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Natural climate variation, such as that caused by volcanoes, is the
basis for identifying anthropogenic climate change. However,
knowledge of the history of volcanic activity is inadequate, particularly concerning the explosivity of speciﬁc events. Some material is
deposited in ice cores, but the concentration of glacial sulfate does
not distinguish between tropospheric and stratospheric eruptions.
Stable sulfur isotope abundances contain additional information,
and recent studies show a correlation between volcanic plumes that
reach the stratosphere and mass-independent anomalies in sulfur
isotopes in glacial sulfate. We describe a mechanism, photoexcitation of SO2, that links the two, yielding a useful metric of the explosivity of historic volcanic events. A plume model of S(IV) to S(VI)
conversion was constructed including photochemistry, entrainment
of background air, and sulfate deposition. Isotopologue-speciﬁc
photoexcitation rates were calculated based on the UV absorption
cross-sections of 32SO2, 33SO2, 34SO2, and 36SO2 from 250 to 320 nm.
The model shows that UV photoexcitation is enhanced with altitude,
whereas mass-dependent oxidation, such as SO2 + OH, is suppressed
by in situ plume chemistry, allowing the production and preservation
of a mass-independent sulfur isotope anomaly in the sulfate product.
The model accounts for the amplitude, phases, and time development of Δ33S/δ34S and Δ36S/Δ33S found in glacial samples. We are
able to identify the process controlling mass-independent sulfur isotope anomalies in the modern atmosphere. This mechanism is the
basis of identifying the magnitude of historic volcanic events.
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ttribution of climate change relies on our understanding of
natural climate variation. Volcanoes affect climate, but it is
not easy to use proxy records to derive the climate impact of
a given historical eruption, primarily because we lack knowledge
about the volcanoes themselves. Some so-called Plinian eruptions
penetrate the stratosphere, resulting in multiyear climate impacts
(1). Volcanic sulfur dioxide (SO2) in a plume is photooxidized in the
atmosphere. In the troposphere, the sulfuric acid product is washed
out as sulfate in acid rain in a matter of weeks. A Plinian eruption,
in contrast, intensiﬁes the stratospheric sulfate aerosol (SSA) layer
(2), increasing the planet’s albedo (3) and enhancing midlatitude O3
depletion (4) for more than a year. Ice core records of sulfate
provide an important record of volcanic activity (5), but the concentration of sulfate alone does not indicate the explosivity of the
event and speciﬁcally, if the plume penetrated the stratosphere (6).
A series of groundbreaking studies has shown that sulfur isotopes in sulfate from Plinian eruptions show mass-independent
fractionation (MIF) (6–8). Carbonyl sulﬁde (OCS) is thought to
be the main source of background SSA in volcanically quiescent
periods (9), and the reactions breaking down OCS, mainly
photolysis, show no evidence of sulfur MIF (10–13). MIF is not
seen at the source of volcanic emissions (14) or in background
www.pnas.org/cgi/doi/10.1073/pnas.1213153110

