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Abstract

In East Asia our understanding of Holocene climate change, forcing mechanisms
and propagation, require the precise chronological control of palaeoclimate records
to allow robust integration of data sets. The existing chronologies, predominantly
based on '*C method, however, are not sufficient to constrain key questions about
abrupt climate shifts that occur within a century in the transitions between states.
Widely dispersed tephra layers allow precise dating and synchronisation of
sedimentary archives, providing a chronological framework for integrating records,
especially where the visible tephra record is complemented by the addition of
cryptotephra (i.e., non-visible ash). Despite significant tephra studies in this region,
however, a comprehensive Holocene tephra framework is not available. To address
this issue, we carry out a thorough review on Holocene tephra investigations

undertaken in Japan. Using widespread tephra beds we present an integrated tephra
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framework and suggest the way forward for establishing this as a wider approach for
East Asia. The framework is based on twenty-two ash layers that are mainly from
Japan, and to a lesser extent China/N Korea, S Korea and Russia. Each tephra is
assessed in terms of chronology, geochemistry and distribution. The framework is
compared with high resolution palaeoclimate records from East Asia. Using this we
demonstrate regional variations in monsoon evolution and more importantly, the
potential of tephra isochrons in constraining such variations. Given the scarce
identification of tephra layers in those well-resolved palaeoclimate records, we
advocate a more systematic employment of the cryptotephra method, which would
potentially lead to a significant advance in East Asian tephrochronology and the

correlation of palaeoclimate archives in the region.

Keywords: Tephrochronology; Tephrostratigraphic framework; Cryptotephra; East

Asia; Holocene; East Asian summer monsoon

1. Introduction

Tephra is the product of explosive volcanism (Lowe, 2011). Given their
synchronous nature, tephra layers have been increasingly used as a key dating and
correlation tool for Quaternary studies, providing a framework for synchronising a
range of records (e.g., Blockley et al., 2014; Zanchetta et al., 2019). Synchronisation of
palaeoclimate records through tephra isochrons allows for the assessment of relative
timing and phasing of past changes (e.g., Lane et al., 2013a; Berben et al., 2020).
Tephrostratigraphy and Tephrochronology have been based for a number of years on
the identification of visible tephra in sedimentary archives. For regions such as the

Mediterranean, tephrochronology has been advanced by using methods such as
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whole core magnetic susceptibility or quantification of glass shards (e.g. Paterne et al.,
1986, 1988; Siani et al., 2004) to identify tephra layers not visible to the naked eye (i.e.
cryptotephra). In more recent years this ability to detect cryptotephra has been
augmented by the addition of density separation and high-powered microscopy (e.g.,
Turney, 1998; Blockley et al., 2005). The method has been shown to increase the
numbers of tephra that can be detected alongside magnetic and other remote sensing
techniques in settings near long term active volcanism (e.g. Bourne et al., 2010;
Matthews et al., 2015; Satow et al., 2015), and even detect tephra with extremely
small shard concentrations of a few tens of shards per cubic centimetre of sediment,
in a range of sedimentary contexts (e.g. Lowe et al., 2012; Blockley et al., 2015; Lane
et al., 2015; Wulf et al., 2018). Successful extraction and geochemical characterisation
of cryptotephra deposits have now led to the identification of far-travelled tephras
that are able to link records at hemispheric scale (e.g., Lane et al., 2013b; Jensen et al.,
2014; Sun et al., 2014; Bourne et al., 2016; Mackay et al., 2016; van der Bilt et al., 2017,
Cook et al., 2018; Smith et al., 2018). However, before records can be confidently
correlated using tephra layers, it is of paramount importance to establish a
comprehensive regional tephra framework (e.g., Lowe et al., 2008; Zanchetta et al.,
2011; Abbott and Davies, 2012; Davies et al., 2012, 2014; Blockley et al., 2014; Bourne
et al,, 2015; lkehara, 2015; Lowe et al., 2015; Davies et al., 2016; Nakamura, 2016;

Ponomareva et al., 2017; Abbott et al., 2018; Timms et al., 2019).

East Asia possesses significant potential in establishing important tephra
frameworks owing to the intensive explosive nature of volcanic activity in this region
(see Machida and Arai, 2003). Over the past decades, intensive tephra studies have

provided a comprehensive picture for East Asian, but predominantly Japanese,
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volcanism and allowed the construction of numerous detailed tephrostratigraphies in
and around the Sea of Japan area (e.g., Machida and Arai 1983; Arai et al., 1986; Furuta
et al., 1986; Machida, 1999; Aoki and Arai, 2000; Park et al., 2003; Nagahashi et al.,
2004; Furukawa and Nanayama, 2006; Aoki et al., 2008; Takemura et al., 2010; Okuno
et al., 2011; Smith et al., 2013; Moriwaki et al., 2016; Nakamura, 2016; Razzhigaeva et
al., 2016; Sun et al., 2017; lkehara et al., 2017; Tsuji et al., 2018; Obrochta et al, 2018;
Albert et al., 2018, 2019; Pan et al., 2020). However, the reported tephrostratigraphies
vary in localities and timeframes, and there is no systematic evaluation of Holocene
tephras from a distal viewpoint, to aid the selection of markers that are most useful
for correlation purposes. More importantly, previous studies have focused
predominantly on visible layers, whereas results from recent studies using
cryptotephra extraction techniques (e.g., Sun et al., 2014, 2015; Chen et al., 2016,
2019; McLean et al., 2018, 2020) have demonstrated the necessity to update the
available information. For example, the B-Tm tephra from Changbaishan (China/N
Korea), which is a visible layer in Japan (Machida and Arai, 2003), has now been
identified in Greenland ice-cores as a cryptotephra layer ca. 9000 km from the vent
(Sun et al., 2014). A tephra of Kamchatkan provenance has been reported as a
cryptotephra horizon in northern Japan, illustrating for the first time a Russian tephra
interlinked with Japanese eruptions (Chen et al., 2019). In addition, Holocene ashes
from the same volcanic centre in the region can have very similar glass chemistry (e.g.,
Shiihara et al., 2011; Nakamura, 2016), whose robust correlations require multiple
lines of evidence (i.e., geochemical, chronological and stratigraphic evidence etc). As

a consequence, an exercise compiling all available information on the most
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widespread tephras to establish a comprehensive tephrostratigraphic framework is

urgently needed, which helps circumvent potential tephra mis-correlation.

Apart from being a volcanically active region, East Asia is also a unique
geographical area whose environmental changes are primarily controlled by the East
Asian monsoon (EAM) (An, 2000). In this densely populated area, monsoon variability
directly impacts a population of over 1.6 billion people (Lu et al., 2013). Nevertheless,
a wide range of temporal and spatial patterns of Holocene monsoon evolution has
been proposed (e.g., An et al., 2000; Xiao et al., 2004; Zhou et al., 2005; Wang et al.,
2005; Dykoski et al., 2005; Shen et al., 2005; Wang et al., 2007; Wu et al., 2012; Lu et
al., 2013; Chen et al., 2015; Liu et al., 2015; Stebich et al., 2015; Zhou et al., 2016;
Wang et al., 2016; Wen et al., 2017; Zheng et al., 2018; Liu et al., 2020). Regarding the
timing and forcing mechanism of East Asian summer monsoon (EASM) variability, two
major but conflicting views underpin our current understanding of Holocene climate
change. The first interpretation, mainly based on Chinese speleothem records,
suggests that the EASM maximum occurred in early Holocene, and that the monsoon
intensity responds directly to orbital time scale external forcing (i.e., solar insolation)
without a phase lag (e.g., Wang et al., 2005; Dykoski et al., 2005). The competing view,
derived from Chinese lacustrine and loess deposits, however holds that the Holocene
Optimum (HO) in the monsoonal region did not commence until the mid-Holocene,
which reflects an additional component derived from internal feedback mechanisms
(e.g., changes in ice volume and thermohaline circulation) in monsoon evolution (e.g.,
Xiao et al., 2004; Lu et al., 2013; Chen et al., 2015; Liu et al., 2015; Wen et al., 2017).
In addition, syntheses of climate proxy records from lakes and peats in China suggest

a time-transgressive onset of the HO in the EAM region, but different studies have
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come to completely contradictory conclusions. An et al. (2000) proposed a
continuously southward retreat of the summer monsoon from ca. 9 ka BP, and that
the HO appeared earlier in the north and later in the south. In contrast, Zhou et al.
(2016) described a pattern of a gradual northward expansion of the summer monsoon
during the Holocene, and that the HO occurred earlier in the south and later in the
north. These significant controversies are attributable to chronological uncertainties
and ambiguities in interpreting climate proxies obtained from different sedimentary
archives (Chen et al., 2015; Wen et al.,, 2017). Most importantly, high-resolution
studies have shown that high-frequency climatic changes, such as centennial-scale
changes of monsoon intensity, widely appeared in Holocene records across the EAM
region (e.g., Chen et al., 2015; Wang et al., 2016; Park et al., 2019; Liu et al., 2020).
Nevertheless, existing chronologies are not sufficient, with centennial-scale errors in
many %C based chronologies, to constrain the relative timing and phasing of such
rapid changes, which are crucial for understanding the monsoon dynamics. As a
consequence, the characterisation of rapid monsoon changes and the study of EAM
dynamics require palaeoclimate records with more precise chronological control and
more robust synchronisation method. The presence of time-parallel tephra beds in
various sedimentary archives provides an additional and independent tool for precise

dating and synchronisation of records in this climatically significant region.

