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Abstract

Polar ice cores provide long, continuous and well-dated records of past volcanism and have
contributed significantly to our understanding of volcanic impacts on climate and society. Sulphate
aerosols deposited in the ice are essential for determining the effective radiative forcing potential of
past eruptions, but calculations are improved with knowledge of eruption source parameters. Only
the co-deposition of volcanic ash can presently confirm the source eruption. Here we examine the
representation of volcanic ash in Common Era ice cores from Greenland, including a large dataset of
previously unreported tephras. Our sample selection has been guided by the availability of
continuous microparticle records, allowing us to home in on tephra layers with variable temporal
relationships to sulphate aerosol deposition. In addition to revealing the extensive source region of
tephra that disperses to Greenland, we explore some of the insights provided by the ash about the
eruptions, such as the magma type and eruption style. We consider the characteristics of eruptions
associated with varying degrees of climate responses and find that the strongest forcing tends to be
associated with those producing mafic to intermediate tephra, and that phreatomagmatic processes
are commonly involved. The frequent occurrence of multiple eruptions in these instances may also
play a role in accentuating the climate response. We note consistencies in the timing of particulate
and sulphate aerosol fallout from Icelandic (synchronous) and Alaskan (ash before sulphates)
regions, with greater delays (one or more years) for stratospheric transport from tropical eruptions.
We outline remaining avenues of research on ice-core tephra that promise to throw light on past
volcanic eruption processes, including volatile release and transport, as well as the frequency and
impact of small-to-moderate eruptions. We advocate greater integration of wide-ranging tephra
research towards a better understanding of volcano-climate relationships.

1.0 Introduction

There is strong scientific consensus that volcanic eruptions impact hemispheric to global climate on
annual to decadal timescales (Robock, 2000; Timmreck, 2012; Schurer et al., 2013; Sigl et al., 2015;
Toohey et al., 2019). Indeed, it is likely that 20th century warming would have been greater had it
not been for the effects of volcanic eruptions, with observed cooling after the 1963 Agung
(Indonesia) and 1991 Pinatubo (Philippines) eruptions (Schmidt et al., 2012; Smith et al., 2016;
Steiner et al., 2020; IPCC, 2021). In the past, through the instigation or exacerbation of extreme
weather events, volcanic eruptions may have had severe repercussions for society far-removed from
the source of eruptions (Blintgen et al., 2016, 2020; Behringer, 2019). Societal impacts are best
evidenced amongst populations already facing internal stresses, often connected to existing socio-
political or -economic conditions (e.g., Campbell, 2017; Manning et al., 2017; McConnell et al., 2020;
Gao et al., 2021; Huhtamaa et al., 2021; Bauch, 2022; Stoffel et al., 2022). There is, therefore, an
imperative to understand volcano-climate behaviour for the purposes of quantifying their
contributions to climate change, but also for recognising their implications from a social perspective.
This is especially true as geo-engineering solutions to global warming consider mimicking the effects
of large volcanic eruptions as a means of solar radiation management (e.g., Rasch et al., 2008;
Kravitz et al., 2017; MacMartin et al., 2022).



Traditionally, large magnitude, tropical eruptions have been regarded as the primary perpetrators of
the most significant volcanically-forced climate anomalies in the past (e.g., Fischer et al., 2007;
Swingedouw et al., 2017), and their greater forcing potential is supported by model simulations
(Marshall et al., 2020). Yet increasingly the study of volcanic ash (fine-grained tephra) in polar ice
cores is upturning these conventional views, highlighting a lack of simple correlation between
climatically impactful eruptions and their source location, magnitude and style: the “large” (i.e., in
terms of suspected climate impact) events include extra-tropical (Unknown 536 CE and Okmok 43
BCE; Sigl et al., 2015; McConnell et al., 2020) and fissure eruptions (Laki 1783 and Eldgja 939 CE;
Fiacco et al., 1994; Zielinski et al., 1995). With tens of volcanic eruptions occurring every year
(Siebert et al., 2010), what then determines whether an eruption will have a climate impact clearly
outside the range of normal variability? Sulphur dioxide emissions, volcano latitude and season are
the most important determinants of climate forcing potential (Toohey et al., 2016; Marshall et al.,
2019), but there is now a greater effort to capture the role of photochemical speciation and aerosol
evolution in controlling the extent and duration of chemical and radiative effects (LeGrande et al.,
2016; Timmreck et al., 2018; Aubry et al., 2020), as well as the effects of cloud responses (Gregory et
al., 2016; Schmidt et al., 2018; Marshall et al., 2020; Chen et al., 2022). Remaining challenges include
understanding initial chemical and physical conditions within the plume, including compound
interaction with ash, and the role of atmosphere-ocean feedback (Kremser et al., 2016; Zanchettin et
al., 2016). A recent inter-model comparison exercise highlighted the need for future models to
attempt to consider the role of water and ash in the plume/cloud dynamics (Clyne et al., 2021).
Ozone-destroying halogens co-emitted into the stratosphere have also been shown potentially to
influence effective radiative forcing potential though there is limited agreement on the direction and
strengths of these changes (e.g., Brenna et al., 2020; Staunton-Sykes et al., 2021). Notably, there has
been greater recognition of the importance of recent small-to-moderate eruptions on both
stratospheric and tropospheric processes (Gregory et al., 2016; Schmidt et al., 2018; Stocker et al.,
2019; Staunton-Sykes et al., 2021), but their role in past climate forcing has not yet been
investigated.

Greenland is well situated to capture records of Northern Hemisphere and larger tropical eruptions,
allowing their impacts to be considered within the context of long historical records and well-dated
palaeoenvironmental proxies. Volcanic aerosols in the ice provide critical records of past volcanism
but identifying the source eruptions — necessary for determining the extent of their atmospheric
aerosol loading — can only be achieved through the geochemical characterisation of co-deposited
volcanic ash (fine-grain tephra), if present in the ice. Extensive work has been conducted on Last
Glacial ice, with volcanic ash highlighting the importance of Iceland as a source of volcanic fallout in
Greenland through the last ice age (Davies et al., 2010; 2014; Abbott et al., 2012; Bourne et al.,
2015). Tephra research on Holocene ice has been comparatively patchy, chiefly focusing on
identifying the source of specific volcanic signals through geochemical matching of the ash, which
has made important contributions to dating and synchronising ice cores (Gronvold et al., 1995;
Coulter et al., 2012), and the recognition of volcanic impacts (e.g., Sigl et al., 2015; Biintgen et al.,
2017; McConnell et al., 2020; Pearson et al., 2022). Here, we bring together previous research and a
large dataset of newly identified tephras from the Common Era interval in Greenland ice cores to
consider the state of the art in tephra research for this time period. We examine what can be
gleaned from the existing data, and explore potential new avenues of research that may contribute
to resolving some of the aforementioned uncertainties in volcano-climate modelling. To illustrate
the great distances across which tephra is transported, Fig. 1 shows the locations of ice core drilling
sites in Greenland at which tephra has been found, cryptotephra findspots in northeast America and
northwest Europe, and the sources of volcanoes whose tephra are recorded as cryptotephras in
these regions. Ice cores and corresponding metadata, including relevant depth-age information, are
summarised in Table S1.



2.0 Overview of research

2.1 Previously published tephras in Common Era Greenland ice cores

Abbott and Davies’s (2012) review of Greenland tephra record reported eight tephra horizons,
comprising 11 distinct geochemical populations, dating to the Common Era, including four of known
(Icelandic) origin: Laki 1783 (Fiacco et al., 1994), Oraefajokull 1362 (Palais et al., 1991), Eldgja 939
(933 GICCO5 chronology; Zielinski et al., 1995) and the Settlement (or Landnam) Layer identified in
both GRIP and GISP2 (Gronvold et al., 1995; Zielinski et al., 1997b). Amongst these tephras, a 1479
eruption of Mount St Helens, Washington, USA (Fiacco et al., 1993), and a 1259 eruption of El
Chichén, Mexico (Palais et al., 1992), were proposed as sources but the geochemical matches were
unconvincing, reflecting to some extent methodological difficulties in obtaining accurate analyses
from very small glass shards. De Silva and Zielinski (1998) recognised multiple eruptions contributing
to potentially concurrent volcanic signals in ice cores from Antarctica (in which Huaynaputina tephra
was identified) and Greenland (with tephra from an unidentified source) in the early 1600s. More
compelling evidence for El Chichdn tephra was identified by Zielinski et al. (1997a) from snow pits in
central Greenland, in which minute (2—4 um) glass shards with a major element geochemistry closely
matching the 1982 eruptives were recovered. A second glass population was identified from larger
(10-20 um) shards and was surmised by Zielinski et al. (1997a) possibly to be from Bezymianny,
Kamchatka, but a geochemical correlation to this source was not established.