ice core sulfate (15). In a time-resolved analysis from Dome C
ﬁrn covering the Mt. Agung and Mt. Pinatubo eruptions, sulfate
is initially positive in both δ34S and Δ33S. The subsequent
change in sign of Δ33S is associated with a signiﬁcant decrease of
δ34S, with a slope (Δ33S/δ34S) of ∼0.1 (8). Moreover, there is
broad agreement in Δ36S/Δ33S after both Mt. Agung (−3.3) and
Mt. Pinatubo with slopes of −2 to −3 (8), and this trend is different from the Δ36S/Δ33S ratio (approximately −0.9) seen in
pre–2.3-Ga sedimentary rock (16, 17). Based on these observations, the sulfur MIF observed in ice core sulfate after stratospheric volcanic eruptions has been attributed to a nonspeciﬁc
photooxidation process occurring in the stratosphere.
Several proposed mechanisms are not able to explain the multiple sulfur isotopic composition of stratospheric oxidation of
volcanic SO2. First, although the rate of SO2 photolysis based on
isotopologue-speciﬁc cross-sections in the region above the dissociation threshold at 220 nm do yield MIF fragments (18), the
high concentration of O2 in the modern atmosphere will rapidly
reoxidize the SO to SO2, destroying any record of the process.
Second, Pavlov et al. (19) proposed that SO3 photooxidation at
wavelengths from 195 to 300 nm could explain sulfur MIF; however, in contrast to the highly structured SO2 absorption spectrum,
the absorption spectrum of SO3 is smooth, reﬂecting direct photodissociation (20), and therefore, there is no physical reason why
broadband solar photolysis of SO3 would produce mass-independent enrichment. In addition, SO3 photolysis is slow and
does not outcompete other SO3 removal processes below 37 km
altitude (21); the SO3 + H2O reaction is typically dominant. We
conclude that SO3 photolysis is not the main process yielding
sulfur MIF in ice cores. Third, measurements of liquid-phase oxidation of SO2 and the gas-phase SO2 + OH reaction show massdependent fractionation (MDF) (22, 23). Therefore in this paper we
choose to focus on SO2 photoexcitation (1B1 ← 1A1 and 1A2 ← 1A1)
in the 250–320 nm region (note that, in the modern atmosphere,
photoexcitation from 220 to 290 nm is blocked by the ozone layer).
Results and Discussion
Wavelength Dependence of SO2 Photoexcitation. The photolysis and
photoexcitation rates of SO2 isotopologues are obtained from
the convolution of the actinic ﬂux with the absorption cross-
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sections (20), and depending on the quantities 33E and 36E (18,
24), the populations of atmospheric SO2* (excited state 1SO2 and
3
SO2), will have mass-independent distributions. We recently
determined the absorption cross-sections of SO2 isotopologues in
the region of 250–320 nm (24), improving the resolution relative
to our earlier work (18) and extending the dataset to 36SO2. There
is a signiﬁcant wavelength-dependent mass-independent isotope
effect caused by the red shifting of peak locations and changes in
the proﬁles of the vibronic absorption features (Fig. 1A), and
these changes cause the wavelength-dependent isotopic fractionation shown in the work by Danielache et al. (24). The broad
spectral trends are the most important for determining isotopic
fractionation by SO2 photoexcitation for the present atmospheric
scenarios. Moreover, at altitudes below 30 km, the actinic ﬂux at
lower energies (wavelengths longer than 290 nm) is emphasized
because of O3 absorption in the high-energy region (Fig. 1B).
Isotopic Fractionation via SO2 Photoexcitation in the Modern
Atmosphere. The isotopic fractionation in photoexcited SO2 was

calculated from the absorption cross-sections and the stratospheric actinic ﬂux as a function of altitude (25), and the results
are shown in Fig. 2. Both 34« and 33E are positive, and 36E is
negative. Self-shielding by a large overhead column of SO2
(2.69 × 1018 molecules cm−2) does not change the trends, but the
amplitudes of isotopic fractionation constants are increased. The
predicted isotopic fractionation constants ranged from 10‰ to
120‰, showing that the elementary mechanism of SO2 photoexcitation produces fractionations larger than the fractionations
observed in ﬁrn and glacial ice (6–8). This result suggests that
additional processes are necessary to explain the isotopic composition of stratospheric sulfate after a Plinian eruption, and
indeed, several pathways of SO2 oxidation are known to act in
parallel in the stratosphere (and troposphere).
The signs of the isotopic trends are consistent with the initial
trends seen in the Antarctic sulfate records from Mt. Pinatubo and
Mt. Agung (8), which show positive δ34S and Δ33S and negative
Δ36S. In particular, the slope of 36E/33E is ca. −2 to −3 and largely
consistent with the slope of stratospheric sulfate in the ice and
snow records (7, 8). The slope of 33E/34« predicted by this

