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We thank Becky Alexander and the two anonymous reviewers for their helpful com-
ments on the paper. We will discuss below the changes that have been made in re-
sponse to the reviewer’s comments. We will begin with the major structural changes
made in response to Reviewer #2 and follow with the minor changes.
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Major Changes in Structure

The structure of the paper now reads (sections that were moved are in italics):
Abstract
1 Introduction
2 Sulfur isotopes in the environment
3 Experimental
3.1 Apparatus
3.2 Aqueous oxidation
3.2.1 Aqueous oxidation by the radical chain reaction mechanism
3.2.2 Aqueous oxidation by H2O2 in bulk aqueous phase
3.2.3 Aqueous oxidation by H2O2 and O3 in aqueous droplets
3.3 Gas phase oxidation
3.3.1 OH generation
3.4 Collection of SO2 and H2SO4 products
3.4.1 H2SO4 collection
3.4.2 SO2 collection
3.5 SEM and NanoSIMS analysis
3.5.1 Scanning electron microscopy
3.5.2 Quantification with the SEM
3.5.3 NanoSIMS
4 Results and discussion
4.1 Aqueous oxidation
4.1.1 Isotopic fractionation during SO2 collection
4.1.2 Oxidation by H2O2 and O3

4.2 Gas-phase oxidation of SO2 by OH radicals
4.2.1 Quantification of interferences
4.2.2 Isotopic fractionation during the gas-phase oxidation of SO2 by OH radicals
4.3 Comparison to previous studies
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5 Conclusions

Figures were reordered accordingly.

The changes required in the text of the manuscript due to the re-ordering of paragraphs
are discussed in more detail below:

• The first paragraph of the section ‘Experimental - Aqueous oxidation by H2O2 and
O3 in bulk aqueous phase’ (P23974 L9-11) was expanded to:

“SO2 gas was collected by bubbling through a solution of 6% H2O2 in an ice bath,
thus the fractionation during collection of SO2 is a direct measure of the fraction-
ation during oxidation of SO2 by H2O2 in solution at 0 ◦C under non-equilibrium
conditions. This reaction was run eight times under a variety of conditions to
fully characterise collection of SO2 as described later in Section 3.4.2 and these
experiments gave a robust value for the fractionation of sulfur isotopes during
oxidation of SO2 by H2O2.”

• The following sentence was added at the beginning of the ‘Experimental - Aque-
ous oxidation by H2O2 and O3 in aqueous droplets’ in order to emphasise the
importance of studying oxidation but in droplets and in the bulk phase:

“Oxidation by H2O2 and O3 in the atmosphere occurs primarily in droplets and
not in the bulk phase, thus it is necessary to investigate whether droplet-specific
effects such as surface tension, the difference in saturation vapour pressure over
a curved surface compared to a bulk solution, and changes in droplet pH as the
reaction proceeds, affect the isotopic fractionation.”

• A brief introduction was added to the section ‘Experimental - Gas phase oxida-
tion’:

“OH radicals were generated from the photolysis of water vapour, and allowed to
C11873
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react with SO2 in the reactor shown in Figure 1. The SO2 concentration was much
higher than the OH concentration so the isotopic composition of SO2 was not
significantly affected by the reaction. The sulfuric acid gas product was collected,
as described previously in Sect. 3,1, to determine the value of the fractionation
factor for the reaction of SO2 and OH.”

• The section ‘Experimental - Collection of SO2 and H2SO4 products’ was moved to
follow the section ‘Gas Phase Oxidation’. The portion of this section from P23972
L17 - P23973 L29 was moved to ‘Results and discussion’ and given the new title
‘Fractionation during SO2 collection’. Some sentences were added to the start of
this section: “SO2 was collected by bubbling through a solution of H2O2, which
oxidises the S(IV) to sulfate. The collection is not complete, and as >1% of SO2

is oxidised it can no longer be considered an unchanged reservoir. Thus the
isotopic composition of the product depends on the value of the kinetic...”

The subsection ‘H2SO4 collection’ was reorganised to emphasise nucleation of
sulfuric acid after gas-phase production:

“Sulfate is removed from the gas stream by passing through two 40-cm long
glass vessels with a rough inside wall, which will increase turbulence and internal
surface area (Fig. 1). Two forms of sulfate product need to be collected in the
experiments:

1. Aqueous droplet oxidation will results in water droplets containing sulfate.
These will be lost to the glass walls by gravitational settling and by electro-
static attraction, which leads to collisions with the walls (Lai, 2006). This is
a bulk process and is assumed not to introduce a significant isotopic effect,
and will be very efficient given the length and roughness of the collectors.

