8.2 G9

Mode mode 1 mode 2 mode 1 mode 2

Horizon ID 2S30-35 9S65-70 9S130-134 10S40-46 10S65-70 11S138-142 16S84-90 16S125-129

Tephra K-Ah Rw AT AT A-Kn? A-Fm A-Fm A-Iw Rw K-Tz? Aso-4 A-Fk

(wt.%) Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD
SiO2 74.28 0.69 78.17 0.11 78.09 0.24 78.29 0.20 78.17 0.11 78.16 0.11 77.94 0.14 78.28 0.37 71.56 0.30 78.01 0.26
TiO2 0.60 0.07 0.11 0.06 0.14 0.03 0.14 0.06 0.10 0.05 0.14 0.04 0.16 0.06 0.20 0.08 0.48 0.04 0.18 0.04
Al2O3 13.06 0.22 12.29 0.07 12.33 0.13 12.24 0.12 12.27 0.06 12.29 0.08 12.40 0.08 12.19 0.21 15.17 0.18 12.38 0.12
FeO 2.53 0.19 1.04 0.18 1.17 0.09 1.09 0.09 1.05 0.08 1.08 0.10 1.03 0.07 1.05 0.10 1.65 0.06 1.11 0.09
MnO 0.11 0.05 0.09 0.04 0.05 0.03 0.05 0.05 0.04 0.04 0.06 0.05 0.07 0.04 0.04 0.06 0.12 0.09 0.07 0.04
MgO 0.51 0.06 0.11 0.04 0.13 0.05 0.12 0.03 0.10 0.03 0.12 0.03 0.14 0.04 0.21 0.04 0.46 0.05 0.24 0.04
CaO 2.21 0.33 0.95 0.10 1.14 0.05 1.02 0.06 0.91 0.05 1.07 0.08 1.01 0.05 1.57 0.10 1.60 0.11 1.57 0.08
Na2O 3.77 0.09 3.42 0.13 3.41 0.08 3.33 0.06 3.32 0.04 3.31 0.05 3.48 0.10 3.17 0.05 4.48 0.09 3.18 0.06
K2O 2.92 0.11 3.81 0.12 3.54 0.12 3.72 0.08 4.05 0.08 3.76 0.14 3.77 0.11 3.30 0.06 4.49 0.18 3.25 0.09

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

n 10 5 15 15 15 15 15 9 6 15

(ppm) Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD
Sc 13.47 1.57 4.97 0.75 5.30 0.89 6.35 0.96 7.75 1.13 8.40 0.96 6.86 0.93 7.45 2.04 7.69 0.77 6.38 0.90
V 13.79 0.85 7.45 1.39 1.42 0.30 1.29 0.13 1.61 0.55 2.36 0.72 3.13 0.29 8.74 1.10 16.81 1.07 7.50 1.02
Cr 1.05 1.05 3.42 1.89 1.72 2.05 0.70 0.61 1.07 1.77 0.30 1.42 -1.59 1.69 1.44 1.29 1.37 1.66 0.68 0.79
Co 1.89 0.12 0.81 0.15 0.46 0.10 0.54 0.10 0.66 0.12 0.57 0.08 0.71 0.09 1.06 0.11 0.88 0.20 0.89 0.13
Ni 1.30 1.56 -0.16 1.18 -0.03 1.45 0.19 0.48 1.13 1.37 0.91 1.13 -0.32 0.96 -0.61 1.13 0.78 1.63 -0.06 0.65
Cu 1.94 0.99 5.37 2.52 1.19 1.08 2.45 0.96 2.91 1.75 1.70 1.09 1.57 1.13 2.60 1.40 4.53 3.40 0.91 0.97
Zn 52.43 1.75 31.36 4.19 13.46 1.55 27.58 2.30 30.83 3.81 37.74 3.85 27.83 2.94 17.68 1.25 45.74 4.05 27.18 1.68
Ga 14.84 0.62 11.21 0.90 9.78 1.02 12.28 1.05 16.14 1.47 17.16 1.53 13.55 1.13 9.54 0.95 17.53 0.65 12.11 1.20
Rb 66 5 134 16 118 13 161 14 155 15 162 14 129 11 92 10 163 12 112 11
Sr 149.7 11.6 64.7 4.4 81.2 8.7 65.6 6.7 56.9 7.4 69.4 6.2 65.7 4.9 87.0 8.6 168.5 12.3 74.6 5.7
Y 40.63 3.08 30.99 2.26 25.66 2.30 24.80 1.96 23.54 3.07 22.96 2.74 20.23 2.09 25.58 3.30 32.88 3.29 10.92 0.57
Zr 266 13 153 14 138 14 119 12 98 9 97 7 102 10 164 17 298 17 109 7
Nb 7.77 0.78 6.97 0.69 7.03 0.81 7.58 0.57 8.55 0.64 8.01 0.58 8.21 0.51 6.26 0.48 16.86 1.52 6.53 0.49
Cs 5.13 0.70 5.90 0.73 6.53 0.56 9.24 0.65 11.12 0.91 11.11 0.76 11.21 0.86 6.56 0.85 8.88 0.53 8.14 0.74
Ba 506 53 449 20 531 31 571 37 595 21 562 21 532 21 497 36 791 34 473 23
La 26.65 3.22 18.01 1.62 27.58 2.82 26.22 2.75 28.14 2.71 27.63 1.81 21.44 1.35 20.02 1.96 34.36 2.80 18.92 1.14
Ce 48.70 5.22 43.30 3.51 44.02 3.29 46.91 2.54 53.60 2.79 54.48 2.44 43.68 2.60 36.08 2.14 70.39 6.68 35.90 1.41
Pr 5.99 0.28 4.32 0.25 4.94 0.44 4.92 0.38 5.79 0.24 5.39 0.27 4.46 0.19 4.85 0.55 8.16 0.95 3.63 0.28
Nd 25.61 2.19 17.31 2.04 20.21 2.12 18.46 1.60 21.19 1.35 19.25 1.65 16.58 1.18 17.11 1.44 32.55 2.06 12.16 1.44
Sm 6.60 0.81 3.66 0.45 4.25 0.30 3.44 0.40 3.67 0.41 3.24 0.46 3.29 0.39 3.83 0.39 6.06 0.31 2.03 0.27
Eu 1.48 0.14 0.61 0.13 0.53 0.08 0.50 0.05 0.41 0.06 0.46 0.09 0.43 0.07 0.69 0.05 1.17 0.18 0.42 0.07
Gd 7.68 0.36 3.46 0.24 4.18 0.44 3.83 0.31 4.57 0.44 3.83 0.28 2.98 0.27 3.20 0.36 7.04 0.39 1.71 0.17
Tb 1.14 0.07 0.54 0.05 0.60 0.08 0.57 0.07 0.65 0.09 0.55 0.07 0.47 0.05 0.57 0.07 0.88 0.08 0.26 0.02
Dy 9.02 0.53 4.28 0.46 4.13 0.46 4.10 0.38 4.38 0.47 4.13 0.35 4.01 0.43 4.24 0.53 6.10 0.59 1.91 0.24
Ho 1.76 0.09 0.91 0.09 0.82 0.08 0.87 0.10 0.94 0.07 0.84 0.07 0.75 0.06 0.94 0.20 1.19 0.13 0.42 0.06
Er 5.05 0.21 3.23 0.33 2.87 0.33 2.76 0.34 2.94 0.22 2.62 0.29 2.39 0.20 3.02 0.63 3.86 0.41 1.41 0.11
Tm 0.75 0.06 0.53 0.05 0.39 0.06 0.39 0.04 0.45 0.06 0.39 0.04 0.36 0.06 0.47 0.10 0.62 0.12 0.26 0.06
Yb 5.21 0.33 3.62 0.30 2.74 0.24 2.79 0.31 3.48 0.38 2.75 0.25 2.85 0.25 3.76 0.52 3.81 0.37 1.57 0.12
Lu 0.76 0.05 0.58 0.09 0.45 0.08 0.44 0.06 0.56 0.10 0.53 0.08 0.36 0.06 0.52 0.10 0.71 0.08 0.32 0.08
Hf 7.48 0.34 4.45 0.62 4.32 0.51 3.89 0.34 3.89 0.37 3.38 0.29 3.72 0.19 5.17 0.60 8.18 0.76 3.74 0.42
Ta 0.55 0.06 0.56 0.06 0.91 0.15 0.93 0.10 1.03 0.12 0.90 0.10 0.94 0.14 0.65 0.08 1.26 0.18 0.75 0.09
Pb 16.16 0.38 22.78 1.57 16.28 1.34 20.26 2.37 27.87 1.85 28.17 1.95 24.67 1.55 18.18 1.66 23.37 1.52 19.53 1.12
Th 8.65 0.91 10.79 0.54 12.74 1.01 12.82 0.89 15.57 0.62 14.15 0.58 12.96 0.54 11.49 1.46 15.26 0.86 11.87 0.50
U 1.73 0.10 2.70 0.19 2.09 0.10 2.42 0.12 3.60 0.14 3.78 0.15 3.33 0.22 2.33 0.21 4.15 0.12 2.63 0.10

n 5 10 14 15 15 15 15 12 7 15

1SD, 1 standard deviation. FeO* refers to total iron.

