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Abstract

:

The impact of volcanic eruptions on the climate has been studied over the last decades and the role played by sulfate aerosols appears to be major. S-bearing volcanic gases are oxidized in the atmosphere into sulfate aerosols that disturb the radiative balance on earth at regional to global scales. This paper discusses the use of the oxygen and sulfur multi-isotope systematics on volcanic sulfates to understand their formation and fate in more or less diluted volcanic plumes. The study of volcanic aerosols collected from air sampling and ash deposits at different distances from the volcanic systems (from volcanic vents to the Earth poles) is discussed. It appears possible to distinguish between the different S-bearing oxidation pathways to generate volcanic sulfate aerosols whether the oxidation occurs in magmatic, tropospheric, or stratospheric conditions. This multi-isotopic approach represents an additional constraint on atmospheric and climatic models and it shows how sulfates from volcanic deposits could represent a large and under-exploited archive that, over time, have recorded atmospheric conditions on human to geological timescales.
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1. Introduction


Globally on Earth, each year, volcanoes release an average of 10–20 Mt of sulfur-bearing gases, and occasionally much more during super eruptions (e.g., [1,2]). Atmospheric sulfur plays a paramount role in the terrestrial radiative balance. Consequently, determining its source and understanding its physico-chemical transformations and fate in the atmosphere appear crucial in predicting its impact on the atmosphere and climate. Indeed, when released into the atmosphere S-bearing gases (mainly SO2: ≤25%; H2S:≤ 10%; and COS and CS2: ≤0.01% of the volume of the emitted gases; [3,4,5] and references therein) are oxidized, being thus transformed into sulfate aerosols that directly and indirectly lead to a negative radiative forcing. First, sulfate aerosols directly reflect part of the solar radiations, thus decreasing the amount of sun energy reaching the Earth’s surface. On the other hand, sulfate aerosols absorb part of the incoming solar radiation in the IR wavelengths and this results in a warming of the aerosol-bearing atmospheric layer associated to a temperature decrease between it and the Earth’s surface. Additionally, volcanic aerosols play the role of cloud nucleation leading to more cloud formation, which reinforces the albedo and therefore causes the Earth’s surface to cool (e.g., [6,7]). Such “volcanic winters”, that can be more or less severe and global depending on the strength and location of the eruption, have been observed after several major eruptions such as those at Mt Agung in 1963, El Chichón in 1983, and Pinatubo in 1991 (e.g., [8,9,10,11]).



Atmospheric modeling aims at predicting climate evolution on Earth. However, including the sulfur volcanic aerosol formation processes would increase the models’ accuracy regarding the volcanic forcing climate. This paper discusses the use of oxygen and sulfur multi-isotopes in improving our understanding of sulfate aerosol formation, fate, and sources. The 18O/16O and 17O/16O as well as 34S/32S, 33S/32S, and 36S/32S are measured and expressed as δ18O and δ17O as well as δ34S, δ33S and, δ36S respectively (Equation (1)). During any process, the isotopes fractionate, changing the isotopic ratios, depending on the mass differences between heavy and light isotopes. For instance, the mass difference between 18O and 16O is twice as much as between 17O and 16O, leading to the relation 17O/16O ~ 0.5 * 18O/16O, commonly expressed as δ17O = (δ18O + 1)0.524 − 1. This very widespread rule suffers some exceptions, where isotopic fractionation does not depend on the mass differences between isotopes, it is referred to as Mass Independent Fractionation (MIF) (e.g., [12,13,14,15]). The difference to the isotopic mass dependent fractionation relation is quantified by Δ17O, Δ33S and Δ36S (Equations (2)–(4)). Therefore, isotopic mass dependent fractionation results in a Δ = 0‰ whilst MIF has Δ ≠ 0‰.


δA = (RA/Rst) − 1; for instance δ18O = (18O/16O(sample)/18O/16O(standard)) − 1



(1)






Δ17O = δ17O − [(δ18O + 1)0.524 − 1]



(2)






Δ33S = δ33S − [(δ34S + 1)0.515 − 1]



(3)






Δ36S = δ36S − [(δ34S + 1)1.89 − 1]



(4)




considering that: δA: isotopic composition of a sample (e.g., δ18O); RA: isotope ratio of the measured sample (e.g., 18O/16O); Rst: isotope ratio of a standard. The mass dependent coefficients 0.524, 0.515, and 1.89 are from references [16,17].



In the atmosphere, sulfate aerosols are generated by oxidation of S-bearing gases through different possible reactions or channels (Ch1, Ch2, Ch3, and Ch4; e.g., [18]). The multi O-isotopic composition of the different atmospheric oxidants is relatively well-known such that the resulting sulfate composition can be estimated for each oxidation channel (Figure 1). Therefore, coupling O- and S-isotopic composition with atmospheric chemistry allows the oxidation channel(s) from which they formed to be retraced. This not only helps to elucidate the sulfate aerosol formation in the atmosphere but also permits us to probe into the composition of the atmosphere and more specifically its oxidant capacity during specific volcanic eruptions.



	Ch1:  
	   |   |    S  O 2  + O H + M → H O S  O 2  + M     H O S  O 2  +  O 2  → S  O 3  + H  O 2      S  O 3  +  H 2  O + M →  H 2  S  O 4  + M        



	Ch2:  
	  S  O  2 ( a q )   +  H 2   O 2  →  H +  + S  O 4  2 −   +  H 2  O  



	Ch3:  
	  S  O  2 ( a q )   +  O 3  →  H +  + S  O 4  2 −   +  O 2   



	Ch4:  
	  S  O  2 ( a q )   +  1 2   O 2   →  TMI   S  O 4  2 −    





where M: any inert molecule that removes excess energy without participating in the reaction; TMI: transition metal ion; for (Ch4); SO2(aq) is in aqueous phase and can be present as SO2 · H2O,    H S O  3 −  , or    S O  3  2 −    (for pH from 2 to 7, which is most likely the case in volcanic plumes,    H S O  3 −   dominates). Ch1, Ch2, Ch3 and Ch4 are the same as in Figure 1.



