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Abstract

The mid-fifteenth century eruption of the Kuwae volcano (Vanuatu), known locally as the Tombuk eruption, is widely
but not universally considered responsible for one of the three largest atmospheric sulphate events of the past
millennium. Questions remain about its precise magnitude and global signature. This controversy reflects a lack

of modern description and characterisation of the eruption at source. Through a comprehensive survey of the pub-
lished and unpublished literature, we review the available historical, archaeological and volcanological evidence

for the Kuwae eruption. All sources suggest an eruption with major impacts regionally. The eruption formed a sub-
marine caldera, collapsing the former landmass of Kuwae and leaving two smaller adjacent islands, Epi and Tongoa.

On other islands to the immediate south and north, volcanic impacts were variable, enabling survival of refugees
from Kuwae, who later recolonised the remnant islands. This review raises hypotheses and questions to be tested
through a new multi-disciplinary field research program that aims to establish the precise date and magnitude
of the Tombuk eruption, allowing questions of global impact to be addressed with more confidence.
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Introduction

Accurate identification of source volcanoes for large
eruptions is a prerequisite for detailed modelling of the
role of volcanic forcing in past and future climates (Self
2006; Sigl et al. 2015; Newhall et al. 2018). One of the
three largest volcanic climate-forcing events of the past
1000 years (AD 1257) was recently identified as a VEI 7
event at Samalas volcano (Lombok, Indonesia). This iden-
tification enabled modelling of the spatial and temporal
climate response (Lavigne et al. 2013; Guillet et al. 2017)
and detailed reconstruction of the societal and economic
impacts of the eruption (Campbell 2017). Tambora,
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Indonesia, is responsible for the second known forcing
event at AD 1815, while one of possibly two events in the
AD 1450s has been attributed to Kuwae, Vanuatu (Plum-
mer et al. 2012; Sigl et al. 2013). Of the three, Kuwae
remains the most contentious, with a growing secondary
literature either accepting the link without question (Gao
et al. 2006; Witter and Self 2007), rejecting it as insignif-
icant (Nemeth et al. 2007; Toohey and Sigl 2017; Hart-
man et al. 2019) or questioning if the event dates earlier
or later than the 1450s (Global Volcanism Program 2013;
Bauch 2017). This persistent uncertainty reflects the
poorly constrained chronology and scale details for the
event at source, as well as our limited understanding of
its likely regional and global impacts.

The Kuwae volcano was first linked to global signa-
tures for a major eruptive event during the 1990s. Field
studies by geologists Monzier, Robin and Eissen sug-
gested the presence of a significant submarine crater
between the islands of Epi and Tongoa (Fig. 1), resulting
from an eruption which they dated initially to AD ~1425
(Monzier et al. 1994). Emerging evidence for a substantial
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Fig. 1 A Location map for Vanuatu in its regional context, showing the location of the regional insert. B Regional insert, showing the location
of the subduction zone, as well as the modern location of the submarine ridge of the D’Entrecasteaux Zone (DEZ) and the location of the local

insert. C Local insert, displaying the islands of Epi and Tongoa and the Kuwae caldera
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atmospheric sulphate event in Antarctic ice cores, dated
to AD 1450 (Delmas et al. 1992), was assumed to cor-
respond to the eruption of Kuwae, and a revised date
of AD 1452 for the eruption was adopted (Robin et al.
1994). This link between Kuwae and the global proxy evi-
dence for a major mid-15™ century forcing event remains
widely accepted, and Kuwae has since been linked to dra-
matic climate-induced social impacts across the globe
(Gill 2000; Atwell 2001; Boucheron 2012; Kuzi¢ 2012).
Because much of this secondary literature on Kuwae is
not informed by an understanding of the nature of the
evidence at source, the first step in a critical appraisal of
the claims for Kuwae is to review the totality of that evi-
dence and to assess and understand it within its local his-
torical, archaeological and geological contexts.

