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Abstract Changbaishan volcano (China/North Korea) is one of the most active and hazardous volcanic
centers in Northeast Asia. Despite decades of intensive research, the eruption history of this stratovolcano
remains poorly constrained. One of the major puzzles is the timing of the eruption that produced the Tianwen
Yellow Pumice (TYP) deposit at the caldera rim. Here we identify a new cryptotephra layer in sediment core
13PT-P4 from the East Sea. Grain-specific major, minor, and trace element analyses of glass shards allow a
clear correlation of this distal tephra to the proximal TYP deposit of Changbaishan. Age-depth modeling using
radiocarbon (*4C) dates of sediment bulk organic fractions and other tephrochronological markers from the
sediment sequence constraints the age of the cryptotephra and thus the TYP eruption to 29,948-29,625 cal yr BP
(95.4% confidence interval). Our findings lead to a revision of the history of Changbaishan explosive activity,
and show that the volcano has been particularly active during ca. 51-24 ka BP in the last 100 ka. Using high
resolution palaeo-proxy records, we find the TYP tephra almost coeval with regional to hemispheric-scale
climatic changes known as Heinrich Event 3 (H3). With its precise age determination and wide geographic
dispersion, the tephra offers a key isochron for dating records of past climatic changes and addressing the
phasing relationships in environmental response to H3 across East Asia.

Plain Language Summary Improving the knowledge of past volcanism is critical for volcanic
hazard mitigation. Changbaishan volcano is one of the most dangerous volcanic centers in Northeast Asia, but
its eruption history is not clearly understood. A classic example is the eruption that produced the magnificent
Tianwen Yellow Pumice (TYP) deposited at the crater rim. Previous studies suggested a range of very different
ages for this major eruption. In this study we trace its volcanic ash into a marine sediment core from the East Sea.
By radiocarbon age-depth modeling we are able to say with a high level of certainty that the eruption occurred
sometime between 29,948 and 29,625 cal yr BP. The new results demonstrate the dispersal potential of ash from
the eruption and shed light on the history and frequency of Changbaishan explosive activity. In addition, the
TYP eruption is found to coincide with hemispheric-scale and regional environmental changes. As a
consequence, the volcanic ash can be used as a key time mark for dating sediment sequences and for
investigating past environmental changes in East Asia. Our study also demonstrates the potential of using distal
volcanic ash in reconstructing past explosive volcanism.

1. Introduction

Large volcanic eruptions have substantial influences on the Earth's climate, causing surface cooling and changes
in hydrological cycle (Robock, 2000). In addition, these catastrophic events also pose a great threat to modern
society and humanity by rapidly releasing huge amounts of energy and pyroclastic materials (e.g., Guffanti
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et al., 2009). Yet our understanding of these eruptions is not comprehensive. Changbaishan (also known as
Baegdusan) volcano, located on the border between China and North Korea (Figure 1a), is the largest and most
active intraplate volcanic center in NE Asia (Wei et al., 2013; Zhang et al., 2018). The volcano is well known for
its Millennium Eruption (ME) in 946 CE (Oppenheimer et al., 2017; Sigl et al., 2015; Xu et al., 2013), with a
Volcanic Explosivity Index (VEI) of 6-7 (Horn & Schmincke, 2000; Newhall et al., 2018; Q. Yang et al., 2021)
and sulfur emission exceeding that of the 1815 CE eruption of Tambora (Iacovino et al., 2016). With the exception
of the ME, other eruptions of the volcano remain poorly constrained since the proximal stratigraphies are in
general, not well exposed or largely inaccessible. The unknown characteristics of those less studied eruptions
include their timing, magnitude, tephra distribution, and potential environmental effects.

In recent years, Changbaishan has experienced increased seismic, geodetic, and geothermal anomalies (Xu
et al., 2012), which raise concerns about its potential volcanic hazard. Improving the chronology of past
volcanism is important for hazard risk assessment, by providing critical information on the volcano's past eruptive
behavior, patterns and potential. However, dating young eruptions (<100 ka) of Changbaishan has proven very
challenging in the few accessible proximal outcrops (e.g., Ramos et al., 2016). A classic example is the yellow to
gray colored pumice deposit at the Tianwen Summit of the caldera rim (hereby named Tianwen Yellow Pumice
(TYP), Figure 1b). This ca. 50 m thick lapilli fall deposit is over 30 times thicker than the overlying ME fall units
(ca. 1.5 m, Figure 1b) that have been distally transported over 9,000 km to Greenland (Sun et al., 2014). Given its
huge thickness, much attention has been drawn to the TYP deposit, especially to the timing and nature of the
associated eruption. Nevertheless, the age of the TYP eruption is still under debate despite decades of studies
involving multiple dating methods. For example, luminescence techniques yield ages for the TYP eruption
ranging from 1.3 (£0.2) to 2.0 (£0.7) ka (Ji et al., 1999; Sun et al., 2017), whereas Ar-Ar (L. Yang et al., 2014)
and U-series (F. Wang et al., 2001) methods date the eruption to 4.2 (£0.4) and 5.3 (£2.4) ka, respectively
(Figure 1c). An earlier study employing radiocarbon (‘*C) dating suggests an age of ca. 4.1 ka BP (Liu
et al., 1998). In contrast, tephrochronology suggests a Pleistocene age (ca. 50.6 ka, Pan et al., 2020) via a cor-
relation based on major element geochemistry of the TYP to a distal Changbaishan tephra (Baegdusan-Japan (B-
J), Lim et al., 2013). All these chronological discordances have long prevented a sound understanding of the TYP
eruption and the wider history of Changbaishan's volcanic activities, which complicates the evaluation of the risk
of future eruptions.