This isotopic approach opens new perspectives when considering volcanic deposits formed by different eruptions all around the world during the whole history of Earth. As volcanic activity has always been present, sulfates from volcanic deposits represent an underexploited archive that, over time, has recorded atmospheric conditions on human to geological timescales.



This paper reviews the different methods used for sulfate aerosol sampling, as well as for O- and S-isotopic measurements, the final purpose being a discussion of the mechanisms of formation of the volcanic sulfate during the different kind of volcanic eruptions, from passive degassing to large caldera-forming eruptions (super-eruptions).




2. Methods


Several laboratories use a variety of methods to extract sulfate from natural samples and to analyze their isotopic composition. Some methods are still in development, nonetheless the present paper describes the methods classically used nowadays.



2.1. Volcanic SO2 and H2S Sampling


Gas sampling at volcanic vents have been used for the last 40 years [23] and is based on the fact that acidic volcanic gases, including SO2 and H2S can be trapped in alkaline solutions. The most quantitative method appears to be the Giggenbach bottle system [24], but it requires approaching the volcanic vent, making the sampling and isotopic characterization of volcanic S-bearing gases difficult. The Giggenbach bottle system consists of pumping the volcanic gases, which are collected into a bottle containing an alkaline solution. The acid gases are dissolved in the solution and the low solubility gases trapped in the headspace of the bottle. The development of such a method allows the simultaneous and separate collection of SO2 and H2S [25,26]. Indeed, both gases are trapped in the alkaline solution, but the presence of Zn-acetate for instance leads to the immediate precipitation of H2S into ZnS, allowing the physical separation of sulfur from SO2 and H2S. This method is rather quantitative, which is necessary especially when isotopic analyses and mass balances are considered. Another method is based on passive alkaline traps, and consists simply of plastic beakers containing alkaline solution close the volcanic vents [27]. This method permits the volcanic gases to be collected over a longer period of time, allowing a better estimation of the average volcanic gas fluxes, but it does not allow the separation of different gases (SO2 vs. H2S for instance). Furthermore, during the absorption of S-bearing gases, some isotopic fractionation may occur, which may lead to a significant bias for isotopic studies [28]. Finally, filters soaked in alkaline solution are also used, but no separation of SO2 and H2S is possible either and some isotopic fraction occurs when the SO2 flux is too high [29,30].




2.2. Sulfate Aerosol Sampling


Air sampling and ash leaching are the two classic methods for collecting volcanic sulfates. The first method consists of pumping the air near volcanic vents; the particles (aerosols) are then gathered on filters, usually polytetrafluoroethylene (PTFE) filter packs (e.g., [29]). Pumps with a flow rate of about 30 L min−1 are generally used, as they are able to collect—in a few hours—enough sulfate aerosols for isotopic measurements [30,31]. Filters are then leached with deionized water in order to extract and concentrate sulfate aerosols into solution. Special care must be taken as, even if the reason is not yet fully understood, there is some variability in the δ18O measured in sulfates collected on filters [29,30]; this could be linked to the collecting method as it cannot be explained by any magmatic processes. However, this variability is not observed for Δ17O and S-isotopes. The other method for sulfate sampling consists of directly leaching volcanic ash. Indeed, a few tens to thousands of ppm of sulfate can be present in volcanic ash deposits (e.g., [32,33,34]). With the exception of barite (BaSO4), sulfates are highly soluble in water, making their preservation in volcanic ash problematic or impossible in humid regions as well as in old volcanic deposits. Nevertheless, in arid to semi-arid environments, sulfates are at least partially preserved in volcanic ash layers up to tens of Ma [33,35]. Although the scavenging of sulfate is possible, isotopic exchange between water and sulfate is rather negligible in such environments [36]. Therefore, even if sulfate is partially removed by leaching or weathering from a volcanic deposit, its overall isotopic composition is preserved. In some cases, as in a sedimentary basin (an alkaline lake for instance), volcanic deposits can undertake the formation of authigenic sulfates that have a different isotopic composition compared to volcanic sulfates. Furthermore, long-term atmospheric deposition can also contribute to the sulfate from volcanic deposits, but it is rather negligible compared to the volcanic and authigenic sulfates [33]. The overall isotopic composition of sulfate from these volcanic deposits can possibly be progressively modified by dilution of the initial volcanic sulfate. However, using isotopic mixing models, it is possible to estimate the proportion of volcanic sulfate left in such deposits [33,35]. Deionized water is used for ash leaching and diluted HCl is added when carbonates were formed and could have trapped some sulfate. For efficient leaching, the preferred water/ash mass ratio is of about 1/20 [37].




2.3. Sulfate Chemical Composition and Preparation


Even if the volcanic sulfate aerosol mineralogy is very complex and not totally understood, it appears that at volcanic vents, dominating sulfates are commonly K-Na-sulfates [38,39]. Considering the high volatility of Na and K, the formation of these sulfate aerosol particles can be the result of the reaction between sulfuric acid and volatilized alkali-chlorides, the condensation of alkali-sulfate directly volatilized out of the magma or emitted by the hydrothermal system [40,41,42,43].