This paper provides the first comprehensive and criti-
cal survey of the available literature on the mid-fifteenth
century eruptive event at the Kuwae volcano, known
locally as the Tombuk eruption, drawing on published
and unpublished sources from a range of disciplines,
including anthropology, archaeology, history, linguistics,
and geology. This literature is addressed in three sections:
1) the historical evidence for the eruption, which consists
largely of local oral traditions that have been documented
continuously since the 1890s; 2) the archaeological evi-
dence, deriving mostly from excavations during the
1960s; and 3) the available geological field evidence,
gathered since the 1980s. The review concludes with
preliminary responses to three questions: What level of
confidence can we have in current understandings of the
Kuwae event? What are the particular gaps in knowledge
that require attention through further research? And how
might a multi-disciplinary approach tackle these ques-
tions, drawing on contributions from the individual disci-
plines discussed here?

Historical evidence

Scientific discovery and field exploration of the Tombuk
eruption of Kuwae volcano has been guided at every step
by exceptional oral historical traditions of local com-
munities throughout the Shepherd Islands of central
Vanuatu (Fig. 1). These traditions record a hierarchical
system of chiefly titles that extends across the Shepherd
Islands and describe the early colonisation of a single
large island known as Kuwae. The histories of individual
chiefly titles and the lineages of the successive holders of
each title remain important today, because they are char-
ters for the distribution of rights to land and resources.
Strong connections between knowledge of the eruption
and its aftermath, which anchor claims to chiefly titles
and land, ensure that multiple narratives continue to be
transmitted and closely monitored within communities
for accuracy. While the oral traditions cannot provide
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precise chronological estimates of the date of the erup-
tion, they are considered locally to be accurate in describ-
ing sequences of volcanic events, with details that are
otherwise inaccessible (Ballard 2021).

Presbyterian missionary Oscar Michelsen, resident
on Tongoa Island from 1879 to 1932, was the first to
document local narratives of a massive volcanic erup-
tion (Michelsen 1890). More detailed and elaborate ver-
sions of these stories have been recorded since by other
missionaries, anthropologists, linguists and geologists
(Schiitz 1972; Rivierre 1996; Ballard 2020). Guided by
local communities, missionaries also documented the
first archaeological evidence of the eruption, including
pottery sherds and shell and stone tools recovered from
layers beneath a tephra horizon exposed in cliffs on the
south-eastern side of Tongoa (MacLachlan 1940; Miller
1981; Nottage 1988). Colonial official Bernard Hébert
recorded Tongoan terms for the pre- and post-eruptive
layers, suggesting a local awareness of the relationship
between geological processes and the events described in
oral traditions (Hébert 1965). Early geological investiga-
tions of the Kuwae volcano were also guided by local tra-
ditions (Frederick et al. 1893) and ultimately confirmed
the presence of a substantial submarine caldera between
the islands of Epi and Tongoa (Carney and Macfarlane
1977) (Fig. 1). Hébert and others attempted to estimate
the age of the eruption based on a limited understanding
of local genealogies, generating dates between the late
16" and mid-17" centuries. A more thorough attempt
to document chiefly genealogies found an average of 26
generations of settlement on Kuwae before the eruption
and a further 22 generations after the eruption and the
recolonisation of Tongoa (Luders 1996).

In the course of interviews in every settlement on Efate
and the Shepherd Islands during the 1950s, anthropolo-
gist Jean Guiart recorded numerous narratives relating
to the Tombuk eruption and its aftermath (Guiart 1973).
His work established that the eruption reconfigured the
social and linguistic landscape on a regional scale (Clark
1996). Later ethnographic research has confirmed the
continuing importance of the eruption in contemporary
land disputes and succession of chiefly titles (Sherkin
1999; Calandra 2017). Archaeologist José Garanger fur-
ther explored Guiart’s claims for the historical accuracy
of the oral traditions, excavating at numerous sites on
Tongoa and the other Shepherd Islands during the 1960s
(Garanger 1972) (see below).