Spike ID G11 G12 G13 G13.1 G14 G15 G16

Mode mode 1 mode 2 mode 1 mode 2

Horizon ID 17S10-15 17S35-37 17S50-55 17S70-75 17S112-114 18S55-60 18S110-115

Tephra K-Tz Aso-ABCD? Ata Aso UT-9.10 Aso-3iii Kuju Aso-3ii Aso-3ii

(wt.%) Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD
SiO2 78.51 0.22 70.63 0.26 74.75 0.37 71.30 0.12 73.85 0.18 69.55 0.43 77.43 0.45 70.95 0.35 62.41 0.86
TiO2 0.24 0.06 0.62 0.05 0.48 0.14 0.58 0.03 0.62 0.06 0.73 0.06 0.18 0.06 0.62 0.08 0.97 0.07
Al2O3 11.86 0.10 14.98 0.10 13.22 0.11 14.79 0.08 13.36 0.06 15.28 0.18 12.65 0.12 14.92 0.15 16.26 0.26
FeO 1.07 0.08 2.29 0.12 2.06 0.18 2.03 0.04 2.48 0.13 2.56 0.14 0.93 0.18 2.12 0.14 5.95 0.45
MnO 0.07 0.05 0.16 0.08 0.08 0.08 0.17 0.04 0.10 0.05 0.13 0.05 0.11 0.06 0.05 0.05 0.25 0.13
MgO 0.19 0.05 0.59 0.04 0.54 0.05 0.47 0.02 0.57 0.05 0.72 0.07 0.22 0.03 0.48 0.04 2.16 0.22
CaO 1.10 0.04 1.69 0.09 2.02 0.16 1.41 0.03 2.29 0.07 1.98 0.21 1.32 0.17 1.57 0.12 4.84 0.23
Na2O 3.49 0.05 4.23 0.06 3.89 0.07 4.22 0.07 3.80 0.05 4.10 0.06 3.17 0.06 4.09 0.07 3.78 0.12

(continued on next page)
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Table 3 (continued )

K2O 3.47 0.04 4.81 0.05 2.96 0.09 5.02 0.07 2.92 0.07 4.97 0.14 4.00 0.11 5.19 0.07 3.41 0.19

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

n 15 15 8 3 12 15 13 7 4

mode 2.1 mode 2.2

(ppm) Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD
Sc 7.48 1.04 14.71 2.17 14.82 0.93 9.72 2.89 15.63 2.02 13.95 2.79 2.21 0.66 12.74 1.40 18.42 1.45 15.06 1.62
V 10.92 1.47 35.26 5.05 15.01 0.80 12.01 1.89 25.54 2.86 27.00 2.47 7.99 0.93 12.95 1.46 41.11 8.87 144.00 10.49
Cr 1.72 2.14 -0.04 0.75 -0.48 0.47 0.47 1.26 1.18 1.15 0.75 1.40 0.95 1.53 0.58 0.71 4.64 1.11 0.88 0.99
Co 0.96 0.20 1.90 0.30 1.21 0.19 0.61 0.30 2.05 0.29 1.91 0.22 1.02 0.19 1.04 0.17 3.39 0.95 12.46 1.15
Ni -1.76 2.95 2.31 1.61 1.02 0.71 0.67 1.57 1.78 1.69 1.91 1.77 0.42 2.11 -0.54 1.68 -1.25 0.97 -1.03 1.80
Cu 4.03 1.16 10.18 5.11 1.85 0.86 2.69 2.22 2.29 1.48 3.49 1.11 1.78 1.23 2.19 0.72 9.98 2.03 24.18 7.26
Zn 25.89 1.93 38.51 5.17 50.10 4.92 34.59 16.08 50.32 5.05 30.47 3.39 24.60 2.35 35.13 2.75 68.33 6.82 45.18 5.39
Ga 11.42 0.80 12.67 1.32 15.09 1.40 16.34 4.97 14.94 1.53 15.24 2.01 12.49 1.30 16.41 1.93 17.84 0.22 16.85 0.51
Rb 92 5 114 12 79 8 168 36 79 6 134 12 99 7 159 17 112 4 87 3
Sr 60.5 4.6 240.7 24.7 128.4 8.7 87.8 13.4 152.5 12.7 262.3 28.1 170.6 15.2 232.0 14.0 453.5 23.2 486.9 57.0
Y 31.24 2.47 47.46 4.73 45.47 2.94 35.33 6.67 47.70 3.99 36.10 2.69 6.82 0.56 41.41 2.50 31.22 2.24 34.16 1.36
Zr 171 10 340 32 218 28 321 28 241 14 309 23 90 6 359 21 317 28 241 14
Nb 5.85 0.46 14.41 1.35 10.62 0.71 18.88 2.57 11.95 1.37 18.07 1.49 11.50 0.83 20.46 0.92 14.89 0.49 13.55 1.09
Cs 4.58 0.30 6.31 0.76 3.72 0.42 11.81 1.47 4.45 0.46 9.92 0.76 5.55 0.39 11.36 1.12 5.20 0.90 6.06 0.53
Ba 417 20 743 67 417 29 715 67 439 23 795 53 847 41 828 39 648 14 670 43
La 18.45 1.60 35.30 3.28 24.89 1.48 31.44 4.79 27.10 1.63 37.20 2.69 22.98 1.83 37.64 2.51 35.22 2.72 33.57 0.65
Ce 31.44 2.00 64.06 7.12 48.93 3.48 72.80 5.76 55.36 4.34 72.60 5.65 38.85 2.74 74.28 3.67 61.38 2.63 63.91 4.40
Pr 4.20 0.27 8.74 0.86 6.41 0.33 8.65 0.63 7.17 0.53 9.16 0.67 3.61 0.25 9.67 0.55 9.29 0.87 9.36 0.65
Nd 17.71 1.19 36.96 3.75 27.68 1.89 34.46 3.35 29.81 2.63 38.78 3.25 13.11 1.83 40.67 2.36 34.38 1.99 40.87 2.19
Sm 4.29 0.47 8.40 0.81 6.19 0.60 7.20 0.85 7.13 0.56 8.27 0.98 1.75 0.25 7.63 0.82 9.06 0.73 8.50 0.76
Eu 0.54 0.06 1.49 0.16 1.16 0.18 1.08 0.17 1.57 0.14 1.66 0.20 0.44 0.10 1.70 0.16 1.80 0.24 1.70 0.04
Gd 4.62 0.29 7.86 0.94 6.89 0.72 6.06 0.43 8.60 1.00 8.10 0.77 1.37 0.19 8.09 0.38 7.46 0.61 7.16 0.35
Tb 0.74 0.07 1.08 0.08 1.07 0.12 0.80 0.07 1.29 0.18 1.20 0.17 0.21 0.05 0.94 0.08 0.94 0.11 0.89 0.08
Dy 5.53 0.45 6.99 0.65 7.88 0.94 5.77 0.72 8.24 0.91 7.16 0.77 1.29 0.14 6.67 0.38 5.29 0.62 6.26 0.34
Ho 1.27 0.15 1.49 0.15 1.62 0.18 1.31 0.17 1.76 0.19 1.52 0.17 0.21 0.04 1.51 0.11 1.07 0.02 1.02 0.12
Er 3.83 0.26 3.52 0.28 5.87 0.43 3.84 0.36 5.71 0.56 4.59 0.57 0.79 0.08 4.27 0.24 3.52 0.18 3.58 0.19
Tm 0.64 0.05 0.65 0.08 0.85 0.08 0.63 0.09 0.90 0.09 0.72 0.10 0.11 0.02 0.75 0.07 0.43 0.02 0.46 0.05
Yb 4.47 0.41 4.63 0.30 5.54 0.26 4.09 0.52 5.55 0.45 4.94 0.49 1.14 0.17 4.45 0.29 3.07 0.07 3.22 0.19
Lu 0.81 0.11 0.72 0.05 0.88 0.11 0.61 0.08 0.89 0.10 0.72 0.09 0.22 0.05 0.66 0.05 0.56 0.04 0.44 0.09
Hf 5.68 0.55 8.97 0.48 7.28 0.43 9.56 1.08 6.71 0.49 8.86 0.58 2.98 0.28 9.08 0.30 6.74 0.22 6.12 0.49
Ta 0.48 0.12 1.32 0.13 0.69 0.09 1.30 0.31 0.84 0.12 1.49 0.13 0.96 0.19 1.68 0.17 0.85 0.05 1.15 0.11
Pb 21.06 1.41 19.66 2.60 20.99 1.26 25.46 5.01 19.86 1.90 21.02 1.88 17.22 1.61 21.80 1.76 18.69 2.30 12.40 0.58
Th 10.74 0.98 17.13 0.73 10.25 0.58 18.64 1.78 9.75 0.53 16.48 1.22 11.13 0.58 18.33 0.59 11.42 0.42 11.43 0.52
U 2.44 0.15 3.86 0.33 2.18 0.12 5.26 1.04 1.97 0.14 3.84 0.32 2.35 0.18 4.24 0.29 3.04 0.15 2.54 0.11

N 13 14 8 7 13 15 15 15 3 4

Spike ID G17 G18 G21 G22 G22.1 G22.2 G24

Mode mode 1 mode 2

Horizon ID 19S50-55 20S0-6.5 25S34-38 26S70-75 27S45-51.5 28S5-10 30S130-135

Tephra Aso-3i Aso-2 Ata-Th Aso Rw Tky-Ng1 Tky-Ng1 Kkt

(wt.%) Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD
SiO2 69.69 0.46 59.81 0.61 68.53 0.98 78.14 0.20 70.97 0.22 77.93 0.13 77.98 0.21 76.66 0.18
TiO2 0.78 0.06 1.21 0.07 0.65 0.02 0.15 0.06 0.55 0.06 0.13 0.05 0.15 0.07 0.21 0.05
Al2O3 15.09 0.22 16.15 0.29 15.26 0.19 12.43 0.13 15.08 0.12 12.04 0.09 11.98 0.14 12.64 0.09
FeO 2.62 0.14 7.61 0.31 3.49 0.80 1.00 0.12 1.99 0.13 0.86 0.06 0.95 0.14 1.26 0.09
MnO 0.12 0.09 0.14 0.06 0.09 0.05 0.09 0.06 0.12 0.06 0.08 0.09 0.06 0.06 0.11 0.08
MgO 0.70 0.08 2.66 0.23 0.71 0.03 0.19 0.03 0.53 0.07 0.12 0.04 0.09 0.04 0.13 0.02
CaO 1.93 0.18 5.60 0.36 2.25 0.07 1.27 0.06 1.85 0.10 0.94 0.05 0.92 0.09 0.98 0.05
Na2O 4.03 0.09 3.46 0.13 3.80 0.02 3.54 0.18 3.93 0.07 2.69 0.06 2.66 0.06 3.55 0.05
K2O 5.04 0.16 3.38 0.22 5.23 0.00 3.20 0.16 4.99 0.09 5.21 0.11 5.22 0.10 4.45 0.08

