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ABSTRACT

Greenland ice core sulfate records reveal several large-magnitude volcanic events during the 7th Century of the Common Era (CE). The largest eruptions, in 626 and
682 CE, coincide with negative tree ring growth anomalies and documented evidence of climate cooling and societal crises. However, their volcanic sources remain
unidentified, leaving major uncertainties about eruption latitude, sulfur injection height and climate forcing potential. Here, we analyse sulfur isotopes of deposited
sulfate aerosol and cryptotephra geochemistry in Greenland ice core Tunu2013 to better constrain eruptive sources for the 626 and 682 CE eruptions, and additionally,
a sulfate peak at 698 CE and a tephra deposit at 686. We present the first identification of the Newberry Pumice tephra in Greenland ice (686 + 2 CE), extending
the known spatial distribution of this North American tephrostratigraphic marker. Sulfur isotope data indicates this Newberry eruption injected sulfur primarily
into the troposphere, consistent with previous studies. Isotopic evidence confirms that the 626 and 682 CE eruptions had stratospheric plume heights and were
from extratropical Northern Hemisphere and tropical sources, respectively. The 698 CE sulfate peak is revised from an assumed tropical eruption, to a tropospheric,
extratropical Northern Hemisphere eruption. Although cryptotephra geochemistry does not conclusively match known volcanic events, shards coincident with the
626 CE peak suggest an unidentified North Pacific arc source. Recurrent rhyolitic tephra throughout our sample set may reflect pulses of Southern Mono Craters
activity, multiple unrelated volcanic events, or secondary remobilisation and deposition. These results demonstrate the value of integrating sulfur isotope and tephra

analyses to refine reconstructions of volcanic—climate linkages.

1. Introduction

Stratospheric sulfur emissions following large volcanic eruptions can
cause regional and global cooling lasting several years and make vol-
canoes one of the most important drivers of natural climate variability
(Cole-Dai, 2010; Robock, 2000). The climate response following volcanic
eruptions is sensitive to key source parameters such as plume height,
source location, sulfur loading and season of eruption (Marshall et al.,
2019; Toohey et al., 2011, 2019). To better inform climate model simu-
lations and predictions of volcanic impacts on global climate and society,
it is important that these parameters are well constrained (Jungclaus
et al., 2017).

Polar ice cores preserve the most complete record of past volcanic
eruptions. These archives can be used to constrain key eruption pa-
rameters of interest when understanding climate response to volcanism.
Volcanic events are usually preserved as peaks in sulfate and particle
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concentration (volcanic ash), and the former can be used to estimate sul-
fate loading and radiative forcing for past events (Cole-Dai, 2010; Gao
et al., 2008; Plunkett et al., 2023; Toohey and Sigl, 2017). However, the
majority of volcanic sulfate signals preserved in ice cores are yet to be
linked to known volcanic sources, requiring major assumptions about
their source latitude, plume height, and stratospheric sulfate loading.
Recent studies have demonstrated that these parameters strongly influ-
ence volcanic radiative forcing and climate response (Burke et al., 2023;
Marshall et al., 2019, 2022; Stevenson et al., 2017; Toohey et al., 2019)
making efforts to extract new information from the volcanic ice core
record of key importance for climate modelling and global preparedness
for future, large-magnitude events.

Developments in S isotope analysis of ice core sulfate provide valu-
able constraints on eruption plume height and source latitude (Burke
et al., 2019, 2023; Gautier et al., 2019). Sulfur injected in and above the
ozone layer by explosive volcanism is exposed to UV radiation, imparting
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a mass-independent isotopic anomaly (via photochemical reactions) that
is preserved in sulfate deposited at the poles and can ultimately then be
measured in ice cores (Baroni et al., 2007; Burke et al., 2019; Savarino
et al., 2003). Sulfur isotopes of volcanic sulfate in ice cores not only pro-
vide important constraints on plume heights, but also source location
(latitude). This is because fallout from tropical eruptions deposited in
the polar regions consists exclusively of stratospheric mass-independent
fractionated (MIF) sulfur whereas fallout from extratropical eruptions
usually involves mixture of stratospheric (MIF) and tropospheric (non-
MIF) sulfur due to closer proximity to the ice sheet (Burke et al., 2019,
2023). Geochemical fingerprinting of tephra glass remains the only ro-
bust way to link an ice core deposit with its specific eruptive source
(e.g. Abbott et al., 2024; Davies et al., 2024; Lowe, 2011; Plunkett et al.,
2023). Together, these two techniques provide a powerful framework for
identifying and characterising specific volcanic eruptions in ice cores
(Hutchison et al., 2025; Pearson et al., 2022), which can be particularly
important when assessing volcano-climate forcing for events associated
with major temperature perturbations.

During the 7th Century of the Common Era (600-700 CE), a number
of large magnitude volcanic events are identified as sulfate peaks in po-
lar ice cores (Fig. 1), none of which have a confirmed volcanic source
(Gao et al., 2016; Plunkett et al., 2023; Sigl et al., 2015; Toohey and
Sigl, 2017). Of particular note are the two largest volcanic sulfate peaks
of the century, which are deposited in Greenland starting in 626 CE and
682 CE and are linked to Northern Hemisphere cooling shown by tree
ring width and maximum latewood density temperature reconstructions
(Biintgen et al., 2016, 2025; Gao et al., 2016; Salzer and Hughes, 2007;
Schneider et al., 2015; Sigl et al., 2015). Sulfate deposits from the 626 CE
eruption are only found in Greenland ice cores (Fig. 1), suggesting an ex-
tratropical latitude Northern Hemisphere source (Sigl et al., 2015). This
is further supported by sulfur isotope analysis of the ice core eruption
deposit which provides evidence for a Northern Hemisphere, extratrop-
ical, stratospheric eruption (Burke et al., 2023). Of all ice core-recorded
eruptions of the last 2000 years, the Northern Hemisphere extratrop-
ical temperature response linked with the 626 CE eruption is ranked
as the second largest (Biintgen et al., 2025), and frost ring signals and
ring width minima occur in North American bristlecone pines in 627 CE
(Salzer and Hughes, 2007). Historical eyewitness accounts of dry fogs
and dimming of the Sun in the Mediterranean region during 626 and 627
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CE support stratospheric volcanic aerosol injection in 626 CE (Stothers,
2002; Stothers and Rampino, 1983), and volcanic induced cooling has
been suggested as an environmental factor for driving documented soci-
etal disruption including population migration and the fall of the Turkic
empire (Biintgen et al., 2016; Di Cosmo et al., 2017; Fei et al., 2007).
The 682 CE event is thought to be a tropical eruption due to its bipo-
lar sulfate deposits (Sigl et al., 2015) and the presence of stratospheric
sulfur in Antarctic ice (Gautier et al., 2019). The 682 CE volcanic strato-
spheric sulfur injection (VSSI) of 27.2 Tg S is ranked as the 7th largest
of the last 2500 years (Toohey and Sigl, 2017), with spatially varying
Northern Hemisphere tree ring minima and societal stresses following
the hypothesised tropical eruption (Gao et al., 2016).

To date, no volcanic sources have been identified for the eruptions
in 626 and 682 CE or any other eruptions of the 7th Century which
have been recorded in polar ice cores (Plunkett et al., 2023). From ra-
diocarbon dating of proximal ash deposits, it has been hypothesised
that major VEI 5-6 (Volcanic Explosivity Index; Newhall and Self, 1982)
eruptions of Rabaul, Witori, and Dakataua from New Britain Island are
candidates for the 682 CE tropical eruption (Gao et al., 2016; McKee
et al., 2011; Sigl et al., 2015). Radiocarbon wiggle-match dating of the
Rabaul Pyroclastics eruption to 667-699 CE has led to the suggestion
it is the most likely candidate for the 682 CE eruption (McKee et al.,
2015). Additional > VEI 4 eruptions (considered to be the minimum VEI
required to transport ash to Greenland; Plunkett et al., 2022) within
dating uncertainty of the 7th Century ice core sulfate peaks are listed
in eruption databases LaMEVE (Crosweller et al., 2012) and the Global
Volcanism Project (https://volcano.si.edu/),representing plausible can-
didates for the major 7th Century ice core sulfate peaks (Table 1). For the
626 CE eruption, prominent Northern Hemisphere eruptions candidates
include the Kamchatka volcanoes Opala (Baranii Amphitheatre erup-
tion; VEI 6) (Andrews et al., 2018; Plunkett et al., 2015; Ponomareva
et al., 2017) and Shiveluch (eruptions SH#9 to SH#12; VEI 4-5) (Plun-
kett et al., 2015), and North American eruptions of Newberry (Newberry
Pumice eruption; VEI 4) (Jensen et al., 2021; Kuehn, 2002; Kuehn and
Foit, 2006) and Southern Mono Craters (the penultimate Mono Craters
eruption; VEI 4) (Bursik et al., 2014; Jensen et al., 2021). These North-
ern Hemisphere eruptions are all radiocarbon dated to within uncer-
tainty of the extratropical 626 CE eruption (see Table 1 for details) and
are known to have produced eruptions with widespread tephra trans-
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Fig. 1. Continuous nssS (non-sea salt sulfur) records from Greenland ice core Tunu2013 and Antarctic ice cores WDC and B40 (Sigl et al., 2015), and insoluble
particle data from Greenland identifying key volcanic sulfur peaks across the 7th Century Common Era (CE). Events sampled in 626, 682, 686 and 698 CE from