calculation, however, is ∼0.5, whereas the slopes observed in the
records of the Mt. Agung and Mt. Pinatubo eruptions are ∼0.1 (8).
This exercise shows that the mechanism of SO2 photoexcitation is able to explain the trend in sulfur isotope patterns for
sulfate produced in a Plinian eruption. However, given that
multiple SO2 oxidation pathways operate simultaneously, a more
sophisticated model is necessary to investigate both the amplitude and the time dependence of the signal, including its initial
positive and after negative phases. In the next section, we present
the result of a plume model constructed to address these issues.
Atmospheric Reaction Model. A plume model was constructed to
investigate the magnitude and direction of the multiple sulfur
isotope signals produced in sulfate by stratospheric photooxidation of SO2 in more detail. The model, detailed in SI Materials
and Methods, includes the physical mechanisms of entrainment
of background air into the plume and deposition of sulfate and
a total of 138 photochemical reactions at 20, 26, and 32 km
altitudes (Figs. S1 and S2). For a mass-independent distribution
of sulfur isotopes in SO2* to be stored in the cryosphere, it is
necessary that the products be physically separated from the
precursors (at 100% conversion, compositions of the product
and the reagent are identical). In addition, the signal of MIF in
primary sulfate depends on the competition between oxidation
of SO2 through SO2* reactions (Table S2, R35–R43) and oxidation through traditional mass-dependent mechanisms, mainly
the three-body addition of OH (Table S2, R2 and R3). Our numerical simulation considers MIF in SO2 photoexcitation (SO2 +
hv → 1SO2) based on absorption cross-section measurements
(Table S2, R1, a–d) and MDF in SO2 + OH (Table S2, R2, a–d)
and SO2 + O (Table S2, R3, a–d). The SO2 + O reaction was
included, because it has been suggested that it plays a role in
generating the 17O anomaly seen in polar sulfate (26). The
key reactions producing sulfate after photoexcitation are 1SO2
(+ M) → 3SO2 (+ M) (Table S2, R38 and R39) and 3SO2 + O2 →
SO3 + O (Table S2, R42). SO3 reacts with water vapor to yield
gas-phase sulfuric acid, which grows into stratospheric sulfate
aerosol. We selected an altitude of 26 km as representative for
the stratosphere. Test calculations at other altitudes of the
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Fig. 1. UV spectra of isotopologue absorption cross-sections, isotopic fractionation constants, and actinic ﬂux. (A) UV absorption cross-sections (24). (B)
Present-day actinic ﬂux from 10 to 60 km altitude.
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Fig. 2. Isotopic fractionation originating from SO2 photoexcitation in the
modern atmosphere calculated using the isotopologue-speciﬁc absorption
cross-sections and actinic ﬂux data. Circle, SO2 shielding (2.69 × 1018 molecules cm−2); square, no shielding. (A) 34e and 33E. (B) 33E and 36E.

stratosphere between 20 and 32 km showed only minor variations (SI Materials and Methods and Table S4).
Under nonvolcanic conditions, because of the reaction rate
constants and concentrations of O3 and OH, sulfate will show very
little MIF signal less than ca. 0.05‰ in Δ33S and Δ36S. In the
plume, the concentrations of OH and O are suppressed because
of catalytic destruction of O3 by volcanic halogens, and UV radiation is enhanced with altitude, allowing a signiﬁcant MIF signal to develop because of SO2 photoexcitation in the stratosphere
(SI Materials and Methods). Modeled SSA product concentrations
were averaged into 2-wk bins, and the evolution of this signal with
time is inﬂuenced by the initial suppression of OH and matches
the decrease in SO2 (Fig. S3), which is in agreement with the
behavior proposed by Savarino et al. (26). As SO2 is oxidized to
sulfate, its isotopic composition changes from positive to negative
in δ34S and Δ33S and from negative to positive in Δ36S (Fig. S4).
Because of the dominant role of the SO2 + OH reaction, the
observed initial isotopic compositions in sulfate (approximately +
17‰, +1.7‰, and −3.4‰ in δ34S, Δ33S, and Δ36S, respectively)
are much smaller (95% or less) than the enrichments resulting
from SO2 photoexcitation alone, even for a scenario with an initial
SO2 mole fraction of 2.5 ppm (Table S1, scenario 1). This
Hattori et al.