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

N 15 13 2 15 15 13 14 15

(ppm) Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD Ave. 1SD
Sc 13.35 2.06 25.23 2.44 - - 3.31 0.85 9.18 1.24 - - 2.16 0.61 10.85 1.37
V 23.49 2.10 226.57 43.12 - - 2.76 0.51 28.81 2.05 - - 2.63 0.67 2.60 0.28
Cr 1.06 0.36 1.01 0.97 - - 0.18 1.09 0.05 0.84 - - 0.87 1.02 2.41 1.72
Co 1.41 0.14 19.56 3.70 - - 0.78 0.15 1.87 0.16 - - 0.50 0.13 0.60 0.11
Ni 0.21 1.06 5.07 4.44 - - 0.52 1.82 1.08 0.95 - - 0.50 1.00 -0.87 1.82
Cu 1.55 0.45 158.95 48.94 - - 1.40 1.02 2.44 0.56 - - 2.72 0.87 3.51 0.86
Zn 37.16 3.52 75.43 32.35 - - 27.12 2.07 27.88 2.86 - - 20.46 5.00 34.55 4.54
Ga 19.03 1.47 20.50 3.45 - - 13.09 1.80 15.35 1.13 - - 12.41 0.72 14.88 0.89
Rb 121 11 91 14 - - 105 10 133 13 - - 164 7 155 10
Sr 236.1 22.6 485.6 24.0 - - 78.3 8.0 241.4 25.1 - - 97.6 5.4 78.2 4.3
Y 32.06 2.80 31.14 1.43 - - 17.43 2.68 28.20 1.79 - - 13.64 1.19 34.96 1.44
Zr 278 21 201 9 - - 93 10 303 18 - - 103 9 192 12
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Table 3 (continued )

Nb 15.25 1.25 12.22 0.86 - - 7.31 0.66 15.26 1.01 - - 7.44 0.87 8.81 0.51
Cs 8.91 0.88 6.16 0.99 - - 6.78 0.66 8.92 0.57 - - 7.94 0.71 10.99 0.62
Ba 727 47 638 27 - - 462 29 690 47 - - 567 44 582 23
La 33.39 2.24 29.83 2.26 - - 24.87 2.69 33.12 2.23 - - 32.02 3.56 29.40 1.43
Ce 70.70 4.78 62.54 4.03 - - 42.49 3.71 60.98 3.96 - - 47.21 4.88 63.34 3.12
Pr 9.05 0.62 8.36 0.42 - - 4.76 0.43 7.58 0.36 - - 4.73 0.49 7.29 0.39
Nd 38.48 1.93 34.64 2.44 - - 17.22 1.36 31.42 1.57 - - 16.33 1.63 29.31 0.93
Sm 8.75 0.64 8.20 0.75 - - 2.51 0.46 5.33 0.56 - - 2.04 0.28 6.52 0.39
Eu 1.71 0.12 2.01 0.15 - - 0.44 0.07 1.27 0.12 - - 0.38 0.07 0.76 0.07
Gd 7.36 0.79 6.55 0.75 - - 2.77 0.30 5.36 0.33 - - 1.98 0.17 5.83 0.27
Tb 0.98 0.08 0.84 0.12 - - 0.43 0.06 0.82 0.05 - - 0.32 0.08 1.00 0.07
Dy 6.60 0.45 5.79 0.77 - - 2.84 0.26 4.84 0.33 - - 2.16 0.23 6.16 0.24
Ho 1.31 0.11 1.13 0.21 - - 0.56 0.05 1.08 0.10 - - 0.49 0.07 1.39 0.08
Er 4.41 0.28 3.65 0.36 - - 1.93 0.24 3.03 0.29 - - 1.30 0.12 4.10 0.20
Tm 0.60 0.06 0.47 0.04 - - 0.31 0.04 0.51 0.05 - - 0.24 0.03 0.54 0.03
Yb 4.26 0.27 3.34 0.44 - - 2.22 0.17 3.14 0.22 - - 1.97 0.17 3.99 0.24
Lu 0.68 0.06 0.46 0.05 - - 0.42 0.04 0.53 0.04 - - 0.28 0.03 0.65 0.07
Hf 8.59 0.45 5.43 0.56 - - 3.63 0.32 7.86 0.44 - - 3.50 0.25 6.08 0.25
Ta 1.48 0.12 1.03 0.12 - - 0.76 0.10 1.45 0.10 - - 1.13 0.10 0.80 0.09
Pb 23.91 1.45 15.90 2.09 - - 15.95 1.21 18.76 0.98 - - 17.97 1.49 32.50 1.59
Th 18.28 0.83 10.62 0.81 - - 11.61 0.69 15.75 0.65 - - 23.59 1.07 14.69 0.60
U 4.62 0.23 3.00 0.41 - - 2.00 0.10 3.46 0.15 - - 3.84 0.23 3.55 0.13

n 13 15 15 13 14 15
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spike G4 and A-Kn shards are roughly similar, their Th content
ranges (Fig. 5c) and other trace-element content ranges (e.g., V, Co,
Nb, Pr, Nd, Gd, and Ho: Supplementary material 1) showed subtle
differences. Further, the compositions of the shards did not well
overlap with those of SG14-2814 and A-Kn reported by McLean
et al. (2020: Fig. 5c and e).

Therefore, we first correlated one of G5 or G6 with A-Fm on the
basis of the similarities of their shard chemical compositions. This
tephra correlation is supported by the similar tephrostratigraphy
between cores MD012422 and SG14, namely, the paired occurrence
of similar tephras at closely spaced stratigraphic positions (G5 and
G6 in core MD012422 and SG14-2856 and �2873 in core SG-14
(McLean et al., 2020). The spike G5 and G6 horizons are 1e1.5 m
deeper than the reported A-Fm horizon of 12.76e12.78 mbsf
(Ikehara et al., 2006), but we re-correlated the reported A-Fm to AT
on the basis of glass shard morphology and shard chemistry (see
section 5.1.2). Therefore, we suggest that spike G4 is an Aira
caldera-originated tephra, which, considering its stratigraphic
relationship with the underlying A-Fm tephra in the proximal area
and in Lake Suigetsu, may correspond to the A-Kn eruption.
5.1.4. Subspike G6.3 and Aira-Iwato tephra
Subspike G6.3 (16.40e16.44 mbsf) included a large amount of

poorly vesiculated L-type shards and minor amounts of H-type and
M-type shards, and we observed sand patches in this horizon but
no visible tephra layer (Table 2). The glass shards are similar to
those of tephras from Aira caldera, except A-Fk, with respect to
their SiO2 and K2O content ranges (Fig. 5a) and their FeO*, CaO,
Na2O, and Al2O3 content ranges (Supplementary material 5). Both
Albert et al. (2019) andMcLean et al. (2020) differentiated A-Iw and
AT by their Th and Zr content ranges, but in our samples, the Th and
Zr content ranges of these tephras, though close to the reported
ranges, partly overlap (Fig. 5b); therefore, it is difficult for us to
differentiate A-Iw and AT on this basis. Further, A-Iw and AT shards
are similar in their U contents (Fig. 5d and f). Subspike G6.3 in-
cludes a moderate number of H-type shards, similar to A-Os and A-
Iw, both of which include large numbers of moderately and poorly
vesiculated shards (M- and L-types) and a small number of highly
vesiculated shards (H-type) (Supplementary material 7); therefore,
the subspike may correlate with A-Os or A-Iw. However, because A-
Os is the lowest AT eruption unit (Machida and Arai, 2003) and no
spike or subspike below spike G3 (AT) can be correlated with A-Os,
13
we correlate subspike G6.3 with A-Iw on the basis of shard
morphology. In addition, subspike G6.2 is positioned above sub-
spike G6.3, and its shards are similar to those of G6.3 (Fig. 5a),
indicating that they were reworked from the subspike G6.3 hori-
zon. The subspike G6.3 horizon is slightly (ca. 0.4 m) deeper than
the reported A-Iw horizon depth of 16.02e16.04 mbsf (Ikehara
et al., 2006).

5.2. MIS 5 (70e130 ka)

5.2.1. Subspike G8.2 and Aso-4 tephra
Subspike G8.2 (23.35e23.41 mbsf) included many H-type and

M-type shards with minor amounts of L-type shards, and we
observed sandy silt but no visible tephra layer in this horizon
(Table 2). The subspike shards had bimodal chemical compositions:
modes 1 (higher SiO2) and 2 (lower SiO2) are similar to the A-Fk/K-
Tz and Aso-4 compositional fields, respectively (Table 3; Fig. 6a).
The Th, Zr, Y, and V contents of subspike G8.2 modes 1 and 2 are
also similar to those of K-Tz and Aso-4, respectively (Fig. 6bed).
Because subspike G8.2 is positioned above spike G11 (K-Tz, see
section 5.2.3), the G8.2 horizon probably includes secondary
deposition of K-Tz shards. Aso-4 grains were not detected in core
MD012422 by Ikehara et al. (2006); therefore, we interpreted G8.2,
the lowest subspike including a few Aso-4 shards stratigraphically
positioned above A-Fk (see Section 5.2.2), as the Aso-4 horizon. This
study is the first to report an Aso-4 horizon in the core. This Aso-4
horizon (MIS 5b) indicates that the length, 6.44e6.50 m, of the
segment extending fromMIS 5b (23.35e23.41 mbsf) to the MIS 4/5
boundary (16.91 mbsf: Ikehara et al., 2006) (Fig. 2), is probably
overestimated; therefore, the agemodel for this segment should be
reconsidered (see Section 6.1).

