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Abstract. Mineral dust is a major fraction of global atmo- tion with a fractionation factor ofi34=1.012£0.010. This
spheric aerosol, and the oxidation of £6n mineral dust overlaps within the analytical uncertainty with the fraction-
has implications for cloud formation, climate and the sul- ation of other major atmospheric oxidation pathways such
fur cycle. Stable sulfur isotopes can be used to understands the oxidation of S@by H,O, and & in the aqueous
the different oxidation processes occurring on mineral dustphase and OH in the gas phase. Clay minerals accounted
This study presents measurements of #®°2S fractiona-  for roughly 12 % of the sulfate production, and oxidation
tion factoras4 for oxidation of S@ on mineral dust surfaces on clay minerals resulted in a very distinct fractionation fac-
and in the aqueous phase in mineral dust leachate. Sahatar of «34=1.085t0.013. The fractionation factors measured
dust, which accounts for60 % of global dust emissions and in this study will be particularly useful in combination with
loading, was used for the experiments. field and modelling studies to understand the role of surface

The fractionation factor for aqueous oxidation in dust oxidation on clay minerals and aqueous oxidation by mineral
leachate igr|eachate= 0.99140.0046, which is in agreement dust and its leachate in global and regional sulfur cycles.
with previous measurements of aqueous, SRidation by
iron solutions. This fractionation factor is representative of a
radical chain reaction oxidation pathway initiated by transi-
tion metal ions. Oxidation on the dust surface at subsaturated Introduction
relative humidity (RH) had an overall fractionation factor of
ahet = 1.009640.0036 and was found to be almost an order Mineral dust represents the dominant mass fraction of atmo-
of magnitude faster when the dust was simultaneously exSpheric particulate matter, and it is responsible for a large
posed to ozone, light and RH 6f40 %. However, the pres- amount of the uncertainty associated with aerosol climate
ence of ozone, light and humidity did not influence isotopeforcing effects. Dust is important for heterogeneous chem-
fractionation during oxidation on dust surfaces at subsatuiStry, human health, visibility, ocean nutrification, and cloud
rated relative humidity. All the investigated reactions showedformation. Mineral dust emissions are estimated to be be-
mass-dependent fractionation®8 relative to34S. tween 1000 and 2150 Tgyt, resulting in a global dust load

A positive matrix factorization model was used to inves- Of 8 10 36 Tg Zender et a.2004 Tanaka and Chih2009.
tigate surface oxidation on the different components of dustDust emissions are expected to increase due to erosion, min-
limenite, rutile and iron oxide were found to be the most re-iNg and industrial activities, overgrazing and shifting precip-

active components, accounting for 85% of sulfate produc-itation patternsDentener et al.199§. Mineral dust proper-
ties are altered during transport, as finer clays are transported
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4868 E. Harris et al.: Sulfur isotope fractionation during heterogeneous oxidation of S@

far from source regions relative to coarse particles, and dusidation pathways for S@on mineral dust in the laboratory
particles are chemically aged by uptake of gas-phase speciemnd in the atmosphere.
and heterogeneous reactioiofales 1986 Kim and Park This study presents measurements of the stable isotope
2001, Park et al, 2004 Zhu et al, 2010. fractionation 0f**SP2S at room temperature (2€) during

The uptake of sulfate onto mineral dust is important both heterogeneous oxidation on dust surfaces and aqueous oxida-
for dust properties and for the sulfur cycle. Freshly-emittedtion in dust leachate. The dust used is from the Sahara desert,
Sahara dust is very hydrophobigaden et a). 2009, which accounts for-60 % of global dust emissions and load-
whereas sulfate-coated mineral dust has increased CCN a@g (Tanaka and Chiha200§. The dust was collected on
tivity and may even act as “giant CCNLévin et al, 1996, the Cape Verde islands (SDCV), and its mineralogy, com-
while sulfate coatings reduce the ice nuclei activity of min- position and properties, as well as details on collection, are
eral dust Cziczo et al. 2009 Pruppacher and Klgtii997). described inCoude-Gaussen et #1994 and Hanisch and
Mineral dust is a particularly important source of iron in Crowley(2001, 2003. We demonstrate that stable sulfur iso-
nutrient-limited open ocean waters, and chemical aging cariopes can be used to understand, @Ridation on mineral
reduce the pH of dust, increasing the solubility and bioavail-dust both in the laboratory and in the field, and are partic-
ability of iron (Jickells et al.2005 Gasso et al]201Q Rubas-  ularly useful to investigate the roles of different minerals in
inghege et a)2010 Kumar et al, 2010. Heterogeneous oxi-  surface oxidation and to quantify the importance of aqueous
dation of SQ on dust can lead to reductions60 % in SQ oxidation by transition metal ions in the atmosphere.
concentration, and may account for 50-70 % of sulfate pro-
duction in dust source regionBéntener et al.1996 Xiao
et al, 1997 Zhu et al, 2010. Coagulation on to dust can 2 Background: uptake and oxidation of SQ by mineral
also remove sulfuric acid aerosol and gas from the atmo-  dust
sphere. This means that dust reduces homogeneous nucle-
ation of LSO, and changes the size distribution of sulfur Uptake of SQ to mineral dust can occur via the reversible,
towards coarse patrticles, reducing its lifetime compared tgphysisorption pathway, or the irreversible, chemisorption
sulfate in finer particulate. It is estimated that heterogeneoupathway, which can be followed by oxidation of the sorbed
reactions on mineral dust reduce sulfate and nitrate aerosdulfite. This study will only consider irreversible uptake,
cooling near dust source regions by 0.5-1 W2nfDentener  which can account fos98 % of uptake at low S©concen-
et al, 1996 Liao and Seinfelg2009. Understanding the up- trations Adams et al.2005 Goodman et aJ2001). The ini-
take and oxidation of S£on mineral dust is a key part of in-  tial uptake coefficient on Sahara dugt= 4 x 107>, is not
vestigating the interactions and feedbacks between dust, sulependent on RH, [Sfpor Oz (Crowley et al, 2010 which