The oral traditions suggest that Kuwae was a single
landmass, likely encompassing the islands of Epi and
Tongoa, as well as the sea between them (Fig. 1C). Active
volcanic islands such as Lopevi and Ambrym (Fig. 1B)
have eruptions that are regularly visible to the north,
but Kuwae’s residents were apparently unaware of the
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presence of an active eruptive centre on the island itself.
A narrative, known almost universally in the region,
describes the shaming of a young man on Kuwae, named
Tombuk or Bae, tricked into sleeping with his mother.
Seeking revenge, he visited an uncle on the nearby
Lopevi volcano, who supplied him with a magic lizard.
Secretly burying the lizard at the base of a tree on Kuwae,
Tombuk invited his enemies to a feast at which he burst
a series of inflated pig’s bladders, triggering increasingly
larger earthquakes. Alerted by these earthquakes, many
fled the island by canoe, but those who remained were
killed when the last bladder burst and the ground erupted
beneath them. The last canoes to leave Kuwae were
swamped by a tsunami caused by the eruption. Names
for the destroyed settlements and canoe landing sites
along the former coastline of Kuwae are still recalled®’.

In a second widely told narrative, the only survivors
on the remnants of Kuwae to the east of the erup-
tive centre were an old woman, Tarifekit, who hid in
a cave, and a young man, Asingmet, who took refuge
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in a hollow log drum. They were rescued and adopted
by a chief from nearby Makura Island. When Asing-
met reached adulthood on Makura, he returned to the
southern coast of the new island of Tongoa, which was
now habitable. As the initial re-discoverer and settler of
Tongoa, he was renamed Matanauretong (‘the first on
the island of Tongoa’), and later given the formal title
Ti Tongoa Liseiriki, as the paramount chief of the new
island. His lineage descendants still hold some of the
most senior titles on the island today. While these two
narratives are the most widely known and recounted
in the region, there are many other stories relating to
individual chiefly lineages that provide further details
of their own experiences of the eruption and their ulti-
mate return to Tongoa. There are also numerous forms
of physical evidence in existence today, such as memo-
rial stones set up and specific trees planted on return-
ing to Tongoa, or fragments of the original canoes used
in the resettlement of the island (Ballard 2020) (Fig. 2).

TS o B 4

Fig. 2 Heirloom wash strake from a canoe used to recolonise the new island of Tongoa after the Tombuk eruption (Bernard Hébert)(Hébert 1971)
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Archaeological evidence

The first archaeological investigations associated with
Kuwae were undertaken by José Garanger in 1964. His
specific goal was to investigate the oral traditions relating
to the Tombuk eruption and its historical links to various
prominent chiefs including Ti Tongoa Liseiriki and Roi
Mata, a highly influential chief on Efate (Garanger 1972).
During 1964 and 1966-1967, Garanger excavated large
areas on a number of islands including Efate, the small
nearshore islands of Lelepa and Mele, and the commu-
nal grave associated with Roi Mata on Retoka Island. In
the Shepherd Islands, he focused on Tongoa and Makura.
His research remains the only archaeological fieldwork
carried out on these two islands.

Garanger established a robust pottery sequence span-
ning an almost 2500-year period. This sequence demon-
strated synchronous changes in style and high levels of
interconnectivity across Efate and the Shepherd Islands
(Garanger 1972; Bedford 2006). First human settlement
in the Kuwae area at ca. 2900 yr BP is now linked to the
appearance of Lapita pottery, followed by Erueti pot-
tery from 2800-2200 yr BP, and then by Mangaasi ware
from 2200 to ca.1200 yr BP. Pottery production appar-
ently ended on Efate with Mangaasi ware, but continued
on Tongoa (then Kuwae) in the form of the distinctive
Aknau ware, indicating some degree of cultural diver-
gence during this period. The Tombuk eruption at ca. 500
yr BP (AD ~1450) marked and caused the end of all pot-
tery production in the region (Bedford 2006).

Garanger’s investigation of pre-eruption settlement
focused on Mangarisu in southeast Tongoa, where
archaeological materials were exposed in coastal cliff
faces. Eight sites were excavated, often to a depth of

A

Page 5 of 12

almost 3 m (Fig. 3), but many of the excavations were
largely sterile of evidence for occupation. The most pro-
ductive sites were Euta (TO-11), Aknau (TO-22, near
Mangarisu) and Lamalake (TO-23, near Mangarisu),
which all contained varying quantities of both Early
and Late Mangaasi pottery ware, together with the later
Aknau ware (Garanger 1972). The pottery-bearing levels
on Tongoa were all sealed by coarse pumice-rich deposits
associated with the initial stage of the Tombuk eruption,
ranging in thickness from 0.5-1 m.