2. Sulfuric acid gas will initially be produced in the gas-phase oxidation ex-
periments but will nucleate to form particles of 1.5-2 nm diameter as the
concentration of H2SO4 is >0.01-0.1 of the saturation vapour pressure (33
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ppbv for 99% H2SO4) [...] there should be no significant difference between
the initial and the product isotopic composition.

No isotopic standard of gaseous H2SO4 was available, so the fractionation during
collection was measured by analysing the product from two collectors arranged
in series.”

• The discussion of Rayleigh equations now first appears in Section ‘Experimen-
tal - Aqueous oxidation by H2O2 and O3 in droplets’ thus the full equations were
moved from the Section ‘Results - Aqueous oxidation - Isotopic fractionation dur-
ing SO2 collection’, and just the equation for the second bubbler was left in this
section.

• The section 3.5.2 ‘Interferences’ was moved to ‘Results - Gas-phase oxidation
of SO2 by OH radicals’ and the title changed to ‘Quantification of interferences’.
The sentence “Before calculating fractionation factors for SO2 oxidation by OH
radicals, a consideration of interferences from background sulfate is necessary”
was added to the start of the section. The previous results section for gas phase
oxidation was given a new sub-heading, ‘Isotopic fractionation during the gas-
phase oxidation of SO2 by OH radicals.’

Minor Changes

The minor changes will be presented in the order they appear in the revised manuscript,
following the structural changes described under ‘Major Changes’.

• P23963 L11 has been changed to: “where n is the number of atoms, xS is one of
the heavy isotopes, 33S, 34S or 36S”
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• P23963 L13: ‘reactions’ has been changed to ‘reactants’

• P23963 L16: The Derda et al. (2007) paper mentioned by Reviewer #3 had a
different definition for α than we used, thus we realised the importance of unam-
biguously defining α and added to P23963 L16:

“When the reactant is present as an infinite reservoir and not affected by the
reaction, α34 can be calculated from the isotopic compositions of products and
reactants:

α34 =
Rproducts

Rreactants
(1)

where R =
34S
32S

. Thus, α>1 indicates...”

• P23963 L24-P23964 L4: In response to comments from the reviewers we have
expanded our statement concerning the isotopic composition of the major atmo-
spheric sulfur sources and changed the listed references:

“The isotopic composition of many major sources of atmospheric sulfur have
been measured (e.g., Rees et al., 1978; Krouse et al., 1991; Nielsen et al., 1991;
Sanusi et al., 2006). The isotopic composition of anthropogenic sources is highly
variable on a global scale, though individual sources are often well constrained.
The isotopic composition of industrial emissions is also affected by process tech-
nology such as the flue gas desulfurization unit of an industrial plant (Derda et
al., 2007). However, for field studies measuring the isotopic composition of both
ambient SO2 and sulfate, the major limitation to interpreting atmospheric isotope
measurements is the lack of laboratory studies of the isotopic fractionation fac-
tors involved in the most common atmospheric reactions of sulfur (Tanaka et al.,
1994; Novak et al., 2001; Tichomirowa et al., 2007).”

• P23965 L18: More detail was added with regards to the reaction set-up:

“The length of tubing from the reactor to the H2SO4 collectors was <7 cm, which
would lead to a maximum of ∼22% loss of H2SO4 according to the wall loss
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calculations from Zasypkin et al. (1997) and Young et al. (2008) (Equation 15).
This will be higher than the actual wall loss as the estimate is for glass and not
PFA. The sulfuric acid will at this stage be nucleated (see Section 3.4.1), thus the
isotopic effect will be negligible as the relative mass difference due to an isotopic
substitution in a particle will be <<1%. Most experiments were run for 7–8 hours
to generate sufficient product for isotopic analysis.”

• P23965 L27 - P23966 L1 has been rephrased to give more detail regarding the
filters used:

“After at least 12 hours to ensure complete precipitation, the solutions were fil-
tered through Nuclepore track-etch polycarbonate membrane filters (Whatman
Ltd.) with 0.2 µm pores, which had been coated with a 10 nm thick gold layer us-
ing a sputter coater (Bal-tec GmbH, Model SCD-050) prior to sample collection.”

