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Abstract2

This study presents high-precision isotope ratio-mass spectrometric measurements of iso-3

topic fractionation during oxidation of SO2 by OH radicals in the gas phase and H2O2 and4

transition metal ion catalysis (TMI-catalysis) in the aqueous phase. Although temperature5

dependence of fractionation factors was found to be significant for H2O2 and TMI-catalysed6

pathways, results from a simple 1D model revealed that changing partitioning between oxida-7

tion pathways was the dominant cause of seasonality in the isotopic composition of sulfate rel-8

ative to SO2. Comparison of modelled seasonality with observations shows the TMI-catalysed9
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oxidation pathway is underestimated by more than an order of magnitude in all current atmo-10

spheric chemistry models.11

The three reactions showed an approximately mass-dependent relationship between 33S12

and 34S. However, the slope of the mass-dependent line was significantly different to 0.51513

for the OH and TMI-catalysed pathways, reflecting kinetic versus equilibrium control of iso-14

topic fractionation. For the TMI-catalysed pathway, both temperature dependence and 33S/34S15

relationship revealed a shift in the rate-limiting reaction step from dissolution at lower temper-16

atures to TMI-sulfite complex formation at higher temperatures. 1D model results showed that17

although individual reactions could produce ∆
33S values between -0.15 and +0.2‰, seasonal18

changes in partitioning between oxidation pathways caused average sulfate ∆
33S values of 0‰19

throughout the year.20

1 Introduction21

Sulfate and sulfur dioxide play an important role in environmental chemistry and climate through22

their effect on aerosol formation, size distribution and chemistry. The majority of anthropogenic23

and natural sulfur is released directly as SO2 or oxidised to SO2 in the atmosphere (1–3). Around24

50% of global atmospheric sulfur dioxide is then oxidised to sulfate, while the rest is lost through25

dry and wet deposition (4, 5). Sulfate aerosols have been shown to be responsible for cooling that26

has partially counteracted the effects of Greenhouse gas warming with a moderately high level of27

confidence (6), however the magnitude and expected future changes in sulfate aerosol radiative28

forcing remain one of the largest uncertainties associated with assessments of climate change (7).29

The pathway by which SO2 is oxidised to sulfate is critical in determining the radiative and30

environmental effects of SO2 and sulfate. Gas-phase oxidation of SO2 by OH radicals produces31

H2SO4 gas which can nucleate in the atmosphere to form new particles (8, 9). These particles can32

have a strong impact on direct radiative forcing, and they can grow by the addition of organics and33

other compounds to eventually act as cloud condensation nuclei (CCN) (9–11) and increase the34

albedo and lifetime of clouds (12, 13). Global model results attribute 17-36% of sulfate production35
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to this pathway (5, 14–16). The rate of oxidation by this pathway is highest at the tropics, where36

[O3], humidity and insolation is highest (17).37

Heterogeneous oxidation of SO2 primarily occurs in cloud droplets, although oxidation on sea38

salt aerosols and mineral dust surfaces can be regionally important. The major aqueous-phase39

oxidants are H2O2, and O2 catalysed by transition metal ions (TMIs) in a radical chain reaction40

pathway (14, 18–20). While heterogeneous oxidation prevents H2SO4 gas production and thus41

new particle formation, it has other important climatic and environmental effects. In-cloud sulfate42

mass production modifies the aerosol size distribution, which affects both direct aerosol forcing,43

by significantly increasing the scattering efficiency of the particle population (21, 22), and indirect44

aerosol forcing, by modifying the CCN activity of the particle population and potentially increasing45

the downwind CCN number concentration (23, 24). Sulfate also acidifies particles, changing the46

bioavailability of many trace elements (25). Despite the importance of sulfate aerosol for climate,47

the partitioning between SO2 oxidation pathways across different environments is poorly under-48

stood (19, 26, 27). Recent studies have shown that current models significantly underestimate the49

TMI catalysis pathway, which has significant implications for the radiative forcing (19, 27). A50

detailed understanding of atmospheric sulfate formation pathways across different meteorological51

and chemical regimes is necessary to decrease the uncertainty in current climate assessments.52

2 Stable isotopes of SO2 and sulfate in the environment53

Sulfur has four naturally-occurring stable isotopes, 32S, 33S, 34S and 36S, with natural abundances

(28) of ∼95%, 0.75%, 4.2% and 0.015% respectively. The isotopic composition of a sulfur sample

is described with the delta notation (expressed in permil):

