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Abstract

Tephra dispersed during the Millennium eruption MEhangbaishan Volcano, NE
China provides one of the key stratigraphic linksneen Asia and Greenland for the
synchronization of palaeoenvironmental records. el controversy surrounds
proximal-distal tephra correlations because (a)ptoposed proximal correlatives of
the distal ME tephra (i.e. B-Tm) lack an unequivadaonostratigraphic context, and
(b) the ME tephra deposits have not been chemicabyacterized for a full spectrum
of element using grain-specific techniques. Here present grain-specific glass
chemistry, including for the first time, single grdrace element data, for a composite
proximal sequence and a distal tephra from Lakehlusorthern Japan (ca. 1100 km
away from Changbaishan). We demonstrate a robwosirpal-distal correlation and
that the Kushu tephra is chemically associated wiehME/B-Tm. We propose that

three of the proximal pyroclastic fall units wereuged as part of the ME he
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independently constructed each incorporating ortevofice-core derived ages for the
B-Tm tephra, providing Bayesian modelled ages d3-989 and 944-947 cal AD

(95.4%) for the Kushu tephra. The high resolutiog-gore tephra ages imported into
the deposition models help test and ultimately trairs the radiocarbon chronology
in this interval of the Lake Kushu sedimentary relcorhe observed geochemical
diversity between proximal and distal ME tephra als clearly evidences the
interaction of two compositionally distinct magmatdhes during this caldera forming
eruption.

Key words : Changbaishan; Millennium eruption; B-Tm tephraake Kushu;
Cryptotephra; Tephrochronology; Radiocarbon; Bayesige modelling

1. Introduction

The Millennium eruption (ME) from the Changbaishdsicano was a very large
(VEI=T7) eruption with the potential for ash dispersabas the Northern Hemisphere.
Whilst the eruption was estimated to have had sumlisl volatile and sulfate aerosol
emissions (Horn and Schmincke, 2000; Guo et a02p0t lacked a global impact on
climate (Xu et al., 2013; Sun et al., 2014a). Digptaducts of the ME (i.e. B-Tm)
have been reported in many localities including 8ea of Japan, the Japanese
Archipelago (Machida and Arai, 1983; Furuta et &B86; Machida et al., 1990;
Fukusawa et al., 1998; Nanayama et al., 2003; Kaatial., 2010; Okuno et al., 2011;
Hughes et al., 2013), northeast China (Sun et@lb) and the Greenland ice cores
(Sun et al., 2014a) (Fig. 1a). As such it providee of the potential key stratigraphic
links between Asia and Greenland for the synchediom of palaeoenvironmental
records. The proposed correlations between thalddE tephra deposits and the
Changbaishan Volcano (Machida et al., 1990; Swah. £2014a; 2015) require detailed
chronostratigraphic studies and geochemical analgéehe proximal deposits and
distal records. However, the proximal -correlativesported therein lack
chronostratigraphic context and the ME tephra uhiése not been chemically
characterized for a full spectrum of element ugirgn-specific techniques. Here we
present the results of geochemical investigatiohdephra units from proximal
deposits with chronostratigraphic context, and statliarchive from Japan. This is
then used to re-evaluate the proximal depositdaldorrelatives and the overall
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2.1. Proximal volcanic deposits

The Changbaishan Volcano, situated on the bordeveesm China and North
Korea (42°00’ N, 128°03’ E, Fig. 1a), is a polygeaeentral stratovolcano with three
main eruptive stages: early shield building, middEne construction and a late
explosive stage (Wei et al., 2007; 2013). During katest explosive stage (<20ka:
Wei et al., 2013), a major caldera-forming eruptamturring at ~AD 1000 (i.e. the
“Millennium” eruption) produced a ca. 4.5 km widaldera containing the crater lake
called Tianchi (Machida et al., 1990).

The latest explosive stage recorded at Tianwen symmthe Chinese flank of
the crater contains four sequentially deposited@gstic fall units, C-4 [base], C-3,
C-2 and C-1 [top], which are colored yellow, liggtey, dark grey and black,
respectively (Fig. 1b). Stratigraphic and chronatagjstudies of the Tianwen summit
profile are summarized in Figure 2. The lowermost @ellow unit was dated by
different methods and yielded ages around 4~5 kadtLal., 1998; Wang et al., 2001;
Yang et al., 2014). Hence, it was believed to leegloduct of an older pre-caldera
forming eruption (Fig. 2). The overlying C-3 liglgtey unit is a very widespread
pyroclastic fall which covers the crater rim andegxis eastwards for more than 15
km from the crater (Horn and Schmincke, 2000; Sual.e 2014b). At the Tianwen
summit profile, this light grey unit has been dastd-1 ka by U-series TIMS (Wang
et al., 2001) and°Ar/**Ar (Yang et al., 2014) methods. The same light grelpred
tephra was visually identified in the environs ¢fetvolcano where extensive
radiocarbon dating studies of charcoal samplesitoed that it has an age consistent
with the onset of the last millennium (e.g. Horrd&chmincke, 2000; Nakamura et
al., 2007; Yatsuzuka et al., 2010; Yin et al., 204Q et al., 2013; Table 1). Therefore,
the C-3 unit was regarded as the product of the Niivever, there is considerable
controversy regarding the stratigraphic and chrogichl significance of the
overlying C-2 and C-1 units (Fig. 2). None of thepous studies reported a dark
grey pyroclastic fall (here labelled C-2) overlyittge C-3 light grey unit. Fan et al.
(1999) described a light purplish red welded tufitwith a post-ME age overlying
the light grey unit. This cannot be correlated o G-2 unit on the basis of their color
and compositional discrepancies. Wang et al. (20@dntioned two stratigraphically
upper units without color description, whose agd eompositional information did
not help to clarify the stratigraphic correlatidrhe two more recent stratigraphic and
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proposed three possible dates (i.e. AD 1668, 1R 1003) for the post-caldera
eruptions of the Changbaishan Volcano. Ji et &99) used thermo-luminescence
(TL) to date the K-feldspar from the black pumi€:X) and reported an age of 0.34
+0.03 ka. Based on these two pieces of evidencegtlall (1999) concluded that the
black unit (C-1) can be correlated to the AD 16682 eruptive record. However, the
“abnormal natural phenomenon” recorded by ancieapfe including “thunder” or
“white ash rain” cannot be confidently and accusatattributed to a particular
volcanic eruption. Moreover, the TL age from thadi pumice cannot completely
rule out the possibility that this C-1 unit could &n older eruptive, reset by a younger
eruption. As such, the eruption age of the C-1 remntains ambiguous and it could be
either contemporaneous with the ME or post datévibe

