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ARTICLE INFO ABSTRACT

Handling Editor: Dr C. O’Cofaigh Polar ice-cores have long been recognised as unrivalled repositories of past volcanic events. Although tephra

products from local eruptions tend to dominate these records, improvements in micro-sampling and analytical

Keywords: techniques are uncovering a growing number of cryptotephras erupted from exceptionally distant volcanoes. We
Cryptotephra present a series of nine Middle Holocene cryptotephra deposits detected within the NGRIP ice-core that originate
Holocene . from five different volcanic regions across the Northern Hemisphere (Alaska, Cascades, Iceland, Japan, Kam-
Greenland ice core . . . . . .

NGRIP chatka). Unique compositional signatures are employed to identify ash from three large caldera-forming events
Mazama in Kamchatka (KS; from Ksudach), the Cascades (Mazama) and North East Japan (Mashu), along with ash from
Mashu the Hekla 4 eruption in Iceland. High-precision ice-core ages (adopting a 1950 CE datum for the GICCO5

KS, timescale assigned to the Greenland ice cores) are derived for each eruption: Hekla 4 (4325 + 8 a b1.95k), KSy

Hekla 4 (7089 =+ 26 a b1.95k), Mashu (i-f) (7473 + 33 a b1.95k) and Mazama (7562 + 35 a b1.95Kk), all of which can be
employed as chronological fix-points in other proxy records where these deposits are also preserved. Four further
cryptotephra deposits and one macro-deposit are also identified and traced to sources in Iceland and Alaska. The
cryptotephra originating from Alaska is correlated to a deposit identified in lake records from the Kenai
Peninsula, thought to originate from Redoubt Volcano. The remaining four deposits are typical of the products of
Katla, Grimsvotn and Veidivotn in Iceland. This ensemble of Middle Holocene tephra deposits highlights the
pivotal position of the Greenland ice-sheet and its ice-cores to capture deposition from the convergence of several
far-travelled ash clouds. Precise age estimates derived from the annually resolved ice-core record greatly en-
hances the value of these tephra isochrons.

1. Introduction: the Greenland tephra repository

Polar ice-cores have long been recognised as valuable repositories of
volcanic activity. Volcanic products such as ash particles (tephra) and
sulphate aerosols are dispersed via the atmosphere, deposited instan-
taneously (in geological terms) on the ice surface, buried by subsequent
snowfall, and sealed and preserved within the ice. This mode of
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deposition, along with the geochemical source fingerprint, locked
within the ash particles, gives rise to isochrons or marker horizons that
can be employed for reconstructing volcanic histories and for correlating
a wide range of proxy archives. Although synchronised aerosol records
from both poles can give rise to detailed records of large global eruptive
events (e.g. Sigl et al., 2015; Svensson et al., 2020; Lin et al., 2022), only
the geochemical fingerprint of the ash particles can provide an
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unambiguous method for identifying the volcanic source and the specific
eruption (e.g. Bourne et al., 2016; McConnell et al., 2020; Smith et al.,
2020; Plunkett et al., 2023). Ash particles trapped within the ice,
therefore, represent an unrivalled and, to some extent, untapped po-
tential to build a global record of volcanism (Self and Gertisser, 2015).

Initial exploration of the ash content in Greenland ice was drawn to
the well-preserved visible horizons or where large peaks in electrical
conductivity measurements and sulphate were observed (Palais et al.,
1991; Gronvold et al., 1995; Zielinski et al., 1997). This targeted sam-
pling approach led to the identification of a handful of volcanic deposits
such as the North Atlantic Ash Zone II (NAAZII) and Vedde Ash in
pre-Holocene ice (Gronvold et al., 1995; Zielinski et al., 1997), the
Saksunarvatn Ash and Mazama in Holocene ice (Gronvold et al., 1995;
Zdanowicz et al., 1999), along with historical events such as Orafajokull
1362 CE (Palais et al., 1991), Eldgja 939-940 CE (Zielinski, 1995) and
Landnam 871 (Gronvold et al., 1995). More recently, Greenland ice-core
records have been scoured for microscopic traces of ash particles
(so-called cryptotephras) (e.g. Mortensen et al., 2005; Davies et al.,
2010; Abbott et al., 2012; Coulter et al., 2012; Davies et al., 2014;
Bourne et al., 2015; Cook et al., 2018, 2022; Plunkett et al., 2023). As a
result, a new catalogue of volcanic events has emerged spanning the last
123,000 years filling important knowledge gaps in the timing and fre-
quency of volcanic events and giving rise to new chrono-stratigraphic
marker horizons that were hitherto unattainable. Despite the new
level of detail uncovered within this repository, the products of local
Icelandic eruptions typically dominate (Bourne et al., 2015; Cook et al.,
2022). Although such local deposits are valuable as regional isochrons
for correlation, uncovering ash from more distal sources is an important
step towards building a source-constrained hemispheric to global vol-
canic record, while in turn widening the geographical areas over which
correlations are possible and complementing the existing volcano
climate-forcing indices (Toohey and Sigl, 2017; Sigl et al., 2022).

In the early days of ice exploration, traces of low-latitude eruptions
were reported by a small number of studies (Palais et al., 1992; De Silva
and Zielinski, 1998), but the challenges of extracting robust and repli-
cable geochemical data from a few microscopic particles have always
plagued this work. However, improvements in micro-analysis (namely,
microprobe beam size reduction, Hayward (2012)) and modifications to
sample preparation have facilitated a new focus. Volcanic events during
the Common Era from Alaska, Asia and Central America have been
chronicled by Jensen et al. (2014), Sun et al. (2014), Smith et al. (2020)
and Plunkett et al. (2023), whereas Bourne et al. (2016) identified a
series of silicic eruptions in last glacial ice originating from the Pacific
Arc volcanoes. In contrast, very few volcanic events have been reported
in Greenland ice from the Early and Middle Holocene periods (e.g. Cook
et al., 2018). Here, we present new data to fill the gap during the Early
and Middle Holocene period that demonstrate how Greenland is a crit-
ical linchpin and repository for capturing ash originating from several
distal volcanic centres across the northern hemisphere. Our findings
provide evidence of ash dispersal over 7000 km from the volcanic source
to deposition on the Greenland ice sheet. Volcanic glass shards origi-
nating from several well-documented eruptions are uncovered,
including three Middle Holocene caldera-forming eruptions from the
circum-Pacific region, as well as ash from the Hekla 4 eruption (Iceland),
a widely used isochron for correlation of Northern European sediment
records. Our discoveries also include the lesser-known eruption of the
Mashu volcano in Hokkaido, Japan, previously thought to have resulted
in only local/regional ashfall distribution (e.g. Razzhigaeva et al., 2016).
Geochemical analyses of single-glass shards are employed to pinpoint
the source of each deposit and we assign the best available ages based on
their stratigraphic position within the annually resolved ice-core record.
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2. Methods
2.1. Sample selection and tephra analysis

Three main time intervals during the Early to Middle Holocene were
sampled from the NGRIP ice-core (75.1° N, 42.3°W). These intervals
were selected according to the likely timing of well-known major vol-
canic events or widely dispersed distal tephra in the northern hemi-
sphere (Table 1). The main sampling intervals were as follows: Interval
1) 8300-8600 a b2k in a bid to identify KO tephra related to the Kurile
Lake caldera (Kamchatka); Interval 2) 6500-7700 a b2k to search for
tephras such as KSy (Ksudach, Kamchatka) and Kikai-Akahoya (K-Ah,
Japan), and Interval 3) 4300-4400 a b2k to pinpoint the Hekla 4 deposit
(Fig. 1; Table 1). Seven targeted windows were also investigated within
a fourth interval in a search for Late Holocene tephras that are wide-
spread isochrons in northern Europe e.g. Glen Garry and Hekla 3
(labelled Interval 4 on Fig. 1). In addition to the NGRIP samples, a 1 mm
thick deposit within the 6500-7700 a b2k interval in GRIP ice, observed
during a different sampling campaign, was also included in this study.
Additional Holocene time-intervals and ice-cores are being investigated
as part of other ongoing studies (e.g. Cook et al. unpublished).

