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Abstract Sometime during AD 1452, according to new
evidence, a large-magnitude, initially phreatomagmatic
eruption, destroyed the island of Kuwae (16.83°S, 168.54°E),
located in the present-day Republic of Vanuatu. It created a
12x6-km submarine caldera composed of two adjacent
basins. Based on estimates of caldera volume, between 30
and 60 km® DRE of dacite magma was ejected as pyroclastic
flow and fall deposits during this event. Annual layers of ice
dating from the period AD 1450-1460 contain acidity peaks
representing fallout of sulfuric acid onto both the Greenland
and Antarctic ice caps. These acidity peaks have been
attributed by others to the sedimentation of H,SO, aerosols
that originated from sulfur degassing during the Kuwae
eruption. Improved dating techniques and new data from
nineteen ice cores reveal a single acidity peak attributed to
Kuwae lasting from 1453 to 1457. In this study, we present
new electron microprobe analyses of the S, Cl, and F contents
of matrix glasses and glass inclusions in phenocrysts from
tephra ejected during the Kuwae eruption. We establish that
the Kuwae event did indeed yield a large release of sulfur
gases. From our glass inclusion data and analysis, we
calculate that the total atmospheric aerosol loading from the
1452 Kuwae eruption was »100 Tg H,SO,4. Much of the
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volatile mass released during the eruption was probably
contained in a separate, volatile-rich, fluid phase within the
pre-eruptive Kuwae magma body. Comparing the volatile
release of the Kuwae eruption with other large-magnitude
eruptions, places Kuwae as the greatest sulfuric acid aerosol
producer in the last seven centuries, larger even than sulfur
emissions from the eruption of Tambora (Indonesia) in 1815,
and possibly Laki (Iceland) in 1783. The severe and unusual
climatic effects reported in the mid- to late-1450s were likely
caused by the Kuwae eruption.

Keywords Volatile emissions - Caldera-forming
eruption - Vanuatu - Sulfate aerosols - Ice cores - Kuwae -
Fifteenth century

Introduction

A local legend in Vanuatu (SW Pacific) describes a
tremendous volcanic cataclysm that destroyed the large
island of Kuwae (16.83°S, 168.54°E). This great volcanic
event occurred sometime in the mid-fifteenth century AD
and formed the 12x6 km Kuwae submarine caldera
(Fig. 1), now separating the islands of Epi and Tongoa,
in the present-day Republic of Vanuatu (see Monzier et al.
1994; Robin et al. 1994b and references therein). The
Kuwae eruption is believed to have generated a significant
aerosol cloud, distributed in both hemispheres, based on
acidity data from polar ice cores (Delmas et al. 1992;
Zielinski 1995). Large caldera-forming eruptions such as
Kuwae, often have a significant, but short-term, impact on
Earth’s climate. Reports of severe weather, unusual
atmospheric optical effects (Pang 1993), and anomalously
low tree ring densities from this period, suggesting cool
summer conditions (Briffa et al. 1998), have also been
tentatively attributed to a AD 1452 eruption of Kuwae.
Explosive volcanic eruptions impact climate by injecting
sulfur (S) gases into the stratosphere, followed by conver-
sion of these gases into H,SO, (sulfate) aerosols which
absorb incoming radiation causing stratospheric heating
and tropospheric cooling (e.g., McCormick et al. 1995;
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Fig. 1 Kuwae submarine caldera located in the central portion of the Republic of Vanuatu in the southwest Pacific. Stars denote island
volcanoes that have erupted in the last five centuries

Robock 2000). The main purpose of the present study is to
examine, on petrological grounds (Devine et al. 1984;
Sharma et al. 2004), whether the Kuwae eruption could
have been a large producer of S gases and, thus sulfate
aerosols. We present results of major-element and volatile
(S, CI, F) analyses of glass inclusions and matrix glasses in
tephra from the Kuwae eruption and consider a variety of
scenarios to estimate total volatile emission. We also assess

Fig. 2 Kuwae submarine
caldera is bounded by the
islands of Epi and Tongoa as
well as the islets of Laika,
Tevala, and Fatumiala Rock.
Kuwae Caldera consists of NW
and SE basins, ~450 and

~250 m deep, respectively.
Bathymetric contour interval

is 100 m. Adapted from
bathymetric map from R/V Alis
cruises of 1991 and 1992,
published in Monzier et al.
(1994)
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S output by comparison with eruptions of arc magmas that
may harbor a co-existing, pre-eruptive, volatile-rich fluid
phase , so-called “excess sulfur” (e.g., Scaillet et al. 2003).

Together with the results of a companion study of bi-polar
ice-core acidity records in the 1450s (Gao et al. 2006), this
work strongly suggests that the Kuwae eruption was
responsible for the unusual climatic and optical effects
recorded in the 1450s. Our companion ice-core study
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indicates that the eruption year was 1452 and that it was
followed by a major global aerosol event lasting from 1453 to
1457. This was one of the greatest atmospheric aerosol clouds
of the last 1,000 years, probably even exceeding in mass that
caused by the eruption of Tambora in 1815 but smaller than
an aerosol mass reported ~1258-9 AD (Oppenheimer 2003).

Geologic setting of Kuwae caldera

Kuwae submarine caldera is located in the SW Pacific in
the central portion of the New Hebrides island arc (Fig. 1).
The 12x6 km diameter caldera is flanked by the islands of
Epi and Tongoa to the NW and SE respectively, as well as
the islets of Tevala and Laika to the NE, and Fatumiala
Rock to the south (Fig. 2). The greatest vertical relief on the
subaerial caldera wall is ~210 m on Tongoa. The caldera is
composed of two coalesced, basin-like collapse structures
(Robin et al. 1994b). The basin to the NW is the deeper of
the two at ~450 m while the SE basin reaches ~250 m
water depth. Seismic reflection data (Crawford et al. 1988)
suggests that the intra-caldera deposits may be up to 380 m
thick. Thus, total caldera subsidence during the caldera-
forming event may have been as great as 800—1,100 m
(Monzier et al. 1994), similar to more recent caldera
collapse events such as at Tambora (Indonesia) in 1815
(>1,000 m; Petrochevsky 1949). The two basins are
separated by the active Karua submarine volcano, a
predominantly basaltic cone ~1 km® in volume that last
erupted in 1974 forming a small ephemeral island. Monzier et
al. (1994) calculated that the Kuwae event yielded 32-39 km?®
DRE (dense rock equivalent) of magma based on caldera size
and morphology. They assumed that both basins formed
during the mid-fifteenth century cataclysm. The errors on this
estimate are not given by the authors but may be significant.

Much of Tongoa and Epi islands are thickly blanketed
with tephra (primarily ignimbrite) from the Kuwae erup-
tion. However, detailed field mapping of the deposits,
granulometric studies, and volume calculations based on
field data have not been possible because the majority of
the Kuwae eruptive products were deposited into the sea
and exposure on the islands (apart from the caldera walls) is
poor.

The regional geology of the Kuwae area suggests that
small-volume mafic eruptions dominate volcanism in
central Vanuatu, as is common throughout the New
Hebrides island arc (Barsdell and Berry 1990; Crawford
et al. 1988; Eggins 1993; Robin et al. 1993-1995). The
islands of Tongoa and Epi are littered with monogenetic
and polygenetic basalt to basaltic andesite scoria cones.
Crustal fractures, due to tectonic segmentation of the New
Hebrides arc (Taylor et al. 1995), may have provided
pathways for the ascent and eruption of mafic magma to
form these cones. Indeed, the products of the Kuwae
eruption are underlain by a thick pre-caldera succession of
thin, basalt to basaltic andesite lavas, intercalated with beds
of mafic scoria, exposed in the caldera walls on Tongoa and
Epi. Exposures of 5-20-m-thick sections of yellow,
palagonitized, planar to wavy-bedded, phreatomagmatic
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tephra are also present. Monzier et al. (1994) postulated
that the pre-eruption morphology of the Kuwae landmass
was much like present-day Tongoa, consisting of an
undulating landscape of numerous scoria cones with two
larger polygenetic volcanoes, centered above the NW and
SE basins of the present caldera. They suggest that these
polygenetic cones were the source vents for the many lava
flows now exposed in the caldera walls.

Eruption sequence and stratigraphy

The volcanic stratigraphy of the 1452 Kuwae eruption, the
last major event from this volcanic system and therefore the
uppermost deposits, was first deduced by Monzier et al.
(1994) and Robin et al. (1994b) from various exposures on
Tongoa and Laika, and in this study we follow their
scheme. Interpretation of the Kuwae stratigraphy was
further investigated during fieldwork conducted on Tongoa
by the first author in 1996. The eruption commenced with a
magmatic to phreatomagmatic explosive phase depositing
basaltic andesite scoria fall and surge beds. These pre-
climatic strombolian to surtseyan-style eruptions appear to
have occurred for some time (months?) as intraformational
gullying of the succession of scoria fall and surge beds is
seen. Rapid erosion of the loose pyroclastic beds was
probably due to tropical rainfall and/or ejection of water
from the vent (cf. Rotognaio ash; Walker 1981; Smith and
Houghton 1995). This period of mafic volcanism was
immediately followed by a large-scale eruption of dacite
magma, which included the deposition of a poorly
vesiculated juvenile dacite and lithic-clast-rich ignimbrite
lag breccia, as well as the volumetrically dominant non-
welded dacite ignimbrite. The transition from low flux,
wet/dry mafic volcanism to high flux, dry silicic volcanism
is marked by a dacitic layer of phreatomagmatic origin
(layer HDS of Monzier et al. 1994). This first episode of
dacite volcanism at Kuwae is thought to have resulted in
the collapse of the southeastern basin (Monzier et al. 1994).