fur, climate and clouds. suggests S@adsorption is the rate-limiting step, rather than
Sulfur isotopes have been used to investigate homogesubsequent reactions and oxidatibil¢rstam et al.2002).
neous and aqueous oxidation of Sky OH, HO, and 3 Oxidation of adsorbed S(IV) can follow a number of path-

(Harris et al, 2012. Sulfur isotope abundances are describedways: G is a very efficient oxidant, and oxidation can also be
by the delta notation, which is the permil deviation of the ra- catalysed by iron and manganese in disgher et al.2002
tio of a heavy isotope to the most abundant isotol38)in Ullerstam et al.2002). NO»(g) and surface nitrate have been

the sample compared to a standard ratio: observed to oxidise surface sulfitellerstam et al. 2003,
(n(xs) ) and oxidation to CaS#occurs when calcite is exposed to
| \n®?) /) sample SO, and G (Al-Hosney and Grassiar2005. Sulfate pro-
§*S (%0)= n(*S) —11 %1000 @) duction has even been observed on MgO in the absence of

(u@s))v-coT 0, and @, and was attributed to the highly basic character

where n is the number of atoms*S is one of the of four-coordinated O anions on steps and cornes¢hioni
heavy isotopes33S, 34S or 363, and V-CDT is the in- et al, 1994 Goodman et a,l.?OOD. In tr_\is ;tudy, SQ will _
ternational sulfur isotope standard, Vienna Canyon Diablo2Ways be exposed to dust in synthetic air, and the reaction
Troilite, which has isotopic ratios 8fSA2S= 0.044163 and time will be very long, so the OXIda..tIOFI of adsorbed sulfite to
33525 - 0.007877 Ding et al, 200J). Isotopic fractiona- sulfate should be close to completiddilerstam et al._ZOQ.a.

tion is represented by the value, which is the ratio of the ~_1h€ SQ removal rate on dry dust decreases significantly

heavy to the light isotope in the products divided by the ratio With €xposure to S@as saturation is approached, suggesting
in the reactants: uptake will only be important for-10 h after dust emission

(Judeikis et al.1978. However, active sites can be regen-

348
(%)products 5 erated by exposure to high humidity for a number of rea-
¥34= (n(345)) (2) sons, for example carbonic acid dissociation and release as
n(375) /reactants COx(g), increased mobility of surface ions leading to mi-

Values ofuz4 are characteristic for different reaction path- crocrystallite formation, and direct generation of new active
ways and are therefore useful to investigate the different oxsites Ullerstam et al.2002 2003 Al-Hosney and Grassian
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Table 1. Composition and mineralogy of SDCV adapted frbfanisch and Crowlef2003 andCoude-Gaussen et 1994, respectively.

Elemental composition (0] Si Al Mg Ca Fe Ti K Na Mn P S
Concentration (mggt dust) 556.9 1724 729 241 28.0 89.4 21.1 16.2 122 18 2.0 0.9
Mineralogy of clay fraction Kaolinite Smectite Swelling chlorite Chlorite Illite

Abundance (%) 34.3 10.5 14.2 7.9 30.3

2005 Li et al., 2006. IR absorption bands for adsorbed sul- 3 Methods

fate do not change upon exposure to humiditifiérstam

et al, 2002 2003. Saturation behaviour of SQunder ex- 3.1 Apparatus and experiments
posure to UV light has not been measured, however irradi-

ation prevents surface saturation for ozone uptake on Ti0 3:1.1 Mineral dust used in experiments