Ice cores archived at the University of Copenhagen were sampled
into 20, 15 or 11 cm long samples, typically providing an annual to sub-
annual resolution during this interval (Fig. S1, Supplementary Infor-
mation 3). Where volcanic glass shards were identified with optical
microscopy, ice was re-sampled at higher resolution to constrain the
stratigraphic position and age of selected tephra to a 5-10 cm interval. In
total, 214.65 m of ice was sampled, amounting to 1207 individual
samples. Samples were melted and centrifuged, and the supernatant was
discarded. The remaining sample was mounted onto frosted glass slides
and embedded in epoxy resin (e.g. Bourne et al., 2015).

2.2. Tephra identification and geochemical analysis

Optical microscopy was employed to identify the presence of vol-
canic glass shard particles and to identify samples for geochemical
analysis. Long axis data for single grains were measured either using a
Scanning Electron Microscope or an optical microscope (Table 2, Fig. S2,
Supplementary Information 4). Unique labels are assigned to each
tephra deposit based on the ice-core name and the lowermost depth of
the sample. For example, a tephra found in the NGRIP record between
751.95 and 752.05 m is assigned a label of NGRIP 752.05 m (Table 2).
For each identified tephra two age estimates are reported in Table 2:
GICCO5 ages relative to the year 2000 CE (b2k) and GICCO5 ages relative
to 1950 CE (b1.95k). The latter ages are also corrected according to the
recommendations of Adolphi and Muscheler (2016) (Table 2).
Maximum counting uncertainties for the GICCO5 ages are typically
considered to be 2 sigma uncertainties (Andersen et al., 2006). In the
main body of the manuscript, ages for the ice-core tephras are reported
as GICCO5 ages relative to the 1950 CE datum (GICCO5 a b1.95k) to
facilitate comparisons with ages derived by other chronological methods
such as radiocarbon dating.

Samples containing tephra were ground and polished using silicon
carbide paper and 6, 3 and 1 pm diamond suspension. Major element
analysis for the ice-core deposits was conducted by electron microprobe
(EPMA) during two separate analytical periods at the Tephra Analysis
Unit, University of Edinburgh. Ten major and minor elements were
analysed from single shards on a Cameca SX-100 instrument equipped
with five vertical wavelength dispersive spectrometers with an accel-
erating voltage of 15 kV, beam diameter of 5 or 3 pm and beam current
of 0.5, 2 and 80 nA (depending on the beam diameter used) (Supple-
mentary Information 1). All data are normalised and presented visually
on an anhydrous basis, with full data-sets available in Supplementary
Information 1. Major element data for comparative reference samples,
for Mazama, Mashu and UA 2960, reported for the first time here and
analysed on the Edinburgh, Oxford and Alberta microprobes, are also



Table 1

Summary of the targeted eruptions and/or widely traced distal tephra deposits from volcanic sources in the Northern Hemisphere. The majority of the target eruptions have a volcanic explosivity index (VEI) of >5. Distally
known tephra deposits (distal) with uncertain sources (labelled with #) are assumed to be VEI >4. Age estimates are given in cal a BP (unless stated) with 2 sigma uncertainties; * are l4c age estimates that are re-calibrated
in this study with IntCal20 (Reimer et al., 2020) and the original **C age is also given, 1 denotes an age range derived from varve records and  is an ice-core age. Hekla 5 and Lairg A have been suggested to be the same

event and it is also uncertain whether the Lairg B and the Hoy tephra are the same or separate events (Plunkett and Pilcher, 2018). The

[superscript numbers]

reported with the tephra volume, VEI and eruption/tephra deposit

refer to the original references. References are numbered as follows: 1 Melekestsev et al. (1998), 2 Ponomareva et al. (2004), 3 Buckland et al. (2020), 4 Egan et al. (2015), 5 Zdanowicz et al. (1999), 6 Braitseva et al.
(1997), 7 MacLeod et al. (1995), 8 Jensen et al. (2021), 9 Machida and Arai (2003), 10 Smith et al. (2013), 11 Ponomareva et al. (2017), 12 Larsen and Thorarinsson (1977), 13 Global Volcanism Program (2023), 14
Thorarinsson (1971), 15 Walsh et al. (2021), 16 Pilcher et al. (1996), 17 Dugmore et al. (1995b), 18 Dorfler et al. (2012), 19 Stevenson et al. (2015), 20 Dugmore et al. (1995a), 21 Zillén et al. (2002), 22 Walsh et al.
(2023), 23 Plunkett et al. (2004), 24 Martin-Puertas et al. (2021), 25 Barber et al. (2008), 26 Drager et al. (2016), 27 Gudmundsdottir et al. (2016).

Volcanic source Eruption/Tephra deposit Region Glass Composition (TAS)  Tephra volume (km®) VEI Age (cal a BP, unless stated) ~ Original '*C age (if re-calibrated) ~ Age references
PACIFIC ARC
Kurile Lake KO Kamchatka, Russia Rhyodacite-andesite 140-170 7121 8515-8380* 7618 + 14 2
Mount Mazama (Crater Lake) Mazama Oregon, USA Rhyolite ~176 13 7 151 7682-7584 4
7627 + 150% 5
Kizimen (KZ) KZ Kamchatka, Russia Dacite 2.5-3 6] 5181 8410-8205* 7531 + 37 6
Newberry East Lake Oregon, USA Rhyolite - 7835-6945* 6400 + 130 7
7280-6835 8
7430-6555 8
Kikai (K) Akahoya (K-Ah) S. Kyushu, Japan Rhyolite 150 71 7303-7165 10
Ksudach (KS) KS, Kamchatka, Russia Andesite-Rhyolite 8.9-10.5 8 581 7245 6795+ 6007 + 38 6
6877-6693 11
7185-6970 8
ICELAND
Hekla Hekla 5 (H5)/Lairg A (distal) Iceland Basalt to Rhyolite 302 5031 7310-6795* 6185 + 100 14
7240-7100% 15
6998-6809 (Lairg A) 16
Torfajokull (#) Lairg B (distal)/Hoy (distal) Iceland - - 6728-6564 (Lairg B) 16
6600-6125* (Hoy) 5560 + 90 17
683266151 (Lairg B) 18
Hekla Hekla 4 (H4) Iceland Basalt to Rhyolite 11.2 119 50131 4283 4153+ 3826 + 12 20
4345-4229 16
4417-42661 18
4497-42831 21
4467-44031 22
Hekla Hekla 3 (H3) Iceland Dacite-Rhyolite 13.3 119 5181 3150-2875* 2879 + 34 20
3068-31201 18
3390-32001 21
Vatnajokull (#) Microlite/OMH-185 (distal) Iceland Rhyolite - - 2705-2630 23
2646-25881 24
Askja (#) Glen Garry (distal)/A2000 121 Iceland Rhyolite 2210-1966 25
2280-20601 26
2112-20341 24
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Fig. 1. NGRIP and GRIP ice-core tephra deposits plotted against the NGRIP oxygen isotope record (NGRIP members, 2004; Vinther et al., 2006), GISP2 sulphate data
(Mayewski et al., 1997) and Holocene volcanic stratospheric sulphur injection events (Sigl et al., 2022) reconstructed from synchronisation of bipolar events. All
ice-core data are plotted on the GICCO5 timescale (b2k: before year 2000 CE) and synchronised using the same approach as Veres et al. (2013). The stratigraphic
position of the Khangar Tephra identified by Cook et al. (2018) and the Aniakchak Tephra reported by Coulter et al. (2012) and Pearson et al. (2022) are also shown.
Sampled intervals (labelled 1-4) are shown by grey shading. No glass shards were identified in the targeted sampling within Interval 4 < 600 m depth.

presented in Supplementary Information 1 and 2 alongside full details of
the operating conditions.