Coulter et al. (2012) reported 11 further Common Era tephras, including — in NGRIP —Novarupta-
Katmai 1912, and tephras subsequently correlated with the Millennium Eruption 946 of
Changbaishan, North Korea/China (Sun et al., 2014; revised eruption date based on Oppenheimer et
al., 2017), and Churchill 852/3+1, Alaska (Jensen et al., 2014; revised date from Mackay et al., 2022).
These tephras represented the first unambiguous identification of non-Icelandic tephra in Late
Holocene Greenland ice along with geochemically confirmed tephra from the caldera-forming
Aniakchak Il eruption, Alaska, dated to 1628 or 1627 BCE (1641-39 BCE on the GICCO5 chronology)
(Coulter et al., 2012; Plunkett et al., 2018; revised date from Pearson et al., 2022). Although not
provenanced, the geochemistries of the many “unknown” tephras (i.e., of unknown source) were
inconsistent with Icelandic material, and the seeming dominance of non-Icelandic tephras was noted
by Coulter et al. (2012) to stand in contrast to Last Glacial and Early Holocene ice-core records in
which the tephras were predominantly of Icelandic origin (Abbott and Davies, 2012). Diminutive
shards (3—5 um) with a geochemical composition approaching that of Vesuvius 79 tephra in GRIP
(Barbante et al., 2013) provided further signs of an extensive source region for tephra reaching
Greenland. The subsequent revision of the ice core chronology, moving the layer in question from
7910 to 88+2 CE, and the recognition of a probable Alaskan tephra in NEEM-2011-S1 ice of the same
age, later called this attribution into question (Plunkett et al., 2022). The c. 1259 GISP2 tephra
analysed by Palais et al. (1992) was found to compare well on geochemical grounds to ash from the
1257 eruption of Samalas, Indonesia (Lavigne et al., 2013), marking the first possible record of a
Southern Hemisphere tephra dispersing to Greenland. The GISP2 tephra analyses are characterised
by wide standard deviations, however, and although they overlap with data from Samalas proximal
material, further investigations of tephra from Greenland are needed to provide a robust
correlation. More convincing data from Antarctica nevertheless confirm the association of the
Samalas eruption with the major sulphate spike of 1259, as well as concurrent eruptions in
Antarctica and possibly New Zealand (Narcisi et al., 2013). Independent confirmation that the
sulphate deposited in Greenland and Antarctica around 1258-1260 is from the same source (Burke
et al., 2019), or at least was formed and transported in the stratosphere (Baroni et al., 2008; Gautier
et al., 2019), was provided by sulphur isotope measurements (Baroni et al., 2007).

With the analysis of the NEEM-2011-S1 and TUNU2013 ice cores, Late Holocene tephra
investigations increased. The Millennium Eruption and Churchill tephras were identified in NEEM-



2011-S1, providing accurate tie-points with NGRIP (Jensen et al., 2014; Sun et al., 2014). Tephra from
a second source, possibly in Japan, was recorded amongst Millennium Eruption glass in the NEEM-
2011-S1 sample (Sun et al., 2014; Plunkett et al., 2017). Sun et al. (2014) also examined ice spanning
the Eldgja 939 eruption and found only two shards with disparate geochemical compositions neither
of which matched Eldgja. Sigl et al. (2015) reported the presence of tephra associated with a large
sulphate event at 536 in NEEM-2011-S1 which has been linked to a pronounced climate anomaly in
the Northern Hemisphere (Toohey et al., 2016; van Dijk et al., 2022). The geochemistry of the glass,
comprising multiple distinct populations, suggests that the ash derives from at least three different
sources, implying coeval eruptions. Although none of the glass populations could be firmly
attributed to a source, the geochemical compositions are consistent with mid- to high latitude
volcanic regions (including Aniakchak and Mono-Inyo Craters) but distinctive from Iceland. These
investigations revealed a correlation between peaks in microparticles (2.5-9.5 um) in the ice and the
presence of larger (> 10 um) tephra shards that are easily discerned with a light microscope, a
relationship emphasised by a quasi-annual analysis of two 20-year-long periods (815—-835 CE) of ice
in the NEEM-2011-S1 and TUNU2013 cores (Plunkett et al., 2020). The latter study found tephra in
low concentrations in six of the samples, of which only one (correlating to Katla, Iceland) could be
firmly tied to a source eruption dated to between 822 and 823 using dendrochronology (Bintgen et
al., 2017).

The continuous microparticle record from TUNU2013 prompted a targeted sampling strategy,
reported here for the first time, that focused precisely on notable microparticle peaks, with samples
immediately above and below the peak (dubbed “buffers”) as a control on the relationship of
microparticles and larger ash shards. Events were selected either to 1) replicate previous results and
provide tie-points with other cores, 2) identify the source of prominent sulphate or microparticle
spikes, or 3) establish precise dates for suspected eruptions. Samples were cut in the Desert
Research Institute, Reno, and shipped to Belfast for examination, mounting and major element
geochemical characterisation (see S| for methods). Of the 18 events, 17 were found to be associated
with at least one shard of tephra, and tephra was also present in seven of the buffer samples (Fig. 2).
Only the 1606 target had no certain tephra, but in other instances, small shard size (< 20 um) and/or
the presence of microlite crystals in the glass inhibited analysis. The results of two targets have
already been published: llopango, El Salvador, tephra was identified at 43142, resolving a much-
debated question regarding the age of the Tierra Joven Bianca ash (Smith et al., 2020), and an acid
signal at 1477 was confirmed as deriving from Veidivotn-Bardarbunga (Abbott et al., 2021). The
results of major element geochemical characterisation of the remaining investigations are outlined
in Section 2.2. Additionally, we report here previously unreported tephras from the NEEM-2011-S1
ice core. These samples were cut with respect to specific events in the sulphate record. The glass
characterisation of all new tephras is shown in Fig. 3. A summary of all tephras found in Common Era
Greenland ice cores is presented in Table 1.

2.2 TUNU2013 — previously unreported results

2.2.1 1989 unknown

A prominent microparticle peak in 1989 was examined to determine the potential source of a
synchronous and significant nssS spike (Fig. 2.A). Three small (<20 um) but chunky colourless
particles were identified as possible tephra (QUB-1943). Analysis was possible on one shard only,
which has a rhyolitic composition. Successive analyses produced heterogenous results, however,
notably in Al and Na concentrations, although there were no obvious microlites present in the glass
to explain the variability. The origin of this shard has not been determined but it has significantly
higher MgO and lower Ca and K content than tephra from Redoubt, Alaska (Cameron et al., 2019),
ruling out any link to the 1989 eruption. [NB Age uncertainty to confirm]



2.2.2 1884 Unknown (Krakatau?)

The 1883 Krakatau eruption, Indonesia, has been estimated to have had a cumulative radiative
forcing potential of -5.5 W m™ on the basis of sulphate signals in bipolar ice cores (Sigl et al., 2015). It
has been credited as an inspiration for a series of paintings by American and European artists in the
years that followed (Zerefos et al., 2007). In the same year, however, a large (VEI 4) eruption of
Augustine, as well as small-to-moderate (VEI 2 or 3) eruptions of four other Aleutian volcanoes, may
have contributed to the optical effects observed in the Northern Hemisphere. In the TUNU2013
core, we targeted a moderate spike in microparticles in 1885, capturing a smaller spike in the
underlying buffer sample dating to 1884 (Fig. 2.B). The lower microparticle spike slightly lags a small
increase in nssS, while the 1885 peak is coeval with a larger sulphur rise.