Tunu2013 ice core are labelled and highlighted yellow.
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Table 1

Candidate eruptions for 7th Century eruptions preserved in Greenland ice as listed in the LaMEVE database (Crosweller et al., 2012) or suggested by previous studies
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discussing Greenland sulfate peaks during this period (Gao et al., 2016; McKee et al., 2015; Sigl et al., 2015; Zielinski et al., 1994).

Candidate Source and Region Reported Eruption Date (CE) VEI Geochemistry Latitude
Eruption
Arenal Costa Rica ~650 (Bolge et al., 2006) 4 Andesite-Dacite (Bolge et al., 2006) Tropical
Et-7
Bezymianny Kamchatka, Russia 700 + 50 CE Suggested as candidates by 4 Andesite? (Ponomareva et al., 2017) Northern
(Gao et al., 2016; Zielinski et al., 1994) Hemisphere
Cotopaxi Ecuador ~740 (Barberi et al., 1995; Hall and Mothes, 4 Andesite ((Garrison et al., 2011); not Tropical
L1 2008) specific eruption)
Dakataua New Britain Island, 605-675 (McKee et al., 2011) 6 Andesite-Dacite (Firth et al., 2024; Neall Tropical
Dk Papua New Guinea et al., 2021)
El Chichon Mexico ~700 (Espindola et al., 2000) <5? Trachyandesite (No data for D, (Nooren Tropical
D et al., 2017) for E).
Furnas Azores ~600 (Cole et al., 1999) 4 Trachyte (Wastegard et al., 2020) Northern
E Hemisphere
Miyakejima Japan 600 + 54 (Geshi et al., 2022) 4 Basalt-Andesite (Geshi et al., 2022); whole Northern
Suoana-Kazahava rock) Hemisphere
Newberry Oregon, USA 635 + 70 (Jensen et al., 2021) 4 Rhyolite (Jensen et al., 2021) Northern
Newberry Pumice Hemisphere
Opala Kamchatka, Russia 550-635 (Braitseva et al., 1995, 1997) 6 Rhyolite (Andrews et al., 2018; Plunkett Northern
Baranii Amphitheatre et al., 2015; Portnyagin et al., 2020) Hemisphere
Witori New Britain Island, 620-780 (McKee et al., 2011) 5 Dacite (Firth et al., 2024; Neall et al., 2021) Tropical
WK-4 Papua New Guinea
Rabaul New Britain Island, 667-699 (McKee et al., 2015) 6 Dacite (Fabbro et al., 2020) Tropical
Rabaul Pyroclastics Papua New Guinea
Sete Cidades Azores ~528-1039 (770 mean) (Moore and Rubin, 4 Trachyte (Ellis et al., 2023; Queiroz et al., Northern
P15- P12 (LaMEVE) 1991; Queiroz et al., 2008) 2015) Hemisphere
Shiveluch Kamchatka, Russia ~470-800 (Ponomareva et al., 2015) 4-5 Andesite — Rhyolite (Ponomareva et al., Northern
SH#9 — SH#12 2015; Portnyagin et al., 2020) Hemisphere
Southern Mono California, USA 600-650 CE (Bursik et al., 2014; Jensen 4 Rhyolite (Jensen et al., 2021) Northern
Craters et al., 2021) Hemisphere

port. Confirming any of these candidates as sources for ice core sulfate
deposits requires identification and geochemical correlation of primary
deposits of tephra or cryptotephras (microscopic, non-visible tephra) in
ice.

Here, we combine high-resolution sulfur isotope analysis and tephra
geochemical characterisation to interpret eruptive characteristics of
prominent 7th Century eruptions recorded in a Greenland ice core. We
specifically target events in 626 and 682 CE which have the greatest
VSSI of the 7th Century (Toohey and Sigl, 2017) and are associated with
Northern Hemisphere climate cooling. In addition to these two notable
events, we use these methods to investigate a further hypothesised tropi-
cal eruption deposited as a sulfate peak at 698 CE and a peak in particle
concentration associated with a small sulfate increase during 686 CE
(Fig. 1). Using these methods, we provide new constraints on the source,
timing and plume height of four major eruptions of the 7th Century and
establish valuable new Northern Hemisphere tephra isochrons.

2. Methods
2.1. Ice core sampling

The Tunu2013 ice core (78° 2.1’ N, 33° 52.8 W, 2105m; 213 m
total depth (Sigl et al., 2015) has previously been analysed using the
high-resolution continuous flow analysis (CFA) system at the Desert Re-
search Institute (DRI; Reno, NV) for a broad range of chemical and
elemental species, including total sulfur concentration determined by
inductively coupled plasma mass spectrometry and size-resolved insolu-
ble particle concentrations determined by a laser-based particle detector
(McConnell et al., 2002; Sigl et al., 2015) (Fig. 1). The core was dated
using volcanically synchronized annual layer counting (Sigl et al., 2015).

This study targets the largest volcanic sulfate deposits in Greenland
ice cores during the 7th Century which are associated with major North-
ern Hemisphere climate forcing, preserved as peaks in sulfate concentra-
tion in Tunu2013 beginning at 626 and 682 CE (Fig. 1). The decade 680-
690 CE contains multiple sulfate peaks (682-686 CE, 689-690 CE) along

with a prominent peak in medium (2.6-4.5 pm) and large (4.5-9.5 pm)
insoluble particles at 686 CE. Therefore, this whole 680-690 CE interval,
which includes the targeted 682 CE eruption, was selected for sampling.
However, discrete sample analysis shows that the 689-690 CE sulfate
peak was not fully captured and therefore it is not included in our study.
In addition to climatically significant eruptions in 626 and 682 CE, a
previously assumed tropical eruption at 698 CE was also sampled.

For sulfur isotope and tephra analysis, ice corresponding to each of
the targeted ice core sections was discretely sub-sampled at intervals of
3-4 cm, equating to approximately 3 samples per year. Additional 5 cm
samples were taken prior to the sulfate peaks to constrain background
sulfate concentration in ice unaffected by large volcanic events. A total
of 13 samples were cut for the 626 CE eruption across the depth in-
terval 173.68-173.19m, and 8 samples for the 698 CE eruption from
165.88 to 165.63 m. A continuous section was cut from depth interval
167.86-166.92 m to include the targeted tropical sulfate peak from the
682 CE event, additional peaks in sulfate 680-690 CE, and the particle
peak at 686 CE comprising 30 individual samples.

2.2. Sulfur isotopes

Sulfate concentration of meltwater samples was measured by ion
chromatography using a Metrohm 930 compact IC flex at the University
of St Andrews. Samples were then centrifuged at 3000 rpm for 15 min
and supernatant water pipetted off for sulfur isotope analysis, leaving
<5 ml meltwater containing tephra and dust particles.