5.2.2. Spike G9 and Aira-Fukuyama tephra
Spike G9 (23.71e23.95 mbsf) included a large amount of M-type

shards withminor amounts of H-type and L-type shards (Table 2). It
also included a large amount of amphibole grains. We observed a
visible light gray to yellowish gray tephra layer in this horizon
(Table 2). The glass shards are similar to A-Fk mode 1 with respect
to their SiO2, K2O, Th, Zr, Y, and V content ranges (Fig. 6aed). Unlike
A-Fk, however, the spike G9 shards were not bimodal in their
chemical composition. The Y contents of spike G9 and of A-Fkmode
1 (Fig. 6d) are very low (10.92 ± 0.57 and 11.49 ± 1.76 ppm,



Fig. 5. Chemical compositions of glass shards from tephras corresponding to MIS 1 to 4. (a) SiO2 versus K2O; (b), (c) Th versus Zr; (d), (e), and (f) U versus Zr. The ranges of terrestrial
tephras are encircled. Information on the sampled terrestrial tephras is in Table 1. The shard major-element compositions of Schindlbeck et al. (2018) and Albert et al. (2019),
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respectively: Table 3 and Supplementary 2), close to the Y contents
of tephras from Kuju, Sambe, and Daisen volcanoes (Fig. 4b; Albert
et al., 2019) and quite different from the Y contents of any other
tephras from Kyushu Island. However, the Ba content ranges of
spike G9 and A-Fk shards (473 ± 23 and 421 ± 12 ppm, respectively:
Table 3 and Supplementary 2) are lower than those of the Kuju
tephra series (see section 4.2). The trace-element compositions of
spike G9 and A-Fkmode 1 showed subtle differences in their Ba, Zn,
Ga, Nb, Pb, and U contents (Supplementary material 1), indicating
heterogeneity of the original magma or the existence of two closely
spaced eruptive units, as with other Aira caldera-derived tephras
(sections 5.1.2e5.1.4). Although the trace-element composition of
spike G9 does not perfectly overlap with that of A-Fk, no other
possible correlatives of A-Fk have been reported. Therefore, we
tentatively correlate spike G9 with A-Fk. The spike G9 horizon
corresponds to the reported A-Fk horizon of 23.81e23.89 mbsf
(Ikehara et al., 2006).

5.2.3. Spike G11 and Kikai-Tozurahara tephra
Spike G11 (24.10e24.15mbsf) included a large amount of H-type

shards with a minor amount of M-type shards, but we did not
observe a corresponding visible tephra in our core examination.
Most shards are similar to those of the K-Tz shards from Kikai
caldera with respect to their SiO2, K2O, Th, Zr, and Y content ranges
(Fig. 6a, b, 6d). However, the Ba and Ce contents of spike G11
(374e443 and 28.4e34.6 ppm, respectively) are lower than those of
K-Tz (437e522 and 38.8e46.4 ppm, respectively) (Supplementary
material 1). Reported data of K-Tz shards display a similar
compositional variation: shards with lower Ba and Ce, similar to
G11 shards, were reported by Kimura et al. (2015: 416 ± 3 and
35.0 ± 0.99 ppm, respectively) and by Maruyama et al. (2017:
417 ± 26 and 36.8 ± 1.8 ppm, respectively), whereas shards with
higher Ba and Ce, similar to our K-Tz sample, were reported by
Albert et al. (2019: 476e561 and 37.3e48.1 ppm, respectively) and
by Maruyama et al. (2020: 483 ± 37 and 40.3 ± 2.6 ppm, respec-
tively). These variations in Ba and Ce contents probably correspond
to a compositional array with a positive slope, because the Ce/Ba
ratio of each sample is similar. In light of this, we interpreted spike
G11 and the K-Tz shards of this study as plotting in the lower and
higher Ba and Ce fields in the array, respectively. Therefore, we
correlate spike G11with K-Tz; the K-Tz horizonwas first detected in
core MD012422 by this study. K-Tz has been dated to MIS 5ce5b
(Machida and Arai., 2003), which leads us to reconsider the age
model of MIS 5be5a (see Section 6.1). We assigned the age as
94.5 ± 4.8 ka with reference to the reported K-Tz (Albert et al.,
2019).

5.2.4. Spike G12 and the Aso-ABCD tephra
Spike G12 (24.35e24.37 mbsf) included a large amount of M-

type shards with minor amounts of H-type shards, and we
observed a sand patch but no tephra layer in this horizon (Table 2).
Most shards are similar to Aso-A, -B, eC, and -D shards from
terrestrial deposits on Shikoku Island with respect to their SiO2 and
K2O content ranges (Fig. 6a). Further, on the bi-plot of Th and Zr
(Fig. 6c), the compositional array of G12 shards is consistent with
the arrays of Aso-A, -B, eC, and -D (mode 1). Although Albert et al.
(2019) suggested that Aso-A and -D, which include higher Th and Zr
shards, are distinguishable fromAso-B andeC, which include lower
Th and Zr shards, when considered together, these four units
(excluding Aso-D mode 2) appear to form a single systematic
obtained by wavelength-dispersive (WDS) EPMA, were recalculated by the authors to compa
element compositions (average and 1 SD) of Sagawa et al. (2018) obtained by EDS-EPMA are
Albert et al. (2019) obtained by LA-ICP-MS are also encircled. Error bars on plots represent re
plotted are included in Supplementary material 1. Bi-plots of SiO2 versus alkali, FeO* versu
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compositional array in the results of both this study and Albert et al.
(2019). Therefore, we suggest that spike G12 correlates to Aso-
ABCD, but we cannot confidently correlate it with any one of Aso-
A, -B, eC, or -D. The Aso-ABCD array occurs between K-Tz and Ata
(Machida and Arai, 2003); therefore, we assigned the age as
89.7e105.3 ka with reference to the reported K-Tz and Ata ages
(Albert et al., 2019).

5.2.5. Spike G13 and subspike G13.1 and the Ata and UT-9.10
tephras

Spike G13 and subspike G13.1 (24.50e24.55 and 24.65e24.86
mbsf, respectively) included a large amount of M-type shards, but
we observed no visible tephra layers in these horizons (Table 2).
Both spike G13 and subspike G13.1 include Aso- and Ata caldera-
derived tephra shards with high and moderate K2O content,
respectively (Fig. 6a). Further, their shards are also similar to those
of the UT-9.10 tephra of Tsuji et al. (2018: 8 of 15 shards: SiO2,
73.4e74.2 wt%, and K2O, 2.8e3.0 wt%) from terrestrial deposits in
core UT from Shikoku Island. The remaining UT-9.10 shards (7 of 15
shards) had two additional populations (SiO2, 73.6e77.8 and
75.8e79.3 wt%, and K2O, 5.5 and 2.9e3.9 wt%, respectively) (Tsuji
et al., 2018). The UT-9.10 tephra is positioned below Ata in the UT
core and has been correlated to the BT38 tephra in the Takashima-
oki core (Fig. 1b: Tsuji et al., 2018). However, the ages of the UT-9.10
(108.8 ka; Tsuji et al., 2018) and BT38 (130.7 ka; Nagahashi et al.,
2007) tephras are different and thus do not support this correla-
tion (see section 6).

The G13 shards had bimodal chemical compositions: mode 1,
low Th and low Zr;mode 2, high Th and high Zr (Fig. 6b). The Th and
Zr content ranges of mode 1 are similar to those of Ata, and those of
mode 2 are similar to the content ranges in terrestrial Aso-4
(sample 1301) and Aso-ABCD (Fig. 6b and c). Because G13 is
stratigraphically belowG8.2 (Aso-4), G9 (A-Fk), and G11 (K-Tz), G13
cannot correlate to Aso-4. Further, G13 shards are different from
Aso-ABCD shardswith respect to their V, Rb, Sr, Co, Nb, Cs, Rb, and U
contents (Supplementary material 1). Therefore, we suggest that
G13 modes 1 and 2 correspond to Ata and an Aso caldera-derived
tephra, respectively.

The G13.1 shards are characterized by low Th, similar to Ata
shards (Fig. 6bed). However, 13 of 15 shards in subspike G13.1 had
high Co and high V contents (>1.5 and > 19.6 ppm, respectively),
unlike the terrestrial Ata shards (Co, <1.7 ppm; V, <17.1 ppm) and
the shards in spike G13 (Co, <1.5 ppm; V, <16.3 ppm) (Fig. 6e).
Therefore, subspike G13.1 corresponds to a tephra that includes
pre-Ata shards (i.e., an unnamed Ata volcano-originated tephra)
(Fig. 2). In a future study, the trace-element composition of UT-9.10
shards should be obtained and the possible correlation of G13.1 to
the UT-9.10 tephra should be examined.

5.3. MIS 5 to 6 (130e190 ka)

5.3.1. Spikes G14, G16, and G17 and the Aso-3 tephra
Spikes G14, G16, and G17 (25.11e25.15, 26.60e26.65, and

27.50e27.55 mbsf, respectively) included large amounts of M-type
shards with minor amounts of H-type and L-type vesiculated
shards. Among these spikes, the G16 shards are the most vesicu-
lated, as shown by their H- andM-type shard composition (Table 2).
We observed sand patches in the G14 horizon and sandy silt in the
G16 and G17 horizons but no visible tephra layers in any of these
horizons (Table 2). The shards in spikes G14 and G17 were
re with our EDS-EPMA data, and the recalculated ranges are encircled. The shard major-
displayed as crosses. The trace-element compositions of Schindlbeck et al. (2018) and

producibility, calculated as 2 SD of replicate analyses of MPI-DING ATHO-G. Outliers not
s CaO, and Na2O versus Al2O3 are in Supplementary material 5aec.