(Nicolas et al.2009. These results suggest that experimen- o
tal conditions such as humidity, ozone and irradiation will The dust used in this study was Sahara dust collected from

change the quantity of SQaken up and oxidised, while the the Cape Vgrde islands ($DVC). Its mineralogy, composition

initial uptake to form sorbed S(IV) is the rate-limiting step @"d Properties are described@oude-Gaussen et 1994

and is therefore expected to be the major factor controlling®dHanisch and Crowley2001, 2003 and summarised in

isotopic fractionation. Tablel. The non-clay fracﬂ_on of the dust contams_, pnmgrlly
Aqueous oxidation by ions leached from dust may peduartz, feldspars and calcite. Sahara sa_md obtained directly

a particularly important contributor to oxidation of g@  {rom the Sahara desert has a mean diameter T60 um

the atmosphere, especially as sulfate production increasddlorales 1989, whereas transported dust contains dust par-

aerosol hygroscopicity and CCN activity, facilitating fur- ticles as smallas 200 nm and has a mean diameteL0jum

ther aqueous SPoxidation Usher et al. 2002 Ullerstam that decreases with distance transportdeifiold et al, 2009

et al, 2002 2003 Li et al, 200§. The oxidative activity ~<@aden et a.2009 Wagner et al.2009 Morales 1986.

of leachates is due to catalysis by metal ions: Fe(lll) is the 1hUS, Sahara dust from the Cape Verde Islands is much more

most important of these ions, however comparison to exper/€/évant to atmospheric chemistry than a local sand sample

iments with pure Fe salts show trace ions such as Mn and cWhich would include very coarse grain sizes.

also make a significant contribution to catalytic activityly

etal, 1991 Rani et al, 1992. Catalytic activity does not sig-

nificantly change when the solid phase is filtered out of the

leachate. This shows agqueous oxidation dominates over a

surface effects of particles in the solutid@ahen et a.1981;

Rani et al, 1992, although, when aqueous iron and titanium

oxide suspensions are irradiated, sulfate quantum yjgltls

have been observed due to desorptiorS@l; and initiation

3.1.2 Aqueous oxidation in mineral dust leachate

Leachate representing 0.5 g of dust per 100 ml was prepared
ngy soaking the dust for two days in MilliQ water. The so-
lution was not open to the atmosphere during leaching, thus
the pH of the leaching solution was 7. The liquid phase was
then poured off the solid dust as aqueous oxidation has been
) . . shown not to be affected when the solid phase is removed
of a radical chain reactiorHong et al, 1987 Faust et al. (Cohen et a].1981; Rani et al, 1992. The leachate was then

1989. S stored in an air-tight jar in the dark at room temperature and
Aqueous oxidation shows complex pH-dependence, as o .
. : used within two weeks. The leaching protocol was chosen to

metal ions are more soluble but the more reactivé Si@

i ; mimic ambient leaching, without sonication or heating, and
lf;gaabgﬂgf Inst r?(t)tlOt\élveeroFr)wlsl:(Z:girt]rigj?ci.rlc?fst];aﬁz:t]iloit r?1|;atal provide a first estimate of sulfur isotope fractionation dur-

; o o . ing aqueous oxidation in mineral dust leachate. No chemi-
ions for SGQ oxidation: transition metals ions from anthro- T .
. . . als or buffers were added to the solution, in order to min-
pogenic sources are generally more soluble thanionsin dust, .~ . :
) . . : .~ ““Imise interferences such as unwanted aqueous oxidants, al-
and thus more available for reaction with S(IV) in solution

(Kumar et al, 2010. The reaction pathways catalysed by an- though n th? amblent_ enwronment'lt IS Ilke!y that the cloud
. " . water in which leaching occurs will contain a number of
thropogenic and natural transition metal ions are the same : .
. : : . . other species. The concentrations of Al, Ca, Fe, Mg, Ba, Mn,
once the ions are leached into solution, thus the fractionatio

factor measured for dust leachate in this paper will also bgh’ Crand Srin the leachate were measured by inductively-

applicable to leachate from combustion products such as flygl’:]zlfg p:?nfg]ggoop(;';?_l emission spectrometry with a Perkin-
ash Cohen et a].1981). P |

SO, gas (Linde AG, 102 ppm2 % in synthetic air) was
diluted with synthetic air (Westfalen AG, 20.5% @ Ny)
to 6.7 ppm and 13.3ppm in a total flow of 600 sccm for
experimental runs #1 and #2, respectively. This flow was
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4870 E. Harris et al.: Sulfur isotope fractionation during heterogeneous oxidation of S@

passed through 300 ml of leachate in a bubbler, followed by 2
a bubbler containing 6 % #D, to collect residual S®as
described inHarris et al.(2019. PFA fittings and tubings
were used for all gas flows. The experiments were run for
~8 h. Following each experiment, both bubblers were rinsed
and BaC} was added to precipitate sulfate as BaSThe
BaSQ, was collected by filtration through Nuclepore track-
etch polycarbonate membrane filters (Whatman Ltd.) with