PNAS Early Edition | 3 of 6

SPECIAL FEATURE

suppression of the photoexcitation MIF indicates that the MDF
processes are faster than the MIF process, even when O3 is suppressed; the extreme MIF of photoexcitation is diluted by the
other reactions. The time evolution of concentrations and isotopic compositions are consistent with the pattern of δ34S
reported in the work by Castleman et al. (27), which measured the
δ34S value of stratospheric sulfate particles collected from 1962 to
1971, and polar records of Mt. Agung and Mt. Pinatubo reported
by Baroni et al. (8).
The agreement in the cross-plots of both Δ33S/δ34S and Δ36S/
Δ33S is quite consistent with previous observations, especially
for Mt. Agung (8), particularly as a result of the change in concentration of volcanic halogens as background air is entrained
into the plume. The slope Δ33S/δ34S is smaller than the 33E/34«
value arising from SO2 photoexcitation alone (by approximately
+0.5), again because of dilution by MDF processes (Fig. 3A).
The relation between Δ33S and δ34S is determined by a combination of MIF and MDF processes giving the observed nonlinear relationship between Δ33S and δ34S. In contrast,
the slope of Δ36S/Δ33S does not change with the initial SO2 condition (Fig. 3B), because MDF processes cannot change this slope,
strongly implicating SO2 photoexcitation as the origin of MIF in
today’s oxygenated atmosphere. In addition, the initial concentration of SO2 in a volcanic plume changes the magnitude of MIF,
suggesting that the ice core record contains several types of information concerning the climate impact of past volcanic eruptions. It is interesting that the Δ33S and Δ36S values from Lake
Tecopa reported by Martin and Bindeman (28) have the opposite
sign but the same slope of Δ33S and Δ36S as the initially produced
sulfate in our model. This pattern is consistent with a mechanism
in which residual SO2 with the opposite isotopic pattern reenters
in the region of volcano-depositing oxidized sulfate. SO2 gas diffuses over a thousand times faster than aerosols, and over the
timescales of stratospheric ﬂow, some gas-phase material will escape relative to the aerosols. In fact, the mean values of δ34S and
Δ33S in polar records are +9.57‰ and +0.70‰ for Mt. Agung
and +9.29‰ and +0.29‰ for Mt. Pinatubo as measured by
Baroni et al. (8), although the isotopic composition of the product
should be the same as the reagent at 100% conversion. Consequently, the mechanism of loss of sulfate and/or separation of
residual SO2 from initially produced sulfate during plume transport will cause initially produced sulfate to deposit in polar regions
and residual material to deposit closer to the source.
Because of the dominant role of the MDF process SO2 + OH,
the sulfur MIF observed in initial sulfate is smaller than the value
for SO2 photoexcitation itself. The amount of OH determines
sulfur MIF recorded in stratospheric sulfate. Most OH is formed
when O3 is photolyzed to produce an excited oxygen atom, O
(1D), that reacts with water to yield 2OH. The unique composition of a volcanic plume controls and suppresses OH by depleting O3 and consuming OH. Relatively high mixing ratios of
inorganic chlorine (∼0.76%) and inorganic bromine (∼17 ppm)
are observed in volcanic plumes, leading to catalytic O3 depletion (29). The results shown in this study are sensitive to the
concentration of volcanic gas as shown in Fig. 3, mainly due to
halogen levels (SI Materials and Methods and Table S4). In addition to halogens, the amount of water is also important in
controlling OH. There is less water in the stratosphere because
of freezing and deposition of water during transport through
the tropopause, and this dehydration is a contributing factor
explaining why sulfur MIF is only observed after Plinian eruptions.
Moreover, a 30% decrease in water is observed in our model as
well as an OH decrease as suggested by Bekki (30), contributing to
sulfur MIF. Thus, sulfur MIF in the stratosphere contains information about O3 depletion in a plume. Overall, the good
agreement between the model and the isotopic composition of
glacial sulfate, including the magnitude and time dependence
of the Δ33S/δ34S and Δ36S/Δ33S plots, shows that the formation
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Fig. 3. Isotope cross-plots [(A) δ34S and Δ33S, (B) Δ33S and Δ36S]. Circles and
squares are data from the literature (6–8, 42). Stars indicate the results of the
model in this study, and 2-wk averages are shown.

