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The Millennium Eruption of Mt. Baekdu, one of the largest volcanic eruptions in the Common Era,
initiated in late 946. It remains uncertain whether its two main compositional phases, rhyolite and
trachyte, were expelled in a single eruption or in two. Investigations based on proximal and medial ash
have not resolved this question, prompting us to turn to high-resolution ice-core evidence. Here, we
report a suite of glaciochemical and tephra analyses of a Greenlandic ice core, identifying the transition
from rhyolitic to trachytic tephra with corresponding spikes in insoluble particle fallout. By modeling
annual snow accumulation, we estimate an interval of one to two months between these spikes, which
approximates the hiatus between two eruptive phases. Additionally, negligible sulfur mass-
independent fractionation, near-synchroneity between particle and sulfate deposition, and peak sulfur
fallout in winter allindicate an ephemeral aerosol veil. These factors limited the climate forcing potential

of the Millennium Eruption.

Large volcanic eruptions can cause surface cooling for several years due to
the radiative effects of sulfate aerosols'. The Millennium Eruption (ME) of
Mt. Baekdu (Paektu, Changbaishan), which is located on the border of
North Korea and China (41.99°N, 128.08°E) (Supplementary Fig. 1), is
dated to late 946 CE*™ and is one of the largest eruptions of the Common
Era (CE) with a Volcanic Explosivity Index (VEI) of 6 or 7. ME tephra are
widely distributed across Russia and Japan, and have been identified in
ice cores from Greenland®”. Two main compositional phases are
recognized: an earlier light gray rhyolite (Phase 1), and a subsequent dark
gray/black trachyte (Phase 2)*"'". The continuity of the ME spanning
these two phases is unclear, but the presence of an intervening lahar
deposit'' and grain-size analysis of the Baegdusan-Tomakomai (B-Tm)
ash'” have suggested a hiatus of several months. A chronicle from
Kofuku-ji temple in Nara (Japan) records white ash-fall on 3 November
946, while the Nihon Kiryaku and Tei-shin Koki chronicles from Kyoto
(Japan) note thunderous sounds from the sky on 7 February 947*. The
first observation very likely represents the ME, while the second con-
ceivably reflects the detonations of a subsequent phase. Resolving whe-
ther or not there was a hiatus, and estimating its duration, if there was
one, has important implications for understanding of volcanic hazards at

large caldera complexes, notably concerning the question of when to
conclude that an eruption is ‘over’.

Measurements of volatile abundances in melt inclusions and matrix
glass have yielded estimates of syn-eruptive sulfur emissions from the ME
ranging from 2 to 11 Tg”'*'*. However, this ‘petrologic method’ can
underestimate total sulfur emissions of volcanic eruptions™', especially
when sulfur-bearing vapor phases accumulate in the magmatic system prior
to eruption (known as pre-eruptive sulfur)"“"”. One estimate suggests that
up to 42 Tg S may have been available in a pre-eruptive fluid phase corre-
sponding to a total sulfur emission of as much as 45 Tg (including 3 Tg of
syn-eruptive sulfur), surpassing estimated emissions for all Common Era
eruptions bar Samalas (circa 1257 CE)". However, more recent work sug-
gests a total ME sulfur release of 2-7 Tg, with most of the pre-eruptive sulfur
lost prior to eruption through crystal fractionation processes and bubble
migration'”. These wide-ranging estimates of sulfur loading propagate
uncertainty into evaluations of any climate forcing arising from the ME.

Another factor influencing climate forcing from volcanic eruptions is
plume height. In this regard also, estimates vary considerably for the ME.
Inversions of grain-size data from proximal fall deposits'"® have suggested
heights of 25-35 km®", while a lower range of 15-20 km was derived from
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analysis of the distal B-Tm deposit'”. More recent model-based estimations
constrained by tephra thicknesses indicate plume heights of 30-40 km, i.e.
well into the stratospherezo. However, it is well-established that the sulfur
injection height can be much lower than the tephra (isopleth) derived plume
height™. Resolving the altitude at which the ME sulfate aerosol dispersed is
therefore also critical to understanding the climatic impacts of the ME.

While extra-tropical northern hemisphere (NH) winter-time explosive
eruptions can have a substantial climatic impact’*™, evidence for transient
NH summer cooling following the ME is lacking in tree-ring temperature
reconstructions” and has not been identified in historical records®. This
appears consistent with the modest 1.7 + 0.6 (10) Tg of stratospheric sulfur
injection estimated from sulfur concentrations associated with ME
deposition in Greenland ice”.