The next phase of the eruption produced another dacite
phreatomagmatic layer (HD6 of Monzier et al. 1994), then
large-scale eruptive activity continued with the deposition
of thick dacitic welded ignimbrites now exposed on the
island of Laika. This second episode of dacite volcanism is
thought to have ended with the collapse of the northwestern
basin (Robin et al. 1994b). Infilling of the SE basin by
tephra from the NW vent is presumed to be the reason for
the difference in depth between the two basins.

For this study, samples of juvenile pyroclastic material
were taken from the lower scoria fall deposits, the lag
breccia, and non-welded ignimbrite deposits found in a sea
cliff exposure at Lupalea Point on the island of Tongoa.
These deposits represent the initial mafic outburst as well
as the first half of the climactic, ignimbrite-forming Kuwae
eruption. We assume our suite of samples is representative
of both the mafic and silicic portions of the eruption
products. However, it is important to mention that the
eruption of the initial mafic magma at Kuwae was
volumetrically minor, would not have involved high
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eruption columns and, therefore, is interpreted as not
having contributed to injection of S gas at stratospheric
altitudes.

Eruption timing and possible magnitude

Determining a precise date for the Kuwae eruption was
initially challenging. Radiocarbon dating of carbonized
logs in the ignimbrite, as well as collagen age dating of the
body of local Chief Ti Tongoa Liseiriki, who led post-
eruption resettlement, suggested an early-fifteenth century
date (Monzier et al. 1994). Northern hemisphere tree-ring
density studies by Briffa et al. (1998) supported a 1452 date
for the eruption, based on an interpreted, anomalously cold
year in 1453. Moreover, unusually severe weather and
atmospheric optical effects were reported in China and
Turkey in the early 1450s (Pang 1993; Simarski 1996).
However, ice core acidity peaks, attributed to the Kuwae
eruption, were given dates ranging from the late 1440’s to
the early 1460s. Our recent study of mid-fifteenth century
ice core acidity peaks reveals a four-year-long, high acidity
signal centered in the mid-1450s (Gao et al. 2006). This
finding suggests that the climactic part of the Kuwae
eruption yielded a short-lived atmospheric gas release, as
the acidity records are interpreted as containing only a
single major peak. Other contributing evidence comes from
unpublished trace element data (J-P Eissen, 1996, personal
communication), suggesting that the entire succession of
welded and non-welded dacite ignimbrites were erupted
from the same silicic magma body (Robin et al. 1994b).
Furthermore, Monzier et al. (1994) reported finding no soil
between the tephra layers that separate the first and second
ignimbrite-forming dacitic phases of the eruption in
outcrops in the caldera walls. From this lack of soil they
inferred there was no significant time-break between the
eruptions that formed the NW and SE basins. In summary,
current evidence suggests that the entire Kuwae caldera
likely formed in one continuous eruptive event in 1452.

There is little evidence, other than caldera-size, on which
to base an eruptlve magnitude estimate, and the existing
volume estimate is 32-39 km® (Monzier et al. 1994) This
value is probably a minimum and places Kuwae in the
same size range as the deposits produced from Tambora in
1815 (30-33 km?; Self et al. 2004), or slightly larger. We
note that essentlally two Tambora-size calderas (~6 km
diameter) are proposed to have formed. Unfortunately, in
the complete absence of data on deposit thickness distri-
bution, we cannot make a firm estimate of magnitude but
attempt below to place it within reasonable bounds.

A crude upper limit for the Kuwae magmtude would be
twice Tambora’s volume, or ~60 km>. In attempting to
propose a possible caldera size for the unknown AD 1257
eruption, Oppenheimer (2003) used an empirical relation-
ship between eruptive mass and caldera diameter. This
relationship, adapted to fit the accepted volumes (masses)
and known caldera diameters of the Tambora, Krakatau,
and Pinatubo island-arc eruptions, suggests that the Kuwae
caldera (diameter of a circle of equal area 8.7 km) could be

the result of a 1.3x10'* kg magma release (~52 km?), in
rough agreement with the 2x Tambora estimate. We also re-
assessed the caldera Volume and note that it could possibly
range from 23—56 km®, depending on estimated values for
collapse diameter, 1ntra-caldera fill depth, and the volume
of the volcanic edifice(s) engulfed during the cataclysm.
In light of the above considerations, we will use a range
of 30-60 km® magma volume for the Kuwae eruptlon in
later calculations. This is equivalent to 7.5x10" to
1.5x10'* kg at an ag)propnate density for the dacite
magma of 2,500 kg m ~, or a magnitude M6.9-7.2 (Mason
et al. 2004). We also assume that this mass is dominantly
dacite, and that any mafic magma ejected in the climactic
phases formed a subordinate, but indeterminable, proportion.

The Kuwae eruption record in ice cores

In a companion study of polar ice core records from both
hemispheres containing acidity signals attributed to the
fifteenth century eruption of Kuwae (Gao et al. 2006), we
have shown that there is a single, bi-hemisheric, long-
lasting signal from 1453—1457, found in nineteen ice cores
from both hemispheres signifying that the eruption
occurred in 1452. Although the Northern Hemisphere
(NH) and Southern Hemisphere (SH) polar acidity
concentrations vary spatially on each ice-cap, aerosol
fallout caused average acid (sulfate) deposition of 45 and
98 kg km ? in Greenland and Antarctica, respectively. One
conclusion from Gao et al. (2006) is that extrapolating from
individual or group values of ice acidity concentrations to
global aerosol burdens (cf. Delmas et al. 1992; Zielinski
1995) does not yield reliable estimates. However, what can
be determined is the ratio of acid deposition from one
eruption to another in the two polar ice-caps; for example
the average 1816 Tambora deposmon was 50 kg km 2 over
Greenland but only 59 kg km™ > over Antarctica. This result
suggests that the total global aerosol cloud from Kuwae
had a greater mass than that generated by Tambora, but the
data cannot be extrapolated to global amounts, nor to
determining a ratio between the total Tambora and Kuwae
aerosol masses. We also determined that the Kuwae acid
deposition was proportioned differently in each hemisphere
(SH=2xNH) to that of Tambora (SH~NH). This may
reflect the more southerly location of Kuwae (17 vs. 8°S)
and, possibly, a different atmospheric circulation regime in
1815 compared to that in 1452 (Gao et al. 2006).

The long duration of the ice core acidity signal attributed
to Kuwae (4 years; Gao et al. 2006) is indicative of a
considerable aerosol mass (~100 Tg). Large injections of
volcanic SO, may have caused stratospheric dehydration
(Bekki 1995; Bekki et al. 1996; Savarino et al. 2003),
which would have delayed conversion of SO, to sulfate
thus lengthening the duration over which aerosols formed.
Moreover, the Tambora eruption’s aerosol cloud, estimated
to have had a mass between 90 and 118 Tg (55-58 Tg SO»;
Self et al. 2004), serves as a useful comparison for the
Kuwae case.



1452 Kuwae eruption deposits: sample descriptions

Scoria fall deposit Individual clasts and a bulk sample
were collected from the lowermost scoria fall deposit of
the 1452 succession at Lupalea Point (labeled KUWSF in
the data tables; referred to as SF in the text for simplicity).
This unit is made up of black, well-vesiculated, scoria
clasts ~1-10 cm in diameter, in a matrix of palagonitized
yellow ash.

Dacitic ignimbrite Juvenile blocks were collected from the
lag breccia deposit (labeled KUWILB in data tables;
simply JLB in text) that overlies the scoria fall deposits
and underlies the non-welded pyroclastic flow deposits at
Lupalea Point. This deposit is rich in large (up to 30 cm)
poorly vesiculated bombs in a fines-depleted matrix. The
outer surfaces of these bombs are distinctly yellow while
the interiors are black and glassy. Clasts of pumice and
bulk deposit samples were also collected from the
massive, poorly sorted (fines-rich), pumice-and lithic-
rich, non-welded pyroclastic flow deposit (labeled
KUWPEFD in data tables; simply PFD in text) outcropping
at Lupalea Point. The pumices in this deposit are 1-8 cm
in diameter, buff in color and well-vesiculated.

Analytical methods

Minerals, matrix glasses, and glass inclusions in pheno-
crysts were analyzed for major-elements, and the glasses
for sulfur, chlorine, and fluorine, at the University of
Hawaii on a fully automated, wavelength-dispersive, five-
spectrometer, Cameca SX-50 electron microprobe. All
mineral analyses were conducted at 15 kV accelerating
voltage, 15 nA beam current, and 1 um beam diameter.
Major-element glass analyses were performed at 15 kV
accelerating voltage, 10 nA beam current, and 5 pm beam
diameter. For glass analyses, a counting time of 30 s was
used for the elements Si, Ti, Al, Fe, Mg, Ca, and K, 20 s for
Na, 80 s for Mn, and 100 s for P. Na was analyzed using a
PCO diffraction crystal instead of TAP. Precision (1) for
major elements is estimated at <1% for Si, Al, and Na; <2%
for Fe, Mg, Ca, K, and P; <3% for Ti; and <5% for Mn,
based on counting statistics.