The contradictions mentioned above can be resolved by reliably identifying the eruptive products in distal realms,
using both major and trace element glass compositions of tephra. This approach offers a much more secure level
of geochemical correlation of tephra layers compared to using major elements alone (e.g., Tomlinson et al., 2012,
2015). In principle, if robust proximal—distal tephra correlations can be established, the chronological information
of a given eruption can be evaluated (Lowe, 2011). In this study, we investigate a sediment core collected from the
East Sea (also known as the Sea of Japan) using the cryptotephra extraction techniques (Blockley et al., 2005),
aiming to trace the tephra of the TYP eruption into the marine record and to date the eruption using age-depth
model of the marine sequence. With these new findings, we attempt to clarify the Changbaishan eruption his-
tory, and to evaluate the potential of the distal TYP tephra as a key marker and isochron for palacoenvironmental
studies.

2. Materials and Cryptotephra Extraction Methods
2.1. East Sea Marine Core 13PT-P4 and Cryptotephra Extraction

The East Sea is characterized as a semi-enclosed marginal sea, encircled by the Asian mainland, the Japanese
Islands, and Sakhalin in the northwestern sector of the Pacific Ocean (Figure 1a). The piston core 13PT-P4 (37°
0052" N, 130°15"58"E) possesses an overall length of 764 cm and was obtained at a water depth of 2,164 m from
the southwestern part of the sea (Figure 1a). The core predominantly comprises hemipelagic muds and turbidites,
featuring intercalated lapilli and ash layers within the sediments (Chen et al., 2022). These characteristics are
commonly observed in sediment cores retrieved from the same region (e.g., Chun et al., 1997; Park et al., 2003). A
pronounced lapilli layer at 173—174 cm core depth has been identified and correlated to the Ulleung-Oki (U-Oki)
tephra (ca. 10.2 ka, Smith et al., 2011) from Ulleungdo volcano, South Korea (Chen et al., 2022). The study also
reveals a number of Holocene cryptotephra layers preserved in the core above the U-Oki tephra (Chen
et al., 2022), which were previously unknown based on visible tephra inspection. Further cryptotephra investi-
gation has therefore been undertaken for the late Pleistocene core section below the U-Oki tephra.
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Figure 1. (a) Map of the East Asia showing locations of Changbaishan, Ulleungdo, and Aira volcanoes, marine core 13PT-P4, Lake Sihailongwan (SHL), and other
major volcanic centers in and around the East Sea which have produced regional tephra markers spanning the last 100 ka. A yellow ellipse indicates dispersion of tephra
from the Changbaishan Tianwen Yellow Pumice (TYP) eruption shown by this study. Distribution of the B-Tm (Baegdusan-Tomakomai) tephra from the Changbaishan
Millennium Eruption (ME) is also shown (dashed blue line; data sources: Chen et al., 2016, 2022; McLean et al., 2016; Sun et al., 2015). (b) Photo showing the TYP
deposit and the ME fall units at the Tianwen Summit on the caldera rim of Changbaishan. (c) Published dating results (+20) for the TYP eruption (references include: Ji
et al., 1999; Liu et al., 1998; Pan et al., 2020; Sun et al., 2017; F. Wang et al., 2001; L. Yang et al., 2014).

In this study, we reported on a cryptotephra identified in-between two visible tephra layers in the core section
spanning 380440 cm (Figure 2). Cryptotephra extraction followed the methods outlined by Blockley
et al. (2005). The sediment underwent initial continuous sub-sampling at a 5 cm resolution (referred to as a
“range-finder” sample) to ascertain the presence of tephra. In cases where an elevated peak in glass shard con-
centration was identified in a range-finder sample, the sediment was subsequently re-sampled at a 1 cm resolution
(referred to as a “point sample”) to pinpoint the exact stratigraphic position of the peak. All samples underwent
wet sieving through meshes of 125 and 15 pm, and the residues between these two grain sizes were subsequently
treated using the stepwise heavy liquid flotation method (Blockley et al., 2005). Blank samples were concurrently
prepared with all specimens to oversee potential laboratory contamination. Extracted samples were affixed to
slides with Canada Balsam, and the enumeration of glass shards was performed using a polarized light micro-
scope to ascertain the quantity of shards per gram of dried sediment (shards/g). Lycopodium spores (Stock-
marr, 1971) were used to estimate the tephra shard concentration, given the large numbers of shards presented in
the sediment. Glass shards from the point sample displaying peak tephra concentration were extracted again from
the sediment and affixed using Epoxy resin. The mounted shards were subsequently sectioned and polished for
the purpose of geochemical analysis.