Fig. 6. Chemical compositions of glass shards from tephras corresponding to MIS 5. (a) SiO2 versus K2O; (b), (c) Th versus Zr; (d) Th versus Y; and (e) Co versus V. The ranges of
terrestrial tephras are encircled. Information on the sampled terrestrial tephras is in Table 1. The shard major-element compositions of Schindlbeck et al. (2018) and Albert et al.
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unimodal with respect to their SiO2 and K2O contents (SiO2, >68 wt
% and K2O, >4.8 wt%), whereas the shards in spike G16 had bimodal
ranges: mode 1, lower SiO2 and K2O; mode 2, higher SiO2 and K2O
(Table 3). The two modes of spike G16 form an array with a positive
slope on the SiO2eK2O bi-plot (Fig. 7a). Modes 1 and 2 correspond
to lower and higher Sr, Co, and V content ranges, respectively
(Table 3; Fig. 7d and e); therefore, the G16 shards are chemically
similar to terrestrial Aso-3 shards from location 6 (sample 601;
Table 1). In particular, the presence of lower SiO2 and higher Sr
shards in G16 indicates that G16 probably corresponds to an upper
Aso-3 ignimbrite (Aso-3B or Aso-3C), and not to the basal fall (Aso-
3W) or the lowermost Aso-3 ignimbrite (Aso-3A) (Albert et al.,
2019). Further, because SiO2 and K2O of the proximal Aso-3A
shards (sample 202) are unimodally distributed, Aso-3A is poten-
tially correlated to spike G17, below G16 (Aso-3B or Aso-3C).
However, the Co and V contents of Aso-3A shards are low, unlike
those of spike G17 shards (Fig. 7e); thus, spike G17 is not correlated
to Aso-3A. We therefore designated spikes G14, G16, and G17 as
Aso-3iii, Aso-3ii, and Aso-3i, respectively (Fig. 2).

A distal Aso-3 deposit, BT39, in the Takashima-oki core in cen-
tral Japan (Fig. 1b), is a unique tephra in that it contains glass shards
with bimodal SiO2 and K2O distributions and the compositional
array has a positive slope (Nagahashi et al., 2004). The composi-
tional array of BT39 and its correlative (Aso-3) shards (Nagahashi
et al., 2004) is similar to that spike G16 in this study (Fig. 7a);
therefore, BT39 is correlated to spike G16 and to terrestrial Aso-3
(sample 601). BT39 has been dated to 132.1 ka, based on the sedi-
mentation rate chronology of lacustrine (Lake Biwa) sediments;
this age is consistent with the age of spike G16 in the d18O stra-
tigraphy of core MD012422 (transition from MIS 6 to 5; Fig. 2).
Further, BT40, 41, and 42, just below BT39 in the Takashima-oki
core, contain Aso-3 shards with unimodal SiO2 and K2O distribu-
tions that have been dated to 132.7,133.0, and 143.6 ka, respectively
(Nagahashi et al., 2004, 2015). BT40 and 41 have been correlated to
pre-BT39 units in an intermittent Aso-3 eruptive sequence
(Nagahashi et al., 2004). However, BT42 is much older than the
BT39e41 series; therefore, BT42 may correlate to spike G17 (Aso-
3i), the age of which corresponds to the MIS 6 maximum (133e140
ka; Bassinot et al., 1994; Lisiecki and Raymo, 2005).

Aso-3 tephra has been found in deep-sea cores at some locations
in the Japan Sea, and its age was determined to be 133.3 ka, tran-
sition from MIS 6 to 5, by lithostratigraphy (Chun et al., 2004).
Because Chun et al. (2004) reported major-element data from only
three shards, we could not confidently judge whether their shards
belong to a unimodal or multimodal population; thus, we do not
assign their Aso-3 to either Aso-3ii or Aso-3i. The UT-9.87 tephra in
core UT from Shikoku Island (Fig. 1b) has been correlated to Aso-3
on the basis of the major-element composition of its shards, and its
age was determined to be 112.7 ka from the sedimentation rate
chronology of terrestrial basin sediments (Tsuji et al., 2018). This
age is consistent with that of Aso-3iii (MIS 5ce5e); however,
because the UT-9.87 age is based on the sedimentation rate of the
basin sediments, which was not constant within the MIS 5
segment, the estimated age would vary, depending on the sedi-
mentation rate used. Therefore, although we suggest that UT-9.87
and Aso-3iii may be correlated, we do not assign the UT-9.87 age
to Aso-3iii. The UT-9.87 tephra in core UT from Shikoku Island
(Fig. 1b) has been correlated to Aso-3 on the basis of the major-
element composition of its shards, and its age was determined to
be 112.7 ka from the sedimentation rate chronology of terrestrial
(2019) obtained by WDS-EPMA were recalculated by the authors to compare with our E
compositions (average and 1 SD) of Sagawa et al. (2018) obtained by EDS-EPMA are disp
LA-ICP-MS are also encircled. Error bars on plots represent reproducibility, calculated as 2
Supplementary material 1. Bi-plots of SiO2 versus alkali, FeO* versus CaO, and Na2O versus
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basin sediments (Tsuji et al., 2018). This age is consistent with that
of Aso-3iii (MIS 5e). However, because as indicated above the UT-
9.87 age is based on the sedimentation rate of the basin sedi-
ments, which varied within the MIS 5 segment, the estimated age
of this tephra depends on the sedimentation rate used. Therefore,
although we suggest that UT-9.87 and Aso-3iii may be correlated,
we do not assign the UT-9.87 age to Aso-3iii.

5.3.2. Spike G15 and a Kuju-volcano derived tephra
Spike G15 (26.50e26.10mbsf) included a large amount of L-type

shards as well as a large amount of amphibole grains, but we did
not observe any visible tephra layer in this horizon (Table 2). Most
shards are similar to Kj-m rather than to Kj-Smwith respect to their
K2O contents (Fig. 7a). However, with respect to their Y and Sr
contents (expressed as Sr/Y: Fig. 7f), the shards are similar to Kj-Sm
rather than to Kj-m. Other major- and trace-element compositions
of Kj-Sm and Kj-m, including those for Kj-m reported by Albert
et al. (2019), are not discriminative; therefore, we cannot corre-
late spike G15 to Kj-Sm or Kj-m on the basis of glass shard
chemistry.

In central Kyushu, Aso-3 occurs stratigraphically between Kj-Sm
and Kj-m; that is, Kj-Sm is positioned between Aso-4 and Aso-3,
and Kj-m is between Aso-3 and Aso-2 (Ono et al., 1977). Howev-
er, the occurrences of Aso-3i, Aso-3ii, and Aso-3iii in core
MD012422 determined by this study indicate that the stratigraphy
of the proximal Aso-3 series is probably rather more complicated
than we realized previously. Therefore, we cannot confidently
attribute Kj-Sm, Kj-m, or an unreported Kuju tephra as correlative
of spike G15.

5.3.3. Spike G18 and Aso-2 tephra
Spike G18 (28.50e28.57mbsf) included a large amount of L-type

shards, and we observed coarse black sand but no visible tephra
layer in this horizon (Table 2). With respect to their SiO2 and K2O
content ranges, most shards are very similar to the UT-14.55 tephra
shards, which Tsuji et al. (2018) inferred to correlate to Aso-2, in
core UT from Shikoku Island (Tsuji et al., 2018: Fig. 7a). However,
the SiO2 and K2O ranges of these spike G18 and UT-14.55 shards are
slightly lower than those of our terrestrial Aso-2 sample (Fig. 7a).
The shards of spike G18, the UT-14.55 tephra, and Aso-2 are
distributed along a compositional array with a positive slope and an
intercept higher on the K2O axis than that of the Aso-3 and Aso-4
shard arrays (Nagahashi et al., 2004: Fig. 7a). Spike G18, UT-14.55,
and Aso-2 shards are similar with respect to their FeO*, CaO, and
Al2O3 content ranges, although the Na2O contents of spike G18 and
Aso-2 shards do not overlap (Supplementary material 5). Shards of
both spike G18 and Aso-2 are also characterized by very high Co
and very high V: >14 and > 161 ppm, respectively (Fig. 7e).
Although the shards of spike G18 and the proximal Aso-2 deposits
are dissimilar in Rb and Sr contents (Fig. 7c and d), the Rb and Sr
contents are positively and negatively related to their K2O and SiO2
contents, respectively, in the same way as the Aso-4 components
1e3 of Albert et al. (2019); therefore, G18 and Aso-2 shard chem-
istries may reflect compositional variation associated with magma
evolution. We interpreted spike G18 to be related to the Aso-2
eruptive sequence even though it cannot be directly correlated to
the proximal Aso-2 tephra (sample 301). The vertical variation of
Aso-2 shard chemistry should be investigated in a future study to
ascertain the relationship between distal and proximal Aso-2
deposits.
DS-EPMA data, and the recalculated ranges are encircled. The shard major-element
layed as crosses. The trace-element compositions of Albert et al. (2019) obtained by
SD of replicate analyses of MPI-DING ATHO-G. Outliers not plotted are included in
Al2O3 are in Supplementary material 5 def.



Fig. 7. Chemical compositions of glass shards from tephras corresponding to MIS 5e6. (a) SiO2 versus K2O; (b) Th versus Zr; (c) Th versus Rb; (d) Th versus Sr; (e) Co versus V; and (f)
Y versus Sr/Y. The ranges of terrestrial tephras are encircled. Information on the sampled terrestrial tephras is in Table 1. The shard major-element compositions of Schindlbeck et al.
(2018) and Albert et al. (2019) obtained by WDS-EPMA were recalculated by authors to compare with our EDS-EPMA data, and the recalculated ranges are encircled. The shard
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5.4. MIS 7 to 10 (190e360 ka)

5.4.1. Spike G21 and Ata-Torihama tephra
Spike G21 (36.30e36.38 mbsf) included a large amount of H-

type shards, and we observed a visible yellowish-gray ash layer in
this horizon (Table 2). The shards are similar to Ata-Th shards from
Ata caldera with respect to their SiO2, K2O, Th, Zr, and Rb content
ranges (Fig. 8) and their FeO*, CaO, Na2O, and Al2O3 content ranges
(Supplementary material 5). Therefore, we confirmed the correla-
tion between spike G21 and Ata-Th. The spike G21 horizon corre-
sponds to the reported Ata-Th horizon (36.38e36.41 mbsf; Ikehara
et al., 2006) in core MD012422 and is positioned at the transition
from MIS 8 to 7 (ca. 240 ka) (Fig. 2), consistent with the reported
age of other Ata-Th deposits (Machida and Arai, 2003).

