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ARTICLE INFO ABSTRACT
Handling Editor: Giovanni Zanchetta Long sedimentary successions extracted for palaeoclimate research regularly preserve volcanic ash (tephra) fall
from explosive eruptions and are increasingly used to elucidate the timing and scale of past events. This study
Keywords: investigates the non-visible tephra (cryptotephra) layers preserved in the annually laminated and intensively *C
Ash fall dated sediments of Lake Suigetsu (SG14 core), Japan. The cryptotephra investigations reported here focus on the
E;izt::f;’:; Late-glacial to early Holocene sediments that were deposited between two visible tephra layers, the Ulleungdo
Tephrochronology (U)-Oki (10.2 ka) and the Sambe ‘Sakate’ (19.6 ka), and consequently span an interval of abrupt climate change
Japan making any newly identified cryptotephra layers invaluable chrono-stratigraphic markers. Using major and trace
Late-glacial element volcanic glass compositions the cryptotephra are used to assign provenance to chrono-stratigraphically
Palaeoclimate relevant eruption units. Five new cryptotephra layers are identified within this time interval. Three cryptotephra
Archaeology layers are from Kyushu volcanoes (SG14-1337 and SG14-1554 [Sakurajima]; and SG14-1806 [Kirishima]), all of
Asama which offer important chronological constraints on archaeological (Jomon) cultural transitions in southern Japan
Sakurajima during the last termination. Another cryptotephra (SG14-1579), is assigned to activity on Niijima Island

providing the first known distal occurrence and age of the eruption. Finally, the SG14-1798 cryptotephra pre-
cisely dated at 16,619 + 74 IntCal20 yrs BP (20) is linked to Asama (As) volcano and more precisely the later
phases of the As-YKU eruption. This discovery greatly expands the distribution of ash fall from this multi-phased
eruption at Asama volcano, which affected an area in the region of 120,000 km2. Refining the timing of the
eruption and the distribution of As-YKU ash fall is important as it offers an excellent chrono- and climato-
stratigraphic marker suitable for assessing spatial variability in environmental response to past climate change
during the termination of the last glacial.

1. Introduction routinely preserve widely dispersed ash (tephra) fall deposits associated
with past explosive volcanic eruptions. These tephra layers preserved
Long sedimentary successions extracted for palaeoclimate research either visibly and non-visibly (cryptotephra) provide essential chrono-
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stratigraphic markers capable of both synchronising (tephrostratig-
raphy) and dating (tephrochronology) disparate palaeoclimate archives,
which facilitate the assessment of spatio-temporal variations in past
climate change (e.g., Lowe et al., 2012; Lane et al., 2013). Simulta-
neously, distal tephra archives can have independent and precise chro-
nologies (e.g., radiocarbon dating [14C], annual layering [varve]) that
are increasingly being used to elucidate the timing, recurrence and
extent of ash fall events associated with past eruptions, crucial to
informing more reliable volcanic reconstructions and hazard assess-
ments (e.g., Albert et al., 2013, 2015, 2018; Kutterolf et al., 2008; Sul-
pizio et al., 2014).

Here we aim to identify and capitalise upon non-visible tephra
(cryptotephra) layers preserved in the robustly dated (via 'C) and
annually laminated (varved) Late-glacial to early Holocene sediments of
the globally renowned palaeoclimate archive, Lake Suigetsu, central
Honshu Island, Japan (e.g., Nakagawa et al., 2021). The period
extending from the Late-glacial to the early Holocene (the last termi-
nation) is particularly significant from both a palaeoclimate and
archaeological perspective. It is punctuated by numerous globally traced
abrupt and large amplitude climatic transitions (e,g., Clarke et al., 2002;
Alley et al.,.). The timing and scale of Late-glacial climatic instabilities in
Japan are very well resolved by pollen-based temperature re-
constructions at Lake Suigetsu (e.g., Nakagawa et al., 2021), and provide
the backdrop for cultural changes in Japan associated with
hunter-gatherer and Jomon sedentary societies (e.g., Nakazawa et al.,
2022). Consequently, developing the Late-glacial tephrostratigraphy of
a Lake Suigetsu is key to better constraining the timing and synchroneity
of these transitions.
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Lake Suigetsu is known to preserve a detailed visible tephrostratig-
raphy (>30 layers) spanning approximately the last 150 ka. Numerous
calc-alkaline (CA) to high-K calc-alkaline (HKCA) tephra layers are
correlated to productive Japanese volcanic sources located to the south
within the southern (e.g., Kikai, Ata, Aira) and central (e.g., Aso, Kuju)
Kyushu volcanic regions (e.g., Smith et al., 2013; Albert et al., 2019).
Dominant sources of visible tephra deposits include the two nearby and
upwind stratovolcanoes of Daisen and Sambe situated along the
South-West Japan Arc (SWJA; Albert et al., 2018, Fig. 1). While
alkali-rich tephra deposits are traced to explosive volcanism beyond
Japan at intra-plate volcanoes Changbaishan (North Korea/China
border) and the South Korean island of Ulleungdo in the Sea of Japan (e.
g., McLean et al., 2016, 2020b).

Crucially, cryptotephra investigations targeting the Lake Suigetsu
sediments spanning other time-intervals (0-10 ka and 30-50 ka) have
revealed four times more cryptotephra deposits relative to visible tephra
(e.g., McLean et al., 2018). These findings have provided precise age
constraints on past eruptions and enabled the integration of regional
tephrostratigraphies spanning the full length of the Japanese islands,
even provided the first tephra linkage between Lake Suigetsu and the
Greenland ice cores (BTm; —Sun et al., 2014; McLean et al., 2016). The
expansion of the Lake Suigetsu tephrostratigraphy through cryptotephra
analysis acts to cement the site as a central node within a teph-
rochronological framework of East Asia (e.g., McLean et al., 2018,
2020a) and demonstrates the enormous benefits of resolving additional
tephrochronological and volcanological information from within
Late-glacial to early Holocene sediments at Lake Suigetsu.

The specific objectives of this contribution are to; (i) correlate the

Hasu river

Fig. 1. (A) A map showing the location of Lake Suigetsu central Honshu Island, Japan, relative to potential volcanic sources of the cryptotephra layers identified.
Chrono-stratigraphically relevant eruption units at the volcanoes marked in bold have been the focus of new chemical characterisation. (B) A map showing the
location of Lake Suigetsu north-west of Lake Biwa; (C) a map showing Lake Suigetsu as the largest of the Five Mikata Lakes which are located immediately adjacent to
the Wakasa Bay, Sea of Japan. The position of the coring campaigns SG06 and SG14 are marked on Lake Suigetsu (B and C modified from Nakagawa et al., 2005).
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identified Late-glacial to early Holocene cryptotephra deposits to known
eruptions in order to further constrain the distribution of widespread ash
fall events; (ii) provide high-precision independent eruption ages using
the Lake Suigetsu chronology; and (iii) develop an integrated tephros-
tratigraphic framework within the context of an important interval of
climatic and archaeological change, suitable for synchronising and
dating regional records, and exploring links to other globally significant
archives (e.g., Greenland ice cores).

2. Explosive volcanism in and around Japan during the late-
glacial to early holocene

Japan has over 130 volcanic centres, relating to the complex inter-
action and subduction of multiple tectonic plates. Principally, the Phil-
ippine Sea Plate is subducted along the Ryukyu-Kyushu Arc and the
SWJA, while the Pacific Plate is subducted along the NE Japan Arc
(NEJA) and the Kurile Arc. Many of these centres have been highly
productive during the Late Pleistocene and Holocene. Calderas and
intra-caldera volcanism dominate in Kyushu, northern Honshu and
Hokkaido, and volcanoes in these regions are responsible for some of the
largest explosive eruptions known globally during the Late Quaternary
(Machida, 1999; Machida and Arai, 2003).

Near-source Japanese eruption records indicate the Late-glacial to
early Holocene period is punctuated by some large Magnitude (M)
volcanic eruptions (> M 5.0), while M 4.0 or Volcanic Explosivity Index
(VEID) 4 sub-Plinian to Plinian eruptions are more frequently reported
(Table 1). The largest eruption during this interval is the M 6.7 Towada
Hachinohe (To-H) caldera-forming eruption in northern Honshu
(Fig. 1). The eruption produced phreato-Plinian fall deposits, inter-
bedded with pyroclastic density current (PDC) deposits, which culmi-
nated with the emplacement of the thick Hachinohe Ignimbrite
(Hayakawa, 1985). More than 50 km? of tephra was erupted and pre-
dominantly dispersed to the east (Hayakawa, 1985), with ash fall being
traced well into the Pacific Ocean (e.g., Ikehara et al., 2013, 2017).
Bourne et al. (2016) suggested that this eruption is preserved as a
cryptotephra layer in the Greenland ice core NEEM which is dated at 15,
706 + 226 yrs b2k. The Greenland derived age is in broad agreement
with a re-calibrated (**C) age estimate of material buried in the To-H
eruption deposits, 15,615-15,895 IntCal20 yrs BP (Muscheler et al.,
2020).

The Asama (As) stratovolcano located in central Honshu (Fig. 1),
produced a highly explosive multi-phased eruption during the Late-
glacial. Two Plinian eruption deposits are traced south-east (Asama
Itahana Yellow Pumice; As-YP), and north-east (Asama Kusatsu Pumice

Table 1
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[or Tsumagoi]; As-K) of the volcano, respectively. Different authors
have classified the eruption as a VEI 5 (Machida and Arai, 2003) and M
6.5 (Hayakawa, 2010) eruption. PDC’s associated with the eruption,
specially the Komoro pumice flow deposits, have been traced to south
and to the north-east of the volcano. Radiocarbon dating of tree stumps
buried in this As-YP unit have an age range of 15,620-17,040 IntCal20
yrs BP (Nakamura et al., 1997). There is no reported evidence of a sig-
nificant eruptive hiatus (e.g., palaeosol) between the Plinian deposits
and it is thought that a co-PDC ash dispersal might be responsible for the
reported distal occurrence of the Asama Upper Glass (As-UG), west of
Tokyo and away from the two main Plinian dispersal axis (in press
Machida and Suzuki,.). Subsequently, the combined activity is grouped
as the As-YKU in Japanese eruption/tephra catalogues (e.g., Hayakawa,
2010; in press Machida and Suzuki,.). Sakurajima (Sz) stratovolcano,
situated in southern Kyushu on the southern edge of Aira caldera
(Fig. 1), formed by the Aira Tanzawa (AT) super-eruption (and pre-
ceding events), has produced sub-Plinian to Plinian eruptions during the
interval of interest, the largest being associated with the Satsuma (Sz-S)
Plinian pumice fall beds, and this event saw an estimated 11 km® of
tephra erupted (Kobayashi and Tameike, 2002), equating to a M 5.9
event (Hayakawa, 2010).

3. Study site (Lake Suigetsu)

Lake Suigetsu, central Honshu Island (35°35'0'N, 135°53'0'E) is
located in a small tectonic basin situated on the western side of the
Mikata fault line, adjacent to Wakasa Bay (Fig. 1). It covers an area of
~4.3 km?, has an average water depth of approximately 34 m and
represents the largest of the ‘Mikata Five Lakes’. The small catchment of
the lake is vegetated by warm mixed-forest and is bound by a ring of
Palaeozoic hills (maximum elevation 400 m) (Kitagawa et al., 1995;
Nakagawa et al., 2005). The Hasu River enters the neighbouring Lake
Mikata, with water flowing through into Lake Suigetsu via the Seto
Channel. The shallow channel connecting the lakes, acts as a
coarse-grain sediment filter, making the sedimentary environment of
Lake Suigetsu particularly stable, and dominated by fine-grained depo-
sition. The Lake Suigetsu sediments have been studied for over three
decades, with the ‘SG93’ coring campaign driving great interest in the
site. The SG93 coring revealed that a significant portion of the sedi-
mentary succession contained varves (‘nenko’ in Japanese), with sea-
sonal laminations alternating between diatom rich (dark) and
mineral-rich (light) layers (Kitagawa et al., 1995; Kitagawa and van
der Plicht, 1998a; Nakagawa et al., 2003).