2.2. Tianwen Yellow Pumice

The investigated proximal Tianwen Summit section (Figure 1b; 42°01’33” N, 128°04’00"E) is located on the
northern rim of the caldera. At this outcrop, the ca. 50 m thick gray to yellow TYP pyroclastic fall unit is under
tight stratigraphic control, which overlies the cone building trachyte and underlies the fall deposits produced by
the ME (Figure 1b; also see Chen et al. (2016)). Lapilli-sized samples were collected from the TYP fall unit,
which were crushed, cleaned and dried in the laboratory. Clean fragments were selected through microscopic
examination and mounted using Epoxy resin. The samples were sectioned and polished before geochemical
analysis.
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Figure 2. Core photo, lithostratigraphy and glass shard concentrations profile for the reported section of core 13PT-P4 (see Figure 1a for location). Range-finder and
point sample shard counts are capped at 60,000 and 24,000 shards/g, respectively. Tephra layers are coded using the name of the core and their composite depths, with
horizons related to this study highlighted in red. The proposed correlations for the reported tephra layers are shown as source volcano—eruption event. Red squares
indicate where sediment samples were taken for '*C dating, and the results are shown as 8'>C corrected conventional '*C date.

3. Geochemical and Radiometric Analytical Methods
3.1. Wavelength-Dispersive Electron Probe Microanalysis (WDS-EPMA)

Major and minor element glass compositions of the reported tephra layers were measured using WDS-EPMA at
the State Key Laboratory of Isotope Geochemistry at Guangzhou Institute of Geochemistry Chinese Academy of
Sciences with a Cameca SXFiveFE, and at the Tephra Analysis Unit at the University of Edinburgh (UK) with a
Cameca SX100. Operating conditions of the two instruments were exactly the same, with a beam size of 5 pm, an
accelerating voltage of 15 kV, a beam current of 2 nA for Na, Al Si, K, Ca, Mg, and Fe, and a bean current of
80 nA for P, Ti, and Mn, following the 5 pm set-up in Hayward (2011). Before, after and in-between analytical
sessions, secondary glass standards were analyzed to evaluate both instrumental accuracy and analytical preci-
sion. The data underwent filtration to eliminate non-glass analyses and those with analytical totals <95%. To
facilitate comparison, all data presented in this paper were normalized to 100 wt.% on a volatile-free basis. The
raw data and glass standards are available in Supporting Information S1.

3.2. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS)

Trace element glass compositions of the proximal and distal Changbaishan tephras were measured using LA-ICP-
MS at the CAS Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry Chinese
Academy of Sciences. The system consists of a Thermo Fisher Scientific iCAP RQ ICP-MS, coupled to an
Applied Spectra Inc. J200 Tandem QX 343 nm femtosecond laser ablation system. A spot size of 20 pm was used
for all analyses. Operating conditions of the instrument were as follows: a repetition rate of 6 Hz with 60% energy,
a 20 s count time on the sample and 20 s on the gas blank (background). The analysis of reference glass standards
(ATHO-G, StHs6/80-G, and NIST612; Jochum et al., 2006) was conducted before, after and between sessions to
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monitor both instrumental accuracy and analytical precision. Concentrations were calibrated using NIST612 with
29Si as the internal standard. The off-line selection, integration of the background and analytical signals, time-drift
correction and quantitative calibration were performed using the Iolite software (Paton et al., 2011). Accuracies of
the ATHO-G glass analyses are typically <5% for most elements, and <10% for Nb and Ta. Reproducibility of
ATHO-G analyses is <5% RSD for all trace elements. Full trace element data sets and secondary standard an-
alyses are provided in Supporting Information S1.

3.3. Radiocarbon (**C) Dating

Sediment samples associated with the reported visible and cryptotephra layers of the 13PT-P4 core were dated
using the "*C method. The total organic carbon (TOC) fraction of sediment was utilized for accelerator mass
spectrometry '“C dating at Beta Analytic Testing Laboratory, Florida, USA. The sediments underwent pre-
treatment employing the acid wash method (Beta Analytic Testing Laboratory: https://www.radiocarbon.com/
carbon-dating-pretreatment.htm) to remove secondary carbon components that might lead to erroneous results.
The final results were reported as 8'C corrected conventional **C ages in Table 1, and the relevant marine
reservoir correction and calibration are discussed in Section 4.

4. Results and Tephra Provenance
4.1. Tephrostratigraphy, '*C Chronology and Glass Geochemistry of 13PT-P4 Tephra Layers

Two visible tephra layers (13PT-P4_392 and 13PT-P4_425) and two cryptotephra horizons (13PT-P4_403 and
13PT-P4_411) are identified within the reported core section (380-440 cm, Figure 2). Of relevance to this study
are the cryptotephra 13PT-P4_411 and the two visible tephra layers 13PT-P4_392 and 13PT-P4_425 (Table 1).

Identified at the core depth of 392-389 cm, 13PT-P4_392 is a visible layer containing light gray colored coarse-
grained (2-1/16 mm) ash (Figure 2). Glass shards from this layer are dominantly colorless platy and featureless
shards. Geochemically, glass shards of the layer are relatively homogenous and highly evolved (SiO,: 77.2—
78.6 wt.%, Table 1), and have comparatively low alkaline (Na,O + K,O: 6.4-7.3 wt.%), FeO, (1.0-1.4 wt.%) and
TiO, (0.1-0.2 wt.%) contents (Table 2). 4c dating on the TOC fraction of the associated sediment sample
suggests a conventional *C date of 24,790 + 110 '*C yr BP for this tephra (Figure 2, Table 1).