of a mass-independent population of excited SO2 and its subsequent oxidation to sulfate is a plausible mechanism for the
production of sulfur MIF.
Although SO2 photoexcitation can explain sulfur MIF in
stratospheric sulfate from Plinian eruptions, as described above,
it is important to note the potential limitations of the model and
discuss the underlying assumptions. We tested the sensitivity of
the model using a series of scenarios, varying halogen concentrations, SO2* rate constants, deposition rates of sulfate, and
altitudes as described in SI Materials and Methods (Table S4). We
4 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1213153110

conclude that the most important parameter determining sulfur
MIF in initial sulfate is the concentration of volcanic materials,
which controls the contribution of MDF processes as described
above. Note that other possible photochemical processes, such as
SO2, SO, and SO3 photolysis, are not important for producing
sulfur MIF as described in the Introduction and Table S3, and no
signiﬁcant differences were observed within altitudes between
20 and 32 km (Table S4). There are several assumptions in this
study that should be investigated in greater detail. First, we ignored radiative effects in the plume and the initial history of the
volcanic plume. The actinic ﬂux used in the model does not
consider any alterations to radiative conditions of stratosphere
caused by the plume itself, but the actinic ﬂux spectrum will vary
due to the particular radiative conditions to a given eruption. In
addition, although the concentration of SO2 of several parts per
million is similar to the concentration assumed by Savarino et al.
(7), it is lower than the concentration in the initial plume described in a recent plume model (31). We ignored initial plume
chemistry, including heterogeneous chemistry, to focus on homogeneous chemistry in the stratosphere, which is important
globally. Second, reduction of water and OH in the stratosphere
(30) and the subsequent suppression of MDF processes are important for determining the magnitudes of sulfur MIF. Third,
isotopic fractionation derived from self-shielding and intersystem
crossing, which we do not consider in our model, should be
tested in future studies. Self-shielding has been suggested to
generate sulfur MIF (32), and the overhead column of SO2
(2.69 × 1018 molecules cm−2) enlarges the magnitudes of the
isotopic fractionations (Fig. 2). However, note that rates of SO2
oxidation in the plume itself become slower, although the fractionation is larger. Whitehill and Ono (33) observed a ratio Δ36S/
Δ33S of +0.64 in an experiment using a Xe lamp with a 250-nm
long-pass ﬁlter to photolyze SO2 and proposed that intersystem
crossing (34) between 1SO2 → 3SO2 in excited SO2 could contribute to the mass-independent anomaly. The observation by
Whitehill and Ono (33) of positive Δ33S and Δ36S is unique; for
example, the photochemical chamber experiment of Enghoff et al.
(23), in conditions closely resembling the modern atmosphere,
yields positive Δ33S and negative Δ36S in product sulfate in accordance with the cross-section measurements (24) and the 253.65
nm emission of a mercury discharge UV lamp (more discussion in
SI Materials and Methods). The mechanisms of self-shielding and
intersystem crossing are unproven, and future studies should test
whether they could be important for the modern atmosphere.
Summary and Future Directions. The origin of MIF in our model is
the differing UV absorption cross-sections of 32SO2, 33SO2, 34SO2,
and 36SO2 from 250 to 320 nm (24). Because of competition
between different SO2 oxidation pathways, the amplitude and
frequency of the sulfur isotope signal is sensitive to the photochemistry within the plume. The dominant oxidation pathway is
the oxidative addition of OH to SO2, where OH is produced by
O3 photolysis in the presence of water (35). In the model, as in
the stratosphere, volcanic halogens strongly inﬂuence O3 and
HOx radicals. In our model, halogen concentration decreases
with time because of entrainment of background air into the
plume; in the stratosphere, halogen compounds will also be
taken up into particles. Sulfate product is separated from the
photochemical source in the plume by deposition, providing
a time-resolved record of the relative roles of MIF caused by
photoexcitation and MDF by OH oxidation. Indeed, measurements show that plume SO2 is oxidized within 2–3 mo, but the
glacial record shows changes over ca. 2 y, conﬁrming that physical separation is important. These effects do not change the Δ36S/
Δ33S slope. The possible inﬂuence of self-shielding (32) and/or
excited state dynamics, such as intersystem crossing (33), on MIF
should be tested in future studies. The general conclusion is that
SO2 photoexcitation can explain the sulfur MIF in modern sulfate
Hattori et al.