1. Gas inlet

2.LED (A, =365nm)
3. Collimating lens

4. Quartz window

5. Sahara dust on

0.2 um pores, which had been coated with a 10 nm-thick gold gold-coated filter
layer using a sputter coater (Bal-tec GmbH, Model SCD- 6. Teflon O-ring
050) prior to sample collection. The experimental system 7. Gas outlet
and potential interferences were examined in detaiHby- 0

ris et al. (2012 and will therefore not be discussed in this 7

paper. Background sulfate sources considerédhiris et al. . . . o ) o
(2012, such as impurities in the water, have a negligible ef- Fig. 1. Reactor used to investigate fractionation during oxidation of
’ ’ SO, on mineral dust.

fect on the results as oxidation in the leachate is very efficient
and a large amount of sulfate product is produced.

100+ 0 flets >

3.1.3 Heterogeneous oxidation on the Sahara dust c ] ['\ LED Fle17. &

surface at subsaturated humidity o 80'/.\ [ \ Hle-18 5 S

a 1 S5

s essgmoant £ ot || e 3 S

Heterogeneous oxidation on mineral dust was investigated by £ 12 / \ L1e20 2 O

passing 250 sccm of 4.2 ppm §@as in synthetic airthrough £ S 404 \ et 5 g

a dust-coated filter, as shown in Fit. Dust was pipetted & € ] \ e o) ¥

on to gold-coated Nuclepore filters (0.2pm pore) ina 1.2 & 20 /\ =g

ethanol:water mixture, which helped the dust to adhere to the ) \_ e g
filter better than mounting in pure water. A mixed cellulose 300 400 200 500

ester filter (Whatman GmbH) was placed under the Nucle-
pore filter to prevent tearing when gas flows were switched
on and off. The mounted dust had a modal diameter of 2 Unkig. 2. Emission spectrum of LED used to irradiate mineral dust
with maximum grain diameters @#8 um, showing the dust samples (blue line, left axi®oithner(2011) and absorption spec-
was not significantly size-fractionated during mounting com-tra of SG (red line, right axisRufus et al. 2003 and G; (green
pared to the results @oude-Gaussen et §.994). Thereac-  line, right axis,Bogumil et al, 2003.
tor was made of glass with an FEP O-ring (Ralicks Industrie-
und Umwelttechnik) connecting the two parts. PFA fittings
and tubings were used for gas flows. S@as (Linde AG, is shown in Fig.2, along with the absorption spectra 0§ O
102 ppmt2 % in synthetic air) was diluted with synthetic air and SQ. Neither G or SG absorb significantly in the wave-
(Westfalen AG, 20.5% ®in N») to the desired concentra- length range of the LED, so no gas-phase photolytic reactions
tion before entering the reactor. A high concentration 0 SO will occur. Humidity was added to the reaction chamber in
(4.2 ppm) was used to prevent significant isotopic changes tdour experiments by passing the synthetic air flow through
the residual S@ Less than 1% of the SOgas reacted to  MilliQ water to achieve a relative humidity of around 40 %,
form sulfate in all experiments. The residual S@as was  which would correspond to 2 monolayers of water on the dust
collected in some experimental runs as describeHarris (Gustafsson et gl2009. The dust was not heated before use,
et al.(2012 and the isotopic composition confirmed the;SO so even samples with no added humidity will have surface-
was not significantly altered during the experiments. sorbed water molecules and inter-lamella water in the clay
The reaction system was run under a variety of differ- fraction. 20 ppm ozone was added to the gas mixture in four
ent experimental conditions, which are summarised in Ta-experiments by passing 100 sccm of the synthetic air flow
ble 2 along with abbreviations that will be used through- over a low-pressure mercury vapour lamp (Jelight Company
out this paper. Untreated dust was also examined as an exnc., USA). The ozone concentration was measured with a
perimental control to monitor background sulfate. A high Thermo Electron Corporation UV Photometrig @nalyzer
power LED ¢max=365nm, 50mW at 350mA, Roithner (Model 49C). The rate of gas-phase S6xidation by Q is
Lasertechnik GmbH) was used to irradiate the dust in fournegligible (i et al., 2006, no aqueous phase is present, and
experiments through a Suprasil quartz window (Heraeusphotolysis of S@ and G is negligible, thus surface reactions
Quarzglas GmbH), which has a transmittance-80 % be-  will be solely responsible for sulfate production. Each exper-
tween 200 and 1000 nm. The emission spectrum of the LEOment was done in duplicate with and without the addition