Following ion chromatography, a portion of each sample contain-
ing 20 nmol of SO, was dried down at 104 °C. Sulfate was isolated for
isotopic analysis using anion exchange column chemistry (Burke et al.,
2019) alongside an in-house secondary standard, Switzer Falls river wa-
ter (Burke et al., 2018), and a procedural blank in each column set.
Triple sulfur isotopes (32S, 33S and 34S) were measured using a Nep-
tune Plus multi-collector inductively coupled plasma mass spectrometer
(MC-ICP-MS) at the University of St Andrews Isotope Geochemistry lab-
oratory (STAIG). Following isotopic analysis, §%*S, §3S and A33S were
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calculated using the equations:

5XS = (XS /SZS)Sample /(XS /BZS)Reference -1 (1)
and
A%s =585 - ((6*s+1)"7° -1) @

where X is 33 or 34, and A®3S is the measure of sulfur mass independent
isotopic fractionation (S-MIF) of the sulfur deposited. Note when written
with per mil units (%o), the above equations are multiplied by 1000. Iso-
topic values reported are relative to the Vienna-Canyon Diablo Troilite
(V-CDT) reference standard. Mass dependent sulfur which remains be-
low the ozone layer in the troposphere carries a A%3S within analytical
uncertainty of 0 %o. Mass independently fractionated S carries a non-zero
A%S anomaly due to photochemical reactions during exposure to UV ra-
diation above the ozone layer (Savarino et al., 2003). The Switzer Falls
secondary standard has a measured composition of §**S = 4.17 +0.11
%o (2 o) (Burke et al., 2018). Over the course of this study, our measured
values for the Switzer Falls standard were 84S = 4.12 + 0.19 %o (20) and
A%S = 0.00 +0.16 %o (20). The average sulfur content and standard
deviation of the long-term laboratory blank was 0.18 + 0.14 nmol (20),
with a %S composition of 4.35 +7.98 %o (20) and these values were
used to blank correct all ice core isotope measurements. Background
samples taken before and after the S peak were used to calculate the con-
centration and isotopic composition of the volcanic sulfate end-member
using:

‘SVolc = (5mea.sured - f bkgdabkgd) / f Volc (3)

where 6§y, is the isotopic value of the volcanic sulfate, &,,4q iS the
measured isotopic value of the sample, &y, is the isotopic value of the
background ice before or after the volcanic deposit and fi,, and sulfate
fvo are the fractions of background and volcanic sulfate, respectively
(Baroni et al., 2007; Gautier et al., 2019). Background corrected values

@ fvolc 2 0.65
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are included for samples where more than 65 % of sulfate content comes
from volcanic source. Samples with a lower fraction of volcanic sulfate
(<65 %) are unsuitable for this calculation due to large propagated un-
certainties of the volcanic sulfate isotope compositions (Baroni et al.,
2007; Gautier et al., 2018).

2.3. Tephra geochemistry

After centrifuging and removing the supernatant water for isotopic
analysis, the remaining sample containing any potential tephra shards
were combined with adjacent samples to reduce resolution and improve
efficiency of tephra screening and analysis. This produced a total of 4
tephra samples across the 626 CE eruption peak, 6 samples for the 682
CE and 686 CE section, and 2 samples for the 698 CE eruption (Fig. 2;
Table S1). Each combined tephra sample has a nominal time resolution
of between 0.75 and 1.3 years.

Tephra samples were mounted in EpoThin2 epoxy resin following
best practice procedures of (Innes et al., 2024; Iverson et al., 2017).
Mounted samples were lightly polished using 6 pm, 3 pm, and 1 pm dia-
mond suspension pastes for approximately 30 s to 1 min on each grade
of polish. A final polish using 0.2 pm aluminium oxide polish was done
for <30s.

Samples were screened for the presence of tephra by optical micro-
scope and scanning electron microscope (SEM). Identified tephra shards
were analysed for major and minor elements using electron probe micro-
analysis (EPMA) with a JEOL JXA-isp100 at the University of St Andrews
electron microscopy facility. An accelerating voltage of 15kV and beam
of 5pm and 5nA was used for analysing glass shards in sample Tunu-
167.25, corresponding to the particle peak at 686 CE where an abun-
dance of tephra with a suitable size (>5 pm) glass area were identified.
All other tephra was analysed using a small beam size method with 3 pm
and 1 nA beam conditions (Hayward, 2012; Innes et al., 2024). In a few
cases where the tephra had a glass area <3 pm, the beam was overlapped
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Fig. 2. Sulfate (black line, ng g~!), 2.5-4.5 um particle concentration (blue line, pg g~') (bottom row) and sulfur isotope analysis (middle and top rows) of sampled
intervals of Greenland ice core Tunu2013, targeting volcanic events in 626, 682, 686 and 698 CE. Black circles in sulfate concentration and isotope plots represent
measurements made on discrete samples. Horizontal dashed line in §3*S and A33S plots represent 0%o line. For samples where the sulfate concentration was calculated
to be >65% volcanic sulfate (fvolc >0.65), background corrected values are shown as blue diamonds. Error bars represent 2¢ uncertainty for background corrected
values. Vertical dashed blue lines through all plots show intervals combined for tephra analysis, preformed at lower time resolution than sulfur isotopes, and are
labelled with sample identifiers referred to in text. Additional top line ‘Tephra’ shows the number of tephra shards identified and geochemically analysed in the
interval. Samples plotted according to year of bottom depth, using Tunu2013 age model (Sigl et al., 2015).
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on the epoxy resin (by up to 20 %). Although a decrease in precision is
noted with the 3 pm beam overlap method, it has been shown to produce
sufficiently accurate results to make robust geochemical ties between ice
core cryptotephra and proximal deposits of identified eruptions (Innes
et al., 2024). Some shards permitted multiple measurements with a 3 pm
beam and in these cases, the average value of multiple analyses is plot-
ted. Before, during and after sample analysis, the secondary standard
glasses Lipari Obsidian ID3506, StHs6,/80-G and ML3B-G (Jochum et al.,
2006; Kuehn et al., 2011) were analysed to ensure standard calibration
was appropriate and to monitor for instrumental drift. Low analytical to-
tals (<95 %) from all methods of analysis, including the overlap method
and with the beam fully positioned on the glass, were assessed on a case-
by-case basis and only included in our dataset provided the normalised
total was part of a geochemical population or grouped with other anal-
ysis with totals >95 %. Of 99 total analyses, 73 have analytical totals
>95%, 15 have analytical totals of 90-95%, and 11 have analytical totals
<90%. Of the shards with analytical totals <90%, 4 were discounted
from our dataset for not grouping with a clear geochemical population
(these analyses are still included in supplementary data). All major and
minor oxide data from EPMA are normalised to 100% on an anhydrous
basis in order to compare to source candidate geochemistry to assess for
geochemical correlations. Similarity coefficients were calculated to pro-
vide statistical comparison between clear tephra groups identified and
candidate volcanoes (Borchardt et al., 1972).

Eight tephra were analysed for trace element composition using laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) us-
ing an Applied Spectra RESOlution SE Excimer laser ablation system
coupled to an Agilent 8900 Triple Quadrupole ICP-MS system at the
University of St Andrews STAIG laboratories. LA-ICP-MS was performed
at 4 Hz with a fluence of 6 J/cm?. Each analysis was completed using a
20 pm spot size, with acquisition time of 30 s. Calibration was performed
using reference material NIST610 (Jochum et al., 2011). Secondary stan-
dards of rhyolitic tephras Old Crow and Lipari Obsidian ID3506 (Kuehn
et al., 2011) were analysed at the start and throughout the analytical
session and compared to available reference values (Kuehn et al., 2009;
Maruyama et al., 2016). All data were reduced offline using Iolitev4.0
software (Paton et al., 2011), with internal standardisation using Al (pre-
viously measured using EPMA). Trace element concentrations used for
correlations were within 10-20% of the reference values.

3. Results
3.1. Sulfur isotopes

Sulfate concentration and S isotopes of the Tunu2013 sub-samples
are shown in Fig. 2 (626 CE isotopic data is previously published in
Burke et al., 2023). Sulfur isotope analysis shows non-zero A33S for the
626 CE and 682 CE eruptions (Fig. 2). The 626 CE eruption has a max-
imum background corrected A®S of +0.57 %o (background corrected)
followed by a negative A33S minimum of —0.53 %o (not background cor-
rected as fvolc <0.65). The first volcanic sulfate deposited from the 626
CE event does not carry a S-MIF signature (i.e. A%S = 0%o) and sulfur
preserving the isotopic anomaly is deposited later in the peak. The 682
CE eruption deposit has a larger background corrected A%3S maximum of
+1.28%o followed by a negative minimum of —0.75%o (Fig. 2). The sul-
fur carrying the S-MIF signature is deposited with the initial increase in
sulfate concentration. The third targeted section containing the sulfate
peak at 698 CE and the small increase in sulfate concentration coinci-
dent with the 686 CE particle peak are accompanied by decreases in
8%S characteristic of volcanic sulfur deposits (Burke et al., 2019), but
produce A%S values within error of 0 %o (Fig. 2).

