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Abstract

The Eldgja eruption of ~939 AD is recognised as the largest in Iceland since Settlement, and ranks among the largest late-Holocene volcanic episodes on
Earth. It disgorged >21.0km?® (Dense Rock Equivalent) of magma as lava flows (~ 19.7 km?) and tephra deposits (> 1.3 km* DRE), comprising alternating
phreatomagmatic (wet) and magmatic (dry) explosive phases. Tephra deposits up to four metres thick buried proximal areas, and extreme quantities
of sulphur and other volatiles were released into the atmosphere. Little is known about the environmental and societal impacts of the eruption within
Iceland as it took place during the initial decades of human settlement, and before written record-keeping in Iceland became prevalent. In this work,
we review what is known of the Eldgja eruption, making comparisons with the better documented Laki eruption of 1783-1784AD (~ 15.1 km* DRE).
While the Eldgja eruption was volumetrically greater, probably longer-lasting, and involved phreatomagmatic explosive phases, we reason that societal
resilience to volcanic hazards was likely stronger in the 10th century compared with the |8th, reflecting differences in social and natural capital in Iceland.
Accordingly, the impacts of the Eldgja eruption cannot be inferred reliably from knowledge of the Laki episode and its aftermath.

Keywords
Explosive basaltic eruptions, Grimsvotn, Katla, resilience, tephra, volcanic hazards

Received 17 January 2024; revised manuscript accepted 29 March 2024

Introduction ‘the early colonists in the tenth century are unlikely to have fared
better’ than late 18th-century Icelanders in terms of resilience to
volcanic threats.

Our aim is to evaluate these arguments, taking account of
diverse factors (e.g. volcanology, climatology, ecology, subsis-
tence systems and governance) that could have fashioned the
impacts and responses to these eruptions. This leads us to reassess
the extent to which Laki helps us to understand the impacts of
Eldgja, and to identify scope for future research that could shed
new light on the events set in motion by the Eldgja eruption.

The two most voluminous basaltic flood-lava eruptions docu-
mented in Iceland during historical times are those of Eldgja
(~939AD) and Laki (1783-1784 AD). Devastating impacts are
associated with the 18th-century eruption, and the 10th-century
event is thought to have been ~30% more voluminous, with
nearly twice the SO, yield (Thordarson and Self, 1993; Thordar-
son et al., 2001). However, written record-keeping was not estab-
lished in Iceland during the initial century of widespread human
settlement (after ~877 AD), and contemporary textual evidence
from which to infer the impacts of the Eldgja eruption is limited.

In contrast, the Laki eruption elicited a rich body of eyewitness The E|dgjé_ fissure eru ption: A
accounts and is discussed widely in the scientific literature.

These accounts and studies provide abundant evidence for the review
substantial societal and demographic impacts linked widely to The Eldgja (English: Fire Chasm) flood-lava eruption was first
lava inundation, tephra fallout and volatile emissions accompa- documented scientifically by Thoroddsen (1925). It is Iceland’s
nying the eruption.
Given the comparability (Table 1) of these flood-lava erup-
tions in terms of their geographical position, eruption magnitude 'School of GeoSciences, Institute of Geography, University of
and lava flow-field area, it is unsurprising that interpretation of Edinburgh, Edinburgh, UK
the Eldgja eruption has developed through the lens of the 18th- ’Department of Geography, University of Cambridge, Cambridge, UK

3Osservatorio Etneo, Instituto Nazionale di Geofisica e Vulcanologia,
Catania, Italy
4Facu|ty of Earth Sciences, University of Iceland, Reykjavik, Iceland

century ‘analogue’. Numerous authors have suggested that the
Eldgja eruption had substantial environmental and societal
impacts. Larsen (2000) believed that it triggered the most exten-
sive environmental changes since the Settlement of Iceland, while Corresponding author:

Dugmore and Vésteinsson (2012) argued that such flood-lava Conner A G Morison, School of GeoSciences, Institute of Geography,
eruptions have catalysed irreversible and enduring environmental University of Edinburgh, Drummond Street, Edinburgh, EH8 9XP, UK.
change on the island. Oppenheimer et al. (2018) reasoned that Email: conner.morison@ed.ac.uk
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Table |I. Comparison of various published eruption metrics from the Eldgja and Laki flood-lava eruptions in Iceland.

Flood-lava eruption

ELDGJA ~939AD

LAKI 1783-1784 AD

Volcanic system Katla

Duration (months)

Fissure length (km)

Total volume (km?; DRE) >21.0
See below

Lava flow volume (km?)

Lava flow area (km?)

Tephra fall volume (km?; DRE)

Tephra fall area =0.5cm (km?)

Peak plume height (km)

Peak eruption rate (m*s™') ?

SO, (Te)

H,0 (Tg) !

Cl (Tg) ?

F (Tg) ?
?

Livestock mortality (Sheep, horses, cattle)
Prior human population

Subsequent human population ?

~ 18* Oppenheimer et al. (2018)
75 Larsen (2000)

19.7 Sigurdardaottir et al. (2015)
844 Sigurdardéttir et al. (2015)
> 1.3 Larsen (2000)

>20,000 Larsen (2000)

14—18 Moreland (2017)

232 Thordarson et al. (2001)

~24,000 in ninth century
Vésteinsson and McGovern (2012)

Grimsvotn

8 Thorarinsson (1969)

27 Thordarson and Self (1993)
15.1 £ 1.0 See below

14.7 Thordarson and Self (1993)
599 Thordarson and Self (1993)

> 0.4 Thordarson and Self (1993)
~7200 Thordarson and Self (1993)
13 Thordarson and Self (1993)
5000-6600 Thordarson and Self (1993)
122 Thordarson et al. (1996)

235 Thordarson et al. (1996)

|5 Thordarson et al. (1996)

7 Thordarson et al. (1996)

79%, 76%, 50%

Finnsson (1796)

49,753 in 1783

Finnsson (1796)

39,190 in 1786

Finnsson (1796)

*Represents the timing of the magmatic phases whose ejecta were transported to and deposited in Greenland (the earlier phreatomagmatic phases may

not be represented).

greatest eruption in historical time (i.e. the last ~ 1150 years), and
the largest known Holocene eruption within Katla volcanic sys-
tem (Larsen 1979, 2000, 2010). Eldgja has been mapped as part of
the north-eastern volcanic lineament of Katla volcanic system
based on geochemical affinities of the eruptive products (Jako-
bsson, 1979; Miller, 1989; Robson, 1956). It comprises a discon-
tinuous, 75 km-long volcanic lineament that strikes northeast
from Austmannsbunga (under Myrdalsjokull ice cap) through the
highland margins towards Vatnajokull ice cap (e.g. Miller, 1989;
Robson, 1956; Figures 1 and 2).

The Eldgja eruption had discernible and enduring effects on
Katla volcanic system. Based on the volume and frequency of
proximal tephra layers, Oladottir et al. (2008, 2018) identified
that eruption frequency lowered from 5.6 per century (1150 BC
to ~939AD) to 2.0 per century (after ~939 AD). They proposed
that pre-existing magma reservoirs may have been modified,
forging a simpler, dyke-fed magma transfer system. Glacial melt-
water floods also stopped emerging from the southern (Soélhei-
majokull) or western (Entujokull) caldera margins of Katla
(Dugmore et al., 2000; Smith and Dugmore, 2006; Smith and
Haraldsson, 2005). Sufficient subsidence of Katla would have
been required to shift the Myrdalsjokull ice divide, or its eruptive
centres, so as to favour eastward flood routes through Kétlu-
jokull during the last millennium (Larsen, 2000). The post-Eldgja
meltwater flood-routing has had lasting influences on human
settlement to the east of Myrdalsjokull (Larsen, 2000), not least
because meltwater floods discharged during Katla eruptions can
attain the highest recorded flow rates on Earth (e.g. 300,000 m3s™!
in 1918; Témasson, 1996).

Dating the Eldgja eruption

All published age estimates agree that the Eldgja eruption com-
menced during the 930sAD (Table 2), though its precise timing
and duration remain uncertain. This is primarily due to reliance
on proxies (with their own uncertainties) for specific eruptive
products; these having been emplaced or deposited during differ-
ent eruptive phases (i.e. phreatomagmatic and magmatic) and by
different means of transport. Nonetheless, the timing and

duration are important parameters to constrain for the purposes
of evaluating the volcanic impacts and for regional to hemi-
spheric tephrochronology.

The earliest age constraint of the Eldgjd tephra layer (see
‘Tephra fallout’ section) is the Settlement of Iceland in the late
ninth century (Larsen, 1979). The tephra layer overlies the so-
called Landndamslag (English: Settlement Layer) of 877 £1AD
(date revised by Schmid et al., 2017). This is an olive-green, basal-
tic tephra layer from Veidivotn-Bardarbunga system (Vatnadldur
eruption), which is a particularly distinctive marker horizon across
Iceland (Larsen, 1984). Other tephra layers were deposited in
south Iceland between the Vatnadldur (~877AD) and Eldgja
(~939AD) eruptions. Larsen (2018) attributed these to eruptions
at Katla (~905AD and ~920AD) and Grimsvétn (~910AD) but
the Settlement Layer (~877AD) represents the most widespread
and distinctive marker horizon that constrains the maximum age of
Eldgja. One minimum age constraint is provided by the histori-
cally-dated, light-grey tephra layer from the Hekla 1206 AD erup-
tion (Larsen, 1979; Thorarinsson, 1967). However, in Skaftartunga
(Figure 2), opportunities exist to use traces of the rhyolitic Hekla
1104AD tephra layer (Thorarinsson, 1967) to tighten the mini-
mum, tephrochronologically derived, age constraint of Eldgja (e.g.
Streeter and Dugmore, 2014; Thordarson et al., 1998).