5.4.2. Subspike G22.2 and the Takayama-Ng1 tephra
Subspike G22.2 (40.55e40.60 mbsf) included a large amount of

M-type shards, and we observed dark brown patches of fine sand
but no tephra layer in this horizon (Table 2). Most shards are similar
to Tky-Ng1 shards from the Suiendani source vent or another
nearby source in central Japan with respect to their SiO2, K2O
content ranges (Fig. 8) and other major-element content ranges
(Supplementary material 1). Although some subspike G22.1 shards
are also similar to Tky-Ng1 (Fig. 8), those shards were probably
reworked from the G22.2 horizon, which is about 1 m below the
G22.1 horizon (39.40e39.57 mbsf). Therefore, we confidently
correlate subspike G22.2 with Tky-Ng1; thus, Tky-Ng1 was first
found in Pacific Ocean sediments by this study. Tky-Ng1 is posi-
tioned at the transition from MIS 9 to 8 (290e300 ka) in core
MD012422 (Fig. 2), consistent with the reported age of terrestrial
Tky-Ng1 deposits (Machida and Arai, 2003).

5.4.3. Spike G24 and Kakuto tephra
Spike G24 (44.80e44.85 mbsf) included a large amount of H-

type shards, but we did not observe any visible tephra in this ho-
rizon (Table 2). The shards are similar to Kkt shards from Kakuto
calderawith respect to their SiO2, K2O, Th, Zr, and Rb content ranges
(Fig. 9) and their other major- and trace-element content ranges
(Supplementary material 1). Therefore, we confidently correlate
spike G24 to Kkt. The Kkt horizon is at the MIS 10 to 9 transition
(330e340 ka) (Figs. 2), .7e3 m lower than the reported Kkt horizon
(41.87e42.08 mbsf, midelate MIS 9; Ikehara et al., 2006) in core
MD012422. The stratigraphic position of the Kkt horizon deter-
mined in this study is consistent with the reported stratigraphic
position of Kkt relative to other tephras (Machida and Arai, 2003).

5.5. Future correlations of spikes and subspikes to tephras

Among uncorrelated spikes and subspikes, several included
glass shards with characteristic chemical compositions that should
potentially allow them to be correlated to known tephras in a future
study.

Subspike G4.1 and G8.1 and spike G22 shards (Fig. 5a 6a, and 8a)
are similar to Aso volcano-derived tephra shards (Fig. 4a) with
respect to their SiO2 and K2O contents. Subspike G4.1, which cor-
responds to MIS 3 or 4, may be related to the Aso ACP series
(Miyabuchi, 2009, 2011). Subspike 8.1 corresponds to reworked
Aso-4 because it occurs just above G8.2 (Aso-4: Fig. 2). Spike G22,
which corresponds to MIS 8, is not correlated to Aso-1 (MIS 8)
because their shard compositions are different (Fig. 8). To date, no
major-element compositions (average and 1 SD) of Sagawa et al. (2018) obtained by EDS-EPM
obtained by LA-ICP-MS are also encircled. Error bars on plots represent reproducibility, cal
Outliers not plotted are included in Supplementary material 1. Bi-plots of SiO2 versus alkal
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widespreadMIS 8 tephra derived fromAso volcano, other than Aso-
1, is known. Further, because G22 shards are dominantly L-type, the
spike may correlate to a local tephra that was not produced by an
explosive eruption.

Each of subspikes G2.2, G22.4, G23.1, and G23.4 included more
than two shards with low K2O content ranges (<2 wt%: Fig. 9a and
Supplementary material 1). Comparison with published shard
chemical data (e.g. Schindlbeck et al., 2018; Albert et al., 2019)
suggests that these low-K2O shards were potentially derived from a
distant volcano (e.g., in the Izu-Bonin, NE Japan, or Kuril volcanic
regions).

In a future study, it may be possible to correlate these spikes and
subspikes to individual tephras in terrestrial, lacustrine, andmarine
sediments on the basis of lithologic and stratigraphic information
and their shard major- and trace-element compositions.
6. Discussion

6.1. Re-examination of the core MD012422 age model

We established the Late and Middle Pleistocene tephrostratig-
raphy and cryptotephrostratigraphy of core MD012422, and we
correlated tephras in the core to terrestrial tephras (Section 5;
Fig. 2). To create a tephra-based age model (Fig. 10), we used depth
and age data of the following well-dated tephras: K-Ah, AT, A-Iw,
Aso-4, K-Tz, Aso-ABCD, Aso-3ii, Aso-3i, Aso-2, Ata-Th, Tky-Ng1, and
Kkt (Section 5). We used the depths of the lower and upper bounds
of each tephra horizon, andwe also replaced the age ranges of some
tephras that Ikehara et al. (2006) had used to construct their age
model with ones from our new compilation. We also plotted the
reported depth and 14C data of the planktonic foraminifer G. inflata
from Ikehara et al. (2006). The nannofossil biohorizon, the FAD of
E. huxleyi, can sometimes be problematic because its stratigraphic
age varies among different ocean areas (Raffi et al., 2006;
Anthonissen and Ogg, 2012): 265 ka in the eastern Mediterranean,
289 ka in the equatorial Atlantic Ocean, and 291 ka in the equatorial
Pacific Ocean (Raffi et al., 2006, Fig. 10). Therefore, for the FAD of
E. huxleyi in core MD012422, we show the range of stratigraphic
ages estimated in different ocean areas. These ages are nearly equal
to or older than the age used for this datum plane (268 ka;
Thierstein et al., 1977) in the age model of Ikehara et al. (2006)
(Fig. 10).

Our tephra-based age model is in accordance with the d18O
(MIS-boundary)-based age model (Ikehara et al., 2006) from MIS 6
to 9 (130e350 ka), but not with that for MIS 5 (74e130 ka) (Fig. 10).
However, the tephra-based age model for MIS 5 is constrained by
the well-dated widespread Aso-4 (MIS 5 b) and K-Tz (MIS 5ce5b)
tephras, both of which were newly detected by this study; there-
fore, our new tephra-based age model is reliable. This age model
indicates a roughly constant sedimentation rate of ca. 0.08e0.11 m/
ky during MIS 5e9, and it is in accordance with two reported
biostratigraphic events, the LAD of G. ruber and the FAD of E. huxleyi
(Ikehara et al., 2006).

Further, from mid-MIS 1 to MIS 4 (7e74 ka), the age model is
roughly in accordance with the reported 14C data. The sedimenta-
tion rate in this interval is 0.22e0.47 m/ky, faster than the rate
duringMIS 5e9 (Ikehara et al., 2006, Fig.10). On the other hand, the
agemodel is not in accordance with the reported 14C and calibrated
ages of A-Kn and A-Fm (Nagaoka et al., 2001; McLean et al., 2020:
Fig. 10 inset). However, if G4, G5, and G6 correlate to SG14-2814 (A-
A are displayed as crosses. The trace-element compositions of Schindlbeck et al. (2018)
culated as 2 SD of replicate analyses of MPI-DING ATHO-G (a)e(f) and StHs6/80-G (a).
i, FeO* versus CaO, and Na2O versus Al2O3 are in Supplementary material 5 gei.



Fig. 8. Chemical compositions of glass shards from tephras corresponding to MIS 6e8. (a) SiO2 versus K2O; (b) Th versus Zr; and (c) Th versus Rb. The ranges of terrestrial tephras
are encircled. Information on the sampled terrestrial tephras is in Table 1. The shard major-element compositions (average and 1 SD) of Sagawa et al. (2018) obtained by EDS-EPMA
are displayed as crosses. Error bars on plots represent reproducibility, calculated as 2 SD of replicate analyses of MPI-DING ATHO-G. Outliers not plotted are included in Supple-
mentary material 1. Bi-plots of SiO2 versus alkali, FeO* versus CaO, and Na2O versus Al2O3 are in Supplementary material 5jel.
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Kn) and SG14-2856 and �2873 (both A-Fm), respectively, in the
Suigetsu tephra series (McLean et al., 2020), as suggested by their
shard chemistries and stratigraphic relationships (see section 5.1.3),
their ages, based on those determined from Lake Suigetsu sedi-
ments, would be 3e4 ka older than the reported 14C and calibrated
ages (Fig. 10 inset). The spike G4, G5, and G6 ages based on their
correlations to the Suigetsu tephra series are roughly in accordance
with our tephra-based age model. In the future, it will be necessary
to obtain more data by which to establish a robust correlation of
tephras between MD012422 and the Lake Suigetsu cores and Aira
tephra series (A-Kn and A-Fm, and also A-Ot, an earlier Aira series
tephra). Further, when the age model of the MD012422 core sedi-
ments is examined in detail, the sedimentation rate is seen to
fluctuate between the G3eG6 and 14C horizons (Fig. 10 inset);
therefore, the age model will need to be reconsidered using the
newly obtained data.
20
6.2. Cross-checking the tephrostratigraphy of deep-sea sediments in
the NW Pacific area

To improve the marine tephrostratigraphy of the NW Pacific, we
used the revised tephrostratigraphy and cryptotephrostratigraphy
of core MD012422 to cross-check the reported tephrostratigraphy
of Hole U1429 (East China Sea; Sagawa et al., 2018) and Holes
U1436A and U1437B (near the Izu-Bonin Islands; Schindlbeck et al.,
2018) (Fig. 1b).