13PT-P4_411 is a cryptotephra layer identified at the core depth of 411-410 cm (Figure 2), with tephra con-
centration of ca. 10,800 shards/g. This layer has a clearly defined stratigraphic position (Figure 2), and comprises
glass shards characterized by fluted, cuspate and vesicular features. Glass shards from this layer are composi-
tionally heterogeneous (SiO,: 69.7-74.1 wt.%), displaying moderate alkaline (Na,O + K,0: 9.2-10.8 wt.%) and
TiO, (0.3-0.4 wt.%), low CaO (0.3-0.7 wt.%), and significantly elevated FeO, (5.0-5.7 wt.%) contents (Table 2).
Consistent with the major element compositions, the incompatible trace element concentrations of the 13PT-
P4_411 glasses are also heterogeneous (85-150 ppm Y, 1,359-2,703 ppm Zr, and 26-54 ppm Th; Table 2).
'€ dating of the associated sediments suggests a conventional age of 25,330 + 100 '*C yr BP for the cryptotephra
(Figure 2, Table 1).

A 3 cm-thick lapilli layer is identified at the core depth of 425-422 cm and designated as 13PT-P4_425 (Figure 2).
This layer consists of lapilli-sized pumices with diameter ranging from 2 to 5 mm. Glass compositions of pumices
from the layer are very homogeneous and have the lowest silica contents (SiO,: 60.2-61.0 wt.%) among all the
reported marine tephras. Glasses of the layer are characterized by significantly elevated alkaline (Na,O + K,O:
13.5-14.2 wt.%), relatively high Al,05 (18.7-19.3 wt.%) and TiO, (ca. 0.6 wt.%), and intermediate FeO, (3.4—
3.8 wt.%) contents (Table 2). Although the 13PT-P4_425 is located only 11 cm below the cryptotephra 13PT-
P4_411 (Figure 2), geochemical analysis reveals distinct glass compositions for the two tephra layers
(Table 2), eliminating the possibility of the cryptotephra being reworked from the underlying visible layer.

4.2. Glass Geochemistry of Changbaishan TYP Deposit

Major and minor element glass compositions of the Changbaishan proximal TYP deposit have previously been
reported in Chen et al. (2019) coded as the C-4 unit. The TYP glasses have heterogeneous compositions (SiO,:
69.8-73.5 wt.%), with moderate alkaline (Na,O + K,O: 8.8-10.9 wt.%), low CaO (0.3-0.6 wt.%), and elevated
FeO, (4.8-5.6 wt.%) contents (Table 2). As with the major element compositions, the trace element analysis
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Table 2
Summary Table of Major, Minor, and Trace Element Glass Compositions of the Distal 13PT-P4 Tephra Layers and the
Proximal Tianwen Yellow Pumice Deposit
Location East Sea/Sea of Japan Changbaishan
Tephra layer/unit 13PT-P4_392 13PT-P4_411 13PT-P4_425 TYP
Major elements wt.% Mean +lo Mean +lo Mean +lo Mean +lo
Sio, 77.79 0.42 71.73 1.16 60.71 0.24 71.66 0.83
TiO, 0.13 0.01 0.36 0.03 0.59 0.03 0.33 0.03
Al O, 12.49 0.20 11.98 0.80 18.99 0.20 11.45 0.57
FeO, 1.28 0.11 532 0.20 3.55 0.13 5.16 0.17
MnO 0.04 0.00 0.12 0.01 0.17 0.01 0.12 0.03
MgO 0.14 0.02 0.02 0.03 0.33 0.04 0.02 0.03
CaO 1.14 0.05 0.50 0.12 1.66 0.06 0.42 0.08
Na,O 3.70 0.26 5.42 0.34 6.83 0.10 5.53 0.48
K,O 3.25 0.14 4.54 0.15 7.07 0.15 4.82 0.16
P,04 0.03 0.01 0.02 0.02 0.10 0.02 0.02 0.02
Na,O + K,0 6.95 0.30 9.96 0.36 13.90 0.21 10.35 043
n 10 32 10 36
Reference This study This study This study Chen et al. (2019)
Location East Sea/Sea of Japan Changbaishan
Tephra layer/unit 13PT-P4_411 TYP
Trace elements (ppm) Range Range
Rb 227.4-365.5 243.3-494.5
Sr 0.54.2 0.5-4.2
Y 84.6-149.8 86.9-170.0
Zr 1,358.7-2,703.1 1,551.9-3,318.8
Nb 162.9-307.0 190.7-346.8
Ba 2.9-12.6 2.4-6.9
La 139.3-264.4 147.3-275.1
Ce 274.1-498.9 295.6-507.8
Pr 28.8-92.6 31.5-86.1
Nd 109.8-189.8 111.9-208.1
Sm 22.9-39.4 21.7-40.0
Eu 0.2-0.7 0.3-1.0
Gd 18.5-38.4 (83.9%) 19.3-35.1
Tb 2.8-5.1 3.0-5.7
Dy 17.1-31.2 17.4-36.0
Ho 3.3-5.9 3.2-6.7
Er 8.7-16.6 8.4-17.8
Tm 1.1-2.1 1.2-24
Yb 7.6-13.8 7.9-15.0
Lu 0.9-1.9 1.0-2.2
Hf 32.5-63.5 34.8-77.9
Ta 9.3-17.1 10.2-20.9
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Table 2
Continued