The results from excavations on the island of Makura
broadly matched those from Tongoa, with the same pot-
tery sequence identified at a series of sites (Garanger
1972). Unlike Tongoa, distinct eruption deposits were not
detected at the sites on Makura, although tsunami depos-
its were identified, including some just above the Aknau
cultural layer. Garanger interpreted the abrupt termina-
tion of the Aknau phase as a consequence of the Tom-
buk eruption. Garanger’s pre-eruptive sequence from
the Shepherd Islands has been confirmed by subsequent
investigations on Efate and elsewhere, demonstrating
interconnected settlement across the region associated
with either Mangaasi or the later Aknau pottery tradi-
tions. No pottery that post-dates the Tombuk eruption
has been found anywhere in the Shepherd Islands or
Efate (Bedford 2006, 2009).

Garanger attempted to date the Tombuk eruption
directly using two charcoal samples extracted from
exposed volcanic layers in the cliffs near Meriu village,
in south Tongoa (Garanger 1972). These yielded dates
of AD 1320480 and AD 1460+37. The first sample, uni-
dentified ‘burnt wood taken from the erupted material of
Mweriu, came from 70 cm above the present beach and 8

AL S\
i\”, |

Fig. 3 Garanger's site TO-27, above Mangarisu cliff, showing the scale and depth of his excavation; Ewose and Valea islands in the distance (José

Garanger) (Garanger 1972, Figure 239)
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m below the top of the cliff. The other sample he attrib-
uted to the geologist Espirat, who had taken it from the
same Mweriu deposits, possibly in 1963 (Espirat 1964;
Garanger 1972). However, these dates from Garanger’s
work in the 1960s all lacked the enhanced precision of
today’s determinations. No attempt was made to identify
charcoal to species, in order to understand any in-built
age, and the dating of bone at that time was particularly
unreliable (Bronk Ramsey 2008). Later dating undertaken
by geologists (Monzier et al. 1994; Robin et al. 1994),
discussed below, faced similar challenges in relation to
accuracy. Charcoal samples were identified to species but
inbuilt age may still have been a factor as no details are
provided on the exact sections of the samples that were
dated. Conventional radiocarbon dating undertaken
at the time also gave standard deviations of 50 years or
more when calibrated.

The post-eruptive deposits were also extensively
examined by Garanger. On Tongoa, he was guided by
local communities to a series of former settlement sites,
including ceremonial and burial areas. Many sites are
linked to named individuals associated with the initial
re-settlement of the island (Garanger 1972). Several of
the sites featured visible standing stones, stone platforms
and stone alignments. Three sites were also produc-
tive in terms of subsurface remains, including burials at
Mangarisu (TO-28 and TO-29) and Panita (TO-51). Five
mortuary sites were discovered, with 22 burial features
and skeletal remains of more than 31 adults, six of whom
were associated with named individuals (Garanger 1972;
Valentin et al. 2011). The only dating for any of these sites
was on a collagen sample from the individual thought
to have been Ti Tongoa Liseiriki, which returned a date
of AD 1475%85, post-dating the eruption by an interval
that would allow for the recolonisation of Tongoa. How-
ever, as noted above, none of the dates can now be con-
sidered reliable, and the stratigraphy of several of the
post-eruption sites investigated by Garanger on Tongoa
suggests that the chronology of resettlement may not
be as straightforward as implied by the date from the
Liseiriki burial. The very extensive sites at Mangarisu
comprised a series of stone structures and burial features
said to be associated with some of the first returnees, but
they clearly date to a period after substantial soil devel-
opment or accumulation on top of the Tombuk erup-
tive deposits. All the graves from these sites appear to
be dug either into the upper soil, or through it into lower
deposits.

On the island of Makura, post-eruptive evidence of set-
tlement was found in the interior of the island, at an area
known as Tavia, where two test pits were dug to a depth
of 80 cm. There is no mention of volcanic deposits but, at
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the base of both test pits, cooking features were dated to
AD 1690480 (Garanger 1972).