Since ice cores offer a highly time-resolved record of deposition from
the ME aerosols, we conducted continuous and discrete measurements of a
section of the NGRIP1 core of the North Greenland Ice-Core Project. Our
aims were to (i) evaluate the timeline of the ME from ultra-high-resolution
ion and microparticle concentrations; (ii) shed light on the atmospheric
transport pathways of ME sulfur emission from isotopic measurements (*S,
S, and **S) and the timing between insoluble particles and sulfate”; and
(iii) investigate the provenance and other characteristics of populations of
tephra particles using glass shard geochemistry.

Results and discussion

Tephra geochemistry, glaciochemical, and insoluble micro-
particle records

Discrete sections of ice from the NGRIP1 core, T3 (deepest/oldest) through
T10 (shallowest/youngest), were sampled for tephra extraction (see ‘Sample
collection’ in Methods and Fig. 1). Shard sizes ranged from 4 to 38 um
(Supplementary Figs. 2 and 3), and their morphologies are diverse (Sup-
plementary Data 1, discussed in Supplementary Note 1). The shards in
samples T4 and T5 included both trachyte and rhyolite compositions that
mostly match those of the ME (Fig. 1 and Supplementary Data 1). Speci-
fically, sample T4 yielded eight rhyolite shards and one trachyte shard, while
the overlying T5 sample yielded two rhyolite and four trachyte shards. One
rhyolite in T4 plots near the rhyolite/trachyte border, and one rhyolite shard
in T’5 does not correspond to the ME (Fig. 1). This transition from rhyolite to
trachyte shards in the ice mirrors the temporal progression evident in the
proximal stratigraphic record of the ME, suggesting minimal reworking of
snow at the NGRIP site, and consistent with the high snow accumulation
rates and relatively low wind speeds experienced at the topographic divide
where the ice core was drilled (in contrast to more coastal sites in
Greenland)”.

A range of elements, high-resolution liquid conductivity, and size-
resolved insoluble particle counts were measured on separate longitudinal
samples of the NGRIP1 core using the continuous ice-core analytical system
at the Desert Research Institute (DRI) (see ‘Continuous-flow aerosol ana-
lyses’ in Methods)”. Sulfur concentrations from discrete and continuous
measurements were consistent (Supplementary Fig. 4). Liquid conductivity,
which reflects acidity and is dominated by changes in sulfate concentration
in Greenland ice, provides an additional high-resolution proxy for volcanic
sulfate deposition (Supplementary Data 2). Insoluble particle concentra-
tions increased abruptly at ~218.52 m depth and fell abruptly at 218.49 m,
spanning ice samples T4 and T5 (Fig. 2 and Supplementary Data 3), thereby
confirming the microparticle peak’s association with the ME. This micro-
particle peak coincides with seasonal peaks in concentrations of Na (a sea
salt proxy) and Ca (a terrestrial dust proxy; Supplementary Fig. 5 and
Supplementary Data 4), consistent with the late 946 CE timing of the ME
suggested by studies of tree-rings and the NEEM-2011-S1 core from the
North Greenland Eemian Ice Drilling (NEEM) site in Greenland™”.

Time interval estimation between the two ME phases

On close inspection, the microparticle peak exhibits two spikes in the size
range of 4.5-9.5 um, which are mirrored in the simultaneously measured
continuous liquid conductivity record as well as the electrical conductivity

method (ECM)-based H* measurements (Fig. 2). The depth interval
between the spikes is approximately 18 mm in the liquid conductivity and
11 mm for the large insoluble particles. The separation for the lower reso-
lution ECM-based H" spike is 20-30 mm. Separations greater than the
effective depth resolutions of approximately 1.8 mm for liquid conductivity
and approximately 3 mm for insoluble particle concentrations mean that
the double spikes are sufficiently separated in depth to be considered
separate signals. Considering that Spike 1 (the earlier/deeper large insoluble
particle peak) is fully covered by sample T4, while Spike 2 is partially shared
by samples T4 and T5 (Fig. 2 and Supplementary Fig. 6), we infer that Spike
1 corresponds to rhyolitic deposition, and Spike 2 corresponds to trachytic
deposition based on the dominant chemical composition of tephra shards
found in samples T4 and T5. Accordingly, we conclude that Spikes 1 and 2
represent the two compositional phases of the ME.