On the other hand, further away from the vent (≥1–2 km), where the plume is more diluted, it seems that Ca-sulfates dominate [38,39]. They are found as particles but also as well-formed crystals and coating on other particles such as volcanic ash. This testifies that Ca-sulfates are less likely to have been produced by mechanical aerosol formation like in volcanic conduits or vents. However, considering the low volatility of calcium, Ca-sulfates are most likely formed by the alteration of volcanic glass in the plume itself. This is also consistent with the fact that in volcanic deposits sampled far from the volcanic centers (between 5 and 25 km [30]; ≥500 km [33,35]), Ca-sulfates seem to be the dominant sulfate species. Ayris et al. [44] show that at high temperatures the high Ca2+ diffusivity in ash particles leads to CaSO4 formation in the volcanic conduit, which during the cooling down of the plume and its mixing with air, can be hydrated and generate gypsum as observed in volcanic ash deposits. However, in their experiments, K-Na-sulfates are not generated at high temperature by diffusion-driven mechanism. Therefore, this mechanism does not seem to explain the dominance of alkali-sulfate at volcanic vents.



In order to be able to measure the multi-isotopic composition of the collected sulfates, the latter is reacted with salts, which results in precipitates such as BaSO4, Ag2SO4, or Ag2S.



	-

	
BaSO4: For about 30 years (e.g., [36,45]) sulfates were transformed into highly insoluble BaSO4 by adding BaCl2 in the leachate obtained from different kind of samples such as ash or filters. However, when precipitated from a multi-anion solution, barite (BaSO4) can occlude impurities such as nitrate, which can introduce an analytical bias in the measurement of O-isotopes [46]. For this reason, it is of paramount importance to purify the collected sulfate and make sure that no nitrate remains in the leachate. In order to purify barite, Bao et al. [47] developed the DDARP (diethylenetriaminepentaacetic acid dissolution and re-precipitation) method, while more recently, Le Gendre et al. [48] worked out a Resin Method for Sulfate Extraction and Purification (RMSEP), that passes the leachate solution through an anionic exchange resin, allowing the purification and concentration of sulfate. Then, by adding BaCl2, pure BaSO4 is precipitated.




	-

	
Ag2SO4: Via anionic exchange resins, sulfate from the leachate is converted into Na2SO4. Then Ag2SO4 is produced by passing the Na2SO4 through another resin conditioned into Ag+ [49].




	-

	
Ag2S: Sulfate from leachate or BaSO4 or Na2SO4 is converted into H2S (gas) via acid attack [50] in order to react with AgNO3 to finally precipitate and the sulfur as Ag2S [51].








2.4. Oxygen Isotope Measurements


Oxygen isotope ratios were conventionally determined via graphite-reduction techniques that generate CO2 from the oxygen extracted from the sulfates [52,53]. However, due to an isobaric interference from 13C (mass 45: 13C16O16O or 12C16O17O), only δ18O can be determined via these methods. More recently, Bao and Thiemens [54] developed a laser fluorination method, in order to precisely and simultaneously measure 18O/16O and 17O/16O from O2 extracted from sulfate samples. It is noteworthy that this method typically requires >20–30 µmol of sulfate (>4–7 mg of BaSO4), so that enough material remains available for duplicate or triplicate analyses. Using a CO2 laser, 2–3 mg of BaSO4 reacted with BrF5 at a high temperature, leading to O2 being released, which is then extracted and purified by successive cryogenic traps in an extraction line. Finally, it is trapped onto a molecular sieve and then sent to the mass spectrometer. However, O2 extraction from BaSO4 by fluorination is never total (only 30–45% yield) [33,54], which induces an isotopic fractionation. Typical fractionation of δ18O is of about +8‰, yet this fractionation is mass dependent, such that it has no effect on the Δ17O value. Overall, the method uncertainties (sulfate transformation into BaSO4 + O2 extraction line + mass spectrometer) are: δ18O ± 0.5‰ and Δ17O ± 0.1‰ (2σ).



Whilst the laser fluorination method requires a minimum of 8–10 µmol of sulfate for an O-isotopes analysis, samples as small as 0.2 µmol of sulfate can be analyzed by pyrohydrolysis of Ag2SO4 using an elemental analyzer [55,56]. This method is ideally adapted for analyzing small quantities of sulfate aerosols. However, the uncertainties (δ18O ± 2‰ and Δ17O ± 0.2–0.3‰ (2σ)) are greater than with the laser fluorination method.




2.5. Sulfur Isotope Measurements


While 34S/32S in sulfates can be easily and directly analyzed using an elemental analyzer, multi S-isotope measurements (34S/32S, 33S/32S and 36S/32S) require that Ag2S precipitate is converted into SF6 [51]. SF6 is obtained by fluorination (via F2) of Ag2S; it is then purified by gas phase chromatography, and subsequently concentrated in a cryogenic trap before being injected into the mass spectrometer. Recently, Au Yang et al. [57] developed a method allowing the analysis of less than 0.1 µmol of SF6. Overall, the method uncertainties (sulfate transformation into Ag2S + SF6 extraction line + mass spectrometer) are: δ34S ± 0.2‰; Δ33S ± 0.02‰ Δ36S ± 0.09‰ (2σ).





3. Volcanic Sulfate Formation


Sulfate aerosols can possibly be generated at high temperature in the magma itself in very oxidizing conditions or more likely in the volcanic conduit during the gas ascent. Indeed, as discussed above, they mostly consist of K-Na-sulfates and can result from the reaction between sulfuric acid and volatilized alkali-chlorides, from the condensation of alkali-sulfate directly volatilized out of the magma or emitted by the hydrothermal systems [40,41,42,43]. These sulfates are referred to as primary sulfates. Their proportion in volcanic plumes during passive magma degassing is usually low with a sulfate/SO2 ratio, usually <1% near the volcanic vents [25,58,59]. The S-bearing gases that are carried by the colder (dense or diluted) volcanic plumes and clouds produce secondary sulfate aerosols via different possible oxidation pathways in the atmosphere [20] and also possibly by chemical and photochemical reactions on mineral and dust surfaces [60]. As discussed above, these secondary sulfates consist most likely of Ca-sulfates due to interaction between sulfuric acid and volcanic glass. Below is detailed the possible mechanisms responsible for the formation of primary volcanic sulfates at high temperatures and the secondary volcanic sulfates in the troposphere, stratosphere, or during super-volcanic events.