δ
xS =

(

n(xS)
n(32S)

)

sample
(

n(xS)
n(32S)

)

V−CDT

−1 (1)
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where n is the number of atoms, xS is one of the heavy isotopes and V-CDT is the international54

sulfur isotope standard, Vienna Canyon Diablo Troilite.55

Stable sulfur isotopes fractionate during reactions, so the isotopic composition of a product is

not equal to the isotopic composition of the reactant. Fractionation factors can be characteristic for

different reactions, and could be used to model and quantitatively assess the relative contributions

of the major atmospheric SO2 oxidation pathways on a regional and global scale. The kinetic

isotope fractionation factor (α) is represented by the ratio of the heavy to the light isotope in the

instantaneously-formed product divided by the ratio in the reactant:*

αx =

(

n(xS)
n(32S)

)

products
(

n(xS)
n(32S)

)

reactants

(2)

When reaction extent is very low, α34 will directly reflect the different between reactant and prod-56

uct isotopic composition and the reactant isotopic composition will be essentially unchanged.57

However, as reaction extent increases in a closed or partially closed system such as an air parcel58

passing through a cloud (19), isotopic ‘reservoir effects’ will occur, where the isotopic composition59

of the reactant reservoir changes significantly. The isotopic composition of reactant and product60

as a function of reactant extent and fractionation factor is described by the Rayleigh fractionation61

equations (29, 30), discussed further in Section S1.6 of the supplementary information. Values62

of α34 for oxidation of SO2 by OH, H2O2 and transition metal ion catalysis (TMI-catalysis) have63

been recently reported (31, 32), however the uncertainty in these results is relatively high (1-4‰)64

as isotope analyses were performed on extremely small sample sizes with NanoSIMS (Nanoscale65

Secondary Ion Mass Spectrometry). In particular, the temperature dependence of fractionation66

factors was smaller than the experimental error in these previous studies.67

Fractionation in most reactions is ‘mass-dependent’, that is, the fractionation of 33S has roughly

half the magnitude of the fractionation of 34S due to the relative mass differences between the

*The epsilon notation is also commonly used to indicate fractionation: ε = (α −1)×1000
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isotopes (33). Mass-dependent fractionation is best described by the power law (34–36):

α33 = (α34)
33θ (3)

where 33θ is an exponent describing relative fractionation of 33S and 34S. The defined value of

33θ is 0.515, which can be derived from theory of isotope fractionation (33) and also represents

the average of the mass-dependent processes occurring on the Earth (34, 37). The relationship

between 33S and 34S is described in terms of the isotopic anomaly using this defined value of 33θ

(36):

∆
33S = 1000× [(

δ 33S

1000
+1)− (

δ 34S

1000
+1)0.515] (4)

Small deviations in 33θ of up to a few percent from 0.515 can occur in ‘mass-dependent’ processes,68

resulting in -0.2‰< ∆
33S<0.2‰, while larger deviations are considered to be ‘mass-independent’69

fractionation, resulting in an isotopic anomaly >0.2‰ in magnitude (34–36). The magnitude of70

the isotope anomaly therefore depends on both the exponent 33θ and the magnitude of α (34–36).71

Significant isotopic anomalies are very powerful tools for tracing reactions (38, 39). Although72

the reactions considered in this paper are expected to be ‘mass-dependent’, small deviations in73

33θ could produce non-zero values of ∆
33S which could act as an additional tracer for oxidation74

processes, complementary to the information gained from 34S fractionation. Previous measure-75

ments of 33S fractionation during SO2 oxidation are very uncertain (31), thus the 33θ values for76

the different reactions have not yet been reported.77

The aim of this study is to improve the precision in known isotopic fractionation factors by78

measuring sulfur isotopic composition with isotope ratio mass spectrometry (IR-MS) following79

SO2 oxidation by OH radicals, H2O2 and transition metal ion catalysis. The precision of results80

is sufficient to determine the 33θ values and the temperature dependence of fractionation factors81

for these three major atmospheric oxidation pathways, facilitating the use of sulfur isotopes to82

understand SO2 oxidation in the ambient environment.83
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3 Materials and methods84