Beyond Tongoa and the Shepherd Islands

To the south of the Shepherd Islands, on Efate and its
offshore islands, archaeological evidence for either the
Tombuk or other Kuwae volcanic deposits is absent,
despite previous claims (Bedford 2006; Bedford et al.
2006). Following extensive excavations at the Mangaasi
site on the west coast of Efate in 1967, Garanger inter-
preted a unit as a tsunami deposit related to the Tombuk
eruption (Garanger 1972). This mention was repeated in
a later interpretation of the site’s stratigraphy, along with
an earlier tsunami deposit thought to represent the major
Ambrym caldera event of ca. 2000 yr BP (Spriggs 1997).
Later excavations at the same site, in an area further
inland, also interpreted tephra-rich layers to be related
to the eruptions at Ambrym and Kuwae (Bedford et al.
1998). However, subsequent chemical analyses have asso-
ciated the earlier tephra-rich deposit with an eruption
of nearby Nguna at ca. 2200 yr BP (Bedford 2006; Bed-
ford et al. 2006), while the more recent deposits are now
interpreted as landslide debris sourced from the nearby
cliffs containing ~1 Ma pumice from the Efate volcanics.
Mangaasi-style pottery is found on the ground surface
across Nguna Island, some 25 km closer to Tongoa than
Efate, indicating very low terrestrial tephra accumulation
following the end of pottery production on the island at
ca. 1200 yr BP.

To the north and west of Kuwae caldera, Epi Island
has seen only limited archaeological investigation,
although Malakula and its nearshore islands to the
northwest have had more intensive excavation (Bed-
ford 2006; Hoffmann 2006; Valentin et al. 2011). On
Epi, two coastal sites were investigated on the central
west coast, one at Mafilau and the other at Burumba,
some 36 km from the Kuwae caldera. Both Epi sites
may show evidence of the Tombuk eruption (Stuart
Bedford, unpublished data), although there is limited
chronology information and no chemical analyses have
been undertaken (Bedford and Spriggs 2008). These
possible volcanic deposits may also record eruptions
of Lopevi or other small volcanic centres on Epi. Many
excavations on Malakula and its nearshore islands show
tephra deposits from nearby active volcanoes (Ambrym,
Lopevi) (Bedford 2003), with no evidence yet for Kuwae
tephra (Stuart Bedford, unpublished data).

Garanger’s research in the Shepherd Islands confirmed
the cataclysmic Tombuk eruption known from oral tra-
dition and revealed archaeological evidence of both
pre- and post-eruptive settlement. The pre-eruptive cul-
tural deposits on both Tongoa and Makura can be corre-
lated with the chronologies established for Efate, but the
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post-eruptive chronology remains poorly defined. The
archaeological record suggests that the Tombuk eruption
was massively destructive in the proximal environment,
but that its impacts were less catastrophic on islands to
the immediate south and north, which provided refugia
for fleeing populations.

Geological evidence

Tectonic setting and volcanoes of Vanuatu

Volcanism in Vanuatu is generated by subduction of the
Australian Plate beneath the oceanic crust of the Pacific
plate since 10 Ma(Meffre and Crawford 2001; Schellart
et al. 2006). Convergence rates are lowest in the cen-
tral block of the Vanuatu arc (14-17°S), caused by the
arrival of the thicker and more buoyant crust of the
D’Entrecasteaux Zone (2-3 Ma; Fig. 1A) and the West
Torres Massif (0.7 Ma) (Taylor 1995; Meftre and Craw-
ford 2001; Schellart et al. 2002; Bergeot et al. 2009). The
largest volcanic events (VEI 6+) in the Vanuatu arc are
associated with explosive, caldera-forming eruptions
of intermediate to felsic magmas from north of Efate
Island (~1 Ma (Stewart et al. 2010)), Yenkahe (<40 Kka,
Tanna Island (Firth et al. 2015)), and Tombuk (~mid-
fifteenth century; Kuwae Island (Monzier et al. 1994)).
The most recent of these eruptions (Tombuk) lies near
the southern boundary of the central arc block, where
the subducted slab is estimated to be ~225 km deep
(Hayes et al. 2012).