3.1. Isotopic Composition of S-Bearing Gases


Due to obvious difficulties regarding a quantitative sampling close to volcanic vents, the previous determination of isotopic composition of volcanic S-bearing gases collected close to open degassing vents were only achieved at volcanic systems, where only minor eruptions occur [25,26,27,29,61,62,63,64,65,66,67,68]. In such open degassing systems, it appears that the δ34S of the bulk volcanic S-bearing gases (mainly SO2 + H2S) are rather similar to their magmatic sources, as expected since sulfur is almost thoroughly degassed (>90%) from degassing magmas [25]. However, Menyailov et al. [26] were able to measure lower δ34S for H2S than for SO2 by ~4‰ at 700–800 °C, ~12‰ at 500 °C and ≥16‰ at temperature ≤100 °C, which is consistent with the tendency previously observed [66] and the isotopic fractionation expected between the two S-bearing gases [69,70]. While the bulk S-bearing gas has a similar composition to its magmatic source, the latter strongly depends on the oxygen fugacity of the magma, with light isotopic ratios for low oxygen fugacity (MORB-like magmas: δ34S ~ −1‰ to 0‰; e.g., [71]) and heavier ratios when the magmatic conditions are more oxidizing (arc lavas: δ34S ~ 5‰; e.g., [72]). In Figure 2, the range of −1 to 6‰ is reported as representative of the bulk volcanic S-bearing gases. No measures of multi-S and -O isotopes ratios have been done on the S-bearing gases. However, as it has been observed for δ34S, the Δ33S, Δ36S, δ18O, and Δ17O of S-bearing gases is expected to be similar to the magmatic sources and the mantle values that are close to 0‰ for Δ33S, Δ36S, and Δ17O and 5.5 to 7‰ for δ18O depending on the geodynamic context ([17,71,72,73,74]; Figure 2).




3.2. High Temperature Primary Sulfates


In order to study the primary volcanic sulfates, the sampling of aerosols must be performed as close as possible to the volcanic vents (up to a few hundred meters). Figure 2 shows a compilation of the isotopic composition of such primary sulfates. The variation range for O-isotopes is from 7‰ to 20‰ in δ18O and it becomes very narrow for Δ17O whose values are close to 0‰ (from −0.18 to +0.2‰). S-isotopes are more homogeneous with only 8‰ variation in δ34S (from 1 to 9‰), Δ33S very close to 0‰ or slightly positive (from 0.01 to 0.14‰) and Δ36S significantly negative values from −0.5 to −0.9‰.



Overall, the aerosols δ34S tend to be higher than the bulk S-bearing gases, and when measured simultaneously the δ34S of bulk S-bearing gases is systematically a few permil lower than in sulfate [26], in agreement with the expected isotopic fractionation [84]. The Δ33S of ~0‰ is consistent with a direct oxidation of S-bearing gases at high temperature where, like in magmatic conditions, a mass dependent isotopic fractionation is expected (e.g., [85]). In contrast, the negative Δ36S values are consistent with non-MIF processes as small non-zero Δ33S (between 0 and 0.14‰; Figure 2) and Δ36S (between −0.5 and −0.9; Figure 2) can be generated by mass dependent processes. The observed Δ33S/Δ36S ratio of about −8 is indeed in the same range as the mass dependent fractionation line that has a Δ33S/Δ36S ratio between −5 and −10 [51,86,87] (Figure 3).



The measured δ18O values are systematically above the magmatic composition, which can be interpreted in terms of isotopic fractionation during distillation/condensation processes in the volcanic conduit and/or to sulfur oxidants that have systematically higher δ18O than the magma. Such oxidants could be atmospheric oxidants like O2 or H2O2, which could be responsible for these high δ18O as they can have δ18O higher than 20‰ (e.g., [20] and references therein; Figure 2). However, it is noteworthy that when sulfate aerosols are collected on filters, their δ18O seems to increase with the sulfate concentration [30,31]. This seems to show that some isotopic fractionation may occur on the filter during the sampling. In locations where such measurements have been done (Stromboli), LeGendre [30] also analyzed sulfate collected on volcanic ash and the δ18O is much more reproducible and corresponds to the lowest range of what was measured on filters (around 10‰; Figure 2). These values are closer than the magmatic values, but still slightly higher (Figure 2); therefore, we cannot rule out that atmospheric oxidants play a significant role in the high temperature chemistry at volcanic vents and therefore on the primary volcanic sulfate formation.



The Δ17O values are all very close to zero, indicating that the S-bearing gases oxidant is mass dependent, which is consistent with magmatic conditions, where all the compounds (volcanic gases, silicates minerals and glass) are mass dependent. If, as suggested above, some atmospheric oxidants play a significant role in the formation of the primary sulfate, these oxidants should have a Δ17O close to 0‰, which is only consistent with O2 (Δ17O = −0.33‰) and not H2O2. Indeed, even if Δ17O of atmospheric O2 is significantly negative, when combined with magmatic oxygen atoms in the resulting sulfate, the overall Δ17O should be very close to 0 ± 0.1‰ (Figure 1). Overall, we could expect sulfate δ18O to be magmatic-like or slightly higher if atmospheric O2 played a significant role and did not isotopically exchange with magmatic compounds.



It is very challenging to assess processes that occur at high temperatures, but some studies try to do that via equilibrium thermodynamic models [88,89,90,91]. They show that, considering volcanic gas mixtures with atmospheric air during the plume cooling, SO3 can be generated from S-bearing gases and subsequently form H2SO4 by co-condensation along with water. Combustion experiment studies also demonstrate that ash particles and their iron oxides are excellent catalyzers to the SO2 to SO3 conversion and that the resulting sulfate is isotopically mass dependent [92,93]. The models also predict the formation of H, OH, and OH2 radicals that are initially coming from thermal dissociation of H2O, which produces H and OH radicals reacting with atmospheric O2 to generate OH and OH2 [88]. The incorporation of atmospheric OH is also possible, but probably quickly depleted in the high temperature plume as the highly concentrated SO2 oxidation (via OH) would rapidly consume it.