In this contribution, we undertake a thorough review to select the key tephra
markers for East Asia, which are found mostly, so far, in the Japanese Islands. We
collate the key information (i.e., chronological, stratigraphic, geochemical and
dispersal data) for these tephra beds, which are used to form an integrated tephra

framework. The integration represents an attempt to bring together and summarise
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a comprehensive and up-to-date Holocene tephra framework for the region, and to
suggest the way forward for establishing this as a wider framework for the entirety of
East Asia. The presented framework, with twenty-two tephra layers is then compared
with a compilation of high resolution palaeoclimate records from the region to explore
the potential of tephra isochrons in constraining rapid climate shifts. We conclude by

providing perspectives for future tephrochronological studies in East Asia.

2. Holocene tephrostratigraphic framework for East Asia

Ideally, the most comprehensive tephra frameworks include tephra findings in
both proximal and distal sites, with each tephra layer assessed in detail regarding their
volcanic stratigraphy, known distribution (including the main dispersal axis, furthest
known dispersal, thickness at the identified location etc), mineral assemblage, glass
morphology and chemistry, as well as eruptive age (e.g., Zanchetta et al., 2011).
Among all this information, robust geochemical signatures and well-constrained
eruptive ages, along with detailed stratigraphic information are the primary data for
tephra correlation, especially in distal realms where eruptive details are generally

missing (Abbott et al., 2018).

This proposed Holocene tephra framework contains twenty-two ash layers with
sixteen originating from Japan, three from South Korea, two from China/N Korea and
one from Russia. While these tephras are, so far, predominantly found in the Japanese
Islands, the much wider dispersal of some ashes demonstrates the potential of this
outlined framework to be developed in the future. For detailed information of tephra

name, provenance, current best age, dispersal axis, most distant distribution and data
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sources see Table 1. The related volcanic centres are shown in Fig. 1. Summarised

information of glass chemistry of these tephra markers is listed in Table 2.

As previously outlined by Chen et al. (2019), Holocene tephras from different
regions in NE Asia generally possess distinguishable geochemical signatures.
Specifically, the Japanese tephras within the framework predominantly exhibit
rhyolitic compositions, with only two ashes containing unambiguous dacitic to
andesitic analyses (Ta-d and Ma-f~j; Fig. 2a-b). These Japanese tephras are classified
as low-K to medium-K series (Fig. 2c). Importantly, the tephras from different volcanic
centres in Japan can be clearly distinguished on the K-classification diagram (Fig. 2d).
In addition, ashes from volcanoes in central and SW Japan (e.g., Kawagodaira, Sanbe
and Kikai; Fig. 1) have apparently higher KO contents compared to those from
volcanoes in northern Japan (e.g., Tarumai, Komagatake, Towada, Usu and Mashu; Fig.
2d). The South Korean ashes within the framework (U-2, U-3 and U-Oki) are from
Ulleungdo volcano (Fig. 1). Glasses of these tephras compositionally straddle the
phonolitic and trachytic boundary, and belong to the high-K shoshonite series (Fig. 2a,
c). They are very distinctive among all East Asian tephras owing to the extremely
elevated total alkaline contents (ca. 12-15 wt%; Fig. 2a). The Chinese/N Korean
tephras (B-Tm and B-Sg-08) from Changbaishan volcano have distinctive high-K
trachytic to rhyolitic compositions, and thus can be distinguished from the Ulleungdo
ashes (Fig. 2a, c¢). The only Russian ash within the framework is the SH#12 from
Shiveluch volcano (Fig. 1). Glass composition of the tephra plots into the medium-K
rhyolitic field, the same as the predominant Japanese tephras (Fig. 2a, c), but can be
distinguished from the latter easily, as it is more enriched in KO and depleted in CaO

(Fig. 2c and Table 2).
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In summary, tephras within the framework from different volcanic centres across
East Asia possess distinguishable major element glass chemistries (Fig. 2c-d). However,
in some cases, separation of ashes erupted from the same volcano requires additional
chronological and/or stratigraphic information, which will be discussed in detail in the
following sections. It is worth noting that a sufficient database of single grain trace
element analyses also needs to be developed in this region for further discrimination
purpose, though in some cases trace elements alone are not able to add further
discrimination between the products of some volcanic centres (e.g., Tomlinson et al.,

2012; Lane et al., 2012).

2.1 Tephraisochrons in Early Holocene (11.7-8.2 ka BP)
Three tephras fall within the early Holocene period in the framework (using the
formal subdivision of the Holocene Epoch from Walker et al. (2019)). They are the

Ulleungdo U-Oki/U-4, U-3 tephras and Hokkaido Ta-d tephra (Table 1).

The U-Oki tephra represents the largest know Plinian eruption from the Ulleungdo
volcano in the Sea of Japan (Fig. 1). It was dispersed towards the ESE and has been
identified in a number of marine cores and archives on the islands of Japan (Machida
and Arai 1983; Machida et al.,, 1984; Takemura et al., 2010; Smith et al., 2011).
Detailed chronological and stratigraphic studies reveal that this tephra can be
correlated to the proximal U-4 unit on Ulleungdo Island (Okuno et al., 2010; Shiihara
et al., 2011). Glass compositions of the tephra are very homogeneous (ca. 60.5-62.0
wt% SiOz) (Smith et al., 2011; Shiihara et al., 2011), and are classified as high-K (ca.
6.6-7.5 wt% K>0) phonolitic to trachytic (Fig. 2a, c). In Lake Suigetsu in central Japan

(Fig. 1), a visible ash layer (SG06-1288) has been correlated to the eruption based on
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glass chemistry (Fig. 3a) and independent chronology (Smith et al., 2011). The Suigetsu
SGO06 chronology currently provides the best age estimate for the tephra (10255-
10177 cal yr BP (20); Smith et al., 2011). This distal age is slightly younger than the
proximal ages derived from radiocarbon dating (OKuno et al., 2010) but is supported
by a high-resolution proximal Ar-Ar age (Smith et al., 2011). The known distribution of
the tephra is based on tracing macroscopic ash layers, which suggest a dispersal area
between the volcano and central Honshu (Fig. 4) (Machida and Arai, 1983; Machida et

al., 1984; Machida 1999).

The Ta-d tephra is one of the major tephra markers for northern Japan during the
early Holocene (Nakamura, 2016). Emanating from the Tarumai volcano in SW
Hokkaido (Fig. 1), the tephra was dispersed mainly toward the east and identified as
visible layers ca. 200 km away from the volcano (Fig. 5i) (Machida and Arai, 2003;
Furukawa and Nanayama, 2006). Given its thickness (ca. 10 cm) at the identification
locality, and that there is no information regarding its further distribution, it is
presumable that the ash should have a much large distribution than that is currently
defined. Glasses of the tephra are very distinctive in compositions among all ashes
within the framework, and they are low-K (ca. 0.7-1.1 wt% K,0) andesitic to dacitic (ca.
62.3-65.2 wt% SiO3; Fig. 2) (Nakamura, 2016). The age of this tephra remains poorly
constrained. Based on the calibration of reported radiocarbon dates, Nakamura (2016)
calculated an age of 9700-9000 cal yr BP (20) for this tephra. Nevertheless, the timing
of this tephra, from a climatostratigraphic viewpoint, is very interesting (see
discussion). Given that geochemically distinct tephra layer can still serve as correlation
tool even when its age is poorly constrained or unknown (Lowe, 2011), future

identification of this marker in disparate archives will enable precise test of the
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synchronicity of climate events across East Asia. It is also worth noting that precise

eruptive age of this tephra layer is urgently needed.