The lake was re-drilled in 2006 as part of the ‘Lake Suigetsu Varved

Reported Lateglacial to early Holocene explosive eruptions at Japanese and Izu arc volcanoes which are considered as Magnitude (M) 4.0 or Volcanic Explosivity Index
(VEI) 4 events or greater, and are therefore likely near-source equivalents of distal tephra deposits preserved in the temporally relevant sediments of Lake Suigetsu,
Central Honshu, Japan. References (1) Moriwaki et al. (2011); (2) Hayakawa (2010); (3) Okuno et al. (1997); (4) Kobayashi and Tameike (2002); (5) Moriwaki et al.
(2017); (6) Okuno (1997); (7) Imura (1992); (8) Nagaoka et al. (2010); (9) Moriwaki et al. (2016); (10) Machida and Arai (1992); (11) Hayakawa (1985); (12)

Muscheler et al. (2020); (13) Nakamura et al. (1997); (14) Kobayashi et al. (2020).

Region Source Volcano Eruption Tephra M VEI  Volume (km®%) Dispersal Age Refs

Kyushu Kuchinoerabujima (Noike; N) Yumugi N-Ym 53 6 0.6 E(L,M)and W (U)  14,525-15,245 1,2

Kyushu Sakurajima (Sz) Uwaba/Pumice 12 Sz-Ub 4.0 - 0.3 E 9135-9525 2,3, 4
Sakurajima (Sz) Takatoge 3/Pumice 13 Tk3 4.0 4 1.3 E 10,585-11,175 2,3, 4
Sakurajima (Sz) Satsuma/Pumice 14 Sz-S 59 5 11 Radial. SW 12,755-13,760 2,3, 4
Aira (A) Shinjima/Moeshima 4.0 - - - ~13,000 2,4,5
Aira (A) Takano Base surge A-Tkn - - - 18,215-18,785 5,6

Kyushu Ko-Takachiho, Kirishima (Kta) Kamamuta Kr-Km 5.0 - ~8.1 ka 2,7
Shinmoedake, Kirishima (Sh) Setao Kr-St 4? 0.07 - ~10.4 ka 2,7,10
Karakunidake, Kirishima (Kr) Kobayashi Kr-Kb 5.2 5 0.91 NE ~16,700 ka 2,7,8,10

Honshu Towada Hachinohe Ignimbrite To-H 6.7 6 50 Radial (E) 15,615-15,895 2,10,11, 12
Towada Hachinohe Pumice To-HP E

Honshu  Asama ‘Tachikawa’ Upper Glass UG 6.5 5 ? co-PDC? 15,620-17,040 2,10,13
Asama Katsatsu Pumice As-K N (E)
Asama Itahana Yellow Pumice As-YP E(S)

Izu Arc Niijima Miyatsuka-yama Nj-Mt (Nj-MtG) 4.8 4 0.7 SE 10,700-13,200 14
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Summary table of tephra layers within the Late-glacial to early Holocene sediments of Lake Suigetsu (SG06,/SG14 cores). Visible layers previously reported are in bold,
with references for correlations to volcanic source and eruption units being * Smith et al. (2013) and ** Albert et al. (2018).+SG14-1185 was reported in McLean et al.
(2018). V/C = Visible/Cryptotephra. V= Vesicular; MV = Micro-vesicular; F = Fluted, MI = Microlite Inclusions; C = Cuspate; BW =Bubble walled.

SG14 label v/ SG14 Master SG14 CD (cm) SG06 CD (cm) IntCal20 Shards/ Glass shard Shard Correlation Magnitude Source to
C core and (ver.Feb 28, (ver.Apr 06, yrs BP gram Morphology  long based on glass v)* Suigetsu
position 2019) 2020) (median axis geochemistry (km)
+ 2s) (pm) (volcano,
tephra)
tSG14- C F-12 1184.0-1185.0 1180.33-1181.34 9337 + >5000 MV, MI 40-50 Shinmoedake - 620
1185 (62.0-63.0 34 (Kirishima),
cm) Seto (Kr-St)?
$G06-1288 V G-03-02 1301.3 1287.9 10,196 - MV 60 Ulleungdo, U4 6.7 495
(34.3-32.2) + 32 *
$G14-1337 C F-14 1335.7-1336.7 1330.47-1331.59 10,623 2983 V,F 80-100 Sakurajima, Tk- 4.0 650
(36.0-37.0 + 50 3 (Pumice 13)
cm)
SG14-1554 C F-16 1552.6-1553.6 1567.22-1568.25 12,922 10,983 MV, MI 100 Sakurajima, - 650
(55.0-56.0 + 58 Unknown
cm)
S$G14-1579 C E-17 1577.9-1578.9 1595.13-1596.28 13,320 6959 F, PV 100 Nijima- 4.8 335
(53.0-54.0 + 64 Miyatsuka-
cm) yama (Nj-Mt/
Mt)
S$G14-1798 C G-04 1797.3-1798.3 1805.33-1806.22 16,619 2043 C (BW) 60 Asama, Y/K/U 6.5 248
(49.0-50.0 + 74
cm)
SG14-1806 C G-04 1805.3-1806.3 1812.40-1813.28 16,789 2558 MV, MI 120 Karakunidake 5.2 620
(57.0-58.0 + 72 (Kirishima),
cm) Kobayashi (Kr-
kb)
$G06-1965 V E-21 1950.8 1964.5 19,645 - MV, B 100 Sambe, Md-fl/ 5.8 305
(54.2-54.9 + 80 Sakate **
cm)

Sediment Project’ with the aim of obtaining a complete ‘master’ sedi-
mentary sequence by recovering overlapping cores from four parallel
boreholes (A, B, C and D, situated ~20 m apart). The campaign suc-
cessfully extracted a 73.40 m-long composite core (‘SG06°), providing a
continuous record of sedimentation spanning at least the last 150 ka
(Nakagawa et al., 2012). The sequence is varved between ~10 and 70
ka, and the sediments have been intensively radiocarbon o) dated,
and layer counted, to generate a high-resolution chronology (Staff et al.,
2011; Bronk Ramsey et al., 2012; Marshall et al., 2012; Schlolaut et al.,
2012, 2017; Nakagawa et al., 2021). A new coring campaign was un-
dertaken during the summer of 2014 to obtain another continuous core
sequence. The coring site was located ~320 m east of the SG06 bore-
holes (Fig. 1b) and was similarly obtained using a hydro-pressure piston
sampler, and a triple sampler for deeper parts. This campaign retrieved a
composite overlapping sedimentary sequence from four boreholes (E, F,
G and H) spanning ~98 m, which records ~25 m of additional sedi-
mentation compared to SGO6, reaching a thick basal gravel. This com-
posite master sequence, named ‘Fukui-SG14’ (‘SG14’ in short), was used
for this cryptotephra investigation. The SG14 sequence (correlation
model 30 May ‘17) has been precisely tied to the SG06 composite core
(correlation model 08 May ‘16) using 361 common marker layers (which
include visible tephra layers), the same approach used to correlate the
core sections of the different SGO6 boreholes (as outlined in Nakagawa
et al.,, 2012), permitting the high-precision SG06 chronology to be
transferred to the SG14 core.

4. Methods
4.1. Cryptotephra identification

For continuity, SG06 labelling codes are used for the visible tephra
bracketing this interval of cryptotephra investigation within the SG14
core. The SG14 master core (composite sequence) was contiguously sub-
sampled at a ~5 cm (low-) resolution, from the Ulleungdo - U-Oki
(SG06-1288; Smith et al., 2011; Smith et al., 2013) tephra down to the

Sambe - Sakate (Md-fl; SG06-1965; Albert et al., 2018), avoiding known
visible high-energy event layers (e.g., flood horizons). Where elevated
shard concentrations were observed and unrelated to an underlying
visible tephra (e.g., SG06-1965), the sediment was resampled at a 1 cm
(high-) resolution to determine the precise stratigraphic positioning of
the cryptotephra peak within the 5 cm sample. During intervals
chrono-stratigraphically relevant to well-known and widespread tephra
markers (e.g., To-H, Sz-S), 1 cm resolution counting was conducted even
in the absence of low-resolution peaks to maximise the possibility of
their identification.

All samples were wet sieved through a 25 pm nylon meshan 80 pm
mesh was not required owing to the very fine-grained nature of the
sediments. The retained >25 pm fraction was subject to heavy liquid
density separation (Turney, 1998; Blockley et al., 2005) to extract the
volcanic glass shards. This stepped floatation method is shown to reli-
ably resolve cryptotephra peaks, even those containing low glass con-
centrations (e.g., <500 shards/gram) in the Lake Suigetsu sediments,
where peaks that would not have been detected using other techniques
such as pXRF core scanning (e.g., McLean et al., 2022). The extracted
material was subsequently mounted on slides using Canada Balsam, and
glass shards were counted using a light microscope. Shard concentra-
tions are quantified as shards per gram of dried sediment (shards/gram).

The criteria used to (morphologically and geochemically) classify
glass shards, and decipher primary cryptotephra layers versus reworked
layers follows those outlined in McLean et al. (2018) based on the ex-
amination of Holocene Lake Suigetsu sediments. We find a constant, yet
variable glass shard concentration associated with the 30 ka Aira
caldera-forming eruption (AT tephra) throughout the Late-glacial sedi-
mentary profile at Lake Suigetsu, which we classify as ‘background’ glass
within these sediments. Evidently, glass shards from this Magnitude 8
eruption are frequently remobilised in the Suigetsu catchments and
washed into the lake. However, they are easily identified via their platy
morphology and chemical composition, and most clearly peak during
higher energy events (e.g., floods). We also checked for possible ‘cryptic’
reworking events using the high-resolution pXRF core scanning data
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following the criteria outlined in McLean et al. (2022). Consequently, Immediately above visible tephra SG06-1965 (Sambe-Md-fl) sedi-
where chemically distinct primary cryptotephra peaks are identified, we ments spanning 19.50 and 18.75 m SG14 Composite Depth (CD)

also chemically observe a minor AT background. The observed revealed elevated shard concentrations in the low-resolution sampling
sub-populations of AT glass shards, and AT laden in-wash events, are and are above 2000 shards/gram. The glass shards were morphologi-
discounted as primary ash fall layers (chemical data can be found in cally consistent with the underlying tephra (SG06-1965), a feature
Supplementary Material 2; Fig. 2). observed above other visible tephra deposits in Lake Suigetsu (e.g., K-
Shards/gram
100

Y ! ZOIOO | 40|00 | GUPO | 8()'00

00
SG06-1288/

® SG14-1337
13.50

14.50

o
o
=]

15.50

(10,623 * 50 IntCal20 yrs BP)

SG14-1554

Ulleungdo U4 (v)
(10,196 * 32 IntCal20 yrs BP)

.

(13,320 £ 64 IntCal20 yrs BP B
°

SG14 Composite Depth (m)
8

16.50

(12,922 * 58 IntCal20 yrs BP)
@_ SG14-1579

Event layer g/)

Sakurajima-S
timeframe

P)

17.00
______________ §
T o
17.50 5 §
=—e@Eventlayer(v)__ _ _ _ _ _ _ _ _ i
S.G14-1798 (16,619 £ 74 IntCal20 yrs BP,
18.00
® SG14-1806
(16,789 * 72 IntCal20 yrs BP)
e
18.50- E ”o Low-resolution
vent layer (v) mm.__ High-resolution (1cm)
® SG14-Cryptotephra
19.00 ® Background (AT comp.)
o SG06-1965/

Sanbe-Md-fl/Sakate (v)
(19,551 + 80 IntCal20 yrs BP)

Fig. 2. Glass shard concentrations spanning the early-Holocene and Late-glacial sediments of the Lake Suigetsu SG14 core. The shards per gram of dried sediment,
which are capped at 10,000 shards) The interval investigated is bracketed by visible tephra layers, SG06-1288/U-Oki and SG06-1965/Sambe-Md-fl/‘Sakate’.
Concentrations of glass shards in low-resolution (5 cm interval) samples are shown in grey, whilst high-resolution (1 cm) sample are overlain in black. Green 1 cm
intervals represent the five cryptotephra peaks where geochemically distinctive layers are identified. Depth scale is based on SG14 composite depth (See text). Shaded
brown intervals represent the broad age-range of two widespread Japanese eruption units, Towada-Hachinhoe (To-H), and Sakurajima-Satsuma (Sz-S), where
detailed high-resolution cryptotephra analysis was conducted irrespective of low-resolution shard counts. Red dots denote where chemical analysis were conducted
by analyses were consistent with the AT tephra. (v) denotes a visible event layers in the core, which often relate to flood events, or in the case of SG06-1288 and SG06-

1965 are visible tephra layers (tephra fall events). Lake Suigetsu IntCal20 ages are reported

+2 standard deviations.
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Ah; McLean et al., 2018). Consequently, high-resolution investigations
began once concentrations had dropped back below 1000 shards/gram
(Fig. 2).