Location East Sea/Sea of Japan Changbaishan

Tephra layer/unit 13PT-P4_411 TYP

Trace elements (ppm) Range Range

Pb 25.6-49.7 27.4-63.8
Th 26.3-53.5 27.9-60.4
6] 5.4-11.6 5.5-12.5
n 18 32
Reference This study This study

*Value in parenthesis is an outlier.

conducted in this study reveals that the TYP glasses are heterogeneous in terms of their incompatible trace
element concentrations, with 87-170 ppm Y, 1,552-3,319 ppm Zr, and 28-60 ppm Th (Table 2).

4.3. Provenance and Age of 13PT-P4 Tephra Layers

In order to determine the provenance of the identified marine tephra layers, we establish a database containing the
most widespread tephra markers in and around the East Sea spanning the last 100 ka, based on the summaries in
Machida and Arai (2003) and Albert et al. (2019). Tephra markers included in the database are from volcanoes in
Japan, South Korea and China/North Korea, with a VEI > 6 (Table S1 in Supporting Information S1).

The visible ash layer 13PT-P4_392 has rhyolitic glass compositions (Figure 3a). Comparison of major and minor
element glass compositions of this layer with those in the database reveals a match with the Aira-Tanzawa (AT)
tephra from Aira Caldera, Japan (Figure 3). In addition, our marine conventional '*C date of the tephra
(24,790 + 110 '*C yr BP) matches closely with the terrestrial conventional '*C dates of the AT tephra (e.g.,
24,790 + 350 '*C yr BP, Ikeda et al., 1995; 24,830 + 90 '“C yr BP, Smith et al., 2013). Taken together, tephra
layer 13PT-P4_392 can be confidently correlated to the AT tephra.

Glasses of the 13PT-P4_411 cryptotephra are also rhyolitic in composition, straddling the boundary between the
alkaline and subalkaline series (Figure 3a). Detailed source discrimination using the tephra database reveals that
the cryptotephra likely originates from the Changbaishan volcano, given its geochemical affinity to the
Changbaishan tephra (Figure 3). In contrast, the underlying 13PT-P4_425 is product of the Ulleungdo volcano,
whose tephras are typically phonolitic to trachytic in composition (Figure 3). It is worth noting that the entire pre-
Holocene tephra record of the 13PT-P4 core has been geochemically fingerprinted, but only the 13PT-P4_411
shows a geochemical affinity to Changbaishan.

Marine TOC 'C dating suggests a conventional '*C age of 25,330 + 100 "*C yr BP for the 13PT-P4_411
cryptotephra. In general, any marine-derived conventional '“C date needs to be corrected for the marine reser-
voir effect (expressed as marine reservoir age R; Stuiver et al., 1986) before being calibrated to a calendar age
(Alves et al., 2018), usually a local AR variation from the modeled global marine reservoir age R, of 400 years
(Reimer et al., 2009). However, the identical marine and terrestrial conventional '*C dates of the AT/13PT-
P4_392 tephra (24,790 + 110 '*C yr BP) indicates a negligible R, and thus a AR for this location and time period
of —400 for the dated TOC fraction, essentially requiring no reservoir correction. Assuming this local AR holds
true for a few hundred years, the marine '“C date for the 13PT-P4_411 tephra (25,330 + 100 "*C yr BP) is
therefore equal to its terrestrial-derived '*C date and can thus be calibrated using the terrestrial IntCal20 curve
(Reimer et al., 2020), which yields a calendar age of 29,921-29,255 cal yr BP (95.4%, Figure S1 in Supporting
Information S1). Such an approach is supported by the 8'>C values of the reported '“C dates (Table 1), which are
much closer to values expected for terrestrial and not marine samples (e.g., Li et al., 2017; Muglia et al., 2023),
perhaps indicating a significant supply of organic carbon running in from terrestrial sources at this time.
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Figure 3. Major and minor element (a) total alkali versus silica diagram (Le Bas et al., 1986) and (b, c) bivariate plots showing glass compositions of the 13PT-P4_392,

13PT-P4_411, and 13PT-P4_425 tephras, along with glass compositions of the most widespread tephra markers in and around the East Sea spanning the last 100 ka for
comparison. Detailed information of the tephra markers and their associated eruptions is given in Table S1 in Supporting Information S1. For locations of their source
volcanoes see Figure 1a. Reference data sources: Changbaishan volcano, China/North Korea (Chen et al., 2016); Ulleungdo volcano, South Korea (McLean et al., 2020;
Smith et al., 2011); Japanese volcanoes (Kikai, Ata, Aira, Aso, Daisen, Ontake, Shikotsu, Toya, and Kutcharo; Albert et al., 2018, 2019; Smith et al., 2013). Error bars
represent 2x standard deviation of repeat analyses of the ATHO-G standard glass.