• P23974 L12-22 was altered and expanded to clarify the use of the second reactor
to investigate aqueous oxidation in droplets:

"Reactor 2 (Fig. 1) did not produce detectable OH (see Section 3.3.1 for details
of OH quantification) at the reaction point where the humid, UV-irradiated air was
mixed with the SO2 flow. A small amount of OH was generated at the lamp tip
in this reactor, however the residence time of humidifed air at the lamp was short
and all OH generated was lost before reaching the reaction point. H2O2 was
produced following H2O photolysis to OH, and as the lifetime of H2O2 is longer
than that of the OH radical, ∼5 ppbv (mol mol−1 gas at atmospheric pressure;
ppbv will only be used to discuss gas phase concentrations in this paper) of H2O2

is present at the reaction point. O3 resulted from O2 photolysis and was present
at concentrations of >10 ppmv at the reaction point.

The reaction was therefore run in Reactor 2 at close to 100% relative humidity
to investigate aqueous oxidation by H2O2 and O3 in droplets rather than a bulk
solution in the absence of OH. The experiments were run at room temperature.
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Humid air was generated by bubbling synthetic air through water and was added
both through the photolysis tube and through a second entry into the reactor nor-
mally used to monitor pressure. Neither flow passed through a trap to break up
or remove large droplets and the humidity was negligibly reduced by the addition
of 10 sccm dry SO2 gas to make a total flow of 600 sccm, so the reactor was
operated at 98% relative humidity in the presence of droplets. Although oxidation
by ozone..."

• P23970 L11: ‘just’ has been removed

• P23970 L25: Clarification of the relevance of the measurements of fractionation
during collection of H2SO4 was added on P23970 at the end of L25:

“...the two 40 cm-long glass collection vessels. This experiment will involve col-
lection primarily of sulfuric acid droplets and not gas, however the results are
relevant to the collection in the experiments since the gas-phase experiments will
primarily result in freshly-nucleated particles while the aqueous droplet phase
experiments will result in sulfate in droplets. Following the experiment, the collec-
tors were rinsed and sulfate was precipitated by adding BaCl2 and analysed as
described in Sect. 3.5.”

• P23971 L15-19 was changed to:

“The sensitivity of the isotopic composition of the SO2 to breakthrough also de-
pends on the difference in δ34S between SO2 and H2SO4. To completely avoid
effects from breakthrough of H2SO4 the reaction yield was kept below two thirds
of the total SO2.”

• P23978 L4: The MIF for O3 oxidation presented in this paper in Figure 8 is very
unlikely to be ‘real’, and this is now specified in the text:

“All oxidants other than O3 produce mass-dependent fractionation, and the devi-
ation from the mass-dependent fractionation line seen for O3 is almost certainly a
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measurement artefact as only two samples were measured. 33S measurements
with the NanoSIMS are more uncertain than 34S measurements. They can be
systematically inaccurate on a individual filter due to factors such as a change in
the interference from 32SH between the sample and the standard; thus they are
only reliable if a larger number of samples are measured.”

• P23978 L8: The values under discussion have been added to the text to facilitate
reading:

“The radical chain reaction, which has a fractionation factor of α34 = 0.9894 ±
0.0043 at 19◦C, is the only measured aqueous reaction to favour the light isotope.”

• P23973 L12: Reviewer #2 wondered why we cannot use a higher concentration of
H2O2 to achieve better SO2 collection efficiency, so we have added the following
to the text:

“A higher concentration of H2O2 may be expected to improve collection efficiency,
however this was not possible as it resulted in destruction of the gold-coating on
the filters during filtering to collect BaSO4.”

• P23978 L16-20: The following sentences were added to justify using the droplet
experiments in the calculation of the fractionation factor, despite the higher un-
certainty:

“There is no significant difference between the α34 at 19◦C measured for H2O2/O3

(α34 = 1.0118 ± 0.0040) and O3 (α34 = 1.0174 ± 0.0028) in droplets and the bulk
H2O2 measurements (α34 = 1.0151 ± 0.0013). This shows that droplet-specific
effects do not affect isotopic fractionation, and thus the results of bulk phase
experiments are relevant to atmospheric reactions, which will primarily occur in
droplets. The droplet measurements have a larger uncertainty, which is due to
small variations in reaction conditions, particularly relative humidity.”
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• P23979 L5 was added to emphasise why we believe the terminating oxidant has
little effect on isotopic fractionation during aqueous oxidation by H2O2 and O3:

“...while this study includes oxidation to S(VI). This shows that the terminating
oxidation reaction has a negligible effect on isotopic fractionation, explaining why
H2O2 and O3 produce the same fractionation factors despite very different mech-
anisms (Savarino et al. 2000)...”