4.2. Chemical characterisation

Glass shards were extracted from SG14 cryptotephra samples chosen
for geochemical analysis and hand-picked from a well-slide using a
micromanipulator (see Lane et al., 2014). The shards were mounted in
Struers Epoxy resin stubs, which were sectioned to expose a flat surface,
then polished using diamond paste (3 and 1 pm), and finally carbon
coated for chemical analysis.

Major and minor element compositions of individual glass shards
were measured using a JEOL-8600 wavelength-dispersive electron
microprobe (WDS-EMP) at the Research Laboratory for Archaeology and
History of Art (RLAHA), University of Oxford. A beam accelerating
voltage of 15 kV was used with a 6 nA current and a defocused beam
diameter of 10 pm. The instrument was calibrated with a suite of
appropriate mineral standards; peak count times were 30 s (s) for all
elements except Mg (50s), Mn (50s), Na (10s), CI (50s), and P (50s).
Reference glasses from the Max Plank institute (MPI-DING suite; Joc-
hum et al.,, 2006) were also analysed alongside the tephra. These
included felsic [ATHO-G (rhyolite)], through intermediate [StHs6/80-G
(andesite)] to mafic [GOR132-G (komatiite)] glasses. Accuracies of an-
alyses on these MPI-DING glasses are typically 0.2 wt%; the data become
more qualitative for those elements with concentrations <0.2 wt%. Er-
rors are typically < + 0.5% RSD for Si; < + 4% for most other major
elements, except for the lower abundance elements: Ti, Mn, P and Cl.

Trace element analysis of volcanic glass shards from the SG14
cryptotephra deposits and near-source reference material were per-
formed using an Agilent 8900 triple quadrupole ICP-MS (ICP QQQ)
coupled to a Resonetics 193 nm ArF excimer laser-ablation in the
Department of Earth Sciences, Royal Holloway, University of London.
Spot sizes of 20, 25 and 34 pym were used depending on the sample
vesicularity and/or size of glass areas available for analysis. The repe-
tition rate was 5 Hz, with a count time of 40 s on the sample, and 40 s of
the gas blank to allow the subtraction of the background signal. Typi-
cally, blocks of eight or nine glass shards and one MPI-DING reference
glass were bracketed by the NIST612 glass adopted here as the cali-
bration standard. The internal standard applied was 2°Si (determined by
EMP-WDS analysis). In addition, the same MPI-DING reference glasses
listed above were used to monitor analytical accuracy (Jochum et al.,
2006). LA-ICP-MS data reduction was performed within Microsoft Excel
following the protocols outlined in Tomlinson et al. (2010). Accuracies
of LA-ICP-MS analyses of the MPI-DING reference glasses, ATHO-G and
StHs6/80-G, were typically <5% for most elements measured.

All SG14 cryptotephra, near-source reference material, and standard
measurements from both methods are provided in the Supplementary
Material 1. Data averages are reported as + 1 standard deviations, error
bars on the trace element plots are typically smaller than the symbols.

4.3. Lake Suigetsu chronology

The master SG14 sequence was precisely aligned to the SG06
sequence using regular and distinctive marker horizons, permitting the
high-precision SG06 chronology to be transferred to the SG14 core.
SGO06 event-free depth(s) (EFD, ver. 13th Feb ‘17) were used within the
age model, which excludes instantaneous deposits >5 mm in thickness,
i.e., event layers (Staff et al., 2011; Schlolaut et al., 2012). The software
package developed to handle the correlation of parallel core sections,
‘LevelFinder’ (ver. 7.7.1, http://polsyems.rits-palaeo.com), was used to
linearly interpolate between the common marker layers and determine
any given composite depth (CD) or EFD from the individual SG06 and
SG14 core sections.

Between 16.5 m (ca. 13,950 IntCal20 yrs BP) and 40.3 m SG06
composite depth (ca. 50,296 IntCal20 yrs BP), the Lake Suigetsu
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radiocarbon data are directly incorporated into the construction of the
consensus IntCal calibration curve itself, therefore directly providing
IntCal20 ages for this section of the composite Suigetsu sedimentary
sequence (Bronk Ramsey et al., 2020; Reimer et al., 2020a). The upper
sediments (i.e., younger than 13,950 IntCal20 yrs BP), for which the
Lake Suigetsu *C data were not themselves incorporated into IntCal20,
required resultant modelling on to the IntCal20 timescale (Reimer et al.,
2020b). This was achieved through implementing two successive
cross-referenced Poisson-process (‘P_Sequence’) depositional models
using OxCal (ver. 4.4; Bronk Ramsey, 2008; Bronk Ramsey and Lee,
2013, Bronk Ramsey, 2022); the lower section (below 12.88 m SG06 CD)
incorporated varve count data from Schlolaut et al. (2018), and the
upper section (above 12.88 m SG06 CD), for which countable varves are
not preserved, utilised EFD. In total, the Lake Suigetsu age model is
therefore based upon 808 AMS “C dates obtained from terrestrial plant
macrofossils from the SG93 and SGO06 cores (Kitagawa and van der
Plicht, 1998a, Kitagawa and van der Plicht, 1998b, Kitagawa and van
der Plicht, 2000; Staff et al., 2011; Bronk Ramsey et al., 2012; Staff et al.,
2013a; Staff et al., 2013b), 525 of which are directly included within the
IntCal20 calibration curve itself (Bronk Ramsey et al., 2020). Modelled
cryptotephra ages placed upon this IntCal20 timescale, represent the
entire 1-cm depth interval, rather than the sub-sampling mid-point, and
thus provide a truer reflection of the full chronological uncertainties,
consistent with McLean et al. (2018).

4.4. Reference tephra samples (near-vent and distal)

To evaluate the probable source regions of the newly characterised
Lake Suigetsu cryptotephra deposits, their glass signatures were
compared to published Japanese volcanic glass reference datasets (e.g.,
Kimura et al., 2015; Albert et al., 2019). New reference pumice and ash
samples for temporally relevant eruptions (Table 1) were collected and
subject to major and trace element glass analysis. This involved analysis
of near-vent samples from Asama, Sakurajima, Aira, Kirishima and
Niijima volcanoes. We also analysed distal samples of reported
Late-glacial Asama ash fall layers preserved and reported in other sed-
iments cores (Okuno et al., 2011; Nagahashi et al.,.). Full details of the
newly sampled near-source units and distal ash layers are reported in the
Supplementary Material 2. These samples were analysed under the same
analytical conditions as the SG14 cryptotephra outlined in section 4.2.

5. Results

Five primary cryptotephra deposits are identified in the interval
spanning between SG06-1965 and SG06-1288, with representative glass
shards from each deposit shown in Fig. 3. These deposits all peaked
above 2000 shards/gram (Fig. 2; Table 2), and display a dominant glass
compositionthat can be distinguished from the AT glass background (See
Section 4.1). The five newly identified cryptotephra layers are labelled
herein using their SG14 composite depth in cm (SG14-CD, ver.Feb 28,
2019) rounded to the nearest integer (Table 2). They are SG14-1337,
SG14-1554, SG14-1579, SG-14-1798, SG14-1806 and they are dated
to 10,623 + 50 IntCal20 yrs BP; 12,922 + 58 IntCal20 yrs BP; 13,320 +
64 IntCal20 yrs BP; 16,619 + 74 IntCal20 yrs BP; and 16,789 + 72
IntCal20 yrs BP (20) respectively, using the Lake Suigetsu IntCal20
chronology.

5.1. Cryptotephra glass chemistry

5.1.1. SG14-1337 (10,623 + 50 IntCal20 yrs BP)

SG14-1337 has a relatively homogenous rhyolitic chemistry
(71.9-73.7 wt% SiOz [n = 22]) which displays a medium-K (2.5-3.0 wt
% Ko0) calc-alkaline affinity (Fig. 4A; Table 3). Using increasing SiOs
content as a fractionation index CaO (2.2-2.9 wt%) and Al,Os3
(14.6-13.7 wt%) decrease, and K5O increases, while FeOt (2.4 & 0.1 wt
%) and NapO (4.1 wt%) remain relatively constant. The glasses are


http://polsyems.rits-palaeo.com

P.G. Albert et al.

SG14-1337

SG14-1554

SG14-1798

SG14-1806

50 pm 200 uym
—_— —

Quaternary Science Reviews 324 (2024) 108376

SG14-1554

SG14-1579

SG14-1798

SG14-1806

Fig. 3. Photographs of representative glass shards associated with the five cryptotephra layers identified in the early Holocene to Late-glacial sediments of Lake
Suigetsu investigated here. Different cryptotephra have dominant shard morphologies (Table 2), for instance SG14-1806 are micro-vesicular and contain inclusions,

whilst SG14-1798 display cuspate, bubble-wall features.

enriched in Rb relative to the High Field Strength Elements (HFSE), with
a strong depletion in Nb and Ta (Fig. 5). The glasses are also enriched in
Light Rare Earth Elements (LREE) relative to the Heavy Rare Earth El-
ements (HREE) where La/Yby = 5.5 £+ 0.6 (1c; Fig. 5). Incompatible
trace element concentrations show limited variability (9.3 + 0.5 ppm
Th; 175 + 9 ppm Zr; 26.9 + 1.0 ppm Y [1c; n = 8]; Fig. 6) consistent
with the broadly homogeneous major element composition.

5.1.2. $G14-1554 (12,922 + 58 IntCal20 yrs BP)

SG14-1554 is a relatively heterogeneous rhyolitic cryptotephra
(74.3-6-77.0 wt% SiO2 [n = 34]) which displays a largely medium-K
(2.7-3.5 wt% Kz0) calc-alkaline affinity (Fig. 4A; Table 3). Using
increasing SiOy content as a fractionation index CaO (2.0-1.3 wt%),
Al,03 (13.7-12.3 wt%) and FeOt (2.0-1.5 wt%) contents decrease, and
K50 increases, while NasO (4.1-3.4 wt%) and TiOy (0.5-0.3 wt%)
contents are broadly constant. Consistent with the major elements,
incompatible trace elements again show some heterogeneity (7.6-11.7
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Fig. 4. Major element glass compositions of the cryptotephra layers in the early Holocene and Late-glacial SG14 sediments investigated compared to new reference
chemical datasets produced for chrono-stratigraphically relevant eruption units at Sakurajima (Aira caldera), Karakunidake (Kirishima), Asama and Niijima vol-
canoes. (A) K,O classification fields follow Peccerillo and Taylor (1976). Compositional fields/envelopes for Daisen and Sambe glasses are following data presented in
Albert et al. (2018), whilst K-Ah (Kikai) and AT (Aira) compositional fields follow Smith et al. (2013). *SG14-1185 represents a previously un-assigned Holocene
cryptotephra from Lake Suigetsu (McLean et al., 2018). **Reference compositions for the Aira Takano base surge (A-Tkn; Fukaminato) are from Moriwaki et al.
(2017), ***while data for a possible correlative of the Takano base surge, identified at —290.5 m depth within a borehole core extracted on Moeshima island (below
the Shinjima PDC deposits) are also shown, with data reported in the supplementary material 1. Error bars on plots represent reproducibility, and 2 standard de-

viations of replicate analysis of MPI-DING StHs6/80-G standard.

ppm Th; 163-221 ppm Zr; 18.9-26.3 ppm Y [n = 19]; Fig. 6) The glasses
are enriched in Rb relative to the HFSE, with a strong depletion in Nb
and Ta (Fig. 5), whilst also being enriched in LREE relative to the HREE
where La/Yby = 6.3 £+ 0.6 (1c; Fig. 5).