5. Discussion
5.1. Tephra Correlation for Changbaishan TYP Eruption

In order to resolve the timing of the TYP, we attempt to correlate this proximal tephra deposit to its distal
counterpart. Previous distal tephra studies have documented eight explosive eruptions from Changbaishan over
the last 100 ka, which produced tephra layers of B-Ym (ca. 86 ka, Lim et al., 2013), B-Sado (ca. 70 ka, Derkachev
et al., 2019; Lim et al., 2013), B-J (ca. 51 ka, Chun et al., 2006; Lim et al., 2013), B-Sg-42 (ca. 42 ka, McLean
etal., 2020), B-Un1 (ca. 38 ka, Derkachev et al., 2019), B-V (ca. 25 ka, Machida & Arai, 2003), B-Sg-08 (ca. 8 ka,
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Figure 4. (a—c) Major and minor element bivariate plots showing glass compositions of the proximal Tianwen Yellow Pumice deposit (Chen et al., 2019), distal 13PT-
P4_411 tephra (this study), along with other distal Changbaishan tephras spanning the last 100 ka for comparison (for legend see subfigure (d)), and (d) compiled
Changbaishan proximal and distal tephrostratigraphies with age of the tephra layers, legend of geochemical analyses, and proximal—distal tephra correlations shown.
Detailed information and references of the distal Changbaishan tephras see Table 3. Error bars represent 2x standard deviation of repeat analyses of the ATHO-G
standard glass. References for geochemical data of distal Changbaishan tephras: B-Tm (Chen et al., 2016), B-Sg-08 (McLean et al., 2018), B-V (Derkachev et al., 2019),
B-Unl1 (Derkachev et al., 2019), B-Sg-42 (McLean et al., 2020), B-J (Ikehara et al., 2004), B-Sado (Derkachev et al., 2019), and B-Ym (Lim et al., 2013). References for
stratigraphic and chronological data of proximal volcanic stratigraphy: Millennium Eruption (Chen et al., 2016; Oppenheimer et al., 2017; Sigl et al., 2015; Xu

et al., 2013), Qixiangzhan (QXZ, Pan et al., 2020, 2022; Sun et al., 2018).

McLean et al., 2018), and B-Tm (946 CE, Chen et al., 2016; McLean et al., 2016; Oppenheimer et al., 2017; Sun
et al., 2014) preserved in lacustrine, marine and glacial environments (Table 3). Here, we propose the identifi-
cation of an additional distal Changbaishan tephra (i.e., 13PT-P4_411) based on its geochemical affinities to the
volcano (Figure 3). While showing Changbaishan affinities, this newly discovered tephra has an eruption age (ca.
29.9-29.2 ka) and glass compositions distinguishable from the eight documented distal Changbaishan tephras
(Figure 4), meaning that it represents a previously unknown Changbaishan eruption that was capable of dispersing
ash to the East Sea.
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Figure 5. (a—d) Trace element bivariate plots showing glass compositions of the proximal Tianwen Yellow Pumice deposit (this study), distal 13PT-P4_411 tephra (this
study), along with other distal Changbaishan tephras whose grain-specific trace element glass compositions are available. Detailed information and references of the
distal Changbaishan tephras see Table 3. Error bars represent 2x standard deviation of repeat analyses of the ATHO-G standard glass. Reference data sources: B-Tm
(Chen et al., 2016), B-Sg-08 and B-Sg-42 (McLean et al., 2020).

Among these nine distal eruption records (Table 3), glass compositions of the proximal TYP only match with
those of the 13PT-P4_411 cryptotephra, and can be clearly distinguished from the other distal Changbaishan
tephras at the major and minor element level (Figure 4). This geochemical consistency between the proximal TYP
deposit and the distal 13PT-P4_411 cryptotephra is further underpinned by our reported grain-specific trace
element data (Table 2). We find that trace element glass compositions of the two tephras are also consistent with
each other (Figure 5), although analyses of the TYP glasses are more concentrated on the high Y end-member
(e.g., Figure 5c¢) which could be due to bias on sampling of the very thick proximal deposit. Nevertheless, the
compositional ranges and variations of glasses of the two tephra deposits are very similar in most of the analyzed
trace elements (Table 2). Mantle-normalized spider diagram also confirms that the multi-element profiles of
glasses of the two tephras have similar distribution pattern and enrichment level for incompatible elements
(Figure 6). When compared to other Changbaishan tephras, the TYP and 13PT-P4_411 display similar glass
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Figure 6. Primitive mantle normalized trace element compositions of glasses from the proximal Tianwen Yellow Pumice
deposit (this study) and distal 13PT-P4_411 tephra (this study), along with other distal Changbaishan tephras for comparison.
Reference data sources: B-Tm (Chen et al., 2016), B-Sg-08 and B-Sg-42 (McLean et al., 2020).

compositions with those of the B-Sg-08 and the high Y (more enriched) end-member of the B-Tm in some of the
analyzed trace elements (e.g., Ta and Ba; Figures 5a and 5b). This similarity is also partially evident in their multi-
element profiles (Figure 6). However, the TYP and 13PT-P4_411 glasses can be distinctly differentiated from
other Changbaishan tephras (e.g., B-Tm, B-Sg-08, and B-Sg-42) using their significantly elevated light rare earth
element (i.e., La, Ce, Pr, and Nd) concentrations (Figures 5c, 5d, and 6), which provide strong diagnostic evidence
supporting that the two tephras originate from the same eruption.

