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Abstract

The 1815 eruption of Mount Tambora (Sumbawa Island, Indonesia), largest known explosive
eruption in recorded history, was cataclysmic. It was responsible for a strong short-term global
atmospheric cooling the following year, known as “the year without a summer”. To evaluate the
climatic impact, an accurate quantification of volatile elements degassed during this eruption is
crucial. In this study, we re- evaluate the atmospheric release of sulfur, chlorine and fluorine during
the 1815 eruption using the petrological approach based on plagioclase-hosted melt inclusions. The
pre-eruptive (melt inclusions) and post-eruptive (matrix glass) volatile element concentrations of the
magma are measured by electron microprobe. We discuss three different outgassing scenarios and
conclude that 147+17 Tg of SO, 4945 Tg of Cl and 20+2 Tg of F were degassed during the eruption,
considering closed system ascent and degassing. The SO, results take into account the dissolution of
sulfides which are present in melt inclusions and plagioclase crystals but not in matrix glasses. Our
new estimates are higher than previous estimations from petrological methods or derived from ice
cores but are consistent with atmospheric optical depth observations from 1816. The 1815 eruption
of Tambora ranks in first place in terms of volcanic SO, emission in the last 2000 years, higher than
the 1257 Samalas eruption (Lombok Island, Indonesia) if equal methodologies are applied. These
estimates remain nonetheless minima as they do not account for the possible additional contribution

of a pre-existing gas phase in the magma reservoir.
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Introduction

The 1815 eruption of Tambora is known as the largest explosive eruption of the common Era (e.g.,
Newhall and Self 1982; de Jong Boers 1995). With a Volcanic Explosivity Index (VEI) of 7 (Newhall
and Self 1982), the quantity of ash and gases released by the eruption plunged much of Indonesia into
darkness for more than three days (de Jong Boers 1995). The plumes formed during the Plinian
activity of the eruption carried gases and fine ash well into the stratosphere. Once at stratospheric
altitudes, sulfur gases are converted into sulphate aerosols that reflect solar radiation and cause a
global cooling of both the troposphere and Earth’s surface. In addition, volcanogenic halogens such
as chlorine and fluorine have a destructive effect on stratospheric ozone (e.g., Schmidt and Robock
2015). After 1815, both of these effects were observed (e.g., Briffa et al. 1998; D’ Arigo et al. 2009).
The eruption of Tambora is considered to be the cause of “the year without a summer” in 1816 (e.g.,
Rampino et al. 1988; Oppenheimer 2003). That year, the surface temperatures were about 0.78°C
colder than average worldwide and the decade 1810-1819 is considered the coldest in more than 500
years (Briffa et al. 1998; D’Arigo et al. 2009). In Europe, summer temperatures were 1-2 °C cooler
than average. During the years following 1816 spectacularly colored sunsets and twilights were
observed in London, a constant “dry fog” was reported in the northeastern USA and the winters were
stormier (e.g., Oppenheimer 2003). Such a global climate perturbation caused crop failure in

Indonesia and Europe, thus leading to famines, diseases, and sometimes popular uprising (e.g., de
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Jong Boers 1995; Oppenheimer 2003). The close relationship between large explosive eruptions and
climate has been the subject of many studies including several on Tambora (e.g., de Jong Boers 1995;
Devine et al. 1984; Self et al. 2004).

To understand the eruption-climate link it is critical to have a reliable estimate of the bulk
amount of sulfur and other volatiles released by the eruption and injected into the stratosphere. The
sulfur quantity released by the eruption of Mount Tambora was first estimated at 17 Tg (or 34 Tg
SO») using melt inclusions contained in plagioclase crystals of the 1815 magma (Devine et al. 1984).
This quantity was later re-estimated at 86 Tg SO, and 53-58 Tg SO using the same petrological
approach by Sigurdsson et al. (1992) and Self et al. (2004) respectively. Another method, the study
of volcanic sulphate deposits in Antarctic ice cores, gave an estimated output higher than 98 Tg of
SO, (Legrand and Delmas 1987), later re-evaluated to 45 Tg SO (Sigl et al. 2014).

In this study, we re-evaluate the amounts of volatile elements released during the 1815
Tambora eruption by providing new analyses of S, Cl and F in plagioclase-hosted melt inclusions.
We propose three degassing scenarios in order to obtain estimates that are directly comparable with

similar studies at other volcanoes.
Volcanological background

Geological setting and past activity

Mount Tambora is a volcano located on Sumbawa Island (Indonesia) which is part of the Sunda Arc
(Fig. 1). In this subduction zone, the Indo-Australian plate subducts below the Eurasian plate at a
speed of 6-7 cm/y (Hamilton 1979). The Sumbawa sector of this subduction is unique in being
composed of young and thin crust which is flanked both to the north and south by oceanic crust
(Foden and Varne 1980).

Four older volcanic formations are exposed in the walls of the Tambora caldera, below the
1815 deposits (Sigurdsson and Carey 1992). The oldest one, composed of lava flows, has an age of
43 ka (Barberi et al. 1987). It is overlain by two pyroclastic units and a level of interbedded pyroclastic
surge and fall deposits which represents the latest activity of the volcano before the 1815 eruption
(Sigurdsson and Carey 1992). From the beginning of its activity, Tambora has produced
undersaturated, moderately K>O-rich magmas ranging from nepheline-normative trachybasalt (Ne-

trachybasalt) to Ne-trachyandesite (Foden and Varne 1980).