To estimate the time interval between the two spikes in microparticles,
we developed a simple annual net accumulation model (Fig. 3) drawing on
modern climatology of snowfall recorded from 1991 to 1995’' (see ‘Annual
net accumulation model’ in Methods). Given that the annual accumulation
rate at the NGRIP site during the 1990s is unexceptional in the context of the
last 2000 years”, we assume that the seasonal accumulation trend (ie., a
monthly fraction of the annual accumulation rate) of 946-947 CE was
comparable to that of the 1990s. We acknowledge that the seasonality of
snow accumulation at the NGRIP site is highly variable from year to year,
but the 1991-1995 data set is, to our knowledge, the only observed record of
sub-seasonal accumulation from northern Greenland. Our accumulation
model incorporates both spatial and temporal variability to ensure a con-
servative interpretation (see ‘Annual net accumulation model’ in Methods).
Based on air trajectory calculations (Supplementary Fig. 7) and assuming
the first eruption occurred circa 1 November, particle deposition at the
NGRIP site is registered around 14 + 7 days later (see “Forward air trajectory
analysis” in Methods). The assumption of first eruption at 1 November
aligns with the suggested eruption date for the rhyolite near 2 November, as
suggested by the Kofuku-ji chronicle, which records ash fallout in Japan on 3
November™*. The maximum in the first microparticle spike then dates to
46 £21 days after 1 November and the second to 77 £23 days after 1
November (Fig. 3). The time interval between spikes is 31 + 25 days (all
uncertainties are 20) (see ‘Processes of time interval estimation’ in Meth-
ods). We estimate probabilities of the time interval being within a week as
2.5%; within four weeks, 42.7%; and within eight weeks, 97.9% (Supple-
mentary Fig. 8). Even allowing for the vagaries of aerosol transport times
from source to Greenland, this timescale likely precludes the possibility that
the thunderous sounds heard in Japan on 7 February 947 CE (i.e., 14 weeks
after 1 November 946 CE) were related to a second phase of the ME (Fig. 3).

Transport timescales for the two phases may well have differed,
reflecting different injection heights and meteorology, but atmospheric
residence times for tephra shards exceeding one to two months are
unlikely”. Accordingly, our analysis does support the hiatus hypothesis
rather than a single eruptive episode. More accurate constraints on the
monthly accumulation history in northern Greenland could improve the
estimation of the time between microparticle peaks.

Atmospheric transport of the ME sulfate aerosol and limited cli-
mate impact of the eruption

When volcanic sulfur dioxide (SO,) penetrates the stratospheric ozone layer
and is exposed to shortwave ultraviolet (UV) radiation, the resulting sulfate
exhibits a sulfur mass-independent fractionation (S-MIF, i.e., non-zero
APS)*. SO, that does not reach the ozone layer undergoes mass-dependent
fractionation (resulting in near-zero A**S)*. For example, ice-core sulfate
derived from both the 43 BCE (Before Common Era) eruption of Okmok
(Alaska) and that of Tambora (Indonesia) in 1815 CE has a stratospheric
S-MIF signal (A™S of 0.17-0.20 %o and —0.84 to 1.68 %o, respectively)™*.
On the other hand, ice-core sulfate sourced from the upper tropospheric/
lower stratospheric (UT/LS) aerosol from Cerro Hudson (Chile) in 1991 CE,
and Laki (Iceland) in 1783 CE lacks a S-MIF signal (A*S of around —0.09 %o
and —0.13-0.02 %o, respectively)’*”. The NGRIP1 ice samples spanning the
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Fig. 1 | Stratigraphy and geochemistry of shards found in NGRIP1 and NEEM-
2011-S1° cores. QUB-1819c is a shard potentially corresponding to a Japanese
volcano (see Supplementary Note 1) (QUB stands for Queen’s University Belfast).
a Schematic diagram of the NGRIP1 ice core. b Total alkali versus silica (TAS)
diagram®. ¢ Additional major oxide bi-plots for glass shards. Only samples for which
analytical totals exceeded 90 % and those that might represent a tephra population are

shown. Shards in sample T7 were measured by scanning electron microscope energy
dispersive spectroscopy (SEM-EDS); all other shards were measured by wavelength
dispersive spectroscopy (WDS). Gray shading characterizes the previously reported
range of ME glass geochemistry for both proximal and distal deposits®™*"*. Tephra
populations in T3 and T7 may correspond to fallout from Mt. Rainier eruptions
(Supplementary Note 1). d Location of Mt. Baekdu and NGRIP1 core.