In summary, the compositional affinity between the proximal TYP and the distal 13PT-P4_411 tephras at major,
minor and trace element levels confirms that 13PT-P4_411 tephra originates from Changbaishan. More impor-
tantly, we show that glasses of the two tephra deposits are compositionally distinctive enough to be differentiated
from all other Changbaishan tephras spanning the last ca. 100 ka (Figures 4-6). This unique geochemical
signature allows an unambiguous proximal—distal tephra correlation between the TYP and 13PT-P4_411
(Figure 4d). Our finding questions the tephra correlation between the TYP and the ca. 51 ka B-J proposed by
Pan et al. (2020), as glass compositions of the two tephras do not match at the major and minor element level
(Figures 4a—4c; see Figure S2 in Supporting Information S1 for more details).

5.2. Precise Timing of TYP Eruption and Revised Eruption History of Changbaishan

Given the established proximal-distal tephra correlation, the TYP eruption can be dated to 29,921-
29,255 cal yr BP (95.4%) utilizing age of the 13PT-P4_411 tephra. To further resolve the eruption timing, we have
built a deposition model incorporating all available stratigraphic and chronological information of tephra layers
identified in the 13PT-P4 record. The model includes six well-dated tephra layers (B-Tm, U-1, U-2, K-Ah, U-3,
and U-Oki) that were previously identified in the Holocene core section (Chen et al., 2022). The presence of the
AT tephra reported herein allows the use of its precise '*C-verified varve age (29,627 yr BP, Mingram
et al., 2018) from Lake Sihailongwan (SHL, Figure 1a) to constrain the marine deposition model. Along with the
14C date of the 13PT-P4_411 tephra, a formal Bayesian deposition model has been constructed, which is based on
a P_Sequence deposition model (Bronk Ramsey, 2008), incorporating a variable k parameter (Bronk Ramsey &
Lee, 2013), a “General” Outlier_Model (Bronk Ramsey, 2009) and the latest IntCal20 calibration curve (Reimer
et al., 2020). The 95.4% Highest Probability Density ranges for the deposition model are illustrated in Figure 7a.
With the additional depositional and chronological constraints, the uncertainty of age of the 13PT-P4_411 tephra,
and thus the TYP eruption, is narrowed to 29,948-29,625 cal yr BP (95.4%, Figure 7b).
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Figure 7. 95.4% Highest Probability Density ranges for (a) deposition model
of the 13PT-P4 core for the last 30 ka core section and (b) 13PT-P4_411
tephra. The model utilizes chronological information of the six Holocene
tephra layers identified in the core (Chen et al., 2022), the SHL Aira-
Tanzawa tephra age (Mingram et al., 2018) and the '“C date for the 13PT-
P4_411 tephra (this study), along with their stratigraphic (depth)
information. The model is constructed using Oxcal (v4.4.4; Bronk Ramsey,
2021), employing a P_Sequence deposition model (Bronk Ramsey, 2008)
with a variable k parameter (Bronk Ramsey & Lee, 2013), a “General”
Outlier_Model (Bronk Ramsey, 2009), and the IntCal20 calibration curve
(Reimer et al., 2020).

In contrast to previous studies that have yielded a range of very different and
contradictory ages for the TYP (Figure 1c), our age-depth model based on '*C
dates and tephrochronology provides a robust age for the eruption, thus
improving the understanding of the eruption history of Changbaishan. In the
proximal Tianwen Summit record three distinct eruptive episodes are now
clearly identified and unambiguously dated (Figure 4d). These include the ca.
29.8 ka (this study) TYP eruption producing the yellow to gray lapilli fall
deposit, the ca. 87 ka (Pan et al., 2020, 2022; Sun et al., 2018) Qixiangzhan
clastogenic lava flow eruption and the 946 CE (Oppenheimer et al., 2017; Sigl
et al., 2015; Xu et al., 2013) ME that produced light gray to black lapilli fall
deposits (Chen et al., 2016). Evidence presented by Sun et al. (2017) and Yun
et al. (2023) also shows that there might be several small-scale activities post-
dating the ME, which require further verification. From a distal viewpoint,
our discovery of the Changbaishan 13PT-P4_411 tephra discloses a previ-
ously unknown eruptive episode of the volcano, which in turn helps clarify
the proximal tephrostratigraphy (Figure 4d). This finding complements our
knowledge of explosive activities of Changbaishan and leads to a reevaluation
of its magmatic resurgence. The volcano is now shown to have erupted
violently at least nine times over the last 86 ka (Figure 4d, Table 3), resulting
in an average return period of ca. 9.5 ka. It is noteworthy that the volcano has
been particularly active during ca. 51-24 ka BP (Figure 4d), when the average
return period was shortened to ca. 5 ka. Identification of the triggers for this
increased activity warrants further investigation. Importantly, such evaluation
would not be achievable if based only on studies of the frequently incomplete
or patchy proximal outcrop sequences. Our results demonstrate the value of
tephrostratigraphic approaches applied to distal deposits for reliable recon-
struction of explosive volcanism of Changbaishan, which is essential for
hazard risk assessment at this dangerous volcano.