Volatile elements S, Cl, and F were analyzed in glasses
using the CSIRO-trace routine of Robinson and Graham
(1992) with 15 kV accelerating voltage, 60 nA beam
current, 5 um focused beam, and a counting time of 400 s.
Analytical precision (10) based on counting statistics for
volatile elements are: S=+20 ppm, Cl==16 ppm and F=+
80 ppm. Troilite, Scapolite, and Apatite were used as
primary standards for S, Cl, and F, respectively. The glass
standards VG2 and A99 were used as secondary standards
and analyzed as unknowns for S, Cl, and F during each
analytical session. The S, Cl, and F values for both
secondary standards obtained in this study are in agreement
with those of Thordarson et al. (1996; see Table 1). The
concentration of H,O in the analyzed glass inclusions was
estimated using the difference technique (100 wt%—
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analytical total of major and volatile elements; Anderson
1974; Sisson and Layne 1993; Devine et al. 1995). While
this method may give crude estimates, the results obtained
are generally comparable with values determined using
other techniques, and are deemed reasonable.

Major element oxides in whole rock samples were
analyzed at the University of Hawaii by X-ray fluorescence
(XRF) using a fully automated, wavelength-dispersive
Siemens SRS 303 AS instrument with an Rh target X-ray
tube, following the method of Norrish and Hutton (1969).
Major element oxide abundances in the matrix glass of the
dacite pumices from Kuwae were also analyzed by
Activation Laboratories in Ancaster, Ontario, Canada by
ICP-MS. The bulk sulfur concentration in the dacite
pumice matrix glass was obtained by LECO analysis,
performed by Activation Labs.

Results

For a more complete description of the mineralogy and
petrology of Kuwae tephra see Witter (1997). Relevant
aspects of that study are summarized here.

Whole-rock chemistry and mineralogy

Whole rock, major-element compositions of scoria and
pumice are shown in Table 2. Samples SF and PFD are
basaltic andesite and dacite, respectively, according to the
classification system of LeBas et al. (1986). Published
whole-rock analyses of similar rock samples from Robin et
al. (1994b) are included in Table 2. Robin et al.’s whole-
rock analysis of a dense juvenile block from layer HD5
(dacite) is analogous to our sample JLB based on
stratigraphic position and texture.

Modal mineralogy and vesicularity were estimated by
point counting ~1,000 points per thin section (Table 3).
Phenocryst phases in the basaltic andesite (SF) in order of
decreasing abundance are: plagioclase, olivine, magnetite, +
clinopyroxene. SF has a vesicle-free phenocryst content of

Table 1 Representative microprobe analyses of international stan-
dards using the CSIRO trace routine

VG2 S Cl F n
Reported” 1365 316 300 139
SD 29 19 72

This study 1331 295 219 8
SD 23 16 77

A99 S Cl F N
Reported® 220 227 765 42
SD 12 20 79

This study 200 224 583 8
SD 15 16 82

SD = standard deviation (10)
N = number of analyses
*Values reported by Thordarson et al. (1996)
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Table 2 Whole-rock XRF analyses from this study as well as whole-rock analyses of similar samples from Robin et al. (1994b)

Label KUWSF HDI1-T2C HDS5-T2J KUWPFD PFD2-T2N PFDI1-T4A PFD2-T4B
Ref. This study Robin et al. 1994b Robin et al. This study Robin et al. Robin et al. Robin et al.
SiO, 52.39 51.92 64.33 63.05 62.49 64.43 63.91
TiO, 0.89 0.83 0.60 0.62 0.61 0.60 0.61
Al,O4 18.17 18.31 15.37 17.06 16.00 15.53 15.61
FeO*® 11.07 10.45 6.35 6.46 6.69 6.25 6.28
MnO 0.19 0.19 0.15 0.15 0.16 0.15 0.15
MgO 3.94 3.87 1.71 1.65 2.05 1.68 1.78
CaO 9.76 9.86 4.80 5.11 5.73 4.80 5.04
Na,O 2.26 2.99 3.93 343 3.77 3.80 391
K,0 1.07 1.28 2.51 2.24 2.27 2.50 2.47
P,0s5 0.26 0.30 0.24 0.22 0.23 0.25 0.24
Total® 100.00 100.00 99.99 100.00 100.00 99.99 100.00
Sample HD5-T2J is representative of our sample KUWJLB

30xide values have been recalculated to 100%

Total Fe as FeO*

20 vol.% and a vesicularity of 63%. Phenocryst phases in  Pyroxene

the dacite samples (JLB and PFD) in order of decreasing
abundance are: plagioclase, clinopyroxene, magnetite,
orthopyroxene, + olivine, + rare sulfide. The juvenile bomb
from the lag breccia (JLB) and the pumice from the
pyroclastic flow deposit (PFD) are mineralogically very
similar, although the lag breccia clast is much less vesicular
than the pumice (30% vs. 64% vesicularity) and has a slightly
lower vesicle-free phenocryst content (11 vs. 13 vol.%).

Plagioclase

Plagioclase phenocrysts in the dacite samples (JLB and
PFD) commonly have normal, reverse, and oscillatory
zonation. Many crystals have large embayments, sieve-
textured interiors, and/or are riddled with glass inclusions.
Some crystals are fractured while most are subhedral to
anhedral; compositions span the range Ans;_o,. Plagioclase
phenocrysts in the basaltic andesite sample (SF) are similar
to those in the dacite, having variable zonation, large
embayments, and many glass inclusions. However, the
compositional range is more limited at Ans,_gg.

Clinopyroxene phenocrysts in the dacite samples (JLB and
PFD) are reverse, normal, and oscillatory zoned and have
compositions that cover the range Wo39_49 Engg 49 Fs3 0.
Orthopyroxene phenocrysts occur only in the dacite
samples; compositions have the range Wosz 4 Engs ¢9
Fs,53>. Most orthopyroxene crystals have reverse zonation
from core-to-rim. Clinopyroxene phenocrysts in the
basaltic andesite (SF) are unzoned and have the composi-
tion WO45 El’l47 FSg.

Olivine

Olivine phenocrysts were not observed in the dacite lag
breccia (JLB) samples and are rare in the dacite pumice
(PFD) where they are euhedral, unaltered, unzoned and
have the composition Fo;;_74. Olivine phenocrysts from
the basaltic andesite scoria (SF) have compositions ranging
from Foy4 74 and also lack zonation.

Table 3 Modal analyses of representative samples in vol.% based on 1,000 points per thin section

Sample Deposit Plag  Cpx Opx Ol Mgt Sulfide X xls Grndmss  Ves 3 xls ves free
KUWPFD  Pyroclastic flow 33 0.9 0.2 <0.1 0.4 <0.1 4.8 31.6 63.6 13.2
KUWIJLB  Juvenile lag breccia 5.1 1.3 0.3 0 0.6 <0.1 7.3 62.5 30.2 10.5
KUWSF Scoria fall 7 <0.1 0 0.2 <0.1 0 7.2 29.6 63.2 19.6

Plag plagioclase; Cpx clinopyroxene; Opx orthopyroxene; O/ olivine; Mgt magnetite; X' xIs total
Vol.% crystals; Grndmss groundmass (matrix glass and minerals <0.05 mm); Ves vesicles; X xIs ves free total vol.% crystals on a vesicle-free

basis, i.e., % xIs/(% xIs + grndmss)
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Glass chemistry andesite scoria sample (SF) has basaltic andesite matrix glass
(52-53 wt% Si0,).
Matrix glass Average matrix glass volatile contents (+10) for dacite

pumice (PFD) are: 232426 ppm S, 1492492 ppm Cl, 330+
Twenty-four major-element and 23 wvolatile (S, Cl, F) 89 ppm F, and 0.44+0.2 wt% H,O (n=8; Table 4). Sulfur
analyses of matrix glass in Kuwae tephra were performed by analysis of PFD matrix glass by LECO yielded 310 ppm S;
electron microprobe (Figs. 3 and 4; Table 4). Each analysis slightly higher than the microprobe result. Average matrix
represents a single point in the matrix glass. The dacite glass volatile contents (£10) for the dacite lag breccia
pumice and lag breccia samples (PFD and JLB) have matrix  (JLB) are: 234+33 ppm S, 1312+185 ppm Cl, 403+44 ppm
glasses which are also dacite in composition; 64—65 wt% F, and 0.2+0.4 wt% H,O (n=12; Table 4), within error of
Si0, and 65-67 wt% Si0O,, respectively (Fig. 3). The basaltic those from the dacite pumice.
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The matrix glass of the basaltic andesite sample (SF) has
lower S and Cl contents (119+14 ppm S and 358+42 ppm
Cl) than the dacite. SF matrix glass, and also contains 371+
86 ppm F and <0.5 wt% H,O (n=3; Table 4), results which
are similar to those from the dacite.

Glass inclusions

Brown, black, and colorless glass inclusions up to 100 pm
in maximum dimension are found in phenocrysts of
plagioclase, clinopyroxene, orthopyroxene, and olivine,
and are particularly abundant in plagioclase. Most glass
inclusions average 20-40 pum across and are commonly
elliptical in shape with the long axis of the inclusion
parallel to mineral cleavage. Some glass inclusions contain
small vapor bubbles (~5 um) but these bubbles take up
only a small proportion (<10%) of the inclusion. Most
analyzed glass inclusions are small, such that only a single
electron-microprobe analysis was made within each.
Thirty-nine major-element and 38 volatile-element
analyses were performed on glass inclusions in phenocrysts
in the dacite samples (PFD and JLB; Table 5). Glass
inclusions found in phenocrysts in these samples cover a
large compositional range from basalt to dacite (Fig. 3).
Orthopyroxene phenocrysts contain only dacite glass
inclusions while clinopyroxene phenocrysts contain dacite,
andesite, and basaltic andesite glass inclusions. Glass
inclusions found in plagioclase cover the entire composi-
tional range from basalt to dacite. Olivine phenocrysts in
the dacite contain basaltic glass inclusions (Fig. 5).
Fifteen major- and volatile-element analyses were
performed on glass inclusions in plagioclase phenocrysts
in basaltic andesite scoria (SF; Table 5). These range in
composition from basalt to basaltic andesite (Fig. 3). One

glass inclusion in olivine from SF yielded a basaltic
andesite composition; however, an analytical total of
100 wt% suggests that it may be degassed or a re-entrant
and may not accurately represent pre-eruptive magmatic
compositions. As such, it was rejected from our dataset.