Wavelength (nm)
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Table 2. Experiments to investigate isotopic fractionation during low (~40 %, decreasing with increasing BaSquantity due
oxidation of S@ on the surface of mineral dust. to Poisson statistics) and the method is not ideal for samples
with a large amount of BaS{due to the possibility of the
Abbreviation G Light Humidity —Run Length (h) sample flaking off the filter during mounting, thus isotope

MDdark no no no 1 79 mass balance was also used to find the extent of reaction (see
2 72 Sect4.1), aswas used ihin et al.(2011), Harris et al(2012
MDO3 yes no no 1 7.9 andDerda et al(2007).
2 9.2 During the analyses of the dust grains from the surface
MDhv no yes no 1 8.2 oxidation experiments, seven EDX channels were measured
2 8.2 in automatic mode: Fe(), Mg(K,), Al(K), Si(Ky), S(Ky),
MDO3hv yes  yes no , 1 777-8 Ca(K,) and Ti(K,). The background was subtracted from the

signals using the quartile methdddrris et al, 2012 Winter-

MDRHdark  no  no yes : 7.8 holler, 2007). The signals were used to investigate the com-
MDRHO3 yes o yes 2 1 8'73_5 posit[on of the minera'l dust and associatiqn of sulfate with
2 79 the different elements in the dust. The SEM images were also
MDRHhv no  yes yes 1 6.7 used to measure the size distribution of the dust, as described
2 73 in Winterholler(2007). The density of the dust was estimated
MDRHO3hv yes yes yes 1 6.3 to be 3.1 gcm? from the densities of the three main com-
2 7.5 ponents, Si@, Al,03 and FeO, and this was used to calcu-

late the mass of dust on each filter. The BET surface area of
the dust was measured bianisch and Crowley2001) to be

of humidity, for a total of 16 experimental runs. The exper- 1-° m? 9__1 for grains withd <10 pm. _

iments were run for 6-9h to generate sufficient sulfate for Following NanoSIMS analysis, the dust grains from the
NanoSIMS isotopic analysis. Following each experiment, fil- SUrface oxidation experiments were again examined in the
ters were stored in airtight boxes before being mounted foroEM, to determine the chemical composition of the dust

NanoSIMS and SEM analysis. grain for each NanoSIMS analysis point. Coordinate transfer
was used to locate the grains in the SEM and an image and an
3.2 SEM analysis EDX spectrum were then taken at each point. An example is

shown in Fig.3. Peaks were counted if they were more than

A scanning electron microscope (SEM) was used to investhree times the noise at the peak positi@oldstein et al.
tigate the quantity of sulfate produced during the leachatel981), and an approximate height was measured by overlay-
experiments and the composition of individual dust grains ining a grid as shown in the figure. The known composition of
the different samples for the surface reaction experimentsthe dust Hanisch and Crowley2003 was used to determine
The BaSQ and dust samples on gold-coated filters were di-relative sensitivity factors (RSF) for the different elements
rectly analysed in the SEM without any further treatment. A based on the EDX measurements on unreacted dust grains.
LEO 1530 field emission SEM with an Oxford Instruments RSF values were in the expected range of 0.1 t&ald-
ultra-thin-window energy-dispersive X-ray detector (EDX) stein et al. 1981). An approximate atomic percentage for all
was used for the analyses. The SEM was operated with adetectable elements could then be estimated for each experi-
accelerating voltage of 10 keV, a 60 um aperture and a workmmental grain. The error in atomic percentage was defined as
ing distance of 9.6 mm. “High current mode” was used to +1 unit on the overlayed scale, multiplied by the RSF for the
increase the EDX signal and improve elemental sensitivity. element. The resulting composition obtained for each dust

Before NanoSIMS analysis of the samples, the SEM waggrain is not surface-sensitive as the X-rays are released from
run in automatic mode and took 400 evenly-spaced images oé depth of<1 um Goldstein et al.19817), so the results will
each filter at 19 500 magnification. The EDX spectrum was show the elements present at the analysis point but will not
measured with a 1's integration time at 25 points onrx®5 be especially sensitive to the newly-produced sulfate from
grid for each image, leading to 10000 EDX measurementghe experimental treatment.
across each filter. For the leachate oxidation BaS#&mples,
EDX signals were measured for OfK Au(L,), S(Ky) and 3.3 NanoSIMS analysis
Ba(Ly). The quantity of sulfate on each filter was then de-
termined by estimating the background from both the GausThe sulfur isotopic composition was determined with the
sian distribution of the gold signal and the quartile method,Cameca NanoSIMS 50 ion probe at the Max Planck In-
as described iarris et al.(2012 andWinterholler(2007). stitute for Chemistry in MainzHoppe 2006 Groener and
This quantification method is ideal for NanoSIMS studies, Hoppe 200§. The NanoSIMS 50 has high lateral resolu-
as quantification is achieved without extra sample treatmention (<100 nm) and high sensitivity and can simultaneously
and the limit of detection is very low. The precision is fairly measure up to five different masses through a multicollection

www.atmos-chem-phys.net/12/4867/2012/ Atmos. Chem. Phys., 12, 488884 2012
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_ sulfate produced in the experiments will be on the surface of
=47.78 KX the particles, so analyses were fairly short and presputtering
was kept to a minimum: each measurement consisted of 120
cycles of 4.096 s duration, and presputtering and beam cen-
tering were carried out on an area of at least 16q1®um

so that the surface was conserved for analysis.