The lower buffer (QUB-1945) yielded a single brown, cuspate shard (40 um) with microlites, from
which four analyses indicate an andesitic composition. The main sample (QUB-1944) contained a
microlitic brown tephra shard (30 um) and a colourless shard (40 um), from which five and three
replicated analyses were obtained. The colourless shard has a rhyodacitic composition, while the
brown shard is tephriphonolitic, with a notably high P content. The compositions of the QUB-1945
shard and the colourless shard in QUB-1944 are similar to glass from Krakatau 1883 but also sit
within the range of many products from Alaskan/Aleutian sources, although not specifically with
Augustine tephra (Fig. 4). Alaskan tephra is most likely deposited in Greenland within weeks of an
eruption (Plunkett et al., 2022). The timing of the tephra in TUNU2013 would therefore appear to be
late for any material from an 1883 eruption in that region. Tephra from the 1991 eruption of
Pinatubo was deposited in Antarctica in 1993 and 1994 (Cole-Dai et al., 1997), highlighting the
potentially greater delay of ash arriving from the tropics. It is possible, therefore, that the TUNU2013
ash derives from stratospheric transport of Krakatau tephra, but trace element analysis of the tephra
is required to differentiate robustly it source(s). The origin of the tephriphonolitic shard has not been
established. [NB Age uncertainty to confirm]

2.2.3 1831 Kuriles

Multiple samples were extracted to identify the source of a sulphate peak previous attributed to
Babuyan Claro, Philippines (Zielinski, 1995). Recently, Garrison et al. (2021) argued that the sulphate
derives from Ferdinandea, Italy, the date of the Babuyan Claro eruption having been discredited
(Garrison et al., 2018). Tephra was identified in two overlapping samples (QUB-1930, -1947) that
centred on the microparticle peak dating to early 1831 (Fig. 2C). Both samples contained high
concentrations of platy to cuspate pale brown tephra shards, most of which were extremely fine-
grained (~10 um) with frequent microlites that impeded geochemical analysis. Altogether, 16
analyses were obtained, mainly andesitic to dacitic in composition with a single rhyolitic outlier. The
geochemistry points to a source in the Kurile Islands (T. Hasegawa, pers. comm., March 2022; Fig. 5);
work is ongoing to confirm the exact provenance. No tephra was found associated with the
secondary particle peak. The delay between the particles and the sulphur is greater than what would
be expected for an eruption in the Kuriles, which implies that a second eruption, perhaps
Ferdinandea, was responsible for the sulphate peak.

2.2.4 1815 Unknown

The 1816 sulphate peak that has been attributed to the 1815 eruption of Tambora, Indonesia, is
synchronous with a muted peak in microparticles (Fig. 2.D). No tephra was found in the 1816 ice, but
the lower buffer (QUB-1949), dating to 1815, yielded a single colourless, blocky large (44 um) shard,
from which multiple analyses were obtained. The rhyolitic geochemistry matches the low Si rhyolitic
component of BTD-15 (~1650-1750 CE) and two older cryptotephras in northwest Europe (see
Plunkett and Pilcher, 2018; Fig. 6). The source of the tephra is uncertain. Plunkett and Pilcher (2018)
surmised a possible Katla origin for the European cryptotephras on the basis of their recurrent



association with ash matching silicic Katla eruptives but there is no reported eruption of this volcano
in 1815.

2.2.,5 1810 Unknown

A prominent sulphate spike at 1809/1810 in polar ice cores attributed to a possible tropical eruption
has been linked to significant global climate impacts (Cole-Dai et al., 2009; Timmreck et al., 2021).
Tephra reported from Antarctica and the Eclipse Ice field, Canada, indicate multiple eruptions
around this time (de Angelis et al., 1985; Palais et al., 1990; Kurbatov et al., 2006; Yalcin et al., 2006).
The Siple Dome tephra derives from a probable Antarctic source (Kurbatov et al., 2006), and the
Eclipse tephra falls within the compositional range of Alaskan eruptives (Yalcin et al., 2006),
indicating coincidental eruptions in the higher latitudes. Notwithstanding some slight differences in
geochemistry that may be due to instrumental error, the Dome C (de Angelis et al., 1985) and South
Pole (Palais et al., 1990) tephras seem similar to each other, and are comparable to Indonesian
tephra (e.g., Telaga Group F tephra reported by Faral et al., 2022). A combination of tropical and
extra-tropical eruptions occurring in short succession may therefore have contributed to the climate
response at this time.

In TUNU2013, the 1810 sulphate spike is coeval with a prominent particle spike (Fig. 2.E). This level
yielded three small (8—15 um) brown, microlitic tephra shards that were unsuitable for geochemical
analysis.

2.2.6 1765 Unknown (North Atlantic?), 1766 Unknown

A prominent microparticle peak dating to 1765 sits between sulphate peaks dating to 1764 and
1767. Individual brown tephra shards were found in samples corresponding to the particle peak and
the ice immediately above (Fig. 2.F). Analyses were obtained on two of these shards. The lower
tephra (QUB-1952), coincident with the microparticle peak, comprised a single blocky to cuspate
shard with a high phosphorus trachy-basaltic composition character. The geochemical composition
bears some similarity to material from Jan Mayen (Gjerlgw et al., 2015) but QUB-1952 has a much
higher P content (Fig. 7). A similarly high P content can be found in tephra from the Canary Islands,
but insufficient reference data from this region exist for a reliable comparison. The overlying sample
(QUB-1951) captures the start of an increase in microparticles in 1766 and produced a trachy-
andesitic shard with a distinctive high K calc-alkaline composition (Fig. 7). Its source could not be
determined.

2.2.7 1601 Chanbai?

The 1601 bipolar sulphate peak linked by tephra in Antarctic ice to the eruption of Huaynaputina (de
Silva and Zielinski, 1998) is associated in TUNU2013 with a moderate microparticle spike (Fig. 2.H).
Two small brown tephra shards (~20 um) were found at the level of the microparticle peak (QUB-
1958), but contained too many microlites to be suitable for glass analysis. A very large brown shard
(150 um) was found in the sample corresponding to the peak in nssS (QUB-1959). Its major element
geochemistry is distinct from that of Huaynaputina and the 1601 GISP2 glass (de Silva and Zielinski,
1998), but matches the trachytic end-member of Changbaishan tephras (Sun et al., 2014; 2018). The
only eruption posited from the Changbai system at this time is possibly that of the Wangtian'e cone
in August 1597 (Li 2013). No geochemical data for tephra from this event have been found for
comparison, but the eruption is considered to have been only moderately explosive. It is difficult to
reconcile such a modest eruption with the transport of a coarse shard to Greenland as many as four
years later, but given the strong geochemical correlation with Changbaishan tephra, this system
seems at present to be the most likely source of the QUB-1959 tephra.

2.2.8 1485 Veidivotn-Bardarbunga



A notable peak in microparticles at 1485 occurs in the absence of any change in nssS (Fig. 2.1). The
event was sampled to establish if it derived from Mount St Helens eruptions whose tephra has been
identified in northeast America and possibly Ireland (Mackay et al., 2016; Plunkett and Pilcher, 2018;
Jensen et al., 2021). The sample contained one brown, cuspate shard (QUB-1960). The chemistry is
consistent with Veidivotn-Bardarbunga.

2.2.9 1479 Unknown

A significant microparticle peak at 1477 was targeted as a suspected link, subsequently confirmed, to
the February 1477 eruption of Veidivotn (Abbott et al., 2021). Secondary particle peaks at 1479
coincided with elevated nssS (Fig. 2.J). The larger peak (QUB-1963) contained at least seven small,
brown, microlitic shards that were generally suitable for geochemical glass analysis. Analyses from
two shards yielded poor results, yet indicated dissimilar glass compositions; one dacitic shard gave a
poor analytic total (<90 wt%), while the second shard is andesitic but with elevated Al and Ca that
imply entrapment of a plagioclase microlite. The overlying sample (QUB-1962) yielded a single platy,
brown shard (25 pum). Only one analysis was obtained from the shard, indicating an andesitic
composition. We find no geochemical match for the glass.