Major-element analyses of glass inclusions identify a
wide variety of compositionally distinct silicate melts
preserved in phenocrysts in Kuwae tephra. Dacite glass
inclusions in the dacite pumice (PFD) are hosted by
orthopyroxene, clinopyroxene, and plagioclase and have
lower average silica and alkali contents and higher average
MgO contents compared to dacite glass inclusions in
clinopyroxene and plagioclase in the dacite lag breccia
(JLB; Table 5, Fig. 5). Dacite glass inclusions in
phenocrysts in the dacite pumice (PFD) average (£10):
332468 ppm S, 1732+186 ppm Cl, 424+84 ppm F, and
4.340.6 wt% H,O (n=16; Table 5, Fig. 6). Dacite glass
inclusions in phenocrysts in the dacite lag breccia (JLB)
have S, Cl, F, and H,O contents (351£107 ppm S, 1908+
174 ppm Cl, 573£107 ppm F, 3.3£0.6 wt% H,O, n=4;
Table 5, Fig. 6) that are within error of those in the dacite
pumice (PFD). The glass inclusions in phenocrysts in the
lag breccia clasts are slightly more evolved than those in
the pumice, possibly due to a slower cooling regime.
Regardless of the cause of these minor compositional
differences, we contend that the dacite glass inclusions in
phenocrysts in both the dacite pumice and lag breccia have
their origins in the same dacite melt. It is also noted that the
higher H,O contents indicated by our data are similar to
those obtained from experimental work on Pinatubo dacite
(<6 wt%, Scaillet and Evans 1999) at similar pressure and
temperature conditions to those envisaged for the Kuwae
dacite.

In contrast to dacite glass inclusions, andesite glass
inclusions, hosted by plagioclase in PFD and clinopyrox-
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Table 4 Electron microprobe analyses of matrix glasses in Kuwae tephra. All data reported as wt% oxides except S, Cl, and F which are

reported in ppm

KUWPFD: Dacite pumice

Label SiO, TiO, ALO; Fe;0O3 FeO MnO MgO CaO Na,0O K,O P,Os Total S Total VDB
KUWPFD96* 62.75 0.56 16.23 0.39 6.10 0.14 1.53 487 395 229 022 99.03 310

Label Si0, TiO, ALO; FeO* MnO MgO CaO Na,0O K,0 P,0Os S Cl F Total VBD
kuw2mtrx1 64.73 0.76 15.10 5.82 0.17 150 4.68 3.53 2.68 030 270 1611 280 99.47 0.5
kuw2mtrx4 65.31 0.75 15.16 598 0.17 157 430 343 266 025 187 1444 433 99.78 0.2
kuw2mtrx5 64.80 0.73 15.01 6.01 0.16 153 460 3.57 276 026 244 1550 368 99.63 04
kuw2mtrx6 64.87 0.69 1497 5091 0.14 157 438 353 270 024 217 1474 203 99.19 0.8
kuw2mtrx7 64.75 0.79 15.13 5.70 0.14 150 454 386 281 027 257 1497 404 99.71 0.3
kuw 1mtrx1 64.50 0.69 1498 6.35 020 1.64 466 3.67 254 027 219 1300 246 99.67 0.3
kuw3mtrx 1 6443 0.77 1492 642 0.13 1.64 476 3.68 263 027 227 1532 278 99.84 0.2
kuw3mtrx3 64.40 0.80 1497 6.02 0.19 1.60 473 3.67 267 024 236 1525 426 9949 0.5
Average 64.72 0.75 15.03 6.03 0.16 157 458 3.61 268 026 232 1492 330 99.60 0.4
10 SD 030 0.04 0.09 0.25 0.02 0.06 0.16 0.13 0.08 0.02 26 92 89 0.21 0.2
KUWILB: Juvenile dacite lag breccia

Label SiO, TiO, AlLO; FeO* MnO MgO CaO Na,O K,O P05 S Cl F Total VBD
hd52mtrx1 65.12 0.71 1521 5.68 0.18 140 4.18 4.08 273 025 277 1582 422 99.76 0.2
hd52mtrx2 65.14 0.69 15.07 5.56 0.13 139 401 411 272 025 219 1419 417 9925 0.7
hd52mtrx3 67.31 0.71 1539 4.13 0.13 098 338 413 3.08 025 265 1502 502 99.71 0.3
hd52mtrx4 66.84 0.74 1553 4.57 0.15 1.10 3.51 425 3.00 025 18 1098 396 100.10 -0.1
hd52mtrx5 65.61 0.74 1529 5.51 0.15 138 408 411 276 025 200 1382 373 100.08 —0.1
hd52mtrx6 66.25 0.73 1530 5.03 0.11 126 379 410 285 025 184 1065 361 99.81 0.2
hd51mtrx1 6521 0.66 15.19 5.78 0.19 140 417 390 274 027 230 1012 355 99.67 03
hd51mtrx2 65.77 0.75 15.12 5.13 0.12 124 378 410 284 024 239 1386 450 99.29 0.7
hd51mtrx3 65.67 0.76 1528 5.58 0.14 133 399 409 276 025 250 1232 401 100.03 0.0
hd51mtrx4 66.79 0.70 1543 431 0.11 111 337 427 296 025 277 1497 392 99.51 0.5
hd51mtrx5 66.24 0.68 1538 547 0.13 131 393 415 276 025 NA NA NA 100.30 -0.3
hd51mtrx6 66.31 0.73 1540 522 0.11 128 390 413 281 0.25 218 1346 417 100.33 —0.3
hd51mtrx7 66.82 0.75 1532 4.50 0.15 111 3.62 415 276 023 257 1227 347 99.58 0.4
Average 66.08 0.72 1530 5.11 0.14 125 382 412 283 025 234 1312 403 99.80 0.2
lo SD 0.72 0.03 0.13 0.56 0.02 0.14 028 0.09 0.11 0.01 33 185 44 0.35 0.4
KUWSF: Basaltic Andesite Scoria

Label Si0, TiO, AlLO; FeO* MnO MgO CaO Na,0O K,0 P05 S Cl F Total VBD
kuwsfmtrx 1 5323 1.33 1450 1247 0.19 461 9.00 3.35 1.81 046 127 340 272 101.02 -1.0
kuwsfmtrx2 52.08 1.54 1299 1385 025 528 887 207 209 042 103 329 414 9952 0.5
kuwsfmtrx3 52.86 140 1458 13.02 025 487 843 204 242 042 126 406 427 10039 —04
Average 52.72 142 1402 13.11 023 492 877 249 211 043 119 358 371 10031 -0.3
Is SD 0.59 0.11 090 0.69 0.03 034 030 075 031 0.02 14 42 8 0.75 0.8

*Matrix glass of sample KUWPFD analyzed for major elements by ICP-MS, Fe,O5/FeO ratio by titration, and S by LECO at Activation

Labs, Ancaster Ontario, Canada

FeO* total iron. VBD (volatiles by difference) is calculated from 100 wt%—(sum of oxides and volatile elements)

NA not analyzed; SD standard deviation

ene in JLB, are highly variable in their volatile content.
Plagioclase-hosted andesite glass inclusions in PFD
average (+10) 685+207 ppm S, 2508+457 ppm Cl, 501+
55 ppm F, and 5.0+0.5 wt% H,O (n=4; Table 5, Fig. 6).
Clinopyroxene-hosted andesite glass inclusions in JLB
average (£lo) 860+£336 ppm S, 1389+33 ppm Cl, 322+
191 ppm F, and 3.9+0.2 wt% H,O (n=2; Table 5, Fig. 6).
Our data suggests that there may be at least five andesite
melts with compositionally distinct volatile contents
preserved in glass inclusions in Kuwae dacite phenocrysts.

Basaltic andesite glass inclusions are found in clinopy-
roxene and plagioclase phenocrysts in PFD, and in
plagioclase phenocrysts in SF. Silica contents are similar
(53 wt% Si0O,) regardless of host phenocryst or bulk rock
composition (Fig. 5), however, P,Os is lower in glass
inclusions in phenocrysts in PFD (0.26+0.03 wt% P,Os)
compared with SF (0.41+£0.03 wt% P,0s). In addition,
except for fluorine, basaltic andesite glass inclusions in
phenocrysts in PFD are more volatile-rich than those in SF
(Fig. 6). Basaltic andesite glass inclusions in PFD average
(x10) 10724210 ppm S, 11874108 ppm Cl, 345110 ppm
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Table 5 Electron microprobe analyses of glass inclusions in phenocrysts in Kuwae tephra