1815 eruption chronology and stratigraphy
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The 1815 eruption of Tambora lasted several days and consisted of two main phases. The first
includes four episodes of tephra falls F1, F2, F3 and F4 while the second consists of a succession of

pyroclastic flows, surges and co-ignimbrite ash fall (Sigurdsson and Carey 1989).

Phase 1: Tephra fall deposits (Fig. 2) (Sigurdsson and Carey 1989)

The first deposit of this sequence is a silt to sand size ash fall layer named F1. This layer is
the product of phreatomagmatic activity, and it can be divided into two units suggesting at least two
main explosions. It is 1-10 cm thick on the flanks of the volcano and mainly composed of blocky to
vesicular pale-brown-green pumice, glass shards, dark scoria fragments, crystals of feldspar, biotite,
clinopyroxene, magnetite and some lithics. A pale grey-green Plinian pumice fall deposit overlies the
F1 unit. This F2 layer was produced by a Plinian eruption which generated a plume 33 km high
(Sigurdsson and Carey 1989). It is 10 to 30 cm on the slopes on the volcano. It contains highly
vesicular, lapilli-sized pale-grey-green pumice and some glass shards. Overlying F2 is a second layer
of sandy-silty ash fall, similar to the F1 deposits but more extensive and thicker. This F3 layer is also
the product of phreatomagmatic eruptions, and three units can be divided within it, suggesting at least
three different explosions. The entire layer is about 10 cm thick close to the edifice and consists of
light-colored pumice, glass shards, dark scoria and lithics. This first phase of tephra falls ends with
the F4 layer, which is the thickest of the sequence. The F4 layer is the product of another Plinian
eruption which generated a plume 43 km high (Sigurdsson and Carey 1989). The deposits are 25 to
30 cm thick on the flanks of Tambora and consists mainly of highly vesicular pale-grey pumice and
glass shards. This first phase of phreatomagmatic and Plinian eruptions (F1 to F4) had a duration of

more than five days and ejected 4.6 km? of tephra (Sigurdsson and Carey 1989).

Phase II: Pyroclastic flows, surges and distal tephra fall (Sigurdsson and Carey 1989)

The second main phase of the 1815 eruption corresponds to the collapse of the second (F4) Plinian
volcanic plume, generating pyroclastic surges and flows. The first deposit of this sequence is a
pinkish-grey to grey sandy-silty ash surge layer named S1 with pumices and charcoal at some
localities. This layer is about 15 cm thick on the volcano’s flanks and the pumices reach 2-3 cm in
diameter. Overlying S1, is a series of at least 7 pyroclastic flow deposits (PF1, PF2...). They cover
almost all of the Sanggar peninsula, reaching the ocean in most directions from the volcano and
measure a maximum thickness of 20 m (average about 7 m). Finally, two distal ash falls (F5 and F6)
end this second main phase. F5 1s 12-25 cm thick and composed of greyish-brown, poorly sorted,
silty-sandy ash with some angular pumice clasts. This layer consists of co-ignimbrite ash released by
the S1 phase. Unit F6 overlies the S1 unit at some localities with a thickness of 3-4 cm on the western

flank of Tambora.



130

131
132
133
134
135
136
137
138
139
140

141

142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

Pouget et al. - Submitted for publication to Bulletin of Volcanology

Erupted magma volume

The largest uncertainty in estimates of volatile release to the atmosphere during the 1815 eruption is
the total erupted magma volume. Based on extensive two-month field work in Sumbawa and on the
many smaller nearby islands that surround it, Sigurdsson and Carey (1989) arrived at a total magma
volume estimate for the Tambora 1815 eruption of 51 km? DRE (dense-rock equivalent). A thorough
reevaluation of the erupted volume by Kandlbauer and Sparks (2014), including some new sea floor
coring data, and consideration of Tambora's caldera collapse structure, provides a new revised total
volume estimate of 4124 km? DRE. The sulfur, chlorine and fluorine atmospheric loadings calculated
from these two estimates are shown in Table S1 in Supplementary Material 1. However, in the
remainder of this paper, we report all calculations using the most recent magma volume estimate of

41 km3 DRE (Kandlbauer and Sparks 2014).

Petrology and geochemistry of the 1815 magma

Since the beginning of its activity, Tambora has erupted undersaturated potassic magmas, ranging
from nepheline-normative trachybasalts to nepheline-normative trachyandesites (Foden and Varne
1980). The 1815 products have a nepheline-trachyandesite composition with high silica content (54-
57 wt.% Si02), unusual in an island-arc environment (Foden 1986). Pumices are latitic to
tephriphonolitic with 30-50% vesicles and contain phenocrysts in a glassy or microcrystalline matrix.
The mineral assemblage is plagioclase > clinopyroxene > magnetite with occasionally small amounts
of apatite, biotite and olivine (Gertisser et al. 2012). Foden (1986) found that plagioclase in pumice
showed a uniform very calcic population ranging from Ango to Ango. However, Self et al. (2004)
found that the plagioclases can be separated into two distinct populations: (1) unzoned crystals of
almost constant composition (Anssgss) and (2) zoned crystals with a very calcic core (<Anoi) and rims
with a similar composition as the unzoned ones. Melt inclusions are common in both plagioclase
populations. The clinopyroxenes are mostly phenocrysts of Ca-rich augite (Mg70-Mg7s) with minor
quantities of Ti and Al (Foden 1986; Gertisser et al. 2012).