Controversy also surrounds geochemical studieseoptoximal ME stratigraphy
on the crater rim. Fan et al. (1999) and Yu et(2012) suggested that, at Tianwen
summit, only the light grey unit (i.e. C-3) is tiME product and that it can be
classified as pantelleritic rhyolite based on brdkk chemistry. However, Horn and
Schmincke (2000) argued that the ME deposits shbale included two phases: a
major rhyolitic phase producing white to grey celdbpumice, and a minor later phase
forming trachytic agglutinates mantling the inneater walls. Meanwhile, their
electron microprobe glass data indicated that tliespread light grey pumice has a
peralkalic composition akin to comendite rathemtipantellerite. More recently, Sun
et al. (2014a) reported major element glass chemist tephras sampled from the
Korean side, indicating that the proximal ME depobave bimodal compositions (i.e.
trachyte and rhyolite). Although they described dlcrop containing white-yellow,
grey and black pyroclastic fall, it is not easyctorelate this sequence to the Tianwen
summit profile because no detailed stratigraphitext was provided.

2.2. Distal B-Tm records and the proximal correlatives

The B-Tm tephra, which was named after its soumsleano Baegdusan (i.e.
Changbaishan Volcano) and its type locality in Tkamai, Hokkaido, was first
reported to be found in the Sea of Japan and Hdkkand the northern part of
Honshu (Machida and Arai, 1983). It was suggesteloet the distal equivalent of the
ME on the basis of its composition and stratigragbosition (i.e. relative age), as
well as petrographic features (Machida et al., }9B@ter on, the B-Tm tephra was

4



aboVve-cruoricd studics riave 10CUscl 011 Uie quBlairiiadl lieplrifa COIreiatorl ard

the proposed proximal correlatives lack either pedelent dating to corroborate their
“millennium” age (e.g. Machida et al., 1990) or go&/ocal stratigraphic context (e.g.
Sun et al., 2014a; 2015). As such hardly any cledelscribed outcrops have been
reliably confirmed as the proximal equivalent, whieaves the B-Tm tephra almost
distally described only. Moreover, the identificatj characterization and correlation
of the B-Tm is typically based on major elementsgl@hemistry. Whilst there are

some effective major element discriminants that dam used to separate

contemporaneous marker tephras (Sun et al., 20bAa)has to be careful because
volcanoes can produce eruptions with similar contjpos over a considerable time

window (e.g. Smith et al., 2011a; 2011c; Lane et2012; MacLeod et al., 2015).

Hence we highly recommend that a full spectrum ajam minor and trace elements
should be applied when correlating tephras asgteatly increases the reliability of

the resultant correlations. Since the abundancésacé elements are more sensitive
to magmatic processes, they are widely used torsdephra correlations (e.g. Allan

et al., 2008; Smith et al., 2011a; Tomlinson et2012; Lane et al., 2012; Albert et al.,
2012; 2013; Tomlinson et al., 2014; Albert et 2015; Tomlinson et al., 2015; Lane

et al., 2015).

3. Sampling

3.1. Changbaishan tephra

Proximal fall lapilli samples from the C-1, C-2 a@e3 units were collected at the
Tianwen summit (42°01'33” N, 128°04'00” E) undeght stratigraphic control.
Sub-samples of the light grey pumice from Yangle2914) are included in our C-3
sample set as they were collected from the samidepemd the same unit, and were
dated by*°Ar/**Ar to corroborate the millennium age. Lapilli sizedmples were
crushed, cleaned, dried and clean fragments weaienieed and picked under the
microscope then mounted in epoxy resin for geocbaimicro-beam analysis. The
samples from these three fall units contain alfedtispar as the dominant phenocryst
phase, with some minor contributions of olivinergeene and quartz. The C-1 unit
contains the highest percentage of phenocryst aralbiige three units. SEM images
were taken to reveal the vesicularity and the loocatof phenocrysts prior to
micro-beam analysis (Fig. 3). SEM images show thatC-3 pumice samples are
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C-3 samples. The C-1 pumice samples mainly com@anly vesiculated glasses (Fig.
3d), with the mount of vesicles decreasing sigaifity relative to the C-2 and C-3
samples. The vesicularity of C-1 sample was eséthtd be less than 50% (Yu et al.,
2012), which is consistent with the observationt ttiee C-1 samples are slightly
welded whereas the C-2 and C-3 samples are not.

3.2. Lake Kushu tephra

Lake Kushu (45°25'55” N, 141°02'13” E), ca. 1100 kaway from the
Changbaishan Volcano, is the only fresh-water lak&ebun Island in the Sea of
Japan, northwest off Hokkaido (Fig. 1a). Locatedhie northern part of the island,
about 230-400 m from the coast, the lake has aelidiean shape and a maximum
length of ca. 1100 m. The maximum water depth reada. 6 m in the eastern part of
the lake with average depths of about 3 to 5 m. Adteom sediment of Lake Kushu
has been considered as a valuable natural archinehwstores detailed,
high-resolution information about post-glacial eonimental changes (Kumano et al.,
1990). Therefore, Lake Kushu has been selectech@obthe key study sites in the
Baikal-Hokkaido Archaeology Project (BHAP), aimitm fill the existing gap in the
current knowledge and to address the role of cknaaid environmental change in the
life of northern hunter-gatherers (Weber et al130In February 2012, two parallel
sediment cores (RK12-01 and RK12-02) were colleatdtie central part of the lake
from the thick ice cover. The recovered composiie ¢RK12) revealed a continuous,
partly laminated, organic-rich ca. 19.5 m long sssht column. The RK12 core age
model built upon the 57 calibrated AMS radiocarbdates suggests that the
sedimentation continued over the past ca. 17,0a6sy@uller et al., in press).