ME similarly lack a S-MIF signal, and there is no hint of the positive-to-
negative A”S evolution typical of large stratospheric sulfur injections™****
(Fig. 4) (Supplementary Table 1). Therefore, sulfate formation during the
ME mostly occurred below the stratospheric ozone layer.

Fine volcanic ash (1-15 um) has an atmospheric lifetime of a few days
to weeks™***. Submicron sulfate aerosols in the mid-to-high stratosphere
have a longer atmospheric lifetime of one to three years. This difference in
residence time explains the delayed deposition of sulfate against micro-
particles in the polar regions following past explosive eruptions that gen-
erated stratospheric aerosol veils, as recognized in high-resolution ice-core
records (Supplementary Fig. 9)**”***. However, volcanic sulfate in the
lower stratosphere (13-16km altitude) from extra-tropical eruptions

experiences shorter lifetimes of a few months™. The insoluble microparticle
and sulfur deposition in Greenland associated with the 1783 CE Laki
eruption reveals only a few months delay”® consistent with model
simulations™. For the 2011 CE Puyehue-Cordén Caulle (PCC) eruption
(VEI 5) whose plume only reached the tropopause, sulfur and microparticle
fallout in Antarctica were simultaneous (Supplementary Fig. 9)*'. The near-
synchronous fallout of insoluble particles and sulfur associated with the ME
evident in the NGRIP1 core (Fig. 2a) is consistent with UT/LS sulfate
transport and the lack of an S-MIF signal. The discrepancy between the
maximum plume height of 30-40 km” and the sulfur injection height of
UT/LS might be attributed to the estimated high mass eruption rate” of
approximately 4 x 10°kg s™". This inference is based on a previous study that
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Fig. 2 | Glaciochemistry and microparticle records from the NGRIP1 ice core.
a Non-sea-salt sulfur (nssS) and insoluble particle (large: 4.5-9.5 um; medium:
2.5-4.5 um) concentrations from Continuous Flow Analysis (CFA) at the Desert
Research Institute (DRI). T3 to T9 represent consecutive ice samples for tephra
shard analysis, with corresponding depths shown at the bottom of the panel. b High-
resolution liquid conductivity (dimensionless) analyzed at the DRI, and previously
published 1-cm resolution H™ measurements based on the electrical conductivity
method (ECM)®.
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Fig. 3 | Annual net accumulation model for north central Greenland between
1991 and 1995°". Error bars indicate 1 o uncertainty. Histograms are for the timing
of microparticle deposition (onset and Spikes 1 and 2) and represent probability
density distributions based on 1000 Monte Carlo simulations in each case. See
‘Processes of time interval estimation” in Methods for details.

compiled data on mass eruption rates, maximum plume heights and sulfur
injection heights for past eruptions™. According to the study, there can be a
difference of >15 km between the maximum plume height and the sulfur
injection height for eruptions with a mass eruption rate exceeding 10°kg s ™.

The ME sulfate deposition at the NGRIP site corresponds to
11kgkm™ (see ‘Processes of sulfate deposition estimation’ in Methods),
similar to that estimated from the NEEM record"® (9 kg km?), identical to a
previous estimate from the NGRIP1 core based on discrete measurements*.
This is much lower than the 1815 CE Tambora eruption (40 kgkm™)°,
reflecting lower sulfur yield and lower sulfur injection height of the ME*
compared with the Tambora eruption®. Furthermore, our accumulation
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Fig. 4 | Measured §*'S and A™S, and estimated volcanic (background corrected)
8*S and A™S with continuous nssS concentrations. Background correction is
applied when volcanic sulfate accounts for over 60 % (f,01c > 0.60). Solid line at
A®S =0 %o. Dashed lines indicate A*™S + 0.09 bracketing range of S-MIF signals.
Error bars represent 20 uncertainty.

model suggests sulfate deposition to the ice spanned 232 + 42 days (20), and
based on a 1 November start date (see “Processes of time interval estima-
tion” in Methods), this implies the ME sulfate aerosols persisted mainly in
the boreal winter and spring. Consequently, there was minimal sulfate
aerosol remaining in the atmosphere during the summer of 947 CE, a
further factor limiting any climate forcing.