6.2.1. Hole U1429
The reported tephras in the sediments of Hole U1429 (East

China Sea), corresponding to the last 350 ka, are as follows: K-Ah,
Sz-S, AT, Aso-4, K-Tz, Ata, Aso-3, Ata-Th, Aso-1, Kkt, and unknown-a
(Sagawa et al., 2018, Fig. 11). All of these tephras, except for tephra
unknown-a, are derived from the Kyushu CVR or SVR. Among them,
K-Ah, AT, Aso-4, K-Tz, Aso-3, Ata-Th, and Kkt were also detected and



Fig. 9. Chemical compositions of glass shards from tephras corresponding to MIS 8e9. (a) SiO2 versus K2O; (b) Th versus Zr; and (c) Th versus Rb. The ranges of terrestrial tephras
are encircled. Information on the sampled terrestrial tephras is in Table 1. The shard major-element compositions of Schindlbeck et al. (2018) obtained by WDS-EPMA were
recalculated by authors to compare with our EDS-EPMA data, and the recalculated ranges are encircled. The shard major-element compositions (average and 1 SD) of Sagawa et al.
(2018) obtained by EDS-EPMA are displayed as crosses. The trace-element compositions of Schindlbeck et al. (2018) obtained by LA-ICP-MS are also encircled. Error bars on plots
represent reproducibility, calculated as 2 SD of replicate analyses of MPI-DING ATHO-G (a)e(c) and StHs6/80-G (a). Outliers not plotted are included in Supplementary material 1. Bi-
plots of SiO2 versus alkali, FeO* versus CaO, and Na2O versus Al2O3 are in Supplementary material 5 meo.
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correlated in coreMD012422 by this study; therefore, we compared
the compositional data of these tephras between Sagawa et al.
(2018) and this study (Figs. 5e9). Although the SiO2 contents of
these tephras (except Aso-3) reported by Sagawa et al. (2018) are
systematically lower than those in our data, other major-element
compositions are similar between Sagawa et al. (2018) and our
data (Figs. 5e9). Among these tephras, Sagawa et al. (2018) re-
ported that the K-Tz and Aso-3 shards were characterized by
bimodal compositional ranges: K-Tz means 1 and 2, and Aso-3
means 1 and 2. Their K-Tz means 1 and 2 correspond to K-Tz and
Aso-4, respectively (Fig. 6a); thus, their K-Tz mean 2 is probably
contaminatedwith shards fromAso-4, which is positioned above K-
Tz. Aso-3 means 1 and 2 correspond to the bimodal compositional
ranges of shards from our terrestrial Aso-3 (601) sample and Aso-
21
3ii (G16) in core MD012422 (Fig. 7a). Aso-3 in lacustrine sedi-
ments in the Takashima-oki core from central Japan (tephra BT39:
Nagahashi et al., 2004), and in proximal Aso-3 deposits (Albert
et al., 2019), is also reported to have a bimodal compositional
range. The Aso-3 array connecting these two modes in the SiO2 and
K2O bi-plot (Fig. 7a) has a positive slope with an intercept on the
K2O axis intermediate between the intercepts of the Aso-4 and Aso-
2 arrays (Fig. 4a). The ages of K-Tz, Ata, Aso-3, Ata-Th, and Kkt in
Hole U1429 were reconsidered by Sagawa et al. (2018) with refer-
ence to the d18O stratigraphy, and their ages are roughly consistent
with previously known ages (e.g., Machida and Arai, 2003).
6.2.2. Hole U1437B
The following tephras were reported in the sediments of Hole



Fig. 10. Age models of the deep-sea sequence in core MD012422. Data for stratigraphic positions of the LAD of Globigerinoides ruber (pink) and the FAD of Emiliania huxleyi are from
Ikehara et al. (2006). The stratigraphic ages of the FAD of E. huxleyi are 265 ka in the eastern Mediterranean, 289 ka in the equatorial Atlantic Ocean, and 291 ka in the equatorial
Pacific Ocean (Raffi et al., 2006). Tephra ages for spikes G4, G5, and G6 are from calibrated 14C ages based on the terrestrial 14C age data of Nagaoka et al. (2001) and reported by
McLean et al. (2020), and from stratigraphic ages based on Lake Suigetsu sediments (McLean et al., 2020), respectively. 14C ages of Ikehara et al. (2006) were obtained from
planktonic foraminifera (G. inflata) and calibrated, after taking account of the marine reservoir effect (400 years: Bard et al., 1998), by using CALIB 5.01 (Stuiver and Reimer, 1993) for
samples younger than 24 ka, and by using the relationship between coral ages determined by the UeTh and 14C techniques reported by Bard et al. (1998) for samples older than 24
ka. Depth and age data of the datum planes are shown in Supplementary material 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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U1437B (near the Izu-Bonin Islands), roughly corresponding to the
last 350 ka: AT, Aso-3, BT51, and Kkt (Schindlbeck et al., 2018,
Fig. 11). These tephras are derived from Kyushu volcanic zone,
except for BT51, which may be derived from a volcano in NE Japan,
as suggested by its glass shard chemistry (Mizuno, 2001; Nagahashi
et al., 2015). The reported compositional data of AT, Aso-3, and Kkt
in Hole U1437B (hereafter “AT (Sch)", “Aso-3 (Sch)", and “Kkt
(Sch)", respectively) are shown in Figs. 5, 7 and 9.

The K2O contents of “AT (Sch)", “Aso-3 (Sch)", and “Kkt (Sch)"
are slightly lower than those of AT according to Albert et al. (2019)
and this study (Fig. 5a), as well as to those of Aso-3 according to
Sagawa et al. (2018), Albert et al. (2019), and this study, and to those
of Kkt according to Sagawa et al. (2018) and this study (Fig. 9a).
Albert et al. (2019) pointed out that “Aso-3 (Sch)" should be
correlated not to Aso-3 but to another Aso volcano-derived tephra,
because “Aso-3 (Sch)" has a lower K2O content than Aso-3 tephras
with a similar SiO2 content. We confirmed that the composition of
22
Aso-3 determined in this study is similar to that of Aso-3 as re-
ported by Albert et al. (2019) and dissimilar to “Aso-3 (Sch)"
(Schindlbeck et al., 2018), as indicated by Albert et al. (2019)
(Fig. 7a). Further, the K2O contents of “AT (Sch)" and “Kkt (Sch)"
are slightly lower than those of AT, according to Albert et al. (2019)
and this study (Fig. 5a), and those of Kkt, according to Sagawa et al.
(2018) and this study (Fig. 9a). Therefore, the K2O contents of the
tephra shards in Hole U1437B reported by Schindlbeck et al. (2018)
appear to be systematically lower than those reported by other
studies. On the other hand, the K2O contents of Aso-4 in Hole
U1436A reported by Schindlbeck et al. (2018), which are not lower
than those reported for Aso-4 in other studies but well overlap
them, do not indicate a systematic error. In addition, the trace-
element compositions of “AT (Sch)", “Aso-3 (Sch)", and “Kkt
(Sch)" are roughly similar to those of AT, Aso-3, and Kkt, respec-
tively, in this study (Figs. 5, 7 and 9; Supplementary material 2).

For robust tephra correlation between core MD012422 and Hole



Fig. 11. Stratigraphy, datum planes, and oxygen isotope records of marine sediments in the northwestern Pacific Ocean. Locations of the cores are shown in Fig. 1b. Tephros-
tratigraphy of the deep-sea sediments: RN89-PC3, Ahagon et al. (1993); Hole U1429, Sagawa et al. (2018); core MD012422, this study; and Holes U1437B and U1436A, Schindlbeck
et al. (2018). Aso-4 and Aso-ABCD of Hole U1436A and Aso-3 of Hole U1437B (Schindlbeck et al., 2018) were reassigned to reworked Aso-4, original Aso-4, and Aso volcano-derived
tephra, respectively, by Albert et al. (2019). Biostratigraphy of the deep-sea sediments: Hole U1429, Tada et al. (2015); core MD012422, this study; and Holes U1437B and U1436A,
Tamura et al. (2015a, b). d18O stratigraphy of the deep-sea sediments: Hole U1429, Sagawa et al. (2018); core MD012422, Ikehara et al. (2006); and Hole U1437B, Schindlbeck et al.
(2018). The d18O stratigraphy of Hole U1436C (Vautravers et al., 2016) is not shown because the age model based on the d18O results is not in accordance with the tephra-based age
model of Hole 1436 A (Schindlbeck et al., 2018).
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U1437B, we newly obtained in our laboratory, using the same
analytical procedure as for shards from core MD012422, glass shard
chemistries of U1437B “AT”, “Aso-300, and “Kkt”, collected from the
reported tephra horizons of “AT (Sch)", “Aso-3 (Sch)", and “Kkt
(Sch)" (U1437B 1H3W50e51, 2H6W78e80, and 4HCC4e8,
respectively). In our results, the major-element compositions of
U1437B “AT”, “Aso-300, and “Kkt” are very similar to those of AT, Aso-
3 (Aso-3ii), and Kkt, respectively, in this study and in Sagawa et al.
(2018) and Albert et al. (2019) (Figs. 5, 7 and 9), although the
U1437B samples also include tephra shards with very low K2O
(~1.5 wt%), probably derived fromvolcanoes of the Izu-Bonin arc, as
reported by Schindlbeck et al. (2018). Although our U1437B “AT”
sample was collected from 1 cm above the depth of the AT horizon,
U1437B 1H3W51e52, reported by Schindlbeck et al. (2018), we
confirmed by a careful core examination that the sampling horizons
for AT were the same. The newly obtained shard trace-element
composition of U1437B “AT” is also similar to the AT tephra series
(except for spike G3 and A-Os) in this study and in Schindlbeck et al.
(2018) and Albert et al. (2019) (Fig. 5), and the newly obtained shard
trace-element compositions of U1437B “Aso-300, and “Kkt” are
similar to Aso-3ii in this study (Fig. 7) and to Kkt in this study and in
Schindlbeck et al. (2018) (Fig. 9), respectively. Among these tephra
correlations, U1437B “AT” could not be simply correlated to G3 (AT)
23
in core MD012422 because their U compositions differed subtly
(Fig. 5d). This difference indicate that shards of AT tephra units
exhibit chemical variations; therefore, AT tephra units should be
characterized and discriminated on the basis of their shard trace-
element compositions in a future study. Further, although U1437B
“Aso-300 was first correlated to Aso-3 (Schindlbeck et al., 2018), that
correlation was subsequently rejected (Albert et al., 2019), but we
have re-correlated it to Aso-3ii on the basis of our shard chemistry
data. In particular, the bimodal composition of U1437B “Aso-300

strongly supports its correlation to Aso-3ii and to terrestrial Aso-3
at location 6 (Fig. 7). The stratigraphic ages of these three correlated
tephras indicated by the d18O stratigraphy of Hole U1437B appear to
be consistent with the known ages of AT, Aso-3ii, and Kkt.
6.2.3. Hole U1436A
The following tephras are reported in the sediments of Hole