Where physical and documentary evidence of volatile release
(see ‘Volatile release’ section) can be identified and linked
securely to Eldgja, this enables the refinement of the chronology.
Hammer et al. (1980) proposed that the eruption occurred in
934 + 2 AD (Table 2), based on an acidity spike in the Créte ice-
core of central Greenland. Zielinski et al. (1995) revised this to
938 £4AD (Table 2), based on sulphate (SO,*") and chloride
(CI) spikes in the GISP2 Greenland ice-cores that coincide with
tephra shards of Eldgja provenance. However, they could not
explain why the CI™ peak lagged behind the SO,*” peak. Both
estimates relied on the established ice-core chronologies. Vinther
et al. (2006) addressed the possibility of counting bias by syn-
chronising three ice-core records (DYE-3, GRIP and NGRIP) and
proposed 933 £ 1AD (Table 2) for two reasons. The first was
based on the strong seasonality of §'%0 in ice-cores, whose varia-
tions are associated strongly with air temperature. Secondly, they
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Figure 1. (a) Graphical representation of the magma output (km®) as lava flows for the two most voluminous Icelandic eruptions since
Settlement: Eldgja ~939 AD (Sigurdardottir et al.,, 2015; Thordarson et al.,, 2001) and Laki 1783—1784 AD (Thordarson and Self, 1993). The
location of the Katla and Grimsvétn central volcanoes is indicated. (b) Graphical representation of magma output (km?* as DRE) as tephra
for the Eldgja ~939 AD (Larsen, 2000) and Laki 1783—1784 AD (Thordarson and Self, 1993) eruptions. The location of the erupting fissure

segments is indicated.

e Landmannalaugar .
Eldgja Proper

Central Eidgja.

Eldgja ~ 939 AD

Tephra layer thickness isopachs

500 200 100 S 2 10 5 2 1

KIRKJUBAJAR-
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Katla caldera margin

Eldgja fissure segments

Present road network

Figure 2. The lava flows (purple) and tephra fallout isopachs (greyscale) of the Eldgja eruption in southern Iceland. Capitalised letters

correspond to the locations pictured in Figure 3.
Source: Adapted from Larsen (2000).

investigated counting bias between two (tephra shard) isochrons
that (they argued) originated from eruptions at Vesuvius in 79 AD
and Oraefajokull in 1362 AD. In their 1282-year test period, Vin-
ther et al. (2006) counted a single (erroneous) extra year (hence
their ~0.1% uncertainty). However, the volcanic marker

attributed to Vesuvius derives instead from an unknown source in
88AD (e.g. Plunkett et al., 2022), thereby undermining the chron-
ological arguments of Vinther et al. (2006).

McCarthy and Breen (1997), drawing attention to a blood-red
sun reported in the Irish Chronicon Scotorum, suggested that
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Figure 3. Four locations (indicated by the same capital letters as on Figure 2) on the Eldgja lava flow fields. Flow direction is indicated by
bold amber arrows, and the flow margins are indicated by dashed white lines. (a) Looking SW along a segment of Central Eldgja into Crater

M (sensu Robson, 1956:68), which cuts into the flanks of Méraudavatnshnutkar. (b) Lava flowing from Central Eldgja was channelled down the
Sydri-Ofeera river gorge towards Holaskjol, where it joins the Skafté river valley. (c) Route 209 crosses the river Hélmsa onto Alftavershraun
(lava branch from Southern Eldgja) at the point where it spreads across the lowlands towards the coast. (d) Route 204 drops off the flow-front
of Medallandshraun (lava branch from Central and Northern Eldgja that was channelled down the Skafta river valley).

Eldgja was erupting by 939AD, and this was substantiated by
other evidence, including flow reduction of the Nile (Oman
et al., 2006; Schmid et al., 2017). As called for by Baillie and
McAneny (2015), 939 AD was used as a tie-point in the revised
ice-core chronology of Sigl et al. (2015). The (non-sea-salt) sul-
phur, calcium and chlorine glaciochemical signature of NEEM-
2011-S1 Greenland ice-core was analysed later by Oppenheimer
et al. (2018). They found that the glaciochemical signature attrib-
uted to Eldgja began 7.5years before that of the ‘Millennium
Eruption’ of Changbaishan (Korean peninsula). This, in turn, had
been dated precisely by several lines of evidence, including
radiocarbon measurements of charred tree trunk embedded in
pyroclastic deposits from Changbaishan (Oppenheimer et al.
2017). The Eldgja imprint showed an initial sulphur spike (with-
out an associated chlorine anomaly) that preceded the seasonal
(paired) chlorine and sodium peaks associated with winter
storms. A subsequent (but subordinate) sulphur peak coincides
with an anomalously high chlorine spike (paired with marked
increases in thallium and bismuth). Sulphur had returned to
background concentrations by the winter of 940-941 AD (Oppen-
heimer et al., 2018). Attributing all of this sulphur anomaly to
Eldgja, Oppenheimer et al. (2018) argued that the Eldgja erup-
tion was underway by spring 939AD and persisted for about
1.5 years until autumn 940 AD (Table 2). This does not necessar-
ily represent the onset of the Eldgja eruption, as only the mag-
matic phases are likely to have been detected in this Greenland
ice-core. As such, there remains scope to refine the timeline of
the eruptive phases through further glaciochemical and teph-
rostratigraphic work.

Lava flow field

The lava flows, which exhibit pahoehoe (Islenska: helluhraun)
morphology (Larsen, 2000; Robson, 1956), were emplaced

during the sequence of eruptive phases from individual fissure
segments of the entire Eldgja lineament (Moreland, 2017). Refer-
ring closely to the detailed observations of Robson (1956), and by
assuming that the Eldgja lava flow-field spread where it was cov-
ered subsequently by the lava flow-field from Laki, Thordarson
et al. (2001) calculated a total volume of the Eldgja lava flows of
~18.3km’. Sigurdardottir et al. (2015) revised the lava flow vol-
ume to 19.7km? (covering 844 km?) after using magnetic surveys
to identify an additional 1.4km?® (covering 64km?) of Alftaver-
shraun lava flow buried beneath the fluvioglacial sediments of
Myrdalssandur.

Southern Eldgja. ‘Southern Eldgja’ (sensu Larsen, 2000)
issued the westernmost lava branch, now named Alftaver-
shraun (Larsen, 1979; Robson, 1956; Figures 2 and 3c). This
fissure segment extends from beneath Oldufellsjokull (outlet
glacier of Myrdalsjokull), trends northeast subaerially as a line
of spatter and scoria cones, and terminates at Raudibotn
(Miller, 1989; Robson, 1956; Figure 2). The lava flows pro-
duced by this segment followed the Holmsa river catchment
southeast onto Myrdalssandur, whereupon they spread across
the Alftaver lowlands (Figures 2 and 3c; Larsen, 1979; Rob-
son, 1956). On its path towards the ocean, Alftavershraun was
impounded by a terminal moraine situated in Alftaver, about
20 km northeast of Hjorleifsh6fdi (Larsen, 2000, 2010). The
moraine impounded wetlands, or a shallow lake, prior to inun-
dation by lava, as indicated by the formation of a rootless cone
group behind the moraine (Greely and Fagents, 2001). The
oceanfront meets Alftavershraun today, though it is unclear
whether seawater ever interacted with fluid lava there. Had it
done so, lava would have severed over-land travel routes, iso-
lating communities across the south. Thorarinsson (1967)
identified observations from Iceland in Herbert the monk’s
Liber Miraculum (c. 1178-1180AD; Sardinia), and both
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Table 2. A selection of the estimated dates for the Eldgja eruption and its possible Northern Hemisphere impacts, in order of publication.
These derive from ice-core records (whose chronologies evolve), written records (whose age and interpretation require careful consideration),
dendrochronological records (sparse for the first millennium AD) and tephrochronological records (reliant on stratigraphic preservation).

Date (AD)

Dating method

Details

Reference

10th century

934*2
938+4

939
934 or 939

934-936
939-940
940

938

939

933 %1
939
939-940
941

942-944

939

750-1050 = 75-100

939

939

939-940

939-940

941

940-942
938-939

Tephra layers

Ice-core
Ice-core

Written source
Written source

Written source
Written source
Written source

Tree rings

Written source

Ice-core
Written source
Written source

Written source

Written source

Ice-core
Palaeo-magnetic
Ice-core

Written source
Written source
Written source
Written source

Written source
Written source

Post-Settlement tephra layers deposited on Landbrot-
shraun lava flow (Eldgja eruption)

Acidity spike within Créte ice-core, central Greenland
Sulphate and chloride spikes within GISP2 Greenland ice-
core, coinciding with tephra shards of Katla provenance.
Blood-red sun recorded in the Irish Chronicon Scotorum
Pale sun recorded by Spanish historian Juan de Mariana,
writing in 1606.