Sigurdsson and Carey (1989) analysed pumice samples from all the layers of the first main
phase and from the seven major pyroclastic flows of the second one. Their bulk rock study showed
that “the eruption tapped a very homogenous magma body”. Their range in bulk rock SiO»
concentrations fell “within the precision of the analytical method” (x-ray fluorescence). The matrix
glass analyses confirmed that “the glass composition in falls, surges and flows is identical”. A more
recent study (Suhendro et al. 2021) demonstrated a slight evolution in total rock and mineral
chemistry between the different eruption phases. Plinian fall units are characterized by a lower

phenocryst abundance (avg. of 5.1%) and higher silica content (bulk pumice, 58-58.5 wt.%) than
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pyroclastic flow deposits which have a relatively higher crystal abundance (avg. of 12.1%) and a
lower silica content (bulk pumice, 56.7-57.9 wt.%; Suhendro et al. 2021). The analysis of the deposit
stratigraphy suggests phenocryst stratification in the reservoir was established prior to the 1815

eruption, this being responsible for the slight contrast in bulk compositions (Suhendro et al. 2021).

Materials and Methods

In order to quantify S, Cl and F release during the 1815 eruption, we used samples previously
collected by Sigurdsson and Carey (1989). The samples used here are tephra from the two Plinian
layers of the eruption: sample TB61 from episode F2 and sample TB65 from episode F4 (Fig. 2).
This F4 unit can be considered representative of the bulk of the magma, firstly because it was fed by
the same ignimbritic magma as unit F5, the most voluminous one (Self et al. 2014) but also because
the composition of the melt (matrix glass, melt inclusions) remained identical throughout the entire
event (Sigurdsson et al. 1989; Suhendro et al. 2021). For both F2 and F4 samples, tephras are light
grey, vesiculated pumices measuring 2 to 3 cm. They have a glassy matrix and contain 10% of
phenocrysts which are plagioclase, clinopyroxene and occasionally magnetite, biotite and apatite. We
collected plagioclase from these tephra in which melt inclusions are commonly found.

Plagioclase phenocrysts found in tephra can be divided into two subpopulations: crystals with
zoned rims and unzoned crystals (Fig. 3). Both populations contain abundant melt inclusions (MI).
They range in size from few micrometres to 150 um in length. We selected MlIs that are entirely
glassy, oval-shaped and contain a shrinkage bubble (Fig. 4a, c¢) for analysis; other types (partially
crystallized and/or with several bubbles are present) were excluded (Fig 4b, c, d). Sulfide globules
have not been reported in previous studies but were found in some of the melt inclusions and
plagioclase crystals (Fig. 3). Their size ranges from 1 to 50 um and they are mostly spherical. No

sulfides have been found in the matrix glass.
Analytical methods

Electron microprobe

Major and volatile elements were analysed in selected melt inclusions, matrix glass (MG) and
plagioclases by electron microprobe (Cameca SXFive-TACTIS of LMV, Clermont-Ferrand, France)
following standard procedure (e.g., Le Voyer et al. 2008; Rose-Koga et al. 2020). Major elements in
plagioclase crystals were analysed using a focused beam at 15 nA and 15 kV, whereas melt inclusions
and matrix glasses were analysed with a defocused 20 pm beam at 8 nA and 15 kV. For S, CI, F
contents in melt inclusions and matrix glass, a defocused 10 or 20 um beam at 40 nA and 15 kV was

used. Typical errors on measurement for each element are given in 1o for plagioclase crystals and 3o

6
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for melt inclusions and matrix glasses: <1% SiO», Al,O3, FeO, MgO, CaO, K,0; <2% NaxO; <4%
Ti02; <20% MnO, P20s; <10% S, Cl and <15% F. Procedure characteristics are summarized in

Tables S2 and S3 in Supplementary Material 1.

Scanning electron microscope (SEM)

After EMPA analysis, a scanning electron microscope (JEOL JSM-5910LV of LMV, Clermont-
Ferrand, France) was used to image, in backscattered electrons, the sulfides and plagioclase zoning.

Spot analyses were carried out on sulfides with a defocused 56 nm beam at 80 uA and 15 kV.

Petrological method

The petrological method used here was described by Devine et al. (1984), Sigurdsson et al. (1992)
and Self et al. (2004) for Tambora and applied to several other eruptions (e.g., Thordarson 2003 for
1783 Laki eruption; Mandeville et al. 1996 for 1883 Krakatau eruption; lacovino et al., 2016 for 946
Peaktu eruption; Vidal et al. 2016 for 1257 Samalas eruption; Peccia et al. in press for 43 BCE Okmok
eruption). It consists of comparing the pre-eruptive (melt inclusions) and post-eruptive (matrix glass)
sulfur, chlorine and fluorine concentrations to estimate by difference the degassed quantities of the
respective volatile elements. We used the following mass balance equations to estimate the total

masses of SO», Cl and F released:

Esoz = 2 X My, X (1 = Wyis) X (Cinet — Cmatrix)/100 (1)
Eci = My X (1 = Wys) X (Cinct — Catrix)/100 (2)
Ep = My X (1 = Wyis) X (Cinet — Cmatrix)/100 (3)

where Esoz is the SOz emission in kg, My the mass of erupted magma in kg (1.01 x 10%), Wy the
mass fraction of crystals in the magma (0.115; mean of 0.10 (Self et al. 2004) and 0.13 (Sigurdsson
and Carey 1989)) and Cincl — Cmarrix the difference between the average concentrations of the glass
inclusion and the matrix glass in wt.%.