2.2.10 1254/5+1 Unknown

A moderate peak in larger microparticles at 1254/5 was investigated as previous research had
located tephra with a geochemistry resembling that of Lipari (Italy) glass in the NGRIP core (Coulter
et al., 2012; Plunkett and Pilcher, 2018; Fig. 2.K). A mix of predominantly brown, small, platy shards
(n = 26) was found in the sample corresponding to the particle peak (QUB-1967). Small shard size
(mainly <30 um) and the presence of microlites hindered analysis and resulted in low analytical
totals or aberrant results. Thirteen shards returned a homogenous geochemical composition,
indicating an andesitic glass similar to Katla and Hekla (Iceland) intermediate tephra (Fig. 6). Possible
Katla tephra has been identified in Ireland and Norway around this time (Plunkett and Pilcher, 2018)
but neither volcano is known to have erupted in this interval. One shard has a geochemistry
consistent with Churchill (Alaska) tephra. There is also no Churchill eruption known from this time
period, although Churchill-type tephra has been recorded as a cryptotephra in Irish peatlands dating
to around 1100 CE (Plunkett and Pilcher, 2018).

2.2.11 1102-1106 Unknowns

The interval between 1102 and 1106 was examined in an attempt to locate tephra from the 1104
eruption of Hekla, a key marker used in the GICCO5 ice core chronology (Vinther et al., 2006). Coulter
et al. (2012) had previously investigated this timeframe in NGRIP, and had recorded a tephra of
uncertain origin (QUB-1186) (then dated at 1101, and recently revised to 1104+3; Sinnl et al., 2022),
immediately following a small peak in electrical conductivity. In TUNU2013, we found tephra
particles in ice dating to 1104+2 (QUB-1893) and 1103+2 (QUB-1891), each sample corresponding to
a small increase in sulphur and microparticles in the ice (Fig. 2.L). QUB-1893 comprised a single shard
(colourless, fluted, 50 um along its long axis), from which three analyses were obtained. The results
indicate a high Si/low Fe rhyolite, but the poor quality of the results (low totals, heterogeneity when
normalised) calls into question their robustness. Other possible shards were found to be plagioclase.
QUB-1891 contained similar particles to QUB-1893, but only one (a colourless, blocky shard, 50 um
along its long axis) returned a composition consistent with volcanic glass. Its geochemistry is similar
to, but slightly more evolved than, that of QUB-1186. Comparable material has been identified in
older Greenland ice at 946, 939 and 536 in very low concentrations (typically 1-2 shards) amongst
various other tephras (Sun et al., 2014; Sigl et al., 2015). Geochemically similar tephra dating to
within the last two centuries has also been reported by Jensen et al. (2021) from Sidney Bog, Maine
(USA). Difficulties resolving the sources of these tephras are discussed further in Section 3.1. The
eruptions associated with the QUB-1893 and -1891 tephras are precursors to the event responsible
for a prominent sulphate peak beginning in 1108 which has been linked to climate anomalies and



tentatively attributed to an eruption of Mt. Asama, Japan in 1108, and further eruptions in the lower
and northern latitudes at about the same time (Guillet et al., 2020).

2.2.12 94741 Unknown

A very small increase in microparticles at 947 CE was sampled to investigate its relationship to the
Millennium Eruption of Changbaishan, China/North Korea, in 946 CE, whose tephra has been
identified in the NGRIP and NEEM-2011-S1 ice cores (Coulter et al., 2012; Sun et al., 2014). Two
samples (QUB-1933, -1968) capturing the microparticle rise were examined and each contained
small shards of brown tephra (Fig. 2.M). Their small size or microlitic content prohibited successful
analysis.

2.2.13 87741 Settlement tephra (Vatnadldur/Torfajokull)

The 877 sulphate spike, previously correlated in GISP2 and GRIP ice cores to the Icelandic Settlement
(or Landndm) tephra (Groénvold et al., 1995; Zielinski et al., 1997b), was sampled to establish a robust
tie-point between ice cores. The Settlement tephra was produced by simultaneous and interlinked
eruptions of Vatnadldur (part of the Bardarbunga volcanic system) and Torfajokull in southern
Iceland (Larsen 1984). The former dispersed ash in all directions around the volcano, but Torfajokull
tephra fell mainly to the west and northwest of the vent (Larsen, 1984; Thordarson and
Hoskuldsson, 2008). Although the Torfajokull eruption was likely triggered by initial activity in the
Bardarbunga system (Blake 1984), in areas where both components were deposited, visible beds
comprise a twin-coloured layer typically featuring a lowermost white (silicic) unit of Torfajokull ash,
topped by an olive-green (basaltic) Vatnadldur horizon (Larsen, 1984; Sigurgeirsson et al., 2013).

TUNU2013 samples included an extended section of ice covering the period xxxx to xxxx (QUB-1935),
and three additional samples that isolated the microparticle peak (QUB-1972) from ice immediately
above and below (Fig. 2.N). QUB-1935 contained a mixture of colourless and brown shards, analysis
of which confirmed the presence of both components of the Settlement tephra (Fig. 6.C). The finer
resolution sampling revealed a high concentration (n. > 500) of mainly colourless, predominantly
cuspate ash in QUB-1972, coincident with peaks in nssS and large microparticles, with a smaller (<
5%) proportion of brown ash. Geochemically, the former is consistent with Torfajokull ash, and the
latter with Vatnadldur. Ice immediately above this level (QUB-1973), capturing a smaller
microparticle spike, also contained a concentration (n. > 80) of greenish-brown shards with a
geochemistry matching Vatnaéldur (Fig. 6.C). The stratigraphic position of the two components in
the ice is therefore consistent with that in Iceland. The TUNU2013 ice core samples demonstrate
that the eruption sequence was a protracted event, extending over a period of about one year.

2.2.14 649/650+2 Unknown

A prominent particle peak at 650 prompted sampling to investigate the possibility of a useful tephra
isochron (Fig. 2.0). Two samples (QUB-1940, -1979) were taken across the particle peak. Only one
possible brown tephra shard (~25 um) was recorded in QUB-1940 and less convincing examples in
QUB-1979 but no analyses were obtained.

2.2.15 480+2 Veidivotn-Bardarbunga

Two samples of ice encompassing a prominent particle peak coeval with a small sulphate signal at
480 were examined (Fig. 2.P). QUB-1941 yielded 16 small, pale brown platy shards, but a greater
concentration (n. > 200) of greenish-brown platy to cuspate shard was recovered from QUB-1981.
Geochemical analyses from the two samples are consistent with Veidivotn-Bardarbunga basaltic
glass (Fig. 6.C). As individual eruptions from this system cannot be distinguished by major element
geochemistry, it is not possible to link with certainty the TUNU2013 ash to a specific event. Several
Bardarbunga tephras of imprecise age have been noted in Iceland around this time (Gudmundsdéttir
et al., 2016).



2.2.16 45512 Shiveluch?

The largest microparticle spike of the first millennium TUNU2013 ice coincides with an extended
moderate peak in nssS (Fig. 2.Q). A substantial concentration (n. > 400) of mainly cuspate to
vesicular, colourless shards 10-50 um in maximum length was found in the sample corresponding to
the microparticle peak (QUB-1982). The thin glass was prone to burning during analysis, resulting in
low analytical totals and elevated Cl, and some shards contained plagioclase and Fe-Ti microlites;
only analyses above 93% and not showing element enrichment from minerals are presented here.
The major element geochemistry indicates a rhyolitic glass that correlates with Shiveluch,
Kamchatka, except for a slightly higher P content. Of the many Shiveluch eruptives around this time,
QUB-1982 most closely resembles SH16, dated to around 401 (Ponomareva et al., 2015).

2.3 NEEM-2011-S1 previously unreported tephra

2.3.1 881+2 Unknown, mixed

A sample of ice corresponding to the sulphate peak associated in the GRIP and GISP2 ice cores with
the Settlement tephra (Gronvold et al., 1995; Zielinski et al., 1997b) was examined. The sample
contained three colourless, platy shards, two of which were analysed multiple times (QUB-1825).
The shards have dissimilar rhyolitic compositions, neither of which clearly match the Torfajokull unit
of the Settlement tephra. Instead, both show affinities with Kamchatka tephra, although no certain
correlation with any specific eruptive was found. The rhyolitic population reported by Zielinski et al.
(1997b) is closer in composition to QUB-1825 shards than to Torfajokull tephra, but the lack of
individual shard data and analytical imprecision for the GISP2 tephra hinders a robust comparison of
populations.

2.3.2 531#1 Inyo Craters(?) and North Atlantic(?)