5.1.3. §G14-1579 (13,320 + 64 IntCal20 yrs BP)

SG14-1579 is a homogeneous rhyolitic cryptotephra (78.0 + 0.2 wt
% SiO5 [10; n = 23]) which straddles the boundary between a medium-K
calc-alkaline and high-K calc-alkaline classification (3.5 & 0.1 wt% K3O;
Fig. 4A; Table 3). No significant major element oxide variations are
observed for this tephra (e.g., 0.6 + 0.1 wt% FeOt and 0.6 £+ 0.1 wt%

CaO; Fig. 4). Consistent with major element compositions, the incom-
patible trace element content of the glasses are homogenous (4.3 + 0.5
ppm Th; 6.8 + 0.2 ppm Nb; 25.5 + 1.7 ppm Y [n = 17]; Fig. 5). The
glasses are enriched in Rb relative to the HFSE, with a strong depletion
in Nb and Ta (Fig. 5). The glasses show low contents of Sr (37.7 + 1.7
ppm) and Zr (60.6 + 3.7 ppm), marked by noticeable depletions in the
mantle normalised profile (Fig. 5). The glasses also show a relatively
shallow REE profile relative to the overlying cryptotephra deposits,
where La/Yby = 3.0 & 0.3 (1o; Fig. 5).
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Average major (EMP) and trace element (LA-ICP-MS) volcanic glass chemistry of Lake Suigetsu Late-glacial to early Holocene cryptotephra deposits. Major element
glass data has been normalised (water-free). Full geochemical datasets are available in the Supplementary Material 1.

Tephra SG14-1337 SG14-1554 SG14-1579 SG14-1798 SG14-1806

wt.% Ave. +1o Ave. +1o Ave. +1o Ave. +lo Ave. +lo
SiOy 72.70 0.43 76.17 0.55 78.00 0.18 78.01 0.25 73.08 0.63
TiOy 0.50 0.04 0.37 0.04 0.08 0.03 0.29 0.03 0.53 0.06
Al,03 14.30 0.26 12.75 0.33 12.77 0.13 12.16 0.16 13.77 0.23
FeOt 2.38 0.11 1.69 0.15 0.62 0.09 1.34 0.05 2.19 0.20
MnO 0.08 0.02 0.07 0.02 0.06 0.02 0.04 0.02 0.05 0.03
MgO 0.61 0.11 0.37 0.13 0.09 0.04 0.25 0.04 0.52 0.08
CaO 2.51 0.17 1.52 0.16 0.56 0.07 1.28 0.04 1.93 0.15
Na,O 4.00 0.19 3.68 0.16 4.15 0.26 3.74 0.09 3.65 0.09
K20 2.74 0.12 3.21 0.14 3.53 0.09 2.75 0.06 4.06 0.12
P,0s 0.08 0.04 0.07 0.04 0.03 0.03 0.03 0.02 0.10 0.05
Cl 0.10 0.03 0.10 0.02 0.11 0.03 0.12 0.02 0.13 0.03
m 22 36 23 22 17

ppm

\% 27.4 2.2 19.8 2.8 3.6 5.6 13.1 0.6 43.1 7.0
Rb 111.7 3.1 127.1 7.9 79.5 3.0 76.4 2.8 159.6 4.7
Sr 183 8.9 135 31.5 37.7 1.7 108.7 4.6 150.9 16.2
Y 26.9 1.0 23.9 1.8 25.5 1.7 29.9 0.7 29.2 1.0
Zr 175 4.9 201 13.1 60.6 3.7 203 3.6 255.3 6.3
Nb 9.3 0.2 9.4 0.7 6.8 0.2 5.1 0.1 9.5 0.3
Ba 474 9 524 24 633 57 591 11 606 15
La 23.8 0.6 24.3 1.5 13.3 0.9 16.0 0.3 24.1 0.8
Ce 51.5 2.0 49.8 3.2 29.4 2.0 36.7 0.9 54.0 2.1
Pr 5.6 0.2 5.2 0.4 3.3 0.2 4.4 0.2 6.1 0.3
Nd 22.3 1.2 20.5 1.6 13.4 1.3 19.2 0.7 24.3 1.1
Sm 4.7 0.5 4.3 0.5 3.3 0.3 4.8 0.5 5.3 0.4
Eu 1.1 0.1 0.8 0.1 0.4 0.1 0.7 0.1 0.8 0.1
Gd 4.6 0.6 3.7 0.5 3.2 0.3 4.6 0.2 4.6 0.3
Dy 4.5 0.3 4.0 0.3 3.9 0.3 5.0 0.2 4.8 0.3
Er 3.1 0.3 2.6 0.3 2.7 0.4 3.2 0.2 3.1 0.2
Yb 3.1 0.4 2.8 0.3 3.2 0.4 3.4 0.3 3.3 0.3
Lu 0.46 0.02 0.43 0.04 0.49 0.07 0.52 0.03 0.50 0.05
Hf 4.6 0.2 5.1 0.5 2.4 0.3 5.9 0.3 7.1 0.3
Ta 0.7 0.0 0.7 0.1 0.7 0.1 0.4 0.0 0.7 0.0
Pb 19.9 0.9 21.4 2.5 7.8 0.7 14.7 0.6 229 0.8
Th 9.3 0.5 10.5 1.1 4.3 0.5 6.2 0.2 13.6 0.7
U 2.4 0.2 2.6 0.3 2.0 0.1 1.9 0.1 3.4 0.1
La/Yb 7.6 8.8 4.2 4.7 7.4

m 8 19 17 11 10

5.1.4. SG14-1798 (16,619 + 74 IntCal20 yrs BP)

SG14-1798 is a rhyolitic cryptotephra (78.0 + 0.3 wt% SiOy; n = 22),
with a homogeneous major element composition (e.g., 1.3 + 0.04 wt%
Ca0; 1.3 £ 0.05 wt% FeOt and 0.29 + 0.03 wt% TiOy; Fig. 4) and a clear
calc-alkaline affinity (2.7 &+ 0.1 wt% K3O; Fig. 4A; Table 3). As with the
major element compositions, the incompatible trace element content of
the SG14-1798 glasses are homogenous (e.g., 6.2 + 0.2 ppm Th, 203 +
4 ppm Zr and 29.9 + 0.7 ppm Y; [10] Fig. 6). The glasses are enriched in
Rb relative to the HFSE, with strong depletions in Nb and Ta (Fig. 5). The
glasses display a similarly shallow REE profile to the overlying crypto-
tephra deposits, where La/Yby = 3.4 + 0.3 (1c; Fig. 5).

5.1.5. SG14-1806 (16,789 + 72 IntCal20 yrs BP)

SG14-1806 is a heterogeneous rhyolitic cryptotephra (72.0-75.3 wt
% SiOg; n = 17) with a clear high-K calc-alkaline affinity (3.9-4.4 wt%
K;0; Fig. 4A; Table 3), although a dominant glass population resides at
~73 wt% SiO5 and ~4.1 wt% K30. Overall, using increasing SiO5 con-
tent as a fractionation index CaO (2.2-1.4 wt%), Al;03 (14.2-13.0 wt%),
TiO5 (0.6-0.4 wt%) and FeOt (2.5-1.5 wt%) content decrease, while
K20 content clearly increases (Fig. 4A). Incompatible trace elements
contents show some variability (e.g., 12.6-14.3 ppm Th, 9.0-9.7 ppm
Nb, 26.8-30.8 ppm Y; Fig. 6). The mantle-normalised trace element
profile reveals the glasses are enriched in Rb relative to the HFSE, with
strong depletions in Nb and Ta (Fig. 5). They also display relative en-
richments in Hf and Zr, and clear LREE enrichment relative to the HREE,
where La/Yby = 5.3 + 0.4 (1o; Fig. 5).

6. Discussion
6.1. Establishing source regions for the SG14 cryptotephra

All five Lake Suigetsu cryptotephra analysed are rhyolitic (~72-78
wt% SiO,) and show medium-K calc-alkaline to high-K calc-alkaline
affinities (2.5-4.5 wt% Ko0; Fig. 4) suggesting they most likely derive
from Japanese or Izu Arc volcanic sources and are inconsistent with
nearby potassic intra-plate volcanoes. This is supported by the mantle-
normalised trace element profiles of the volcanic glasses for each cryp-
totephra, revealing depletions in Nb and Ta indicative of subduction
related volcanism (Fig. 5). We identify four distinct mantle-normalised
profiles and levels of incompatible trace element enrichment in the
five cryptotephra layers indicating potentially four different sources/
regions (Fig. 5). Two of the cryptotephra layers have similar mantle
normalised profiles SG14-1337 and SG14-1554 suggesting they are
likely from the same source region or volcano (Fig. 5).

The K20 content of the melt (glass) erupted at Japanese volcanoes
varies depending on the particular arc they reside upon and their posi-
tion relative to the subduction zone (e.g., forearc/rear-arc). Conse-
quently, K0 provides a useful first order means of discriminating the
volcanic source area of distal tephra deposits like those preserved in
Lake Suigetsu. The >2.5 wt% KO content of these rhyolitic crypto-
tephra layers mean a provenance from volcanoes along the northern
North East Japan Arc (NEJA) and the Southern Kurile Arc is very un-
likely, given these volcanoes generally erupt melt compositions with
lower K;O content based on reference volcanic glass datasets (e.g.,
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Fig. 5. Sample-averaged Primitive Mantle normalised trace element compositions of the five cryptotephra deposits identified within the early Holocene to Late-
glacial sediments of Lake Suigetsu. These data are compared to new reference chemical datasets produced for chrono-stratigraphically relevant eruption units at
Sakurajima (Aira caldera), Karakunidake (Kirishima), Asama and Niijima volcanoes. Primitive mantle values used for normalisation follow Sun and McDonough
(1989). Envelope for the SWJA eruption deposits of Daisen and Sambe volcanoes is based on data presented in Albert et al. (2018). Also provided for comparative
purposes is the trace element signature of the Late Holocene tephra SG14-0239, which is correlated to the Izu-Kozushima-Tenjosan (Iz-Kt) tephra (McLean

et al., 2018).

Kimura et al., 2015; Albert et al., 2019, Fig. 4a). Similarly, the high KoO
content of these cryptotephra layers precludes the identification of ash
fall from the largest Japanese Late-glacial eruption, the Towada
Hachinohe (To-H, Fig. 4) dated at 15,615-15,895 IntCal20 yrs BP
(Muscheler et al., 2020).

The K50 content of SG14-1337, SG14-1554, SG14-1579 and SG14-
1806 tephra deposits all reside on calc-alkaline (CA) and High-K calc-
alkaline (HKCA) series trends which are consistent with magmas erup-
ted at calderas within the Southern Volcanic and Central Kyushu vol-
canic regions. A correlation to the nearby Daisen and Sambe volcanoes
which also erupt CA/HKCA tephra deposits is immediately precluded by
the absence of strong depletions in the HREE (e.g., elevated La/Yby
ratios) a feature of these SWJA volcanoes (Albert et al., 2018).

The thorium content of the volcanic glasses offers another important
means of discriminating Japanese eruption sources. Evolved, rhyolitic
products (>69 wt%), from Kyushu volcanoes are more enriched in Th
(>7 ppm; Fig. 6) than other Japanese volcanic source regions (e.g.,
northern NEJA, <7 ppm). Consequently, the elevated Th content of
SG14-1337, SG14-1554 and SG14-1806 glasses are consistent with a
Kyushu source (Fig. 6). In contrast, SG14-1579 and SG14-1798 have a
lower Th content (Fig. 6). In the case of SG14-1579 glasses, the flatter
REE profile, a low Th content, combined with K;O content more
elevated than those erupted at NEJA sources, would point to a probable
origin along the Izu Arc. The SG14-1798 cryptotephra has lower Ky0
and Th content than rhyolitic Kyushu derived magmas and is broadly
more consistent with the products erupted along the NEJA. However,
the REE profile is relatively flat similar to those seen in Izu arc products,
which might suggest a volcanic source positioned at the conjunction of
the NEJA and Izu arcs within central Honshu.