We develop three different scenarios in which the Cinel value changes. Our goal is to provide
estimates that can be directly compared with similar studies that each follow their own set of
assumptions. The first scenario uses the volatile concentrations (S, Cl and F) measured in the melt
inclusions (MI) that are closest in composition to the bulk rock, considering that it is the most
representative of the volatile content of the system prior to eruption. In the second scenario we use
the S, Cl and F concentrations of the melt inclusions which have the same FeO content as the matrix
glass. This scenario considers that the best estimate of the pre-eruption volatile content is that of the
melt at the same level of differentiation as the matrix glass. The third scenario uses the S, Cl and F

average concentrations measured in melt inclusions. This scenario considers that variations in MI
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volatile content can be viewed as statistical distribution centred on a mean or average which best
represents the volatile content of the system prior to eruption. This last scenario is mainly used for

comparison purpose as it is the method employed by previous studies of the 1815 Tambora eruption.

Results

Chemical composition of plagioclases

Plagioclases from TB61 and TB65 samples showed similar compositions (Table S4 in Supplementary
Material 1) falling in the range An7o-Anos (Fig. 5). This compositional range agrees with the
plagioclase cores compositional range of Ango-Ango reported by Foden (1986), and that of <Ano;
reported by Self et al. (2004) although higher anorthite contents were measured in this study. This
range also agrees with the Anso-Angs range reported by Suhendro et al. (2021).

Chemical composition of melt inclusions (MI) and matrix glasses (MG)

Major elements

Major oxides (Si02, TiO2, Al,O3, FeO, MnO, MgO, CaO, NaO, K,0, P,Os) of 31 melt inclusions
and five matrix glasses were analysed by electron microprobe (Table S5 in Supplementary Material
1). Among these 31 inclusions, 11 showed a non-homogeneous texture in SEM, which we interpreted
as evidence of post-entrapment crystallization. Only the 20 other, completely glassy melt inclusions
are considered in the following.

These 20 glassy melt inclusions show homogeneous major element compositions with no
significant difference between samples TB61 and TB65 (Table 1). The melt inclusions contained
between 52 and 57 wt.% SiO», between 18 and 20 wt.% Al>O3 and more than 6 wt.% K>O. Therefore,
they plot in the tephri-phonolitic field in a TAS diagram (NaxO+K;O vs. SiO»; Fig. 6). The matrix
glasses — being more differentiated and therefore richer in Si0> (57-59 wt.%) - lie between phonolite,
trachyte and trachyandesite compositions (Fig. 6).

The evolution of silica contents in the melt inclusions and matrix glasses highlights the
depletion of iron in the magma during differentiation (Fig. 7). CaO, MgO and TiO also show a

restricted <1 wt.% decrease.

Volatile elements

When the volatile element content (S, Cl, and F) in the melt inclusions and matrix glasses is greater
than 300 ppm, it can be accurately measured by electron microprobe (e.g., Rose-Koga et al., 2020).

The analysis of melt inclusions showed sulfur content ranging from 428+28 to 1118+47 ppm S (Fig.
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8a), chlorine ranging from 1537438 to 2253+46 ppm (Fig. 8b) and fluorine ranging from 514+107 to
1253+114 ppm (Fig. 8c). Matrix glasses showed, on average, lower volatile content than melt
inclusions (Tables 1 and 2). For sulfur, there was a difference of about 750 ppm between the
maximum content in the inclusions and the mean content in the matrix glasses (Table 2). For chlorine,

this difference was about 800 ppm. For fluorine the difference was less than 600 ppm (Table 2).

Sulfides

Sulfide globules (3.6-10.3+0.2 um) were found in melt inclusions and as inclusions in plagioclase
(Fig. 3¢, d). The composition of one of these sulfides was measured by SEM and contained 65.7 wt.%
Fe, 32.7 wt.% S and 1.7 wt.% Cu (no nickel measurements were made), corresponding to an iron-
sulfide composition (pyrrhotite; the copper concentration is too low to be considered a copper-

sulfide). Sulfide was neither observed in the matrix glass nor reported in previous studies.

Discussion

Syn-eruptive degassing is widely confirmed both by the few eyewitnesses of the eruption and its gas
emissions (e.g., de Jong Boers, 1995). Moreover, climate reports associate the abnormally cold
temperatures of 1816 with the presence of a volcanic sulphate aerosol in the atmosphere (Stothers
1984, Rampino et al. 1988, Briffa et al. 1998, D'Arrigo et al. 2009). The melt inclusions richest in S,
Cl and F are also the richest in iron and lowest in Si0; and are therefore the least evolved (Fig. 8). In
contrast, the matrix glasses are the most evolved end-member and have the lowest volatile content
(Table 2, Fig. 8). The difference in concentrations, especially of sulfur and chlorine, between the melt

inclusions and the matrix glasses gives a first estimate of the total amount of degassed volatiles.

Volatile degassing budget estimates

Estimates of the quantities of SO, Cl and F degassed are calculated from mass balance equations (1),
(2) and (3). For each volatile element, three degassing scenarios are considered.

The first scenario uses the melt inclusions with compositions closest to that of the F2 and F4
Plinian Fall pumice deposits (Table 3; Sigurdsson and Carey, 1989) as starting point. These melt
inclusions have some of the highest S, Cl and F concentrations measured (reported in Table 2)
suggesting that they represent the original volatile content of the magma before degassing and
concomitant crystallisation. In this scenario, it is assumed that the magma rises and degasses in a
closed system. It is therefore considered that all the gases exsolved during ascent and crystallization
are conserved in the system and participate in the syn-eruptive degassing.