Heavy snowfall and cold weather in Iraq, Ireland, Turkey
(frozen ground in Constantinople) and Belgium (ice-bound
river in Liége). Disease and famine in Iran and France.
Great frost in Ireland, rivers and lakes frozen.

Flooding of River Tigris, Iraq

Early-wood frost damage to Siberian pines at Solongotyn
Davaa, Mongolia

Nilometer recorded lowering of River Nile. During

the years of other high-latitude eruptions (e.g. Laki in
1783—1784; Katmai Novarupta in 1912) there is 97% con-
fidence that Nile lowering was not part of natural climatic
variability of North Africa.

Synchronised glaciochemical records from DYE-3, GRIP
and NGRIP ice-cores in Greenland

Rare June snowfall in Inner Mongolia

50days of continuous winter snowfall in Kaifeng, China
Extensive sea ice in Bohai Sea, reported up to 50km off
the Chinese coastline in February.

Chinese chronicles agree that locusts cloaked the
landscape, infrastructure and arable produce, resulting

in starvation and mass evacuation. Total mortality of
hundreds of thousands (a tenth of the population of the
Later Jin Dynasty).

Adjustment to existing ice-core chronologies

Local geomagnetic field at time of lava flow emplacement
Sulphur, calcium and chlorine spikes in NEEM-201 -S|
Greenland ice-core predate (by 7.5years) chronometrical-
ly verified tephra deposition from the 946 CE Changbais-
han eruption.

Weak sunlight recorded in the Annales Casinates, Rome.

Blood-red sun recorded in the Res Gesta Saxonicz,
Germany

Subsistence crisis in Sicily recorded in the Ta¥ikh Jazirat
Siqilliya

Subsistence crises in mainland Italy recorded by the
Antapodosis by Liudprand of Cremona.

Food shortages in central Europe and Iraq.

Poor visibility in Morocco, recorded in the Rawd al-Qirtas,
written in 1326.

Larsen (1979)

Hammer et al. (1980)
Zielinski et al. (1995)

McCarthy and Breen (1997)
Stothers (1998)

Stothers (1998)

Stothers (1998)
Stothers (1998)
D’Arrigo et al. (2001)

Oman et al. (2006)

Vinther et al. (2006)

Fei and Zhou (2006, 2016)
Fei and Zhou (2006, 2016)
Fei and Zhou (2006, 2016)

Fei and Zhou (2016)

Schmid et al. (2017)
Pinton et al. (2018)
Oppenheimer et al. (2018)

Oppenheimer et al. (2018)
Newfield and Oppenheimer (2021)
Oppenheimer et al. (2018)
Newfield and Oppenheimer (2021)
Oppenheimer et al. (2018)

Oppenheimer et al. (2018)

Oppenheimer et al. (2018)
Brugnatelli and Tibaldi (2020, 2021)

Larsen (1979) and Thordarson (2010) argued that it describes
the Eldgjé lava flow entering the ocean:

When in its insatiable greed this most cruel fire had destroyed

(Konungsbok), one of the most important texts in Old Norse

mythology (preserved in the Codex Regius of c. 1270 AD), con-
tains imagery that may point towards volcanic activity in the

south:

this land and all that was in it, then it yielded a still more

terrible marvel for it invaded the sea on the shore. And when
it reached the deep sea, it began to burn and consume the
water with unheard-of fury right down to the depths. (Cited in

Thorarinsson, 1967:27)

Written material that can be linked convincingly to this erup-
tion is sparse because it occurred during Iceland’s pre-literate
period. Nordvig (2019) suggested that Stanza 51 of Voluspd

Surtr ferr sunnan | med sviga leevi, | skinn af sverdi | sol
valtiva, | grjotbjorg gnata, | en gifr rata, | troda halir helveg, |
en himinn klofnar. (Kristjansson and Olason, 2014:304)

Comes Surt from the south with the singer-of-twigs, the war-

1928:13)

god’s sword like a sun doth shine; the tall hills totter, the
trolls stagger, men fare to Hel, the heavens rive. (Hollander,
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Surt comes from the south with the harm of branches, the sun
of the slaughter-gods glances from his sword; the rocky cliffs
crack open and the troll-women are abroad, men tread the
road to hell and the sky splits apart. (Larrington, 1996:11)

Most inferences about the appearance of the 10th-century land-
scape come from the Landndmabok (English: Book of Settle-
ments), a secondary account concerning the colonisation of
Iceland (Benediktsson, 1986; Palsson and Edwards, 1972). It pro-
vides a less geographically ambiguous account of how
Myrdalssandur was flooded by lava:

. aor jardeldr rann par ofan, en pa flyou peir vestr til
Hofoabrekku ok gerdu par tjaldbudir, er heitir a Tjaldavelli.
(Benediktsson, 1986:330)

But then these lands were covered by a lava-flow, and people
fled west to Hofdabrekka, where they pitched their tents at a
place called Tjaldavoll. (Palsson and Edwards, 1972:125)

Larsen (2010) published a reconstruction of Myrdalssandur as it
may have appeared before the 10th century. She considered that
the oceanfront was then situated farther inland (now ~20m a.s.l.)
near Hjorleifshofoi (Figure 2). The Landndamabok recounts a
lagoon named Kerlingarfjoror (Benediktsson, 1986:332; Palsson
and Edwards, 1972:126), due west of Hjorleifshofoi, which had
been infilled before the composition of the Landnamabok in the
12th century (Larsen, 2010). It also refers to settlements that
probably now lie beneath Alftavershraun (Larsen, 2000, 2010):

... par var pa vatn mikit ok dlptveidar a. Molda-Gnupr
seldi morgum monnum af landnami sinu, ok gerdisk par

fiolbyggt. . . (Benediktsson, 1986:330)

. . at that time, there was a large lake there, a fine place for

hunting swans. Molda-Gnup sold a good many people parts of

his land-claim, so the district became thickly populated. (Pals-
son and Edwards, 1972:125)

Stratigraphic sections in the periphery of the lava flows contain
tephra layers that pre-date the Eldgja eruption (Larsen, 1979),
indicating sufficient vegetation cover in Alftaver to subsume
those deposits. According to the Landndamabok, Hrafn Haf-
narlykill was a farmer in Alftaver. His son was nicknamed aur-
godi (Benediktsson, 1986:328), or Lord of the Mud, strengthening
the lowlands’ association with extensive sediment redistribution
(Larsen, 2000). Notwithstanding the extreme environmental
changes that took place there, the monastery at Pykkvabee-
jarklaustur was founded in 1168 (Gudjonsson et al., 1985; Hen-
derson, 1819:241), and so these lowlands had been reoccupied
within 220years. Since its emplacement, Alftavershraun has
diverted glacial meltwater floods south, leading to the aggrada-
tion of Myrdalssandur (Larsen, 2000, 2010). However, farm-
steads built onto Alftavershraun were prone to flooding after the
late 15th century. Based on this knowledge, Larsen (2000, 2010)
inferred that fluvioglacial sediments had aggraded to the height
of the lava embankment (18-25 m thick), and had begun to over-
whelm the edges of Alftavershraun, within 500 years of the
Eldgja eruption.

Central Eldgjd. ‘Central Eldgja’ and ‘Eldgja Proper’ (sensu
Larsen, 2000) occupy the pre-existing chasm now known as
Eldgja (Robson, 1956; Miller, 1989; Figures 2 and 3a). The Skafta
river valley channelled the lava flows from this segment onto the
lowland plains (Larsen, 1979; Robson, 1956). One lava branch,

known as Medallandshraun, continued southwards towards
Medalland, being separated from Alftavershraun by the river
Kuodafljot (Figures 2 and 3d). Another branch turned eastward
towards Landbrot and was named Landbrotshraun (Figure 2).
With the exception of the frontal zones (i.e. the exposures nearest
Landbrot and Medalland), most of this lava flow was covered
subsequently by the Laki lava flow-fields (Robson, 1956; Thor-
darson and Self, 1993).

After a 3km break between Raudibotn and Svartahnjuksfjoll,
the Eldgja fissure continues for 9km in a series of canyons along
the western side of Alftavotn valley (Figures 2 and 3a; Miller,
1989; Robson, 1956). The ‘Eldgja proper’ segment is offset from
‘Central Eldgja’ by 1.5km, and trends northeast for 8.5km to
Gjatindur through a pre-existing chasm that now contains the
waterfall Oferufoss (Figure 2; Miller, 1989; Robson, 1956).

Northern Eldgja. ‘Northern Eldgja’ (sensu Larsen, 2000) orig-
inates where the river Skafta exits the graben north of Gjatin-
dur. This segment transects a landscape dominated by scoria
and spatter cones and trends northeast for 19 km (Miller, 1989;
Figure 2). Lava flows from this segment were largely overrid-
den by the Laki lava fields (Miller, 1989; Robson, 1956; Thor-
darson and Self, 1993).