The U-3 tephra from Ulleungdo volcano has a more limited known distribution
compared to the U-Oki tephra (Fig. 4), as the former has been identified in only a few
sequences. Dispersed towards the SE, the marker exists as a cryptotephra horizon in
a marine core in southeast Sea of Japan (Domitsu et al., 2002; Shiihara et al., 2011). In
contrast, the tephra occurs as visible layers in both Lake Biwa (Nagahashi et al., 2004;
Shiihara et al., 2011) and Lake Suigetsu (McLean et al., 2018) on Honshu Island. Glass
composition of this tephra is broadly indistinguishable from that of the U-Oki ash in
terms of major elements (Table 2; Fig. 2a, c) (McLean et al., 2018), though proximal U-
3 glasses show greater geochemical variations compared to proximal U-4 glasses on a
FeO-CaO bivariate plot (Fig. 3a) (Shiihara et al., 2011). A proximal charcoal sample
provides the current best age estimate for the tephra (8440-8360 cal BP (20); Im et al.,
2012), which has been cross-validated by an independent distal age (8455-8367 cal BP

(20); McLean et al., 2018).

2.2 Tephra isochrons in mid-Holocene (8.2-4.2 ka BP)

The mid-Holocene section of the tephra framework contains six widespread
tephra layers. They are the B-Sg-08 tephra from Changbaishan, Ma-f~j, Ko-g and To-
Cu tephras from northern Japan, K-Ah tephra from southern Japan and U-2 tephra

from Ulleungdo (Table 1).

The B-Sg-08 (previously named SG14-1058) is a cryptotephra first identified in Lake
Suigetsu, which is sourced from the Changbaishan volcano (Fig. 1) (McLean et al., 2018,

2020). This layer has been linked to a visible layer in a proximal lake (Yuanchi) and
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suggested to be the distal equivalence of the proximal Qixiangzhan (QXZ) unit of the
volcano (Sun et al., 2018). Nevertheless, due to the lack of evidence indicating an
explosive phase of the QXZ eruption, the suggested QXZ origin for the tephra is yet to
be confirmed (McLean et al., 2020; Pan et al., 2020). Glass compositions of the tephra
are typical Changbaishan alkaline to subalkaline/tholeiitic rhyolitic (ca. 74.5-75.3 wt%
SiOy; ca. 4.4-4.6 wt% K,0; Fig. 2) (McLean et al., 2018), which is indistinguishable from
the rhyolitic end-member of a younger eruption of the volcano (i.e., B-Tm; Fig. 3b)
(Chen et al., 2016). Dated to 8166-8099 cal BP (20) (McLean et al., 2018), the tephra
presents a potential isochron to link palaeoclimate archives on both sides of the Sea
of Japan (Fig. 4), at the transition between the early and mid-Holocene. Nevertheless,
a high-resolution cryptotephra study has failed to identify this ash in northern Japan
(Chen et al., 2019), suggesting that far more cryptotephra studies are required in the

region to test this potential.

The Ma-f~j tephra represents the largest Holocene eruption of the Mashu volcano
in eastern Hokkaido (Fig. 1). It was dispersed towards the ESE and had a bulk tephra
volume of 18.6 km? (Kishimoto et al., 2009). Previous studies have revealed detailed
proximal stratigraphy for this caldera-forming eruption (Katsui et al., 1975; Kishimoto
et al., 2009), however, identification of the tephra has long remained in the proximal
sites. The furthest known distribution of the visible layer was reported by Razzhigaeva
et al. (2016), who traced the ash following its main dispersal axis into the southern
Kuril Islands, ca. 200 km away from the volcano. Chen et al. (2019) in contrast,
reported the presence of the ash as a cryptotephra in Lake Kushu, Rebun Island ca.
350 km NW of the Mashu volcano, which is in the opposite direction to the primary

plume dispersal (Fig. 4). This indicates that the ash has a much larger distribution area
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than that was defined by previous visible tephra occurrences, mantling most of the
northern Hokkaido and the Kuril arc (Fig. 4). Geochemical analyses reveal that glasses
of the tephra are dacitic to rhyolitic (ca. 70.7-74.4 wt% SiO»; Fig. 2) in composition
(Razzhigaeva et al., 2016; Nakamura, 2016; Chen et al., 2019), and possess the lowest
K20 contents (ca. 0.6-0.9 wt% K,0) among all Japanese tephras within the framework
(Fig. 2d). Radiocarbon dating of charcoal samples preserved within the ash layer
provides an age of 7581-7440 cal BP (20) for the tephra (calibrated using IntCal13
(Reimer et al., 2013) based on two dates from Yamamoto et al. (2010)). Although there
are some older dates reported from organic materials immediately below the tephra
layers (e.g., ca. 8.6-8.4 cal ka; Nakamura and Hirakawa, 2004), Bayesian age modelling
results suggest that they might be too old (7976-7585 cal BP (20) for Ma-f~j; Chen,

2019).

The K-Ah tephra from Kikai caldera in southern Kyushu (Fig. 1) is one of the most
widespread Holocene tephras in East Asia (Machida and Arai, 1978; Machida and Arai,
1983; Machida, 1999). Discharging a bulk volume of ca. 170 km3 tephra, the eruption
dispersed the ash over 1300 km mantling an area from southern to central Japan, and
the adjacent seas (Fig. 4) (Machida and Arai, 1983). Glasses of the tephra are medium-
K (ca. 2.3-3.5 wt% K;0) rhyolitic (ca. 70.4-77.8 wt% SiO3) (Smith et al., 2013), and they
are distinctive among all tephras within the framework (Fig. 2). It is worth noting that
the proximal K-Ah deposits have greater compositional ranges, which have not been
fully observed in the distal layers (e.g., SG06-0967 in Lake Suigetsu; Smith et al., 2013)
(Fig. 3b). Detailed investigations are needed to further document these distal-
proximal geochemical variations in order to guide future tephra correlations. The

eruptive age of the K-Ah has been precisely constrained to 7303-7165 cal BP (20) by
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the Suigetsu SGO6 chronology (Staff et al., 2011; Smith et al., 2013). The extensive
occurrences of the tephra on land and in the marine environments (e.g., Sea of Japan,
Pacific Ocean and East China Sea) allow precise dating of terrestrial and marine

sequences, and the test of the correction factors for the marine reservoir effect.

The Ko-g tephra represents the largest Plinian eruption of the Komagatake volcano
in SW Hokkaido (Fig. 1) during the Holocene (Yoshimoto et al., 2008). The tephra was
dispersed towards the ENE, covering most of the southern and eastern Hokkaido
(Furukawa and Nanayama, 2006). The most distant identification of the visible Ko-g
tephra was reported by Razzhigaeva et al. (2016), which extended its known dispersal
into the southern Kuril Islands (ca. 450 km). Recently, a cryptotephra study reveals
that the Ko-g occurs in Lake Kushu (Chen et al., 2019), confirming the ash actually
mantles the entire Hokkaido rather than only its southern and eastern parts (Fig. 4).
Glasses of the tephra are medium-K (ca. 1.6-1.8 wt% K,0) rhyolitic (ca. 72.0-74.8 wt%
SiOy; Fig. 2) (Chen et al., 2019; Nakamura, 2016; Razzhigaeva et al., 2016), and they
are distinctive among all Komagatake ashes within the framework owing to their less
evolved characteristics (Fig. 3c). Several studies attempted to unravel the age of the
tephra, and the results yield various but overlapping dates (e.g., 6661-6448 cal BP (20),
Nakamura and Hirakawa, 2004; 7156-6551 cal BP (20), Yoshimoto et al., 2008; 6830-
6640 cal BP (20), calibrated using IntCal13 (Reimer et al., 2013) based on a date from
Razzhigaeva et al. (2016)). A recent Bayesian modelling study from Lake Kushu, taking
into account all the available chronological, stratigraphic and depositional information,
has provided the currently best age estimate for the tephra (6686-6520 cal BP (20);

Chen, 2019).
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The To-Cu tephra represents the largest-volume (ca. 9.2 km?bulk volume) Plinian
eruption of the Towada caldera in northern Honshu (Fig. 1) spanning the Holocene
(Hayakawa, 1985). Comprising three sub-units (Chuseri pumice, Kanegasawa pumice
and Utarube ash), the eruption dispersed ashes over 150 km to the SE, covering parts
of northern Honshu and coastal regions of the Pacific (Hayakawa, 1985; Ishimura and
Hiramine, 2020). Among these sub-units, the Chuseri pumice (Cu) has the most distant
dispersal. At a locality ca. 500 km WSW of the volcano, the unit has been found with
a thickness of 0.2 cm (Ishimura and Hiramine, 2020). A cryptotephra study has
increased its known dispersal to ca. 700 km away from the source in central Honshu
(Fig. 4) (McLean et al., 2018). Glasses of the tephra are low-K (ca. 1.1-1.3 wt% K,O)
rhyolitic (ca. 73.4-74.4 wt% SiO;; Fig. 2) (McLean et al., 2018; Ishimura and Hiramine,
2020), and they are compositionally distinctive among all East Asian tephras within
the framework (Fig. 2c). The age of the tephra varies from study to study. Proximally,
Kudo et al., (2003) reported a date of 6282-5926 cal BP (20) for soil below To-Cu,
whereas Inoue et al., (2011) reported a slightly order age of 6313-6180 cal BP (20) for
humin within soils below the tephra. Both the dates are in agreement within error
with the age derived from charcoal preserved within the tephra (6480-5897 cal BP
(20), calibrated using IntCall3 (Reimer et al., 2013) based on Hayakawa (1983)).
Distally, however, the tephra has been dated to 5986-5899 cal BP (20) (McLean et al.,

2018), which is slightly younger than those proximal ages.