Scenario 2 uses the values of the melt inclusion which have 4.6 wt.% FeO (Table 2). This FeO

composition is the one that most closely resembles the composition of the matrix glasses which have

9
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an average FeO content of 4.5 wt.% (Table 1). This scenario assumes rising and degassing of the
magma in an open system where the exsolved gases can escape before the magma erupts, up until the
melt has fully evolved to the composition of the matrix glasses (4.5-4.6 wt.% FeO). Only then does
this scenario assumes degassing takes place in a closed system.

Scenario 3 uses the average concentrations of melt inclusions (Table 2). It is not associated
with any rising/degassing model but corresponds to the approach of Devine et al. (1984) and Self et
al. (2004) and will therefore be used mainly for comparison with literature estimates. The amounts
of volatile elements degassed depending on the three scenarios during the eruption are reported in
Table 4.

The scenario we judge most appropriate is scenario 1, as it uses melt inclusion compositions
most similar to that of the bulk Plinian Fall deposits (Table 3). The assumption we make therefore, is
that from this point onward in the melt compositional evolution, all exsolved volatiles remained in
the system until the eruption. In this context, we hypothesize a closed-system scenario for magma
evolution and ascent, a supposition supported by the exceptional violence of the 1815 Tambora
eruption, which achieved a VEI of 7. Scenario 2 by contrast would make the hypothesis of magma
evolution and ascent in an open system, a framework more apt for describing volatile emissions from
a slow lava flow originating from an open vent volcano. Scenario 1’s approach is the same as the one
used by Peccia et al. (in press) to estimate the S emission during the 43 BCE eruption of Okmok
volcano. Using scenario 1, SO, degassing during the 1815 eruption is estimated at 135+14 Tg (68+7
Tg S; Table 4). Also 49+5 Tg of chlorine and 20+2 Tg of fluorine were released (Table 4). These
results remain minima for S, as the contribution of sulfides dissolution during the eruption and the
possible presence of a deeper gas phase initially present in the magma chamber are not considered in
these calculations (Oppenheimer et al. 2011). The pyroclastic flows represent 18+6 km? DRE of the
total magma volume emitted during the 1815 Tambora eruption (Kandlbauer and Sparks 2014).
Pyroclastic flows typically only send gases to the troposphere, although large pyroclastic flows such
as in the Okmok II eruption can send gas clouds to the stratosphere. Here, if we consider that the PDC
only emits sulfur to the troposphere, only 56% of our estimated SO> load might have made it to the

stratosphere.

Even without considering sulfide dissolution and a pre-existing gas phase, these new Tambora
estimates are higher than those previously estimated by the “classic” petrological method (Table 5).
They are two times higher than the estimates of Self et al. (2004) and four times those of Devine et
al. (1984). This can mainly be explained by the fact that these authors used the mean values of the
melt inclusions in their calculation. Indeed, their results are closer to our scenario 3 (Table 4). In

addition, Self et al (2004) based their calculations on an emitted magma volume of between 30 and
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33 km? DRE, which is lower than the 41 km? DRE used here, hence partially explaining their lower
estimations of SO; emitted. Devine et al. (1984) and Sigurdsson and Carey (1992) on the other hand,
used magma volumes of 87.5 and 51 km?® DRE respectively. The estimate of Legrand and Delmas
(1987) based on ice records (SO2>98 Tg) is closer to our estimates (Table 5) in contrast to the estimate
of 45 Tg SO, of Sigl et al. (2014), also based on ice core data but using a model calibrated to the
quantities of sulfur emitted during the 1991 Pinatubo eruption. Sigl et al. (2014) used the 1991
Pinatubo eruption, for which the quantity of SO, degassed had been directly measured by satellite, as
a single point reference to establish a function linking the quantity of sulfate aerosols found in ice
cores to the quantities emitted during an eruption. The estimate of Legrand and Delmas (1987) by
contrast is based on the sulfate aerosol deposition flux per km? found in ice cores, which are then
converted into a quantity of SO, emitted. This discrepancy between estimates derived from ice core
data reflects the complexity of volcanic emission reconstruction based on distal sulfate deposits. Our
calculated estimate of 135+14 Tg of SO, emission aligns remarkably well with the optical depth
assessments derived from astronomical observations presented by Stothers et al. (1984). Stothers et
al. (1984) estimated a release of 200 Tg of H2SO4 into the atmosphere, equivalent to 120 Tg of SO»,
using a compilation of astronomical observations. Their approach encompassed the analysis of cloud
shape and colour in locations such as London, New York, and other northern hemisphere regions
during the months following the eruption in addition to the observed darkening of the moon during a
total lunar eclipse. In contrast to our results, prior estimates of SO, release based on petrological
analyses by Devine et al. (1984), Sigurdsson et al. (1989), and Self et al. (2014), ranging from 34 to
86 Tg are irreconcilable with the optical depth estimation provided by Stothers et al. (1984).

Sulfur degassing and sulfide contribution

Sulfur concentrations measured in lavas or in quench and glassy volcanic products are not necessarily
characteristic of their magma source as volatiles degassing and sulfide precipitation or dissolution
can occur during ascent and eruption. The presence of sulfides in melt inclusions and in plagioclase crystals
indicates that a fraction of the sulfur originally dissolved in the melt partitioned into these sulfides. It also
indicates that the magma was saturated in sulfides during the inclusion-trapping stage and that an equilibrium
was established between these sulfides and the magma.