This lake was also selected for visible tephra enygpto-tephra analyses due to
the potential for tephras to be located from Japankorean and Chinese volcanoes,
and coupled with the high precision radiocarboronblogy and palaeoenvironmental
record. The tephra study covered the entire careia, although here we focus only
on the tephra of approximate millennium age, basethe radiocarbon chronology. A
detailed tephrochronological study of the wholeedsrcurrently in preparation (Chen
et al.,, in progress). Distal tephras were separat@dg procedures outlined by
Blockley et al. (2005). The extracted glass sharele mounted in Canada Balsam on
glass slides and examined using an Olympus CX-4trascope fitted with
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complete composite core. A detailed analysis pterseed point-sample count, with 1
or 2 cm sampling interval, was undertaken latefottate the precise depth of the
tephra where range-finders showed high concentratd glass shards. The
point-sample counts relative to this research blestrow that the initial onset of the
tephra input appears at the composite depth ofiB82em whilst the peak of it sits at
151-150 cm (Fig. 4). No visible ash layer was idextt at these depths during core
opening and sediment description though the tepbwats show quite large numbers.
Individual shards (Fig. 5) were picked in the intdrof 150-152 cm and embedded in
resin, sectioned and polished ready for geocheraitallysis.

4. Analytical methods

4.1. Electron micro-probe analysis (EMPA)

Major and minor element concentrations of glasseproximal pumices and
distal tephra shards were determined using Jeol-83830 wavelength-dispersive
electron microprobe (WDS-EMPA), equipped with 4 dpemeters and SamX
software, at the Research Laboratory for Archaegolagd the History of Art,
University of Oxford. An accelerating voltage of B8, low beam current (6 nA), and
defocused (1@m) beam were used to minimize Na migration. Coumnés$ were 30 s
for Si, Al, Mg, Ti, Ca, K and Fe on each peak. Nasvanalysed for 12 s, Cl and Mn
for 50 s and P for 60 s on each peak. The instrtinvas calibrated for each set of
beam conditions using a suite of appropriate mingendards. The calibration was
verified using a range of secondary glass stand@iéd-DING suite) including the
ATHO-G (rhyolite), StHs6/80-G (andesite) and GORAI3Zkomatiite) glasses from
the Max Planck Institute (Jochum et al., 2006). flasiwith analytical totals <94%
were discarded. All the analyses presented indkie plots and tables are normalised
to 100 wt.% for comparative purposes. Analyticakgmsion is typically <0.8%
relative standard deviation (RSD) for Si; <5% RSDOr fanalytes with
concentrations >0.8 wt.% with the exception of Nal(0%). All standard data is
presented in the supplementary material.



Trace element analyses of glasses of proximal #tdldephras were performed
using a Thermo Scientific ICAP Q ICP-MS coupledato Analyte Excite excimer
laser-ablation system at the Department of Geoldgyity College Dublin. Spot
sizes of 18, 24, 30 and 36 um were used, depemhirthe size of the area available
for analysis in different samples. The repetitiaterwas 5Hz and the count time was
40 s (200 pulses) on the sample and 40 s on thbelgak (background). The ablated
sample was transported in He gas flow (0.65LHinith additional N (5mImin™) via
a signal smoothing device. Concentrations werékd using NIST612 witfiSi as
the internal standard. Data reduction was performadually using Microsoft Excel
that allowed removal of portions of the signal ceampised by the microcryst, void or
resin component. Full details of the analytical atata reduction methods are
described in Tomlinson et al. (2010). Accuracies AAHO-G and StHs6/80-G
MPI-DING glass analyses are typically <5% for melgments, <10% for Y, Zr, Nb,
Gd and <15% for Ta. Reproducibility of ATHO-G ansdg is <5% RSD for all trace
elements with the exception of U (<7%).

5. Results

Glasses from juvenile clasts found in both proxiraal distal deposits have
compositions ranging from trachyte to rhyolite, withe rhyolitic population
straddling the alkaline-subalkaline boundary (F6g). On a molecular basis, all the
rhyolitic glasses and the majority of trachytic ggas reported herein have
(NaO+K;0)>Al,03, whereas only few trachytic glasses show subtee@4K,O)<
Al,Os. By definition, they are peralkaline trachyte arnyolite. According to the
classificatory scheme for peralkaline extrusivekeo@acDonald, 1974), they can be
further classified as comenditic trachyte and caditen respectively (Fig. 6b).
Representative major, minor and trace element gt@smpositions of proximal
pumices and distal shards are given in Table 2. flhegeochemical data sets are
presented in the supplementary material.



The uppermost C-1 fall unit at Tianwen summit hamenditic trachyte glass
composition (Fig. 6b). The glasses are characfigelow CaO (1.1-1.5 wt.%) and
MgO (0.1-0.3 wt.%), high BO (4.8-6.2 wt.%) and significantly high Fe(3.3-5.1
wt.%) with homogeneous SyJ64.7-66.6 wt.%; Fig. 7a-d). They show an overall
trend of decreasing total alkalis with increasin@® SFig. 6a). Trace element data
reveal that these glasses have limited composltieaaations with 9-16 ppm Th,
14-40 ppm Ba, 3-5 ppm Ta, 49-73 ppm Nd and 30-45n ppi They form
compositional clusters in most of the trace elenmlots (Fig. 7f-h). C-1 glasses
have light rare earth element (LREE) enrichmenatiet to the heavy rare earth
element (HREE) with La/Yb ratios ranging from 2126. Mantle-normalised spider
diagram reveals that C-1 glasses are up to more20@ times more enriched than the
primitive mantle (Fig. 8). They are characterizgdpnonounced negative anomalies
in Ba, Sr and Eu in response to the fractionatibK-teldspar, which is a dominant
phenocryst phase in the juvenile clasts.