The U-2 tephra from Ulleungdo volcano was thought to be generated by a smaller
eruption compared to both the U-Oki and U-3 tephras, as identification of the U-2 has
remained in the proximal sites for a long time (e.g., Machida et al., 1984; Shiihara et

al., 2011; Kim et al., 2014). Glasses of the tephra exhibit similar compositions with the
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older U-Oki and U-3 tephras (Figs. 2 and 3a) (Shiihara et al., 2011). Recently, MclLean
et al. (2018) propose the identification of the distal U-2 horizon in Lake Suigetsu, based
on independent chronological evidence, and that the distal layer (5G14-0803) displays
typical alkali-rich Ulleungdo chemistry. It is worth noting that, however, the proposed
distal U-2 glasses (McLean et al., 2018) show apparently elevated CaO contents (by ca.
1 wt%) compared to the reported proximal U-2 glasses (Shiihara et al., 2011) (Fig. 3a).
Further investigations are needed to verify if these obvious CaO offsets truly exist or
are due to instrumental/analytical uncertainty. Nevertheless, identification of the U-2
in central Honshu indicates that the ash should cover an extensive area in the Sea of
Japan, probably as a cryptotephra layer, given that previous studies did not report this
horizon from marine environments (see Shiihara et al., 2011). The age of the tephra
has been dated to 5681-5619 cal BP (20) distally (McLean et al., 2018), which is
supported by proximal ages derived from charcoal samples preserved within the

tephra layer (e.g., 5734-5600 cal BP (20); OKuno et al., 2010).

2.3 Tephra isochrons in Late Holocene (4.2-0 ka BP)

Thirteen tephra isochrons are integrated within the tephra framework spanning
the late Holocene period. These include nine major markers from Hokkaido (Ta-c, Ma-
b, Ko-d, Us-b, Ta-b, Ko-c2, Ta-a, Ko-c1 and Ko-a), two from Honshu (KGP, SOh), one

from China/N Korea (B-Tm), and one from Kamchatka (SH#12) (Table 1).

The oldest tephra within the late Holocene timeframe is the SOh (Miura and
Hayashi, 1991; also named Th-pd, Fukuoka and Matsui, 2002) erupted from Sanbe
volcano in SW Honshu (Fig. 1). This eruption has been studied proximally, yet the

correlation of volcanic stratigraphy between different studies remains problematic
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(see Fukuoka and Matsui, 2002). Ash from the eruption was thought to be distributed
towards the ENE (Fig. 4) (Machida and Arai, 2003). Smith et al. (2013) reported a 0.2
cm thick ash layer (SG06-0588) in Lake Suigetsu, ca. 300 km away from the volcano.
This layer has subsequently been correlated to the proximal Th-pd deposit (Albert et
al., 2018). In a further south location (Lake Biwa), the ash has been identified as a
cryptotephra horizon (Takemura et al., 2010), which represents the most distant
known distribution of the tephra marker (ca. 320 km). Glass compositions of the
tephra reported proximally are medium-K (ca. 2.4-3.1 wt% K,0) rhyolitic (ca. 74.1-76.8
wt% SiOy; Fig. 2) (Albert et al., 2018), whereas glasses from distal deposits extend to
the high-K series (Fig. 3d) (Smith et al., 2013; Albert et al., 2018). The high-resolution
Suigetsu chronology allows a precise age estimate for the tephra (4068-4004 cal BP
(20); Albert et al.,, 2018), which is consistent with published ages derived from
charcoals buried in proximal deposits (Fukuoka and Matsui, 2002; and refs therein).
Identification of the tephra would enable the transfer of its precise age into other

sequences.

Erupted from Kawagodaira volcano in SE Honshu (Fig. 1), the KGP/Kg tephra is the
other regional marker originating from central Japan. With a bulk volume of 1.04 km?3,
the tephra was mainly dispersed towards the west and covers some large areas of the
central and western Honshu (Fig. 4) (Shimada, 2000; Tani et al., 2013). In both Lake
Biwa and Lake Suigetsu ca. 300 km to the west of the volcano, the ash occurs as
cryptotephra horizons (Nagahashi et al., 2004; Takemura et al., 2010; McLean et al.,
2018). Glasses of the tephra exhibit medium-K (ca. 2.7-2.9 wt% K;0) rhyolitic
compositions (ca. 76.5-77.6 wt% SiO,) (McLean et al., 2018), and they are one of the

most evolved tephras within the framework (Fig. 2). The currently best age estimate
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for the ash is provided by radiocarbon wiggle-matching of a Japanese cedar timber
found within the associated pyroclastic flow deposit, which dates the eruption to
3160-3137 cal BP (20) (Tani et al., 2013). Given its very precise age, the tephra is crucial
for the dating of archaeological sequences of the late and final Jomon period in the

Japanese prehistory.

Postdating the KGP ash, the Ta-c tephra from Tarumai volcano is one of the major
markers in Hokkaido during the late Holocene. Dispersed mainly towards the east, the
tephra has been found covering most of the southern and eastern Hokkaido
(Furukawa and Nanayama, 2006; Nakamura, 2016) and has recently been traced into
the southern Kuril Islands (Razzhigaeva et al., 2016) (Fig. 5h). Glasses of the ash are
medium-K (ca. 1.9-2.5 wt% K,0) rhyolitic in compositions (ca. 73.8-77.1 wt% SiO>)
(Nakamura, 2016), and they cannot be compositionally discriminated from the
younger eruptive phases (e.g., Ta-b and Ta-a) of the same volcano (Fig. 3e).
Consequently, precise correlation of this tephra requires not only geochemical data
but also chronological and/or stratigraphic information. The age of the tephra is poorly
constrained at the moment. Nakamura (2016) provide an age of 2800-2500 cal BP (20)
based on calibration of previously reported dates. In contrast, Razzhigaeva et al. (2016)
propose a younger age of 2500-2300 cal BP (20) for the tephra. We are not able to
determine which age is more reliable due to the lack of detailed information regarding
the reported radiocarbon dates. It is worth noting that Mackay et al. (2016) suggest a
plausible correlation between a cryptotephra (FBB12-162) identified in east coast of
North America and the Ta-c ash. However, the correlation is not yet confirmed due to

the limited amount of analyses on distal shards. More cryptotephra work in high-
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resolution records from both the North America and East Asia is needed to verify this

potential link.

The SH#12 (SH1as50) tephra is an exotic layer that has, for the first time, been
incorporated into the Holocene East Asian tephra framework. Erupted from the
Shiveluch volcano in the Kamchatka Peninsula, Russia (Fig. 1), the tephra was
dispersed towards the SE (Kyle et al., 2011; Ponomareva et al., 2015) and has been
identified in a number of localities ca. 50-100 km to the east of the volcano
(Ponomareva et al., 2017). Remarkably, Chen et al. (2019) report the occurrence of
the ash in Lake Kushu, northern Japan ca. 1900 km from the vent. Importantly, this is
the first example of a Holocene Russian tephra interlinked with Japanese eruptions,
which allows connection between East Asia and the further north Kamchatka region
to be established (Fig. 4). This has significantly widened the geographical area over
which precise correlations of palaeoclimate records can be achieved. In addition, it is
reasonable to predict that the tephra can be traced following its main dispersal axis
over 1900 km into the Aleutian Arc, the Bering Sea and probably the SW Alaska, which
would serve as a potential correlation tool linking records in NE Asia and North
America. Glasses of the tephra are medium-K (ca. 2.9-3.4 wt% K;0) rhyolitic (ca. 75.6-
77.6 wt% SiO3) (Chen et al., 2019; Ponomareva et al., 2015), and they can be reliably
distinguished from other medium-K rhyolitic Japanese tephras within the framework
(Fig. 2). The age of the tephra has been dated proximally to 1408-1311 cal BP (20)
(Ponomareva et al.,, 2017), which is supported by a slightly more precise age