The sulfur concentration at sulfide saturation (SCSS), was calculated using the parameters of
Fortin et al (2015) with a temperature of 950°C (Self et al, 2004) and a pressure of 0.2 GPa for
inclusions (Gertisser et al., 2012) and of 0.1 MPa for matrix glasses (i.e., atmospheric pressure; Fig.
8). The sulfur contents measured in all the melt inclusions are higher than the theoretical SCSS
suggesting that the magma was supersaturated in sulfides. This discrepancy could be due to the fact
that water is not accounted for in the calculations. However, the SCSS calculated with 1.5, 2.5, 3.5
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and 4.5 wt.% H>O (using the same parameters but only for the Mls) are always lower than the sulfur
contents measured in melt inclusions (Fig. 8). Considering more than 4.5 wt.% water in the 1815
magma would not be realistic, with water estimates between 1.5 and 4.5 wt.% H>O (by difference to
100% in EMPA analyses, this study) or 2-2.5 wt.% H>O (Sigurdsson et al., 1989). In addition, we
tested whether the presence of copper (present in sulfides) and nickel (not measured but potentially
present), could play a role in increasing the SCSS. According to tests carried out using the model of
Li and Zhang (2022), the addition of copper and/or nickel would decrease the SCSS. Thus, none of
the models tested predicts the observed sulfide saturation in the melt inclusions of this study. This
could be related to the fact that these models are calibrated mainly on basaltic compositions far from
the tephriphonolitic composition of the 1815 magma.

The sulfur concentration at anhydrite saturation (SCAS) line was also calculated (Fig. 8). All
our data lies below this line and no sulphate saturation is expected nor observed. This SCAS was
calculated according to the parameters of Chowdhury and Dasgupta (2019) and at the same pressures
and temperatures as used for the SCSS. The calculations to obtain the SCSS and SCAS lines are
presented in Supplementary material 2.

In contrast to the melt inclusions, no sulfides were observed in the matrix glass. This absence
indicates that during ascent and eruption, sulfides in matrix glass - that were not trapped in the melt
inclusions or in crystals - decomposed, and the lower S concentrations in the matrix imply that this
additional S was released to the gas phase and contributed to the degassing. The contribution of
sulfides was estimated by calculating the relative volume occupied by sulfide globules in melt
inclusions. We assume here that sulfides and inclusions are randomly trapped by growing crystals
and that their volumetric proportion is hence representative of the melt at the time of entrapment. We
surveyed a total of 62 glassy melt inclusions of which 13 were found to contain sulfides. From 2D
images we assumed that sulfides and melt inclusions were spherical in shape to calculate the total
volume of each. Using our measured sulfide composition, a sulfide density of 4g/cm? (Robertson et
al. 2016) and a total volume of magma emitted of 4144 km?® DRE (Kandlbauer and Sparks 2014), we
estimated the contribution of sulfide dissolution to a total degassing budget of 12+£3 Tg SO..

Considering this, the initial estimate of SO> degassing of 13514 Tg in the first scenario,
chosen here, now reaches 147+17 Tg. Placed in the context of the last 2000 years of large eruptions
worldwide, these new estimates accounting for sulfide dissolution put the 1815 eruption of Tambora
in first place in terms of the amount of SO» degassed, higher than the 1257 Samalas eruption (Fig. 9).
The amount of SO, degassed during the latter is re-estimated at 81+£3 Tg. This estimate was
recalculated based on data from Vidal et al. (2016) and Métrich et al., (2017), following scenario 1
of this study to make it directly comparable. For this, an emitted magma mass of 1.10'* kg (40 km?

12
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DRE) was considered in mass balance equations (1) and (2), as well as a crystal mass fraction of 0.1
(average value from Meétrich et al. 2017). We used the S content reported for the most primitive
inclusions from the 1257 Samalas eruption (500 ppm), which most closely match the composition of
the bulk deposit, as well as the S content of matrix glasses (50 ppm). The 1815 Tambora eruption and
the 1257 Samalas eruption have erupted similar volumes of magma and have the same VEI. However,
the melt compositions differ. The 1815 Tambora melt inclusions have a tephriphonolitic composition
and record dissolved S up to 1118 ppm while at the 1257 Samalas melt inclusions have a trachydacitic
composition and only record up to 500 ppm of dissolved S. It is therefore unsurprising to find that
the 1815 Tambora eruption emitted much larger quantities of S to the atmosphere compared to the
1257 Samalas. The same calculation was done for the quantity of chlorine degassed which is

estimated at 219+26 Tg.