5.1.2. C-2 fall deposits

There is significant overlap in glass compositiaishe C-2 fall unit and the
overlaying C-1 unit. The C-2 glasses are also tledsas comenditic trachyte (Fig.
6b). They extend to slightly more evolved $i®5.4-67.7 wt.%), have less variable
K,0 (5.5-6.1 wt.%), comparable CaO (1.0-1.4 wt.%H&.4-5.2 wt.%) and MgO
(0.1-0.3 wt.%) relative to those of the C-1 glas@@g. 7a-d). The compositional
similarity between the two units can also be seerthe trace element data. C-2
glasses show trace element concentrations of I#$pa&®Th, 14-39 ppm Ba, 4-6 ppm
Ta, 61-78 ppm Nd, and 36-51 ppm Y, which form almidgntical compositional
clusters overlapping the C-1 glasses (Fig. 7e-mgntld-normalised spider diagram
reveals that the multi-element profiles of C-2 gshave similar distribution pattern
and incompatible element enrichment level with ého$ the C-1 glasses (Fig. 8).
Nevertheless, some subtle differences in compostam be observed: (1) C-1 glasses
have some least evolved components that are notis€22 deposits (e.g. lower SIO
content and lower incompatible element enrichmev¢lt Figs. 6a, 8); (2) C-2 glasses
extend to more evolved compositions than C-1 gtagseg). higher Si©content and
higher incompatible element enrichment level; F&ss.8).



between alkaline and subalkaline rhyolite (Fig. &agl can be specifically classified
as comendite (Fig. 6b). C-3 glasses are highly lyemeous with restricted major
element compositional ranges. They have conceoti@tof highly evolved Si©
(74.4-75.3 wt.%) with lower CaO (0.1-0.3 wt.%), Md€0.1 wt.%), kO (4.3-4.6
wt.%) and Fe©(3.8-4.3 wt.%) than those of the overlying traehynits (i.e. C-1 and
C-2; Fig. 7a-d). Trace element concentration dateCk3 glasses form linear clusters
in element bi-plots (Fig. 7e-h). They have highentents of Th (44-57 ppm), Ta
(14-18 ppm), Nd (111-149 ppm), Y (117-156 ppm) &wler Ba (7-10 ppm) relative
to the upper trachyte units (Fig. 7e-h). C-3 glasf®w LREE enrichment relative to
the HREE with a lower LREE/HREE fractionation leye&/Yb=11-13) than those of
the trachytic glasses. Mantle-normalised spidegrdia shows that the C-3 glasses
are up to more than 600 times more enriched tharptimitive mantle, with more
pronounced depletions in Ba, Sr and Eu relativéhétrachytic units (Fig. 8). It is
worth noting that, in their multi-element profilethe trachytic glasses and the C-3
rhyolitic glasses show different trends in anonsabéNb-Ta (Fig. 8).

5.2. Glass chemistry of distal tephra

The distal tephra found in Lake Kushu shows sigaiit heterogeneity with
compositions ranging from trachyte to rhyolite (Fé@). This can be further classified
as comenditic trachyte and comendite respectiveéig. (6b). The less evolved
trachytic components are characterized by relativeimogeneous SiJtypically
between 65.3-67.0 wt.%), low CaO (typically betwekd-1.4 wt.%) and MgO
(typically between 0.1-0.3 wt.%), high,®& (5.3-6.0 wt.%) and Fe@4.4-5.5 wt.%),
while the more evolved rhyolitic shards have hejereous SigX(70.3-76.1 wt.%),
lower CaO (typically <0.8 wt.%), MgO (<0.1 wt.%).® (typically <4.7 wt.%) and
FeQ (typically < 4.2wt.%; Fig. 7a-d). The two poputats collectively show an
overall trend of decreasing TiOCaO, MgO, FeQand KO (Fig. 7a-d) with
increasing SiQ while the NaO contents between the trachyte and rhyolite remain
fairly constant (4.3-6.0 wt.% and 3.3-6.0 wt.% mrsdjprely).

Mantle-normalized spider diagrams shows that tlsgabtirachytic and rhyolitic
glasses are comparable in incompatible elemeniliiton patterns and enrichment
levels to the proximal trachytic and rhyolitic gdas respectively (Fig. 8). All the
distal glasses show LREE enrichment relative to BREad pronounced negative
anomalies in Ba, Sr and Eu (Fig. 8). Nevertheldss Jess evolved trachytic glasses
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ucernds i most OfF e trace ciciriclit DI-plots (Fig:il). 11e uactliylut glassces liave
trace element variations with 11-18 ppm Th, 10-péhBa, 4-6 ppm Ta, 54-88 ppm
Nd and 37-50 ppm Y, while the rhyolitic glasseswtsignificantly higher contents of
Th (30-56 ppm), Ta (10-17 ppm), Nd (78-144 ppm)(66-144ppm) and lower Ba
(6-12 ppm; Fig. 7e-h). The rhyolitic glasses camtan analysis that is characterized
by noticeably lower concentrations in most of theasured trace elements (Th=30
ppm, see Table 2: RH554-37) and higher La/Yb rétia/'Yb=22) than any other
rhyolite. Nevertheless, this analysis lies on thel@ionary trend of the rhyolitic
members (Fig. 79).

6. Interpretation

6.1. Proximal-distal glass correlation

Proximal-distal relationships are assessed in $iistion based on the glass
geochemistry presented above. Overall, glass sltiautsl in Lake Kushu are highly
heterogeneous and broadly overlap all three praxiatiaunits at a major, minor and
trace element level (Figs. 7, 8).