6.2. Constraining source eruptions: chronological, climato-stratigraphic
and archaeological significance

In the section below we consider the five cryptotephra layers in the
context of known early Holocene and Late-glacial eruptions at volcanic

10

centres in southern Kyushu, central Honshu, and along the northern Izu
Arc which are considered > M 4.0 or VEI 4 (Table 1). Correlations are
established using new volcanic glass chemistry of near-source (Table 4;
Supplementary Material 1) and distal (Table 5) reference samples and
are supported by chrono-stratigraphic constraints. Whilst exploring the
correlations we also discuss the chronological, palaeoclimatological and
archaeological significance of the cryptotephra layers identified in the
Lake Suigetsu sedimentary archive.

6.2.1. Sakurajima/Aira caldera (SG14-1337/Sz-Tk3 and SG14-1554/Sz-
?)

Cryptotephra SG14-1337 is preserved in the early Holocene sedi-
ments of Lake Suigetsu (Fig. 7) and is dated using the site’s high-
precision chronology to 10,623 + 50 IntCal20 yrs BP (20). Its
medium-K CA affinity is consistent with the products of the Kyushu SVZ,
and specifically the rhyolitic products of Sakurajima (Sz) volcano posi-
tioned on the southern edge of the Aira caldera. The major and trace
element glass compositions of SG14-1337 are indistinguishable from
those of the rhyolitic Plinian/sub-Plinian fall deposits associated with
the early Holocene Takatoge 3 (Sz-Tk3) or Pumice 13 eruption
(Figs. 4-6). We recalibrate the radiocarbon age of charcoal imbedded
within the deposit of 9540 + 90 *C yrs BP (Okuno et al. (1997) to 10,
585-11,175 IntCal20 yrs BP (20), which is in very good agreement with
the Lake Suigetsu derived age (10,623 + 50 IntCal20 yrs BP; Fig. 8).
Isopach maps for the Sz-Tk3 tephra show a predominantly easterly
dispersal for the fall deposits of the eruption which has an estimated
tephra volume of 1.3 km? (Okuno et al., 1999; Kobayshi and Tameike,
2002). The discovery of Sz-Tk3 at Lake Suigetsu, 650 km north-east of
Sakurajima, extends the known distribution of ash fall associated with
this eruption and highlights the potential to recognise it in other sites
north of the volcano. This is the second largest eruption in the
time-interval of study and the precise age presented here is important for
refining the chronology of Jomon archaeological sites in southern
Kyushu (Fig. 7). For instance, around Kagoshima Bay and Sakurajima
volcano the Sz-Tk3 tephra is found in excavation levels associated with
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Fig. 6. Trace element compositions of individual volcanic glass shards from the five cryptotephra deposits identified within the early Holocene to Late-glacial
sediments of Lake Suigetsu. These data are compared to new reference glass chemical datasets produced for chrono-stratigraphically relevant eruption units at
Sakurajima (Aira caldera), Karakunidake (Kirishima), Asama and Niijima volcanoes (See text for more information). The dashed lined at 7 ppm Th content broadly
delimits the rhyolitic (>69 wt% SiO2) products of northern NEJA/Southern Kurile Arc (<7 ppm) from those of the Kyushu volcanoes (>7 ppm) based on existing
glass datasets available for widespread Japanese tephras (Kimura et al., 2015; Albert et al., 2019). Envelope for the SWJA eruption deposits of Daisen and Sambe
volcanoes is based on Y data presented in Albert et al. (2018) and best illustrates their depletion in the HREE (Adakites). AT glass analyses are from Albert et al.
(2019). Also provided for comparative purposes are the trace element glass compositions of the Late Holocene Lake Suigetsu tephra SG14-0239, which was correlated
to the Izu-Kozushima-Tenjosan (Iz-Kt) tephra, and SG14-1185 (McLean et al., 2018).

the Earliest Jomon housing settlements (e.g., Uenohara), and which
clearly mark an increase in permanent housing indicative of early sed-
entism in Japan (Kurokawa, 2002; Pearson, 2006).

The glass compositions and in particular the trace element signature
of SG14-1554 (217 cm below SG14-1337/Sz-Tk3) is similar to the
rhyolitic products erupted at Sakurajima volcano, and Aira caldera more
generally (Figs. 5 and 6). In the reported tephrostratigraphy from in and
around the Aira caldera, and immediately below the Sz-Tk3 tephra, the

most widely traced eruption unit relates to the Plinian pumice fall of the
Sakurajima-Satsuma (Sz-S) which is dated to between 13,760-12,730
IntCal20 yrs BP based on radiocarbon dating of charcoals within the
deposits, or the underlying palaeosols (Okuno et al., 1997, Fig. 8).
Directly below the Sz-S are the PDC deposits known as the Shinjima (or
Moeshima) pumice outcropping on Moeshima Island (within Aira
caldera). They are believed to have derived from sub-marine activity at
the small Wakamiko caldera within the eastern sector of the larger
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Table 4
Average major and trace element glass compositions of Late-glacial to early Holocene near-source eruption deposits analysed here for direct comparison with the Lake
Suigetsu cryptotephra deposits. Major element glass data has been normalised (water-free). Full geochemical datasets are available in the Supplementary Material 1.

Tephra Sz-Tk3 (P-13) Sz-S (P-14) Sz-S (P-14) A-Shinjima Ign. Nj-MtG Kr-Kb

Deposit Pumice fall Pumice fall Pumice fall PDC Pumice fall Pumice fall
Location Takatoge Pass Takatoge Pass Ushinesakai Moeshima Island Niijima Island Takaharu

wt.% Ave. 1o Ave. 1o Ave. 1o Ave. 1o Ave. 1o Ave. 1o
SiO, 72.65 0.35 74.56 0.51 74.56 0.18 77.03 0.32 78.02 0.15 72.77 1.03
TiO, 0.47 0.03 0.38 0.03 0.38 0.03 0.10 0.03 0.08 0.02 0.51 0.04
Al,03 14.33 0.20 13.69 0.37 13.60 0.12 12.83 0.16 12.72 0.10 14.08 0.76
FeOt 241 0.12 1.88 0.10 1.90 0.06 1.55 0.14 0.65 0.05 2.20 0.10
MnO 0.10 0.02 0.06 0.02 0.06 0.03 0.05 0.02 0.07 0.02 0.06 0.02
MgO 0.56 0.07 0.44 0.04 0.44 0.03 0.06 0.03 0.09 0.02 0.49 0.03
CaO 2.42 0.11 2.04 0.12 2.08 0.03 1.21 0.08 0.56 0.04 2.14 0.58
NayO 4.09 0.10 3.76 0.13 3.89 0.08 3.84 0.12 4.07 0.13 3.45 0.13
K>0 2.81 0.07 3.01 0.05 291 0.04 3.21 0.10 3.61 0.12 4.08 0.21
P05 0.09 0.03 0.07 0.04 0.06 0.04 0.02 0.03 0.02 0.02 0.09 0.03
Cl 0.08 0.02 0.11 0.02 0.10 0.01 0.09 0.01 0.10 0.02 0.13 0.02
(n) 11 51 23 69 41 27

ppm

A 27.3 2.0 26.8 1.5 25.0 0.9 <LOD <LOD 1.6 0.9 44.3 6.8
Rb 110 3.1 120 2.3 118 3.5 142 2.1 76.1 3.2 159 3.7
Sr 173 12.4 138 6.1 146.3 5.0 81.9 7.9 39.4 7.3 146 8.3
Y 27.2 1.4 22.2 0.8 24.4 0.9 39.3 4.8 24.5 1.5 29.7 1.0
Zr 176 7.1 204 6.4 206 5.9 140 13.1 60.3 3.2 264 7.3
Nb 9.5 0.3 9.8 0.2 9.6 0.3 10.5 0.7 6.6 0.2 9.7 0.3
Ba 458 16.3 497 19.6 565 39.2 570 10.4 635 27.9 605 21
La 24.1 1.0 23.1 0.9 24.6 1.0 33.9 2.3 13.7 2.2 24.8 0.8
Ce 51.2 2.4 47.5 1.7 48.2 1.8 72.4 5.8 30.2 3.9 54.7 2.3
Pr 5.6 0.3 5.0 0.2 5.3 0.2 7.9 0.7 3.5 0.4 6.3 0.3
Nd 22.4 1.3 19.1 0.9 20.4 0.6 31.4 3.3 13.4 1.7 24.9 1.0
Sm 4.94 0.34 4.05 0.37 4.33 0.25 6.94 0.87 3.18 0.32 5.37 0.31
Eu 1.10 0.10 0.79 0.07 0.85 0.09 0.94 0.11 0.40 0.04 0.91 0.08
Gd 4.56 0.48 3.27 0.32 3.86 0.18 6.47 0.83 3.05 0.24 4.76 0.25
Dy 4.76 0.38 3.80 0.29 4.22 0.23 6.93 0.89 3.76 0.29 5.06 0.24
Er 2.94 0.20 2.39 0.23 2.57 0.16 4.28 0.55 2.59 0.26 3.21 0.23
Yb 3.11 0.22 2.83 0.18 2.86 0.23 4.31 0.50 3.06 0.25 3.48 0.22
Lu 0.48 0.03 0.41 0.05 0.44 0.05 0.64 0.07 0.49 0.04 0.51 0.04
Hf 4.7 0.2 5.2 0.2 5.4 0.1 4.6 0.4 2.3 0.2 7.4 0.4
Ta 0.7 0.0 0.8 0.0 0.8 0.0 0.8 0.0 0.7 0.0 0.73 0.03
Pb 21.5 1.6 21.3 0.6 20.9 0.9 24.6 1.3 7.8 0.8 23.5 1.2
Th 9.5 0.5 10.6 0.4 11.0 0.3 12.8 0.6 4.4 0.4 139 0.4
18] 2.4 0.1 2.5 0.2 2.7 0.1 2.8 0.1 1.9 0.1 3.5 0.2
m 11 7 7 31 20 15

Tephra As-YP As- Upper Glass PDC As-Komoro PDC As-K As-K

Deposit Pumice fall PDC PDC Pumice fall Pumice fall

Location Kojin Kojin Tsumagoi Tsumagoi Kitakaruizawa

wt.% Ave. 1o Ave. 1o Ave. iy Ave. 1o Ave. 1o
SiO2 77.38 0.16 77.62 0.19 77.61 0.21 77.73 0.18 77.79 0.35
TiO, 0.30 0.03 0.29 0.03 0.30 0.03 0.30 0.03 0.30 0.03
Al,03 12.27 0.13 12.18 0.14 12.25 0.10 12.16 0.11 12.13 0.19
FeOt 1.47 0.12 1.42 0.08 1.43 0.06 1.39 0.05 1.38 0.08
MnO 0.04 0.02 0.04 0.02 0.05 0.02 0.05 0.02 0.05 0.02
MgO 0.27 0.03 0.24 0.03 0.26 0.03 0.26 0.04 0.23 0.03
CaO 1.41 0.03 1.31 0.04 1.39 0.03 1.33 0.04 1.30 0.10
Nay0 3.99 0.15 3.95 0.12 3.76 0.12 3.94 0.10 3.93 0.06
K20 2.67 0.08 2.81 0.04 2.75 0.05 2.66 0.06 2.71 0.08
P,05 0.03 0.03 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0.02
Cl 0.16 0.02 0.12 0.02 0.16 0.02 0.16 0.02 0.15 0.02
m 41 75 38 49 23

ppm

A 15.3 0.8 14.4 2.5 14.6 0.5 13.7 1.0 14.2 0.9
Rb 72.5 2.4 74.8 1.6 74.1 2.1 72.2 1.4 72.2 2.4
Sr 118 2.6 109 4.2 117 3.1 109 3.4 112 7.7
Y 30.3 0.9 29.4 1.4 30.1 0.6 29.7 0.8 29.8 1.0
Zr 208 6.1 201 7.9 205 3.9 200 5.2 199 7.6
Nb 5.3 0.2 5.2 0.1 5.2 0.1 5.1 0.1 5.2 0.2
Ba 576 16.2 579 22 595 7.6 570 17.9 576 30.7
La 16.0 0.3 15.8 0.7 16.1 0.3 15.8 0.5 15.7 0.6
Ce 37.5 1.8 36.8 1.5 37.8 0.7 36.8 1.2 36.4 1.1
Pr 4.6 0.2 4.4 0.2 4.5 0.2 4.5 0.1 4.4 0.2
Nd 20.1 0.9 19.1 0.9 19.6 0.5 19.4 0.8 19.3 0.8
Sm 5.1 0.5 4.70 0.31 4.9 0.3 4.7 0.3 4.8 0.4