This interval was examined as part of an investigation into the source of the 536 CE volcanic signal
(Sigl et al., 2015). At least nine shards showing variable morphology (cuspate, bubbly-walled, blocky,
some microlitic; size range 40-100 um) were recorded in a sample dating to 5311, of which three
were analysed (QUB-1855). Multiple analyses were obtained on each shard, and demonstrated three
heterogenous geochemical compositions, including rhyolitic, trachytic and tephritic. The rhyolitic
geochemistry is consistent with that of the Wilson Butte fall deposit associated with the Inyo Craters
system, California (Jensen et al., 2021). Its geochemistry is less evolved than the South Mono tephra
from the same system that has recently identified in northeast America (Jensen et al., 2021). The
tephritic shard has a composition similar to the Canaries and the Azores, signifying a possible North
Atlantic origin (Fig. 7).

3.0 Discussion

3.1 Tephra representation in Common Era ice in Greenland

The number of distinct tephras recognised in Common Era Greenland ice cores now stands at 50
(Table 1). As found by Plunkett et al. (2020), microparticle records provide a strong indication that
some volcanic ash may be present in the ice, but there is no direct correlation between the
concentrations of microparticles (< 9.5 um) and larger (> 9.5 um) tephra shards. Although they
sometimes include ultrafine glass shards, the microparticles themselves may be constituted of other
volcanic material such as lithic fragments or phenocrysts; further dedicated research is needed to
determine their composition. Alternative sample preparation methods can facilitate the analysis of
microparticles, albeit at the expense of analytical accuracy (Iverson et al., 2017). Nevertheless, the
microparticle records offer a valuable means of homing in on sections of ice cores that merit tephra
investigation, and are particularly useful in terms of visualising the relative timing of particulate and
sulphate aerosol deposition in the ice (section 3.2).



The source region of tephras reaching Greenland is extensive. Of the positively correlated tephras,
Iceland is the leading source, yet only nine certain eruptions from this highly volcanic region are
represented. Other confirmed sources include Alaska/Aleutians, the Kuriles, China, El Salvador and
Mexico, and perhaps Kamchatka, Indonesia and Italy, with one or two tephras recognised from each
of these regions. The majority of tephras (58%) have not been linked to a source, but several have
geochemistries that intimate circum-North Pacific volcanic regions as their provenance. Overall,
tephras of known or suspected origins are strongly biased towards mid- or high-latitude Northern
Hemisphere volcanoes, but the potential for ash to travel from tropical eruptions is demonstrated by
the representation of El Chichdn 1982, llopango 431+2 and possibly Samalas 1257 (Palais et al.,
1992; Zielinski et al., 1997a; Lavigne et al., 2013; Smith et al., 2020).

Difficulties in tying tephras to source based on major element geochemical composition are mainly
twofold. Firstly, the major elemental composition of tephras, especially rhyolites, are not always
sufficient to distinguish tephras from different volcanic regions, illustrated by similarities in the
rhyolitic end-members of llopango and Shiveluch (Smith et al., 2020) and by Tamboran and Alaskan
tephras (section 2.2.2). In such instances, trace and rare element analysis can resolve the source
(Westgate et al., 1994; Pearce et al., 2004; Plunkett et al., 2017; 2022), but is generally only feasible
on larger (> 30 um) shards with sufficient areas of glass free of mineral inclusions. Secondly,
successful provenancing of tephras is strongly dependent on the availability of comparative data.
Despite the impressive datasets that are now available for Late Holocene tephras from Iceland (e.g.,
Haflidason et al., 2000; Larsen et al., 2001; Oladéttir et al., 2005; 2008; 2011; Gudmundsddttir et al.,
2016; 2020), Alaska (Cameron et al., 2019) and Kamchatka (e.g., Ponomareva et al., 2015;
Krasheninnikov et al., 2020; Portnyagin et al., 2020), not all eruptions, or phases of eruptions, have
been captured by proximal analyses. Cryptotephra records from distal locations highlight the
occurrence of eruptions not reported from proximal records (Davies et al., 2016; Plunkett and
Pilcher, 2018), either because they have escaped attention or have not been preserved locally. Glass
data availability from other volcanic regions is relatively limited.

Many examples of rhyolitic tephras displaying high Si (75-77 wt %) and low Fe (0.4-1 wt %) and Ca
(0.3-1 wt %) geochemistries are now recognised, not only in Greenland ice but also in European and
North American cryptotephra records (Plunkett and Pilcher, 2018; Plunkett et al., 2020; Jensen et al.,
2021). Such tephras are known from a wide range of volcanic provenances, including Alaska/the
Aleutians, Kamchatka, Japan, Mono-Inyo Craters, Mexico and the Central American Volcanic Area
(CAVA), New Zealand, and more rarely from Iceland (Fig. 9). The geochemistry also bears a
resemblance to Pleistocene-age tephras such as the Bishop Tuff and Wilson Creek, California, USA
(Marcaida et al., 2014; Chamberland et al., 2015), several units from Sambe, Japan (Smith et al.,
2013; Albert et al., 2018), as well as various tephras from the Caucasus (Cullen, 2015). Of these,
Mono-Inyo Craters glasses seem generally separable from Alaskan/Aleutian tephra on the basis of
Fe/Ca ratios for a given Si content, but tephras from other regions overlap both source regions.
Furthermore, the potential for correlating or differentiating these tephras is especially sensitive to
analytical error given the low concentrations of Fe and Ca. The recurrence of this type of tephra in
low abundance could signify frequent remobilisation of older ash towards Greenland. Detrital ash
was recognisable in mid-western American sedimentary records as physically and geochemically
altered glass (Jensen et al., 2021). For most of the Greenland tephras for which we have multi-shard
or replicate analyses, geochemical consistency and lack of evidence for weathering favour the
interpretation of the glass as primary airfall, which is frequently supported by elevated sulphur and
microparticles (cf. Plunkett et al., 2020). The SB-2 tephra in a northeastern American bog (Jensen et
al., 2021) also implies that a primary source lies within the tephra catchment zone of the North
Atlantic region. Where shard size permits, trace element analyses may help resolve the question of
their provenance.
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3.2 Insights into eruptions represented in Greenland ice

Several large magnitude eruptions of the Common Era have now been confirmed by tephra in
Greenland ice cores, including the VEI 7 (or 6; Yang et al., 2021) Millennium Eruption 946 and
possibly Samalas 1257, VEI 6 llopango 431+2, Churchill 852/3+1 and Novarupta-Katmai 1912
eruptions, and VEI 5 Oraefajokull 1362 (Palais et al., 1991; 1992; Coulter et al., 2012; Sun et al., 2014;
Jensen et al., 2014; Smith et al., 2020). Of these, the Millennium Eruption, Churchill and Oraefajokull
eruptions are not associated with notable sulphate signals, nor with any remarkable climate impacts
(Xu et al., 2013; Mackay et al., 2022). A statistically significant cooling of ~0.3—0.8 °C followed the
Churchill eruption, though the effects may have amplified a pre-existing climate anomaly (Mackay et
al., 2022). Yet the cooling appears to have been inconsequential from a societal perspective, raising
guestions about thresholds and conditions for societal perception of and vulnerability to volcanic
impacts. These events highlight that not all large magnitude eruptions emit sufficient sulphuric
aerosols to trigger an appreciable climate response. Large aerosol emissions from llopango, on the
other hand, are represented by prominent sulphate spikes in bipolar ice cores that rank amongst the
largest volcanic stratospheric sulphate injections in the last 2,500 years (Sigl et al., 2015; Toohey and
Sigl, 2017; Smith et al., 2020). With fewer historical records for this time interval, short-lived
responses to the expected cooling (~0.5 °C) have not been identified. Conversely, the 1257 (1259 in
ice cores) Samalas eruption stands out as one of the most impactful events of the Common Era (Sigl
et al., 2015; Guillet et al., 2017).