3.3. Tropospheric Secondary Sulfates


Secondary sulfates are generated by oxidation of sulfur precursors in the atmosphere, either in the gas or condensed phases. When the volcanic plume does not reach the stratosphere, and remains in the troposphere, it is possible to address the formation of secondary sulfates in a more or less diluted volcanic tropospheric plume or cloud, by collecting sulfates from volcanic ashes deposited at distances even up to a few hundred kilometers from the volcanic vent [20]. Such sulfates measured all over the world show compositions ranging from 0 to 15‰ for both δ18O and δ34S; their Δ17O, Δ33S and Δ36S values are very homogeneous and very close to 0‰ as well (Figure 2). In detail, Δ36S/Δ33S of about −9.4 is similar to what is observed close to volcanic vents and close to the mass dependent fractionation line (Figure 3).



Models of tropospheric chemistry show that SO2 must be overwhelmingly oxidized by H2O2 when pH < 6, which is expected to be the case in volcanic plume. However, as all non-volcanic tropospheric sulfates have a Δ17O of about 0.7‰ (e.g., references [30,92,95,96,97]), this should also be the case for volcanic tropospheric sulfates (Figure 1). The fact that Δ17O of tropospheric volcanic sulfate is close to 0‰, clearly shows that H2O2 is not the main oxidant. Based on the fact that H2O2 concentration in the troposphere (H2O2 concentration = [H2O2] < 0.5 DU; Dobson unit; 1 DU = 2.68 × 1016 molecule cm−2) is much lower than the concentration of volcanic SO2 in the volcanic plumes ([SO2] = 10–100 DU; e.g., [98,99]), Martin et al. [20] proposed that H2O2 reacts and is rapidly consumed in the tropospheric column. The second main oxidants are OH (Ch1) or O2 (Ch4) that are non-MIF (or slightly negative for O2). Consequently, they logically produce sulfate aerosols with Δ17O very close to 0‰ (Figure 1). In tropospheric volcanic plumes, when tropospheric humidity is high (water condensation in the plume), heterogeneous aqueous oxidation reaction via O2-TMI is expected to be faster than homogeneous gas phase reaction via OH. However, in relatively low humidity conditions (no condensing plume), the oxidation via OH should dominate [100]. This is in agreement with observations made at Kilauea (Hawaii) where diurnal variations in the sulfate fraction ([   S O  4  2 −   ]/([   S O  4  2 −   ] + [SO2])) have been observed in the volcanic plume, indicating that photochemically produced oxidants play a major role in the SO2 oxidation [101]. OH and H2O2 are photochemically produced oxidants but, as discussed above, oxidation via H2O2 cannot explain the non-MIF isotopic composition of volcanic sulfate produced in the troposphere. Therefore, oxidation via OH seems to play the main role in relatively dry condition plumes.



Finally, collecting tropospheric secondary sulfates from volcanic ashes could be biased by the fact that primary sulfates adsorbed on ash particles are still present, which dilutes the secondary sulfate isotopic signature. Unfortunately, based only on petrographic observations and on O-isotopic signatures of these sulfates, distinguishing a primary vs. secondary origin (Figure 2) is a strenuous task. However, as measured at volcanic vents, the sulfate/SO2 ratio is usually <1% [25,58,59], indicating that further away from the vent, after oxidation of some SO2 in the volcanic plume, secondary sulfate should rapidly (in a few hours) dominate the primary ones. Therefore, in ash deposit collected at more than ~30–50 km from the volcanic vent, secondary sulfate should dominate. However, secondary sulfate could also be generated in volcanic plumes by other processes such as S-bearing gases oxidation by OH radicals produced on ash particles (e.g., [60,102,103,104,105]). Additionally, another way of producing secondary sulfate in the volcanic plume can be the SO2 reaction with halogen species (HOBr or HOCl) dissolved in the aqueous phase [106,107]. Unfortunately, yet very little is known on the conditions prevailing inside the dense and hot volcanic plumes. For instance, in such an environment, the halogen chemical behaviors are poorly constrained so it is difficult to estimate the role played in volcanic plumes by these oxidation channels.



In a tropospheric volcanic plume, the estimation of the conversion of SO2 into sulfate aerosols is a key parameter in order to have accurate volcanic S-spices fluxes, which is crucial in volcano monitoring (see [5] for a review). The SO2 oxidation rate depends on the oxidation pathways, which as discussed above, depend on the SO2 concentration, the relative humidity, the time of the day and the season of the year. In tropospheric volcanic plumes, the estimations of SO2 oxidation rates usually range from ~10−7 s−1 to ~10−4 s−1 ([101] and references therein). It is noteworthy that these estimations can be biased by the content of primary sulfate, loss of SO2 by non-oxidative processes, and the presence of aerosols other than sulfates. These parameters are not easy to quantify and are often not taken into account, leading to large uncertainties on the SO2 oxidation rate. Kroll et al. [101] measured in real-time the SO2 and sulfate concentrations in the Kilauea volcanic plume and inferred SO2 oxidation rates up to 2.5 × 10−6 s−1 at noon and an average over 24 h of 5.3 × 10−7 s−1, which is in the lower range of all the previous estimations. Values of about 10−7 s−1 are also inferred from atmospheric chemistry models that do not include halogen chemistry, which is comparable to the Kilauea case, where halogen emissions are rather low (Galeazzo, personal communication).