3.1 Laboratory experiments85

A brief description of the experiments will be given here; details can be found in the supplemen-86

tary information. Gas phase oxidation was performed in a glass flow-through reactor with OH87

radicals generated from the photolysis of water. Aqueous oxidation experiments were performed88

in bubblers. For oxidation by H2O2, bubblers contained 1.5% or 6% solutions of H2O2, and for89

oxidation by TMI-catalysis, bubblers contained solutions of 10−5-10−7 M Fe2+/Fe3+ (previous90

studies have shown that the identity of the transition metal ion does not affect isotopic fraction-91

ation (31, 32)). Following all experiments, sulfate was collected as BaSO4 and reduced to Ag2S92

(40, 41) for measurement with isotope ratio mass spectrometry on a Thermo Electron MAT 25393

instrument as described by Ono et al. (36). All results are corrected for blanks and reported rel-94

ative to V-CDT. The fractionation factors were calculated from measured results using Rayleigh95

fractionation equations as described in the supplementary information.96

3.2 Model study97

A simple model was constructed to test if the measured fractionation factors can explain the sea-98

sonal isotopic composition of ambient sulfate (39, 42–44). A brief description of the model is99

given here; full details are given in the supplementary material (Section S2.1-2.3). The model100

used the fractionation factors measured in this study to investigate seasonality in isotopic compo-101

sition caused by i) seasonal changes in the fraction of SO2 oxidised and ii) seasonal changes in102

fractionation factors due to temperature dependence.103

We assumed that the SO2 source flux was constant throughout the year and the source SO2 had104

δ 34S and δ 33S = 0‰, thus the results only show changes due to oxidation and not due to seasonality105

in emissions. This simplification means that the seasonal cycles in isotopic composition of SO2 and106

sulfate alone are not relevant for comparison to observations. However, the difference between the107

isotopic composition of SO2 and sulfate is a direct reflection of oxidation and removal processes108
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(aside from the marine boundary layer, where primary sea salt sulfate will make a significant109

contribution to atmospheric sulfate). Therefore, this can be directly compared to observations (see110

Figure 4).111

Seasonality in the different oxidation pathways used in the model is shown in Figure 1 (14, 17,112

27); consistent with recent results, the fraction of oxidation attributed to the TMI catalysis pathway113

was increased to 35% (of SO2 oxidation, ∼15% of total SO2 removal), to investigate the potential114

global importance of the pathway (19). This seasonality is applicable to continental areas in the115

northern mid-latitudes (45◦N), where the dominant sources of anthropogenic SO2 are located (45).116

The model was run under three scenarios: ‘full seasonality’, where both the fraction oxidised117

and the fractionation factors (in response to temperature) vary through the year, ‘constant F’ where118

the fraction oxidised is constant throughout the year, and ‘constant α’ where the fractionation fac-119

tor is set as the 0◦C value throughout the year. 0◦C was used as the temperature for the ‘constant120

α’ study for simplicity, as the temperature chosen affects only the magnitude and not the season-121

ality of fractionation. Oxidation of SO2 by O3 was not considered as the fractionation factor is122

not well-constrained, however this pathway is self-limiting due to pH and contributes only a minor123

proportion of annual average oxidation (4, 14, 46). The calculations used in the seasonality model124

are described in detail in Section S2 of the supplementary information.125

4 Results126

4.1 Fractionation of 34S during oxidation reactions127

The measured α values are shown in Table 1 and Figure 2. The temperature dependence of the iso-

topic fractionation factors was determined with weighted linear regression of all the measurement

points shown in Figure 2; in addition to the four new measurements of the gas-phase fraction-

ation factor for oxidation by OH, the four previous measurements at -25, 0, 19 and 40◦C from

Harris et al. (31) were used in the regression. The temperature-dependent regression line for the
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fractionation factor for oxidation of SO2 by OH radicals in the gas phase is (expressed in permil):

α34 −1 (‰) = (10.60±0.73)− (0.004±0.015) ·T (5)

where T is the temperature in ◦C. The IR-MS value at 11.4◦C and the NanoSIMS value at 38◦C128

fall above and below the regression line respectively, although both values agree within the 2σ129

error (Figure 2). At lower reaction temperatures where absolute humidity and thus OH concentra-130

tion is lower, NanoSIMS results should be better than IR-MS results, as the NanoSIMS requires131

very little product, thus the isotopic composition of both the residual SO2 and product sulfate132

can be measured. At higher temperatures the quantity of OH and therefore of product sulfate is133

higher, so high-precision IR-MS results are preferable to the low-precision NanoSIMS results. The134

combination of the two datasets reveals that isotopic fractionation of SO2 by OH is insensitive to135

temperature over the range of temperatures encountered in the present-day lower troposphere.136