Following the Novarupta-Katmai eruption, the largest magnitude eruption of the 20™" century,
regional cooling can be seen in Northern Hemisphere tree-ring summer temperature reconstructions
and growth anomalies in 1912 and 1913 (LaMarche and Hirschboeck 1994; Briffa et al., 1998;
Blintgen et al., 2020). The cooling appears to be the culmination of a declining trend beginning in
1909 (Biintgen et al., 2020) but, as far as we can determine, has no extra-regional societal
repercussions. A similar stratospheric sulphate injection was estimated for the probably Alaskan 88
CE eruption (Plunkett et al., 2022), but in this instance, no climate response is evident in tree-ring
summer temperature reconstructions (Bintgen et al., 2020). Although the column altitude of the 88
CE event is not known, it was also likely stratospheric (VEI estimate of 24+). A key difference
between the events is the longevity of sulphates in the atmosphere: deposition of stratospheric
sulphate in Greenland occurred almost a year after the eruption (Burke et al., 2019) whereas the
sulphate deposition in Greenland dissipated in less than that time (Plunkett et al., 2022). It is likely,
therefore, that a large proportion of the sulphate remained tropospheric following the 88 CE
eruption or that other factors (e.g., larger aerosol particle sizes) contributed to its more rapid fallout.

The highly variable impacts of the confirmed large magnitude eruption prompt us to consider the
identity of those events with the largest volcanic forcing potential, as determined from sulphate
deposition rates in polar ice cores (Sigl et al., 2015; Fig. 10). Although only a small proportion have
reported tephras, it is now evident that they include extra-tropical events, including examples of
mainly effusive eruptions. Indeed, the two Icelandic fissure eruptions — Eldgja 939+1 and Laki 1783 —
correlate with well-documented examples of climatic and societal repercussions (Thordarson and
Self, 2003; Oppenheimer et al., 2018). Considered VEI 4 events because of their sizeable erupted
masses, these eruptions entailed mainly tropospheric emissions, but phases of potentially
stratospheric injection were aided by interaction with groundwater that produced explosive
phreatomagmatic eruptions (Thordarson et al., 1996; 2001; Moreland et al., 2019). Another
noteworthy feature is the frequent co-occurrence of two or more populations of tephra that imply
coeval eruptions. In some cases (e.g., 536 Unknowns; Sigl et al., 2015), the sulphate signal structure
is consistent with the contribution of aerosols from a single source, but determination of source —
needed for refined estimates of stratospheric sulphate loading — is complicated by the multiple
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contenders suggested by the ash. All in all, tephra has played a significant role in drawing attention
to the contribution of extra-tropical eruptions to climate change (Toohey et al., 2016).

While large sulphate emissions are requisite to altering radiative balance, can we learn more about
the eruptions that impact climate from the tephra? We have compiled data inferred from the ash
and aerosols in Greenland ice cores to investigate characteristics of those eruptions that are robustly
associated with climate responses, extending beyond the Common Era to increase our sample size
(Table 2). The lack of correlation between magnitude and climate response has already been
discussed. From our limited dataset, eruption season does not clearly influence the impact. The
geochemical composition of the tephra found in Greenland reveals a greater prevalence of mafic to
intermediate glass associated with climate impacts, and phreatomagmatic processes are frequently
implicated. This is perhaps not surprising, as less evolved magma has a high concentration of
dissolved sulphur than silicic magma (Devine et al., 1984). Magma type also determines eruption
style, which in turn influences the concentrations of gas species and ash in the plume (Witham et al.,
2005; Shinohara, 2008). Interaction with groundwater (phreatomagmatism) may increase the
explosivity of an eruption, the additional water content also influencing chemical speciation in the
plume. The seemingly muted impact of eruptions producing mid- to high Si rhyolitic tephra suggests
that processes relating to magma-gas differentiation in the magma chamber exert an influence on
aerosol production and ultimately climate response. Cold anomalies following Churchill and
Novarupta-Katmai demonstrate that such eruptions may nonetheless accentuate existing
temperature downturns. The Mazama eruption, associated with vesicular rhyolitic tephra, is
presently exceptional with respect to its estimated emission of 160 Tg of sulphur (Sigl et al., 2022).
On the hand, eruptions producing basaltic tephra can, but do not necessarily, lead to obvious
climate perturbations, although the co-occurrence of other dacitic tephras from contemporary
eruptions (Zielinski et al., 1994; 1995) complicates the interpretation of these events. Like Eldgja 939
and Laki 1783, the 877x1 co-eruption of Bardarbunga and Torfajokull, which produced the
Settlement tephra, was a protracted event, yet it seems to have had limited climatic and societal
repercussions. Our findings imply that very large (and relatively infrequent) eruptions producing only
highly silicic tephra are least likely to trigger major climate change. Further systematic analysis
between the relationship of magma geochemistry, eruption processes, halogen representation in
the ice cores, and climate responses may help to discern influential processes affecting climate
response.

3.3 Identifying tropical eruptions in polar ice cores

The need for accompanying tephra to confirm the source of a volcanic signal in polar ice cores
favours the recognition of extra-tropical eruptions. Ash particles that lend themselves to
identification using light microscopy and standard microprobe analysis are, by virtue of their greater
fall velocities, prone to more rapid settling out of the atmosphere. High water content in a plume
increases the aggregation of ash particles, which increases the fall velocities further (Brown et al.,
2012). Towards the top of the eruption column, gas and ash clouds frequently separate, the gases
usually rising higher than the particles (Prata et al., 2017; Rose et al., 2000). Whether this is due to
the contrasting densities of the two components, or the phased eruption of the gases before the
particulates, is not clear. Gas and ash components may therefore be transported along separate
pathways and at different altitudes. Ash dispersion modelling suggests that ash is deposited within
days to weeks of its eruption (Plunkett et al., 2022), and Niemeier et al. (2009) contend that the
residence of even very fine ash (<15 pum) is limited to a matter of weeks. Tropospheric transport
direction and fallout is determined chiefly by meteorological conditions at the time of the eruption,
limiting the potential for transfer between hemispheres and increasing the rate of sedimentation.
Volcanic material injected into the troposphere, including ash, can cross into the stratosphere during
transport as a result of convection (Tupper et al., 2009; Carn et al., 2016). Here it has a longer
residence; submicron ash particles have been identified in the stratosphere several months after
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large tropical eruptions (Pueschel et al., 1994; Vernier et al., 2016) and, as noted above, Pinatubo
particles < 10 um were sustained for up to three years after the eruption (Cole-Dai et al., 1997). How
long larger ash particles can remain suspended is not known. In the tropics, meridional circulation
carries the aerosols polewards over the course of one to two years, but expansion to the extra-
tropics is restricted by a subtropical transport barrier such that only very high emissions pass into
higher latitudes (Marshall et al., 2019). Given the challenges of ash achieving an altitude and
residence time sufficient to cross latitudinal zones, it is not surprising that tropical eruptions are
poorly represented by tephra in polar ice cores.

Identification of low-latitude eruptions in ice core records has conventionally been based upon the
recognition of concurrent volcanic signals in both polar regions (Langway et al., 1995; Crowley, 2000;
Sigl et al., 2013). Contemporaneous extra-tropical eruptions in each hemisphere can, however, give
rise to a false impression of a tropical event. It is now also recognised that aerosols from extra-
tropical eruptions can pass into the opposite hemisphere and be represented as a bipolar signal
(Pearson et al., 2022). Misidentified tropical eruptions will lead to an overestimation of the global
radiative forcing potential of an event, as the translation of sulphate flux in polar regions to
atmospheric stratospheric loading is dependent on the latitude of the eruption (Toohey et al., 2016;
Marshall et al., 2021). Given these issues, we examine whether tropical and extra-tropical eruptions
leave discernible signatures in the timing of microparticle and sulphate deposition in the ice cores
that might aid the recognition of source distance in the absence of analysable tephra.

We have small subsets of ash from eruptions in several extra-tropical source regions that provide
insights into dispersion rates of volcanic emissions from higher latitudes. Iceland and Jan Mayen
represent the closest volcanic sources to Greenland. No volcanic sulphates are associated with
Oraefajokull tephra in the Dye-3 core from southern Greenland (Coulter et al., 2012), but a
substantial microparticle peak in TUNU2013 is directly coeval with a small increase in sulphur
concentrations. Veidivotn 1477, Eldgja, the Settlement tephra and Katla 822 coincide directly with
sulphate peaks, but Laki tephra was deposited in the early stages of the eruption in the summer of
1783 before sulphate rises (Fiacco et al., 1994). Veidivotn 1485+1 and 480+2 tephra are not
associated with an increase in sulphate. On the whole, particle and chemical fallout from Icelandic
eruptions generally seems to be contemporaneous, which likely reflects their rapid deposition
following tropospheric transport. Amongst the Alaskan eruptions, Novarupta-Katmai 1912, Churchill
852/3+1, Okmok 43+1 BCE and Aniakchak 1628 or 1627 BCE share similar patterns of deposition: ash
is deposited as sulphates start to increase, but peak sulphur deposition is delayed by several months.
In at least two of these examples (Novarupta-Katmai and Aniakchak), S isotopes reveal that the later
sulphates were delivered via stratospheric transport (Burke et al., 2019; Pearson et al., 2022). The
Unknown 882 tephra of likely Alaskan origin also precedes and overlaps with the start of the nssS
rise (Plunkett et al., 2022). Similarly, ash from the Kuriles 1831 and possible Shiveluch 4551 events
coincide with muted peaks in nssS. Sulphate, halogens and ash from the Millennium Eruption are
concurrent in the NEEM-2011-S1 and NGRIP records (Sun et al., 2014).