The session instrumental mass fractionation (IMF) was de-
termined with IAEA BaSQ standards SO5 and SO6, how-
ever the IMF for sulfate on mineral dust grains will also
‘ be dependent on the matrix. The major cation was deter-
MDhv2_240 g mined from SEM-EDX analysis taken on individual grains
after the NanoSIMS analysis, as described in the previous
section, and the IMF correction relative to BaS@as then
applied according tdVinterholler et al.(2008. The un-
treated Sahara dust (i.e. the Sahara dust as collected on the
Cape Verde Islands and not subject to experimental expo-
sure to SQ) contained a measureable quantity of sulfate, so
a background correction of the isotope ratio was needed for
the surface oxidation samples. The effect of this was min-
imised by keeping analyses short so that primarily surface
sulfate was analysed, however the background was still sig-
nificant. 28 untreated grains were analysed to quantify the
background sulfur isotope signal. The untreated grains had
an average’?S signal of 44#385 counts per second and
. a §34S of 18.6+5.9 %o. This falls within the range of val-
> ues previously reported for sediments in the Sahara desert

energy (Drake et al, 2004 and Sahara dust collected in the North
Atlantic (Winterholler et al. 2006. Thus, experimentally-
Fig. 3. SEM and EDX analysis of a mineral dust grain (right-hand treated grains were only considered in the data analysis if
grain) following a NanoSIMS measurement. The dark squares onheijr 325 signal was-900 countssl, and values 0834S for
the filter in the SEM image show_where the NanoSIMS analysisipege grains were corrected for the isotopic composition of
has sputtgred away th? gqld-coqtmg. In the SEM EDX spectrumy, background. 102 experimental grains had high enough
elemeqt windows are highlighted in orange while the background 'SSZS counts for useful isotopic information, and these were
shown in yellow. . . . .
distributed fairly evenly across the different experiments, so
that at least eight grains per sample gave useful information
for each set of experimental conditions.
system, allowing high precision analysis of the small sample For each sample of the leachate experiments, at least five
quantities required for this study. The use of this instrumentspots were measured and the weighted average and error was
to analyse sulfur isotope ratios is described in detail elsecalculated, as describedltarris et al.(2012. The counting
where Winterholler et al.2006 2008 and the analysis con- statistical error was typically 1-2 %o for each analysis spot
ditions are described iHarris et al.(2012, so only a brief  and the overall error for each sample 2-5 %.. For the sur-
description will be given here. face oxidation experiments, the spot-to-spot error was added

The samples are analysed directly on the gold-coated Nuto the counting statistical error so that the measurements on
clepore filters without further processing. Samples with aeach grain could be treated individually, rather than calculat-
particularly high BaS@ loading and all dust samples are ing an average for all grains on a particular sample filter. The
gold-coated on top of the sample before NanoSIMS anal-spot-to-spot error of the SO5 and SO6 standards was used
ysis to prevent excessive charging. ALpA Cs" beam as an estimate of the spot-to-spot error for the measurement
is focussed onto a-100 nm sized spot and rastered in a session, and this was then combined with the counting sta-
2umx 2 um grid over the grain of interest. The ejected sec-tistical error to determine the measurement uncertainty for
ondary ions are carried into the mass spectrometer and mukach individual grain. For each individual grain, the count-
ticollection system. For the Bag@rom leachate oxidation ing statistical error was typically 4-5 %0 and the overall error
experiments, each measurement consists of 200-400 cyclés-6 %o.
of 4.096 s duration preceded by varying lengths of presput-
tering until the gold coating (if present) is removed and the
count rate is stable. For the surface oxidation samples, the

Mag

277 T M T
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3.4 Positive matrix factorization Table 3. The concentrations of various elements present in Sahara
dust leachate measured with ICP-OES. “Concentration” refers to
The composition of each grain from post-NanoSIMS SEM the solution used to oxidise $0n this study, which was made
analysis was used as input for a Positive Matrix Factorizatiorith 0.5 of dust per 100 ml of water, while “ugg dust’ is the
(PMF) model which was run with the software EPA PMF gmoynt of the element.that is solgble inlg ofdust. fqllowing 2days
v3.0.2.2. This is a multivariate analysis tool which identi- in MilliQ water. “RSD” is the relative standard deviation of 3 mea-
fies “factor profiles” and “factor contributions” for data sets surements from the ICP-OES.
which have a large number of variables measured across
many samplesNorris et al, 2008. Although the model is