Morphology of the Kuwae caldera

Initial geological studies in the central islands of Vanu-
atu described extensive pumice-rich deposits from a
large explosive eruption and postulated the source of
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this (and the site of the collapsed Kuwae Island) as a cal-
dera between the present islands of Tongoa, Ewose and
Tongariki (Gorton 1977). Subsequent regional bathy-
metric studies re-located the Kuwae caldera north-
ward as a ~12x6 km, N'W-SE-oriented basin between
Epi and Tongoa islands (Carney and Macfarlane 1977).
Based on studies of pyroclastic deposits on Tongoa and
nearby islands, the Kuwae caldera was postulated as the
source of a major eruption of VEI 6-7 (Monzier et al.
1994; Robin et al. 1994). The islets of Laika, Tefala, Tef-
alakiki and Fatumiela lie near the caldera rim, and an
active submarine volcano, Kerua (also known as Karua),
has formed in the eastern half of the caldera (Exon and
Cronan 1983). The available bathymetry is not detailed
enough, nor is there sufficient geophysical evidence to
confirm caldera ring faults, or any compound or nested
structures. Kerua has breached the surface during erup-
tions at least six times since the 1870s (Gorton 1977)
(Fig. 4), most recently in 1974. Active hydrothermal alter-
ation is widespread on the ocean floor, with discoloured
water indicating ongoing activity (Exon and Cronan
1983; Crawford et al. 1988).

Based on 1992 bathymetry, the seafloor within the
Kuwae caldera indicates two sub-zones, a SE part at ~250
m and a deeper portion at ~450 m in the NW°, It is not
clear if these are structurally different, or the result of dif-
ferential post-caldera volcanic infill. The floor is underlain
by well-layered and flat-lying deposits ~225 m-thick®,
which are interpreted as pyroclastic deposits from the
Kuwae eruption (Monzier et al. 1994). (Monzier et al.
1994) postulated a pre-existing topography and geology
for Kuwae that was similar to the current surfaces of Epi
and Tongoa'!, with an average elevation of 500-600 m asl,

Fig. 4 Eruption of the Kerua vent in the submarine crater between Tongoa and Epi islands, 1897 (Oscar Michelsen) (Michelsen 1897)



Ballard et al. Journal of Applied Volcanology (2023) 12:12

implying an overall collapse depth of between 650-950 m
(Monzier et al. 1994). Assuming that the Kuwae caldera
was ~45 km? in area, an overall collapse volume of ~32-
39 km? was calculated, suggesting that an equivalent vol-
ume of magma was erupted (Monzier et al. 1994).

Geology of caldera margins

Western Epi comprises an uplifted sequence of andesitic,
submarine lava flows, pyroclastic deposits and volcani-
clastic sediments of Pleistocene age (Gorton 1977). East-
ern Epi, bordering the Kuwae caldera, is dominated by
uniform basaltic lavas and pyroclastic deposits (Gorton
1977). Tongoa, on the southern Kuwae caldera margin,
consists mainly of a basaltic sequence of stacked lava
flows and pyroclastic deposits associated with scoria
and tuff cones (up to 250 m high) (Warden et al. 1972;
Gorton 1977; Nemeth et al. 2007). Overlying the basal-
tic sequence (and a distinctive paleosol) on both Tongoa
and eastern Epi are andesitic-dacitic pumice-dominated
pyroclastic deposits, attributed to the mid-15" century
Tombuk eruption from the Kuwae caldera (Monzier et al.
1994; Robin et al. 1994).

Proximal evidence of the very explosive Tombuk erup-
tion includes complex pyroclastic deposit sequences
of up to 150 m-thick observed in outcrops at Lupalea
Point, Meriu and Mangarisu on Tongoa, and also Laika
Island (Monzier et al. 1994; Robin et al. 1994) (see
Fig. 1). They include a lower, mafic series (>30 m) of
tuffs and lavas exposed at Lupalea Point, and an upper
(120 m-thick) felsic series of pyroclastic deposits with
a range of texture, grain size and bedding characteris-
tics, described in several outcrops on Tongoa and Laika
(Monzier et al. 1994; Robin et al. 1994). The mafic series
is only exposed in the lower parts at Lupalea Point and
includes tuff and lapilli tuff deposits, interpreted as
results of phreatomagmatic volcanism, intercalated with
ash and lapilli fall layers from scoria cones (Monzier
et al. 1994; Robin et al. 1994). The upper parts of the
cliff section at Lupalea Point comprise two ignimbrites,
pumice-rich breccias and lapilli-tuffs. Overall, the
Lupalea Point succession is ~70 m thick (Monzier et al.
1994; Robin et al. 1994). At sites on the eastern and
southeastern coasts of Tongoa (Mangarisu and Meriu,
respectively), cliffs and exposures 20-30 m high com-
prise similar, massive ignimbrite/pumice-rich breccias
as the upper Lupalea point unit. This upper ignimbrite
unit was correlated to the lower parts of 90 m-high out-
crops of coarse pumice breccia and lapilli tuff deposits
on Laika Island (Monzier et al. 1994; Robin et al. 1994).