Despite its great magnitude, ice-core sulfate deposition and isotopes are
consistent with a limited stratospheric sulfur loading from the ME. Reasons
for this may include the loss of pre-eruptive sulfur'” and/or the low altitude
of the sulfate aerosol veil and its accelerated scavenging. Our high-resolution
glaciochemical records and cryptotephra results also add weight to the
hypothesis of a hiatus between the rhyolitic and trachytic phases of the ME.
The conductivity peak and width of Spike 2 appear to be greater than those
of Spike 1 (Fig. 2b). This may suggest that more SO, was released during
Phase 2 of the ME, which may help in understanding the sulfur budgets of
the two magma compositions in respect of eruptive volumes and degassing
histories'”’. Taken together with understanding of the radiative and
dynamical impacts of boreal winter, extra-tropical NH eruptions™*™*, our
findings reinforce the evidence from tree-ring summer temperature
reconstructions” for negligible cooling after the ME, and highlight the
importance of evaluating the role of volcanism in climate variability and
human history on a case-by-case basis.

Conclusions

We conducted high-resolution analyses of cryptotephras, glaciochemical
records (e.g. water-soluble ion concentrations, conductivity, multiple sulfur
isotopes), and insoluble particles within the NGRIP1 core from Greenland.
We identified a transition from rhyolitic to trachytic tephra, associated with
the ME, corresponding with discrete spikes in insoluble particle con-
centrations. Based on a simple annual snow accumulation model for
northern Greenland, the insoluble particle spikes suggests a hiatus between
the rhyolitic and trachytic phases of the ME of order one month. However,
our accumulation model is based on a relatively short data set and more
accurate reconstructions of monthly accumulation in Greenland could lead
to improvements and reductions in uncertainty. Our findings also revealed
negligible sulfur mass-independent fractionation, near-synchronous
deposition of insoluble particles and sulfate, and peak sulfur deposition
occurring in winter. Based on these observations, the muted climate forcing
arising from the ME likely reflects a short atmospheric lifetime of the vol-
canic sulfate aerosol veil, along with boreal winter timing of aerosol
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formation and modest sulfur yield. This refined picture of the timeline of the
ME and sulfur injection heights can inform risk assessment at restless cal-
deras worldwide.

Methods

Sample collection

Our investigation included both discrete and continuous analyses of the
NGRIP1 core. Two longitudinal samples with approximately 10 cm’ cross-
sections were cut from the archived core. For the discrete analyses, one of the
longitudinal samples was subsampled at a resolution of 2.5 to 5 cm over the
depth range corresponding to the volcanic fallout and 10 to 15 cm during
background periods in the year 2022. These samples were decontaminated
by shaving their surfaces by approximately 1 mm with a clean ceramic knife.
The samples were then sent to Seoul National University and stored at
—20°C before analysis. For the continuous analyses, the second set of
longitudinal samples was cut several years earlier in 2013 and sent frozen to
the DRI (Nevada, USA) and stored at —20 °C prior to analysis. The NGRIP1
core has been stored at —24 °C in a freezer facility in Copenhagen since it
was drilled in 1996, and subsequently, at —30 °C since 2019.

Continuous-flow aerosol analyses

High-resolution liquid conductivity, elemental chemistry, and insoluble
particle concentrations of NGRIP1 were measured using the well-
established continuous flow ice-core melter system at DRI* with effective
depth resolutions of approximately 1.8 mm, 20 mm, and 3 mm, respectively.
Briefly, longitudinal samples of the archived NGRIP1 ice core were analyzed
for a range of ~30 elements, as well as several chemical species, water iso-
topes, size-resolved insoluble particles, and other parameters. Ridges
engraved into a ceramic heated melter plate split meltwater from different
parts of the sample into three continuously flowing sample streams:
innermost 10%, middle 20%, and outer 70%. Elemental measurements,
including sulfur, sodium, and calcium were made on the innermost 10%
using two Element2 Inductively Coupled Mass Spectrometers operating in
parallel. Semi-quantitative, size-resolved insoluble particle concentrations
and liquid conductivity were measured in high depth resolution on the
middle 20% melt stream” using a laser-based Abakus particle counter” and
Amber Scientific low-volume conductivity cell, respectively. The outer 70%
was discarded due to potential contamination.