(continued on next page)
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Tephra As-YP As- Upper Glass PDC As-Komoro PDC As-K As-K
Deposit Pumice fall PDC PDC Pumice fall Pumice fall
Location Kojin Kojin Tsumagoi Tsumagoi Kitakaruizawa
wt.% Ave. 1o Ave. 1o Ave. iy Ave. 1o Ave. 1o
Eu 0.8 0.1 0.84 0.33 0.8 0.1 0.8 0.0 0.8 0.1
Gd 4.8 0.3 4.59 0.29 4.4 0.4 4.5 0.3 4.6 0.2
Dy 5.2 0.3 5.08 0.32 5.1 0.2 5.1 0.2 5.1 0.3
Er 3.3 0.2 3.20 0.19 3.3 0.2 3.3 0.2 3.3 0.3
Yb 3.5 0.3 3.38 0.41 3.4 0.2 3.4 0.2 3.5 0.2
Lu 0.54 0.04 0.50 0.04 0.5 0.0 0.5 0.0 0.5 0.0
Hf 6.2 0.3 6.0 0.4 6.1 0.3 5.9 0.3 5.9 0.3
Ta 0.4 0.0 0.42 0.02 0.41 0.02 0.41 0.02 0.41 0.02
Pb 14.5 0.9 15.0 1.2 14.2 0.8 14.3 0.5 14.3 0.7
Th 6.5 0.3 6.4 0.3 6.5 0.3 6.4 0.3 6.4 0.2
§) 1.9 0.1 1.9 0.1 2.0 0.1 1.9 0.1 1.9 0.2
m 21 44 35 15 19

Table 5 submerged caldera, with this eruption given an age of ~13 ka based on
able

Average major and trace element glass compositions of proposed distal Asama-
Y/K/U equivalents analysed for direct comparison with the Lake Suigetsu
cryptotephra SG14-1798. Major element glass data has been normalised (water-
free). Full geochemical datasets are available in Supplementary Material 1.
References relate to the reported occurrence of the Asama tephra (a) Nagahashi
et al.,.; (b) Nakajima et al. (1996); (¢) Okuno et al. (2011); (d) This study.

Tephra As-K @ As-K ® AsK © As-YKU @
Core YK10-07 - GH892-22 IMGO06 AOK-1

PC09
Depth 428.7-428.8 303.0-303.2 1217.7-1218.0  52.5-53.0
(cm)
wt.% Ave. +lo Ave. +1o Ave. +1o Ave. +lo
Si0, 77.54 014 7754 011 7778 019 77.81 0.26
TiO, 0.31 0.03 031 0.03  0.30 0.04  0.30 0.01
Al,04 12.34 011 1230 010 11.97 0.07 1225 0.21
FeO 1.43  0.05 1.44 0.06 1.44 0.09 139 0.08
MnO 0.05  0.02 0.04 0.02 0.04 0.03  0.05 0.01
MgO 025  0.03 0.26 0.02 0.26 0.02  0.22 0.04
CaO 132 0.04 1.33 0.03 1.34 0.05  1.30 0.10
NaO 390 013 3.90 0.09 3.88 0.09  3.65 0.36
K,0 268 005 2.68 0.04 281 0.08  2.89 0.15
P,0s 0.04  0.03 0.04 0.03  0.03 0.02  0.04 0.02
cal 015 0.02 0.5 0.03 0.15 0.01  0.11 0.03
m 24 23 17 7
ppm
\% 145 05 16.4 5.6 13.7 1.0 14.1 1.2
Rb 73.8 3.1 73.5 1.6 753 1.0 77.9 6.2
Sr 113 2.7 112.6 2.8 113 3.8 110.8 4.7
Y 294 09 296 06 301 0.4 30.1 0.6
Zr 198 6.9 200 49 202 2.8 201 3.9
Nb 5.1 0.1 5.1 02 51 0.0 5.2 0.1
Ba 587 9.8 585 13.8 591 9.3 595 12.1
La 155 0.4 15.7 0.4 16.2 0.3 16.1 0.4
Ce 35.7 1.2 36.4 1.3 373 0.6 37.6 0.9
Pr 4.4 02 4.4 02 46 0.1 4.5 0.1
Nd 190 07 18.9 0.8 19.8 0.5 19.5 0.7
Sm 4.6 0.3 49 0.4 48 0.2 4.8 0.3
Eu 0.8 00 0.8 0.1 0.8 0.0 0.8 0.1
Gd 4.5 0.4 46 05 45 0.2 4.5 0.3
Dy 4.9 03 53 04 5.1 0.3 5.2 0.3
Er 3.2 02 3.2 0.1 3.3 0.2 3.3 0.1
Yb 3.4 03 35 02 33 0.1 3.5 0.2
Lu 050  0.04 0.49 0.04 051 0.02 052 0.03
Hf 5.6 05 58 05 59 0.3 6.0 0.2
Ta 0.4 0.0 04 00 04 0.0 0.4 0.0
Pb 143 06 14.4 0.4 14.8 0.3 14.6 0.6
Th 6.3 04 62 05 6.4 0.2 6.4 0.2
U 1.9 0.1 2.0 0.1 1.9 0.1 1.9 0.1
m 13 12 11 16

13

its stratigraphic position below the Sz-S (Moriwaki et al., 2017; Geshi
et al., 2020). There is also another known Aira eruption unit, slightly
older than the Shinjima pumice, the Takano base surge (A-Tkn), with
this deposit first identified in the Fukaminato area (Moriwaki et al.,
2017). A potential correlative of the A-Tkn is identified below the
Shinjima PDC deposits within a Moeshima Island borehole (-290.5 m).
The A-Tkn is loosely ascribed an age of ~19 ka based on it
chrono-stratigraphic position (Moriwaki et al., 2017).

Comparison between the SG14-1554 major element compositions
and those of near-source proximal fall deposits from the Sz-S collected to
the east of Sakurajima reveal only minor chemical overlap. The majority
of the cryptotephra analysis (n = 34) display glass compositions that
extend to noticeably higher SiO; and K50, whilst lower CaO and Al,O3
content than the Sz-S glasses making a correlation based on these data
difficult (Fig. 4). However, there is considerable trace element overlap
between the SG14-1554 and Sz-S glasses (Fig. 6).

SG14-1554 and the Shinjima PDC deposits show some compositional
overlap in most major elements, however there is clear evidence to
exclude a correlation to this Aira caldera activity. SG14-1554 glasses,
like those of Sakurajima, retain higher TiO5 content (0.37 + 0.4 wt%)
than those of the Aira caldera including the Shinjima PDC unit (0.10 wt
%), which are instead more akin to the older AT glass compositions, and
those of the Aira Takano Base surge and potential correlatives (Fig. 4D).
The lower TiO5 content in the Aira caldera derived glasses are consistent
with the fractionation of ilmenite, a phase observed in the AT products.
Furthermore, major offsets are observed between the trace element
contents of SG14-1554 and the Shinjima PDC deposits, for instance the
Shinjima glass is more depleted in Zr and more enriched in REE contents
relative to those of SG14-1554 (Figs. 5 and 6). Based on the available
chemical data the most likely source of SG14-1554 remains Sakurajima
volcano, however, a precise chemical correlation to an eruption unit
remains illusive.

SG14-1554 is dated at 12,922 + 58 IntCal20 yrs BP (20) in Lake
Suigetsu and provides a critical isochron positioned at the end of the
Late-glacial Interstadial, and immediately prior to the return to colder
stadial conditions in Japan (Suigetsu Pollen Stadial [SGPS] —1), this
being broadly equivalent to the North-west European Younger Dryas
cooling event, and to Greenland Stadial 1 (GS-1; Fig. 7). Interestingly,
the age of this cryptotephra is consistent with the near-source dating of
the M 5.9 Plinian Sz-S eruption (Fig. 8). Similarly, the climato-
stratigraphic position of SG14-1554 at Lake Suigetsu, is consistent
with the Sz-S tephra which is also found just prior to the onset of Stadial
(Younger Dryas) conditions as reconstructed from sediments in a north-
east China Sea core (Moriwaki et al., 2016). Therefore, despite the
chemical offsets, given the consistency in age and climato-stratigraphic
position of SG14-1554 and the Sz-S tephra, a potential link cannot be
entirely ruled out. One possibility is that the near-vent reference
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Fig. 7. A: SG14 cryptotephra layers plotted against the Lake Suigetsu pollen based mean annual temperature reconstruction spanning the Late-glacial to early
Holocene (Nakagawa et al., 2021). Red line: 100 year moving average. Also shown are the local Suigetsu Pollen (SGP) event stratigraphy marking the boundaries
between Stadial (S) and Interstadial (I) conditions and the onset of the Holocene (H) (Nakagawa et al., 2021) B: Reconstructed climate stability, standard deviation of
the reconstructed temperature in 100 year moving window. The horizontal axis is inverted, i.e. the purple colour on the right-hand side indicates that the climate was
stable during the century. C. Shows the newly dated SG14 cryptotephra integrated within cultural (archaeological) change in southern Japan (or central Japan in the
case of (H; Honshu) associated with the transition from the Palaeolithic to Jomon period and early sedentism (adapted from Moriwaki et al., 2016). D: Places A-C in
the context of rapid and typically greater amplitude climate variability captured by the Greenland ice cores d'®0 (%) record (NGRIP; Steffensen et al., 2008). The
absolute age scale of the Greenland ice cores, GICCO5 traditionally uses 2000 CE as the datum ‘b2k’. Here to better facilitate comparisons to the IntCal20 chronology
of Lake Suigetsu, we adopt a 1950 CE datum, instead expressing GICCO5 as ‘b1.95 k’, following Nakagawa et al. (2021). Furthermore, to aid reliable comparison
between Lake Suigetsu (IntCal20) pollen temperature reconstruction and the Greenland d'®0 (%) record, the latter is also presented against the U-Thyy, timescale
(11,000-18,000 U-Thyy,, yr BP) following the transfer function of Adolphi et al. (2018). The timing of the To-H eruption reported as a cryptotephra isochron in the
Greenland ice cores at 15,706 + 226 yrs b2k (Bourne et al., 2016), is expressed here using a 1950 datum as 15,656 + 226 yrs b1.95 k.

deposits sampled here at two locations to the east of Sakurajima, are not
fully representative of the full compositional variability of the eruption.
Our analyses focus on the Plinian fall deposits, so potentially analyses of
any associated PDC deposits might offer better overlap with SG14-1554.
An alternative scenario is that SG14-1554 relates to a separate eruption
of Sakurajima that is closely-spaced in time and that has not yet been
recognised in near-source exposures or other distal records, although
this is unlikely as there is a well-established near-source tephrostratig-
raphy for the volcano (Okuno et al., 1997).

Certainly, if future near-source investigations of Sz-S deposits were
able to demonstrate an unequivocal geochemical link between the SG14-
1554 and the Sz-S eruption this would be extremely significant from a
palaeoclimatological point of view. Its stratigraphic position immedi-
ately prior to the onset of an abrupt cooling event makes it an important
marker for assessing spatial leads and lags in the climate system at this
important transition. Indeed, the Sz-S has been recently traced over
2000 km south-west of Sakurajima to the Huguangyan Maar lake record
in southern China (Fig. 4; Sun et al., 2021), offering the tantalising
opportunity to synchronise extremely disparate Asian palaeoclimate
archives. Verifying the correlation between Sz-S and SG14-1554 would
also provide further Lake Suigetsu derived chronological constraints on
the earliest Early Jomon archaeological sites.