Fractionation during SO2 dissolution and aqueous phase oxidation has been measured in sev-

eral studies (31, 47–49) (shown together with the new results in Figure 2). The temperature de-

pendence of sulfur isotope fractionation during aqueous phase oxidation by H2O2 was found from

regression of all points in Figure 2 to be:

α34,H2O2
−1 (‰) = (16.51±0.15)− (0.085±0.004) ·T (6)

The new results agree well with the results of Harris et al. (31) and the higher-temperature results137

from Egiazarov et al. (47). The results of Eriksen et al. (48, 49) are systematically lower than all138

other results, which may be due to the low pH at which the experiments were performed, as sulfur139

isotope fractionation increases with pH by around 5‰ from pH 2 to pH 7 (50). The combined140

results show that the temperature dependence of isotopic fractionation during oxidation by H2O2141

is significant at the 99% confidence level.142

Unlike oxidation of SO2 by H2O2 and OH radicals, the light isotope is favoured in oxidation

of SO2 by the TMI catalysis pathway. The new and previous (32) measurements of fractionation
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during oxidation by TMI catalysis at ∼19◦C (-9.70±0.04‰ and -9.5±3.1‰ respectively) agree

very well. The 34S fractionation factor (from all points in Figure 2) for oxidation of SO2 via TMI

catalysis is:

α34,T MI −1 (‰) = (−5.039±0.044)− (0.237±0.004) ·T (7)

This is the first measurement of the temperature dependence of isotope fractionation during ox-143

idation by the TMI catalysis pathway. Unlike the H2O2 oxidation pathway, the TMI catalysis144

pathway shows an inverse temperature dependence, where the fractionation factor becomes larger145

with increasing temperature. The magnitude of the temperature effect is more than twice as large146

for TMI-catalysed oxidation as for oxidation by H2O2, and will cause a very significant isotopic147

effect (up to 20‰) with spatial and temporal variations in temperature.148

4.2 Mass-dependence of fractionation during oxidation149

To determine 33θ values for the three reactions, α33 values were first calculated for each exper-150

iment. α33 values were calculated with Rayleigh equations as described in the supplementary151

material (S1.6) for α34, however the values of frem were not recalculated from 33S results; frem152

values from 34S mass balance given in Table 1 were used. Following equation 3, the natural log-153

arithms of α33 and α34 were plotted against each other to calculate the value of θ33 (Figure 3).154

Linear regressions were weighted by error in both ln(α34) and ln(α33) (51, 52) and forced through155

0 to find the values of θ33 and the 1σ error for the three oxidants (see Figure 3 and Table 2). For156

oxidation by the OH radical, θ33 was less than 0.515, while for oxidation by H2O2 the measured157

θ33 agreed with the expected value of 0.515 (34, 37). For the lower temperature TMI-catalysis158

experiments, θ33 was < 0.515 while for the higher-temperature experiments θ33 was > 0.515.159
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5 Discussion160

5.1 Temperature dependence of isotope fractionation161

The expected temperature dependence in isotopic fractionation is a reduction in the magnitude162

of fractionation with increasing temperature, as the energy differences between isotopes are less163

important relative to the increased energy of the whole system at higher temperatures (30). This is164

seen for oxidation by H2O2, however the fractionation during oxidation by TMI catalysis becomes165

significantly larger in magnitude with increased temperature, over the measured temperature range166

of 0 to 25◦C. A possible explanation is that the rate-limiting step changes with temperature:167

• At low temperatures, the rate of SO2 exchange between gaseous and aqueous phases is de-168

creased, thus dissolution becomes the rate-limiting step of the reaction and is able to have an169

effect on isotopic fractionation. As shown previously (31, 50) and supported by the H2O2170

fractionation factor from this study, dissolution results in α > 1. It would therefore be ex-171

pected that at temperatures lower than the range measured in this study, the fractionation172

factor for TMI-catalysed oxidation may be >1.173

• At higher temperatures, dissolution is rapid and the catalytic chain reaction is rate-limiting,174

resulting in strong kinetic fractionation favouring the light isotope. It is expected that the175

magnitude of kinetic fractionation associated with this reaction will decrease with increas-176

ing temperature. Thus, at a temperature higher than the measured range (ie. >>25◦C the177

magnitude of fractionation is predicted to decrease and eventually approach zero at very high178

temperatures.179

Further measurements over a larger range of temperatures would be useful to fully constrain the180