Sea-salt sodium (ssNa) was calculated from measured sodium and
calcium concentrations following standard procedures®. Sea-salt sulfur
(ssS) was calculated from ssNa using a sea water mass ratio of 905/10770,
and the ssS was subtracted from the total measured sulfur to yield the non-

sea-salt sulfur (nssS) concentration®™".

Tephra shards

The sample preparation and analysis of ice-core tephra shards was con-
ducted at the University of St Andrews. Discrete samples were melted into
acid-cleaned bottles, and these were then centrifuged, and the supernatant
pipetted off for sulfur concentration and isotope measurements. The
remaining water (approximately 2 to 3 mL) was pipetted into the center of a
plastic ring, which was placed on a Kapton tape-covered hotplate (80 °C) for
evaporation. Once fully dry, the ring mounts were filled with epoxy resin.
The surface was then lightly polished (for one to two minutes) using 1 um
diamond paste and 0.3 pm alumina, prior to carbon coating.

Tephra shards were identified and chemically analyzed using a JEOL
(Japan Electron Optics Laboratory) iSP100 scanning electron microscope
(SEM) and Electron Probe Microanalyzer (EPMA) at the University of St
Andrews. Chemical composition of tephra shards was measured using an
energy dispersive spectrometers (EDS) and five wavelength dispersive
spectrometers (WDS) (Supplementary Data 1). For EPMA we used a 15 kV
of accelerating voltage. A 5 nA of beam current and 5 um of beam diameter
was used for large shards (>10 pm), and a 1 nA of beam current and 3 pm of
beam diameter for small shards (<10 pm). Counting times at each peak
position are as follows: 30 s for Si, Fe, Mg, Ca, K, P, Mn, and Ti; 20 s for Al;
10's for Na for the 5 pm setup and 8 s for Na in 3 um setup. Background

counts were half of the peak counts. Semi-quantitative measurements using
SEM-EDS were aquired using a 15 kV of accelerating voltage, 1 nA of beam
current, and 20 s live time. Three international secondary glass standards
were measured for each analytical session: Mauna Loa tholeiitic basalt glass
(ML3B), St. Helens andesitic ash glass (StHs6/80-G), and an obsidian from
Lipari Island™*’. The average measurements of our standards were generally
within 20 uncertainty of the reference values (Supplementary Data 5).

Annual net accumulation model

We developed an annual net snow accumulation model based on the sea-
sonal variation of net snow accumulation in north-central Greenland from
1991 to 1995 First, we digitized Figure 6a from Shuman et al.” to obtain
monthly net accumulation values (mm in water equivalent (w.e.)) for four
sites. These values were averaged by month for each site, and then across all
sites to produce the overall monthly average net accumulation (Supple-
mentary Fig. 10). Error bars shown in Supplementary Fig. 10 represent
standard deviations for each month. However, we argue that this is not an
appropriate average and error estimate since it is based on a relatively short
data set that is not normally distributed. In addition, the accumulation for
January has only one data point available, which makes the standard
deviation meaningless (Supplementary Fig. 10). To overcome this problem,
we generated 1000 random values from the monthly net accumulation
range, assuming a uniform distribution. The minimum and maximum
value for net accumulation of January, where only one data point was
available, was assumed to be the same as the average of the minimum and
maximum net accumulation of November, December, February, and
March. The resulting annual net accumulation distribution (sum of the
monthly net accumulation) was near-normal, estimated at 191 + 22 mm
w.e. (20). The averages and standard deviations of these 1000 monthly net
accumulation simulations are provided in Supplementary Table 2. In order
to establish the annual net accumulation model (Fig. 3), the monthly net
accumulations were divided by the annual net accumulation in each ran-
dom generation to determine the monthly fractions (averages and standard
deviations are reported in Supplementary Table 2).