The two proximal trachytic units, C-1 and C-2, shkroadly overlapping major,
minor and trace element glass chemistries, whickes& problematic to distinguish
between these two units based on glass chemistingallhe trachytic glasses of the
distal Kushu tephra overlap with the two proxinralchytic units (Figs. 7, 8). Subtle
differences can be recognized between the proxandl distal trachytic glasses: a)
Kushu trachytic glasses have a least evolved commposhat is not seen in proximal
trachytic glasses (Fig. 7a); b) Kushu trachyticsgks have greater compositional
variations of highly depleted trace element (e.g.a®d Sr) than proximal trachytic
glasses (Fig. 7e), which might be affected by aislgf microlite of distal shards in
LA-ICP-MS.

The proximal rhyolitic unit C-3 geochemically ovepk the most evolved
compositions of the distal rhyolitic glasses. Thasest evolved distal compositions
(SiO,=74.0 wt.%, n=41) make up the majority of the Kushyolitic glasses (n=46)
and could not be separated from the C-3 glassé®imajor or trace element bi-plots
(Fig. 7). The mantle-normalised spider diagram aworates the geochemical
overlaps at a full spectrum of element level (Y. Nevertheless, Kushu rhyolitic
glasses have some less fractionated compositiahsath not seen in the C-3 glasses
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the intervening compositional continuum. Given filarity between the trachyte
and rhyolite end-members we propose a correlateiwden the distal Kushu tephra
and all three of the investigated proximal units.

6.2. Comparison with the published data

In order to determine the provenance of the tephep®rted herein and to
investigate the geochemical diversity between tk#-gorrelated proximal and distal
tephras, we compare our glass chemistries withetiobghe published proximal ME
tephra and B-Tm, along with other widespread latat€nary marker tephras in and
around the Northeast Asia area. Since all the avigldata are major element glass
chemistry, comparison can only be made at a mégonent level.

Major element glass chemistry provides some bakscriminants for the
identification of the B-Tm tephra. The B-Tm tephras distinctive compositional
heterogeneity ranging from trachyte to alkaline&kaline rhyolite with a fairly high
total alkali content (8-12 wt.%; Fig. 9a). Howevinre late Quaternary Kyushu tephra
layers (e.g. K-Ah, AT, Aso-4 and Ata) and Holocelamchatka tephra deposits
typically plot into the subalkaline area, and tlaglye Holocene Ulleungdo tephra (i.e.
U-Oki) straddles the boundary between phonolite tachyte (Fig. 9a). The B-Tm
tephra has lower CaO than that of the Kyushu anddfatka tephras in a given $jO
and higher Si@than that of the Ulleungdo tephra (Fig. 9b). Te€&Fss. CaO bi-plot
is an excellent discriminant (Fig. 9¢) since thdm-tephra has a fairly high FeO
content (typically between 3.8-5.6 wt.%) coupledhwa relatively low CaO content
(typically <1.5 wt.%), given its highly evolved cqusition (SiQ >63 wt.%). All the
proximal and distal tephras reported herein shoyom@ement compositions that
correspond precisely to the published B-Tm chemsstrand can be separated from
tephras from other volcanic settings in the sanggore(Fig. 9). On this basis we
conclude that all our proximal and distal tephrpatgts are the product of the ME.

Sun et al. (2014a) reported the major elemensgtasmistry for a proximal ME
sequence in North Korea which included the whitdeye grey and black fall pumice.
The major element chemistry for glasses from this 8&quence reveal an overlap
with the proximal units described herein (Fig. I)a-ssuggesting both sequences
relate to the ME. Most importantly, the proximal Mé&phra units at Chinese and
Korean sequences on the crater rim are both cleaized by significant geochemical
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Lake (NE CUllilda, Sull €t dl., ZUl19), S5€ad Ul JapdllLiidd €1 adl., L99VU), Uldsdl bUy
(Hokkaido; Hughes et al., 2013) and Lake Kushu (#mdo, this study) reveal

continuous compositions with data plotting in th@mpositional gap between the
end-member compositions defined by proximal samgteg. 10c-d). Interestingly,

although the ultra-distal B-Tm found in the Gre@aldce cores contains very few
shards (Coulter et al., 2012; Sun et al., 2014®ir tcompositions plot within the
proximal compositional gap (Fig. 10c-d). Overak ghroximal fall units deposited on
the crater rim only preserve bimodal compositiomsthe caldera forming eruption,
whereas the mid-range to distal tephras presereenagplete compositional range
including the bimodal end-member compositions amermediate compositions.

7. Discussion

7.1. Proximal-distal expression of the ME

As in the case of B-Tm tephra deposits reportethfather localities, the single
distal tephra layer found in Lake Kushu has contpw®l variation ranging from
trachyte to rhyolite. This indicates the magmatistem that produced this distal ME
tephra must have had the same compositional heteedy. In contrast the proximal
C-3 unit is characterized by homogeneous rhyolithaut any trachytic component.
As such the C-3 unit alone cannot be the proximaivalent of the B-Tm, though it
is the most widespread unit in the Changbaisharcamat region (Horn and
Schmincke, 2000). Our glass chemistry shows that ghochemical bimodality
observed between the proximal units C-3 to C-lomsmarable to the end-member
compositions of the distal Kushu tephra. Importatitiere is major, minor and trace
element geochemical overlap between the proximal akistal end-member
compositions which significantly increases the afality of the tephra correlation.
Hence, we propose that the proximal record of the 8 Tianwen summit is a
composite sequence that includes the light grek geey and black (i.e. C-3 to C-1)
sub-units. This is also consistent with the fieloservation that there is no time
break/erosional unconformity or paleosol betweentkinee investigated fall units.

Proximal fall deposits preserved on the crater ara dominated by bimodal
compositions whereas distal tephras record ad&mige of geochemical heterogeneity.
The presence of intermediate glass compositiorthendistal tephras, not currently
observed in the proximal records, clearly evidendks interaction of two
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compositional diversity indicates that the tracbyand rhyolitic magmas were not
thoroughly mixed so only a minor portion of intemiiete compositions were
generated during magmatic interaction, which wehent transferred into the
stratosphere during the syn-eruptive process amd w@nsequently recorded in the
distal realms.