3.2. Tephra major element geochemistry

Tephra shards were identified in all samples apart from Tunu-173.68,
immediately prior to the deposition of the 626 CE sulfate (Fig. 2). From
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the 626 CE sampled interval, 19 tephra shards were identified and anal-
ysed, from which two geochemical groups emerge (Fig. 3). A high FeO
(>7.6 wt%), low K,0O (< 1.8 wt%) andesitic group (n = 7) of 10-15 pm
size were found only in Tunu-173.58, coincident with the initial rise
in sulfate concentration (Fig. 2). A second rhyolitic geochemical group
from the 626 CE sampled interval cluster with high K,0 (> 4.0 wt%) and
low (<1 wt%) FeO and CaO content. This group, comprising of eight
shards 10-40 pm in size, were found throughout the deposited sulfate
peak in samples Tunu-173.58, Tunu-173.45 and Tunu-173.36. The an-
desitic tephra do not match the geochemistry of any known eruptions
within dating uncertainty of the Tunu2013 626 — 627 CE ice core peak
(Fig. 3; Table 1). The high-silica rhyolitic tephra shards show similarity
to the large silicic eruption of Opala (Kamchatka) and North Ameri-
can tephra from the Southern Mono Craters. However, the high K,O0
(>4.0 wt%) rule out the 1.4 ka Opala eruption (Andrews et al., 2018;
Plunkett et al., 2015; Ponomareva et al., 2017) as a candidate for this
group, and low FeO and CaO (< 1.0 wt%) rule out the most recent erup-
tions from the Southern Mono Craters (600-650 CE; Bursik et al., 2014;
Jensen et al., 2021) as a source for all but one glass shard (~40 pm)
identified in sample Tunu-173.58 (Fig. 3).

A total of 48 tephra shards were identified and successfully anal-
ysed from the sampled interval 680-690 CE targeting the 682 CE sul-
fate peak and 686 CE particle concentration peak. Sample Tunu-167.25,
which includes the large peak in particle concentration at 686 CE (peak
at 167.18 m; Fig. 1), was found to contain an abundance (n > 30) of
5-20 pm rhyolitic tephra, of which 21 analyses were made (Fig. 4). This
population correlates across all measured oxides (similarity coefficient
of 0.983; Table S3) with the Newberry Pumice tephra from the Big Ob-
sidian period of Newberry volcano (Oregon, USA) (Jensen et al., 2021;
Kuehn, 2002) extending the known distribution of this widespread North
American cryptotephra to Greenland. Throughout the 680-690 CE sam-
ple set, 20 high-silica, low FeO and CaO rhyolitic tephras are identified
and analysed (Fig. 4). Like the 626 CE rhyolitic group, these shards show
geochemical coherence but no exact match to any silicic source candi-
dates, except one larger (20 pm) shard in sample Tunu-167.07 which
again matches the geochemistry of the Southern Mono Craters (Fig. 4).
A small group (n = 3) of rhyolitic shards with higher Al,05 (14.83 wt%)
and FeO (1.57 wt%) in sample Tunu-167.55 are different in geochem-
istry from the other group of high-K rhyolite shards, but do not match
geochemistry of any known eruptions occurring in this time interval. A
further five shards from this sampled interval containing the 682 and
686 CE eruptions do not form any further geochemical populations.

For the 698 CE sampled interval, 11 tephra shards were identified
and analysed. Eight of these found in both samples Tunu-165.88 and
Tunu-165.74 are also geochemically similar to the highly silicic rhyolitic
tephras in 626 and the 680-690 CE sampled interval. Geochemical vari-
ation of K,0 (4.6-6.5 wt%) and Na,O (1.6-4.5wt%) in the analyses of
these shards make this population grouping less coherent than the other
626 CE and 680-690 CE tephras of similar rhyolitic composition (Fig. 6).
The variation in alkali content may reflect alkali loss with small, thin
shards present in the sample, or Na loss in glass impacted by weathering,
as we do not see this degree of analytical variation in the secondary stan-
dards (see Supplementary Data). Again, despite similarities to the low-Fe
and Ca rhyolitic 7th Century eruption candidates, no direct correlation
is made to a known source, except for one shard which correlates with
Southern Mono Crater geochemistry (40 pm in size, analysed twice). A
further three tephra shards from these samples have lower SiO, than the
high-K rhyolite shards, and do not form any groups or match any known
eruption geochemistry (Fig. 5).

3.3. Tephra trace element geochemistry

Eight tephra shards were analysed for trace elements by LA-ICP-
MS. Six shards were from the 626 CE sampled interval including three
shards of the andesitic population (Tunu-173.58), one of the trachy-
dacitic tephra (Tunu-173.58) and two rhyolitic tephra (one each from
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Fig. 3. Geochemistry of tephra from interval 173.68 m-173.19 m of Tunu2013 corresponding to the 626 CE extratropical stratospheric eruption deposit. Tephra
compared to geochemistry of candidate extratropical eruptions as listed by the LaMEVE database (https://vogripa.org/) or hypothesised sources from literature
discussed in the text. Newberry and Southern Mono Craters reference data from (Jensen et al., 2021), Kamchatkan candidates data (Opala and Shiveluch) from
(Andrews et al., 2018; Plunkett et al., 2015; Ponomareva et al., 2015), Azores data (Furnas and Sete Cidades) from (Ellis et al., 2023; Wastegard et al., 2020), and
Miyakejima (Japan) whole rock data from (Geshi et al., 2022). All data comes from analysis of glass tephra shards unless stated otherwise. Error bars represent 2c

uncertainty of glass standard Lipari ID3506 measured during analytical session.
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Fig. 4. Geochemistry of tephra from depth interval 167.85m - 166.92 m corresponding to the large sulfate peak associated with the 682 CE tropical eruption, and
the 686 CE particle peak (sample Tunu-167.25, magenta stars). Ice core tephra compared to geochemistry of tropical and extratropical eruptions that are considered
most likely candidates as listed by the LaMEVE database (https://vogripa.org/), or hypothesised sources from literature. See Fig. 3 for geochemistry references for
Newberry, Southern Mono Craters, and Shiveluch. New Britain Island eruption geochemistry for Dakataua, Rabaul and Witori from (Fabbro et al., 2020; Firth et al.,

2024; Neall et al., 2021). Error bars represent 2¢ uncertainty of glass standard Lipari ID3506 measured during analytical session.

Tunu-173.58 and Tunu-173.36). A further 2 rhyolitic shards from the
680-690 CE interval and 698 CE sample sets were analysed (one each
from samples Tunu-167.07 and Tunu-165.88).

Based on their major element content, two rhyolitic shards from
Tunu-167.07 and Tunu-165.88, along with one rhyolitic shards from
sample Tunu-173.58 correlate with the Southern Mono Craters (Jensen
et al., 2021). The trace element composition of these 3 shards are in-
distinguishable within analytical uncertainty and closely match trace
element data from proximal Southern Mono Crater tephra and cryp-
totephras identified in North American bogs that are linked to this erup-
tive event (Fig. 7) (Jensen et al., 2021). In particular, the low Ba and Sr of

the tephras is strongly characteristic of tephra originating from a rift set-
ting, such as the Mono Craters. The second rhyolitic tephra analysed for
trace elements from the 626 CE eruption set (Tunu-173.36) has higher
Ba concentrations and does not show the same similarity to Southern
Mono Craters trace elements (Fig. 7).

The 626 CE andesitic shards have consistent trace element concen-
trations except for Pb which shows greater variation across the 3 anal-
yses. As secondary standard values are consistent and within 15% of
other published concentrations (see Supplementary Data), the sample
variation in Pb (11-61 ppm) is likely related to epoxy resin contamina-
tion from overlap of the 20 um spot size when used on small (<20 pm)
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Fig. 5. Geochemistry of tephra from interval Tunu-165.88 m-165.62 m corresponding to the 698 CE high-latitude tropospheric eruption deposit. Tephra compared
to geochemistry of candidate extratropical eruptions as listed by the LaMEVE database (https://vogripa.org/), or hypothesised sources from literature. See Fig. 3
for geochemistry references for Newberry, Southern Mono Craters, and Shiveluch. Bezymianny geochemistry of eruptions during last 2 ka from (Ponomareva et al.,
2017). Error bars represent 2¢ uncertainty of glass standard Lipari ID3506 measured during analytical session.

tephra. This does not appear to affect any other trace elements analysed.
4. Discussion
4.1. Newberry Pumice identification at 686 CE

The geochemistry of the abundant (<20 pm) rhyolitic cryptotephra
identified in sample Tunu-167.25 (particle peak at 167.13 m; Fig. 1) con-
fidently correlates it to the Newberry Pumice tephra from Newberry
Volcano, Oregon (Fig. 4). This VEI 4 eruption, which is radiocarbon
dated to 635+ 70 CE (Jensen et al., 2021), is part of Newberry's most
recent ‘Big Obsidian’ eruptive period that comprised an initial explosive
eruption followed by pyroclastic flows and lava flow activity (Gardner
et al.,, 1998; Kuehn, 2002; Rust and Cashman, 2007). The widely dis-
persed ash fall from the Newberry Pumice eruption has previously been
identified and geochemically characterised in bog and lake records in
northeastern North America (Jensen et al., 2021; Pyne-O’Donnell et al.,
2012). Our identification of this tephra in Greenland extends the known
transportation distance to >5000 km and creates an important tie point
between Greenland ice cores and the terrestrial North American records
in which the Newberry Pumice tephra is found.