determined distally (1374-1295 cal BP (20), Chen et al., 2019).
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The B-Tm and the Ma-b tephras chronologically postdate the SH#12 tephra and
are closely spaced in time (Table 1). The distal B-Tm tephra was first identified in a
number of marine and terrestrial records in Sea of Japan and the islands of Japan
(Machida and Arai, 1983) and correlated to the Millennium Eruption of Changbaishan
volcano (Machida et al., 1990; Chen et al., 2016). Glass compositions of the tephra are
distinctively high-K  and bimodal, ranging from alkaline trachytic to
subalkaline/tholeiitic rhyolitic (ca. 63.1-76.1 wt% SiO,; ca. 4.0-6.0 wt% K,0; Fig. 2)
(Chen et al., 2016; McLean et al., 2016; Sun et al., 2014, 2015). As previously discussed
by Chen et al. (2019), these evolved high-K features clearly distinguish them from
ashes erupted from other volcanoes in East Asia (Fig. 2). Nevertheless, discrimination
between Holocene Changbaishan tephras (e.g., B-Tm and B-Sg-08) cannot be achieved
through either major element glass chemistry (Fig. 3b), or trace element analysis
(McLean et al.,, 2020; Pan et al, 2017, 2020). Consequently, independent
chronological data and/or detailed stratigraphic information are essential when
correlating ashes from the volcano. Machida (1999) proposes an isopach map for the
B-Tm tephra based on tracing visible ash layer. Recently, the tephra has been reported
from a number of new localities outside the previously known dispersal (Fig. 4),
including NE China (Sun et al., 2015), Russian Far East (Razjigaeva et al., 2019),
northern Hokkaido (Chen et al., 2016), central Honshu (McLean et al., 2016), and as
far as Greenland (Sun et al., 2014). Moreover, the age of the tephra has been precisely
dated to 946 CE, which is reliably cross-validated by ice-core chronology (Sigl et al.,
2015) and 4C spike-matching dendrochronology (Oppenheimer et al., 2017; Hakozaki
et al., 2018). As such the tephra provides a valuable isochron for dating and

synchronising records between East Asia and Greenland. Given its close association in
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time with the onset of the Medieval Warm Period (ca. 950-1250 CE; Mann et al., 2009),
the tephra permits the investigation into the timing and phasing of the climatic event

across a vast geographic area.

The Ma-b tephra represents the volumetrically second largest Holocene eruption
of the Mashu volcano (Kishimoto et al., 2009). With a bulk volume of 4.6 km3, the
tephra was thought to be dispersed towards the north (Machida and Arai, 2003).
Furukawa and Nanayama (2006), however, suggest that the tephra is more likely to
be dispersed easterly, which is supported by Razzhigaeva et al. (2016), who trace the
visible ash over 200 km towards the ENE into the southern Kuril Islands (Fig. 4).
Subsequently, the ash has been identified as a cryptotephra horizon in central Honshu
(McLean et al., 2018). Over 1100 km SW of Mashu volcano, the new locality is in the
opposite direction to the main dispersal axis of the tephra (Fig. 4), which indicates that
the tephra has a much larger distribution area than that was previously known.
Geochemically, glasses of Ma-b tephra are rhyolitic (ca. 74.2-75.3 wt% SiO) and are
classified as low-K series (ca. 0.7-0.9 wt% K,O; Fig. 2) (Nakamura, 2016; Razzhigaeva
et al., 2016; MclLean et al., 2018). They represent the most evolved components of the
Mashu Holocene tephras (Fig. 3f) (see Nakamura, 2016). The age of the Ma-b tephra
is best constrained in Lake Suigetsu, where it has been dated to 960-992 CE (20)
(McLean et al., 2018). Given its close chronostratigraphic relationship with the
Medieval Warm Period (ca. 950-1250 CE), the widespread Ma-b tephra can potentially

be used to test the synchronicity of the climate event same as the B-Tm tephra.

In the uppermost section of the tephrostratigraphic framework, seven major

marker tephras from Hokkaido volcanoes are integrated based on their ages and
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stratigraphic relationships observed at outcrops (Nakamura, 2016; Razzhigaeva et al.,
2016). They are Ko-d, Us-b, Ta-b, Ko-c2, Ta-a, Ko-c1 and Ko-a dated by historical
records to 1640 CE, 1663 CE, 1667 CE, 1694 CE, 1739 CE, 1856 CE and 1929 CE (Table
1), respectively (Oba et al., 1983; Katsui and Komuro, 1984; Nakamura, 2016; and refs

therein).

The Ko-d, Ko-c2, Ko-c1 and Ko-a tephras are from the Komagatake volcano in SW
Hokkaido (Fig. 1) and have different dispersal directions (Fig. 5) (Machida and Arai,
2003; Furukawa and Nanayama, 2006; Nakamura, 2016). The Ko-d was known to
disperse towards the NW and has been identified over 120 km away from the volcano
as a visible layer (Fig. 5g) (Machida and Arai, 2003; Furukawa and Nanayama, 2006).
With a bulk volume of 2.9 km3, the tephra presumably mantles a large area of the
northeast Sea of Japan. The Ko-c2 and Ko-c1 tephras were both dispersed towards the
ENE and covered most of southern and eastern Hokkaido (Fig. 5b, d) (Machida and
Arai, 2003; Furukawa and Nanayama, 2006). Compared to the Ko-c1, the Ko-c2 tephra
has been identified in more outcrops and occurs as a 3-cm-thick layer at a distance of
ca. 300 km away from the volcano whereas the Ko-c1 only has a 0.5 cm thickness at
the same distance. A recent study has traced the visible Ko-c2 and Ko-c1 layers into
Kunashir Island (southern Kuril Islands) over 550 km from the source volcano (Fig. 5b,
d) (Razzhigaeva et al.,, 2016). Nevertheless, both of the tephras are absent in the
further east Iturup Island (Fig. 5b, d). The Ko-a tephra was dispersed towards the ESE
and has been identified on land in southern Hokkaido (Fig. 5a). During the Ko-a
eruption, pumiceous storm was reported from cruise ship sailing in the Pacific Ocean
(Furukawa and Nanayama, 2006). Razzhigaeva et al. (2016) reported visible Ko-a in

Kunashir Island indicating dispersal of the tephra is more northerly than previously
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thought (Fig. 5a). Glasses of these four tephras erupted during historical time are
medium-K rhyolitic in compositions (Fig. 2) (Nakamura, 2016). While the oldest Ko-d
tephra exhibits less evolved characteristics (ca. 75.1-75.8 wt% SiO,), the three younger
ashes (Ko-c2, Ko-c1 and Ko-a) have more evolved (>76 wt% SiO2) and overlapping
major element glass chemistries (Figs. 2d and 3c). Chronological evidence is therefore
required for robust correlation of these ashes. In addition, trace element analysis may

provide useful tool to aid the discrimination of these Komagatake glasses.

The Us-b tephra is from the Usu volcano and Ta-b and Ta-a are from the Tarumai
volcano. Both of the volcanoes are located in SW Hokkaido (Fig. 1). The Us-b and Ta-b
were dispersed towards the east and identified in much of southern Hokkaido (Fig. 5e-
f) (Furukawa and Nanayama, 2006). Both of the tephras are found over 400 km away
from their source volcanoes but the difference is that the Ta-b has been traced into
easternmost Hokkaido as a visible layer while the Us-b has not (Fig. 5e-f) (Furukawa
and Nanayama, 2006). As such the Ta-b seems to have a wider distribution compared
to the Us-b. A recent study confirms this as the Ta-b has been reported from lturup
Island ca. 600 km away from the Tarumai volcano (Fig. 5e) (Razzhigaeva et al., 2016).
This has significantly extended the known distribution of the visible Ta-b tephra and
indicated a more northerly dispersal of the tephra. The Ta-a was dispersed towards
ENE and has the largest volume (4 km3) among the seven tephras erupted during
historical time period (Machida and Arai, 2003). The tephra was known to cover most
of the Hokkaido in a visible form (Fig. 5¢) (Furukawa and Nanayama, 2006). Its furthest
visible occurrence has been reported from the Iturup Island (ca. 600 km) same as the
Ta-b (Fig. 5c¢, e), but it occurs in more outcrops in the study areas than the Ta-b layer

(Razzhigaeva et al., 2016). Compositionally, glasses of the Us-b tephra are low-K
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rhyolitic whereas those of the Ta-b and Ta-a are medium-K rhyolitic (Fig. 2; Table 2).
The Us-b tephra exhibits a distinctive composition among all ashes within the
framework (Fig. 2d). In contrast, the Ta-b and Ta-a share similar glass compositions

though it is unambiguous that the latter is slightly more felsic (Fig. 3e; Table 2).