The preservation of bimodal proximal deposits (casipg the least and most
fractionated components) has been reported fromeras elsewhere including in
Afro-Arabia (Ukstins Peate et al., 2003; Ukstinaifeeet al., 2008). As reported herein,
the proximal units in Arabia are markedly bimodahdacontrast with the
contemporaneous distal tephra layers from 3000 Wayan the Indian Ocean. These
distal tephras display a continuum of compositiaith end-members identical to the
bimodal end-members found proximally. The bias leev proximal and distal
magma sequences is controversial and may reldtighdevel sub-volcanic processes
that include fractionation processes involving csilirich magmas (Grove and
Donnelly-Nolan, 1986), large scale liquid immistilyi (Charlier et al., 2011) and/or
melt-crystal dynamics (Dufek and Bachmann, 2010).

7.2. Bayesian age modelling for Kushu tephra

The ME tephra deposits have been dated eithertlyirecindirectly by multiple
methods in many localities over the past two desdd@iable 1). The proximal ages are
mainly derived from the indirect dating method & dating of charcoals preserved
in the pyroclastic fall and flow deposits (e.g. H@nd Schmincke, 2000; Nakamura
et al., 2007; Yatsuzuka et al., 2010; Yin et al12, Xu et al., 2013). Besides, direct
dating of primary minerals using U-series TIMS (Waet al., 2001) an8°Ar/>°Ar
(Yang et al., 2014) methods has also provided mehdik age constraints on the
eruption. Distally, B-Tm tephra deposits were foundvarve lakes in Japan and
northeast China where the eruption was dated byevetironology (Fukusawa et al.,
1998; Kamite et al., 2010; Sun et al., 2015). Udlistal B-Tm tephra deposits were
reported from the Greenland ice cores and as $uchruption has ages derived from
the GICCO5 and GISP2 ice-core chronologies (Swal.eP014a). Most recently, Sigl
et al. (2015) has proposed a slight revision to@€CO05 chronology for the past
2,500 years. This new NS1-2011 chronology, basetf®e and*“C synchronization
of ice-core and tree-ring timescales, has shiftedage of the ME from AD 941+1
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highest resolution distal age reported for thishtap In this age model, we have
modelled the AMS“C dates reported in Miiller et al. (in press), farsKu along with
the depth information (Table 3) in a BayesRufequence model with the addition of
sediment deposition modelling to calculate the dgjlikelihood age ranges for every
1.6 cm, incorporating formal outlier detection (BkoRamsey, 2009a; 2009b; 2013).
As there are no radiocarbon dates in the samencetar of the core as the proposed
B-Tm tephra, it was necessary to determine theragge for its depth at 151.5 cm,
which is the average position in the core for tigal onset of Kushu tephra. The age
range for the depth of 151.5 cm is 913-1395 cal(RiD. 11; supplementary material),
and while at fairly low resolution this comfortaldyerlaps with the ice-core ages of
the ME/B-Tm.

Due to the low resolution generated by the requaremo model the ages and
associated uncertainty of the depths between tlieaarbon ages in this approach we
also attempted to test the chronological relatignbletween the Kushu tephra and the
high resolution age for the B-Tm in more detaileTbgic of the test is that, while the
radiocarbon ages for the Kushu site (Fig. 11) shdwoadly last millennium age for
the tephra sitting at 151 cm, if our correlation dsrrect then the tephra and
radiocarbon ages should all be compatible withgh lprecision age model. We have
thus constructed two more constrained agelels (Fig. 12). We again use the above
radiocarbon ages and their depths (Table 3), withioterpolation and have also
imported the GICCO05 (Sun et al., 2014a; Fig. 12a) BS1-2011 (Sigl et al., 2015;
Fig. 12b) ages for the ME/B-Tm at the depth of ptwposed correlative tephra in
Kushu. We have appliedRa Sequence depositional model in Oxcal (Bronk Ramsey,
2013), with a variable K factor and automatic aitldetection, following Bronk
Ramsey (2008; 2009a; 2009b) with boundaries atghp@nd bottom of the selected 2
meters sequence. The outlier model selection usedgéneral outlier model and
outlier probabilities were set to 0.05%. The resuf the modelling exercise are
reported as 95% confidence highest probability derfsnction and depositional
model plots. In these higher resolution, more aanstd models, we are testing if the
B-Tm ages are fully consistent with the Kushu radrbon ages and the depths in the
core in which they sit. If our data is incompatiblgh the B-Tm on chronological
grounds we would expect that the B-Tm ages we haeerporated, or the
radiocarbon ages above and below the tephra wauleforted as being anomalous
by the outlier detection software. In these cabkesyever only the uppermost date

P0z-51689 reported significant potential to be athier and thus the weighting of this
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respectively (Fig. 12; Table 3). We, thus, suggesthis rigorous basis, using formal
deposition models the Kushu tephra is both cheigicahd chronologically well
correlated to the ME/B-Tm.

7.3. Implication for future studies

High-resolution (annual to decadal-scale) recoesivnos of past environments,
and better understanding which role environmemedlaimatic changes played in the
cultural dynamics remains extremely important, tfloan empirically challenging
guestion for the Hokkaido region (Weber et al., 20Despite, the northern part of
Japan, including Hokkaido and adjacent islands ragzk in archaeological and
environmental archives, the main challenge remtinesscarcity of published records
with high temporal resolution and adequate datiogtrol (Nakagawa et al., 2012;
Mdller et al., in press and references thereinesentwo common problems hinder
direct correlation between individual archives, shpreventing inter-regional
comparison and identification of leads and lageegonstructed climate variability. A
multidisciplinary research on the RK12 core fronkéa&ushu started in 2012 has a
significant potential to fill the existing gap ihd current knowledge and to build up
the high-resolution environmental archive spanrihregpast ca. 17,000 years (Muller
et al., in press). However, in order to serve éskabetween the high-resolution and
accurately-dated records from central Japan (eaffe LSuigetsu: Nakagawa et al.,
2012), China (e.g. Sihaillongwan Maar Lake: Stelatkal., 2009; 2015), and North
Atlantic region, the Kushd“C chronology must be checked, and when necessary,
improved. The current study demonstrates the pateoit cryptotephra analysis for
improving the age constraints on the Kushu sediargntecord. The ice-core ages
imported into the deposition models significantlglgh constrain the age of the
sediments around the tephra layer and improve dbd@carbon chronology in this
interval (Fig. 12). This provides encouragement tfee identification of additional
cryptotephra layers in the Lake Kushu sediment.ughoit still could be improved,
we believe that the existing RK12 core chronologgdd on the 57 AMS dates
(Muller et al., in press) is robust enough to pdevreliable age estimations for the
tephra layers preserved in the sediment. This fadilitate search of the source
volcano and identification of the eruption, whiatoguced each given tephra.
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b)

d)

the crater rim of Changbaishan Volcano, NE Chingpldy bimodal glass
compositions comprising trachyte and rhyolite enelither compositions.