Our ice-core identification also allows us to improve on previous
terrestrial radiocarbon age estimates (Jensen et al., 2021) and assign a

more precise ice core age of 686 + 2 CE to the eruption, as determined
by the timing of Newberry Pumice tephra deposit in the Tunu2013 age
model (Sigl et al., 2015). This precise ice core age for the Newberry
Pumice contributes to reducing age model uncertainty for North Amer-
ican stratigraphic records during the first millennium CE, which have
already been tied to Greenland ice cores at 852/853 + 1 CE by the dis-
covery of the White River Ash (east) marker (Coulter et al., 2012; Jensen
et al., 2014; Mackay et al., 2022). Our new and precisely dated New-
berry Pumice tie-point below the White River Ash (east) will further
improve dating accuracy deeper in the stratigraphic record across the
region.

Studies of the Newberry Pumice eruption show that the tephra fall
deposit is characterised by elongated, easterly isopachs, leading to de-
bate about whether the eruption was Plinian or sub-Plinian and whether
isopleth mapping can be used to infer a reliable maximum column height
for the eruption column (Gardner et al., 1998; Kuehn, 2002; Nathenson,
2017; Rust and Cashman, 2007). If taken as Plinian, the isopleths and
tephra volume suggests maximum column heights of 21-25km (Gard-
ner et al., 1998; Kuehn, 2002; Nathenson, 2017), decreasing to 18 km as
eruption intensity reduces midway through the eruption (Kuehn, 2002).
Using particle size and thickness of the tephra deposits, Kuehn, (2002)
inferred that prevailing wind speeds in excess of 50 m s~ (180 km h~!) at
the time of the eruption would have contributed to the distal ash trans-
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Fig. 6. Geochemistry of andesite tephra population (n = 6) identified at onset of 626 CE eruption sulfate peak, compared to geochemistry of Alaskan volcanoes
Aniakchak, Okmok and Veniaminof and Kamchatkan volcano Avachinsky, known to produce andesitic products during explosive eruptions in the last 2000 years.
Miyakekima whole rock geochemistry shown to be similar to 626 CE Andesite population in Fig. 3 is also plotted, alongside other Izu Arc and Quaternary tephras
hypothesised to be from the North Pacific volcanic regions, identified in marine sediments. Also shown are ice core tephra identified alongside sulfate deposited from
major climate-forcing eruptions in 536 CE and 88 CE (Plunkett et al., 2022; Sigl et al., 2015), hypothesised to originate from Eastern Aleutian Arc eruptions. Error
bars represent 2¢ uncertainty of glass standard Lipari ID3506 measured during analytical session. Geochemical data references: Aniakchak CFE II 3.6 ka eruption:
(Davies et al., 2016); Okmok 43 BCE eruption: (Lubbers et al., 2023; McConnell et al., 2020); Veniaminof: (Lubbers et al., 2023); Avachinsky: (Krasheninnikov et al.,
2020); Izu Arc Sediments: (Schindlbeck et al., 2017); Sea of Okhotsk tephras: (Derkachev et al., 2016); Bering Sea Tephras: (Derkachev et al., 2018).

port across the North American continent. Rust and Cashman, (2007)
challenged these plume estimations because such high wind speeds
would be more than two standard deviations faster than modern wind
profiles for the region. Their interpretation is that the Newberry Pumice
elongate isopachs represent a sub-Plinian eruption, which allowed for
the plume to be more bent over by winds, and therefore column heights
of 21-25 km are overestimated.

Sulfur isotope analysis can provide a further constraint on column
height, because S-MIF should only be detectable for eruptions that in-
ject significant quantities of sulfur in or above the stratospheric ozone
layers. If the plume reached isopleth-derived altitudes of 21-25km, S-
MIF would be expected in our isotope analysis, as the ozone layer at

extratropical latitudes (so including Newberry volcano at 43.7°N) is
approximately 15-25 km (depending on season). In Tunu2013, the New-
berry Pumice cryptotephra is accompanied by a small, but detectable
increase in sulfate concentration (maximum sulfate peak of 107 ng g~!)
beginning in late-685 CE and peaking in 686 CE (Figs. 1 and 2). The
S isotope data show no detectable S-MIF (i.e. A®*S = 0 %o), indicating
the majority of the sulfur was unlikely to have been injected to altitudes
21-25 km (Fig. 2).

However, the volcanic sulfate peak associated with the Newberry
Pumice tephra is only slightly elevated above background concentra-
tions and thus it is possible our isotope measurements were not able
to detect a small proportion of S-MIF carrying sulfate mixed with back-



H.M. Innes et al.

10000

1000

8
100 £ ° / “\‘

Rock/Primitive Mantle

01 " i i i i i i i i i i " i " L i
RbBa Th U Nb Ta La Ce Pr Sr Nd Zr SmGdDy Y Er Yb

$8 626 CE Tunu-173.58 rhyolite tephra (n=1)
21 Southern Mono Craters ~1.4 ka (Jensen et al., 2021)

ISB-1 Southermn Mono Craters
correaltive (Jensen et al., 2021)

© Opala ~1.4 ka (Jensen et al, 2021)

Rock/Primitive Mantle

1000
100
Be o ]
10 02—
N§ 4
1 L
0.1 "

Quaternary Science Reviews xxx (xxxx) 110036

RbBa Th U Nb Ta La Ce Pr Sr Nd Zr SmGd Dy Y Er Yb

{) 626 CE Tunu-173.58 andesite tephra (n=3)

(O Aniakchak CFE Il ~3.6 ka (Derkachev et al., 2018)
Aleutian ~64.5 ka (suggested Okmok; Derkachev et al., 2018)

/\ Aleutian ~80.1 ka (Bourne et al., 2016)

/\ Kurils ~24 ka (Bourne et al., 2016)

Fig. 7. Trace element geochemistry of tephra in sample Tunu-173.58 associated with the 626 CE extratropical eruption, after normalisation to Primitive Mantle
(Sun and McDonough, 1989). Left panel shows single rhyolitic shard which matches Southern Mono Craters major and trace geochemistry (Jensen et al., 2021) and
shows clear difference to Opala trace geochemistry. Right panel shows similarity of Tunu-173.58 Andesitic tephra (n = 3) to available trace element data of tephra
identified in Bering Sea sediments (Derkachev et al., 2018) and Greenland ice cores (Bourne et al., 2016) linked to Quaternary eruptions of Pacific Arc volcanoes.

ground and tropospheric aerosol. To test this, we can use isotope mass
balance to calculate the maximum proportion of stratospheric sulfate
(carrying a S-MIF signature) that could be present in the Newberry
Pumice ice core deposit that would still result in a measured A%3S of
0 %o. As our 2¢ uncertainty for A33S is +0.16 %o, we consider this to
the threshold for a identifying an S-MIF signal. By subtracting the es-
timated ice core background sulfate concentration (39 ng g~!) from the
maximum peak of sulfate concentration associated with the Newberry
Pumice in Tunu2013 (106 ngg~'), we estimate that the total sulfate
in the ice (fyq) is comprised of 63% volcanic sulfate (f,,) from the
Newberry eruption and 37% of background sulfate (fy,q). The volcanic
sulfate deposited (63% of f,,q) is itself made up of the sum of strato-
spherically (f;,) and tropospherically (f,,,) transported sulfate, which
could vary depending on plume height, transportation pathways, and
proximity of the eruption to the ice core site. Our isotope analysis of
Tunu2013 background ice core samples assumed to be unaffected by
volcanic events carry a §**S of 9.48 +1.2 %o (n = 6), and a A%S of 0
%o, and tropospheric volcanic sulfate not exposed to UV photochemistry
also carries a mass dependently fractionated A33S signature of 0 %o, and
estimated &%S of 4.1 £ 0.5 %o (Jongebloed et al., 2023). Based on sulfur
isotope studies of large, tropical eruptions of the Common Era, volcanic
sulfate transported purely through the stratosphere and mass indepen-
dently fractionated by UV photochemistry typically carries a maximum
A3%3S of 1-2 %o (Burke et al., 2019; Gautier et al., 2018). We then use
the following isotope mass balance equation to calculate the maximum
fraction of stratospheric sulfate present:

A33Srneasured = fvolc(fstrat ABBSS[‘V(H + ftrup A33Strop )+ fbkgd A33Sbkgd (4)
rearranged to solve for f,,,, assuming that f,,, =1~ fir
f _ A33Smea.sured _fvoch33Strop _fbkgd A:‘)‘Ssl:rkgz:l (5)
strat —

fvolc( Asgsstmt - A33Srmp)

where A®S,, . is the ice core deposit A3S from sulfur isotope analy-
sis (assumed to be 0.16 %o due to our 2 uncertainty on A®S), A%S,..
is the assumed A%S range (1-2%o) of stratospherically transported sul-
fate, A:‘BSWJ is the A33S of tropospherically transported volcanic sulfate
carrying no S-MIF (0 %o), and A®Sy, is the A%S of background ice
core sulfate, also carrying a mass dependent A33S of 0 %o. We calculate

10

the maximum fraction of stratospheric sulfate present in the Newberry
Pumice Tunu2013 ice core deposit to be 12% and 25%, if A®3S,, is 2.0
%o and 1.0 %o respectively. This suggests that a portion of the Newberry
sulfur gas plume could have reached altitudes in or above the ozone layer
as suggested by isopach approximations, but that the majority that was
deposited in Greenland (75-88 %) was transported via the troposphere.

An additional caveat is that plume heights derived from isopleths
are usually higher than the SO, injection height (based on study of
satellite-era eruptions (Aubry et al., 2023)). This satellite era compila-
tion shows the average ratio of isopleth height to tephra column top
height is 1.45, and the average ratio of SO, injection height to column
top height is 0.97. Assuming the previously calculated Plinian 21-25 km
isopleth heights are accurate, this would suggest SO, injections were
likely around 14-17 km (using a scaling factor of 1.49; Aubry et al.,
2023; Hutchison et al., 2025), in agreement with our estimated sulfur
gas plume altitude from sulfur isotope analysis that suggest the majority
(minimum 75 %) of the sulfur was transported below the stratospheric
ozone layer (the bottom of which is ~16 km at the latitude of Newberry
volcano).

As well as constraining plume height, the identification of Newberry
Pumice in Greenland has important implications for understanding the
risk of moderate (VEI 4) eruptions in terms of ash dispersal. The de-
tection of tens of tephra shards in Greenland ice suggests that given
favourable wind conditions, there is potential for ash up to 20 pm in
size, to reach several thousand kilometres across North America, Green-
land and the wider North Atlantic region (discussed further in Section
4.5).

4.2. 626 CE Northern Hemisphere eruption

Sulfur isotopes from the 626 CE sulfate peak in the Tunu2013 ice core
(Fig. 2) show that the initial volcanic sulfate does not carry any S-MIF
signal (i.e. A%S = 0 %o). It is then followed by a muted positive peak of
A®BS = +0.57 %o (corrected for background sulfur) when the volcanic
sulfate transported via the stratosphere is deposited (Burke et al., 2023).
Burke et al. (2023) assigned this to an extratropical source, as the initial
mass dependent sulfur signature from the input of tropospheric sulfate
requires a source proximal to the ice sheet (Burke et al., 2019). The pro-
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portion of sulfate deposited on the ice sheet that was transported via
the stratosphere has been previously calculated by (Burke et al., 2023)
using isotopic mass balance equations as 75 + 9 %.

Tephra identified with the 626 CE ice core sulfate do not correlate
with a known Northern Hemisphere eruption. The only exception is
the single rhyolitic shard (in sample Tunu-173.58 m); that matches the
Southern Mono Craters eruption geochemistry across major and trace
elements (Fig. 3; Fig. 7). However, no other tephra show a close match
to this eruption, with the subtle differences in major and trace element
data suggesting that the high-K rhyolitic tephras associated with the 626
CE eruption could be from multiple sources, discussed further in Section
4.5.

The andesitic tephra population in sample Tunu-173.58 (n = 6) was
deposited coincidently with the initial increase in tropospheric sulfate
at 626 CE. This synchronous timing of the tephra and sulfate depo-
sition is characteristic of extratropical eruptions (Abbott and Davies,
2012; Hutchison et al., 2025; Plunkett et al., 2023), suggesting that they
originate from the same source.

The tephra composition shows similarity to geochemistry of the VEI 4
Suoana-Kazahava eruption of Japanese Izu arc volcano Miyakejima (ra-
diocarbon dated to 644-680 CE) (Geshi et al., 2022). However, higher
TiO, of the Tunu2013 tephra rules out a confident link when directly
comparing available whole rock data of aphyric ejecta samples (Geshi
et al., 2022) with ice core tephra glass shards (Fig. 3). There are also
differences in major oxides for other much older (0.3 — 1 Ma) basaltic-
andesitic Izu Arc eruptions (Schindlbeck et al., 2017) and tephras from
the Sea of Okhotsk and Bering Sea sediments (Derkachev et al., 2016,
2018) (grey symbols in Fig. 6). Future direct comparison of glass geo-
chemistry would rule out any potential uncertainty associated with crys-
tallisation of whole rock samples that may cause differences in major
elements, including TiO,, and better confirm or discount a link between
Tunu2013 626 CE tephra and Miyakejima and other Holocene Izu Arc
eruptions.

There are no other known > VEI 4 andesitic eruption candidates from
extratropical latitude Northern Hemisphere sources reported within un-
certainty of the 626 CE eruption (Table 1). Trace element analysis pro-
vides further information about tectonic setting, with marked depletion
in high field strength elements Th, Nb and Ta (Fig. 7) characteristic of
subduction settings (Bourne et al., 2016; Tomlinson et al., 2015). This
rules out Icelandic volcanism as a source of the ash and points instead
towards North Pacific volcanic arcs as the closest systems most likely to
deposit tephra in Greenland. As well as Miyakejima and Izu arc erup-
tions, the Tunu2013 626 CE tephra major and minor element geochem-
istry bears a close resemblance to andesitic eruptions of Eastern Aleu-
tian Arc (EAA) volcanoes, including Aniakchak, Okmok and Veniaminof,
known to produce explosive, climatically significant eruptions during
the last few thousand years with tephra transport from the region to
the Greenland ice sheet (Fig. 6) (McConnell et al., 2020, 2025; Pearson
et al., 2022). The TephraKAM geochemical database for the Kamchatka
volcanic arc (Portnyagin et al., 2020) also lists high-FeO and CaO an-
desitic eruptions of Kamchatkan volcano Avachinski (Krasheninnikov
et al., 2020) in the first millennia CE, which have geochemistry char-
acteristic of, but not identical to the tephra identified in Tunu-173.58 m
(Fig. 6). Calculated similarity coefficients show the closest geochemical
match is to the low-Si component of tephra from the Okmok 43 BCE
eruption (SC = 0.92; Table S3) (McConnell et al., 2020), strengthening
the hypothesised link to EAA systems. The trace element data from anal-
ysis of three andesitic shards shows a similar trend to proposed Kuril
and Aleutian tephras (Fig. 7) identified in marine sediments (Derkachev
et al., 2018) and Greenland ice cores (Bourne et al., 2016). While this
data is from late-Quaternary deposits which are much older than the
eruptions investigated in this study, it provides a useful comparison to
demonstrate the consistency of trace element pattern between the ice
core tephra identified at 626 CE and suggested Pacific arc source regions.

Comparison of ice core tephra trace element data to available trace
element data of North Pacific eruptions identified in marine sediments)
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and an ice core tephra suggested to be of Kuril origin shows the trace
elements also show a similar trend to these North Pacific arc systems
(Fig. 7).