Trace element analyses were conducted on volcanic glass shards
extracted from three of the NGRIP ice samples (NGRIP 1108.80 m,
1153.65 m and 1163.75 m). These samples were selected for trace
element analysis in order to test and support a correlation to events from
Pacific Arc volcanoes. Additionally, reference glasses of near-source
eruption deposits (pumice and ash) from caldera-forming eruptions at
Crater Lake (Cascades, USA) and Mashu (Hokkaido, Japan) were also
analysed. Trace element analyses were performed using an Agilent 8900
triple quadrupole ICP-MS (ICP QQQ) coupled to a Resonetics 193 nm
ArF excimer laser-ablation in the Department of Earth Sciences, Royal
Holloway, University of London. Full analytical procedures adopted
here follow Tomlinson et al. (2010) and details are provided in Sup-
plementary Information 1.

3. Results

Nine tephra deposits were identified and geochemically analysed
(Table 2 and Fig. 1). Eight were cryptotephra in form (i.e. no discernible
deposit observed in the ice with the naked eye). Seven deposits were
identified in Interval 2 (6500-7700 a b2k; 1009.80-1166.55 m), and
two deposits in Interval 3 (4300-4400 a b2k; 738.10-763.95 m) (Fig. 1).
No glass shards were found in Interval 1 (8300-8600 a b2k;
1238.60-1265.00 m) or the targeted windows in Interval 4 (Fig. 1).
Particles that resemble volcanic glass shards were observed in NGRIP
1111.55-1111.75 m (Interval 2), but geochemical analyses proved

elusive due to problems during slide polishing, despite several re-
sampling attempts. Geochemical analysis of two small potential tephra
shards in NGRIP 509.85-509.96 m (Interval 4) revealed that they were
not volcanic glass.

Shard concentrations and particle size (maximum length or long
axis) vary significantly between samples (Table 2). The highest shard
concentration for the cryptotephra deposits is recorded in NGRIP
1153.65 m (>5000 shards). Shards in this sample are typically platy in
morphology (Fig. 2) with long axes ranging between 5 and 126 pm with
amode of 10-20 pm (Table 2, Fig. S2, Supplementary Information 3 and
4). Over 1000 shards were identified in NGRIP 1163.75 m with all other
deposits revealing abundances in the hundreds or tens of shards
(Table 2). Glass shards from NGRIP 752.05 m and NGRIP 1153.65 m are
particularly fine-grained with 86% and 66% of grains measured being
<20 pm (maximum length) (Table 2, Fig. 2, Fig. S2, Supplementary
Information 3 and 4).

Three deposits are rhyolitic in composition (NGRIP 1163.75 m,
NGRIP 1153.65 m and NGRIP 1028.50 m), with three exhibiting a
basaltic composition (NGRIP 1146.05 m, GRIP 1245.58 m and NGRIP
1091.20 m) (Fig. 3). The remaining three deposits reveal evolutionary
trends or bimodal compositions (NGRIP 1108.80 m, NGRIP 753.90 m
and NGRIP 752.05 m) (Table 2; Fig. 3). Geochemical signatures indicate
that five deposits originate from Iceland and four correlate to circum-
Pacific arc volcanic sources. The diagnostic features and proposed cor-
relations to volcanic sources are presented according to their source
region below.
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Table 2

Summary of tephra deposits identified in the NGRIP and GRIP ice cores. Full depth range for each tephra sample is provided, and the lowermost depth is used as the label for each tephra in the main text. GICCO5 ages are

from Vinther et al. (2006) and presented with 2000 CE (b2Kk) as the datum; age uncertainties are given as maximum counting error (MCE), typically considered to be equivalent to 2 sigma uncertainties. GICCO5 ages are

also presented by using 1950 CE as the datum (b1.95k) and include the correction recommended by Adolphi and Muscheler (2016). The GICCO5 a b1.95k ages are used in the main text. Compositional characterisation is
based on Le Maitre (1989) and Jakobsson et al. (2008). Long axis measurements (min-max) of the glass shards in each sample are reported (full data-set provided in Supplementary Information 4).

Shards analysed for trace

Shards analysed for major

Tephra correlation

Composition Source

Shards Long axis (Min-

Age (GICCO5 a

Age (GICCO5 a

Sample

elements (n)

elements (n)

) Max) (pm)

141

b1.95k)

b2k)

Hekla 4

Hekla

Rhyolite/transitional rhyolite

3-37

4325+ 8

4397 £ 8

NGRIP

751.95-752.05

NGRIP

33

Dacite: Katla SILK

Basalt: Unknown
Redoubt (UA 2960)

Bimodal: Transitional Basalt & Katla

203 12-74

4338 £8

4411 £ 8

transitional trachyte

753.85-753.90

NGRIP

Redoubt

Rhyolite

41 15-20

6430 + 19

6508 + 19

1028.35-1028.50

NGRIP

Unknown

Katla

Transitional Basalt

20-50

6943 + 23 16

7019 + 23

1091.05-1091.20

NGRIP

16

KS2

Ksudach

Andesite-Rhyolite

77 6-13

7089 + 26

7164 + 26

1108.75-1108.80

GRIP

24

Unknown

Transitional Basalt Grimsvotn/

Visible 20-35

7353 + 32

7428 + 32

Hekla
Veidivotn

1245.57-1245.58

NGRIP

20

Unknown

Tholeiitic Basalt

20-30

217

7410 + 32

7485 + 32

1145.85-1146.05

NGRIP

30

Mashu i-f

Mashu

Rhyolite

>5000 5-126

7473 + 33

7548 + 33

1153.55-1153.65

NGRIP

18 14

Mazama

Crater Lake

Rhyolite

1200 10-80

7562 + 35

7637 + 35

1163.70-1163.75
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3.1. Tephra deposits originating from circum-Pacific arc volcanism

Three Middle Holocene cryptotephra deposits, NGRIP 1108.80 m,
1153.65 m, and 1163.75 m, exhibit mantle-normalised trace element
profiles diagnostic of subduction-related volcanism (Fig. 4B), and differ
from the typical signature of products from the divergent tectonic
setting in Iceland, the dominant source of tephra in the Greenland ice
cores (e.g. Bourne et al., 2016). Diagnostic features of arc volcanism
include enrichment in the large ion lithophile elements (e.g. Rb to Ba)
relative to the high field strength elements (HFSE; e.g. Nb, Ta) and the
rare earth elements (REE; i.e. La to Lu), and pronounced depletions at Nb
and Ta (Fig. 4B). In addition, these three subduction-related tephra
layers display tholeiitic (low-K) through to calc-alkaline (medium-K)
volcanic glass affinities (Figs. 3 and 4), which is consistent with
circum-Pacific arc volcanism, and in particular volcanic sources along
the Japanese, Kurile, Aleutian and Cascade arcs (e.g. Bourne et al., 2016;
Portnyagin et al., 2020). We consider the chemical signature of these
deposits in the context of known large-magnitude explosive eruptions at
circum-Pacific arc volcanoes during the Middle Holocene (Crosweller
et al., 2012).