Of the tropical and possibly tropical tephras, llopango 431+2 shows a substantial offset between
tephra and volcanic sulphur deposition (Smith et al., 2020). Although another eruption might be
responsible for sulphate deposition in Greenland 43212, the ice-core estimated stratospheric
sulphur injection estimate (Toohey & Sigl, 2017) is consistent with petrological estimates of sulphur
released by the eruption (Smith et al., 2020). The delay implies that tephra was transported towards
Greenland rapidly by tropospheric winds, with the sulphates requiring greater time to disperse
through the stratosphere. The c. 1259 very fine ash (< 6 um) in GISP2 was found to slightly precede
and coincide with sulphur peaks (Palais et al., 1992), signifying a common transport pathway, which
sulphur isotopes confirm to be stratospheric (Burke et al., 2019). In Antarctica, the ash is confirmed
as deriving from the Samalas 1257 eruption (Narcisi et al., 2013), again implying the possibility of a
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time lapse between a tropical eruption and the deposition of its fallout in the polar regions. We
tentatively suggest that the ash and slightly elevated sulphur observed in 1884 and 1885 could
derive from Krakatau 1883, but trace element analyses of the shards are required to support this
inference (section 2.2.2). On the whole, there is no consistent relationship between the timing of ash
and gas aerosol deposition from low-latitude volcanoes in polar regions, but candidate sources for
potentially tropical eruptions are very likely to date to at least a year or two before the events are
registered as sulphate signals in ice cores. Such an offset has implications for the use of historical
volcanic events for dating and estimating error for ice core chronologies. Could discuss 1815, 1601,
etc., if chronology certain. 1979 and 1809 very similar — either all strat or all tropo.

3.4 A North Atlantic Common Era Tephra Framework

Cryptotephra studies in regions either side of the North Atlantic allow us to examine intercontinental
linkages and ash transport across Greenland (Fig. 12). The recent synthesis of cryptotephras from
northeastern America outlines 14 discrete marker horizons within the Common Era, including ash
derived from Mexico, the Cascades and Mono-Inyo Craters, Alaska and the Aleutian Arc, the Kuriles
and Kamchatka (Jensen et al., 2021). With a longer history of cryptotephra research, northwest
Europe is represented by almost 50 different tephras, the majority derived from Iceland sources
(Plunkett and Pilcher, 2018). Both regions clearly indicate the predominance of tephra derived from
the nearest sources to their west. For comparison, Icelandic records include more than 150 known
(and geochemically characterised) tephras in the same timeframe, but many of them mainly non-
explosive, basaltic eruptions from which tephra will have been poorly dispersed. Perched between
them but at higher latitudes, Greenland is on par with northwest Europe in terms of the number of
cryptotephras, and reveals a more varied range of source regions contributing cryptotephra to its
records despite its large proportion of unprovenanced tephras.

All three regions are so far directly interlinked by only the Churchill 852/3+1 tephra. Northeast
America receives a large proportion of ashfall from sources in the Cascades and Mono-Inyo Craters,
but few of these seem to extend beyond the continent. Although we were unable to find a linkage
with Mount St Helens Set W tephra recorded in northeast America and possibly Ireland (section
2.2.8), other candidate microparticle peaks in this timeframe remain to be examined. Plunkett and
Pilcher (2018) suggested a possible correlation between the Jala Pumice tephra from Ceboruco,
Mexico, recorded at two northeastern American sites (Jensen et al., 2021), and the MOR-T4 tephra
in Ireland that includes multiple geochemical populations. The age of the MOR-T4 tephra is now
constrained to ~935+10 by its occurrence directly beneath ash from the Millennium Eruption in
Ireland (Plunkett, unpublished data). The identification of the latter tephra in Ireland provides an
additional robust tie-point between northwest Europe and Greenland, and promises potential for
the ash to be found in North America. A possible linkage exists between Mono Craters tephra
identified in several sites in northeast America and dated to 280-645 CE by Jensen et al. (2021) and
some components of the 536 tephra (QUB-1859) in NEEM-2011-51 (Sigl et al., 2015; Fig. 8).

A greater number of linkages between Greenland and northwest Europe are afforded by mainly
Icelandic tephras. As yet, no Icelandic tephras appear to have been deposited in northeast America,
reflecting the significance of prevailing tropospheric winds to the dispersion of ash. Although Iceland
can be ruled out as a source for most of the geochemically characterised but as yet unattributed
tephras in the Greenland records, there is clearly potential to establish more ties with Icelandic
eruptions and perhaps with northwest Europe. Homogenous basaltic geochemistry from individual
volcanic systems (e.g., Grimsvotn, Katla, Krafla, Bardarbunga-Veidivotn) hinders correlations with
specific eruptions, but their representation in Greenland ice will provide an opportunity to explore
the nature and frequency of sulphate deposition from small to moderate eruptions and the potential
impact of such eruptions on climate.
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Changes in the frequency and source regions of the cryptotephras through time may signify shifts in
atmospheric circulation patterns. For example, during the first seven centuries CE, tephras
recognised in NW Europe mainly derive from non-lcelandic sources, including the Azores. During this
time, the frequency of ash clouds passing over Europe appears to have diminished, and ash from
Mono-Inyo Craters and El Salvador (llopango) reached northern Greenland. With its wider tephra
catchment, Greenland is well placed to offer greater insights into changes in ash dispersion patterns.

4.0 Going forward

4.1 Methodological advances

Research on Greenland tephras in the Common Era, and indeed the Holocene, has tended to be
highly selective, targeting very specific time intervals or events. This approach has been necessitated
by the vast quantities of ice comprising the current epoch that impede the application of continuous
sampling used on other sediment types. Automated microparticle recording in the size range 1-10
um (McConnell 2013) now enables a hybrid methodology to be adopted, as these features are
strongly aligned with larger ash particles that can enable robust geochemical characterisation.
Systematic targeting of ice containing elevated microparticle content promises to deliver a near-
continuous record of tephra. Further research is needed to determine 1) the composition of the
microparticles, 2) if there is a baseline value of microparticle concentration that increase the chances
of recovering larger (i.e., recognizable under the microscope) tephra particles, and 3) the frequency
of larger tephra in ice that does not feature elevated microparticle content in the typical detection
range of 1-10 um.

Provenancing of Greenland tephras has frequently proven challenging, limited by a lack of
comparable data from potential source regions. The success rate of matching tephras to source will
likely increase as more data are published and brought to light, stimulating links with those working
with proximal deposits. Efforts are being made within the tephra community to ensure best practice
in data collection, analysis and reporting (Wallace et al., 2022), which will greatly facilitate the
generation of useful datasets for comparative analysis. Reliable correlations between tephra units
are optimised by combining reproducible major and trace element geochemistries and by analysing
potential correlatives under the same instrumental conditions to eliminate uncertainties in
geochemical matching. Several factors hinder the application of such rigorous standards to the
analysis of cryptotephras in polar ice cores, not least the low concentration of shards on which
analyses can be performed, but also the small shard sizes that frequently fall below the threshold for
successful reliable measurements. Where shard size permits, reproducibility of major element
geochemistry can be tested by obtaining multiple analyses from individual shards. Such small
datasets nevertheless present an obstacle to identifying the potential source of the tephra, a
prerequisite to obtaining reference material from the source for co-analysis. These limitations aside,
a programme of trace element analysis for unprovenanced tephras will help resolve questions of
origin and thereby enhance the inferences that can be drawn from the volcanic histories recorded in
polar ice cores.