Tephra fallout

Distribution, grain-size and geochemical characteristics. Whilst
lava effusion was the dominant eruption style (Figure 1), the
capability of such flood-lava eruptions to generate voluminous
tephra deposits is often overlooked (Houghton and Gonnermann,
2008). The isopach map of the Eldgja tephra layer was produced
by Larsen (1979, 2000), who calculated its terrestrial volume to
be >1.3km? (DRE; Dense Rock Equivalent). It is one of the
most voluminous tephra layers to have been deposited in Iceland
during historical times (Figures 1b and 2). The preserved thick-
ness of the layer exceeds four metres in the upper Holmsa river
valley, and an area > 20,000 km? was covered by a layer = 0.5 cm
(Figure 2; Larsen, 2000). Isopach maps have been produced for
nine of > 16 distinct units of tephra fallout (e.g. Moreland et al.,
2019; Figure 4). Estimated volumes of these units range from
0.002km?* DRE (Unit 6) to 0.091 km* DRE (Unit 5) (Moreland,
2017). Furthermore, the eruption sequence has been recon-
structed from this tephrostratigraphy. The onset of the eruption
(Phase 1; Figure 4) was a phreatomagmatic (wet) phase that
originated beneath Myrdalsjokull in the ‘Southern Eldgja’ seg-
ment. Such wet explosive activity is associated with several later
phases (e.g. 5, 8 and 10; Figure 4), but these were interspersed
with magmatic (dry) phases (e.g. 2, 7 and 9; Figure 4) originating
from subaerial segments in ‘Southern Eldgja’. Explosive activity
in the ‘Central’ to ‘Northern Eldgja’ segments (e.g. Phase 11)
was entirely dry, though the tephra fallout units are often pre-
served poorly in the regional stratigraphy (Moreland, 2017).
Detailed textural analysis of the tephra from the phreatomag-
matic and magmatic phases showed that the grains’ surface
appearance (i.e. dull versus shiny) and grain-size distributions are
discernible differences between the two (Moreland et al., 2019).
The phreatomagmatic units are also more cohesive and contain
generally poorly sorted, bimodal, fine ash-grade tephra in the
5-25km sector (Moreland et al., 2019). The magmatic units are
less cohesive and contain generally very well- to well-sorted, uni-
modal, and ash- to lapilli-grade tephra in the 5-25km sector
(Moreland et al., 2019). Estimated eruption plume heights attained
during Phase 7 (magmatic) and Phase 8 (phreatomagmatic) are
similar (14-18km), indicating that both phases had strong sub-
Plinian to weak Plinian intensities (Moreland, 2017). The interac-
tion of magma with external water influenced the grain-size
distribution of the tephra deposits, and had little to no influence
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on the explosive intensity of the wet eruptive phases (Hajimirza
et al., 2022; Moreland, 2017; Moreland et al., 2019).

Around 99.5% of the Eldgja eruptives are transitional alkali
basalts (Table 3), but some samples from ‘Northern Eldgja’ have
a tholeiitic component, with relatively lower titanium (TiO, ~2.4
Wt. %) and potassium (K,0 =~ 0.3 Wt. %) contents (Thordarson
et al., 2001). This suggests that, in the north-eastern extreme of
Eldgja, there is genetic overlap between magma erupted from
Katla and Grimsvétn volcanic systems (Miller, 1989). Alterna-
tively, the tholeiitic component may represent a contaminant that
was incorporated inside the conduit or introduced by reworking
on the surface.

Impacts of tephra fallout. No written accounts of tephra fallout or
its impacts have been identified. Nordvig (2019) highlighted
explicit references to joklar brenna (English: glaciers burning) in
Stanza 5 of Bergbua Pdttr, an Early Medieval Icelandic text (Vil-
mundarson and Vilhjalmsson, 1991:445). Furthermore, Nordvig
(2019) believed that Stanza 48 of Voluspa may contain imagery
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Figure 4. Profile of the Eldgja tephra layer; which has a mean
thickness of 34cm at this site (63.78024°N; 18.51078°W; 17km
from the fissure) near Buland, Skaftartunga (Figure 2). The fallout
units (seven at this site) represent the discrete eruptive phases,
which are numbered following Moreland et al. (2019).

(e.g. folr in neffolr) that derives from folskadr (English: ashy)
when used to describe the paleness of an eagle’s beak, linking the
word choices to the perception of explosive volcanism:

.. snysk Jormungandr | [ jotunmodi; | ormr knyr unnir, | en
ari hlakkar, | slitr nai neffolr, | Naglfar losnar. (Kristjansson
and Olason, 2014:303)

The Mithgarth-worm in mighty rage scatters the waves;
screams the eagle, his nib tears the dead; Naglfar loosens.
(Hollander, 1928:12)

The great serpent writhes in giant rage, the serpent churns the
waves, the eagle shrieks in anticipation, pale-beaked he tears
the corpse, Naglfar breaks loose. (Larrington, 1996:10)

However, texts purported to contain geomythical references, but
which are composed in subsequent centuries, are not convincing
evidence of impact. In any case, the alternative English transla-
tions by Hollander (1928) and Larrington (1996) show that there
is considerable room for interpretation of these medieval texts.

The Landndamabok implies that Skaftartunga was occupied by
early Icelanders. For instance, it tells us that Biiland was claimed
originally by a Norse Gael, Vilbaldr Dufpaksson, who possessed
the lands between the rivers Holmsa and Skafta (Benediktsson,
1986:326; Palsson and Edwards, 1972:124). A man named [solfr
later took possession of Buland and the land between the Kudafljot
and Skafta, displacing Vilbaldr westwards where he presided over
the land between the Holmsa and Kuodafljot (Benediktsson,
1986:328; Palsson and Edwards, 1972:125). However, caution is
advised against overstating the value of these medieval texts,
especially when they contradict independent archaeological evi-
dence (Frioriksson and Vésteinsson, 2003).

Pagan graves confirm that there was a pre-1000AD (Chris-
tianisation) human presence in Skaftartunga. One of the burials in
Hrifunes (Eldjarn, 1984; Gestsdottir et al., 2015; Gestsson, 1984;
Larsen and Thorarinsson, 1984; Magnusson, 1984) confirms
occupation before the Eldgja eruption. However, besides the
pagan burial at Hrifunes and the geomythology of Settlement, no
further evidence of pre-Eldgja construction has yet been identi-
fied in Skaftartunga.

Skaftartunga lies entirely within the 25 cm isopach (Figure 2)
but, despite tephra deposits > 25 cm thick tending to prompt farm
abandonment in Iceland (e.g. Thorarinsson, 1979), the archaeo-
logical record suggests that the converse occurred. Archaeologi-
cal trenches have revealed that new structures were built directly

Table 3. Composition of major and minor oxides comprising the Eldgja tephra layer, as reported by multiple sources.

Oxides (Wt. %) Thordarson et al. (2001)* Thordarson et al. (2001)**

Bindeman et al. (2008)%*  Oladéttir et al. (2008) Moreland et al. (2019)

n 84 88
SiOo, 46.66 =041 47.01 =0.61
TiO, 4.19+0.36 4.67+0.21
Al,O, 12.90 =0.35 12.57 £ 0.48
FeO 15.16 =0.51 15.77 = 0.67
MnO 0.22£0.03 0.23+0.03
MgO 5.41 =041 5.07+0.32
CaO 10.38 = 0.55 10.01 =0.33
Na,O 2.83+0.12 2.87+0.18
K,O 0.64+0.13 0.75+0.08
P,O, 044 +0.11 0.52+0.10
Total 98.83 £0.50 99.41 =£0.50

| 5 21
47.80 46.34+0.40 47.64+0.67
4.6l 4.40*0.10 456 +0.10
12.97 13.05+0.22 12.91 =0.25
14.73 15.13£0.35 14.86 = 0.27
0.24 0.22x0.01 0.22+0.01
491 5.15+0.29 524+0.25
9.54 10.27 £0.22 10.15+0.46
3.09 291 £0.14 296 +0.11
0.8l 0.67 =0.05 0.75+0.07
0.59 0.46 £0.08 -
99.29 98.58 -

*Phreatomagmatic tephra units. **Magmatic tephra units. **Sample ID: IC-10.
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onto the surface of the Eldgja tephra deposit (Hreidarsdottir,
2020; Hreidarsdottir and Porsdottir, 2014; Hreidarsdottir et al.,
2014, 2015, 2024) at sites where the layer is 40-100cm thick.
These are the earliest known evidence for permanent settlement
in Skaftartunga. Evidence for construction above the Eldgja
deposit was also observed east of the river Skafta near Leidolfs-
fell (Einarsson, 2010b), at sites where the layer is ~40cm thick.
Farther east, archaeological investigations in the Sida foothills
found that the earliest evidence for construction likewise post-
dates the Eldgja eruption (Einarsson, 2008, 2010a, 2012, 2013,
2014, 2015) at sites where the layer is ~10cm thick. Therefore,
the apparent development of the tephra-covered highland margins
after the eruption may indicate an evacuation of the early popula-
tion from the lowlands (which had been invaded by lava flows)
towards the tephra-mantled wastes of the foothills.