U1436A (near the Izu-Bonin Islands), roughly corresponding to the
last 350 ka: AT, Aso-4, Aso-ABCD, and BT51 (Schindlbeck et al.,
2018: Fig. 11). These tephras are derived from the Kyushu volca-
nic zone (except possibly BT51; see section 6.2.2). The reported
compositional data of Aso-4 and Aso-ABCD (hereafter “Aso-4 (Sch)"
and “Aso-ABCD (Sch)", respectively) are shown in Fig. 6. Albert et al.
(2019) considered “Aso-4 (Sch)" and “Aso-ABCD (Sch)" to be
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miscorrelated and re-correlated them to reworked Aso-4 and
original Aso-4, respectively, on the basis of their SiO2 and K2O
contents. The reported compositional ranges of “Aso-4 (Sch)" and
“Aso-ABCD (Sch)" are similar to those of Aso-4 according to Sagawa
et al. (2018) and this study (Fig. 6a). Our newly obtained shard
major-element compositions for U1436A “Aso-400 and “Aso-ABCD”,
collected from the “Aso-4 (Sch)" and “Aso-ABCD (Sch)" horizons
(U1436A 2H1W25e27 and 2H1W56e58, respectively), are very
similar to those of Aso-4 in this study and in Sagawa et al. (2018)
and Albert et al. (2019), but not to Aso-ABCD in this study
(Fig. 6a); therefore, we confirmed their re-correlation by Albert
et al. (2019). Further, the reported AT tephra in Hole U1436A
(hereafter “AT (Sch)") is actually a mixed tephra that includes both
AT and Izu-Bonin ash shards (Schindlbeck et al., 2018) but which is
dominated by Izu-Bonin ash shards (11of 13 shards), as indicated by
the major-element compositional data of the shards (Schindlbeck
et al., 2018). There are two possible explanations for this mixed
tephra: (1) AT shards from an AT horizon close to an Izu-Bonin ash
horizon might have contaminated the Izu-Bonin ash, or (2) AT and
the Izu-Bonin ash may have erupted simultaneously and have been
deposited together to form the “AT (Sch)" horizon. Unfortunately, in
U1436A “AT”, which we obtained from the “AT (Sch)" horizon
(U1436A 1H2W24e27), we could not detect AT shards because all
of the U1436A “AT” shards had very low K2O contents (<1.1 wt%:
Fig. 5a). To discuss the true stratigraphic position of the AT horizon,
vertical variations of AT shard concentrations near the “AT (Sch)"
horizon need to be examined. Despite these problems associated
with Hole U1436A tephras, they are important time markers in the
Hole U1436A sediments because the detailed d18O stratigraphy of
the sediments has not been established. However, the d18O stra-
tigraphy has been reported for Hole U1436C, 20 m south of Hole
U1436A (Vautravers et al., 2016). Therefore, in a future study, the
tephrostratigraphy of Hole U1436C should be constructed and in-
tegrated with that of Hole U1436A so that the tephra stratigraphic
ages can be shared between the two cores.

6.3. Cross-checking age models of marine sequences against
globally correlated age indicators

We correlated 15 spikes and subspikes to known tephras, sug-
gested 3 spikes and subspikes were possible correlatives of known
tephras, and suggested the possible source volcano of 1 spike. The
stratigraphic positions of these tephras in core MD012422 show
good agreement with the d18O stratigraphy (Section 6.1); therefore,
these tephras are useful time-synchronous markers for linking
tephrostratigraphy and biostratigraphy in the NW Pacific Ocean
area.

Stratigraphic relationships between tephrostratigraphy and
biostratigraphy in deep-sea sediments of the NW Pacific Ocean
(Holes U1436A and U1437B) and East China Sea (Hole U1429) are
shown in Fig. 11. Among the biostratigraphic horizons, one nan-
nofossil biohorizon, the FAD of E. huxleyi, has been found in all
deep-sea sediments and thus has provided an important control
point for age models of deep-sea sequences globally (e.g.,
Thierstein et al., 1977). The FAD of E. huxleyi in core MD012422
occurs in lateMIS 8 or earlyMIS 7, and the horizon overlaps the Ata-
Th horizon (Fig. 2). Further, the FAD horizon of E. huxleyi (together
with Ata-Th) is positioned above Thy-Ng1 (MIS 8/9 transition,
290e300 ka) and Kkt (MIS 9/10 transition, 330e340 ka), and its
position is consistent with our age model for MIS 5 to 10 (Fig. 10).
Therefore, this FAD horizon is consistent with both the tephros-
tratigraphy and the d18O stratigraphy of the core. Similarly, in the
East China Sea (Hole U1429; Tada et al., 2015; Sagawa et al., 2018),
near the Ryukyu Islands (core RN89-PC3; Ahagon et al., 1993), and
off central Honshu (Holes U1436A and U1437B near the Izu-Bonin
24
Islands; Tamura et al., 2015a, b; Schindlbeck et al., 2018) (see
Fig.1b), the FAD of E. huxleyi is consistent with the d18O stratigraphy
or the tephrostratigraphy, or both (Fig. 11). Further, the FAD of
E. huxleyi is consistent with both the d18O stratigraphy and micro-
tektite abundance horizons in the South China Sea (Shyu et al.,
2001) and the western Philippine Sea (Sun et al., 2011). There-
fore, the FAD of E. huxleyi in the SW Pacific area may be a globally
correlated age indicator (Fig. 11).

In contrast, off northern Honshu (Fig. 1b), the calcareous nan-
nofossil stratigraphy of Holes C9001C, ODP1150A, and ODP1151C
(Fig. 1b) occasionally conflicts with the newly obtained tephros-
tratigraphy for those holes, which is more consistent with the d18O
stratigraphy and sediment rate chronology of the holes (Matsu’ura
et al., 2014, 2017, 2018). Therefore, although age indicators based on
the calcareous nannofossil stratigraphy have been widely used
(Raffi et al., 2006), their use in age models of marine sequences,
especially in the NE Pacific area, requires careful cross-checking
(e.g., Takayama et al., 1995). In general, calcareous fossils are not
well preserved in the NE Pacific area (e.g., Hagino and Okada, 2003;
Domitsu et al., 2010) because the deep waters in that area are
corrosive to calcium carbonate (e.g., Berger et al., 1976; Feely et al.,
2002, 2004: Fig. 1a). Further, off the Japanese Islands, in the tran-
sition zone between the SW (yellow) and NE (blue) Pacific Ocean
areas (Fig. 1a), there is regional variation in the preservation of
calcareous fossils (e.g., Matsu’ura et al., 2018), probably because the
deep waters off northern Honshu are more corrosive to calcium
carbonate than the waters off Shikoku Island.

In the future, the tephrostratigraphy and cryptotephrostratig-
raphy of deep-sea sediments, together with the d18O stratigraphy,
need to be investigated at many locations in the NW Pacific area to
identify reliable isochrons and more tightly constrain biohorizons
in order to further examine their global synchronicity or regional
variation in this ocean area.

7. Conclusions

We investigated the deep-sea sediments of core MD012422
corresponding to the last 350 ka (since MIS 10) to refine their
tephrostratigraphy. We identified tephra and cryptotephra hori-
zons by examining concentrations of glass shards in the sediments
of the core. We also sampled relevant terrestrial tephras for com-
parison. Then we analyzed the major- and trace-element compo-
sitions of the glass shards and correlated the tephras and
cryptotephras in the core with the terrestrial tephras where
possible. Further, we used these results to validate and refine the
reported tephrostratigraphy of deep-sea sediments in the NW Pa-
cific Ocean and East China Sea and assessed the relative timing of
tephra eruptions and bio-events. Our key results and conclusions
are as follows:

We detected 64 glass shard spike and subspikes horizons with
high glass shard concentrations in MD012422 core sediments as
possible tephras or cryptotephras. The correlated glass spikes and
subspikes were originated from the Kyushu volcanic zone (Kuju,
Aso, Kakuto, Aira, Ata, and Kikai volcanoes/calderas), except for one
subspike with high SiO2, K2O, Rb, and Th shards, which was
correlated to the Takayama-Ng1 tephra (Tky-Ng1) from Suiendani
volcano in central Honshu. As a result, we correlated 15 spikes and
subspikes with known tephras, suggested 3 spikes and subspikes
were possible correlatives of known tephras, and suggested the
possible source volcano of 1 spike. However, some tephra correla-
tions between spikes/subspikes and proximal tephras on Kyushu
Island made on the basis of their shard major-element composi-
tions showed subtle variations in their trace-element compositions.
Because the shard trace-element compositions may sensitively
reflect magma compositional variation, trace-element data for
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proximal eruptive units should be obtained for robust tephra
correlation.

Using the well-dated tephras, we created a tephra-based age
model for core MD012422 and cross-checked themodel against the
reported biostratigraphy to identify useful time-synchronous
markers for this ocean area. In core MD012422, the Ata-Th hori-
zon overlaps with a calcareous nannofossil biohorizon, the first
appearance datum (FAD) of Emiliania huxleyi. Ata-Th and this FAD
biohorizon are stratigraphically above the Tky-Ng1 and Kkt
tephras, and this stratigraphic relationship is also observed in deep-
sea sediments of the East China Sea and off central Honshu. How-
ever, they are not consistent in deep-sea sediments off northern
Honshu, where fossils are poorly preserved. This regional variation
in the preservation of calcareous fossils is likely because the deep
waters off northern Honshu are more corrosive to calcium car-
bonate than the shallower waters off Shikoku Island.
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