Processes of time interval estimation

In order to estimate the time interval between the two spikes from the
observed depth difference, we used the accumulation model to derive the
time elapsed since the assumed eruption date of 1 November 946. According
to the 240-hour forward air trajectory, the ash from the ME could have
reached Greenland within a few days to weeks after the eruption started
(Supplementary Fig. 7). In this study, we assumed that the ash would have
taken 14 + 7 days to reach the NGRIP site in Greenland after 1 November
(see the next “Forward air trajectory analysis” section). We assumed a
normal distribution for the estimated accumulation and ash travel timing.
Using the developed annual net accumulation model, we assigned a ‘fraction
of annual net accumulation’ value (i.e., y axis value) to the ash travel timing,
which is 14 + 7 days from 1 November (i.e., x axis value). This process was
repeated 1000 times. As a result, the duration of 14 + 7 days corresponds to a
‘fraction of annual net accumulation’ of 0.0258 +0.0245. This value is
converted to 0.005 +0.005m by multiplying it with the NGRIP average
annual layer ice thickness between 940 and 949 CE (0.183 +0.023 m)™".
Afterward, we determined the depth that corresponds to 1 November 946
within the NGRIP1 core. The large insoluble particles associated with the
ME start at a depth of 218.5225 m in the NGRIP1 core (Supplementary
Data 3). To calculate the depth for 1 November 946, we added 0.005 + 0.005
t0218.5225, resulting in a depth 0f 218.527 + 0.005 m. The depth differences
between 1 November 946 and the double spikes of the large particle con-
centrations are calculated as 0.016 +0.005m for Spike 1 and 0.026 +
0.005 m for Spike 2 (Supplementary Data 3). These values were then divided
by the NGRIP average annual layer ice thickness of 940-949 CE
(0.183+0.023m) to derive the ‘fraction of annual net accumulation’;
0.085 + 0.031 for Spike 1 and 0.143 + 0.035 for Spike 2. Finally, we assigned
the days after 1 November (i.e. x-axis value) for the double spikes using the
annual net accumulation model (Fig. 3) and estimated the time interval
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between the double spikes. The first microparticle spike was deposited 46 +
21 days after 1 November, and the second 77 + 23 days after. Accordingly,
the time interval between spikes was 31 + 25 days. The uncertainties are
quoted to 20 and were achieved by 1000 Monte Carlo simulations under
normal distribution.

For estimating the scavenging of the ME sulfate aerosols in the
atmosphere, we determined the sulfur in the NGRIP1 core associated with
the ME ends at a depth of 218.431 m (Supplementary Data 4). The ‘fraction
of annual net accumulation’ (y axis value) for the end of sulfur associated to
the ME was 0.525 + 0.130 (20), by following the same procedure described
above. Finally, the days after 1 November of 232 +42 days (20) were
assigned using the annual net accumulation model (x axis value). The
uncertainties were achieved by 1000 Monte Carlo simulations under normal
distribution.

Forward air trajectory analysis

Considering that volcanic fine ash (1-15 um) has an atmospheric lifetime
of a few days to weeks”**”, a 240-hour (10-day) forward air trajectory
was calculated using the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model of the National Oceanic and Atmospheric
Administration (NOAA) in the READY (Real-time Environmental
Applications and Display System) website to find how fast the volcanic
ash of the ME had transferred to Greenland through the atmosphere
(Supplementary Fig. 7). Although the forward air trajectory model
may not exactly account for the ash dispersion and deposition processes,
it provides a tentative estimate of the time taken for the ash to travel to
Greenland. For the calculation, we utilized the meteorological data from
00 Coordinated Universal Time (UTC) on 1 November, ranging from
2005 to 2023, obtained from the Global Data Assimilation System
(GDAS) at a resolution of 1°. The forward air trajectories shown in this
study were initiated from Mt. Beakdu, with starting heights of 8 and 14
km above mean sea level (AMSL), considering that the ME was likely a
UT/LS eruption.

According to the calculation, some air parcels started at 8 km AMSL
(upper troposphere) may not reach Greenland during 10 days of transport,
while most of that started at 14 km AMSL (lower stratosphere) may reach
Greenland within 10 days (Supplementary Fig. 7). Hence, we roughly
assumed that ME tephra might have deposited on the Greenland surface
within 14 + 7 (20) days after the eruption.