Only major element data were obtained for NGRIP 1028.50 m, thus
we cannot consider the tectonic setting in the same way as for the other
three tephras from the circum-Pacific Arc volcanoes. However, based on
the major element data available, we suggest a potential Pacific Arc
volcanic source and tephra correlative.

3.1.1. NGRIP 1163.75 m: Mazama tephra

NGRIP 1163.75 m, dated at 7562 + 35 a b1.95k, displays a ho-
mogenous rhyolitic (73.35 £+ 0.22 wt% SiO3) glass composition with a
calc-alkaline affinity (2.78 + 0.06 wt% K30) (Fig. 3). Trace element
concentrations are also largely homogeneous (e.g. 241 + 23 ppm Zr; 6.7
+ 0.7 ppm Nb), with enrichment in light REE relative to heavy REE (La/
Yb = 8.6 £ 0.2) and constant incompatible trace element ratios (e.g. Zr/
Th = 47.8 + 6.2; Nb/Th = 1.3 £ 0.2). This chemical signature is
consistent with deposits of the caldera-forming Mount Mazama eruption
in Oregon, which formed the modern-day Crater Lake (Fig. 4). Initial
Plinian activity at Mount Mazama preceded caldera-collapse, which
produced large volume pyroclastic density currents (PDC; Bacon, 1983;
Young, 1990). Volume estimates suggest ~61 km® Dense Rock Equiva-
lent (DRE) was erupted, equating to a Magnitude 7.1 eruption according
to the Pyle (2000) classification (Buckland et al., 2020). Tephra fall from
the eruption was predominantly dispersed towards the northeast,
forming a visible macro-tephra across the western USA and Canada
(Buckland et al., 2020), and preserved as a cryptotephra in sediments
from Lake Superior (Spano et al., 2017), Newfoundland (Pyne-O’-
Donnell et al., 2012), and in nearby Placentia Bay (Monteath et al.,
2023).

The Mazama tephra was previously identified in the GISP2 ice-core
retrieved from the Greenland Summit and relates to a prominent sul-
phate peak dated to 7627 + 150 cal a BP (Zdanowicz et al., 1999).
Chemo-stratigraphic matching of the Greenland and Antarctic ice-cores
(Sigl et al., 2022), along with the tephra geochemical data support the
firm correlation of NGRIP 1163.75 m to the Mazama caldera-forming
eruption.

3.1.2. NGRIP 1153.65 m: Mashu i-f tephra

The two low-K arc derived cryptotephra deposits, NGRIP 1153.65 m
and NGRIP 1108.80 m, show low Rb values (15.5 + 3.0 ppm and 19.6 +
8.4 ppm, respectively) and flat REE profiles (Fig. 4), indicative of forearc
eruptive products. Such chemical features are characteristic of volcanic
sources along the northeastern Japan Arc and the Kurile Arc (Pono-
mareva et al., 2017; Albert et al., 2019). Constrained to 7473 + 33 a
b1.95k, NGRIP 1153.65 m exhibits a dominant rhyolitic population
where SiO; ranges between 71.27 and 74.02 wt% (n = 27 shards)
(Fig. 3). Three shards are dacitic in composition with SiO5 values of <70
wt% (Fig. 3). A distinctive feature of all glass shards is low KO values
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Fig. 2. Scanning Electron Microscope images of selected NGRIP tephra glass shards from A. NGRIP 752.05 m, B. NGRIP 753.90 m, C. NGRIP 1108.80 m, D. NGRIP

1153.65 m.

(0.53-0.83 wt%) (Figs. 3 and 4 and Supplementary Information 1).
Enrichment in incompatible trace elements is also particularly low (e.g.
Zr 103 + 9 ppm; Th 1.2 + 0.2 ppm), while the ratios are relatively
constant (e.g. Zr/Th = 83.5 + 9.2), and there is no enrichment in the
light REE relative to the heavy REE (La/Yb = 1.6 & 0.4).

Low alkaline products are diagnostic of Japanese sources and the
chemical signature for NGRIP 1153.65 m is entirely consistent with the
distinctly low-K eruptive products of the Mashu volcano, located on the
rim of the Kutcharo caldera (NE Hokkaido Island), one of the most
productive Holocene volcanoes in Japan (Kishimoto et al., 2009). The
low-K Mashu products are distinguishable from the other post-caldera
Kutcharo centres (e.g. Atosanupuri and Nakajima) and the nearby
Akan caldera that typically produce medium-K deposits (e.g. Hasegawa
et al., 2012; Razzhigaeva et al., 2016). The Mashu (Ma) caldera was
formed during the Middle Holocene, where the eruptive activity is cat-
egorised as VEI 6. The eruption is characterised by three Plinian fall
units (Ma i-g) capped by a thick pyroclastic density current (PDC) de-
posit (Ma-f), which is thought to be associated with caldera-collapse
(Kishimoto et al., 2009; Yamamoto et al., 2010; Hasegawa et al.,
2012; Razzhigaeva et al., 2016). Our NGRIP 1153.65 m major and trace
element results are consistent with new and previously published
geochemical data-sets for the proximal low-K Mashu i-f deposits
(Razzhigaeva et al., 2016; Albert et al., 2019) (Fig. 4). A correlation of
NGRIP 1153.65 m to a specific eruptive phase (fall vs PDC) is not
possible based on overlapping compositional signatures, and as such, we
assign a correlation to Mashu i-f.

3.1.3. NGRIP 1108.80 m: KS; tephra from Ksudach volcano
NGRIP 1108.80 m, dated at 7089 + 26 a b1.95k, displays a broad
andesitic to rhyolite evolutionary trend (SiO2 59.87-72.45 wt%) where

the majority of the shards are dacitic in composition (Fig. 3). CaO values
extend between 2.68 and 7.54 wt% (Fig. 4A), FeO, range from 3.44 to
10.19 wt% and K50 concentrations are all <1.39 wt% (Fig. 3B). While
this deposit is classified as a low-K (tholeiitic) tephra, it does reside at
the calc-alkaline boundary on the SiOy vs KO classification diagram
(Fig. 3B). Levels of incompatible trace elements in the NGRIP 1108.80 m
glasses analysed are low (e.g. 105 + 27 ppm Zr; 1.9 + 0.6 ppm Nb; 0.9
+ 0.3 ppm Th), and, similarly to NGRIP 1153.65 m, there is no
enrichment in the light REE relative to the heavy REE (La/Yb = 1.8 +
0.3) (Fig. 4).