Volatile release

Early estimates of the volatile yield from the Eldgja eruption were
derived from analyses of ice-cores from the Greenland Ice Sheet.
The sulphur dioxide (SO,) yield to the atmosphere was estimated
to be 165Tg (Hammer et al., 1980) and 93 Tg (Zielinski et al.,
1995). A more recent estimate of the stratospheric sulphur yield
from the eruption is 16.2 Tg (double this value for equivalent SO,;
eVolv2k database, reported by Toohey and Sigl, 2017).

Measuring volatiles within crystal-hosted glass inclusions
and matrix glass, the initial petrological analyses of the Eldgja
tephra estimated a total SO, yield to the atmosphere of 55Tg
(Palais and Sigurdsson, 1989), though subsequent reassess-
ments of the total magmatic volume would rescale that value.
Additionally, Thordarson et al. (1996) proposed that ~80% of
the total sulphur emission from such eruptions (based on Laki)
is released from plumes during explosive phases. This ‘vent’
component, which can breach the tropopause, may reside in
the stratosphere for weeks and result in widespread dispersal
across the Northern Hemisphere. The remaining ~20% is
degassed from cooling lava flows, generating tropospheric
hazes with more rapid wet deposition of volatile constituents.
The ‘lava’ component of degassing had been neglected in the
original volatile yield estimates (i.e. Hammer et al., 1980; Zie-
linski et al., 1995). Therefore, this two-stage volatile budget
was evoked subsequently to estimate the total sulphur emis-
sions from eruptions of Katla, Grimsvotn and Veidivotn-
Bardarbunga volcanic systems (Thordarson et al., 2003b).
Amidst other volatile components (Table 1), the estimated
total SO, yield to the atmosphere was raised to 232 + 18 Tg,
encompassing a ‘vent’ component of ~ 184 =32Tgand a ‘lava’
component of ~35 + 16 Tg (Thordarson et al., 2001).

Discrepancies between these estimates reflect uncertainties
associated with upscaling glaciochemical and petrological data to
reconstruct the dispersal and volatile loading of volcanic plumes.
Petrological estimates for Eldgja are limited by uncertainty of the
eruption magnitude (i.e. the unquantified volumes of ultra-fine
tephra deposited offshore and overseas, tephra reworked after
deposition and lava buried after emplacement). Meanwhile, early
ice-core estimates (i.e. Hammer et al., 1980; Zielinski et al., 1995)
were based on radionuclide (e.g. °°Sr) deposition resulting from
Soviet atomic bomb tests. Atomic weapons inject radionuclides
into the stratosphere essentially instantaneously. However,
plumes from basaltic flood-lava eruptions may be episodic, with
emissions being potentially confined to the troposphere for
months to years (Thordarson et al., 2001). In the case of the pro-
longed activity of Eldgja, where volatiles were likely scavenged
within the troposphere during phreatomagmatic phases, faithful
reconstruction of volatile emission using distal ice-core deposits
seems unlikely.

Proximal impacts of emissions. Whilst no written accounts of vol-
canic emissions or their impacts have been identified, Oppen-
heimer et al. (2018) suggested that Stanza 57 of Voluspd contains
references to low visibility and a towering eruption plume above
a land that was being consumed by lava:

[Sol] tér sortna, | sigr fold [ mar, | hverfa af himni, | heidar
stjornur; | [gelisar eimi | ok aldrnari, | leikr har hiti | vio
himin sjalfan. (Kristjansson and Olason, 2014:315)

The sun turns black, earth sinks into the sea, the bright stars
vanish from the sky; steam rises up in the conflagration, a high
flame plays against heaven itself. (Larrington, 1996:11)

Distal impacts of emissions. Tree ring reconstructions reveal a
Northern Hemisphere summer cooling in 940 AD, which has been
attributed to a volcanic aerosol forcing of ~0.7°C to ~1.5°C
(Oppenheimer et al., 2018). Assorted historical sources from
Europe (McCarthy and Breen, 1997; Oppenheimer et al., 2018;
Stothers, 1998), Asia (Fei and Zhou, 2006, 2016), the Middle East
(Stothers, 1998) and northern Africa (Brugnatelli and Tibaldi,
2020; Oman et al., 2006) recorded anomalous optical effects in
the atmosphere, food shortages and abandonments during the
933-944 AD period (Table 2). However, given the uncertainties in
interpreting Early Medieval texts, their association with volcanic
emissions must be cautionary (Supplementary Information; Brug-
natelli and Tibaldi, 2021; Newfield and Oppenheimer, 2021).
Some of the distal phenomena identified by Stothers (1998)
occurred years before 939 AD (i.e. the year sulphate was depos-
ited in Greenland). Such phenomena (see Table 2) may have been
dated insecurely, attributed erroneously to Eldgja, or associated
instead with unrelated climatic variability. Alternatively, these
phenomena may relate to the impacts of earlier activity at Eldgja
that has not been detected in glaciochemical datasets, or even to
eruptions elsewhere.

The Laki fissure eruption

The widely referenced ‘analogue’ to Eldgja is the Laki (originally
Lakagigar, meaning Laki Craters) eruption of 1783-1784AD.
The Laki fissure strikes parallel to Eldgja, running southwest
from Vatnajokull ice cap for 27km. It is characterised by numer-
ous spatter and scoria cones (Thorarinsson, 1969; Figures 5 and
6a). Geochemical affinities have been used to establish its inclu-
sion as an ice-free volcanic lineament associated with Grimsvotn
volcanic system (Jakobsson, 1979; Thordarson and Self, 1993).

The Laki eruption, or Skafta Fires (Islenska: Skaftdreldar),
took place between 8 June 1783 and 7 February 1784. This basal-
tic flood-lava eruption featured vigorous dry explosive phases
accompanied by voluminous lava effusion (Thorarinsson, 1969).
The fissure disgorged an estimated 15.1 = 1.0km* (DRE) of
magma, 14.7km? of which comprising lava flows. These
sequences covered 599 km? of the Skaftarhreppur lowlands and
inundated much of the Eldgja lava flow-field (Figures 1a and 5;
Thordarson and Self, 1993). Explosive lava-water interactions
resulted in rootless eruptions that formed rootless cone groups
within the lava fields (e.g. Boreham et al., 2020; Hamilton et al.,
2010a, 2010b; Thorarinsson, 1969; Thordarson and Self, 1993;
Thordarson et al., 1998). A tephra deposit of > 0.4km?* (DRE)
was produced during the ten explosive eruptive phases, covering
an area of 7200km? to a depth of = 0.5cm (Figure 1b; Thordar-
son and Self, 1993). Activity was most intense during the first
fortnight (peak magma discharge =~ 5000-6600m?> s '), but dis-
charge rates varied between the eruptive phases (Thordarson and
Self, 1993, 2003).



Morison et al. 9

Laki 1783-1784 AD

Tephra layer thickness isopachs

~

Laki fissure segments

Present road network

Figure 5. The lava flows (light blue) and tephra fallout isopachs (greyscale) of the Laki eruption. Capitalised letters correspond to the
locations pictured in Figure 6.
Source: Adapted from Thordarson and Self (1993).

(a) Lambavatn | (b)

-.,

Laki lava flow

g S

Figure 6. Four locations (indicated by the same capital letters as on Figure 5) across the Laki lava flow field. Flow direction is indicated

by bold amber arrows and the flow margins are indicated by dashed white lines. (a) Looking SW from Laki proper along the south-western
segment of the Laki fissure. (b) The Laki lava flow now overlies earlier lava from Eldgja as it exited the Skafta river valley and spread across
the lowlands. (c) The flow front of the Laki lava flow where it forms the eastern banks of the river Kudafljot. (d) Route 204 drops off the flow
front of the Laki lava flow near Sydri-Steinsmyri.

The tholeiitic basalt was extremely homogeneous (Sigmars- magmatic water, ~ 15 Tg of chlorine and ~7 Tg of fluorine (Thor-
son et al., 1991; Thordarson and Self, 1993) and relatively primi- darson et al., 1996). Fluorine concentrations were > 600 ppm in
tive in composition (e.g. Si0,~49.6 Wt. %; MgO ~5.7 Wt. %; glass inclusions and > 400 ppm in matrix glass (Thordarson et al.,
FeO=13.5 Wt. %; Thordarson et al., 1996). Estimates for vola- 1996). The stratospheric aerosol burden was assessed as 25-30Tg

tile emission include ~122Tg of sulphur dioxide, ~235Tg of (Thordarson and Self, 2003), and glaciochemical work in
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Greenland yielded a comparable value for sulphur of 20.8Tg
(Toohey and Sigl, 2017).