Halogens degassing and impact on ozone

As chlorine partitions preferentially into the gas phase compared to the melt (e.g., Webster et al.
2009a, 2009b; Beermann et al. 2015), the process of gas exsolution effectively depletes the chlorine
content of the melt. This chlorine exsolution process is clearly observed in the magmatic inclusions
of the 1815 eruption, which show a difference of about 800 ppm between the most primitive and the
most differentiated end members (Fig. 8). For fluorine, whose solubility is less well known, the
degassing trend is less obvious except for the TB65 samples which seem to show a strong decrease
in fluorine content in the matrix glasses (Fig. 8). The release of halogens, especially chlorine, into the
stratosphere has impacts on its properties and as a result on climate. Once in the stratosphere,
halogenated compounds (in the form of HCI, HF or HBr) induce the catalytic destruction of
stratospheric ozone (e.g., Textor et al., 2003; Kriiger et al. 2015; Schmidt and Robock, 2015). This
can lead to a partial destruction of the ozone layer which protects the Earth’s surface from UV
radiation, harmful to many lifeforms. Although there are no data after the 1815 eruption to verify this
ozone destruction, Vupputuri (1992) made calculations showing that ozone depletion following the
eruption may have been as high as 7% but their calculations did not include chlorine nor fluorine and
might hence have been underestimated. The first direct observations of ozone depletion in the
stratosphere were made following the eruption of ElI Chichén in 1882 (DeLuisi et al. 1984). Ozone
depletion caused by release of halogens during eruptions is thought to be, in general, more important
in subduction zones volcanic systems than in hot spot of rifting zones given their magmas are richer
in chlorine (e.g., Scaillet et al. 2003). Some eruptions in arc settings however emit very little to no

Cl, with an estimated =0 Tg of Cl and F released during the 43 BCE eruption Okmok eruption for
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instance (Peccia et al. in press). Our estimated 49+5 Tg Cl and 20+£2 Tg F released during the 1815

Tambora eruption appear therefore significant.

Conclusions

The 1815 Tambora eruption is well known for its global impact on the climate because of the large
quantities of volatile elements released to the stratosphere via plumes 33 and 43 km high (Sigurdsson
and Carey 1989). In this study, the analysis of melt inclusions and matrix glasses in the products of
the Plinian phases (F2 and F4) of the eruption allow us to estimate the amounts of volatile elements
(S, Cl and F) degassed during this eruption. Considering degassing and a magma ascent in a closed
system, we estimate that 147+17 Tg of SO (74 Tg S) were degassed as well as 49+5 Tg of Cl and
20+2 Tg of F. The SO, estimate includes 12+3 Tg coming from the dissolution of sulfides during the
eruption. In view of these values, and if comparable methodologies are applied, the 1815 eruption of
Tambora appears to be the largest emitter of volcanic SO, in the common era. While highly
significant, the values obtained in this study could still be considered as minimum values since the

contribution of a possible pre-existing exsolved gas phase is not accounted for.
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Figure captions

Fig. 1 Map of the Sunda Arc, showing the tectonic setting and the distribution of volcanoes, modified
from Gertisser et al. (2012). The enlarged map shows the location of Mount Tambora on Sumbawa
island.

Fig. 2 Stratigraphic log of the deposits of the 1815 eruption at 25 km west of the volcano, modified
from Sigurdsson and Carey (1989).

Fig. 3 a Plagioclase crystal with zoned rims (TB65 pll5), b Unzoned plagioclase crystal
(TB65_pll1), e Sulfide globule in a plagioclase-hosted melt inclusion (TB65_pl11), d Sulfide globule
in a plagioclase crystal.

Fig. 4 a Glassy, oval-shaped melt inclusions with a shrinkage bubble (TB61 pl19 MI26&27), b Melt
inclusion containing a sulfide globule (TB61 pl15 MI21), ¢ Glassy melt inclusion with several
bubbles (TB61 pl5 MI9), d Melt inclusion partially crystallized (TB61 pl16 MI10).

Fig. S Feldspar ternary diagram showing the average concentrations of plagioclases in the 1815 tephra
from Tambora and data (average) from Samalas and Batur, volcanoes of the same arc.

Fig. 6 Total alkali vs silica plot of average alkali concentrations of melt inclusions (MI) and matrix
glasses (MG) from four studies (error bars are 1o standard deviations). All data are normalised to
100%.

Fig. 7 Trends of major element concentrations in the Tambora magma during its differentiation. All
data are normalised. Grey squares are the bulk rock compositions of the F2 and F4 layers from
Sigurdsson and Carey (1989). The blue squares are from Suhendro et al. (2021).

Fig. 8 Trends of volatile element concentrations as a function of FeO (error bars are 1o standard
deviation). The lines are the SCSS (Fortin et al., 2015) with 0, 2.5 and 4.5 wt.% H>O and the SCAS
(Chowdhury and Dasgupta, 2019) (1.5 and 3.5 wt.% H>O are not represented for reasons of clarity).
The vertical dotted line is the average FeO content of the bulk rocks of F2 and F4 layers from
Sigurdsson and Carey (1989). All data are normalised to 100%.

Fig. 9 Quantities of volatiles degassed during the major eruptions of the last two millennia, modified
from Vidal et al. (2016). On the Tambora estimates are included the results of previous studies: A
Devine et al. (1984), B Self et al. (2004), C Sigurdsson and Carey (1992). The different methods of

estimate are given in Table S6 in Supplementary Materials 1.

Table captions
Table 1 Major elements (wt.%) and volatile (ppm) contents of melt inclusions and matrix glasses.
Table 2 Summary of volatile concentrations (ppm) in melt inclusions and matrix glasses (with 1o

standard deviation).
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Table 3 Major element composition of the melt inclusions with maximum S and F contents, second
highest Cl content (with 1o standard deviation) and average major element composition of the F2 and
F4 bulk rocks from Sigurdsson and Carey (1989) and Suhendro et al. (2021).