A distal tephra layer in Lake Kushu of northernalagontains glass shards that
define a complete compositional continuum rangmognftrachyte to rhyolite that
in themselves are chemically identical to the itigased proximal glasses.

The chemical constraint and radiocarbon-based Bayeage-depth model
indicate that the analysed Kushu tephra is thaldestpression of the Millennium
eruption.

Proximal-distal geochemical correlation at a fydestrum of element level (i.e.
major, minor and trace elements) requires thattihee proximal pyroclastic fall
units were erupted as part of the Millennium emptas alluded to by previous
studies (Horn and Schmincke, 2000; Sun et al., 2014

Bayesian age-depth modelling of Kushu sedimentshiing the AMS*'C dates
and two ice-core derived ages for the B-Tm provi€iB% confidence interval
ranges of 933-949 and 944-947 cal AD for the Kuglplnra. The high resolution
ice-core tephra ages imported into the depositiodets help test and ultimately
constrain the radiocarbon chronology in this indnof the Lake Kushu
sedimentary record.

The presence of intermediate glass compositiortheéndistal tephra layers, not
currently observed in the proximal records, cleadences the interaction of
two compositionally distinct magma batches (wittd-@member compositions)
during the caldera forming eruption.
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map as well. (b) Sampled stratigraphy at the Tianswammit on the Chinese flank of
the Tianchi crater, Changbaishan Volcano, modifiech Chen et al. (2014).

Fig. 2. Schematic illustration of previous stratigraphiaashronological studies of
the Tianwen summit profile, Changbaishan Volcanle Bolid arrows (black, grey,
yellow) indicate correlations based on stratigrand the dashed arrows plus
qguestion mark indicate where correlations cannotdydirmed due to conflicting or
inadequate stratigraphic information. Asterisksatemo color description of tephra
units and a question mark denotes uncertainty abeutature of an eruptive deposit.
This paper focuses on the three upper pyroclasliahits above the yellow pumice
(i.e. light grey, dark grey and black units).

Fig. 3. SEM images of the proximal Changbaishan tepheb) the C-3 light grey
pumice, both highly vesiculated and less vesicdlatdasses with some highly
vesiculated glasses being strongly stretched;h@)d-2 dark grey pumice, vesicular
and stretched glasses; (d) the C-1 black pumicelesnthat have the highest content
of phenocryst and the least vesicularity amonghalithree proximal fall units.

Fig. 4. Tephra shard concentrations measured in sedinerttsee top 2 meters of
samples from Lake Kushu. Shard counts are givaruasbers of shards per gram of
dry sediment. The star marks the peak of the tejpiprzt.

Fig. 5. Light microscope photographs of tephra shardsaetad from Lake Kushu
sediments at 150-152 cm composite depth.

Fig. 6. (&) TAS classification (Le Bas et al., 1986) diagrahowing the glass
compositions of proximal fall deposits (i.e. C-2:2Gnd C-3) and distal Kushu tephra.
The boundary separating the alkaline and subakasieries is from Irvine and
Baragar (1971). (b) Classificatory diagram for pabne extrusive rocks
(MacDonald, 1974) showing the glasses compositidrise peralkaline proximal and
distal tephras.

Fig. 7. Major and trace element variation diagrams showlegglass compositions of
proximal fall deposits and distal Kushu tephra.

Fig. 8. Primitive mantle normalized trace element composgi of glasses from
proximal fall deposits and distal Kushu tephranftive mantle values are from Sun
and McDonough (1989).

Fig. 9. (a) TAS classification (Le Bas et al., 198Bagram and (b-c) major element
variation diagrams showing the glass compositidngephras reported herein along
with the published data for comparison. The pulelisbata are glass compositions of

the B-Tm and the widespread late Quaternary tefdhoas other volcanic settings in
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Kyushu Island, Japan (Smith et al., 2013). Ulleungebresents the early Holocene
U-Oki tephra erupted from Ulleungdo, South Koremit§ et al., 2011b). Kamchatka
represents the tephra layers from major Holoceunptiens in Kamchatka Peninsula,
Russia (Kyle et al., 2011).

Fig. 10. Major element variation diagrams showing the gle@sipositions of (a-b)
proximal tephra deposits in both Chinese (thisytahd N. Korean ME sequences;
(c-d) distal ME tephra deposits found in north&2isina, Sea of Japan, Hokkaido and
Greenland. ME-K represents the proximal ME sequencH. Korean side of the
crater (Sun et al.,, 2014a). Kushu represents thee Waushu in Rebun Island,
Hokkaido, Japan (this study). Utasai representsUtasai Bog in Hokkaido, Japan
(Hughes et al., 2013). SHL represents the SihailamgLake in northeast China (Sun
et al., 2015). Japan Sea represents the distakllitd deposits found in Sea of Japan
marine cores (Machida et al., 1990). NGRIP and NEEpMesent the ultra-distal ME
tephra deposits found in Greenland ice cores (€pettal., 2012; Sun et al., 2014a).
Fig. 11. 95% confidence Highest Probability Density outport fadiocarbon-based
Bayesian age-depth model for the uppermost 2 meegrgence of Lake Kushu (run
using a Poisson process model). The model was reoted purely using AMS*C
dates of Kushu sediments from Miller et al. (ingsjefor providing independent age
constraint on the Kushu tephra. The deposition rinagke range for the depth of 151.5
cm, which is the average position for the initialset of the Kushu tephra, is
913-1395 cal AD.