The cooling lava flows are thought to have degassed <20% of
the total erupted mass of sulphur (Thordarson et al., 1996), these
emissions being confined to south Iceland. An estimated > 80% of
the total erupted mass of sulphur was emitted via the eruption
plumes (Thordarson et al., 1996), which probably breached the
tropopause during the most intense explosive phases (Fiacco et al.,
1994; Thordarson and Self, 1993, 2003; Thordarson et al., 1996).
Once in the lower stratosphere, a component of the sustained aero-
sol supply was directed by the jet stream into a stable high-pres-
sure system positioned over mainland Europe (Thordarson and
Self, 2001, 2003). Although this anticyclone was not the only fac-
tor at work, it has been termed a ‘critical synergy’ for the dispersal
of the volcanic haze (Grattan, 1998, 2005). The anticyclone also
explains the distribution and timing of haze subsidence (i.e. across
Scandinavia, and then progressively Eastern, central and Western
Europe, from 23 June to 5 July; Thordarson and Self, 2003).

Proximal impacts

Numerous eyewitness observations of proximal impacts are avail-
able in the Eldrit (e.g. Finnsson, 1796; Gunnlaugsson et al., 1984;
Steingrimsson, 1788). Owing to Jon Steingrimsson’s proximity to
the unfolding events, his renowned observations have been used
to piece together the sequence of the eruption in great detail (i.e.
Gunnlaugsson et al., 1984; Thordarson, 2003; Thordarson and
Self, 1993; Thordarson et al., 2003a). For instance, we know that
tremors and tephra fallout were experienced in Skaftarhreppur on
8 June (Steingrimsson, 1788:25). The rain that fell through the
plume caused local vegetation to wither whilst scorching live-
stock and human skin (Steingrimsson, 1788:25). Within two days,
there was a sudden flow reduction, and then complete desicca-
tion, of the river Skafta (Figure 6b; Steingrimsson, 1788:26). On
12 June, lava was sighted flowing through the Skafta river valley
and, by 18 June, ‘the flood of fire flowed with the speed of a great
river swollen with meltwater on a spring day’ (Steingrimsson,
1788:33), illustrating the rapid discharge of the lava as it surged
towards the lowlands. The eastern lava flow emerged from the
dried-up Hverfisfljot river valley on 7 August (Steingrimsson,
1788:55). Whilst the river Hverfisfljot had established a new
course by the end of that September (Steingrimsson, 1788:60),
the river Skafta reclaimed its original course across the new lava
field. Steingrimsson (1788) attempted to explain the localised
emissions from the degassing lava flows:

The intolerable reek and odour from the western canyon
was such that from its cloud the smell was as if burning coal
had been doused with urine or other acrid substance. From
the eastern canyon the smell was like burning wet weeds or
some such slimy material. All of this mixed together. It will
be for all eternity a source of great wonder that any living
thing should have survived at all here in Sida. (Steingrimsson,
1788:56)

Eyewitness accounts state that there was considerable damage to
vegetation (e.g. birch trees and short-stature vegetation), and that
regrowth took several years (Thorarinsson, 1969, 1979; Thordar-
son, 1995; references therein). Bone and dental deformities, bone
brittleness, joint stiffness, and hair loss affected livestock in
southern Iceland that summer, and persisted for months (Stein-
grimsson, 1788:76). High mortality of sheep (79%), horses (76%)
and cattle (50%) across Iceland (Finnsson, 1796; Gunnlaugsson
et al., 1984) has been attributed, in part, to severe fluorosis (Tho-
rarinsson, 1979), which is consistent with records of tephra fall-
out in Iceland (Thordarson and Self, 2003). Some people are said
to have died whilst suffering from similar symptoms to their

livestock (Steingrimsson, 1788:78), raising the possibility that
people ingested high doses of fluorine. However, no evidence of
fluorosis was identified during examination of an exhumed
human skeleton at Buland, which was dated by tephrochronology
to the 1784-1845 period (Gestsdottir et al., 2006). Nonetheless,
Iceland’s human population fell by ~22% over a 3-year period as
a consequence of famine, malnutrition and disease (e.g. Finnsson,
1796; Jonsson, 1994; Thordarson and Self, 2003). Accounts from
the 1780s were sufficiently dismal to have been relayed to Scot-
tish minister Ebenezer Henderson during his tour around Iceland
in 1815:

In some houses there was scarcely a sound individual left to
tend the afflicted, or any who possessed sufficient strength to
inter the dead. The most miserably tottering skeletons were
seen in every quarter. (Henderson, 1819:220)

In a footnote, Henderson (1819:228) also confirmed that, in 1794,
steam could still be seen emanating from the lava flows and hot
water pooled within surface cracks. Henderson elected not to
walk over the lava flows in 1815, implying that, even after
32years, the lava fields were still a formidable obstacle in the
landscape that would be avoided wherever possible.

Distal Impacts

The Laki eruption occurred during the European Age of Enlight-
enment — a time of increased and more systematic collection of
meteorological (and other) observations by amateurs and profes-
sionals alike. Based on distinct terminology used in 18th-century
weather records, several authors have inferred the fallout of fine-
grained tephra in the Faroe Islands and Scotland, as well as Scan-
dinavia and Northern Europe (e.g. Dawson et al., 2021;
Thorarinsson, 1979; Thordarson and Self, 1993, 2003; references
therein). Dawson et al. (2021) inferred that tephra were deposited
in eastern Scotland on 15 June, and that fallout continued for up
to a week. Whilst tephra shards from the Laki eruption (that
would complement observations of fallout) have not been identi-
fied in Scotland, they have been recognised overseas, for instance
in Greenland (Fiacco et al., 1994), Svalbard (Kekonen et al.,
2005) and Ireland (Reilly and Mitchell, 2015).

Throughout the summer of 1783, a persistent stratospheric
aerosol veil is indicated by contemporary reports of parhelia and
paraselenae, halos and discs, and blood-red or bluish-white suns
without focussed rays (e.g. Franklin, 1784; Stothers, 1996; Thor-
darson and Self, 2003; references therein). This may have
extended as far afield as Djerba, Tunisia, where the sun appeared
red in November 1783 (Brugnatelli and Tibaldi, 2020).

The degree to which sulphate (SO,*") aerosols from Laki
influenced Northern Hemisphere climate remains uncertain.
The summer of 1783 was extremely dry and hot in Western
Europe (e.g. Grattan and Sadler, 1999; Thordarson and Self,
2003) whilst the winter of 1783—1784 was severely cold. Indeed,
sea- and river-ice blocked travel routes around and across
Europe, and rivers flooded extensively during the spring thaw
(Brazdil et al., 2010; Thordarson, 1995; Thordarson and Self,
2003). This pattern mirrors the seasonal characteristics of other
high latitude eruptions that commenced in early summer (Stoth-
ers, 1999). Oral traditions of the Kauwerak people, combined
with tree ring dating, imply that abnormally cold weather and
snowstorms occurred in Alaska before 1800 (Jacoby et al.,
1999). Some researchers have suggested that abnormally hot
European weather in summer 1783 (Grattan and Sadler, 1999;
Thordarson and Self, 2003) and abnormally cold Arctic weather
in summer 1784 (Fiacco et al., 1994) were volcanogenic. Other
researchers have attributed abnormally hot weather during the
summer of 1783 (Zambri et al., 2019) and abnormally cold
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weather during the winter of 1783—-1784 (e.g. D’Arrigo et al.,
2011; Dawson et al., 2021) to unrelated climatic variability.

Unusual optical effects in the stratosphere coincided with the
appearance and dispersal of tropospheric dry hazes (e.g. Brayshay
and Grattan, 1999; Dawson et al., 2021; Grattan and Brayshay,
1995; Grattan and Charman, 1994; Grattan and Pyatt, 1999; Thor-
darson, 1995; Thordarson and Self, 2003). Near-surface visibility
was reduced significantly across much of mainland Europe by 26
June (e.g. Thordarson and Self, 2003), and eyewitness accounts
have enabled the unusual phenomena to be tracked as far afield as
Labrador, Canada, in summer 1783 (Demarée et al., 1998) and Rio
de Janeiro, Brazil, in 1784—1786 (Trigo et al., 2010). Accounts
from Europe and the British Isles reported withering or scorching
of crops, vegetation and trees. These observations have been linked
to acid fumigation from aerosol deposition, which would impact
seed formation and germination, plant growth and leaf retention
(Grattan, 2005; Grattan and Charman, 1994; Grattan and Pyatt,
1994; Thordarson and Self, 2001, 2003). Under such conditions,
the most vulnerable soils to acid deposition (e.g. peatlands in Scot-
land) would have been pushed towards their critical load (Grattan
and Gilbertson, 1994). Following an intense thunderstorm in July,
the observation of dead fish floating in the Water of Leith, Edin-
burgh, may infer a reduced pH of river water following a pulse of
acid rain (Grattan and Pyatt, 1994). In Western Europe, intense
heat, electrical storms and sulphurous stenches were reported in
newspapers, and described by journalists as ‘violent’, ‘dreadful’,
‘awful’ and ‘alarming’ (Brayshay and Grattan, 1999; Grattan and
Brayshay, 1995). However, any linkage of 18th-century atmo-
spheric phenomena to the Laki eruption remains circumstantial.