TMI catalysis fractionation factor, particularly at lower temperatures which are often observed in181

clouds (53).182
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5.2 Seasonality in sulfate isotopic composition183

A number of studies have observed seasonality in the isotopic composition of SO2 and sulfate, and184

several possible causes have been proposed for this seasonality: seasonality in isotopic composition185

of emitted SO2 (42, 54–56), seasonal changes in the contribution of isotopically heavy sea salt186

sulfate (57, 58), seasonally-changing fractionation factors due to temperature-dependence (59),187

and seasonal changes in partitioning between oxidation pathways (42–44). A simple model based188

on the isotopic fractionation factors measured in this study can isolate and constrain the possible189

effect of temperature dependence in fractionation factors and seasonal changes in partitioning on190

SO2 and sulfate isotopic composition. Figure S3 in the supplementary material shows the seasonal191

isotopic composition of SO2 and sulfate for the three scenarios described in Section 3.2; this does192

not account for seasonality in emitted SO2 and is therefore not directly comparable to observations.193

The three scenarios show the influence of different factors on the strength of seasonality in194

isotopic composition with respect to each oxidation pathway. For oxidation by OH radicals, tem-195

perature dependence of the fractionation factor is insignificant (0.004±0.015 ‰ ◦C−1, see Section196

4.1) and therefore only seasonal changes in the proportion of SO2 oxidised by this pathway cause197

seasonality in isotopic composition of sulfate produced by this pathway relative to SO2. The OH198

pathway has the strongest reservoir effects, with the SO2 isotopic composition depleted by nearly199

3‰ in summer due to preferential oxidation of the heavy isotope (see Figure S3, top right hand200

panel); oxidation by OH is concentrated into the daylight hours, making the proportion of SO2201

oxidised higher and thus the reservoir effects much stronger than for the other pathways. For202

TMI catalysis, the total fraction of SO2 removed is never >0.25, thus enrichment of 34S in the203

reservoir is <1‰, and only temperature dependence in the fractionation factor (0.237 ± 0.004204

‰ ◦C−1) causes seasonality. The isotopic composition of SO2 and sulfate relative to the H2O2205

oxidation pathway shows no seasonality as neither the fraction reacted nor the temperature depen-206

dence (0.085±0.004 ‰ ◦C−1; ∼ 3× smaller than for TMI-catalysed oxidation) are large enough207

to be significant for seasonality.208

In the ambient environment, the isotopic composition of SO2 and sulfate depends on the emitted209
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SO2, while the difference between the isotopic composition of SO2 and sulfate depends only on210

oxidation, transport and removal. Figure 4 therefore shows the modelled difference in δ 34S of SO2211

and sulfate compared to several studies (42–44). The seasonality in the constant α scenario (Figure212

4b) is ∼2.5× stronger than in the constant F scenario (Figure 4c), showing that reservoir effects213

due to partitioning between oxidation pathways are the dominant overall cause of seasonality in214

δ 34S.215

Comparison to observations (Figure 4a) shows that attributing 35% of SO2 oxidation (15% of216

total SO2 removal) to the TMI-catalysis pathway in the northern hemisphere mid-latitudes - as was217

done in this model - may be conservative. The model results for the first half of the year agree218

very well with measurements made between 1993 and 1996 in the Czech Republic (42), however219

for the second half of the year the measurements are significantly lower than the model results.220

This could either be due to underestimation of the TMI-catalysis pathway or underestimation of221

the reservoir effect. For August-October, the fraction of SO2 removed by oxidation (as opposed222

to wet or dry deposition) would need to be >90% to agree with isotopic observations, which is223

not in agreement with observations of the SO2:sulfate ratio (43, 44) or models of the sulfur cycle224

(5, 27, 60), thus it appears the TMI-catalysis pathway is underestimated by 10-30% during these225

months. A similar pattern is seen for samples taken in 1980 in New Hampshire (44), although226

these earlier results show an even lower difference between δ 34S of SO2 and sulfate, requiring227

that TMI-catalysed oxidation contributes >40-50% of oxidation (15-25% of total SO2 removal).228

Measurements from 1997 at coastal and continental sites in China (43) show similar seasonality,229

although scatter is large.230

The results from China confirm that 35% TMI-catalysed oxidation is an underestimation; all231

points fall within or below the lower limit of the model values, which can only be explained at232

continental sites by an underestimation of the TMI-catalysis pathway. For continental Chinese233

sites, this is expected given the high dust loading these locations would experience particularly234

in winter, leading to increased importance of the TMI-catalysis pathway during winter. While235