Fig. 12. (a) 95% confidence Highest Probability Density amitgor Bayesian
age-depth model for the uppermost 2 meters sequeintake Kushu (run using a
Poisson process model). The model was construcsing tthe AMS C dates
reported in Muller et al. (in press) and the GIC@f¥core age for B-Tm tephra (Sun
et al.,, 2014a) imported in the appropriate positidmere our proposed correlative
tephra was identified; (b) As above but with th@m®-age from the revised NS1-2011
timescale after Sigl et al. (2015).

Table 1.

Age results for the Millennium eruption from thetidg of proximal and distal (B-Tm)
tephra deposits.

Table 2.

Representative major, minor and trace element dataglasses from proximal
volcanic deposits at Tianwen summit and distal Kusphra. Full geochemical data

sets are available in the Supplementary matefel fi
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are from Mdller et al. (in press). Date shownitalic font may be an age inversion
although after calibration this still contributegrsficant probability to the deposition
model. GICCO5 ice-core tephra age for the B-Tmrasnf Sun et al. (2014a), the
revised B-Tm age based on NS1-2011 timescale i f&gl et al. (2015). The

Bayesian age-depth models are produced using QsdC2M4 (Bronk Ramsey, 2013).
The modelled date results for the set of 6 AMS-dlatemples are from the model
with GICCOS5 tephra age imported as shown in Fig.. 12
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Sigl et al. (2015)
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Table 2

Locality Tianwen summit Lake
Unit/group C-3 C-2 C-1 Rhyolite

Sample 10CB-2-1 14-1-1 14-1-4 | 14-51 14-59 | 14-4-1 14-4-5| RH490-20 RH555-33 RH554-3
Material Pumice Tephi
Major elements wt.%

SO, 74.98 7473 7493 66.06 6642 66.08 66.24 74.90 74.97 70.34
TiO, 0.21 0.23 0.19 041 052 045 04 0.24 0.20 0.30
AlL,O3 10.06 1015 1023 1537 1526 1569 15.09 10.58 10.36 14.60
FeO, 4.15 4.23 4.08 496 491 437 492 3.92 4.13 2.98
MnO 0.13 0.10 0.02 0.13 012 008 0.20 0.10 0.08 0.09
MgO 0.00 0.04 0.00 0.19 017 022 017 0.00 0.00 0.00
Cao 0.20 0.16 021 125 1.30 125 123 0.23 0.23 0.19
Na,O 512 5.45 5.26 5.68 554 6.06 5.90 5.27 5.25 6.05
K,0 451 4.27 450 5.76 557 558 5.65 4.26 4.30 5.16
P,0s5 0.01 0.02 0.00 004 006 009 004 0.00 0.00 0.03
Cl 0.63 0.62 0.57 0.15 013 014 0.12 051 0.48 0.25
Analytical tota 98.02 99.61 98.08 99.29 9847 9813 99.89 97.02 97.97 98.60
K,O+Na,O 9.63 9.72 9.76 1144 1111 1164 1155 9.53 9.55 11.21
Trace elements ppm

Rb 419 426 428 153 157 143 143 417 403 308
Sr 2.7 3.0 6.1 6.3 5.9 84 6.8 2.8 2.7 2.7
Y 125 143 156 43 43 37 42 144 130 66

Zr 2152 2377 2305 655 682 564 653 2395 2252 1260
Nb 280 302 299 93 95 79 88 303 286 195



Ba
La
Ce
Pr

Nd

Eu
Gd
Dy
Er

Yb
Hf

Ta
Th

7.7
135
288
31.8
118
26.0
<LOD

23.9
23.3
12.9
10.7
52.2
15.9
48.9
114

9.1
152
316
354
130
29.3
0.4
27.2
28.2
14.4
12.7
60.9
17.1
56.8
12.7

9.9
173
336
39.6
149
32.2
<LOD

29.3
29.7
15.0
12.9
56.7
17.0
52.4
12.8

192 176
89 92
175 175
190 191
71 71
134 143
<LOD <LOD
103 105
9.1 9.3
4.6 4.5
4.0 4.1
162 162
4.7 4.8
151 152
34 34

28.6
77
154
16.5
62
11.7
0.4
9.6
7.8
3.8
3.5
13.2
4.0
12.4
2.8

199
87
170
18.3
69
13.0
04
10.1
8.7
4.2
4.0
151
45
145
3.0

85
163
328
34.7
136
31.6
0.4
274
25.9
13.7
11.9
58.1
154
52.9
115

9.7
148
307
33.2
123
26.6
<LOD

230
24.0
11.9
10.7
51.3
14.3
46.1
10.7

10.8
127
246
23.6
78
16.5
<LOD
13.3
12.6
7.3
5.9
30.3
9.7
30.1
7.0




Poz-51689 64.5 470 £25 528 325 1422 1626

Poz-51700 96.5 415+ 30 569 449 1381 1502
Poz-51713 126.5 510+ 35 653 500 1297 1450
Poz-51721 164.5 1065 + 25 1055 1004 895 947
Poz-51731 196.5 1290 + 30 1285 1180 666 771
Poz-51735 226.5 1445 + 30 1386 1296 565 655
imported tephra Impqr_ted Imported ice-core
position ages
(Gl Cﬁ%: ?irlnielscale) 1017 1001 933 949
B-Tm 151
AD 946-947 1006 1003 944 947

(NS1-2011 timescale)
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A robust proximal-distal tephra correlation demonstrated chemically and
chronologically.

Clarification on the problematic proximal stratigraphy via proximal-distal correlation.

The use of ice-core tephra ages to test and constrain Lake Kushu radiocarbon
chronology.

The observed compositional diversity helps understand the nature of the eruption.