• P23979 L16: The values under discussion have been added to the text to facili-
tate reading:

“...the fractionation factor measured for O3 in this study (α= 1.0174±0.0028) is
slightly higher than that measured for H2O2 oxidation (α= 1.0151±0.0013), sup-
porting...”

• P23979 L18: The following sentences were added to compare our measured
fractionation factors with those measured during flue gas desulfurization:

“...the terminating oxidation to O3 may have little effect on isotopic fractionation.
Results investigating the isotopic effect of flue gas desulfurization provide another
value for comparison: Derda et al. (2007) measured α34 of 1.0026 for aqueous
oxidation in a wet lime solution producing gypsum (the fractionation factor has
been adjusted to have the same definition as the present study). This would
provide a first estimate for the isotope fractionation during oxidation in an alkaline
solution, but meaningful comparison with the results obtained in the present study
is difficult, since an industrial scale process is not comparable to the carefully
controlled environment of a laboratory reactor, and the process temperature has
not been reported by Derda et al. (2007). The difference between measured
fractionation during oxidation...”

• P23976 L15-19: The units of the sulfate background in MilliQ water compared to
the sulfate from the reaction of interest was clarified:
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“The trace sulfate content present in the MilliQ water used to rinse the product
sulfate from the collectors was tested by adding BaCl2 to 500 mL of MilliQ water.
The BaSO4 was then collected and quantified in the SEM. The effect of this blank
(1.6 ± 1 µg L−1) on the measured sulfate concentration was then converted to
mol of blank per mole of sulfur produced during the experiment based on the
volume of MilliQ used to wash the collectors and the quantity of sulfate produced
in the individual experiment. The interference from sulfate impurities in MilliQ
water contributed 6 % of the total sulfate at −25 ◦C and less than 2.5 % of sulfate
for all other temperatures. The equivalent in ppb based on the average volume
of MilliQ used to wash the collectors and the quantity of sulfate produced for an 8
hour experiment considering flow rate, concentration temperature and pressure
is shown in Figure 2.”

• P23976 L20 - P23977 L7 was expanded to emphasise the reason for using two
reaction systems to investigate the background for the OH reaction, and to clarify
the purpose of a Facsimile model and the associated diagram:

"Oxidation by lamp products other than OH, such as H2O2, HO2 and O3, was
tested with Reactor 2, which passed water vapour through UV light but did not
produce detectable OH at the reaction point. A numerical simulation (Facsimile
model, MCPA Software, Ltd.) of the chemical processes involved was run to in-
vestigate the species that would be present in the reactor following the photolysis
of water and may oxidise SO2. The species produced by Reactor 1 for the pho-
tolysis of water in synthetic air to generate 11 ppbv OH followed by immediate
mixing with 1 ppm SO2 are shown in Fig. 8.

Direct photolysis of SO2 was measured by adding humidity 10 cm after the lamp,
to ensure the water was not photolysed while allowing the reaction SO3 + H2O→
H2SO4 to occur..."

• P23977 L18-19 was expanded to, “Thus, all experiments with UV light were com-
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bined to find a background of 0.60±0.40 ppbv sulfate in the absence of OH radi-
cals at room temperature.” to clarify the identity of the background.

• P23980 L20: In light of recent results the following sentence was added to the
end of the paragraph:

“This is in agreement with recent results from Lin et al. (2011) and Hattori et
al. (2011), which found a similar overprediction of the sulfur isotopic fractionation
during the photolysis of OCS by RRKM theory (Leung et al., 2002).”