3.4. Stratospheric Secondary Sulfates


During major explosive volcanic eruptions, the volcanic plume can reach the stratosphere. There, S-bearing gases can be oxidized and form sulfate aerosols that, due to strong stratospheric winds, are able to travel long distances, to be potentially dispersed globally and finally to slowly sediment on the Earth’s surface. It is striking that, due to atmospheric circulation, a volcanic plume emitted in the tropics is easily spread out all over the globe, while at a higher latitude it remains in the same hemisphere. Furthermore, and for the same reasons, the concentration of volcanic sulfate aerosols is unlikely to be homogeneous on the deposition area.



This has been very well demonstrated for the 1991 Pinatubo eruption (e.g., [108]). These stratospheric volcanic sulfate aerosols can be ideally sampled in polar ice cores. Indeed, for the last hundred thousand years, ice accumulation at the poles has progressively recorded and archived atmosphere compositions. Thanks to its chemical stability (very low volatility and reactivity with other compounds), and taking into account some snow redistribution by the wind, the sulfate concentration in the ice has been used for decades to identify volcanic events (references [109,110,111,112,113] among others). In Antarctica, O- and S-isotope compositions of these sulfates have been studied [78,79,80,81]. It is noteworthy that background correction is necessary as concentration up to 100 ppb of mostly biogenic sulfate can be present. There, δ18O ranges from −5‰ to +25‰, and δ34S: from −5‰ to +20‰ (Figure 2). Furthermore, S- and O-MIF signatures (−0.8‰ < Δ33S < 2.2‰; −2.7‰ < Δ36S < 2.8‰ and Δ17O up 6.5‰; Figure 2) were recorded in the sulfates from more than ten stratospheric eruptions (e.g., Pinatubo, Agung, Krakatoa, Kuwae and different unknown eruptions). Note that the average Δ33S/Δ36S ratio from this dataset is about −1.7, which is clearly different from the mass dependent fractionation line ratio (−5 to −10; see [94] for a review; Figure 3).



The most accepted process for generating such S-MIF signatures consists of the photolysis and photoexcitation of SO2 by UV radiations, in an oxygen-poor atmosphere ([12,21,22,114,115,116] and [94] for a review). On the early Earth, before the great oxidation event (2.4–2.2 Ga), there was no atmospheric oxygen and consequently, no ozone layer. So, due to the lack of this shield, UV radiation reached the surface of the Earth, such that sulfur photolysis and photoexcitation could take place through the whole atmospheric column, resulting in possibly large S-MIF. Since then, the ozone layer has partially protected the Earth’s surface from UV radiation. Consequently, the only place where such processes can take place (and generate large S-MIF signatures) is in the stratosphere above or in the upper part of the ozone layer (≥25 km). Volcanic sulfate aerosols generated in the stratosphere are thus expected to have S-MIF signatures [114,117]. Therefore, volcanic sulfate aerosols having large S-MIF signatures clearly testify to their stratospheric origin.



In ice-cores, an evolution of Δ33S from negative to positive and Δ36S from positive to negative is recorded during a single volcanic event [80,82]. This can be explained by formation in the stratosphere of 33S enriched and 36S depleted sulfate aerosols at first and then, by mass balance, the resulting SO2 pool generates sulfates that are 33S depleted and 36S enriched [82]. However, in the stratosphere, the S-bearing gases oxidation after an eruption takes a few months, while the ice volcanic sulfate records are on a timescale of years. This requires a physical separation in space and time of the SO2 and generated sulfates right from the beginning of the SO2 oxidation in the stratosphere and maintained separated for a few years while traveling in the stratosphere and while depositing in formation-time order in the ice.



The large O-MIF signature (Δ17O up to 6.5‰) observed in the same stratospheric sulfates [78,79] can only be explained by the oxidation of S-bearing gases by OH radicals that have high Δ17O. Indeed, as OH results from O3 photo-dissociation, they carry the same isotopic anomaly as O3 (Figure 1). Due to isotopic exchange with non-MIF water, tropospheric OH is O-mass dependent (Δ17O = 0‰; Figure 1). The “cold trap” effect played by the tropopause prevents significant water transfers between troposphere and stratosphere. This lack of exchanges results in the low water content in the stratosphere (2–6 ppmv which is 3–4 orders of magnitude lower than in the troposphere) [118]. These relatively anhydrous stratospheric conditions favor homogeneous (gas phase) oxidation of SO2; in that case, the main oxidant of volcanic sulfur is OH (Figure 1). It is noteworthy that during major eruptions, the water-rich volcanic plumes reach the stratosphere where they could provide significant amounts of water (at least locally), such that heterogeneous gas phase oxidation by O3 could potentially play a significant role as well. Unfortunately, taken alone, O-isotopes do not allow precise quantification of the relative role played by O3 or OH in the stratospheric oxidation of sulfur. If the ozone plays a role in such diluted stratospheric volcanic plumes, it means that the conditions are rather basic and not acidic as in denser plumes. In the case where acidic conditions are still preserved, then the SO2 oxidation via O2-TMI should prevail, which should lead to a decrease of the sulfate Δ17O. This could explain the fact that some sulfates generated during large eruptions and collected in ice-core do not have high Δ17O signatures [78]. However, these low values seem to correlate with very large eruptions that inject more than 100 Mt of SO2 into the stratosphere. Savarino et al. [78] proposed that in such conditions, OH radicals could be rapidly exhausted and that oxidation via O(3P), which quickly reacts with O2 that has a Δ17O very close to 0‰, could be the main mechanism taking place in the stratosphere during these exceptional volcanic eruptions.