Label Size (um) SiO, TiO, AlLO3; FeO* MnO MgO CaO Na,O K,0 P,Os S Cl F  Total VBD
KUWPFD Dacite glass inclusions in orthopyroxene host
kuw3opx4inclbl  35%x42 64.60 0.70 1422 571 0.16 096 3.62 3.16 2.69 0.23 303 1824 275 96.29 3.7
kuw2opx25inclal  60x40 63.13 0.77 1446 583 0.16 1.32 4.10 2.80 2.60 0.27 424 1607 432 95.68 4.3
Average 63.87 0.73 1434 577 0.16 1.14 3.86 298 2.65 0.25 364 1716 354 95.99 4.0
lo SD 1.04 0.05 0.17 0.09 0.00 025 033 026 0.06 0003 8 153 111 043 04
KUWPFD Dacite glass inclusions in clinopyroxene host
kuw3cpx7inclal ~ 73%x65 6520 0.73 14.00 5.03 0.17 1.08 3.52 3.09 2.79 0.21 295 1768 445 96.08 3.9
kuw3cpx7inclbl  53x54 6490 0.65 13.80 5.17 0.15 096 343 3.02 2.79 022 262 1726 434 9531 4.7
kuw3cpx7inclcl  24x20 66.57 0.65 13.13 4.80 0.11 0.62 2.73 2.69 296 0.16 215 1863 440 94.67 5.3
kuw3cpx7incldl ~ 75%88 62.76 0.74 14.64 567 0.16 1.32 4.09 328 2.56 0.27 409 1752 533 95.75 4.2
kuw3cpx6inclal ~ 40x100 irreg.  63.55 0.81 15.11 5.53 0.13 098 3.54 246 270 026 357 1791 516 9533 4.7
kuwlcpx7incla 39x54 64.89 0.74 1435 550 0.17 1.15 3.60 232 2.69 0.20 382 1633 527 95.84 4.2
kuw1epx7inclc 30%x20 66.06 0.84 14.44 492 0.14 1.03 3.54 3.06 2.70 0.14 394 1594 370 97.10 2.9
Average 64.85 0.74 1421 523 0.15 1.02 349 285 274 021 331 1732 466 95.72 43
lo SD 1.33 0.07 0.64 034 0.02 021 040 036 0.13 005 74 92 61 0.76 0.8
KUWPFD Dacite glass inclusions in plagioclase host.
kuw3plaglOinclal 29x27 63.11 0.69 1429 526 0.14 132 4.06 320 269 025 205 1692 334 95.23 438
kuw3plag2inclal = 33x35 62.61 0.73 1435 536 0.14 1.34 3.69 324 2.80 035 361 1500 468 94.84 5.2
kuw3plag2inclel  45%45 62.70 0.72 1476 5.66 0.13 1.50 4.17 3.81 2.67 0.28 309 1704 474 96.64 3.4
kuw3plag2incldl  45%30 64.16 0.73 1427 5.11 0.12 1.35 3.77 320 271 036 299 1411 526 96.01 4.0
kuw2plagl8inclal 25x20 64.78 0.72 14.68 438 0.13 0.84 324 3.19 3.07 0.21 304 2258 380 95.52 4.5
kuwlplagdinclal 53%x74 irreg.  62.65 0.73 14.62 537 0.12 1.41 4.15 3.54 261 026 398 1803 316 95.70 4.3
kuw3plag3inclal  100x100 irreg. 62.68 0.64 14.62 522 0.18 134 395 328 278 024 396 1782 310 95.17 4.8
Average 63.24 0.71 14.51 519 0.14 1.30 3.86 3.35 2.76 0.28 325 1736 401 95.59 4.4
lo SD 0.87 0.03 020 040 0.02 021 033 024 0.15 006 68 272 87 0.60 0.6
KUWPFD Dacite glass inclusions in all host minerals.
Si0, TiO, AlLO3; FeO* MnO MgO CaO Na,0O K,0 P,0s S Cl F Total VBD
Average 64.02 0.72 1436 528 0.15 1.16 3.70 3.08 2.74 0.24 332 1732 424 95.70 43
lo SD 1.30 0.05 045 038 0.02 024 039 037 0.13 006 68 18 84 0.64 0.6
KUWPFD Andesite glass inclusions in plagioclase host.
Label size (Lm) SiO, TiO, AlLO3 FeO* MnO MgO CaO Na,O K,0O P,Os S Cl F  Total VBD
kuw3plag2inclbl 4030 59.52 097 1448 6.69 0.19 1.73 441 320 2.52 028 529 2113 461 94.30 5.7
kuw3plagdinclal  22x9 60.28 1.12 14.17 7.00 0.20 1.68 4.16 3.09 2.73 0.25 508 2153 517 95.00 5.0
kuw3plag3inclbl  44x35 57.30 1.30 13.93 9.27 0.25 249 5.07 3.02 2.16 028 760 2702 572 95.46 4.5
kuw3plag3inclel  30%30 57.89 124 14.13 870 0.22 2.10 4.73 296 240 027 944 3062 454 95.08 4.9
Average 58.75 1.16 14.18 792 0.21 2.00 4.59 3.07 245 027 685 2508 501 94.96 5.0
lo SD 1.39 0.14 023 126 0.03 0.38 040 0.10 0.24 0.01 207 457 55 048 0.5
KUWPFD Basaltic andesite glass inclusions in clinopyroxene host
Label size (um) SiO, TiO, AlLO3; FeO* MnO MgO CaO Na,O K,0 P,O>s5 S Cl F  Total VBD
kuwlcpxlinclb 40x40 53.53 099 17.04 9.00 0.17 2.63 647 3.04 142 024 1081 1009 189 94.75 5.3
kuwlcpxlincle 40x30 52.79 097 16.40 1025 0.17 340 733 278 124 024 1110 1318 366 95.85 4.1
kuwlcpxlincld 30x20 53.86 1.20 17.15 9.71 0.19 239 643 293 132 0.27 1421 1238 211 95.73 43
kuwlcpxlincle 70x70 irreg.  52.82 0.94 16.09 10.66 0.18 3.23 7.62 3.05 130 0.28 1108 1172 495 96.44 3.6
Average 5325 1.03 16.67 991 0.18 291 696 295 132 0.26 1180 1184 315 95.69 4.3
lo SD 0.53 0.12 0.51 0.72 0.01 048 0.60 0.13 0.08 0.02 161 131 143 0.70 0.7
KUWPFD Basaltic andesite glass inclusions in plagioclase host
kuw3plag8inclal ~ 42x35 52.07 1.01 13.81 1143 0.21 4.60 7.39 2.63 152 022 1021 1267 429 95.16 4.8
kuwlplag5inclal ~ 73x51 52.16 1.03 1491 10.83 0.24 4.27 794 244 130 0.23 900 1105 393 95.57 4.4
kuwlplag5inclb  32x32 5341 0.74 1395 10.39 0.17 4.19 7.52 248 147 030 663 1055 449 94.82 5.2
kuwlplagSincle  35%43 52.07 1.26 12.45 12.09 0.26 4.97 7.60 2.50 1.41 0.25 1234 1248 241 95.12 49
kuwlplagbincla2  60x60 52.09 1.02 15.41 1046 0.23 3.92 8.73 327 1.13 0.27 1107 1272 328 96.80 3.2
Average 52.36 1.01 14.11 11.04 022 4.39 7.83 2.66 136 0.25 985 1189 368 95.50 4.5
lo SD 0.59 0.18 1.14 0.72 0.03 040 0.54 035 0.16 0.03 217 102 85 0.78 0.8
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Label Size (um) SiO, TiO, AlLO; FeO* MnO MgO CaO Na,O K,0 P,Os S Cl F  Total VBD
KUWPFD Basaltic andesite glass inclusions in all host minerals.
Average 52.75 1.02 1524 10.54 0.20 3.73 745 2.79 134 0.26 1072 1187 345 95.58 4.4
lo SD 071 0.15 1.60 090 0.04 088 0.70 0.30 0.12 0.03 210 108 110 0.70 0.7
KUWPFD Basalt glass inclusions in plagioclase host
Label Size (um) SiO, TiO, AlLO3 FeO* MnO MgO CaO Na,O K,0 P,.0s S Cl F  Total VBD
kuwlplag2inclel  69%75 50.77 1.13 1337 1149 0.28 4.82 920 196 0.70 026 1163 1107 481 94.25 5.7
kuwlplag2inclel  45x50 5043 1.12 13.27 12.54 0.27 499 798 1.77 1.00 0.25 1331 1520 546 93.98 6.0
Average 50.60 1.13 1332 12.02 0.28 491 859 1.87 085 026 1247 1314 514 94.12 5.9
1o SD 024 0.01 0.07 0.74 0.00 0.12 0.86 0.13 022 0.01 119 292 46 020 02
KUWPFD Basalt glass inclusion in olivine host
kuw3ollinclal 10x10 48.49 097 18.26 1098 0.21 697 7.84 1.15 097 023 897 1048 103 96.28 3.7
KUWIJLB Dacite glass inclusions in clinopyroxene host
Label Size (um) SiO, TiO, AlLO; FeO* MnO MgO CaO Na,O K,O0 P,Os S Cl F  Total VBD
hd51cpxlinclb 21x30 66.47 0.52 1356 422 0.11 096 323 3.78 277 0.13 254 1893 526 96.01 4.0
hd51cpx6incla 28%30 67.07 0.73 1482 391 0.05 046 2.16 3.67 327 023 280 1974 615 96.64 3.4
hd52cpx10incla  25%25 63.70 0.69 1520 5.88 0.13 040 320 426 290 0.27 488 1677 451 96.89 3.1
hd52cpxxincla 40%40 66.77 0.72 1495 3.61 0.14 039 290 421 3.12 025 381 2088 698 97.37 2.6
Average 66.00 0.66 14.63 4.41 0.10 0.55 2.87 398 3.02 0.22 351 1908 573 96.73 3.3
lo SD 1.55 0.10 0.73 1.01 0.04 027 0.50 030 022 0.06 107 174 107 0.57 0.6
KUWILB Dacite glass inclusion in plagioclase host
hd52plag3incla  NR 66.25 0.46 1437 431 0.17 0.84 3.73 434 351 0.14 NA NA NA 98.12 NA
KUWIJLB Dacite glass inclusions in all host minerals.
Average 66.05 0.62 14.58 439 0.12 0.61 3.04 405 3.11 0.20 351 1908 573 97.01 3.3
lo SD 1.35 0.13 0.64 088 0.05 027 0.57 030 029 0.06 107 174 107 0.79 0.6
KUWILB Andesite glass inclusions in clinopyroxene host
Label Size (um) SiO, TiO, AlLO3 FeO* MnO MgO CaO Na,O K,0O P,Os S Cl F  Total VBD
hd51cpx2incla 40x80 60.62 0.69 16.64 6.78 0.16 0.90 3.55 423 225 0.18 622 1365 457 96.23 3.8
hd51cpx2inclb 35%85 58.49 0.68 18.50 6.21 0.19 1.23 421 3.88 2.07 0.23 1097 1412 187 95.96 4.0
Average 59.55 0.69 17.57 6.49 0.18 1.06 3.88 4.06 2.16 020 860 1389 322 96.10 3.9
1o SD 1.5s1 0.01 132 040 0.02 023 047 025 0.13 0.04 336 33 191 0.20 0.2
KUWSF Basaltic Andesite inclusions in plagioclase host
Label Size (um) SiO, TiO, AlLO;z; FeO* MnO MgO CaO Na,O K,0 P,Os S Cl F Total VBD
kuwsfplaglinclb ~ 54x32 5271 1.30 15.11 10.44 0.21 420 850 2.70 2.12 042 237 429 355 97.81 2.2
kuwsfplagSinclb  45%x45 52.13 1.24 14.89 1021 0.16 4.16 8.08 2.80 2.25 044 188 339 494 96.46 3.5
kuwsfplagbincla  30x30 52.54 1.34 1392 1195 024 476 8.03 2.14 230 0.40 432 415 431 97.75 23
kuwsfplagZincla  14x22 53.78 1.23 1299 11.30 0.22 485 7.44 2.84 246 036 489 439 396 97.60 2.4
Average 52.79 1.28 1423 1098 0.21 449 8.01 2.62 228 041 337 406 419 97.41 2.6
lo SD 0.70 0.05 097 080 0.03 036 044 033 0.14 003 146 45 59 064 0.6
KUWSF Basalt inclusions in plagioclase
Label Size (um) SiO, TiO, AlLO3 FeO* MnO MgO CaO Na,O K,O P,Os S Cl F  Total VBD
kuwsfplaglincla  35x47 51.67 1.20 15.03 11.21 0.21 4.64 870 293 199 042 536 416 385 98.13 1.9
kuwsfplag2incla  37x48 irreg.  51.19 1.24 14.88 11.32 0.24 4.51 893 2.81 194 041 598 458 515 97.63 2.4
kuwsfplag2inclb  35x35 51.33 1.21 1489 11.29 0.23 4.58 880 2.71 2.03 038 587 400 506 97.60 2.4
kuwsfplag3incla  40%30 51.19 1.34 1320 12.84 0.22 520 937 2.66 1.69 043 411 248 147 98.22 1.8
kuwsfplag3inclb  135%x60 irreg.  50.86 1.28 15.01 11.20 0.21 4.61 883 294 184 040 628 416 387 97.32 2.7
kuwsfplagdincla  29x29 51.07 1.12 14.82 11.53 0.19 4.57 849 2.69 2.09 0.38 524 435 477 97.09 2.9
kuwsfplagdinclb  34x61 5135 126 14.16 11.37 0.19 4.89 8.03 2.52 221 038 602 460 327 96.50 3.5
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Table 5 (continued)