3. Potential of tephra isochrons in East Asian palaeoclimate

research

Studies on disparate palaeoclimate records have shown that East Asian climate
change during the Holocene responds to a complex series of internal forcing factors
apart from the orbital forcing (e.g., An et al., 2000). For instance, while the monsoon
influenced region of northern China has been more sensitive to changes of ice volume
in high northern latitudes (Wen et al., 2017) and intensity of the Westerly winds (Xiao
et al.,, 2004), the monsoonal zone of southern China could have been influenced
significantly by the variations of the Atlantic Meridional Overturning Circulation
(AMOC) (Wang et al., 2016) and the El Niflo-Southern Oscillation (ENSO) (Wang et al.,
2007; Wu et al., 2012). In contrast, the coastal East Asian region, including Japan,
Korea and eastern China may be largely affected by shifts in western tropical Pacific
sea surface temperatures (Park et al., 2019). As a result, it is possible that Holocene

climate changes could have had different expressions in different parts of East Asia

(Fig. 6).

Chinese speleothem isotopic records have been widely used in global
palaeoclimate reconstruction, which is largely attributed to their precise age controls

and high temporal resolutions (e.g., Wang et al., 2005, 2008), although interpretations
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of the &80 signals could still be ambiguous (e.g., Clemens et al., 2010; Maher and
Thompson, 2012). 580 record from Dongge Cave, south China (Fig. 6a; Dykoski et al.,

2005), has shown that monsoon related precipitation, and thus the summer monsoon
intensity, generally tracks changes in solar insolation, but has rapid shifts (i.e., a
centennial to multi-decadal scale) that are not evident in insolation variation (Fig. 6b).
Enhanced EASM occurred in the early and mid- Holocene for ca. 6 ka (ca. 11.5-5.5 ka
BP), whereas the later part of mid-Holocene and the late Holocene experienced
significantly reduced monsoon strength. A two-step decline of monsoon intensity was
observed gradually during ca. 5.6-5.2 ka BP and rapidly at ca. 3.6 ka BP in ca. 100 years.
Abrupt shifts in monsoon intensity occurred throughout the Holocene, four of which
at 11.2 ka BP, 10.9 ka BP, 9.2 ka BP, 8.2 ka BP can be linked to cooling events recorded
in Greenland ice cores. The observed monsoon variations are assumed to be
dominated by solar forcing, with additional internal feedback mechanisms such as

AMOC and ENSO involved (Dykoski et al., 2005).

Huguangyan (HGY) is a maar lake located in south China, ca. 500 km to the south
of Dongge Cave (Fig. 6a). Total organic carbon (TOC) content of the lake sediment is
regarded as a proxy of primary productivity, which increases with enhanced summer
monsoon, thus effectively indicating the EASM strength (Shen et al., 2013). The TOC
record has shown an enhanced EASM influencing south China before ca. 6 ka BP,
which was followed by significant decline of the monsoon strength afterwards (Fig. 6b;
Wu et al., 2012). The pattern of monsoon variability recorded in the lake is very similar
to that of the Dongge cave, both of which reveal dramatic declines of monsoon

strength between ca. 6-5 ka BP and ca. 4-3 ka BP, as well as centennial scale climatic
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shifts in the early Holocene (e.g., 9.2 ka and 8.2 ka events). Nevertheless, questions
such as to what extent these monsoon changes can be correlated, and the precise
chronological constraint on leads and lags of rapid climate shifts in different records
cannot be accessed in detail at the moment, which is largely due to the centennial
scale errors in lacustrine C chronology (see Wu et al., 2012). It is apparent that many
of the ash layers in the proposed tephra framework chronologically bracket or are
closely associated with those climatic shift events. For instance, the mid-Holocene To-
Cu and U-2 tephras bracket the sharp decrease of TOC content began in ca. 6.1 ka in
the HGY record, whereas the U-2 tephra is positioned close to the onset of the

correlated shift in 80 signal in Dongge Cave. In addition, the B-Sg-08 and U-3 tephras

seem to be associated in time with the 8.2 ka signal in Dongge and HGY records,
respectively (Fig. 6b). Although these tephra layers cannot be recovered from cave
deposits, their identification in the HGY record has great potential to refine the
existing 1*C chronology and more importantly, will significantly enhance the ability of
the HGY archive to be synchronised to other high resolution lacustrine records, which

is fundamental for characterising regional variations of abrupt climate changes.

Dali Lake and Daihai Lake are both located in northern China, near the modern
EASM limit (Fig. 6a). In these records, the proportion of tree and shrub pollen is
thought to be a reliable proxy for precipitation, thus representing summer monsoon
intensity (Wen et al., 2017; Xiao et al., 2004). Compared to records from south China
(e.g., Dongge and HGY), which suggest the maximum summer monsoon intensity
occurred in the early to mid-Holocene before ca. 6 ka BP, the two records from

northern China show an unambiguous HO during the mid-Holocene (Fig. 6b). In the
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Dali Lake record, the EASM intensified significantly at ca. 8.3 ka BP and maintained a
high level until ca. 6 ka BP and then decreased rapidly, which turns out to be very
similar with the pattern recorded in HGY during the mid-Holocene. The U-3 tephra
appears to mark the onset of this monsoon intensification period in both the Dali and
HGY records, which permits detailed investigation into the relative timing and phasing
of this climatic event. Similarly, the To-Cu and U-2 tephras can be used to constrain

the rapid decline of monsoon intensity at ca. 6 ka BP in both of the records.

In the Daihai Lake record, the maximum monsoon intensity occurs between ca. 7.5
ka BP and ca. 4.0 ka BP, which is perfectly bracketed chronologically by the Ma-f~j and
SOh tephras (Fig. 6b). During this period, decadal to centennial scale climate shifts
occurred, and mid-Holocene tephra layers such as U-2, To-Cu and Ko-g could be used
to constrain the precise timing of such events once they were identified in the record.
It is also very interesting that the pattern of monsoon variation during the mid-
Holocene recorded in the Daihai and Dali lakes are quite different, despite the facts
that the two lakes are both located in northern China, and that the reconstructions
are based on the same type of proxy (i.e., tree pollen percentage). For example, a
transition at ca. 6 ka BP from a warm and humid climate to a cooler and drier condition,
as recorded in the Dali Lake, is not evident in the Daihai record. This indicates
significant regional variations exist within the monsoonal region of northern China.
During the late Holocene, the Daihai record also exhibits centennial scale climate
anomalies indicated by elevated monsoon strength which are not seen in the Dali
record (Fig. 6b). Importantly, late Holocene tephra layers SOh, KGP, Ta-c, SH#12 and
B-Tm are all chronologically associated with these climate anomalies and thus can be

used to verify and constrain the timing of such rapid climate changes.



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

Gonghai Lake is also located in northern China, to the south of the Dali and Daihai
lakes (Fig. 6a). Pollen data from Gonghai are transferred quantitatively into annual
precipitation, for providing a direct record of monsoon rainfall (Chen et al., 2015).
Variations of summer monsoon intensity recorded in this site are generally more
gradual than other records (Fig. 6b). A millennial scale precipitation decline event at
ca. 9.5-8.5 ka BP has been recognised (Chen et al., 2015), which broadly corresponds
to several rapid monsoon decline events spanning 9.2-8.4 ka BP reported from the
HGY sequence. The Ta-d and U-3 tephras in the proposed framework appropriately
bracket this climate change period, and thus provide important isochrons for
interregional proxy data comparison. The Gonghai record also reveals that the
Holocene maximum EASM precipitation occurred in mid-Holocene at ca. 7.8-5.3 ka BP,
and a persistent decline of monsoon strength happened from ca. 3.3 ka BP.
Interestingly, the KGP tephra chronologically coincides with the onset of this
progressive monsoon deterioration. In addition, both the Gonghai and Dali sequences
in northern China record a major climate anomaly during the last 1 ka, indicated by
centennial scale and large-amplitude precipitation increase, which can be correlated
to the globally recognised Medieval Warm Period (MWP) spanning ca. 1.0-0.7 ka BP
(Mann et al., 2009). The hemispheric scale tephra marker B-Tm and the regional scale
marker Ma-b both fall closely to the onset of the MWP, which allow the test of the

synchronicity of this widespread climatic phenomenon across different regions.