3.5. Ash Layer from Large Caldera-Forming Eruptions (Super-Eruptions)


Super-eruptions correspond to volcanic eruptions that emit more than 1000 km3 of fragmental material (mainly ash) and form large calderas. Sulfates extracted from these deposits display a wide range of isotopic compositions: δ18O and δ34S generally spread from 0‰ to 15‰, Δ17O from 0‰ up to 6‰, while Δ33S and Δ36S remain very close to 0‰ (Figure 2). The study of super-eruption deposits raises some questions that are still under debate [33,35]. During super-eruptions, such as those from Yellowstone (Lava Creek Tuff, 0.64 Ma; Huckleberry Ridge Tuff, 2.1 Ma) and the Long Valley eruption (Bishop tuff, 0.76 Ma), ashes have been deposited at distances up to 5000 km from their source calderas. As discussed above, at such distances, the fraction of primary sulfates should be negligible compared to secondary sulfates. Even if these old ash layers (hundreds of ka to tens of Ma), have been diluted by non-MIF sedimentary sulfates, O- and S-MIF signatures could still have been preserved. Indeed, Martin and Bindeman [33] have shown that up to 25% of O- and S-MIF volcanic sulfates are still preserved in some Yellowstone and Bishop Tuff volcanic deposits. Taking into account the effects of dilution, the authors were able to recalculate the Δ33S and Δ36S of the initial volcanic sulfates, which have an unambiguous S-MIF signature (Δ33S down to -0.4‰ and Δ36S up to 1.2‰; Figure 2). Therefore, even in deposits located within a radius of a few thousands of kilometers from the caldera, S-MIF sulfates are observed, which indicates that a significant amount of stratospheric sulfates is still present in super-eruption deposits. It is noteworthy that Bao et al. [119] proposed that the sulfate O-MIF signature from super-eruption deposits could be accounted by tropospheric oxidation via O3. This is possible in basic environments (pH > 6), however it is inconsistent with the acidic (low pH) character of dense volcanic plumes. Nonetheless, such conclusions raise new questions.



(A) The tropospheric origin of sulfates: If the O-MIF (up to 6‰) sulfates are generated in the troposphere, O3 must have played an important role (Figure 1), which seems unlikely considering acidic conditions of volcanic plumes. Furthermore, if S-MIF is also generated in the troposphere during super-eruptions, it has to be considered that the ozone layer was depleted, at least locally, such that a significant fraction of UV radiation was able to reach the troposphere, thus making SO2 photoexcitation and photolysis possible. It is noteworthy that such a process is compatible with the UV-B flux variations possibly linked to the large igneous provinces emplacements ([120,121] and reference therein).



(B) The stratospheric origin of sulfates: If sulfates are generated by O3 (aqueous phase oxidation) in the stratosphere, does it get at least locally hydrated? Such a scenario was observed after the 1982 El Chichon eruption [122,123], but the injection of SO2 in the stratosphere could also lead to the drying out of the stratosphere [124] which makes it difficult to give a general answer to this question. Indeed, the formation of sulfates in the stratosphere by OH oxidation would account for both O- and S-MIF signatures. In turn, this scenario implies that the watering of the stratosphere must be negligible, otherwise OH should react with H2O and dilute its positive Δ17O signature. It must be noted that in very high SO2 concentration conditions, OH can react significantly with SO2 before isotopic exchange with water (Galeazzo, personal communication). The fact that all the Δ17O measured is lower than 8.8‰, as expected by OH oxidation (Figure 1), can obviously be explained by non-MIF sediment sulfate dilution in the volcanic deposit, but it could also be explained by another oxidation pathway in the stratosphere. For large stratospheric eruptions, it has been suggested that, due to OH depletion, oxidation via O(3P) could generate non-MIF sulfate [78]. In any case, the stratospheric origin is unable to explain why such an amount of sulfate (up to a few hundreds of ppm) can be found in an area of a few hundreds to thousands of kilometers around the caldera while it should have been spread out all around the world (or at least hemispherically for high latitude eruptions) as it is observed for stratospheric eruptions.



(C) The mixed origin of sulfates: This raises questions about the physico-chemical properties of the tropopause during such volcanic events. After the 1982 El Chichon and the 1991 Pinatubo eruptions for instance the temperature of the low stratosphere increased up to 1.5 °C [9]. If a significant temperature increase had occurred at the tropopause, its “cold trap” effect would have been partially reduced, thus facilitating chemical fluxes (O3 and H2O for instance) between the troposphere and stratosphere. Even if the impact was global, the apogee of such an effect could have been restricted to a few hundreds to thousands of kilometers in the atmospheric column located above the volcanic systems.





4. Summary and Conclusions


Oxygen and sulfur isotopes provide good constraints on the formation and fate of volcanic sulfate aerosols and ultimately the real nature of the physico-chemical interactions between the atmosphere and volcanic eruptions. Multi O- and S-isotope analyses of sulfates collected by air sampling or volcanic ash leaching allow us to decipher the oxidation pathways of S-bearing gases in the atmosphere. They also discriminate between primary vs. secondary aerosols and give information about the place where they were generated (troposphere vs. stratosphere).



Some aspects need to be improved:




	-

	
High temperature chemistry (including sulfate aerosol formation) is assessed by equilibrium thermodynamic models, but at volcanic vents the plume cools down and dilutes very quickly, therefore modeling using a kinetic approach should be more appropriate.




	-

	
The isotopic approach alone can hardly differentiate between different possible mass-dependent processes responsible for sulfate formation. In volcanic plumes, sulfates can be generated by oxidation channels such as OH or O2-TMI oxidation, but the exploration of other possible oxidation processes is required. The role played by halogens and OH radicals generated from ash particles in the SO2 oxidation needs to be quantified as in volcanic plumes they may play a more preponderant role than expected. This would improve our understanding of sulfate aerosol formation in a relatively particle-dense plume or cloud.




	-

	
In the stratosphere, the low Δ17O sulfates are not totally understood yet. Oxidation channels other than oxidation via OH need to be explored. Furthermore, the fact that in ice-cores the evolution of Δ33S (from negative to positive) and Δ36S (from positive to negative) is recorded during a single volcanic event on a year timescale, while the SO2 oxidation in the stratosphere takes a few months after an eruption, is still unexplained.