These glass shard compositions are consistent with the low KO
glasses typically produced by Ksudach volcano (Braitseva et al., 1997;
Volynets et al., 1999). Kamchatkan volcanic products are typically
classified according to their KO values, with low K30 products known
to originate from volcanic sources in the frontal/coastal region close to
the Kurile-Kamchatkan trench (e.g. Braitseva et al., 1997; Kyle et al.,
2011; Portnyagin et al., 2020). Ksudach volcano is one of these sources
and is known to have experienced multiple Holocene caldera-forming
eruptions, including the couplet of explosive eruptions KSs and KS,,
the latter of which led to the formation of caldera IV in the Middle
Holocene (Braitseva et al., 1995). The initial smaller volume KS3 tephra
deposit has a limited ash dispersal to the west, while the significantly
more voluminous KS; tephra is linked with a caldera-collapse and tephra
dispersal towards the north, giving rise to an important Middle Holocene
marker horizon for the Kamchatkan Peninsula (Braitseva et al., 1997;
Kyle et al., 2011; Plunkett et al., 2015; Ponomareva et al., 2017). An
estimated tephra volume of 8.9-10.5 km® was produced during KS,,
with evidence of ultra-distal ash dispersal as far as Nova Scotia, Canada
(Jensen et al., 2021), and the High Arctic in Svalbard, Norway (van der
Bilt et al., 2017).
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classification diagram for all tephras presented (Peccerillo and Taylor, 1976).

Glass shard analyses from NGRIP 1108.80 m indicate a very strong
correlation to near-source major and trace element compositions of both
the KS3 and KS; eruption units, which are chemically indistinguishable
(Fig. 4). However, given the northwards dispersal trajectory and wide-
spread extent of ash fallout, we attribute NGRIP 1108.80 m to KSy and
provide a much-needed precise age estimate of 7089 + 26 a b1.95k for
this caldera-forming event (see section 4).

3.1.4. NGRIP 1028.50 m: Redoubt tephra

Major element analyses were obtained from eight single shards from
NGRIP 1028.50 m. Two shards are considered to be outliers with CaO
values greater than 3.0 wt%, compared to a mean of 2.0 wt% for the
main population. These outliers are excluded in our pursuit of a corre-
lation. Dated to 6430 + 19 a b1.95k, NGRIP 1028.50 m is chemically
inconsistent with any known silicic Icelandic eruptions that fall within
the 6000-7000 year interval, such as the Lairg and Hoy tephras (Plun-
kett and Pilcher, 2018), Hekla O (Gudmundsdéttir et al., 201 1b), and the
newly discovered tephras identified in Diss Mere (Walsh et al., 2021).

However, the main population of NGRIP 1028.50 m plots within the
field of known tephras from Redoubt Volcano, Alaska (see Fig. 5; Bolton
etal., 2020). Redoubt has erupted many times during the Holocene, with
multiple tephra deposits identified in lakes around SW Alaska (e.g.
Riehle, 1985; Schiff et al., 2010). In particular, NGRIP 1028.50 m shards
show a compositional affinity with a Middle Holocene tephra from
Tustumena Lake (UA 2960) on the Kenai Peninsula (de Fontaine et al.,
2007), as well as the oldest Redoubt tephra reported from Eklutna Lake
(Tephra 19, UA 3074; Bolton et al., 2020) (Fig. 5). Furthermore, these
tephras may also be related to the “Oshetna” tephra found across the
southern interior of Alaska and dated to ca. 7930-6570 cal a BP
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(Bigelow et al., 2019). The name “Oshetna” was applied to what was
assumed to be a single tephra found across multiple archaeological sites
and lake cores (e.g. Dixon, 1985; Dixon and Smith, 1990; Child et al.,
1998). However, a detailed geochemical examination of the “Oshetna”
tephra from numerous sites shows that it is characterized by at least four
populations that appear to represent multiple tephra deposits (e.g.
Mulliken, 2016; Bigelow et al., 2019, see Fig. 5A). One of the prominent
“Oshetna” geochemical populations is attributable to Redoubt and plots
with NGRIP 1028.50 m, UA 2960, UA 3074, as well as, with AT-3434, a
tephra from Big Lake, Alaska, which includes the Redoubt population
and a dacitic population that is also prominent in terrestrial “Oshetna”
samples from the Middle Susitna Valley, Alaska (Fig. 5) (Bigelow et al.,
2019).

Here, we updated the Tustumena Lake age-depth model of de Fon-
taine et al. (2007) as a P_Sequence deposition model (Bronk Ramsey,
2008; Ramsey and Lee, 2013) with radiocarbon ages calibrated using the
IntCal20 curve (Reimer et al., 2020). This gives an age estimate of ca.
6500 cal a BP for UA 2960 (Fig. S3, Supplementary Information 3), with
a 95.4% range between 7187 and 5864 cal a BP. Similarly, a revised
age-depth model for Big Lake indicates that tephra AT-3434 was
deposited ca. 6400 cal a BP (95.4% range between 7560 and 5087 cal a
BP). Despite the broad range, these ages are consistent at the 95% level
with the 6430 + 19 a b1.95k age of the NGRIP 1028.50 m deposit
(Fig. S3). No age estimate is available for Tephra 19 (UA 3074), although
its stratigraphic position indicates it was deposited prior to the Holocene
Hayes set H tephra (ca. 4000 a).

3.2. Tephra deposits originating from Iceland

Five deposits are identified as originating from Icelandic volcanic
sources. Three deposits are of basaltic composition (NGRIP 1091.20 m
GRIP 1245.58 m and NGRIP 1146.05 m), one shows an evolutionary
trend from dacite to rhyolite (NGRIP 752.05 m) and one reveals a
bimodal composition (NGRIP 753.90 m) with a dominant transitional
basalt population and a smaller transitional trachyte population
(Table 2, Figs. 3 and 6).

3.2.1. NGRIP 752.05 m: Hekla 4

The majority of shards extracted from the youngest deposit, NGRIP
752.05 m (4325 + 8 a b1.95Kk), are of rhyolitic composition with highly
evolved SiO, concentrations (74.74-76.22 wt%), total alkali values of
~6.64-8.26 wt% and FeO; values ranging between 1.60 and 2.11 wt%
(Figs. 3 and 6). Two glass shards from this deposit are dacitic, and one is
basaltic, giving rise to the trends seen in Figs. 3 and 6. Hekla, one of
Iceland’s main silicic magmatic systems during the Holocene, is char-
acterised by a distinct dacitic to rhyolitic evolutionary trends (e.g.
Larsen and Thorarinsson, 1977; Sverrisdottir, 2007). In particular, this
type of compositional array is diagnostic of tephra products from the
Hekla 4 and Hekla S eruptions that fall within ca. 500 years of the age of
the NGRIP 752.05 m deposit (Fig. 6A and B). The most evolved
component of NGRIP 752.05 m, however, shows a strong compositional
affinity to Hekla 4 products based on CaO vs K0, and FeO; and TiO5
plots (Fig. 6) (Dugmore et al., 1995b; Wastegard et al., 2008; Meara
et al., 2020). The dominant silicic component observed in NGRIP is also
the most widely dispersed component found in distal settings
throughout northern Europe (e.g. Dugmore, 1989; Dugmore et al., 1992;
Dugmore et al., 1995b; Pilcher et al., 2005; Wulf et al., 2016). NGRIP
752.05 m is, therefore, correlated to the Hekla 4 Plinian eruption
(Fig. 6).