A high resolution pollen record from Gwangyang-si (GY), coastal area of South
Korea (Fig. 6a; Park et al., 2019), corroborates the mid-Holocene summer monsoon
maximum revealed by other records from northern China. The GY pollen record shows

a maximal EASM period at ca. 7.6-4.8 ka BP (Fig. 6b), which broadly overlap with that
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of the Gonghai record (ca. 7.8-5.3 ka BP). The Ma-f~j tephra falls right at the onset of
this HO period in the GY record based on current chronologies. Its identification in the
record will allow better constraint on the timing of this climate event, as well as
verification of the current GY *4C chronology. In addition to the HO, the GY record also
reveals several centennial scale drying events, indicated by significantly reduced
arboreal pollen percentage, centred at ca. 9.7 ka BP, 9.2 ka BP, 4.7 ka BP, 3.2 ka BP
and 2.4 ka BP. The Ta-d, KGP and Ta-c tephras are positioned close to the 9.2 ka BP,
3.2 ka BP and 2.4 ka BP events, respectively. As such, the markers have the potential

to unravel the precise timing of those abrupt climate shifts.

Sihailongwan (SHL) is a maar lake located in NE China (Fig. 6a) with annually
laminated sediments (Stebich et al., 2015). Annual precipitation reconstructed using
pollen data from the site indicates a summer monsoon evolution pattern that is
significantly different from those of the monsoonal regions of southern and northern
China (Fig. 6b). Monsoon related precipitation shows a long-term increasing trend
since the beginning of the Holocene and reaches its maximum value at ca. 4.0 ka BP.
The SOh tephra appears to chronologically coincide with this important turning point,
since which the monsoon precipitation starts decreasing. It is noteworthy that
variability of the EASM increases dramatically during the late Holocene in this record,
which is marked by numerous rapid shifts in annual precipitation with larger
amplitude compared to those in the early to mid-Holocene. Late Holocene tephra
layers such as Ta-c, SH#12, B-Tm, Ma-b, Ko-c2 and Ta-a are all chronologically
associated with the rapid change events, and thus are useful for proxy data

comparison.
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In summary, records from East Asia exhibit a wide range of patterns regarding the
evolution of EASM spanning the Holocene. This has given rise to a fundamental
challenge in future research, which is the robust integration of various site-specific
palaeoclimate records. The widely used '*C method provides chronological
frameworks for most of the sedimentary sequences, but its inherent dating errors,
usually centennial in scale (e.g., Telford et al., 2004; Blockley et al., 2007), prevent
detailed investigations into regional variations of abrupt climate changes. A
comprehensive regional tephra framework containing a number of widely dispersed
tephra beds has great potential for providing an independent tool for precise dating
and synchronisation of disparate records. To this end, it is essential to identify tephra
markers within the framework in as many key natural archives as possible. This could
lead to a better understanding of how regional environments respond to rapid climate
changes, as well as the role of various external and internal forcings in influencing

regional climates.

4. Concluding remarks

In light of the recent identification of East Asian cryptotephra layers in Greenland
(Sun et al., 2014; Bourne et al., 2016) and probably North America (Mackay et al.,
2016), and the identification of a Russian cryptotephra in northern Japan (Chen et al.,
2019), East Asia is an ideal region for the search of widespread tephra layers that are
important for the synchronisation of palaeoclimate records. The Holocene tephra
framework presented here is, thus, a basis for future tephra studies and represents an
essential step forward towards a master Holocene tephrostratigraphy for East Asia. A

total of twenty-two layers have been selected and integrated into the framework, with
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their associated geochemical, chronological and dispersal data thoroughly discussed.
These have been evaluated alongside high resolution palaeoclimate records from the
region, demonstrating the significant potential of tephra isochrons in assessing the
relative timing and phasing of rapid monsoon changes, which are crucial for
understanding the monsoon dynamics. However, the recovery of these tephra layers
in well-resolved palaeoclimate archives from the region is inadequate, which is due to
the very limited applications of the cryptotephra separation techniques. Therefore, an
urgent focus for future research is the necessity to systematically search for cryptic
hidden tephra layers in sedimentary sequences from the region. Finally, while we have
discussed the need, in some cases, to add in additional chronological information to
distinguish tephras, where major elements are not sufficient to discriminate between
ashes from the same volcano, it is also important in the future to test the potential for

trace element analyses in this region to act as an additional discrimination tool.
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and Planetary Science Letters, 456: 39-46.

Fig. 1 Map of NE Asia showing volcanoes (triangle) and lacustrine archives for tephra study
(circle), with those mentioned in the text highlighted in orange. Abbreviations: Russia: SH-
Shiveluch; China/N Korea: CBS-Changbaishan; S Korea: UL-Ulleungdo; Japan: Ma-Mashu, Ta-
Tarumai, Us-Usu, Ko-Komagatake, To-Towada, Kg-Kawagodaira, Sb-Sanbe, RK-Lake Kushu

(Rebun Island), SG-Lake Suigetsu, Bl-Lake Biwa. Kikai is a caldera in southern Kyushu.

Fig. 2 Glass shard major element compositions of the twenty-two tephra layers within the
proposed Holocene tephrostratigraphic framework. (a-b) Total alkaline versus silica (TAS)
diagram (classification scheme based on Le Bas et al. (1986)), (c-d) K-classification diagram
(classification scheme based on Peccerillo and Taylor (1976)). Note the changes of legend in
colour for Japanese tephras in inset (b) and (d), compared to those in (a) and (c). Source
volcanoes are indicated in (c-d). For detailed information of each tephra layer see Table 1.

Geochemical data sources are listed in Table 2.
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Fig. 3 Glass shard major element compositions of (a) proximal Holocene Ulleungdo tephras
(U-2, U-3 and U-4; Shiihara et al., 2011) and corresponding distal layers identified in Lake
Suigetsu (SG14-0803, SG14-1091 and SG06-1288; Smith et al., 2011; McLean et al., 2018); (b)
distal B-Tm (Chen et al.,, 2016) and B-Sg-08 (MclLean et al.,, 2018, 2020) tephras from
Changbaishan volcano, as well as proximal and distal (SG06-0967) K-Ah tephras from Kikai
caldera (Smith et al., 2013); (c) mid-Holocene Ko-g tephra (Chen et al., 2019) and tephras
erupted during historical time periods (Ko-a, Ko-c1, Ko-c2 and Ko-d; Nakamura, 2016) from
Komagatake volcano; (d) proximal (Th-pd) and distal (SG06-0588) SOh tephra from Sanbe
volcano (Albert et al., 2018; Smith et al., 2013); (e) Holocene tephras (Ta-a, Ta-b, Ta-c and Ta-
d) from Tarumai volcano (Nakamura, 2016); and (f) mid-Holocene Ma-f~j (Razzhigaeva et al.,
2016; Chen et al., 2019) and late Holocene Ma-b (Nakamura, 2016) tephras from Mashu

volcano.

Fig. 4 Map of NE Asia showing up-to-date distribution of the tephra layers within the proposed
tephrostratigraphic framework. Note that the distribution of several tephra layers sourced
from volcanoes in Hokkaido is not shown. For detailed dispersal of those Hokkaido tephras
see Fig. 5. Volcanoes and tephras from different regions are marked using different colours.
Solid line indicates that the dispersal limit is based on data from visible tephra studies,
whereas dashed line is based on cryptotephra occurrence. The most distant known
distribution of each tephra is listed in Table 1. Dispersal data sources include Katsui et al.
(1975), Machida and Arai (1983), Machida and Arai (2003), Furukawa and Nanayama (2006),
Shiihara et al. (2011), Tani et al. (2013), Razzhigaeva et al. (2016), Nakamura (2016), Chen et

al. (2016, 2019), McLean et al. (2016, 2018) and Albert et al. (2018).

Fig. 5 Map of Hokkaido and southern Kuril Islands showing up-to-date distribution of nine
Hokkaido tephras within the proposed tephrostratigraphic framework. Square designates

occurrence of the tephra without available thickness data. Cross designates presence of the
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tephra with a known thickness or absence of the tephra where thickness is zero. Symbol of a
cruise ship indicates the area where “pumiceous storm” occurred. The number designates
thickness (cm) at the outcrop or for the isopach. Solid line designates confirmed dispersal limit
whereas dashed line designates inferred dispersal limit. Dispersal data sources include
Machida and Arai (2003), Razzhigaeva et al. (2016), Nakamura (2016), Furukawa and

Nanayama (2006) and references therein.