The 626 CE andesitic tephra population we identify is very similar in
composition to the tephra population associated with in the 88 CE vol-
canic sulfate peak in the NEEM-2011-S1 ice core (Plunkett et al., 2022)
and one of the tephra populations associated with the climatically impor-
tant 536 CE extratropical eruption (Burke et al., 2023; Sigl et al., 2015)
(Fig. 6). These previous studies also suggest EAA volcanoes as probable
sources for the 88 and 536 CE tephra found in Greenland ice. These at-
tributions, as well as our conclusions for the andesitic 626 CE tephra,
suggest EAA or Kamchatkan sources for both the first and last major
eruptions of the Late Antique Little Ice Age (LALIA) sustained cold period
from ~536 to 640 CE, with notable societal impacts across the North-
ern Hemisphere (Biintgen et al., 2016; Fei et al., 2007). While there
have been Holocene tephrochronological studies in Alaska and Kam-
chatka (Bolton et al., 2020; Braitseva et al., 1997; Davies et al., 2016;
Fortin et al., 2019; Plunkett et al., 2015; Ponomareva et al., 2017; Praet
et al., 2022; Riehle, 1985) the absence of clear links to known and dated
eruptions suggests major gaps remain in our understanding of eruptive
histories from these remote regions.

The presence of other tephra populations including the rhyolitic
tephra deposited throughout the 626 CE samples and two trachydacite
shards of unknown source in samples Tunu-173.58 and Tunu-173.45
means we cannot rule out multiple, climate impacting eruptions at this
time. However, the occurrence of a geochemically consistent popula-
tion of andesitic tephra in a single sampled section coincident with the
initial tropospheric sulfate, points towards an andesitic, North Pacific
volcanic arc eruption as the most likely source of the extratropical 626
CE eruption recorded in Greenland ice.

4.3. 682 CE tropical eruption

Sulfur isotope analysis identifies a large stratospheric aerosol deposit
from an eruption in 682 CE, shown by the presence of S-MIF (Fig. 2).
A clear time evolution of the isotopic anomaly is observed with an ini-
tial positive peak in A%S followed by negative A33S deposited over a
timescale of 2-3 years. This signature is characteristic of a large tropi-
cal eruption, as all volcanic sulfur deposited carries the S-MIF signature
and A%S increases with the initial growth of the sulfate concentration
peak (Burke et al., 2019; Gautier et al., 2018). Previous sulfur isotope
analysis (performed at lower time resolution) of the corresponding vol-
canic sulfate peak at 682 CE at Dome C, Antarctica, by Gautier et al.
(2019) records a A33S anomaly of —0.63 + 0.06 %o (1c). This bipolar S-
MIF signal is consistent with the attribution of the 682 CE event to a
large tropical eruption (Sigl et al., 2015).

Compared to some of the largest eruptions and A®*S measurements
of the Common Era (Samalas in 1257 A%®S = +1.7-2.2 %o, and Tamb-
ora in 1815 A%S = +1.7%o; Burke et al., 2019; Gautier et al., 2019,
2018), the maximum background corrected A33S of +1.27 %o for the
682 CE eruption is smaller, reflecting either a lower altitude (Crick et al.,
2021) or potentially a less optically thick sulfate cloud than the largest
eruptions of the Common Era, if the mechanism for S-MIF is photoly-
sis self-shielding (Endo et al., 2024). However, this non-zero A%3S signal
provides evidence that the tropical 682 CE eruption had a sulfur plume
that reached the ozone layer.

Candidate tropical eruptions for the 682 CE ice core volcanic deposit
include the large (VEI 5-6) eruptions of Rabaul, Witori, and Dakataua
from New Britain Island, Papua New Guinea (Gao et al., 2016; McKee
etal.,, 2011, 2015; Sigl et al., 2015). Smaller (VEI 4) Central American
eruptions of Arenal in ~650 CE (Bolge et al., 2006), Cotopaxi in ~740
CE (Hall and Mothes, 2008), and El Chichén ~700 CE (Espindola et al.,
2000) also have been suggested as a candidates for sulfate peaks in ice
cores between 670 and 730 CE (Gao et al., 2016), but simulations of ash
dispersion and deposition (Plunkett et al., 2022) show it is unlikely that
ash from VEI 4 tropical eruptions could reach Greenland. To date, only
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ash from more powerful > VEI 6 Common Era eruptions at tropical lati-
tudes has been identified in Greenland ice (e.g. (Hutchison et al., 2024;
Smith et al., 2020) and, therefore, these smaller magnitude eruptions
can tentatively be ruled out as sources for the ice core deposits. As we
do not identify any dacitic-andesitic shards in our Tunu2013 samples
associated with the 682 CE eruption, no geochemical correlation has yet
been confirmed between the widely hypothesised candidate VEI 5-6 New
Britain Island eruptions and the 682 CE sulfate in Greenland ice (Fig. 4).
Future research targeting tephra identification for the Antarctic counter-
part of the 682 CE peak (Fig. 1) also known to carry an S-MIF anomaly
(Gautier et al., 2019) may provide more robust conclusions about the
eruption source.

Although we do not identify the specific volcanic source, the S-
MIF isotopic signature confirms that all the volcanic sulfur deposited in
Greenland from the 682 CE eruption has been transported via the strato-
sphere. Using the quantity of sulfur deposited in ice cores, the volcanic
stratospheric sulfur injection (VSSI) of the 682 CE eruption has been es-
timated at 27.2 Tg S (Toohey and Sigl, 2017), approximately the same
as the Tambora 1815 CE eruption (28.1 TgS) and ~45% of the 1257
CE Samalas eruption which has the highest VSSI of the Common Era
(59.4 Tg S; Toohey and Sigl, 2017). This ranks the 682 CE eruption as the
7th largest of the last 2500 years in terms of VSSI. resulting in a climate
cooling of ~1°C based on temperature reconstructions across Europe
and the Arctic (PAGES 2k Consortium, 2013; Sigl et al., 2015). A more
prolonged period of Northern Hemisphere cooling is initiated by this
eruption (Gao et al., 2016), with southern Colorado Plateau bristlecone
pine tree ring-based temperature records showing a cold temperature
anomaly initiated in 683 CE, and sustained until the end of the 7th Cen-
tury (Salzer and Kipfmueller, 2005). This particular episode of volcanic
induced cooling has been linked with severe societal disruption, espe-
cially in China, Japan and Europe (Biintgen et al., 2025; Di Cosmo et al.,
2017; Gao et al., 2016).

4.4. 698 CE Northen Hemisphere eruption

Sulfur isotope data shows that all the sulfate deposited from the 698
CE event is tropospheric and from an extratropical eruption proximal
to Greenland. This finding disproves previous assumptions that the 698
CE eruption was tropical (Sigl et al., 2015) and instead suggests that the
contemporaneous sulfate deposit in Antarctica is from a high latitude
eruption in the Southern Hemisphere. (Fig. 1). Future investigation of
the Antarctic counterpart peak at 698 CE may provide further insights
to confirm the volcanic source origins of the sulfate.

Although several rhyolitic tephra shards are identified, they do not
conform to a consistent geochemical grouping which suggests there
may be contributions from multiple volcanic sources. Aside from the
single, largest (~30pum) shard from 698 CE which is geochemically
indistinguishable from proximal tephra of the Southern Mono Craters
(Jensen et al., 2021) (Fig. 5), the tephra do not match any known, North-
ern Hemisphere extratropical candidates. In distal terrestrial samples,
a Southern Mono Craters correlative (ISB-1/BB-2/SB-5 in Jensen et al.,
2021) is deposited prior to the Newberry Pumice tephra (which we show
here to be in 686 CE). This stratigraphic relationship suggests that this
shard, and the one at ~687-688 CE in sample Tunu-167.07, are not di-
rectly linked to the Southern Mono Craters correlative in Jensen et al.
(2021) as they are deposited in the ice core after the Newberry erup-
tion. Proximal deposits from the Southern Mono Craters show that after
an initial release, the sequence involved multiple smaller, short lived
eruptive pulses and a complex progression switching among numerous
vents (Bursik et al., 2014), which may explain the multiple occurrences
of Mono Craters correlating tephra in the Tunu2013 ice core over these
sampled time intervals. It is possible that Tunu2013 insoluble particle
peaks in 650 and 666 CE may represent the initial Plinian Southern Mono
Craters eruption (Fig. 1) and future investigation of these deposits may
resolve current uncertainties about the Southern Mono Craters eruption
timeline. The challenges of attributing these single shards are discussed
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more in the following Section (4.5)
4.5. Wider implications, opportunities and challenges