4.2 Learning from tephra

The application of tephra analysis of polar ice cores offers considerable potential to go beyond
merely provenancing volcanic signals in the ice. Microparticle records suggest that there are many
more volcanic events recorded in Greenland ice than those represented only by clear sulphate
peaks, and that multiple eruptions can lie behind some of the more prominent events. Ash
dispersion modelling demonstrates that VEI 4 eruptions are sufficient to disperse fine ash to
Greenland from a number of Northern Hemisphere sources (Plunkett et al., 2022), and potentially
VEI 2 or 3 Icelandic eruptions injected to at least 4 km height (Stevenson et al., 2013). Such eruptions
occur on a greater frequency — sub-annual to decadal — than large magnitude eruptions. Currently,
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climate models incorporate a non-zero minimum stratospheric aerosol depth for periods of “no
volcanic eruptions” based on values determined for an evidently quiescent period of volcanism
between 1999-2005 (Banda et al., 2018), yet this interval was not quiescent in terms of its total
number of eruptions (Fig. 13). The sulphate contributions of effusive eruptions (VEI 0-2) have
generally not been quantified from satellite data as they are believed to have minimal impact on
stratosphere dynamics (Toohey et al., 2013; Carn et al., 2016; Arias et al., 2021). Numerous empirical
and modelling studies have, however, reported the effects of tropospheric sulphates on the
radiative properties of meteorological clouds (e.g., Pinto et al., 1989; Schmidt et al., 2012; Malavelle
et al., 2017; Chen et al., 2022) and the impacts of small eruptions on climate has only recently begun
to be considered. Indeed, the 2014—2015 Holuhraun eruption (VEI 0) in Iceland has been linked to a
reduction in cloud droplets, resulting in a modest reduction in global mean radiative forcing
(Malavelle et al., 2017). Schmidt et al. (2018) modelled the effects of all small to moderate (injection
height >10 km, VEI 3, 4 and 5) eruptions over the period 2000—2015 to determine climate responses
in the absence of large magnitude eruptions. They found a small but significant cooling effect
resulting from aerosol-cloud interactions in the tropopause that had been overlooked in previous
models. It is likely that current baseline estimates for pre-industrial period volcanic forcing
(Jungclaus et al., 2017; Arias et al., 2021) underestimate the frequency and contributions of small-to-
moderate eruptions. Continuous tephra sampling of the ice cores could begin to address this issue
through the detection of smaller eruptions and their potential contribution to the sulphate content
recorded in the ice cores.

Tephra research has been pivotal in the recognition of extra-tropical eruption impacts on climate
(Toohey et al., 2019). With many remaining uncertainties regarding the plume-atmosphere-climate
relationships, a more holistic analysis of tephra may elucidate critical features of an eruption that
make it more likely to have a climate impact. Because volatile concentrations released in an eruption
are determined by the geological setting of the volcano, general inferences can be drawn about an
event if its source is known, including its likely volatile content and its eruption history. More
detailed information about the state of the magma (bubble- or microlite-rich, reflecting the rate of
depressurisation) at the moment of eruption can be inferred from the morphology of the tephra
shards. The size, shape, vesicularity and geochemistry of ash particles can also influence the
efficiency of adsorption of gas compounds, especially those of sulphur, chlorine and fluorine
(Witham et al., 2005; Brown et al., 2012). Adsorption reduces volatile concentrations in the plume
by significant proportions (De Hoog et al., 2001; Brown et al., 2012; Gutiérrez et al., 2016), but
sequestered sulphur dioxide may later be oxidised in the cloud, prolonging the formation of aerosol
(De Hoog et al., 2001). As yet, there has been no systematic attempt to record shard morphology in
ice core tephras or to investigate its significance in relation to eruption style or processes, or in
moderating the dispersion or impact of volatiles. Further research in this area is needed to maximise
our understanding of volcano-climate interactions.

To determine the impact of past eruptions on climate, improved constraints on stratospheric
sulphate loading are needed (Marshall et al., 2019). A better knowledge of the relationship between
various volcanic fallout fractions in the ice cores, coupled with sulphur isotope analysis, may provide
a mechanism for determining the relative contributions of stratospheric input from the
stratigraphical position of ash and volatiles, as well as the role of ash in sequestering chemical
compounds from the plume (section 3.4). Furthermore, a more complete record of volcanism will
facilitate the constancy of atmospheric circulation patterns through the Common Era to be
evaluated via the frequency of fallout from different sources regions. The development of ash
dispersion modelling to interrogate the meteorological conditions favouring long-distance tephra
transport between regions will aid this enquiry. In the Common Era, peak warming in the Northern
Hemisphere —the Roman Warm Period, the Medieval Climate Anomaly — coincides with a lower
record of sulphate deposition in the Greenland ice cores or with an absence of frequent large
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tropical eruptions, while cold periods — Late Antique Little Ice Age and the Little Ice Age — feature
multi-decadal cooling following large eruptions (Miller et al., 2012; Biintgen et al., 2016; Otto-
Bliesner et al., 2016; Kobashi et al., 2017; Bronnimann et al., 2019). Volcanic forcing is considered to
be a driver, rather than a response, to such changes, but associated changes in Arctic and North
Atlantic Oscillation patterns may influence the nature of the volcanic record in Greenland.

We conclude by considering the challenges of determining when a statistically significant climate
response to volcanic forcing becomes a societally significant issue. With advances in palaeoclimate
reconstructions and climate modelling, it is now possible to visualise the spatial variability in climate
responses and to identify which areas experienced the greatest anomalies (e.g., McConnell et al.,
2020; Timmreck et al., 2021; Mackay et al., 2022; Stoffel et al., 2022). The extent to which such
events impact societies, or are even perceptible to societies, is less straightforward, however. In
terms of assessing societal vulnerability to volcanic forcing, we need a better handle on threshold
values that render populations in different regions susceptible to short-term climate variability: how
much warmer, colder, wetter or drier does it need to get before the conditions substantially affect
the day-to-day life of populations or the workings of the society? It is equally important to consider
the societal conditions — for example, social structure, governance, economic strategies — that leave
populations well positioned to adapt, or alternatively vulnerable, to environmental perturbations if
we are to prepare for responses to major volcanic forcing in the future.

5.0 Conclusions

The identification of tephras in ice cores greatly aids the refinement of eruption source parameters
for modelling the impacts of past eruptions represented by sulphate deposition in Greenland ice. A
growing number of Common Era tephras from Greenland ice cores are revealing a wide catchment
area for tephras reaching the North Atlantic. Extra-tropical Northern Hemisphere tephras
predominate amongst whose sources could be identified, but a large proportion remain
unprovenanced. Although fewer in number, tephras from tropical eruptions can on occasion be
deposited in the high latitudes. We demonstrate the usefulness of microparticle records for
identifying the likely position of tephras, and defining the timing of particle deposition relative to
other volcanic emissions in the ice. These records will greatly expedite the isolation of tephras,
providing a more complete recognition of the frequency of past volcanism, including the occurrence
of extra-tropical small-to-moderate eruptions.

From the current dataset of Holocene tephras, we consider insights into some large magnitude
eruptions. We find that magnitude alone is a poor indicator of volcanic impact on climate, and that
eruptions producing very viscous, silicic tephra tend not to result in a noteworthy climate response.
Instead, it is intermediate to mafic tephras that are associated with climate and societal impacts.
Phreatomagmatic eruptions and the occurrence of multiple eruptions are also recurrent features of
the more impactful eruptions. We encourage greater inter-disciplinary collaborations between ice
core scientists, tephrochronologist, volcanologists and the ash hazard communities to maximise the
inferences that can be drawn from tephra found in ice cores and other sedimentary deposits.
Through its geochemistry and morphology, tephra entraps information about the magma source and
its evolution and eruption style, and a holistic study of the ash could foster a better understanding of
volatile release, plume dynamics and aerosol interactions. Closer scrutiny of the temporal
relationship of volcanic emissions in the ice cores provides an opportunity to investigate transport
pathways and the potential role of ash in sequestering and transporting gas compounds. There is
scope to develop ash dispersion models to interrogate the significance of meteorological conditions
in contributing to volcanic signals in the ice cores. All-in-all, the insights afforded by tephra in ice
cores could be instrumental in the development of volcano-atmosphere models for reconstructing
and predicting volcanic impacts on climate and society.
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