Table 4 Volatile quantities emitted during the 1815 eruption of Tambora according to the three
scenarios (Tg). The total error on the result takes into account the error on the volume of magma
emitted, on the fraction of crystals and on the accuracy of the microprobe analyses. The respective

errors of each parameter in equation (1) were propagated trough the different calculation according

00, = a7 a7 itx=axbando®= (%) + () irx=a/xb

Table 5 Estimates of the SO, amount degassed during the 1815 eruption of Tambora according to

different method and studies.
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Mean TB61 Mean TB65
(n=12) (n=12)

SiO; 47.05 (x1.47) 4714 (+0.44)
MgO 0.04 (£ 0.01) 0.05 (£ 0.01)
FeO 0.55 (£ 0.07) 0.59 (+ 0.06)
Na:O 1.76 (£ 0.62) 1.88 (x0.17)
Al;O; 33.13 (£ 1.06) 33.2 (+ 0.29)
K20 0.19 (x0.12) 0.18 (+ 0.03)
CaOo 16.58 (x1.16) 16.42 (+0.25)
Total 99.3 99.46

% An 88.9 (+4.38) 8839 (x1.13)




Melt Inclusions

Matrix Glasses

TB61 (n=11)  TB65 (n=12) Mean TB61 (n=4)  TB65 (n=2) Mean
Si0, 5167 (£090) 5439 (x0.80) 5454 (+0.84) 57.95 (£0.39) 5717 (£0.11) 57.69 (£0.50)
MgO 161 (£022) 152 (£045) 157 (x0.19) 141 (£0.02) 13 (£001) 137 (x0.06)
FeO 511 (£063) 4.82 (£017) 4.98 (+0.49) 449 (£0.23) 447 (£042) 448 (£0.19)
Na,O 521 (£0.16) 528 (£022) 524 (x0.19) 541 (£021) 552 (£0.28) 545 (£0.21)
AlLO; 189 (£0.39) 1928 (£0.25) 1907 (+0.38) 19.94 (£024) 1984 (£007) 199 (£0.19)
KO0 627 (£022) 27 (£032) @27 (x0.26) 6.24 (£024) §41 (£002) §3 (£021)
CaO 329 (£038) 328 (£051) 329 (+0.43) 3.27 (£041) 315 (£0.03) 323 (£0.10)
TiO, 074 (20.13) 074 (£0.05) 074 (£0.10) 0.53 (£003) 05 (£002) 052 (£0.03)
P,Os 056 (£0.18) (061 (£011) (058 (x0.15) 0.37 (£005) 046 (£001) 04 (£0.086)
MnO  0.18 (:0.06) 022 (£005) 0.19 (+0.06) 0.15 (£0.18) 018 (£0.03) 0.16 (£0.14)
Total 96.52 96.41 96.47 99.76 99.01 99.51

s 775 (x214) 775 (£142) 775  (£181) 369 (£46) 354  (£16) 364  (£37)
cl 1986 (£1986) 2052 (£213) 2016 (+219) 1725 (£101) 1756  (¢35) 1735  (+81)
F 790 (£132) 854 (£196) 819  (£163) 636 (£83) 779  (¥90) 683  (+106)




Melt Inclusions

Matrix Glasses

Mean Maximum At 4.6 wt.% FeO Mean
S 775 (x37) 1118 (x47) 586 (+32) 364 (x37)
Cl 2016 (x42) 2553 (£37) 1975 (x42) 1735 (81)
683 (+106)

F 819 (+107) 1253 (+114) 840 (+104)




Melt inclusions used for Bulk rocks

S in Scenario 1 Cl in Scenario 1 F in Scenario 1 Sigurdsson and Carey Suhendro et al.
(=1118 ppm) (=2282) (=908 ppm) (1989) (2021)
SiO; 54.36 (0.18) 54.34 (x0.17) 55.72 (+0.17) 54.57 (+0.39) 58.2 (x0.19)
TiO; 0.76 (0.02) 0.79 (0.02) 0.91 (0.02) 0.64 (0.01) 0.68 (0.01)
Al;O; 18.14 (x0.07) 18.73 (x0.07) 19.60 (x0.07) 19.14 (¢0.23) 18.57 (+0.06)
FeO 5.68 (0.15) 5.65 (0.15) 5.82 (0.15) 6.05 (x0.07) 5.94 (x0.11)
MnO 0.24 (+0.05) 0.19 (+0.06) 0.08 (+0.06) 0.20 (0.00) 0.19 (0.00)
MgO 1.82 (0.03) 1.74 (0.02) 1.92 (+0.03) 1.42 (+0.12) 2.06 (+0.05)
CaOo 3.38 (+0.04) 3.85 (+0.04) 3.87 (+0.04) 4.23 (0.31) 3.87 (x0.13)
Na;O 4.9 (+0.06) 5.06 (+0.06) 5.30 (+0.06) 3.75 (1.39) 4.46 (x0.07)
K20 6.17 (x0.07) 6.04 (x0.07) 6.27 (x0.07) 5.83 (+0.09) 5.85 (x0.10)
P20s 0.64 (0.03) 0.65 (0.03) 0.51 (+0.03) 0.42 (0.02) 0.32 (0.01)

Total 96.09 97.02 94.75 96.23 100.14




Scenario1 Scenario2 Scenario 3

S 13514 404 T74x7
Cl 4915 2212 25+3
F 204 1412 1212




Method S0, degassed (Tg) Reference
34 Devine et al., 1984
. 53-58 Self et al., 2004
Petrological )
86 Sigurdsson et al., 1992
14717 This study
| > 08 Legrand et Delmas, 1987
ce cores
45 Sigl et al., 2014
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