Materials and Methods
Deﬁnitions of Isotopic Fractionations. From the measured absorption crosssections of the different isotopologues, it is possible to compute an effective
fractionation constant for solar photoexcitation in the stratosphere. The rate
constants (k) of SO2 photoexcitation can be evaluated using Eq. 1,
Z320
x

k =

IðλÞx σðλÞe−τðλÞ dλ;

[1]

250

where the index x represents the isotopologue, I(λ) represents actinic ﬂux at
the top of the plume, σ(λ) is the absorption cross-section of each SO2 isotopolouge, and τ(λ) is the opacity term of the overhead column of absorbing
species. To investigate the fractionation of each isotopologue relative to 32SO2
in the SO2 photoexcitation region, the actinic ﬂux at altitudes ranging from 10
to 60 km was used as I from 250 to 320 nm. This actinic ﬂux was provided by C.
McLinden of Meteorological Service of Canada (Toronto) (25). For −τ(λ), we
considered self-shielding of SO2 at 100 Dobson unit (2.69 × 1018 molecules cm−2)
of plume. Fractionation constants can be calculated using Eq. 2:
x

x
k
« = 32 − 1ðx = 33; 34; or 36Þ:
k

[2]

The mass-dependent relationship describing the equilibrium distribution of
sulfur isotopes between phases has been established by Hulston and Thode
(37) as follows:
33

α=

34

α 0:515

[3]

36

α=

34

α 1:90 :

[4]

and

Finally, we approximate deviation from mass-dependent fractionation in
S (33E) and 36S (36E) according to the work by Ueno et al. (38):

33

33

h
i
E = 33 « − ð34 « + 1Þ0:515 − 1 ≈ 33 « − 0:515 × 34 «

[5]

and
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i
E = 36 « − ð34 « + 1Þ1:90 − 1 ≈ 36 « − 1:90 × 34 «:

[6]

Atmospheric Reaction Model. A photochemical plume model was constructed
to study the effect of variables such as altitude, plume composition, sulfate
deposition, photolysis, photoexcitation, and O3 depletion on the sulfur MIF
signal. The model calculates concentrations within the plume as a function of
time based on a set of initial conditions. Sulfur MIF in plume sulfate depends
on several factors that mainly arise from the competition between massdependent oxidation reactions, mainly SO2 + OH, and MIF originating from
SO2 photoexcitation (24). An important factor is that OH concentrations are
suppressed in the plume because of consumption by SO2, and in addition, OH
production is suppressed because of catalytic destruction of O3 by volcanic
halogens (30, 39).
Over 130 reactions were built into the plume model, which was made using
KINTECUS (v4.0; www.kintecus.com) (Table S2), to show the effect of volcanic
gases on in situ chemistry. Initial conditions were chosen to match typical
halogen and SO2 ratios measured for volcanic gases. The chemical reactions
included photolysis, SO2 oxidation, and Ox, HOx, NOx, ClOx, and BrOx cycles.
The sulfur chemistry scheme is shown in Fig. S2. Physical mechanisms included
entrainment of background air, modeled as eddy diffusion mixing using
constants taken from the literature (40), and settling of sulfate, where the
bin time constant was chosen to correspond to physical parameters. Four
stable isotopes of sulfur, 32S, 33S, 34S, and 36S, were explicitly considered in
the model. Model scenarios were run at altitudes of 20, 26, and 32 km to
indicate the effect of varying actinic ﬂux, pressure, and temperature on the
model output.
The model includes isotopic fractionation in SO2 photoexcitation, SO2 +
OH, and SO2 + O, the latter two being mass-dependent. This approximation is
based on the observation that the reaction of SO2 is the rate-limiting step for
sulfate production in the present atmosphere; after an oxidation process is
started, it goes to completion. MIF is introduced through SO2 photoexcitation
rates, and self-shielding of SO2 is not considered (34« = +54.3‰, 33E = +35.9‰,
and 36E = −74.0‰ at 26 km altitude) (Table S2, R1, a–d). In the SO2 + OH
reaction, 34SO2 reacts with OH faster than 32SO2, and we used the isotopic
fractionations obtained in the experiments of Harris et al. (22). For the SO2
reaction with O, which is suggested as an important SO2 oxidizer in a Plinian
eruption (26), we used the same isotopic fractionation as SO2 + OH because
of similarities in the reaction coordinate.
Finally, a δ34S value for volcanic SO2 of 4.7‰ is deﬁned based on the
volcanic sulfur average (41), but note that initial sulfur isotopic composition
in 34S is also the parameter that determines δ34S values in produced sulfate
as described in SI Materials and Methods.
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