14

6.2.2. Niijima Island (SG14-1579/Nj-MtG)

SG14-1579 dated at 13,320 + 64 IntCal20 yrs BP (20) is positioned
within the Late-glacial Interstadial sediments of Lake Suigetsu (Suigetsu
Pollen Interstadial 2; SGPI2), which coincide with Greenland Intersta-
dial 1 (Fig. 7). A combination of a relatively high K0 content (3.5 + 0.1
wt%), low Th content (4.3 + 0.5 ppm) and a relatively flat REE profile
(La/Yby = 3.0 & 0.3) points to a probable source along the Izu arc. The
incompatible trace element contents of SG14-1579 glass shards are also
similar to a late Holocene tephra, SG14-0239 (Fig. 6), which has been
firmly correlated to the 838 CE eruption of Kozushima island along the
north Izu arc (McLean et al., 2018). This similarity in certain incom-
patible elements content between SG14-1579 and
Izu-Kozushima-Tenjosan (Iz-Kt)/SG14-0239 tephra reinforces the idea
of a volcanic source region in the northern Izu arc (Fig. 6).

Chrono-stratigraphically relevant activity is reported on the neigh-
bouring island of Niijima (20 km north of Kozushima) relating to the
Niijima Miyatsuka-yama Group (Nj-MtG) eruptive succession (Kobaya-
shi et al., 2020). Major and trace element glass compositions of
SG14-1579 are consistent with the reference pumice fall deposits of the
Niijima Miyatsuka-yama (Figs. 4-6). Proximal dating of these
sub-Plinian/Plinian deposit is variable, with *C ages spanning a cali-
brated age range of 10,700-13,200 IntCal20 yrs BP (Fig. 8; Kobayashi
et al., 2020), the imprecise nature of two of these ages may in part relate
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to their coincidence with plateaus in the radiocarbon calibration curve,
or alternatively it could indicate that there were two or more closely
spaced eruptions. The oldest of these *C age determinations broadly
agrees with the SG14-1579 Lake Suigetsu modelled age of 13,320 + 64
IntCal20 yrs BP (20; Fig. 8). This chronological agreement combined
with its chemical similarity between the Niijima Miyatsuka-yama
eruption deposits allows us to place more precise age constraints on
the start of this eruptive episode on Niijima. The discovery of ash from a
Niijima eruption deposited in Lake Suigetsu reinforces the fact that these
islands south of Tokyo pose a significant ash fall risk to incredibly
populated regions in central Japan.

6.2.3. Asama (SG14-1798/As-YKU)

The SG14-1798 glass shard compositions are consistent with the
eruptive products of Late-glacial activity at Asama volcano in central
Japan (Figs. 4-6). Specifically, the chemistry corresponds to a complex
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succession of Plinian fall and PDC units collectively referred to as the As-
YKU tephra which are associated with a widespread ash dispersal traced
across central and northern Honshu (Fig. 9A).

Here we compare the glass analysis of SG14-1798 directly to the
major and trace element glass analysis of near-source samples from the
main eruption units of the Asama-YKU. Sampling was conducted at three
locations, Kojin (30 km) to the east of Asama, and Tsumagoi (11 km) and
Kitakaruizawa (9 km) to the north-east (Fig. 9A). Kojin preserves the
initial Plinian As-YP pumice fall unit, that is overlain by a well-sorted
ash bed (Fig. 9B), which is interpreted here as ash fall, possibly
relating to a co-PDC plume. This ash bed is labelled here as the As-Upper
Glass (As-UG). At Tsumagoi a > 1 m thick poorly sorted PDC deposit
known as the Komoro pumice flow deposit was identified, capped by the
second Plinian fall deposit, As-K (Fig. 9D). The As-K pumice fall bed was
also sampled nearby at Kitakaruizawa (Fig. 9C). Full descriptions of the
deposits are reported in the Supplementary Material 2.
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Fig. 9. A. Map of Honshu island, Japan, showing reported occurrences of tephra deposits associated with the Late-glacial Asama-YKU eruptive succession, including
newly reported occurrences at Lake Suigetsu (SG14-1798) and Lake Aoki (AOK-15-1-53), both of which greatly extend the distribution of ash fall associated with this
activity at Asama volcano. The 10 cm isopach are associated with the two Plinian fall phases As-YP and As-K and these are based on those presented in Machida and
Arai (2003) and digitised in Uesawa et al. (2022). Deposit thicknesses represent the entire Asama-YKU succession present at a given site. B: inset show the sampling
localities of the near-source deposit shown in C-E. Distal occurrences collated are reported in: Anma et al. (1990); Suzuki (1990); Suzuki, M (1991); Suzuki (1993);
Tsuji (1996); Takemoto (1996); Nakajima et al. (1996); Kariya et al. (1998); Kuninaka (1999); Choi et al. (2002); Noshiro et al. (2004); Tsuji et al., 2004; Yoshida and
Sugai (2005); Okuno et al. (2011); Nakamura et al. (2013); Hirose et al. (2014); Aoki (2020); Nagahashi et al.,.; C: Kojin As-YP pumice fall, capped by As-UG ash bed.
White arrows represent sampling horizons for chemical analysis (scale: scraper 30 cm). D: Kitakaruizawa As-K pumice fall deposit. E: Tsumagoi, the Komoro 1 PDC
deposit, overlain by the As-K pumice fall (view of As—K top obscured in the outcrops overhang shadow).
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the distal Suigetsu tephra owing to higher Sr content, while the As-K and As-UG extend to lower Sr content consistent with SG14-1798.

SG14-1798 glasses are clearly offset to higher SiO,, lower CaO
(Fig. 10A), FeOt and Sr (Fig. 10B) content relative to the initial Plinian
fall deposits, As-YP. We therefore suggest that the distal cryptotephra at
Lake Suigetsu is unrelated to the initial Plinian phase As-YP, which is
dispersed toward the south and east of vent (Fig. 9A). The Komoro PDC
deposits that were sampled from directly underlying the second Plinian
phase, As-K, to the north-east of vent at Tsumagoi, are compositionally
more consistent with the initial Plinian fall phase (As-YP), and again
show very limited (CaO, FeOt and Sr) overlap with SG14-1798 (Fig. 10A
and B). Given their chemical similarity (high-Ca, high-Sr), it would seem
probable that the Komoro PDC deposits relate to the collapse of the
initial (As-YP) Plinian column.

The SG14-1798 glass compositions are instead compatible with the
subtly more evolved products of the second Plinian phase, the As—K fall.
The glasses within the As—K pumice fall deposits sampled at both Tsu-
magoi and Kitakaruizawa, NE of vent, extend to lower CaO and Sr very
consistent with the SG14-1798 glass shards (Fig. 10A and B), and of all
the near-vent units analysed arguably offers the best chemical agree-
ment. Similarly, the glass compositions of the ash dominated, pumice
poor, As-UG deposits stratigraphically positioned above the As-YP at
Kojin east of Asama are also more evolved than the underlying As-YP
pumice fall, and the Komoro PDC deposits (Fig. 9B and C). The rela-
tive stratigraphy relationship of the Kojin As-UG deposit and the second
Plinian fall deposit, As-K, is unknown, however, from their consistent
glass chemistries it is likely they were emplaced in the later phase of the
activity.

The isopach map for the As-K shows that the fall deposit was
dispersed north-east of vent (Fig. 9A; Machida and Arai, 2002; Uesawa
etal., 2022) yet Lake Suigetsu is positioned almost 250 km south-west of
Asama. We therefore suggest that the fine-grained cryptotephra at Lake
Suigetsu could be related to a co-PDC ash plume formed during the latter
phases of the eruption, which could explain the dispersal away from the
main dispersal axis (e.g., Engwell and Eychenne, 2016). Certainly, some
of the most widespread Late Quaternary volcanic ash dispersals also
have major distal components associated with a co-PDC ash transport
mechanisms (e.g., Costa et al., 2014; Smith et al., 2016; Takarada and
Hoshizumi, 2020). An As-UG co-PDC ash dispersal is also considered
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responsible for other Late-glacial Asama ash fall deposits traced offset
from the two main Plinian dispersal axis, for instance As-UG is reported
distally in western Tokyo, at Tachikawa (in press Machida and Suzuki,.).

We re-analysed previously ascribed distal ‘As-K’ tephra layers pre-
served to the north-east in Sea of Japan (Table 5) cores GH89-2-22
(Nakajima et al., 1996) and YK10-07 PC09 (Nagahashi et al.,.), along
with the Ichi-no-Megata lake record northern Honshu (Okuno et al.,
2011, Fig. 9A), and find they are all chemically similar to the second
(As-K) Plinian phase (Fig. 10A and B) which is in agreement with their
positions along the dominant north-east tephra dispersal (Fig. 9A),
although from a chemical standpoint a contribution form the As-UG
cannot be ruled out. Finally, we also report a new occurrence of a
distal Late-glacial Asama tephra layer from a sediment core extracted
from Lake Aoki (AOK-15-1; Table 5) at a CD of 52.5-53.0 cm. The 5 mm
thick tephra (AOK-15-1-53) is stratigraphically positioned in the core
above a 4.8 cm thick AT (CD 534.5-536.8 cm), and a 5 mm thick Daisen
DHg (CD 488-488.5 cm) tephra layer respectively. Glass chemical data
verifying AT and DHg tephra tephrostratigraphic positions in AOK-15-1
are provided in the supplementary material 1 and Supplementary Fig. 4.
AOK-15-1-53 has a variable composition, but it is largely consistent with
the major element and trace element compositions of the SG14-1798
glasses, and the near-vent As-K and As-UG deposits.

In an attempt to better understand the timing of eruptive phases at
Asama, we integrate the near-source and distal age information associ-
ated with the Asama-YKU eruption. The initial Plinian As-YP phase is 1*C
dated based on tree stumps buried in the fall deposits (Nakamura et al.,
1997), and multiple age determinations yield an age range of between
15,620-17,040 IntCal20 yrs BP (20). Charcoal from within the Komoro
PDC are also “*C dated (Yamada, 1997) and range from 16,230-16,840
IntCal20 yrs BP (20), which is consistent with the dating of the buried
tree stumps found within As-YP (Fig. 8). Furthermore, the distal age of
the ‘As-K’ tephra in the Ichi-no-Megata lake sediments northern Honshu
(Okuno et al., 2011), is re-modelled to between 16,140-16,790
IntCal20 yrs BP (20), which is indistinguishable from the ages of the
initial As-YP Plinian phase, and the associated Komoro PDC unit (Fig. 8).

SG14-1798 found in Lake Suigetsu, is chemically associated with the
later phases of this Asama explosive activity, As-K and As-UG. The
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precise age of the cryptotephra at 16,545-16,695 IntCal20 yrs BP (20) is
indistinguishable from the proximal dating of the earlier eruption phases
(As-YP, As-Komoro PDC) suggesting that there was no significant tem-
poral hiatus in the emplacement of this multi-phased eruptive sequence
at Asama. This supports the proposed labelling of this multi-phased
eruption as the As-YKU (Hayakawa, 2010; in press Machida and
Suzuki,.).

This multi-phased As-YKU eruption shows striking similarities with
the albeit lower magnitude, andesitic, historical eruption of Asama in
1783 CE. The 1783 CE multi-phased eruption occurred over a three-
month interval, depositing successive pumice fall deposits ESE, NE
and NNW of the volcano, and these fall deposits are interbedded within
PDC deposits found on the lower slopes of the volcano (Yasui and
Koyaguchi, 2004). Importantly, the As-YKU tephra occurrence at Lake
Suigetsu greatly increases the area of Honshu Island effected by ash fall
from this multi-phased eruption, increasing from approximately 80,000
to 120,000 km?. Our findings also highlight that the eruptive volume,
and magnitude of this Asama eruption are likely to be poorly
constrained.