3.2.2. NGRIP 753.90 m: a Katla tephra

NGRIP 753.90 m was deposited on the Greenland ice sheet 6-22
years before the Hekla 4 eruption (NGRIP 752.05 m) and is constrained
in age to 4338 + 8 a bl.95k. Twenty-seven glass shards form the
dominant transitional basaltic composition, five shards comprise a tra-
chydacite population and one outlier basaltic andesite shard is observed
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Fig. 4. Major and trace element analyses for NGRIP 1108.80 m, NGRIP 1153.65 m and NGRIP 1163.75 m. All major element data are normalised. A. CaO vs KO
bivariate plot. B. Mantle-normalised trace element profile. C. Th vs Zr bivariate plot. D. Th vs La bivariate plot. Reference data for Mazama are from this study;
Mashu-f (pdc: pyroclastic density current deposit) data are from the near-field sample presented in Albert et al. (2019) and Mashu i-g analyses are from this study; KS»
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(Fig. 3). The basaltic and trachydacite populations share affinity with
typical mafic and silicic Katla products (Fig. 6) (Oladéttir et al., 2005,
2008). In particular, the trachydacite population, which is marked by
SiO5 concentrations of ~65 wt%, CaO values of ~3.6 wt% and K,O
values of ~2.7 wt% shows strong affinity to the silicic tephra layers
derived from the Katla volcano, referred to as the SILK layers (Larsen
et al., 2001a) (Fig. 6). A few trachydacitic shards of similar composition
have also been identified mixed within a Hekla 4 cryptotephra deposit
extracted from peat bogs at Glen West (GW173-175; Plunkett et al.,
2004) and Claraghmore Bog in Northern Ireland (CLA-B6-B7; Watson
et al., 2016) (Fig. 6). Both studies indicate a close stratigraphic associ-
ation between Hekla 4 and a silicic Katla event. Making a correlation to a
specific SILK layer, however, is not straight-forward.

At least 12 SILK deposits of Holocene age have been described by
Larsen et al. (2001a) and dated by the soil accumulation rate method
(Oladéttir et al., 2005). SILK-N2, dated to ca. 5000 a, is the closest in
composition and age to NGRIP 753.90 m (Fig. 6B) and is found strati-
graphically below the Hekla 4 deposit in soil sections to the east of the
Katla volcano (Oladéttir et al., 2005, 2008). However, at least eight
other ashfall deposits are observed between Hekla 4 and SILK-N2 in
these proximal soil sections and given that the mean eruption frequency
for Katla is thought to be four eruptions per century during prehistoric
times, it is difficult to make an unequivocal correlation to the SILK-N2
layer (Oladéttir et al., 2005).

Frustratingly, the dominant basaltic component of NGRIP 753.90 m
does not provide any further clues to aid a correlation to a SILK deposit.
Six basaltic ashfall deposits from Katla (labelled HA-3 to HA-10 in
Fig. 6D) have been analysed between the Hekla 4 and SILK-N2 deposits
in a soil section at Atley to the east of Katla by Oladéttir et al. (2008).

Only mean values are available for comparison, with HA-4 showing the
closest compositional match (Fig. 6D). Oladéttir et al. (2008) note that a
few sparse silicic grains are found in some of these Katla basaltic de-
posits, but only one dacitic shard in HA-10 was identified within the
series of basaltic deposits between Hekla 4 and SILK-N2 (Fig. 6A and B).
Watson et al. (2016) also report one basaltic shard in the Hekla 4 deposit
in Claraghmore Bog (CLA-B6-B7), but this is not a match for NGRIP
753.90 m (Fig. 6D).

Based on the evidence available to us, we are unable to correlate
NGRIP 753.90 m to a specific event, but together with the evidence from
Northern Ireland, we highlight that the Hekla 4 eruption was preceded
by a closely timed SILK-like and basaltic Katla eruption.

3.2.3. Icelandic basaltic eruptions: NGRIP 1146.05 m, GRIP 1245.58 m
and NGRIP 1091.20 m

Major element results for the three basaltic deposits reveal scattered
compositional populations (Fig. 6E). Only six shards were analysed in
NGRIP 1091.20 m, which is dated to 6943 + 23 a b1.95k. Three shards
from NGRIP 1091.20 m exhibit Katla signatures (Mean FeO; value of
13.96 wt% and TiO, values of 3.91 wt%) and two shards show closer
affinity with Hekla-Vatnafjoll with TiOy values < 3.5 wt% (Fig. 6E).
GRIP 1245.58 m is constrained in age to 7353 + 32 a b1.95k and is the
most scattered of these three basaltic deposits (Fig. 6E), showing affinity
to Grimsvotn, Hekla/Vatnafjoll and Katla envelopes (Fig. 6E). Dated to
7410 + 32 a b1.95k, NGRIP 1146.05 m is slightly older than GRIP
1245.58 m, and also shows prominent compositional ranges in FeOy,
MgO and CaO but appears to have two distinct populations. The domi-
nant population (13 shards) has a MgO range of 7.47-7.92 wt% and
mean values of K;0, TiO, and FeO; that are <0.2 wt%, 1.45 wt% and
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11.06 wt% respectively (Supplementary Information 1). This composi-
tion is typical of the Veidivotn-Bardarbunga system (Oladéttir et al.,
2011b) (Fig. 6E). A further seven shards extracted from NGRIP 1146.05
m have a more scattered composition with higher KO values ranging
between 0.32 and 0.66 wt%, TiO5 values of 2.42-3.30 wt%, a higher
FeO; average of 13.69 wt% and a lower MgO average of 5.50 wt%. These
characteristics show affinity with Grimsvotn (Oladéttir et al., 2011b).
FeOy/TiOs is a further discriminant that suggests the two populations of
NGRIP 1146.05 m originated from different sources (i.e. 7.6 vs 4.8 is
indicative of Veidivotn-Bardarbunga and Grimsvotn sources, respec-
tively) (Oladéttir et al., 2008, 2011b).

Although Icelandic sources are suggested for these three basaltic
deposits, pinpointing a specific correlative event is more challenging.
Several Middle Holocene ashfall deposits originating from Katla, Vei-
divotn-Bardarbunga and Grimsvotn have been identified in soil, lake
and offshore marine records in Iceland (Oladéttir et al., 2005, 2008,
2011a, 2011b; Gudmundsdottir et al., 2012, 2016, 2018). Many of these
have very similar compositional signatures, and thus, pinpointing which
ones are present in the ice is problematic. We note, however, the
compositional similarities to tephras identified in marine core
MD99-2275 from the North Atlantic shelf (Gudmundsdottir et al., 2012)
and a sediment record from Lake Logurinn in eastern Iceland (Gud-
mundsdottir et al., 2016) (Fig. 6E).

We recommend that the search for firm correlations in other se-
quences should focus on searching for an ashfall couplet close in age that
exhibit Veidivotn-Bardarbunga and Grimsvotn signatures (i.e. NGRIP
1146.05 m and GRIP 1245.58 m). Trace element analyses may also aid
in the correlation to specific basaltic events.