European and North American sites may show high levels of TMIs in winter due to increased236
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power generation and emissions, recent results have shown that natural TMIs are likely to be237

much stronger catalysts of SO2 oxidation than anthropogenic TMIs (19). At coastal Chinese sites,238

observations below the modelled line may also point to the importance of oxidation by HOCl and239

HOBr (61–63); this pathway has α < 1 (50) and its importance in the marine boundary layer is240

not well-quantified (61, 64, 65). Little or no seasonality occurs in the Chinese data. This is not241

reflected in the model, which does not consider seasonality in factors such as sea spray, oceanic242

biogenic SO2 and dust emission that may play a very important role in seasonality of the sulfur243

cycle in these regions. These estimates provide a first guess to consider the importance of these244

three oxidation pathways in terms of δ 34S observations; more observations with a wider range245

of spatial and temporal coverage in combination with a sophisticated chemistry-transport model246

such as GEOS-Chem would be the next step to gain a more quantitative understanding of sulfur247

oxidation pathways.248

In summary, seasonal changes in reservoir effects and partitioning of oxidation pathways was249

the most important cause of seasonality in isotopic composition. The comparison of measured250

fractionation factors in a simple model with observations confirms that the TMI-catalysis path-251

way is strongly underestimated in the northern hemisphere mid-latitudes, where the majority of252

anthropogenic SO2 sources are located (45). Alexander et al. (27) predicted this pathway may253

be particularly important in high latitude winters, but estimated it contributes only 9-17% of SO2254

oxidation (>10% of SO2 removal) globally. We estimate that the pathway contributes >35% of255

SO2 oxidation (>15% of SO2 removal) in the northern hemisphere with a strong latitudinal depen-256

dence based on the availability of natural dust TMIs and other oxidants. Further investigation in257

the field and with model studies, particularly in the Southern Hemisphere and in tropical regions, is258

needed to refine this number and estimate spatial variations; however, it is clear that this pathway259

is underestimated by more than an order of magnitude in all current models, with implications for260

estimates of sulfate environmental and climatic effects (see (19) for a summary of sulfur models).261

The fractionation factors measured in this study, in combination with models and seasonal field262

measurements, are a powerful tool to understand partitioning between SO2 oxidation pathways, in263
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particular the global importance of different oxidation pathways.264

5.3 Mass-dependence of isotopic fractionation265

The values of 33θ are significantly different to 0.515 for oxidation by OH and TMI-catalysis, but266

not for oxidation by H2O2. These reactions are still described as ‘mass dependent’, as the values267

of 33θ deviate by only a few percent from expected mass dependent fractionation. It is expected268

that 33θ for equilibrium processes is very close to 0.515, as described by partition function ratios269

reflecting zero point energy differences, while for kinetic processes it may be closer to 0.5 as270

described by transition state theory (66, 67). This is in agreement with the results of this study:271

For the OH reaction, the measured 33θ (0.503) reflects kinetic fractionation while for H2O2 (0.511)272

fractionation is primarily controlled by acid-base equilibria (50).273

The results for TMI-catalysed oxidation are more complex. It appears that there is a change in274

the reaction controlling isotopic fractionation (i.e. the rate-limiting step of the reaction) between275

17.1 and 23.5◦C. At lower temperatures 33θ (0.498) suggests kinetic control while at higher tem-276

peratures 33θ (0.537) may reflect equilibrium processes, although it is significantly >0.515. This277

is consistent with the observed temperature dependence, which also showed a shift in the rate-278

limiting reaction step with temperature. The results show that kinetically-controlled dissolution is279

rate-limiting at lower temperatures, while at higher temperatures an equilbrium associated with the280

catalytic chain reaction limits reaction rate. Berglund et al. (68) proposed that this chain reaction281

begins with the reversible formation of a complex between the catalytic TMI and hydrogen sulfite,282

eg. MnHSO+
3 ; the remaining steps of the chain reaction are irreversible and would therefore be283

more likely to produce 33θ ≈ 0.5. This result may be an important consideration when the rate of284