The subsiding dry haze, in combination with high summer
temperatures, may have worsened the (already poor) air quality in
many cities (Grattan, 1998; Thordarson and Self, 2001, 2003),
thereby aggravating respiratory illnesses (Durand and Grattan,
1999; Grattan, 2005; Grattan et al., 2003; Schmidt et al., 2011).
The haze’s amplification of pre-existing health conditions may
have triggered a late summer mortality crisis across Europe (Grat-
tan et al., 2003, 2005). For example, French burial records infer a
38% increase in mortality in August-October 1783 (Grattan et al.,
2005). One simulation suggests that a similar present-day sce-
nario could lead to the premature deaths of ~142,000 people
across Europe (Schmidt et al., 2011).

Whilst long-term exposure to volcanic aerosols may have con-
tributed to mortality, extreme weather conditions have also been
implicated. For instance, a significant population reduction, most
likely due to abandonment or famine after abnormally cold
weather, was reported by Russian expeditions to Alaska’s Seward
Peninsula between the 1770s and 1791 (Jacoby et al., 1999). Eng-
lish burial records infer a 40% increase in mortality in August-
September 1783, a five-fold increase in mortality in Bedfordshire,
and a 23% increase in mortality in January-February 1784. This
represents 11,500 excess deaths in summer and 8200 in winter in
England alone (Witham and Oppenheimer, 2004). Any link to the
Laki eruption is unclear, but the late summer mortality may be
linked to infectious disease, and some of the excess mortality in
winter can be attributed to severe cold conditions.

Common impacts of Eldgja and
Laki

Lava flows emplaced by these flood-lava eruptions would have
had comparable impacts in their respective centuries. Lava dis-
placed major watercourses (in 1783, the Hverfisfljot carved a new
course farther east) but, in some cases, watercourses reclaimed
similar channels within months (e.g. the Skafta now flows across
the Laki lava flows). In southern Iceland, localised lava flow
degassing would have posed similar hazards to bystanders after
both eruptions.

The estimated > 18-month duration of the Eldgja eruption
(Oppenheimer et al., 2018), which may only represent its later
magmatic activity (Moreland et al., 2019), exceeded the total
duration of the Laki eruption (8 months), for an eruption only
~30% more voluminous (>21km® DRE; Larsen, 2000; Sig-
urdardottir et al.,, 2015; Thordarson et al., 2001) than Laki
(~15km?® DRE; Thordarson and Self, 1993). Taken at face value,
these estimates imply that the time-averaged eruption rate of
Eldgja was lower than that of Laki. However, time-averaged effu-
sion rates over complex eruptive episodes, involving multiple
discrete wet and dry explosive phases, are a limited proxy for
assessing and discriminating short- and long-term environmental
impacts.

Contrasting circumstances of
Eldgja and Laki
The hazards

Woodland was more extensive in the 10th century than the 18th
(e.g. Aradottir and Arnalds, 2001; Dugmore et al., 2000). Whilst
the Eldgja lava flows probably destroyed a larger area of downy
birch (Betula pubescens) woodland than lava from the Laki erup-
tion did, no evidence of charcoal (evidence for wildfires) has been
identified in stratigraphic exposures of the lava’s basal contact.
Further research is needed to understand the status of woodlands
in the decades of early human occupation (Morison et al., 2023).

The volume of tephra fallout from Laki was more typical of
Icelandic eruptions during historical time (e.g. Larsen, 2000;
Oladéttir et al., 2018), and was distributed largely across the
sparsely populated Sida highlands (Figure 5; Thordarson and
Self, 1993). By comparison, the Eldgja tephra deposit was one of
the most voluminous in Iceland during historical times (Figure 2;
Larsen, 2000; Oladottir et al., 2018). Fallout deposits with thick-
nesses > 50 cm are thought to have prevented regrowth of vegeta-
tion for several centuries, and much of the ~600km? area of the
proximal environment that received > 100cm of tephra has still
not stabilised enough to prevent erosion of the thin soil layer
above it (Larsen, 2000). This is evidenced where this layer out-
crops from eroding roadsides near Alftavotn (Figure 2). The fresh
deposit would have blocked minor watercourses and buried fields
that had already been cleared of dense vegetation and woodland
by settlers (Larsen, 2000). Hence, the disturbance intensity of the
Eldgja tephra fallout was clearly not exceeded by that of Laki.
However, it cannot be ruled out that the early population
responded to the eruption by evacuating into the highland mar-
gins. Therefore, further research is needed to establish whether
Skaftartunga was inhabited (i.e. settled permanently) or merely
occupied (i.e. as land to utilise for summer grazing and from
which to extract resources) at the time of the Eldgja eruption
(Morison et al., 2023).

Dry hazes and fogs that were sustained for weeks to months
are the best documented phenomena associated with the Eldgja
and Laki events, and were likely dispersed across much of the
Northern Hemisphere. The SO, output of Eldgja (232Tg;
Thordarson et al., 2001) was estimated to be almost twice that
of Laki (122 Tg; Thordarson et al., 1996). However, this does
not necessarily translate into greater stratospheric sulphur bur-
dens, nor does it imply greater climatic and ecological impacts
in the 10th century. Indeed, Toohey and Sigl (2017) reported
that /ess sulphur was deposited in Greenland during the Eldgja
eruption than ice-core data suggests was deposited during the
Laki eruption. One interpretation of this mismatch is that the
initial activity of Eldgja comprised phreatomagmatic explo-
sions (Moreland, 2017; Moreland et al., 2019), during which
sulphur was scavenged locally from the wet plume. Hence, the
Eldgja eruption injected less sulphur into the stratosphere to be
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Table 4. Likely hazards of flood-lava eruptions and their expected environmental and societal impacts.

Hazard

Impact

Amplifying factors

Inhibiting factors

Lava flow

Tephra fallout

Dry haze

Meltwater flood

Toxic volatiles

Diverting watercourses

Cutting off access routes
Igniting vegetation

Burying topography/farmland
Local degassing

Blocking minor watercourses
Contamination of water supplies
Abrasion/burial of vegetation
Overloading building roofs
Remobilisation

Particulate inhalation

Acid rain

Withering of vegetation
Respiratory illness

Soil acidification

Distal deposition

Destruction of bridges/crossings
Livestock drowning

Fluorosis

Respiratory illness
Contamination of water supplies

Thick lava flow

Few access routes
Dense woodlands
Inhabited low ground
Calm weather
Low-energy rivers
Drinking surface water
Agrarian society
Thicker fallout

Dry, windy, barren
Fine ash

Low pressure systems
Agrarian society
Working outdoors
Soils with low pH
Stratospheric plume
Ciritical crossing point
Pastoral society

Fine ash, reliance on grazing
Poor population health
Drinking surface water

Thin lava flow
Multiple access routes
Barren areas

Elevated population
Windy weather
High-energy rivers
Drinking groundwater
Barren areas

Thinner fallout

Wet, calm, vegetation
Coarse ash

High pressure systems
Barren areas

Working indoors

Soils with high pH
Tropospheric plume
Flood route awareness
Agrarian society
Diverse food sources
Good population health
Drinking groundwater

available for deposition in Greenland. Other factors (e.g. lon-
ger-term climatic trends and shorter-term weather conditions)
may have diminished the impacts of dry hazes and strato-
spheric aerosol veils. However, it is impossible to reconstruct
continental weather patterns for the 10th century in the same
way that has been achieved (with some reliability) for the 18th.
Hence, the link between volcanic emissions, climatic forcing
and societal impacts remains unclear.

Whilst fluorine emission from Eldgja has not yet been esti-
mated, a key contrast to the Laki eruption is that fluorine could
adsorb onto a significantly greater surface area of tephra, in a more
voluminous deposit that was also dispersed more widely. How-
ever, tephra deposited during early eruptive phases was probably
the most influential in terms of poisoning livestock because they
might still graze pastures following its deposition (Figure 4).
Whilst Unit 1 was scavenged from a wet plume (Moreland, 2017),
and early phreatomagmatic deposits can be relatively enriched in
total fluorine (Cronin et al., 2003), the effectiveness of scavenging
on fluorine deposition is unclear. Once the grazing surface had
been buried by subsequent tephra units (e.g. Figure 4), additional
fluorine loading would probably be immaterial to the ultimate
prevalence of livestock with fluorosis. Furthermore, the fluorine
hazard from early phases depends upon the eruption starting dur-
ing grazing season. Even though the timing of the onset is unre-
solved, and hence the impacts of the early phases, the possibility
remains that fluorosis had at least as significant impacts on Icelan-
dic livestock in the 10th century as it did in the eighteenth.

The societal circumstances

In this final section, we offer some interpretations about vulnera-
bilities in Icelandic society during the 10th and 18th centuries.
Understanding the extent to which the severe impacts of the Laki
eruption were amplified by specific societal circumstances (e.g.
Table 4) is crucial if we are to understand how impactful Eldgja
was in comparison.