5.3. Climatostratigraphical Context and Synchronization Potential of
TYP Tephra

Widely dispersed tephra layers associated in time with important climatic
events are considered to be valuable in testing leads and lags of abrupt
changes in different climate systems (Lane et al., 2013; Reinig et al., 2021).
Although the magnitude of the TYP eruption remains a matter of speculation,
by identifying cryptotephra at a distance of ca. 600 km from the vent, we
show, for the first time, that ash from the eruption was widely dispersed
(Figure 1a). The high concentration of glass shards in the marine record
(>10,000 shards/g of dry sediment) indicates tephra dispersion well beyond
the 13PT-P4 site. In addition, our age determination (29,948
29,625 cal yr BP) shows that the TYP eruption is coeval with the phase of
maximum cooling during the Greenland Stadial known as Heinrich Event 3
(H3, Bond et al., 1992; Figure 8a). South China speleothem isotope records
(Cheng et al., 2016; Y. J. Wang et al., 2001) have shown that this
hemispheric-scale climatic oscillation also impacted the Asian monsoon
domain and led to decreased moisture levels (Figure 8b). A marked change in
climatic conditions in the study region is also documented in the palyno-
logical record of Lake SHL (Mingram et al., 2018) located ca. 120 km west of
Changbaishan (Figure 1a). A strong decrease in the proportion of tree and
shrub (arboreal) pollen suggests colder and drier conditions around the lake at
ca. 29.9-29.6 ka BP (Figure 8c). The coincidence of the TYP eruption with
those regional to hemispheric-scale climatic changes (Figure 8) indicates
significant potential of the associated tephra layer as a key marker in
sediment-based palaecoenvironmental studies. Taken together with its wide
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Figure 8. (a) Oxygen isotope record of Greenland ice core (North Greenland Ice Core Project et al., 2004), (b) oxygen isotope records of South China cave stalagmites
(Cheng et al., 2016; Y. J. Wang et al., 2001), and (c) arboreal pollen record of Lake SHL (Mingram et al., 2018) for 40-10 ka BP. The stratigraphic position of the
Tianwen Yellow Pumice tephra is shown using an orange vertical bar based on its age estimate from this study. The Heinrich Event 3 (Bond et al., 1992, 1993) is
illustrated on the ice core and cave stalagmite records using vertical blue and yellow bars, respectively. A green vertical bar shows the period when climatic conditions in
NE China experienced significant deterioration indicated by the arboreal pollen record of Lake SHL.

geographic distribution, the TYP tephra can therefore serve as an excellent climato- and chrono-stratigraphic
marker for dating and synchronizing records of past climatic and environmental changes, and thus improve
our ability to evaluate regional variability of the major climatic oscillation and its driving mechanism.

6. Conclusions

A cryptotephra layer (13PT-P4_411) has been identified in sediment core 13PT-P4 from the SW East Sea,
intercalating tephra layers from the Ulleungdo (South Korea) and Aira (Japan) volcanoes. Grain-specific major,
minor and trace element glass compositions reveal that the cryptotephra is sourced from Changbaishan (China/
North Korea). Notably, among all documented distal Changbaishan tephras spanning the last 100 ka, the 13PT-
P4_411 emerges as the sole candidate that can be geochemically correlated to the proximal TYP deposit of the
volcano, thus suggesting a reliable tephra correlation for the TYP eruption.
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An age-depth model incorporating tephrochronology, "*C dating of marine sediment, and varve-chronology-
based tephra age suggests an age of 29,948-29,625 cal yr BP (95.4%) for the 13PT-P4_411 tephra, and conse-
quently the TYP eruption. The resulting robust new date resolves the long-standing controversy surrounding this
major eruption and leads to a revision of the broader eruption history of Changbaishan. Altogether, nine explosive
activities are recorded in distal sedimentary archives over the last ca. 100 ka, which show that the volcano has
been particularly active during ca. 51-24 ka BP. In contrast, only three of these episodes (i.e., TYP, Qixiangzhan
and ME) have thus far been clearly identified in the proximal outcrops, highlighting the necessity of employing a
distal tephrostratigraphic approach to comprehend the eruption history of Changbaishan.

The identification of the TYP tephra ca. 600 km away from the volcano demonstrates, for the first time, significant
dispersal potential of ash from the eruption. Moreover, the TYP eruption is synchronous with regional to
hemispheric-scale climatic oscillation known as Heinrich Event 3 (H3), as palaco-proxy records from Greenland
and China demonstrate. The wide distribution and precise age determination of the TYP tephra make it a key
climato- and chrono-stratigraphic marker for dating and synchronizing records of past climatic changes, and for
evaluating leads and lags in environmental response to H3 in East Asia. Identification of the TYP tephra in high-
resolution palacoenvironmental archives becomes therefore a very important task for answering these questions.
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Data presented in this study (Chen et al., 2023) are included in Supporting Information S1 and are archived in the
Figshare repository (https://doi.org/10.6084/m9.figshare.24844539).
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