TMI-catalysed oxidation is considered in models.285

Although the reactions considered in this study are essentially mass-dependent, small isotopic286

anomalies < 0.2‰ will still result when 33θ 6= 0.515. Figure 5 shows the expected ∆
33S values for287

atmospheric sulfate predicted over a year. The magnitude of ∆
33S from the OH reaction peaks in288

winter when reacted fraction is lowest and reservoir effects are negligible; similarly, ∆
33S for the289
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TMI-catalysed reaction peaks in summer. The small dip in ∆
33S for TMI-catalysed oxidation is290

due to the shift from ‘low’ temperature (33θ < 0.515) to ‘high’ temperature (33θ > 0.515) regimes;291

this dip is not significant compared to the uncertainty, and may be an artefact as the exact shape292

of temperature dependence of 33θ between 0 and 25◦C is not known. Although ∆
33S of sulfate293

with respect to the individual reactions is significantly different from 0‰ for oxidation by OH294

and TMI-catalysis, when the three pathways are combined opposing seasonalities result in ∆
33S ≈295

0‰ throughout the year. This is in agreement with the majority of ambient observations, which296

generally show no 33S isotope anomaly in tropospheric aerosol; the modelled results agree within297

the uncertainty with seasonal measurements of tropospheric background aerosol from Antarctic298

ice cores (39).299

Measurements of ∆
33S on a local scale may prove useful to differentiate between OH and H2O2300

oxidation, which are poorly resolved using δ 34S measurements. For example, diurnally-resolved301

measurements of δ 34S and ∆
33S in aerosol could be used to conduct a multivariate analysis to302

constrain partitioning between oxidation pathways with much less uncertainty than either mea-303

surement alone. In addition, ∆
33S values >0.5‰ have been recently observed (38, 69). The results304

of this study suggest that the MIF observed in tropospheric sulfate aerosol could potentially arise305

from a very strong reservoir effect causing ∆
33S > 0.5‰ in SO2 followed by MDF-oxidation to306

sulfate conserving the MIF imprint from the SO2. Alternatively, MIF in tropospheric aerosol could307

arise from the mixing or entrainment of stratospheric air, which can have significant ∆
33S values308

arising from UV photoexcitation of SO2 leading to sulfate production at high column densities of309

SO2 eg. following volcanoes (70, 71).310

The other possibility is that an SO2 oxidation pathway not considered in this study causes311

significant MIF; for example, oxidation by hypohalites such as OCl or OBr or Cl radicals (61,312

65). Oxidation by O3 is very unlikely to produce MIF, as previous laboratory results showed313

that fractionation is controlled by dissolution in a similar manner to H2O2 oxidation (31, 50).314

Oxidation by Cl radicals is likely to initiate a radical chain reaction and may produce isotopic315

fractionation similar to TMI-catalysed oxidation. Recently, H2SO4 (g) production by Criegee316
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radicals or ionising radiation have been recognised as non-traditional but potentially important317

and underestimated SO2 oxidation pathways (72, 73); the ∆
33S effect produced by these pathways318

may be significant, and should be considered when quantifying sulfate production pathways from319

∆
33S measurements. A combination of ∆

33S and δ 34S measurements in the field and laboratory are320

needed to fully understand the role of various oxidation pathways in the environment. However, the321

relatively good agreement between observed and modelled values of ∆
33S and δ 34S suggests that322

the three pathways considered in this study explain the majority of SO2 oxidation in the northern323

hemisphere mid-latitudes.324
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Figure 1: Fraction of SO2 removed by oxidation by OH radicals (blue) in the gas phase, and H2O2

(green) and transition metal-catalysed oxidation (orange) in the aqueous phase, approximated for

45◦N (14, 17, 27), considering an annual average of 43% of SO2 is removed by oxidation (the

remainder being lost through wet or dry deposition) as shown in Figure S1. The number in paren-

theses is the annual average SO2 removal attributed to a particular pathway. The OH curve is filled

to distinguish OH oxidation, which varies diurnally, from H2O2 and TMI-catalysed oxidation,

which do not.
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the oxidation of SO2 by OH radicals in the gas phase (blue), and H2O2 (green) and TMI catalysis