Sulfur isotopes

The sample preparation and analysis for sulfur isotopes were conducted at the
University of St Andrews. First, a 1.5 mL aliquot of each melted ice sample
was analyzed by ion chromatography for sulfate concentration. Based on
concentrations, the volume required for 20 nmol of sulfate was dried down in
Teflon vials on a hotplate. The residue was re-dissolved in 100 pL of 0.01% v/v
distilled HCL The solutions were then transferred to auto-sampler vials for
processing by an automated sulfate purification system (Elemental Scientific
prepFAST MC), and 9 pL of Milli-Q water was added to each sample for
every hour it would be waiting before loading on the column to prevent
complete evaporation during the sample processing. Sulfate from the samples
was purified by using the prepFAST MC with AG1X8 anion-exchange resin
(Dry mesh: 100-200) on a 50 uL column. The resin was cleaned with 350 pL
of 10% HNO3, 350 uL of 10% HCI, and 350 pL of 0.5% HCI. Then, samples
were loaded, the column was rinsed with 200 uL of Milli-Q water three times,
and sulfate was eluted by 3 x 100 uL of 0.5 M HNO;. The eluted samples
were dried down in Teflon vials once again on a hotplate. The residue was
diluted with 0.5 M HNO; containing NaOH to match the sulfate and sodium
concentration of the in-house Na,SO, bracketing standard. Sulfate in the in-
house secondary standards Switzer Falls and seawater samples were also
purified for checking accuracy and reproducibility. A blank sample was also
processed (sulfur blank was 0.04 nmol and had a §*S=4.53 %.). The
reproducibility using the prepFAST method for our in-house Switzer Falls
standard was 8*'S = 4.23 + 0.11 %o and A**S = 0.04 + 0.09 %o (1 = 21, 20), and
seawater was §'S =21.13 + 0.15 %o and A®S=0.04 +0.09 %o (n =12, 20),

which agrees well with previous studies: §S=4.17+0.11 %o and
A*®S=0.01+0.10 %o for Switzer Falls’” and §*S=21.24+0.88 %o and
A*S =0.050 + 0.014 %o for seawater™.

Multiple sulfur isotopes (**S, S, and *'S) were measured using a
Neptune Plus Multi Collector Inductively Coupled Plasma Mass Spec-
trometer (MC-ICP-MS)*>””, All sulfur isotopic ratios are blank-
corrected and reported relative to Vienna Canyon Diablo Troilite (V-
CDT) in standard delta notation (Eq. (1)). The A™S values were then
calculated by following Eq. (2).

(%)
s sample

<%> reference
6338 6345 0.515
A¥S(%,) = [(1000) - ((1000+ 1) —1][1000 (2)

Sulfate concentration and sulfur isotope ratios of the background
sample, prior to the volcanic eruption, were used to determine the sulfur
isotope values of the volcanic sulfate following Equation (3)".

8S(%,) = — 1] 1000 1)

x X
8 Smeasured - f background x5 Sbackground

f volc

The foackgrouna i the mass fraction of sulfate that is attributed to the
background (fiackground = [SO4” Thackground/ [SO4* Tmeasured)s and fiqic is the
mass fraction of sulfate that is attributed to the volcanic eruption
(frole = 1 ~foackground)- The &'Syyc was then used to calculate A¥S.
Uncertainties for the results were estimated through Monte Carlo
simulation™.

5°S (3)

vole —

Processes of sulfate deposition estimation

The NGRIP average accumulation rate between 940 and 949 CE (0.197 m
ice yr ')” was multiplied with high-resolution nss-sulfate concentration of
NGRIP1 ice core to estimate the sulfate flux (mg m~ yr ") (Supplementary
Data 4). Then, the sulfate flux was multiplied by the time interval of an
adjacent depth (in DRI_NGRIP chronology) to estimate the sulfate
deposition. Because the latter half of the main sulfur concentration peak area
of the ME slightly overlaps with a shoulder sulfur peak in around 218.4 m
(Fig. 2a), background corrected-sulfate depositions corresponding only to
the first half of the main sulfur peak area were summed up, and then doubled
to estimate the entire sulfate deposition of the ME (Supplementary Data 4).
Note that this is not the ideal choice because the volcanic aerosol formations
from the gas precursors have an e-folding residence time of several months
depending on latitude™ and thus would actually have a tailing of sulfur
concentrations following the peak. The nss-sulfate flux value prior to the ME
sulfur was defined as the background sulfate flux. The background sulfate
flux was multiplied with the time interval corresponding to the first half of
the ME sulfur peak area and then doubled for the background correction.

Data availability

The data used for manuscript figures are available on Figshare, with the
Supplementary Data under identifier https://doi.org/10.6084/m9.figshare.
26549344.v1 and the Supplementary Tables under identifier https://doi.org/
10.6084/m9.figshare.26550304.v1. Supplementary Tables are also available
in the Supplementary Information.
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