4. Discussion

The suite of Holocene ashfall discoveries presented here highlights
the pivotal position of the Greenland ice cores in repeatedly capturing
ashfall deposition from the convergence of several far-travelled ash
clouds (Fig. 7). Our findings are significant for three main reasons. First,

the value of these isochrons for correlation purposes is greatly enhanced.
The discovery of tephras from five different volcanic source regions
(Alaska, Cascades, Iceland, Japan and Kamchatka) widens the
geographical extent of ash dispersal and significantly expands the pos-
sibilities of using cryptotephras to precisely correlate palaeorecords
across the northern hemisphere during the Holocene. One particular
gem is the Mashu discovery. Ash fallout from the Mashu i-f caldera-
forming eruption was thought to have been geographically limited,
despite being classified as a VEI 6 eruption (Crosweller et al., 2012) with
a bulk tephra volume estimate of 18.6 km? (Kishimoto et al., 2009). No
fallout has been previously detected beyond the island of Hokkaido,
Rebun Island in the Sea of Japan (Chen et al., 2019), and the southern
Kurile Islands (Razzhigaeva et al., 2016). Its discovery in Greenland,
therefore, significantly extends the geographical extent of known ash
fallout and enhances the value of this chemically distinctive low-K de-
posit as a widespread isochron. Furthermore, tracing Hekla 4 in the
Greenland ice-core records now allows a whole suite of lake and varve
records in Europe (e.g. Diss Mere, Walsh et al., 2023), which preserves a
Hekla 4 deposit, to be precisely correlated or synchronised to NGRIP.
This isochron is ideally placed to investigate the climatic and environ-
mental changes associated with the ca. 4200 a event in Europe (e.g.
Walsh et al., 2023). A further correlation step may also be facilitated by
using the ice-core record as a linchpin whereby the European records,
that preserve the Hekla 4 isochron, could be synchronised to North
American or Kamchatkan palaeoarchives courtesy of the position of the
Mazama and/or the KS, deposits in the NGRIP record (Fig. 7).

Second, these discoveries have a significant role to play in building a
global record of volcanism and highlight the role of polar ice-core re-
cords, located some distance from volcanic sources, in archiving pre-
historic ashfall events that may be lost from near-field records, often
subject to the destructive forces of subsequent eruptions and erosional
processes. Here, we show that major and trace element geochemical
analyses of volcanic glass shard analyses and annually resolved age
constraints for each ashfall event allows the source to be pinpointed.
Many sulphate peaks observed in glaciochemical records are essentially
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Fig. 6. Major element data for NGRIP and GRIP tephras originating from Iceland. All data are normalised and total Fe is reported as FeO,. A-D. NGRIP 752.05 m is
plotted relative to Hekla 4 and Hekla S data; NGRIP 753.90 m is plotted relative to Katla silicic and basaltic tephras. Reference data for Hekla 4 and Hekla S were
obtained from Tephrabase (www.tephrabase.org) and include the following data-sets (Boygle, 1994, 1998, 2004; Dugmore, 1989; Dugmore et al., 1992, 1995b;
Dugmore and Newton, 1997; Gudmundsdéttir et al., 2011a; Hang et al., 2006; Meara et al., 2020; Oladéttir et al., 2011a; Pilcher et al., 1995, 1996, 2005; Pilcher and
Hall, 1996; Roland et al., 2014; Swindles, 2006; van den Bogaard and Schmincke, 2002; Vorren et al., 2007; Wastegérd, 2005; Wastegard et al., 2001; Watson et al.,
2016; Wulf et al., 2016; Zillén et al., 2002). SILK-N2 data are from Larsen et al. (2001b), Claraghmore Bog CLA-B6-B7 data are from Watson et al. (2016), Glen West
GW 173-175 data are from Plunkett et al. (2004). D. HA-3, -4, -5, -7, -8 and -10 are from Oladéttir et al. (2008). E. NGRIP 1091.20 m, GRIP 1245.58 m and NGRIP
1146.05 m are plotted relative to source envelopes based on geochemical data reported in Jakobsson (1979), Boygle (1994), Hunt et al. (1995), Dugmore and Newton
(1997), Haflidason et al. (2000), Davies et al. (2001), Wastegérd et al. (2001), Larsen et al. (2002), Mortensen et al. (2005) and Oladéttir et al. (2008). MD99-2275
1523-24 ¢cm and 1505-06 cm are from Gudmundsdottir et al. (2012), LL1404,3 data are from Gudmundsdottir et al. (2016). Where errors bars are shown these are 1
sigma standard deviation.

and the ice-core derived age of 4325 + 8 a b1.95k will be a hugely
valuable chronological tie-point in developing age-depth models where

unassigned or unidentified in terms of volcanic source, without con-
straints from volcanic glass shards found in association with a sulphate

spike. Thus, the approach we adopt here also enhances the value of the
volcanic forcing indices derived largely from ice-core sulphate records
(e.g. Sigl et al., 2015; Sigl et al., 2022).

A third significance of these discoveries is the generation of new and
more precise age estimates for each event, derived directly from the ice-
core chronology (Fig. 8). In particular, Hekla 4 is found in palae-
orecords, including varve records, throughout northern Europe (Fig. 7)
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this isochron can be traced. Although the ice-core age falls within the
previously published age ranges derived from radiocarbon dating of
Irish peats (Pilcher et al., 1996) and varve records from Sweden (Zillén
et al., 2002) and Germany (Dorfler et al., 2012), this new age constrains
the timing of the Hekla 4 more precisely (Fig. 8). The ice-core age di-
verges from the radiocarbon estimate derived from Scottish peats
(Dugmore et al., 1995a) and the most recently reported age from the
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-
Mazama

[ Hekia4

Mashu i-f

Redoubt

ATLANTIC

Fig. 7. Schematic illustration of the geographical extent of the Mazama, KS,
and Hekla 4 tephra fallout constrained by the NGRIP discoveries (pentagon)
and previously published findings. The distribution of Mazama includes the
distal findings within Nordan’s Pond Bog, Newfoundland (Pyne-O’Donnell
et al., 2012), Keweenaw Bay and Isle Royale, Lake Superior (Spano et al., 2017),
Bloomingdale Bog NY State, Thin Ice Pond, Sidney Bog (Jensen et al., 2021) and
GISP2 (Zdanowicz et al., 1999). KS, distribution includes Lake Hajeren, Sval-
bard (van der Bilt et al., 2017) and Thin Ice Pond, Nova Scotia (Jensen et al.,
2021). The Hekla 4 envelope is modified after Wulf et al. (2016), Cooper et al.
(2019) and Walsh et al. (2023). Black arrows show possible transport routes for
Mashu i-f and the Redoubt tephra to Greenland. The location of the Khangar
volcano, which also generated tephra that was deposited in Greenland ice in the
Early Holocene is also shown (Cook et al., 2018).

Diss Mere varve record (Walsh et al., 2023). The discrepancy with the
Diss Mere record may result from uncertainties in varve preservation
and the Bayesian modelling approach used to integrate radiocarbon ages
with the floating varve chronology (Martin-Puertas et al., 2021).
Perhaps the new ice-core age may prove valuable as a new fix-point for
the Diss Mere record. Furthermore, a more precise age estimate also
holds considerable potential for testing radiocarbon reservoir ages in
areas where Hekla 4 preservation extends into the marine environment
(e.g. Gudmundsdottir et al., 2012).

An ice-core age for KSy of 7089 + 26 a b1.95k also considerably
improves the existing broad radiocarbon age estimates which range
from 7400 to 6600 cal a BP, if all uncertainties are considered (Fig. 8).
Radiocarbon age estimates from proximal material constrain the KSy
eruption to between 6877 and 6693 cal a BP (Ponomareva et al., 2017).
However, AMS radiocarbon age determinations, derived from crypto-
tephra deposits preserved in lake sediments on the Kamchatkan penin-
sula and as far afield as Nova Scotia, have suggested that the age range
derived from proximal deposits is too young. These cryptotephra studies
report age ranges of 7350-7180 cal a BP and 7300-7160 cal a BP
(Plunkett et al., 2015), 7204 cal a BP (Pendea et al., 2017) and
7185-6970 cal a BP within the Thin Ice Pond record from Nova Scotia
(Jensen et al., 2021). The ice-core age resolves the divergent age ranges
for this eruption and provides a more precise age constraint for palae-
orecords that contain this widespread marker horizon.