Fig. 6 A compilation of high resolution palaeoclimate proxy records from East Asia plotted
against the proposed tephrostratigraphic framework, with a map showing locations of the
related archives. The triangle and circles in (a) indicate locations of cave and lakes, respectively,
and the colours match with the corresponding records in (b). The grey solid line in (a)
designates the modern East Asian summer monsoon limit. The red dashed lines in (b) indicate
the boundaries between the early, middle and late Holocene followed Walker et al. (2019).
The proxy records are plotted on their independent timescales, with data from Dykoski et al.
(2005), Wu et al. (2012), Wen et al. (2017), Xiao et al. (2004), Chen et al. (2015), Park et al.
(2019) and Stebich et al. (2015). The chronostratigraphic position of the tephra layer is based

on the median value of its age range. For age ranges and data sources see Table 1.
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Table 1 Summary table of provenance, age and distribution information for the twenty-two tephra layers within the proposed Holocene tephrostratigraphic framework.

Furthest known Thickness at

Tephra  Source volcano (Country) Current best age estimate (20) Dispersal axis dispersal Most distant location the location
Ko-a Komagatake (J) 1929 CE! ESE V, 500 km Kunashir Island’ 4cm
Ko-c1 Komagatake (J) 1856 CE! ENE V, 550 km Kunashir Island ’ 1cm
Ta-a Tarumai (J) 1739 CE? ENE V, 600 km Iturup Island’ 1cm
Ko-c2 Komagatake (J) 1694 CE! ENE V, 550 km Kunashir Island/Shikotan Island’ <2.cm
Ta-b Tarumai (J) 1667 CE? E V, 600 km Iturup Island’ 0.5cm
Us-b Usu (J) 1663 CE® E V, 400 km North Pacific!’ <lcm
Ko-d Komagatake (J) 1640 CE! NW V, 120 km Okushiri Island*” 18 <10 cm
Ma-b Mashu (J) 960-992 CE* ENE C, 1150 km Central Honshu (Lake Suigetsu)* 0cm
B-Tm Changbaishan (C/N) 946 CE® E C, 9000 km Greenland?® 0cm
SH#12 Shiveluch (R) 1374-1295 cal BP® SE C, 1900 km Rebun Island (Lake Kushu)® 0cm
Ta-c Tarumai (J) 2800-2500 cal BP?/2500-2300 cal BP’ E V, 450 km Shikotan Islands’ <8 cm
KGP Kawagodaira (J) 3160-3137 cal BP® wW C, 300 km Central Honshu (Lake Suigetsu)* 0cm
SOh Sanbe (J) 4068-4004 cal BP® ENE C, 320 km Central Honshu (Lake Biwa)° 0cm
U-2 Ulleungdo (S) 5681-5619 cal BP* SE C, 500 km Central Honshu (Lake Suigetsu)* 0cm
To-Cu Towada (J) 6313-6180 cal BP*1/5986-5899 cal BP* SE C, 700 km Central Honshu (Lake Suigetsu)* 0cm
Ko-g Komagatake (J) 6686-6520 cal BP'? ENE V, 450 km Kunashir Island’ 1cm
K-Ah Kikai (J) 7303-7165 cal BP*® E V, 1300 km Central Honshu?® <10 cm
Ma-f~j Mashu (J) 7581-7440 cal BP ESE C, 350 km Rebun Island (Lake Kushu)® 0cm
B-Sg-08 Changbaishan (C/N) 8166-8099 cal BP* N/A C, 1000 km Central Honshu (Lake Suigetsu)* 0cm
U-3 Ulleungdo (S) 8440-8360 cal BP*® SE V, 500 km Central Honshu (Lake Biwa)?* ?? 2.5cm
Ta-d Tarumai (J) 9700-9000 cal BP? E V, 200 km Southern Hokkaido!" 18 10 cm
U-Oki Ulleungdo (S) 10255-10177 cal BP® ESE V, 500 km Central Honshu (Lake Biwa)° 4cm

Abbreviations: Country: J-Japan, C/N-China/N Korea, S-S Korea, R-Russia; Dispersal: V-visible layer, C-cryptotephra horizon.

References: 1. Katsui and Komuro (1984); 2. Nakamura (2016) and references therein; 3. Oba et al. (1983); 4. McLean et al. (2018); 5. Oppenheimer et al. (2017); 6. Chen et al.
(2019); 7. Razzhigaeva et al. (2016); 8. Tani et al. (2013); 9. Albert et al. (2018); 10. Takemura et al. (2010); 11. Inoue et al. (2011); 12. Chen (2019); 13. Smith et al. (2013); 14.
Recal based on Yamamoto et al. (2010); 15. Im et al. (2012); 16. Smith et al. (2011); 17. Furukawa and Nanayama (2006) and references therein; 18. Machida and Arai (2003) and
references therein; 19. Sun et al. (2014); 20. Machida and Arai (1978); 21. Shiihara et al. (2011); 22. Nagahashi et al. (2004).



Table 2 Summary information of glass chemistry for the twenty-two tephra layers within the proposed Holocene tephrostratigraphic framework. For full dataset see supplementary material.

Compositional range of

Tephra classjli_f'iat\:ition cIassHti< cation d(;r:](i)r:am poi‘:gﬁon (va:(/;) (A?/igc.zic) (A-\I'_igi)ic) (AAvlgz.C,)lsc) (Afr;.c,)ltc) (Al\\flgrlcl)o) (Alif/lgg,cl)c) (Asgaﬁc) (ANVZ,?G) (Alv<g2.,01<s) (Azzg?ic) (AV(g:.I,lc) Eszm?edrae:‘a
Koa  Riyolilc  Medumd 763775 1820 1823 (u'  gor o om oo oo o015 o oo 2
Ko-cl Rhyolitic Medium-K  76.2-77.1 1.8-20 2.0-25 71§;44 ggg 102.6765 ggé gég 8?? gjg gig éii 15 1%, 2
Te  Rholiic  Medumk 753772 2224 1725 V' g i oa o o os  or  ox U
Ko-c2 Rhyolitic Medium-K  76.3-76.8 1.8-19 2.0-2.3 7O§f67 ggg 102.'0678 gig 833 823 gcl)g gig égi 10 1%, 2
Tb  Rioliic  Medumk 741758 1923 2228 il goc o015 03 o ot 02 o  ox o 2
Usb  Rmyolic  Lowk 763776 1215 1720 ' g oy a0 oo 00 oaL o o
Kod  Riolile  Medum TSLTS8 1718 2427V on G0 0w oo oo oe  ou o o
Mab o Riyolile  LowK 742753 008 2181 G g o1 o o om oz 02 o0 o123
BT Gele  MOMK 83761 4060 0204 00 gl Gu o om0 os o oss o o O T80
W2 Rmyoiic  Medumk 756776 2084 1045 0T g o o oo o0 o1 oa  o; oo 4 10
Tee  Rholiic  Medimk 738771 1925 1828 Vi g om o o o 0% o o 2
KGP Rhyoliic  Medumk 765776 2729 1418 o g o1 anm om0 o0 oo om oo oo 2 ¥
SOh Rhyoliic  Medur< 741768 2431 1625 oo gn  gsg o1 oms oo 02 on  on  om o X 113
U2 Toowic  MOMK Ss18 6370 1225 Gol oo g% 0p o o om  om  om  oos oo 1 M
ToCu Rl Lowk  Ta4Te4 1113 2631 %7 oo o on oo oo ou 0w oo o o B I
Kog  Rholile  MedumK 720748 1618 2733 Yol g om aws om0 o1 o1 o7 oo oo 10 120"
AN Ryl Medumk 704778 2335 1033 Yol gl G G o o1 om0 oz ood 136
MAT gl LowK 707744 0808 2745 U o Gn o3 o1 om 0@ 0w oo 0z
" Rmellic WK 74STS3 4446 02 G o o om0 oo o ow o oo o B ¥
U3 Pomoliic  HghK 56608 6774 1118 ol g 0% o om  oor  ou  oa 0w oo oo 2
i pic  LowK 62352 0711 4S84 Go 0l G o0 onm oz os  oe o oo
Lo Phonolitic- HighK 605620 6675 1420 60.85 0.50 19.55 3.16 0.14 0.30 1.61 6.51 7.07 0.10 0.24 . 14 17>
Trachytic 0.42 0.07 0.17 0.19 0.05 0.06 0.17 0.79 0.28 0.03 0.03

References: 1. Nakamura (2016); 2. Razzhigaeva et al. (2016); 3. McLean et al. (2018); 4. Chen et al. (2016); 5. McLean et al. (2016); 6. Sun et al. (2014); 7. Sun et al. (2015); 8. Hughes et al. (2013); 9. Machida et al. (1990); 10. Chen et al.
(2019); 11. Ponomareva et al. (2015); 12. Albert et al. (2018); 13. Smith et al. (2013); 14. Shiihara et al. (2011); 15. Ishimura and Hiramine (2020); 16. Albert et al. (2019); 17. Smith et al. (2011). Asterisks denote where the listed data come

from.