Label Size (um) SiO, TiO, AlLO; FeO* MnO MgO CaO Na,O K,0 P,Os S Cl F  Total VBD
kuwsfplagxincla ~ 74x71 51.36 1.28 14.67 11.50 0.21 4.77 8.56 3.18 2.06 040 576 408 466 98.14 1.9
kuwsfplagxinclb  100x70 5091 1.16 14.85 11.75 0.22 4.64 8.71 2.77 177 043 598 362 270 97.33 2.7
kuwsfplagxincle ~ 40x40 51.36 1.24 1499 11.12 0.23 4.60 8.65 2.85 2.07 0.38 565 398 497 97.64 2.4
kuwsfplagyincla  44x139 irreg.  51.31 1.24 1443 1148 021 4.77 847 2.85 2.16 040 660 480 405 97.47 2.5
Average 51.24 1.23 14.63 11.51 021 4.71 8.69 2.81 1.99 040 571 407 398 97.55 24
lo SD 023 0.06 054 048 0.02 020 0.33 0.17 0.16 0.02 66 63 114 0.51 0.5

All data reported as wt% oxides except S, Cl, and F which are reported in ppm. The dividing line between dacite and andesite is 63 wt%
SiO, according to LeBas et al. (1986), however, we grouped glass inclusions with >62.5 wt% SiO, as dacite for naming convenience.
FeO* total iron; VBDﬁgvolatiles by difference) is calculated from: 100 wt%—(sum of oxides and volatile elements)

um micrometers = 10

F, and 4.4+0.7 wt% H,O (n=9; Table 5). Basaltic andesite
glass inclusions in SF average (+10) 337+146 ppm S, 406+
45 ppm Cl, 419£59 ppm F, and 2.6+0.6 wt% H,O (n=4;
Table 5). Thus, our data identifies two compositionally
distinct basaltic andesite melts preserved in glass inclu-
sions in phenocrysts in Kuwae tephra.

Plagioclase phenocrysts containing basaltic glass inclu-
sions are found in both the dacite pumice (PFD) and the
basaltic andesite scoria (SF). One basaltic glass inclusion in
olivine in PFD was also found. The compositions of the
basaltic glass inclusions are distinct in each of these three
cases. Although the plagioclase-hosted basaltic glass
inclusions in PFD and SF have similar SiO, contents
(51 wt%), those in PFD have lower alkali and P,Os
contents and higher volatile contents compared to those in
SF (Fig. 5, Table 5). Basaltic glass inclusions in plagioclase

Fig. 5 Averages of selected
major element oxide compo-
nents in glass inclusions and
matrix glasses according to host

@ Dacite Glass Inclusions
B Andesite Glass Inclusions

m; NA not applicable; NR = not reported; irreg irregular shape
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Cl, 514446 ppm F, and 5.9+0.2 wt% H,O (n=2; Table 5,
Fig. 6). Again, it is noted that the high H,O contents
indicated are similar to those obtained under experimental
conditions with other basaltic andesite melts (Pichavant et
al. 2002).

Basaltic glass inclusions in plagioclase in SF average
(x1o) 571+66 ppm S, 407+63 ppm Cl, 398£114 ppm F,
and 2.4+0.5 wt% H,O (n=11; Table 5, Fig. 6). The basaltic
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distinct. Compared with the basaltic glass inclusions hosted
by plagioclase it has lower silica (48.5 wt% SiO,) and
lower alkali contents, higher MgO and Al,0O;, and an
intermediate volatile content: 897 ppm S, 1048 ppm Cl,
103 ppm F, and 3.7 wt% H,O (n=1; Table 5, Fig. 6).
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In summary, our data identifies one compositionally
distinct dacite melt, at least five andesite melts, two basaltic
andesite melts, and three basaltic melts, all preserved as
glass inclusions in phenocrysts in Kuwae tephra. More
importantly, most of these compositionally distinct glass
inclusions occur within the major dacite batch of erupted
magma.

Discussion
Evidence for magma mixing

With a high flux of mafic magma in the region, it is
probable that propagating mafic dikes injected and mixed
with the pre-eruption Kuwae magma body on multiple
occasions. Mixing of basalt, basaltic andesite, and possibly
andesite magmas with a continually evolving and crystal-
lizing magma body may explain the mixture of normally
zoned, reversely zoned, and oscillatory zoned crystals in
the dacite as well as the wide compositional range of the
glass inclusions in the phenocrysts in the dacite. Other lines
of evidence in support of magma mixing are as follows.
First, olivine crystals found in the dacite samples with

GI-type/Host Phenocryst

composition Fo;;_74 are not in equilibrium with the dacite
melt and were likely inherited from an admixed mafic
magma. Second, some phenocrysts have dissolved rims or
embayments suggestive of crystal-melt disequilibrium.
Third, sieve-textured plagioclase common in Kuwae
samples may be characteristic of reaction of relatively
sodic plagioclase with a more Ca-rich melt (Tsuchiyama
1985). Furthermore, that one episode of magma mixing and
co-mingling appears to have played a role in triggering the
Kuwae eruption is indicated by the eruption of basaltic
andesite scoria immediately prior to the climactic, domi-
nant-volume dacite ignimbrite phase (cf. eruption of
Volcan Hudson in 1991, Naranjo et al. 1993).