The As-YKU eruption can be utilised as an effective chrono-
stratigraphic marker across a very wide geographical and latitudinal
range, linking sites from central and northern Honshu to those in the Sea
of Japan (Fig. 9). Significantly, it occurs at an important climato-
stratigraphic position close to the termination of the last glacial. Based
on the Lake Suigetsu pollen-based temperature reconstruction (Naka-
gawa et al., 2021) the SG14-1798 (Asama-YKU) tephra is preserved in
sediments relating to stadial conditions (SGPS-2), which are broadly
equivalent to Greenland Stadial 2a (Fig. 7). The tephra also appears to be
positioned within a period of local climatic instability prior to the
overall warming that leads into the Late-glacial Interstadial (Fig. 7A).
The direct synchronisation of Lake Suigetsu and Ichi-no-Megata climate
records using the As-YKU offers future potential to assess
time-transgressive climate change between central and northern Honshu
during the last termination.

The Lake Suigetsu modelled age for SG14-1798, 16,619 + 74
IntCal20 yrs BP (20), or 16,545-16,695 IntCal20 yrs BP (20), offers the
most precise age for this isochron and is suitable for constraining the
age-models of other sedimentary archives. Furthermore, this terrestrial
based 1*C age estimate also offers excellent potential to accurately
examine local '4C marine reservoir offsets for the Sea of Japan sediments
at the end of the last glacial, something that has been achieved in the
Pacific Ocean using the To-H tephra (Ikehara et al., 2013). Our precise
age for the As-YKU from Lake Suigetsu leaves little doubt that the Asama
eruption is older than the To-H (15,615-15,895 IntCal20 yrs BP;
Mueschler et al., 2020), which has remained unresolved because both
widespread tephra deposits are not yet identified in the same strati-
graphic succession. Finally, the As-YKU has been found in association
with archaeological sites across the Kanto region, and thus our discovery
offers improved chronological constraints, particularly in relation to the
transition from microbifacial point and bifacial-stemmed points.

6.2.4. Kirishima volcanic complex (SG14-1806/Kr-Kb, and SG14-1185/
Kr-St?)

Cryptotephra SG14-1806, dated at 16,789 + 72 IntCal20 yrs BP (20),
points to a source on Kyushu due to its high-K affinity and enrichment in
Th and other incompatible trace elements (Figs. 4-6). We exclude Aso
caldera as a potential source because erupted glass compositions display
a higher K50 trend at overlapping SiO5 content relative to those of SG14-
1806 (Fig. 4A). Instead, we consider a large magnitude 5.2 Plinian
eruption (0.91 km?®) of the Karakunidake stratovolcano within the Kir-
ishima volcanic complex, known as the Kirishima Kobayashi (Kr-Kb)
tephra (Imura, 1992; Nagaoka et al., 2010) as a possible candidate. The
Kr-Kb has an assigned age of ~16.7 ka based on it chrono-stratigraphic
position within the Southern Kyushu tephrostratigraphic framework
(Moriwaki et al., 2016). Major and trace element glass of SG14-1806
cryptotephra are consistent with Kr-Kb pumice fall (Table 4;
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Figs. 4-6). Based on the discovery of the Kr-Kb cryptotephra in Lake
Suigetsu, the Kirishima Kobayashi eruption can be precisely dated at 16,
789 + 72 IntCal20 yr BP (20). This discovery extends the northern ash
fall distribution associated with this Plinian activity, which was previ-
ously mapped to the east towards the Pacific coast where it is 5 cm thick
(Nagaoka et al., 2010).

The Kr-Kb is positioned just below the As-YKU tephra in Lake Sui-
getsu, residing within the same overall climatic interval, unstable stadial
conditions at the end of the last glacial (SGPS-2), and broadly contem-
poraneous with Greenland Stadial 2a. At Lake Suigetsu SG14-1806 ap-
pears to be positioned prior to the onset of a local warming trend
(Fig. 7). From an archaeological standpoint, Kr-Kb represent an impor-
tant regional tephra in Southern Kyushu. The switch from the use of
knives to microblades in the region is associated with the cultural
transition from Palaeolithic to Jomon archaeology (Moriwaki et al.,
2016). Microblades are only reported from stratigraphically above the
Kr-Kb tephra making this a useful, and now precise chronological
marker for this cultural change in Kyushu.

Glass analyses of Kr-Kb near-source deposits confirm that the Kir-
ishima complex, which comprises multiple small stratovolcanoes and
pyroclastic cones (including Onamiike, limoriyama, Karakunidake,
Koshikidake and Shinmoedake) is another source region of HKCA tephra
units in Kyushu, something that was not obvious from available whole-
rock datasets. Interestingly, a previously unassigned early Holocene
Lake Suigetsu cryptotephra, SG14-1185, reported by McLean et al.
(2018) has similar HKCA major and trace element glass compositions to
the SG14-1806/Kr-Kb tephra (Fig. 4; 6). Consequently, SG14-1185 is
likely to also be from Kirishimaedifice. The SG14-1185 tephra is dated at
9337 + 34 IntCal20 yr BP (20) using the Lake Suigetsu chronology,
which is broadly consistent with two known eruptions of the active
Shinmoedake volcano located centrally within the Kirishima complex
(Moriwaki et al., 2016). Firstly, a pumice fall deposits known as the
Setao (Kr-St; ~10.4 ka), and secondly a scoria fall deposits called the
Kamamuta (Kr-km; 8.1 ka). Neither are directly dated, and both have
been assigned age estimates based on chrono-stratigraphy. Further
chemical analysis of these units could help further constrain the timing
of explosive eruptions within the Kirishima volcanic complex.

6.3. An integrated chrono-stratigraphic framework of Japanese volcanism
and the timing of eruptive activity

The cryptotephra investigation here spanning the Late-glacial to
early Holocene sediments of Lake Suigetsu acts to further strengthen the
position of this unique sedimentary archive as the central node in the
tephrostratigraphic framework of East Asia (Smith et al., 2013; McLean
et al., 2018, 2020a, 2020b; Albert et al., 2018; 2019). Prior to this
contribution ash fall events recorded in Lake Suigetsu had been linked to
14 different volcanoes, predominately from Japanese arc volcanoes,
extending from Kyushu to Hokkaido, but also the intra-plate volcanoes
of Ulleungdo and Changbaishan. Here we report ash fall from four
additional source volcanoes, Sakurajima, Kirishima (Karakunidake),
Asama and Niijima, further facilitating the integration of the regional
tephrostratigraphic frameworks. Four of the five cryptotephra layers
identified have been linked to known eruptions with Magnitudes of 4.0
(or VEI 4) and above. SG14-1554 is the only cryptotephra deposit that
has not yet been assigned to a specific eruption unit, although it likely
derives from Sakurajima volcano. Occurrences of ash fall in central
Honshu (Lake Suigetsu) associated with magnitude 4 or greater erup-
tions from sources in Southern Kyushu, such as Sakurajima, are
consistent with historical observations. For instance, ash deposition
from the Taisho 1914 CE VEI 4 Plinian eruption was recorded across
Kyushu, Shikoku, south-west and central Honshu, and even as far north
as Sendai (Rahadianto et al., 2022). This acts to reinforce the importance
of the sediments of Lake Suigetsu for providing minimum estimates on
the reoccurrence interval of ash fall events associated with Magnitude 4
or greater eruptions at Kyushu volcanoes upwind of the lake.
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Where the cryptotephra is robustly linked to a source eruption the
exceptional 1*C and varve chronology of the Lake Suigetsu archive has
dramatically improved the age estimates of these eruptions (Fig. 8).
Reliable eruption ages are essential for accurately constraining the
tempo of pre-historic volcanic activity, the reoccurrence intervals of
hazardous ashfall events, and enabling more accurate magnitude-
frequency assessments. In the case of Asama-YKU, we clearly highlight
the importance of integrating proximal and distal chronological infor-
mation from multiple sites to gain the most accurate assessment of the
timing and dispersal of multi-phased eruptions. Importantly, our
improved eruption ages can be incorporated into regional near-vent
tephrostratigraphic frameworks, and within the age-depth models of
other distal sedimentary archives which contain the same tephra layers,
thus improving age constraints for those Japanese eruption deposits that
are not yet precisely dated. Finally, from a palaeoclimate and archaeo-
logical standpoint the refined eruption age estimates provide crucial
chronological markers capable of directly synchronising and dating re-
cords of past climate, and cultural changes, thus improving our ability to
resolve the driving mechanism and their interplay.

7. Conclusions

Cryptotephra investigations here focus on the intensely-dated (1C,
varved) sediments of the Lake Suigetsu (SG14 core) spanning the Late-
glacial to early Holocene, sediments which reside between two visible
tephra layers in the core, the Ulleungdo (U)-Oki (10.2 ka) and the Sambe
‘Sakate’ (Sambe-Md-fl; 19.6 ka). Major and trace element volcanic glass
compositions of the cryptotephra deposits are used to assign provenance
to chrono-stratigraphically relevant eruption units. Five new crypto-
tephra layers are identified within this time interval and relate to sub-
Plinian to Plinian activities of volcanic sources in southern Kyushu,
central Honshu and the Izu arc. Three cryptotephra are derived from
Kyushu, two from Sakurajima (SG14-1337; SG14-1554) and a third from
Karakunidake (Kirishima; SG14-1806), all offering important chrono-
logical constraints on Jomon cultural transitions in southern Japan.

An early Holocene cryptotephra, SG14-1337 dated at 10,623 + 50
IntCal20 yrs BP (20) relates to the Plinian eruption of Sakurajima Sz-Tk-
3 (Pumice 13), providing an important chronological marker for per-
manent Jomon housing in Kyushu. Intriguingly, the second cryptotephra
with a similar Sakurajima-type composition, SG14-1554 dated at 12,922
+ 58 IntCal20 yrs BP (20), occurs immediately prior to the onset of
Stadial conditions at Lake Suigetsu, broadly equivalent to the North
Atlantic Younger Dryas, or Greenland Stadial 1 (albeit their onsets are
not precisely synchronous, and are claimed to have been driven by
different mechanisms — Nakagawa et al., 2021). However, SG14-1554 is
chemically inconsistent with the stratigraphically relevant Sakurajima
Satsuma (Sz-S) Plinian fall deposits. The oldest Kyushu cryptotephra,
SG14-1806 dated at 16,789 + 72 IntCal20 yrs BP (20) is chemically
linked to the Plinian Kirishima Kobayashi (Kr-Kb) eruption of Kar-
akunidake volcano within the Kirishima volcanic complex. Crypto-
tephra, SG14-1579 dated here at 13,320 + 64 IntCal20 yrs BP (20)
occurs during the Late-glacial Interstadial, and relates to activity at
Niijima volcano (Izu Arc) and specifically the Miyatsika-yama (Nj-Mt)
eruption.

The most significant discovery relates to cryptotephra SG14-1798
dated at 16,619 + 74 IntCal20 yrs BP (20) which we link to the multi-
phased Asama-YKU eruption. Chemically this cryptotephra is most
akin second Plinian phase, As-K and the associated As-UG. This dis-
covery greatly expands the distribution of ash fall from this eruptive
episode at Asama volcano. The climato-stratigraphic position of the
eruption deposit in the Lake Suigetsu sediments, towards the end of the
last glacial, and within unstable stadial conditions broadly contempo-
raneous with Greenland Stadial 2a (albeit the timing of the termination
in Greenland and Japan is asynchronous), means that it offers an
important chrono- and climato-stratigraphic marker extending over
much of central and northern Honshu island (Fig. 9), which is suitable
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for assessing the spatial variability in past climate change during this
important climatic interval.

The unrivalled chronology of the Lake Suigetsu sediment record has
dramatically constrained the timing of the above-mentioned Magnitude
4.0 or greater Late-glacial to early Holocene Japanese eruptions, whilst
also reinforcing the importance of this site as a central node within a
fully integrated tephrostratigraphic framework for East Asia. Further-
more, the findings highlight that Lake Suigetsu is uniquely placed to
offer a comprehensive long-term repository of ash fall events impacting
central Honshu (currently 32 visible and 39 cryptotephra layers), and is
suitable for examining the reoccurrence intervals of these hazardous
events on the region.
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