Element Concentration uggdust RSD

-1
designed to identify source profiles and contributions to en- (molt ™) ()
vironmental data sets, it is ideal for this study as it allows Al 3.19x107° 170 3.7
data points to be individually weighted and it constrains re- Mg 1.61x107° 77.1 31
sults so that no “factor” can have a negative contribution to a Ca 1.53¢107° 121 2.8
sample. Fe 7.7410°6 85.2 8.4
Atomic percentages of O, Fe, Na, Mg, Al, Si, S, K, Caand Ba 2.64¢10°° 715 1.9
Ti were used as input for the model, as well as S isotope mea- Ti 2.22x107° 20.9 13
surements from NanoSIMS analysis. When a peak was below Mn 7.48x10°7 8.09 4.1
the limit of detection, an atomic percentage of one third of the Sr 1.43<10°7 2.47 0.95
lowest measured concentration for the element was used, and Cr 6.2x 1078 0.64 160
the uncertainty was set to twice the normal uncertainty for the Ni 3.4x10°° 0.04 840

element to reduce the weighting of the point. All elements
were classed as “strong” as the uncertainties did not need to
be increased, howevé?3S was classified as a “weak” vari- fraction of SQ remaining was measured for each of the two
able as its analysis in the NanoSIMS can be problematic duexperimental runs both with SEM quantification as described
to counting statistics combined with topography and matrixin Sect.3.2 and by considering mass balance between the
effects.§34S was set as the “total variable”, leading to an au- measured isotopic composition of the residuab%@d the
tomatic “weak” classification. The “Extra Modeling Uncer- product sulfate:
tainty” was set to the recommended 5 Kofris et al, 2008.
No two elements showed any significant correlation. §345=f - 83%Ss0, + (1— f) - ¥*Sautate ©)
A random seed was used to initiate the model and 20 base
runs were performed. The model was run with three, fourwhere 7 is the fraction of reactant (S remaining and
and five ‘factors’ and it was found that four ‘factors’ gave §34S;, §34Ss, and §34Syrate are the isotopic compositions
the most consistent results with the lowest Q (object func-of the initial SQ gas, residual S9gas and product sulfate,
tion) value and the best resolution of elements and isotopigdespectively. For each experimental run both estimates dif-
compositions. Only the four factor analysis will be discussedfered by<1 %, and the two estimates were averaged to find
further. The model described the data adequately: the residthe fraction remaining for each of the experimental runs.
uals were approximately normally distributed and only one The oxidation of S@ by mineral dust leachate was
scaled residual for one Al value was outside #@& limit. very efficient. >99% of SQ was oxidised after passing
The overall profiles of the four identified factors varied only through one bubbler, compared to the 39 % of,Skat is
a small amount between the 20 model runs, and the dominardollected in one bubbler containing 6 %,®, and <1%
species in each factor remained the same in all 20 runs.  that is oxidised in a bubbler with 0.1 M E&/Fe*t (Har-
ris et al, 2012. The fraction oxidised at [S§)=6.7 ppm
(99.8 %) was only slightly higher than the fraction oxidised at
4 Aqueous oxidation in Sahara dust leachate [SO,] = 13.3 ppm (99 %), showing the leachate was not close
to exhausting its oxidation capacity. Thus, it is clear iron is
4.1 Catalytic activity of the solution and rate of reaction not the most important transition metal for the catalysis of
SO, oxidation in mineral dust leachate solutions; other ions
The concentrations of various elements present in themeasured in the solution, such as manganese and chromium,
leachate, measured with ICP-OES, are shown in T&ble are also highly active in oxidation. This is in agreement with
The leachate was extremely efficient at oxidising;StBus  the results offilly et al. (1991 andRani et al.(1992), which
the fractionation factor must be found by considering theshowed that these ions do not just contribute independently
Rayleigh equations, which describe the isotopic compositiorto oxidation, but that mixtures of ions interact synergistically,
of products and residual reactants as a function of the fracresulting in greatly-enhanced oxidation rates. Thus, soluble
tionation factor and the fraction of reactant remaining unre-iron alone is not a good indicator of $S@xidising ability,
acted Mariotti et al, 1981 Krouse and Grinenkd 991). The  which may explain why correlation between soluble Fe and
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sulfate is often poorumar and Sarin201Q Baker et al. 0.12
2009. |
4.2 Fractionation of 34S£2S during aqueous oxidation 0.11 4

in Sahara dust leachate |
The fractionation factor can be found from the Rayleigh 0.10 4

equation describing th&**S of the sulfate product with re-
spect to the fraction of Soxidised Mariotti et al, 198%;
Krouse and Grinenkd 991):