Sources and masses of volatiles released

Volatiles emitted during the AD 1452 Kuwae eruption most
probably originated from a combination of two immediate
sources: (1) syn-eruptive degassing of erupted silicate melt
(e.g., Devine et al. 1984), and (2) release of a co-existing,
volatile-rich fluid phase present in the magma prior to
eruption (e.g., Wallace and Gerlach 1994; Wallace 2001;
Scaillet et al. 2003). There exists the possibility that the

Table 6 Mimimum volatile emission and aerosol loading estimates for the eruption of Kuwae using the petrologic method

Volume (km?) Mso,(Tg) Mc(Tg) Mg(Tg) Theoretical maximum H,SO, aerosols (Tg)
Dacite® 30 13 16 6 26
Dacite” 60 26 31 12 52

The minimum volatile emission calculations utilize the average volatile contents of co-magmatic glass inclusions and matrix glasses

#Uses low estimate for the volume of erupted dacite magma
"Uses high estimate for the volume of erupted dacite magma
See text for full explanation
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source of volatiles for a separate fluid phase is contribu-
tions from more-mafic magmas entering the dominantly
dacite magma body. The breakdown of volatile-bearing
mineral phases is not considered to be a significant source
of volatiles in the Kuwae case since volatile-bearing
minerals such as anhydrite, amphibole, and apatite are not
found in Kuwae tephra. Sulfide globules are also rare in
Kuwae dacite tephra and breakdown products (i.e., spongy
Fe-oxide) that would indicate decomposition of sulfide
(Larocque et al. 2000) have not been observed. However,
the distinct possibility of volatiles from mixed and co-
mingled more-mafic melts complicates the picture, which
we discuss further below.

Glass inclusions trapped in a variety of phenocrysts in
Kuwae tephra, cover a wide range of chemical composi-
tions, and provide important information about the volatile
history and evolution of the Kuwae magma body. In some
cases, a single phenocryst contains multiple glass inclu-
sions, each with distinctly different chemical compositions,
implying that the crystal has been moved around into
magmas of different compositions. Which of the many S,
Cl, and F values preserved in glass inclusions represents
the undegassed, pre-eruptive volatile content of the Kuwae
magma? Certainly, the glass inclusions with major-element
compositions that are identical to the co-existing matrix

glasses most likely preserve volatile contents representa-
tive of the “silicate melt” immediately prior to eruption.
However, using these data to calculate volatile emission
only accounts for degassing from the silicate melt phase of
the magma and neglects volatile contributions from other
sources such as a separate, volatile-rich fluid phase in the
magma, and/or contributions from more-mafic magmas
entering the system shortly before, or even during,
eruption.

Degassing from dacite melt

The petrologic method for estimating volatile emission
from volcanic eruptions involves comparing the volatile
contents of (presumed undegassed) glass inclusions within
phenocrysts and the volatile contents in (presumed
degassed) matrix glasses of the erupted magma. Although,
it appears to yield reliable estimates of S emissions from
eruptions of mafic magma (e.g., Thordarson et al. 2003;
Sharma et al. 2004), the method has been found to yield
estimates of volatile emission that are an order of
magnitude less than independent estimates for eruptions
of silicic magmas (e.g., Pinatubo in 1991; Gerlach et al.
1996). In the discussion below, although we give values for

Table 7 Scenarios for sulfur emission and aerosol loading for the Kuwae eruption based on varying the proportion of volatile-bearing

source magmas

Magma source Basaltic Andesite Basalt Total H,S0O, aerosols (Tg) H,S0, aerosols (Tg)
theoretical maximum with 60% efficiency
30 km® dacite erupted
Scenario #1
Vol. contr. (km?) 0 56 56 477 286
Msoo (Tg) 0 234 234
Scenario #2
Vol. contr. (km?) 56 0 56 446 268
Mso2 (Tg) 219 0 219
Scenario #3
Vol. contr. (km®) 28 28 56 462 277
Msos (Tg) 110 117 227
Magma Source Basaltic Andesite Basalt Total H,S0, aerosols (Tg) H,S0, aerosols (Tg)
Theoretical Maximum with 60% efficiency
60 km® dacite erupted
Scenario #4
Vol. contr. (km®) 0 110 110 955 573
Msos (Tg) 0 469 469
Scenario #5
Vol. contr. (km?) 110 0 110 892 535
Mso2 (Tg) 438 0 438
Scenario #6
Vol. contr. (km®) 55 55 110 923 554
Msos (Tg) 219 234 453

Average volatile differences for the source magmas used in the calculations above

AS (ppm) 840 898

In these calculations, we assume the Kuwae magma system was closed to gas loss



Cl and F, we center the discussion around S as this is the
main species of interest in stratospheric aerosol formation.
We follow Sharma et al. (2004) by estimating emissions
of S, Cl, and F by;
MS, ClL,F — Mv(l - Wxtls)(cincl - Cmatrix)/loo (1)
where Mg, Mcy, and My are the masses of S, Cl, and F in kg
(10° kg=10"? g=1 Tg=1 Megaton), respectively; Cj,¢ and
Chaix are the concentrations of these elements in glass
inclusions (Cj, s, etc.) and matrix glasses (Cpagix s> €tC.)
in wt%; W,y is the vesicle-free crystal mass fraction; and
M, is the mass of erupted volcanic deposits in kg. From
this, the equivalent mass of sulfur dioxide (SO,) is:
Moy = 2[M,(1 —

Wxtls) (CinclS - CmatrixS)/loo] (2)

A theoretical maximum atmospheric aerosol loading
(mass of sulfate aerosols) can be calculated by first
multiplying MSO, by the ratio of the molecular weight
of H,SO4 to SO, (98:64) and then by 1.33 (assuming that
25% of the mass of sulfate aerosols is water; see Self et al.
1996 and references therein), which together is a factor of
~2.0. However, it has been shown after recent eruptions
that not all the SO, is converted to sulfate aerosols. For
example, about 60% of the Pinatubo SO, released was
converted into aerosols (Bluth et al. 1992; McCormick et
al. 1995). We also use the modifier 0.6 in the calculations
that follow to make a first order estimate of the potential
sulfate aerosol burden from the Kuwae eruption.

To estimate Kuwae volatile emissions, we first assume
that the average volatile content in dacite glass inclusions
in the dacite pumice (PFD), regardless of host-phenocryst,
represents undegassed samples of the dacite melt that
degassed to the atmosphere upon eruption (332 ppm S,
1732 ppm Cl, and 424 ppm F; see Table 5). Matrix glass
volatile contents are generally uniform in PFD; we use the
average matrix glass volatile contents to represent degassed
dacitic melt (232 ppm S, 1492 ppm Cl, and 330 ppm F;
Table 4). Volatile differences for co-magmatic glass
inclusions (Cj,¢1) and matrix glasses (Cpauix) in the dacite
(PFD) are: S=0.01 wt %, CI=0.024 wt %, and F=0.009
wt %. For the calculation, W,4,=0.87 (13 vol% crystals;
Table 3).

From Eq. (1) and using 7.5%x10" to 1.5x10'* kg for the
mass range of erupted dacite, the calculated S, Cl, and F
emissions from the degassing of dacite melt are:
6.5x10° kg (6.5 Tg) S, 16 Tg Cl, and 6 Tg F to 13 Tg S,
31 Tg Cl, and 12 Tg F (Table 6). The mass of SO, (Eq. 2)
would be 13-26 Tg, and, from this, the theoretical
maximum sulfate aerosol loading from these erupted
masses is 26-52 Tg.

If we use the single co-existing dacite glass inclusion
with the highest S content to represent the pre-eruptive S
content of the entire dacite magma body (analysis
kuw2opx25inclal: 424 ppm (0.042 wt%) S which gives
Cinel s - Cinatrix s 0f 0.019 wt %), the estimated theoretical
maximum H,SO, aerosol loading increases to

315

~50—~100 Tg. If we use the same 60% aerosol generation
efficiency as that which occurred in the Pinatubo eruption
cloud (1.2 x mass SO,), the estimated aerosol mass values
fall to 16-31 Tg for the average S concentration case and
~30—~60 Tg for the maximum S concentration case. Thus,
as ice core data suggests that a larger aerosol mass was
generated by the Kuwae eruption compared to Tambora,
these petrologic estimates fall short of the required mass
and leave open the possibility that another source of S gas
such as a separate S-bearing fluid phase, may have been
sequestered in the Kuwae magma. Naturally, the maximum
mass and maximum S concentration case comes nearest to
providing a realistic amount of S gas from the dacite melt
alone.

Degassing from additional sources

If magma accumulated at Kuwae in a magma body that was
open to magmatic input but closed or partially-closed to gas
escape, then a separate volatile-rich fluid phase is likely to
have accumulated. The proposition that large masses of
sulfur gases can be generated by mixing of an oxidized
silicic magma with a reduced, sulfur-rich mafic magma
(Kress 1997) is likely not applicable to the Kuwae eruption.
Using experimental work on mafic island arc magmas from
Mt. Pelée (Pichavant et al. 2002) as an analogue suggests
that, based on the FeO*/MgO ratio of the tephra, Kuwae
magmas have an oxygen fugacity in the range ANNO+0.5
to ANNO+1. This range is within the stability field of
sulfide and, furthermore, is consistent with observations of
rare sulfide in Kuwae tephra. This lack of the required
reduced mafic magma at Kuwae argues against the
hypothesis of redox reactions and magma mixing as an
origin for the S gas release. We therefore consider two
alternative methods to estimate the contribution to volatile
emissions from a hypothetical separate fluid phase in
Kuwae magma: (1) use volatile data from glass inclusions
in phenocrysts in Kuwae tephra to constrain the mass of
sulfur that accumulated in the Kuwae magma from a
variety of mafic intrusions and (2) use the thermodynamic
method of Scaillet et al. (2003) to calculate the mass of SO,
in Kuwae’s separate fluid phase.