A re-visit to the caldera margin sequences by (Nemeth
et al. 2007) interpreted the mafic series as pre-Tombuk
era deposits, i.e., older Tongoa volcanic deposits that
form the caldera wall (Carney and Macfarlane 1977).
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(Nemeth et al. 2007) described a great diversity in tex-
tures, geometry and bedding of the felsic pyroclastic
deposits linked to the Tombuk eruption. The deposits
were also shown to thin rapidly on Tongoa, from >90 m
to ~3 m-thick in a few kilometres, with strong deposi-
tional control by topography. Similar to earlier studies,
they also noted that the eruption sequence involved a
long sequence of different volcanic processes, including
tephra fall, pyroclastic surges and pyroclastic flows, along
with evidence for time breaks between some units. Based
on the complex stratigraphy and noting clasts of older
welded ignimbrites within the fifteenth-century units,
(Nemeth et al. 2007) suggested that the caldera could also
be a composite feature, with the fifteenth-century Tom-
buk event as the most recent in a series of large eruptions.

Evidence of Tombuk pyroclastic deposits on other islands
There has been no systematic search for Tombuk pyro-
clastic deposits on islands further away from the Kuwae
caldera. In the late 1960s, pyroclastic deposits similar
in texture and appearance to those on Epi and Ton-
goa were described and correlated from islands farther
to the south and southwest, including Tongariki and
Ewose (Gorton 1977), and have also been recognised
in ongoing archaeological studies, especially on Emae
Island (Stuart Bedford, unpublished data). Further
afield, tephras with the Kuwae composition have not
been noted, except for a lake-sediment sequence at Lake
Emaotul (Strandberg et al. 2023) on southern Efate,
along with chemically similar deposits in the nearby
Emaotfer swamp (Wirrmann et al. 2011). In both cases,
the tephra is dispersed over 5-10 cm as individual ash
particles within peat and lake muds sites and is absent
or weathered in soil sequences.

Timing and correlation of the event

Six samples dated in geological studies estimate the
Tombuk eruption between AD 1420 and 1430 (Monzier
et al. 1994; Robin et al. 1994), broadly confirming the
archaeological determinations (Garanger 1972). On the
basis of this age, the event was correlated with aero-
sol spikes in ice core records (Mosley-Thompson et al.
1982), and then specifically to an AD 1453 sulphur spike
(Pang 1993). The ~30-year disparity in age estimates
was interpreted to reflect inbuilt age of the charcoal *C
determinations from the Tombuk event, and/or large
error ranges associated with small sample size (Monzier
et al. 1994; Robin et al. 1994). Following this correlation,
Kuwae was widely accepted as the source, and AD 1453
fixed as the date of the Tombuk event (Cole-Dai et al.
2000; Stenni et al. 2002; Baroni et al. 2008; Ren et al.
2010). With increasing dating accuracy, the sulphur
spike has been redated to AD 1458 (Palmer et al. 2001;
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Budner and Cole-Dai 2003; Castellano et al. 2005), while
other studies have identified two separate events, most
commonly in AD 1453 and 1458 (Fisher et al. 1995;
Ferris et al. 2011; Plummer et al. 2012; Sigl et al. 2013).
Both of these events appear in ice cores in both hemi-
spheres, but the AD 1453 event is more pronounced in
Greenland ice cores, while the AD 1458 event is more
pronounced in Antarctic ice cores (Plummer et al. 2012;
Sigl et al. 2013). This has led to a hypothesis of two
separate volcanic sources for these spikes: an AD 1453
event in the Northern Hemisphere, and an event at AD
1458 in the Southern Hemisphere, close to the equator
(Plummer et al. 2012; Sigl et al. 2013).