Our work demonstrates how combining sulfur isotope and tephra
geochemical analysis is a powerful approach for better constraining
source parameters of volcanic eruptions recorded in ice cores, espe-
cially when there is little or no historically documented evidence. The
most notable success of combining these for eruptions during the 7th
Century of the Common Era is identification of the Newberry Pumice
using tephra geochemistry (Section 4.1). While this tephra identification
alone provides a high-precision age for the Newberry Pumice eruption
and an important stratigraphic tie between terrestrial and ice records,
the sulfur isotope analysis offers additional constraints on sulfur injec-
tion height, which in this case was largely confined to the troposphere
(Section 4.1). The success of these methods is further demonstrated when
applied to eruptions in 626, 682 and 698 CE, considered to be related
to periods of cooling identified in climate proxy records for the North-
ern Hemisphere. Although we do not pinpoint the exact sources for these
eruptions, sulfur isotope analysis informs source latitude constraints, and
tephra geochemistry allows us to rule out known major eruptions that
are radiocarbon dated to windows spanning the 7th Century as poten-
tial candidates (e.g. extratropical candidates Opala and Shiveluch for
the 626 CE eruption; Section 4.2). In particular, the sulfur isotope sig-
nature of the 698 CE deposit demonstrates that coincident sulfate peaks
in Greenland and Antarctica do not always indicate a tropical eruption
sources (Sigl et al., 2015). Contributions such as these are of key impor-
tance to reconstructing Earth's volcanic record prior to the satellite era
and providing the most accurate forcing records for climate models. In
practical terms, our combined tephra and sulfur isotope approach not
only provides multiple constraints on past eruptions (e.g. plume height,
latitude, tectonic setting, VSSI), but they make the most of precious ice
core resources.

This work also highlights the challenges of relating ultra-distal ice
core cryptotephras to specific sources. Using a higher time-resolution
sampling method and small EPMA beam sizes allows identification and
analysis of very small (<10 um) cryptotephra. In cases such as the 686
CE Newberry Pumice tephra, or the 626 CE andesitic tephra, there are
clear populations with overlapping chemistries that can be used to link
the ice core sulfate to a known source or tectonic setting. However, as
discussed in Sections 4.3 and 4.4, the high-K rhyolitic tephra analysed
from the 680-690 CE interval and 698 CE eruption sample sets are more
dispersed and do not form clear geochemical groups. The persistence and
geochemical spread of these tephra create a challenge for identifying if
this rhyolitic tephra is primary airfall tephra from an eruption, multi-
ple eruptions or pulses of the same system, as has been suggested for
the formation of the Mono Craters (Bursik et al., 2014; Putnam, 1938;
Sieh and Bursik, 1986), or a secondary remobilisation of volcanic dust
that is transported to Greenland. Although no obvious morphological
signs of weathering were observed for tephra shards analysed, major el-
ement analysis gives some indication to aid distinction between primary
and secondary deposits in the Tunu2013 samples, with lower Na,O to-
tals (<3 wt% in rhyolitic glasses) suggestive of weathering for shards
with rhyolitic geochemistry (see supplementary data). This broader is-
sue is one discussed in previous studies (Plunkett et al., 2023) for the
identification of recurring, low abundance tephras in ice core samples,
usually high in silica and low (<1 wt%) in FeO and CaO. As interest
increases in cryptotephra samples where only a few shards are avail-
able for analysis, consideration must be given to this complex issue in
order to differentiate what may be background contributions of weath-
ered and remobilised shards to the ice core record and genuine primary
ash deposition.

As our ability to detect and geochemically characterise extremely
fine, sparse tephra shards in distal records (such as polar ice cores) im-
proves, we may be able to detect eruptions that have more episodic erup-
tion style, such as the style of activity described at the Southern Mono
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Craters (Bursik et al., 2014). For deposits of more abundant, geochemi-
cally indistinguishable tephra deposits, challenges remain for correlation
to known volcanic systems. No known eruptions are dated to within un-
certainty of the 626 CE Tunu2013 deposit which match the andesitic
geochemistry of the tephra group identified. While we demonstrate that
this group show affinity to some Aleutian, Kamchatkan, and Japanese
arc system volcanoes, the sparse historical records and limited and/or
complex proximal stratigraphic sequences in these remote regions of ac-
tive volcanism makes the correlation of ice core tephra with sources
problematic, with similar issues recognised in studies of other Northern
Hemisphere eruptions associated with climate cooling (Hutchison et al.,
2025; Plunkett et al., 2022; Sigl et al., 2015).

Despite these challenges, the outcomes of this study contribute to
fundamental understanding of the risks and hazards posed by strato-
spherically transported sulfate and far travelled fine ash associated with
Northern Hemisphere volcanism. The extratropical attribution of the
626 CE eruption supports recent studies showing that there is increased
summer temperature climate sensitivity to stratospheric sulfur injections
from Northern Hemisphere extratropical eruptions (Burke et al., 2023;
Toohey et al., 2019). Our first identification of the Newberry Pumice
tephra in Greenland highlights the potential hazards of VEI 4 erup-
tions to the North Atlantic region. The abundance of very fine grained
(<20 pm) tephra shards reaching >5000km from Newberry volcano
itself suggest material from the plume was carried even further than
Greenland. If a similar event was to occur today, with favourable, strong
wind conditions such as those suggested at the time of the 686 CE
Newberry eruption (Kuehn, 2002), the distribution of fine ash material
would cause significant disruption across North America and transat-
lantic airspace. Previous tephra from the North Pacific region identified
in Greenland have originated from eruptions several magnitudes greater
than the Newberry Pumice (e.g. VEI 7 Mazama Ash (Davies et al., 2024);
VEI 6 WRAe (Coulter et al., 2012; Jensen et al., 2014); VEI 6 Aniakchak
CFEII (Pearson et al., 2022)). Our identification of the Newberry Pumice
eruption confirms that given favourable transport conditions, smaller
and more common (i.e. VEI 4) eruptions from the western North Amer-
ica and northern Pacific systems have the potential to distribute fine ash
several thousand kilometres from the eruption site, posing a greater risk
than previously thought to the airspace of more distal regions (Bourne
et al., 2016; Jensen et al., 2014, 2021; Wang et al., 2025; Watson et al.,
2017).

5. Conclusion

Using sulfur isotope and geochemical analysis of tephra shards iden-
tified in the Tunu2013 ice core from Greenland, we improve under-
standing of source parameters for four major volcanic eruptions during
the 7th Century of the Common Era. We correlate a peak in particle
concentration at 686 + 2 CE with the Newberry Pumice tephra, extend-
ing the known ash distribution of this eruption to Greenland, and infer
that the majority of the sulfur plume was transported below the strato-
sphere, based on sulfur isotope analysis. This finding demonstrates the
risk that VEI 4 eruptions can pose to the North Atlantic region, with fine
(<20 pm) tephra transport over 5000 km from the source. We use sulfur
isotopes to confirm previous assumptions of extratropical, and tropical
source latitude for eruptions in 626 and 682 CE, respectively. We also re-
vise the previous assumption of a tropical latitude eruption responsible
for the 698 CE Tunu2013 sulfate deposit, to an extratropical Northern
Hemisphere source due to a non-S-MIF isotopic signature.

We identify tephra shards throughout the sampled intervals for
each of these eruptions, which we compared to the geochemistry of
known > VEI 4 eruptions dated within uncertainty of the ice core peaks.
No direct correlations were made between these candidates and the ice
core tephra groups identified for the extra tropical 626 CE, tropical 682
CE, or extratropical 698 CE eruptions. However, geochemistry of tephra
deposited with the sulfate peaks of 626 and 698 CE prove useful for rul-
ing out major rhyolitic eruptions of Kamchatkan volcanoes Opala and
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Shiveluch, and Azores eruptions of Furnas and Sete Cidades as candidate
sources for the Northern Hemisphere eruptions. An andesitic population
of 6 tephra shards deposited with the 626 CE eruption show close sim-
ilarity to eruptions of Aleutian, Kamchatkan, and other Pacific arc vol-
canoes, leading us to conclude that the most likely source of the 626 CE
ice core deposit is a currently unrecorded eruption from these regions.
Sulfur isotopes and tephra geochemical analysis of other sulfate and in-
soluble particle peaks recorded in Greenland ice cores during the 7th
Century (e.g., 650, 666, 689 and 694 CE; Fig. 1) may link ice cores with
other hypothesised sources in this study and provide a more complete
assessment of volcanism from this time period. These insights contribute
to ongoing efforts to better interpret the ice core volcanism record, pro-
viding more accurate eruption source parameters for eruptions linked
with major climate responses of the Common Era.
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