(orange) in the aqueous phase. Previous measurements are also shown (31, 32, 47–49). Error bars

on points show the 1σ standard deviation; error bars are not shown where the data point is larger

than the 1σ error. Dotted lines show the weighted fit to the data, and the 1σ error in the fit is shown

by the blocked colour area surrounding the line.
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Figure 3: Relationship between α33 and α34 for the oxidation of SO2 by a) OH radicals in the

gas phase, and b) H2O2 and c) TMI catalysis in the aqueous phase. Ellipses show the 1σ cor-

related error in the data points. Solid coloured lines show the linear regression accounting for

errors and correlations (51, 52). The error in the regression is shown by the blocked colour area

surrounding the line. The slope of the regression line represents the value of θ33, and the nor-

mal ‘mass-dependent’ fractionation line (θ33 = 0.515 (34)) is shown as a black dashed line for

comparison. For the TMI-catalysed oxidation reaction, θ33 is significantly different for lower-

and higher-temperature experiments, and these are shown in orange (squares) and purple (circles)

respectively.
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Figure 5: Model ∆
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Table 1: previous page - Sulfur isotope fractionation factors α34) measured with IR-MS for δ 34S

during the oxidation of SO2 by OH radicals in the gas phase and H2O2 and TMI-catalysis in the

aqueous phase. ‘Type’ shows the sample type being analysed. fblank is the fraction of sulfur in

the sample not representative of the reaction of interest. fremaining is the fraction of SO2 remain-

ing following oxidation. δ 34Smeasured is the raw measured isotopic composition while δ 34Scorrected

has been corrected for the contribution of blank sulfur; for MIT samples, no blank correction was

performed as described in Section S1.5 of the supplementary material. Errors are the 1σ stan-

dard deviation as described in Section S1.6 of the supplementary material; errors were propagated

through to estimate uncertainty in fractionation factors.
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Table 2: Measured values of α34, α33 and 33θ for the oxidation of SO2 by the three major atmo-

spherically relevant pathways. Errors are the 1σ standard deviation. Weighted fits represent the

average 33θ values for each pathway, and are found from the weighted linear regression of ln(α34)

against ln(α33). ∆
33Smax values (with θ33 = 0.515 (34)) are the maximum that could occur in

product sulfate i.e. at a low reaction extent such that the SO2 reservoir is not significantly altered.

Oxidant T (◦C) α34 (‰) α33 (‰) 33θ ∆
33Smax (‰)

OH 11.4 12.0±1.1 6.06±0.95 0.505±0.090 -0.121±0.022

OH 47.4 11.16±0.28 5.6±2.0 0.50±0.17 -0.114±0.040

OH 47.4 11.12±0.25 5.7±1.1 0.515±0.097 -0.004±0.001

OH 47.4 10.66±0.10 5.32±0.50 0.500±0.047 -0.158±0.015

Weighted fit for OH 0.503±0.007

H2O2 18.2 15.66±0.16 8.00±0.31 0.513±0.020 -0.039±0.001

H2O2
a 18.2 15.7±1.4 8.0±6.3 0.515±0.403 -0.002±0.001

H2O2 25.1 13.88±0.11 7.07±0.14 0.511±0.011 -0.049±0.001

H2O2 25.1 13.88±0.36 7.03±0.16 0.509±0.017 -0.088±0.003

H2O2 24.6 14.67±0.28 7.47±0.09 0.511±0.012 -0.058±0.001

H2O2 24.6 14.67±0.38 7.44±0.17 0.509±0.018 -0.095±0.003

Weighted fit for H2O2 0.511±0.003

TMI catalysis 0 -5.2±1.6 -2.72±0.27 0.518±0.170 -0.014±0.005

TMI catalysis 0 -5.005±0.044 -2.50±0.17 0.498±0.033 0.084±0.006

TMI catalysis 17.1 -9.7±2.3 -4.95±0.25 0.511±0.127 0.036±0.009

TMI catalysis 17.1 -9.73±0.10 -4.70±0.83 0.482±0.085 0.320±0.056

Weighted fit for TMIs, T < 17.1◦C 0.498±0.003

TMI catalysis 23.5 -11.02±0.20 -5.77±0.68 0.522±0.062 -0.076±0.009

TMI catalysis 23.5 -10.08±0.010 -5.74±0.85 0.568±0.087 -0.538±0.082

TMI catalysis 23.8 -9.63±0.96 -5.03±0.83 0.521±0.087 -0.057±0.009

TMI catalysis 24.5 -11.18±0.51 -6.06±0.43 0.541±0.046 -0.288±0.024

Weighted fit for TMIs, T > 17.1◦C 0.537±0.004

aError in α33 very large due to the small absolute fractionation in 33S. Values of 33θ and ∆
33S are given but are549

not used in later analyses or included in figures.550
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