To test whether the Tombuk event had potential for
global atmospheric reach, (Witter and Self 2007) re-ana-
lysed a subset of samples collected earlier from Lupalea
Point, Tongoa. They identified a wider range of com-
positions than earlier studies (Robin et al. 1994), with
Tombuk pyroclastic deposits dominantly in the dacitic
field (Fig. 5). By analysing the concentrations of volatile
elements (especially sulphur), and comparing matrix
glass to melt inclusions and assuming a total eruptive
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volume of 30-60 km?3, (Witter and Self 2007) estimated a
sudden release of >100 Tg H,SO, for the Tombuk erup-
tion. This atmospheric sulphur injection was thus simi-
lar in scale to the 1815 Tambora eruption (Gao et al.
2006; Sigl et al. 2013).

Summary and research targets

A review of all available published and unpublished lit-
erature provides the grounds for a more detailed and
balanced assessment of the evidence at source for the
nature, magnitude, timing, and local impacts of the
mid-fifteenth century Tombuk eruption of the Kuwae
volcano. Historical, archaeological and geological evi-
dence suggest an extremely large eruption event (VEI
6-7) that either created or enlarged a caldera between
the current islands of Epi and Tongoa. The eruption
profoundly reconfigured the physical, social, cultural
and linguistic landscapes of central Vanuatu. The pre-
sent distribution of the population of this area and its
languages can be attributed directly to the historical
processes of recolonisation of the Shepherd Islands in
the aftermath of the eruption. Current evidence shows
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Fig. 5 Total alkali vs. silica (TAS) diagram for samples from Robin et al. (1994)(Robin et al. 1994) and Witter and Self (2007)(Witter and Self 2007). Data
by Witter and Self (2007)(Witter and Self 2007) are for individual samples. Data by Robin et al. (1994)(Robin et al. 1994) are averaged data for multiple

samples from each stratigraphic unit
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that widespread environmental devastation followed
the eruption, suggesting almost no chance of survival
on southern Kuwae Island (now Tongoa) and central
Kuwae (now southern Epi). The far western and north-
ern parts of Kuwae (now Epi) and other islands nearby
may have served as refuges, as linguistic data and oral
traditions suggest (Hoffmann 2006). While the tim-
ing and nature of resettlement remain ill-defined, at
the time of first European contact in the early nine-
teenth century, Epi and Tongoa were densely populated
(Thurston 1871).

The Tombuk event remains a strong candidate for
one of the mid-fifteenth century sulphur signals, spe-
cifically the AD 1458 event according to Antarctic ice
core studies (Gao et al. 2006; Esper et al. 2013; Sigl et al.
2015). This is, in part, because few alternative eruptions
of comparable scale are confidently identified elsewhere
in the world for this period. Currently, the weakest
links in this proposed correlation are: (1) the absence
of robust chemical comparison of distal tephra and sul-
phur spikes in ice cores against a complete proximal
database; (2) the poor resolution of proximal age deter-
minations for the Tombuk eruption and/or other events
from Kuwae caldera; and (3) the limited understanding
of the eruption magnitude, including factors such as
the climactic column height and the eruption duration.
Moreover, more robust local stratigraphic and chemi-
cal reconstruction of the eruption is needed to identify
possible eruptive phases and timing of climactic events,
including the possibility of more than one climactic
event.

A multi-disciplinary approach is essential in recon-
structing the history of the discovery of the Tombuk
eruption. The development of protocols for collabora-
tion between disciplines with such different methods of
enquiry and forms of evidence, and the maintenance of
independent lines of argument for each discipline, will
be essential in avoiding the earlier pitfalls of circular con-
firmation, such as the speculative identification of Tom-
buk with the initial ice core evidence and dates. Whether
or not Kuwae is confirmed as the source of one of the
mid-fifteenth century sulphate signals and its associated
global climatic effects, this contribution should provide a
template for similar enquiry elsewhere.
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