	-

	
The impact of super-eruptions on the atmosphere and more specifically on the tropopause needs to be explored in more detail in order to better constrain the potential chemical fluxes between the troposphere and the stratosphere during such an event. This would have an impact on the sulfate aerosol formation and on the atmospheric and climatic impact of super-eruptions in general.









In dry environments, sulfates can be preserved in volcanic deposits for millions of years, thus they can be considered as a reliable archive having recorded the impact on the atmosphere of ancient volcanic eruptions. Furthermore, volcanoes are widespread all over the world, and they have erupted more or less regularly over the Earth’s history. Consequently, volcanic sulfates can also be used as proper proxies for the oxidant capacity of the atmosphere on a geological timescale. This would represent an additional constraint on the climatic models for the past but also the future periods of times. From this point of view, the study of volcanic sulfates could provide an open window on past and future climatic changes. Additionally, a better understanding of sulfate aerosol formation and fate in the atmosphere would provide a new parameter in our understanding of atmospheric chemistry evolution. A similar approach performed on anthropogenic S-bearing emissions would significantly improve our knowledge on present-day atmospheric chemistry. This appears to be a fundamental parameter for climatic modeling and for a better prediction of forthcoming climatic changes.
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Figure 1. Volcanic SO2 main oxidation channels in the troposphere and stratosphere (gas phase reactions in red and aqueous reactions in blue). X can be two monovalents or one bivalent cation (e.g., H+, K+, Na+, or Ca2+). The average isotopic values of volcanic SO2, atmospheric oxidants and expected sulfates are indicated in grey values for Δ17O and purple for Δ33S and Δ36S. The detailed oxidation reactions are discussed in the text (Ch1, Ch2, Ch3 and Ch4). Note that sulfate oxygen atoms come partially from the atmospheric oxidants, at 25% from OH in Ch1, 50% from H2O2 in Ch2, 25% from O3 in for Ch3, and 25-50% from O2 in Ch4 [19]. Using these proportions makes a theoretical estimation of sulfate Δ17O [20] possible. Δ33S and Δ36S ≠ 0 are generated mainly by SO2 photolysis and photoexcitation by UV radiation [12,21,22], process that can most likely take place in the stratosphere above the O3 layer, where UV radiations are not filtered. Note that in the troposphere Δ33S and Δ36S = 0 is expected but some mass dependent processes can generate small isotopic anomalies as discussed in the text (Section 3.2) and in Figure 3. 
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Figure 2. Multi O- and S-isotopic composition measured in volcanic sulfates. Red symbols represent primary sulfate samples collected at volcanic vents (aerosols or sulfate extracted from ashes). Blue symbols are sulfate samples extracted from volcanic deposits from tropospheric eruptions gathered at distances up to 100 km from the vent. Green symbols represent volcanic sulfates collected in deposits of super-eruptions at distances between 500 km and 5000 km from the volcanic systems. Pale green symbols correspond to ∆33S and ∆36S recalculated from the values represented by the dark green symbols, assuming dilution by non-volcanic sulfates [33]. Purple symbols represent sulfate samples from Antarctica ice cores. Mass dependent (non-MIF) compositions are emphasized by grey areas (taking into account the analytical uncertainties in 2σ) and bulk magmatic S-bearing gases composition by orange areas or dotted lines (see the Section 3.1 isotopic composition of S-bearing gases for further discussion). The theoretical δ18O and Δ17O composition of secondary sulfate generated in the atmosphere by different oxidation pathways are reported in grey areas. The different oxidation pathways via OH, H2O2, O3, and O2-TMI are detailed in the introduction of this paper and in Figure 1. The effect of UV photolysis and photoexcitation of SO2 on the sulfate Δ33S and Δ36S are shown by grey arrows. References of the figure: sulfate aerosols (1): [31]; (2): [30]; (3): [25] and references therein; sulfate extracted from volcanic ash (4): [30]; (5): [20]; (6): [35]; (7): [75]; (8): [76]; (9): [32]; (10): [77]; (11): [34]; (12): [33]; (13): [35]; (14): Unpublished data; (15): [78]; (16): [79,80,81]; (17): [82]. For the (16) and (17) dataset and due to significant background corrections, only samples with high volcanic fraction (>65%) are considered here (see [82] for further discussion); (18): [83]. Note that for stratospheric aerosols collected in ice cores, even if only high volcanic fraction samples are considered, the uncertainties are typically of about: Δ17O ± 0.5‰, Δ33S ± 0.1‰ and Δ36S ± 0.8‰ (in 2σ; see Figure 3). 
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Figure 3. Δ33S versus Δ36S relationship for volcanic sulfates collected close the vents (in red), from volcanic deposits of tropospheric eruptions (in blue), super-eruptions (in green), and from ice cores recording stratospheric eruptions (in purple). All the dataset is the same as in the Figure 2. MDL: mass dependent fractionation line which has a slope between −10.0 and −5.0 (−6.58 in average) and Archean (yellow zone), corresponds to reference array defined by Archean rock samples, and have a slope between −1.5 and −0.9. For more details, the reader is invited to read the recent review on the subject by Ono [94]. Despite the analytical uncertainties, specifically on Δ36S from ice core sulfates samples (see the error bars in 2σ), which induce possible large uncertainties on the Δ33S/Δ36S ratios (lines) defined by volcanic samples, some general conclusion can still be addressed. Volcanic sulfates produced in volcanic vent at high temperatures and in the troposphere define a line with a slope of about −8.0 (R2 = 0.61), which is comparable to the MDL. However, volcanic sulfate from stratospheric and super-eruptions define a line with a slope of about −1.7 (R2 = 0.65), which is clearly not comparable to the MDL but very close to the Archean array. 
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