Chen et al. (2022) recently presented a Bayesian analysis of all **C
datasets derived from near-field deposits of Mashu f-j deposits and
outline an eruption age at 7670-7395 cal a BP (95.4%). The ice-core age
falls within this range and significantly reduces the error estimates

11

Quaternary Science Reviews 334 (2024) 108707

OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)

[NGRIP 752.05 m / Hekla 4 -

Hekla 4
(Dugmore et al., 1995a)

[ Hekla 4
(Pilcher et al., 1995; 1996)

[ Hekla 4 :
(Dorfler et al., 2012)

Hekla 4
Zillen et al., 2002)

Hekla 4
Walsh et al., 2023)

L L L JL JLJ

Il 1 1 1 1
4800 4600 4400 4200 4000

NGRIP 1108.80 m / KS, —

KS, (underlying Palaeosol; GIN-5685) D
(Braitseva et al., 1995)

KS, (underlying Palaeosol; IVAN802)
Braitseva et al., 1995) — -
KS,/KS, (underlying Peat/Palaeosol; [n=6])
Braitseva et al., 1995) e

[ Thin Ice Pond/KS,
(Jensen et al., 2021)

KS
(Pénomareva etal., 2017) —

1 1 1 1 1 1 1 1
7800 7600 7400 7200 7000 6800 6600 6400

[NGRIP 1153.65 m / Mashu (i-f)

Mashu-j-f (Palaesols + Charcoals [n=13])
(Chen et al., 2022)

Mashu-f (charcoal; DHT201) ——
(Yamamoto et al., 2010)

Mashu-f (charcoal; DHT202)
(Yamamoto et al., 2010) [

[
— J L L _J

1 1 1 1 1 1 1
8200 8000 7800 7600 7400 7200 7000

[NGRIP 1163.75 m / Mazama

Mazama (Palaesols + Charcoals [n=81])
(Egan et al., 2015)

— )

PSP PSRN | PSS S
7700 7600 7500
IntCal20 a BP / GICCO05 a b1.95k

I R
7900 7800

14C re-calibrated C / modelled

AMA

‘ Ice core (MCE) 1C / Varve chronology

=

| —

Fig. 8. Summary of the new tephra ages for Hekla 4 (A), KS; (B), Mashu i-f (C)
and Mazama (D) based on their position in the NGRIP ice-core record. Ice-core
ages are plotted as GICCO5 a b1.95k (see Table 2) to facilitate comparisons to
previously published age estimates that are derived from radiocarbon age es-
timates and varve records. Radiocarbon age estimates from the original studies
are re-calibrated here using IntCal20 (Reimer et al.,, 2020) (labelled as
14G/re-calibrated). However, if the original study employed a modelling
approach (e.g. wiggle matching or Bayesian analysis), then the derived calendar
age, as reported in the original study, is presented (labelled as '*C/modelled).
All ages are shown with 2 sigma uncertainties. The Maximum Counting Error
(MCE) for the ice-core ages is typically considered to be equivalent to 2 sigma
uncertainties. GIN, IVAN and DHT are radiocarbon laboratory codes reported in
the indicated references.

associated with this event (7473 4+ 33 a b1.95k). The Mazama ice-core
age estimate of 7562 + 35 a b1.95k partially overlaps with the previ-
ously reported range of 7682-7584 cal a BP (95.4%) derived from
Bayesian modelling of extensive radiocarbon data from charcoals and
palaeosols associated with the Mazama eruption (Egan et al., 2015). The
Greenland ice-core age is consistent with the age of 5622 BCE or 7572
cal a BP reported in the Holocene volcanic forcing data-set presented by
Sigl et al. (2022). An ice-core age estimate for the Redoubt tephra
(NGRIP 1028.50 m) also offers a new age constraint in developing age
models for Alaskan palaeolake records, that was hitherto not available
(de Fontaine et al., 2007) (see Fig. S3, Supplementary Information 3).
Exploiting the volcanic glass record archived within the polar ice-
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cores depends entirely on the culmination of several conditions i.e. an
ash transport trajectory towards the pole, deposition and preservation at
the ice-core drill site, and our ability to detect and manipulate micro-
scopic glass shards. In many instances, glass shards from ashfall events
far removed from the poles will prove elusive or be difficult to
geochemically fingerprint. For instance, the large sulphate spike at 7240
+ 27 b2k is not accompanied by any glass shards in NGRIP, meaning that
the source of this high-sulphate loading event remains unidentified
(Fig. 1), but may well relate to one of our initial target eruptions outlined
in Table 1. For highly valuable and sought-after ashfall events, we
recommend searching in more than one ice-core, to improve the chances
of discovering sufficient glass shards e.g. Gabriel et al. (2024).
Furthermore, where glass shards are present, major element data, in
some instances, may not be sufficient to support a correlation. Where
possible we demonstrate the value of trace element analyses and
recommend their use as an additional characterisation tool, especially
where ultra-distal correlations are proposed.

We also recommend that cryptotephra sampling strategies go beyond
solely constraining searches associated with large glaciochemical sig-
nals. Typically, large sulphate, electrical conductivity measurements or
dielectric signals (DEP) underpin many targeted sampling campaigns to
identify the presence of volcanic glass shards, especially in association
with eruptions that are thought to have climatic and/or societal impacts.
Plunkett et al. (2023) also outline the value of focussing on continuous
microparticle records from ice-cores for tephra investigations as well as
exploring the relative timing of ash and sulphate deposition. Whilst
these targeted sampling efforts can reap rewards for assigning sources to
unidentified large sulphur-loading events (e.g. McConnell et al., 2020),
such focused work also increases the possibility that cryptotephra de-
posits, which offer considerable value for correlation and age-modelling
constraints, may be overlooked. For instance, tephra from the Hekla 4,
KS; and Mashu i-f caldera-forming eruptions may have been missed if
sampling efforts focused solely on large glaciochemical peaks (Fig. 1).
This observation aligns with many studies of tephras preserved within
pre-Holocene ice (e.g. Bourne et al., 2015; Cook et al., 2022). Our tar-
geted searches for the Hekla 3 and Glen Garry tephras in this study may
prove more fruitful if our sampling intervals are extended. Thus,
depending on the intended use of cryptotephra deposits in the ice, if we
are to fill gaps in our knowledge of the global volcanic record (Self and
Gertisser, 2015), then sampling ice-cores over continuous time intervals
is essential.

5. Summary and conclusions

e Nine Middle Holocene tephra deposits are identified within the
NGRIP and GRIP ice-cores underscoring the value of polar ice-cores
in reconstructing a global volcanic record. Tephras originating from
five different volcanic source regions (Alaska, Cascades, Iceland,
Japan and Kamchatka) highlight the convergence of ancient ash
clouds over the Greenland ice-sheet and the pivotal role of these
distal records in filling gaps in the global volcanic record.
Three deposits originating from caldera-forming eruptions at circum-
Pacific arc volcanoes are identified within a 500-year window: Crater
Lake (Mazama), KS, from Ksudach and Mashu i-f.
Hekla 4, a widespread marker horizon in lake (including varved re-
cords) and marine sediment records in Europe, is also identified
along with three Icelandic basaltic deposits and one bimodal deposit.
e Precise ice-core age estimates are outlined for each tephra deposit,
significantly enhancing their value as isochrons and fix-points in
palaeoarchives where the same tephra can be traced.
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