We propose that the S, Cl, and F content in the silicate
melt phase as well as a possible separate fluid phase present
in the Kuwae magma immediately prior to eruption are the
end product of a long period of volatile accumulation and
transfer from many intrusions of magma into the evolving
Kuwae magma body. The relative volumetric proportions
of the various S, Cl, and F source reservoirs (intrusions)
that contributed to form the final pre-eruptive volatile
content of the Kuwae magma reservoir are, however, not
known. We assume that the basaltic andesite and/or basalt
glass inclusions preserved in the phenocrysts in the dacite
samples (PFD and JLB) are representative of parent magmag(s)
that mixed and differentiated to ultimately form the dacite
Kuwae magma body. Furthermore, the average sulfur
content found in these diverse mafic glass inclusions can
be used to calculate the original sulfur content of the
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magma body before it evolved to the dacite magma that
ultimately erupted. If, for the present argument, we accept
that this quantity of original sulfur was released to the
atmosphere during the Kuwae eruption, we need to further
assume that: (1) no degassing of volatiles occurred while
the Kuwae magma body evolved; (2) there was no removal
of sulfur by crystallization of sulfides; (3) all the “excess”
volatiles were contained in a separate, exsolved volatile-
rich fluid phase within the Kuwae magma body which was
released along with the volatiles degassed directly from
silicate melt during eruption. This approach provides an
upper limit to the mass of sulfur that could have been
provided by the magmas present at Kuwae.

Data from glass inclusions are used to construct six
scenarios (Table 7) to estimate the volatile emission
potentially derived from magma mixing and volatile
accumulation in a separate fluid phase. A parent magma
volume of 56-110 km® is used in the calculations on
Table 7 because ~50% (by mass) fractional crystallization
will occur during differentiation from the mafic parent
magma to ~30-60 km® dacite (estimate derived from
MELTS; Ghiorso and Sack 1995). The parent magmas
which supplied the evolving Kuwae magma body were
likely dominated by basalt and basaltic andesite as
evidenced by the abundance of basalt to basaltic andesite
volcanics in the Kuwae region. If Kuwae erupted only
30 km® of dacite (the low end of estimates for erupted
volume), mafic parent magmas contained sufficient sulfur
to provide >200 Tg SO, irrespective of the composition of
the mafic parent magmas (basalt, basaltic andesite, or a
mixture of the two; Table 7). This mass of SO,, if erupted,
would have been sufficient to generate an aerosol cloud of
~275 Tg H,SO4 (assuming 60% efficiency of SO, to
H,SO4 conversion). The mass of sulfur available to
generate an H,SO, aerosol cloud if 60 km?® of dacite were
erupted is double that of the 30 km® case. In summary, by
utilizing the pre-eruptive sulfur content in glass inclusions
as a measure of the mass of sulfur that could potentially
have accumulated in the Kuwae magma body over time, we
can place a maximum bound on the mass of a sulfate
aerosol cloud potentially generated by the release of sulfur
gases during the Kuwae eruption. This analysis assumes
that the Kuwae magma system is closed to sulfur loss. If this
assumption is incorrect, our calculations suggest that the
evolving Kuwae magma body could have lost up to 50—
80% ofits sulfur yet still retained sufficient S to generate an
H,S0O, aerosol cloud with mass >100 Tg.

For comparison, Scaillet et al. (2003) developed a
thermodynamic approach to estimate the partitioning of
sulfur into a separate, vapor-rich fluid phase based on the
composition and oxidation state of the magma. For dacites,
the vapor-rich fluid phase has ~72 times the sulfur content of
the melt based on experimental evidence (Scaillet et al.
1998). If we use 332 ppm S as the pre-eruptive sulfur content
in the dacite silicate melt (as above), this implies that the pre-
eruptive sulfur content in a separate fluid phase is
23,900 ppm S (47,800 ppm SO,=4.78 wt% SO,). If we
assume the separate fluid phase comprises 3.6+£1.2 wt% of
the Kuwae magma (analogous to Pinatubo; Wallace et al.

1995), then the mass of sulfur in the separate fluid phase
would have the range 86-172 Tg SO, for the case of
30 km® erupted dacite and double that if 60 km® of dacite
were erupted. These amounts of SO, could generate a
theoretical maximum H,SO, aerosol mass range from
175-700 Tg for the two magma mass limits used above, or
105421 Tg at the 60% aerosol conversion rate.

It is clear that the volatile contribution from a separate
fluid phase, even the lower estimates, are alone enough to
provide the observed amounts of Kuwae acid fall-out. With
the addition of what we propose could come from the
silicate melt, it seems likely that the Kuwae aerosol mass
was derived from both direct degassing from the dacite
melt and a component of gas from a sequestered fluid
source. Under even modest assumptions for mass of
magma erupted and the proportion of separate fluid
present, the observed Kuwae magma volatile contents
support the hypothesis that this eruption caused the 1453—
1457 aerosol event recorded in ice cores. Chlorine releases
to the atmosphere could also have been augmented from
separate fluid sources within the magma. The most
significant conclusion from this study is that it is highly
likely that the Kuwae eruption released »100 Tg H,SOy4
aerosols and perhaps released up to a few hundred Tg
H,SO, aerosols into the atmosphere in the mid-fifteenth
century. The eruption may also have released more SO,
than the 1783—4 eruption of Laki, Iceland, (~120 Tg;
Thordarson et al. 2003).

Potential atmospheric impact of Kuwae aerosols

Evidence for the climatic impact of the eruption of Kuwae
comes from tree rings, anomalous weather patterns, and
unusual atmospheric optical effects. For example, bristle-
cone pines from western US show frost damage in 1453
(LaMarche and Hirschboeck 1984). British oaks show
abnormally narrow rings for the period 1453-1455,
Chinese cypresses have narrow rings in 1453-1454, and
French and Finnish trees were stunted in 1453—1457 (Pang
1993). Briffa et al. (1998) report that tree-ring densities in
the Northern Hemisphere show that a strong cooling event
occurred in 1453. Although tree-damaging frost events
have occurred without coeval volcanic eruptions and large
volcanic eruptions have been reported that appeared to have
no ill-effects on tree health (LaMarche and Hirschboeck
1984), a direct cause-effect relationship between the
eruption of Kuwae and anomalously narrow or frost
damaged tree rings in the years 1453-1457 is distinctly
possible.

Historians from the Ming Dynasty record strikingly
unusual and severe weather in China in 1453-1454.
According to Chinese historical records, “nonstop snow
damaged wheat crops” in the spring of 1453 (Pang 1993).
In addition, “several feet of snow fell in six provinces,
10,000s (of people) froze to death” in the fall of 1453. Also,
“it snowed for 40 days south of the Yangtze River,
countless died of cold and famine” in early 1454 (Pang
1993). It seems plausible that tropospheric cooling caused



by an immense stratospheric aerosol mass derived from the
eruption of Kuwae could be responsible for these unusual
meteorological phenomena.

Strange atmospheric optical effects were noted during
the siege and fall of Constantinople in April and May 1453.
On May 26, “the whole city was blotted out by a thick fog,
a phenomenon unknown in those lands in May ... That
night, when the fog had lifted ... a strange light played
about the dome of the Church of Holy Wisdom ... Lights,
too, could be seen from the walls, glimmering in the distant
countryside far behind the Turkish camp ... the inhabitants
(of the city) believing it to be the reflection of a fire caused
by the Turks” (Pang 1993). Stunning red sunsets and other
unusual atmospheric optical phenomena were reported
following the eruptions of Krakatau in 1883 (e.g., Simkin
and Fiske 1983) and Tambora in 1815 (Stothers 1984), the
effects being caused by high concentrations of sulfuric acid
aerosol droplets suspended in the atmosphere. A direct
connection between the fog and optical effects that
occurred during the siege of Constantinople and Kuwae
eruption in 1452 becomes more plausible.

Conclusions

In the mid-fifteenth century, a large, mainly dacitic
volcanic eruption occurred in the present-day Republic of
Vanuatu creating the 12x6-km Kuwae submarine caldera.
If caldera volume is an adequate proxy for the eruptive
volume, then the Kuwae event may have produced between
30 and 60 km® (DRE) magma (7.5x10" to 1.5x10'* kg, or
a magnitude between M6.9-7.2). Utilization of the
petrologic method indicates that silicate melt alone
degassed 13-26 Tg SO,, 1631 Tg Cl, and 6-12 Tg F.
This is equivalent to an aerosol cloud with mass 16-31 Tg
H,S0O,4. Taking into account possible additional sulfur
emitted from a separate, volatile-rich fluid phase, our
analysis which used glass inclusion data derived from
Kuwae tephra as well as the thermodynamic relations of
Scaillet et al. (2003), provides evidence that it is highly
likely that atmospheric aerosol loading from the Kuwae
eruption was >>100 Tg H,SOy. This conclusion corrobo-
rates the findings in our companion ice core study (Gao et
al. 2006) which shows that the Kuwae eruption produced a
single, four-year-long aerosol signal from 1453-1457. A
large aerosol mass is consistent with the prolonged ice-core
acidity signal.

This study confirms the hypothesis that the Kuwae
eruption was a large sulfur producer and is consistent with
the contention that Kuwae did produce a globally
distributed aerosol cloud. The Kuwae eruption most likely
generated the largest atmospheric perturbation from sulfate
aerosols of the last seven centuries, even eclipsing the
<120 Tg aerosol mass generated by gas release from the
1815 eruption of Tambora (Gao et al. 2006), and possibly
Laki in 1783-4 (Thordarson et al. 2003). The Kuwae
eruption also probably involved a larger magma mass than
Tambora. The 1450s aerosol event was not larger than the
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unknown eruption that produced large acidity peaks in AD
1258-59. Ice core studies suggest a volcanic event
occurred around AD 1257 that generated an aerosol
cloud even larger than that of Kuwae. However, the source
volcano for this eruption remains unknown (see
Oppenheimer 2003 for discussion), and that event may
be another case of a “forgotten” caldera, similar to Kuwae
which was not recognized as the source of a large eruption
until the 1990s.
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