In the 10th century, the Icelandic population was relatively
more prosperous than the Scandinavian homelands (Price, 2020).
Higher-status farmers had seized the best-quality land from which
to control surrounding areas and establish dependent settlements,
and their resilience was cemented by tenants and slave labour
(Vésteinsson et al., 2002). Furthermore, although Iceland was
largely pagan before 1000AD (Gislason, 1990), there is evidence

for a growing population of Christians throughout the Settlement
period (Vésteinsson et al., 2019). Therefore, fiefdoms and reli-
gious sectarianism may well have facilitated tighter local alle-
giances in times of hardship (e.g. local distribution of resources
during times of livestock loss and famine). The ninth-century
population is estimated to have been ~24,000 (Vésteinsson and
McGovern, 2012), with a greater number of early archaeological
sites identified in northern Iceland than in the south (Schmid
et al., 2017), and therefore farther from the proximal hazards of
the Eldgja eruption. However, this distribution may be an artefact
of selective excavation in areas of interest, as opposed to any real
preference to settle in the north.

By contrast, 18th-century Iceland has been described as a
‘desperate land’ that hosted a ‘primitive society’, the standard of
living having fallen since Settlement (Karlsson, 2000) for the
49,753-strong population of Iceland in 1783 (Finnsson, 1796;
Jonsson, 1994). As farm ownership was the prerequisite of mar-
riage, the fixed number of farms in Iceland limited the number of
married couples — and thus, the population size (Vasey, 1996).
The climate of the Little Ice Age, the smallpox epidemic of 1707—
1709, and the famines of the 1750s had imposed extreme societal
stresses prior to the Laki eruption (Karlsson, 2000). Limited ven-
tilation (to conserve heat) inside traditional turf houses would
have trapped pollutants produced from indoor peat burning and
fish drying, cooking and ammonia production (Van Hoof and Van
Dijken, 2008), thereby compounding the population’s poor health.

Tenth-century Iceland has been described as a ‘republic of
independent-minded farmers in a time of burgeoning nation
states’ (Price, 2020:475). At least 12 regional assemblies (fslen-
ska: Vorping), each held by three godordsmenn, facilitated rapid
and local decision-making. Even after the national parliament
(islenska: Alpingi) began convening after ~930AD, individual
households may have been able to choose which godordsmadur
they wished to follow (Karlsson, 2000). It is thought that, whilst
some social stratification and slavery existed, society was not
stratified economically (Jakobsson, 2013). Networks of farmers
would provide protection and allegiance to a chieftain; he would
reciprocate by providing advice, granting access to provisions and
helping to establish their land (Vésteinsson et al., 2002).

Allegiance-related benefits would not provide such resilience
against hardship in the 18th century. After the introduction of mon-
archy from 1262, overseas decision-making came to supersede
local governance in later centuries (Jakobsson, 2013). After c.
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1660, Iceland’s necessity to account for any aid it requested from
Denmark coincided with much more detailed reporting of volcanic
eruptions (Thordarson, 2010). In June 1783, the Icelandic authori-
ties took weeks to recognise the magnitude of the Laki eruption
(Karlsson, 2000). Communication difficulties between Iceland
and Denmark led to long delays (of several months) in Denmark
providing aid — indeed, storms delayed a successful landing on
Iceland until April 1784 (Wieners, 2020). The lack of emergency
plans for administering aid, and identifying those eligible for
loans, limited access to produce (e.g. flour, grain, timber, fish).
The Danish government were largely unwilling to take decisive
action without prior investigation, fearing unnecessary expendi-
ture in the provision of unnecessary aid (Wieners, 2020). Further-
more, a trading company was the only means to administer relief
and carry news between Denmark and Iceland. Officials in Iceland
required instructions from Denmark, and this inability to function
independently exacerbated Iceland’s widespread hardship (Karls-
son, 2000). The 10th-century situation would have differed
because the land contained greater natural capitals (e.g. woodlands
and soil cover; Smith, 1995) and the population that required them
was likely much smaller (Vésteinsson and McGovern, 2012).

The Icelandic landscape changed markedly between the 10th
and 18th centuries. Whilst soil erosion has occurred throughout the
Holocene, the spatial patterns and scales of soil erosion were trans-
formed following Settlement (e.g. Arnalds, 2015; Dugmore et al.,
2009; Streeter and Dugmore, 2014; Streeter et al., 2015; references
therein). Erosion was associated with early woodland clearance
for charcoal and timber production (e.g. Ashwell and Jackson,
1970; Church et al., 2007), volcanic and livestock grazing pres-
sures on rangelands, and the deteriorating climate of the Little Ice
Age (e.g. Dugmore et al., 2000, 2009; Streeter and Dugmore,
2014). By contrast, a comparatively warm and stable climate (for
the high latitude) prevailed during the Medieval Climate Anomaly,
probably favouring subsistence systems familiar to the Norse
arrivals, who utilised marine and terrestrial, domestic (sheep, cat-
tle, pig, horse and goat) and wild (e.g. great auk, walrus, seal, por-
poise, trout and charr) species (Dugmore et al., 2005).

The early Icelanders enjoyed far greater natural capitals than
those available for their descendants (Price, 2020; Smith, 1995),
and we suggest the societal resilience to hazards from the Laki
eruption was comparatively reduced. For instance, in the 10th
century, straight trunks (< 12m tall) were harnessed as building
materials but, by the eighteenth, the abundance of tall native trees
was reduced and patches of low-growing birch shrubs (< 3 m tall)
were of limited use (Aradottir and Arnalds, 2001; Smith, 1995).
In the context of depleted supplementary resources and preceding
famines, we argue that late 18th-century Icelanders had less
capacity to buffer the effects of livestock mortality during the
Laki eruption (Jackson, 1982). This dependency is evident in the
following eyewitness account:

There were hardly words to describe how the sheep just with-
ered away. No one had the foresight to see that it would have
been for the best to slaughter them all while they still had flesh
on their bones and could be rounded up, and thus have food.
(Steingrimsson, 1788:28)

In the 18th century, the rowing boats used in Iceland for commer-
cial fishing had limited capacity, range and integrity compared
with foreign fishing vessels (Wieners, 2020). Despite the seas
around Iceland being plentiful, around a third of Icelandic fish
were exported to overseas markets, reducing the catch available
for Icelandic consumption (Wieners, 2020). Given the context of
the 1780s, the state of commercial fishing may also have limited
societal resilience to the effects of the Laki eruption (e.g. Gun-
narsson, 1980; Wieners, 2020). Such limitations were also recog-
nised at the time:

. .if more people had turned their efforts to fishing, it could
have lengthened the lives of more people than in fact benefit-
ted from it. (Steingrimsson, 1788:75)

By ~939AD, the first generations of Icelanders in southern Ice-
land had already experienced tephra-producing eruptions (Larsen,
2018), but the early settlers likely brought coping strategies to
extreme weather from their homelands, giving them pre-existing
adaptive capacity (e.g. Dugmore et al., 2005). By 1783, the soci-
etal response to most eruptions in Iceland had become analogous
to dealing with severe winters (i.e. livestock mortality and com-
promised arable or grazing land; Dugmore and Vésteinsson,
2012). Within living experience of 1783, eruptions such as those
of Orzefajokull in 1727-1728 and Katla in 1755 had occurred that
generated tephra fallout and other hazards (e.g. glacial meltwater
floods) for communities in the south (Larsen, 2010). However, in
neither the 10th nor 18th centuries was there any prior societal
memory of the distinct hazards (i.e. voluminous tephra produc-
tion and volatile emission) posed by flood-lava eruptions.

Concluding remarks

Flood-lava eruptions are rare, extreme events that can trigger pro-
tracted and significant environmental and societal impacts on local
to hemispheric scales. Knowledge of the Laki 1783-1784AD
eruption is a key resource from which to infer the societal impacts
of the Eldgja ~939 AD eruption, for which there are no contempo-
rary written records. The scarcity of other analogous (and histori-
cally documented) flood-lava eruptions results in a reliance on a
few events whose circumstances differ significantly.

Based on what has been discerned of the characteristics, inten-
sities and magnitudes of two eruptions, it appears that Eldgja pre-
sented hazards of a variety and scale that exceeded those
associated with Laki. The emplacement of the Eldgja lava flows
altered a more extensive area of topography permanently (i.e.
infilling valleys, invading lowland plains, and shifting river
courses) and likely wrought significant damage to extensive
woodlands. Though Eldgja probably emitted a greater volume of
volatiles, prevailing climate trends and weather conditions in the
case of Laki may have amplified the relative impacts of its dry
hazes and stratospheric aerosol veils. It is evident that the greater
volume and more widespread dispersal of tephra fallout from
Eldgja laid waste to vast tracts of land. Coupled with the ability to
distribute fluorine more efficiently, Eldgja tephra fallout could
have posed a more extensive threat to the health of people and
grazing livestock across Iceland. However, the extent of early
human settlement within the proximal fallout zone has not yet
been established. It cannot be ruled out that the early population
responded to the eruption by evacuating into the highland mar-
gins, even though the fallout thicknesses there exceeded the typi-
cal threshold (25 cm) for abandonment.

Despite the greater magnitude of the Eldgja eruption, the soci-
etal circumstances (e.g. relative prosperity, increased availability
of natural resources and local governance) in the 10th century
may have reduced the impacts on society and provided exit routes
from hardship compared with the well-documented, dire conse-
quences of the Laki eruption.
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