• P23981 L11-18: The discussion on OH oxidation during stratospheric volcanic
eruptions was expanded:

The δ34S of stratospheric sulfate aerosol has been observed to first increase
and then strongly decrease in the months following the eruption of Mt. Agung
(Castleman et al. 1974), consistent with stratospheric oxidation favouring 34S
and progressively depleting the SO2 reservoir. This was suggested to show
that oxidation by OH favours the heavy isotope, as OH is normally the domi-
nant stratospheric oxidant for SO2 (Leung et al. 2001). However, strong ∆33S
signals found in ice core records of volcanic sulfate of the same event suggest
photochemical oxidation is the dominant process producing these aerosols: The
huge amount of SO2 released during the eruption depletes the stratosphere of
OH which means oxidation pathways, such as photolysis, which are normally not
important in stratospheric SO2 oxidation can begin to have a significant effect
(Savarino et al. 2003a,b,c, Baroni et al. 2007, 2008). The contribution of OH and
other oxidation pathways to oxidation of SO2 following a stratospheric volcanic
eruption is not well constrained, thus measurements from these eruptions are
not reliable indicators of the magnitude and direction of αOH.

• P23981 L19: We have extended the discussion paragraph beginning on P23981
L19 with the following:
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“Considering the pre-industrial partitioning between the sulfate production path-
ways from Sofen et al. (2011) and the fractionation factors measured in this
study, the overall preindustrial change in δ34S between SO2 and product sulfate
would be +5.5‰. Alexander et al. (2003) saw a decrease in δ34Snss of ∼3‰
during glacial periods, which would mean a change in δ34S between SO2 and
product sulfate of +2.5‰ if sources were unchanged. Oxidation by transitional
metal catalysis would need to increase from 8% to 35% of the total sulfate pro-
duction to account for this change if the proportions of sulfate produced from
the other oxidation pathways and the overall sulfur budget remained the same.
A 10% increase in transition-metal catalysed sulfate production was modelled for
the pre-industrial to industrial periods by Sofen et al. (2011), thus a 27% increase
due to much higher dust loads in glacial times is not unreasonable.”

• P23982 L6: We have expanded the conclusion was expanded to address the
question of uncertainty:

“This study measured the fractionation factors for the most common pathways of
SO2 oxidation: gas phase oxidation by OH radicals, and aqueous phase oxidation
by H2O2, O3 and a radical chain reaction initiated by Fe. The fractionation factors
for these oxidation pathways are now well constrained compared to the previous
estimates, and a summary diagram of the main processes in the continental sul-
fur cycle and the fractionation factors involved is shown in Figure 11. A Cameca
NanoSIMS 50 was used to measure the isotopic composition of the sulfate pro-
duced from the different reactions, which allowed these previously unknown frac-
tionation factors to be measured despite the difficulties of obtaining enough prod-
uct for traditional isotope measurement instruments. However, factors such as
sample topography and charging mean that NanoSIMS results have a far greater
uncertainty than traditional measurement techniques, and NanoSIMS measure-
ment error contributes the major uncertainty in the results. NanoSIMS analysis
allowed the reactor and collection system to be developed and the reaction to
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be thoroughly investigated for interfering reactions; the next step in laboratory
studies of these fractionation factors would be to increase the sulfate production
capacity of the system to allow traditional measurements with smaller uncertainty.

The fractionation factors presented in this paper will allow stable sulfur isotopes
to be used to understand the partitioning between these pathways in atmospheric
samples, particularly if ∆17O of sulfate is also measured allowing differentiation
between oxidation by H2O2, O3 and all other oxidants. The combined effect of
uncertainty and variation in the isotopic composition of sources and fractionation
during oxidation means field studies need to simultaneously measure both SO2

and sulfate isotopic composition to gain insight into the sulfur cycle. Combining
modelling with field...”

• Throughout the paper, ppb has been changed to ppbv and the definition of the
unit was clarified when it was first used: ‘mol mol−1 gas; ppbv will only be used
to discuss gas phase concentrations in this paper’

• Table 2: “by Shuhei Ono (2010)” has been removed from the caption of Table 2

• Summary diagram: A summary diagram was added to the conclusion of the pa-
per, to sum up the results and emphasise their importance in the sulfur cycle.

Additional Minor Changes

• We noted that some numbers in our manuscript were not always rounded of to
the last significant digit. All fractionation factors through the text and in Tables 3
and 4 now have the correct number of significant figures.

• The labels on Figure 7 (Temperature dependence of fractionation during aqueous
oxidation...) were confusing and have been clarified.
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• Some figures were missing a description of what the error bars referred to. All
error bars are the 1σ standard deviation, and this has now been added to all
figure captions.
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