(e ()a-) R

inf 4) 0.08 \

where R, and R; are the ratios of*SP2S for the product

sulfate and the initial S@gas, respectively and is the frac- 0.07
tion of SO, remaining. Thes34S of the sulfate formed in the %
leachate needs to be corrected for the contribution from sul- K Y NS
fate that was leached from the dust itself. The effect of this o %,
correction ons34S,, was negligible as the leachate contained i no humidity o i
<1 pM of sulfate while the reaction addee200 pM of sul- W ~40% relative humidity

fate to the S(_)Iutlo_n. Fig. 4. Quantification of sulfate addition to mineral dust from sur-
The fractionation factor can also be found from the face SG oxidation. “Control” shows the amount of sulfate present

Rayleigh equation describing 84S of the residual S®  in untreated dust, and the labels on ihaxis refer to the different

gas and the fraction of SQoxidised Mariotti et al, 198%, experimental conditions under which $@as exposed to the dust.
Krouse and Grinenkd.991): Error bars are thed standard deviation from the Poisson distribu-

tion depending on the number of points with a significant signal.

In (%)
-1 ®)

Inf Table 3. Thus, the identity of the metal catalysing S6Xxi-
dation does not affect the sulfur isotope fractionation, which
suggests fractionation is not due to the initiation reaction
but the subsequent reactions in the chaierfmann et aJ.
2000. The average fractionation factor for transition metal-
catalysed oxidation of SOfrom the current and previous
measurements is:

Sulfur concentration (atomic %)

034 =

o34 =

whereR; and R are the ratios 0t*SP2S for the residual S©
gas and the initial S@gas, respectively and is the fraction
of SO, remaining. The measure*S of the residual S©
was corrected for fractionation during collection in®p as
described irHarris et al.(2012.

Four estimates afz4 were thus obtained: from the residual
SO, and the product sulfate for each of the two experimen-aTMI — 0.9905+ 0.0031 @)
tal runs. The four measurements were averaged andsthe 1
standard deviation taken as the error:

leachate= 0.9917+ 0.0046 (6) 5 Fractionation of 34S/2S during heterogeneous

] ] ) oxidation on Sahara dust surfaces
at 19°C. Fractionation was mass-dependent with regards to

333, The majority of the uncertainty in the fractionation fac- 5.1 Quantification of sulfate production

tor is due to the uncertainty in the NanoSIMS measurements

of the 534S values. The fractionation factor is not signifi- Sulfate production on the dust surface at subsaturated humid-
cantly different to the fractionation factor for the oxidation of ity was quantified as described in Se812, and the results
SO, by a solution of F&" and Fé* (ape=0.9894:0.0043)  are shown in Fig4 (abbreviations are defined in Tak.
measured bidarris et al(2012. However, in agreement with  Experiment lengths ranged from 6.3 to 9.2 h, so the results
previous studiesGohen et a].198Z; Tilly et al., 1991 Rani shown were corrected and represent the linearly-extrapolated
et al, 1992, the quantity of sulfate produced (see Sdct) concentration after exactly 8 h of experimental time, to fac-
shows that iron is not the only transition metal present intilitate comparison between experiments. The surface sulfate
leachate that is active in catalysing S@xidation. Concen- increase will be significantly more than the reported total
trations of other transition metals in the leachate that are alsatomic percentage increase, as EDX measurements are not
available for reaction, such as Cr and Mn, are presented irsurface-sensitivegoldstein et al.1981). As an estimate, for
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a grain 2 um in diameter with experimentally-produced sul- 100
fate added only to the top 20nm of the grain surface, the
sulfate concentration in the surface layer would increase by
more than 1000 % for MDRHO3hv, rather than the 30 % in-
crease when the whole grain volume is considered. The total
amount of sulfate was seen to increase in all experiments ex-
cept for MDRHhy, although all changes are within the statis-
tical error of the SEM measurement except for MDRHO3hv.
The count rates observed during NanoSIMS analysis show an
increase for all treated samples compared to the control, and
are also much higher for MDRHO3hv, in agreement with the
SEM samples. Thus, sulfate production is significant, fairly
slow and similar for all experiments except MDRHO3hv:
this combination of conditions saw much more sulfate pro-
duced than the other experiments combined, showing ozone,
light and water vapour interacted synergistically to oxidise Overall concentration
SO, much more efficiently than any of these parameters (atomic %)
alone.

_
o

with high S (atomic %)

Concentration in dust grains

0.01 [ T T TTTTT T T TTTTT T T T T
0.01 0.1 1 10 100

Fig. 5.Comparison of elemental composition of all dust and compo-
sition of dust with32S count rates high enough for reliable isotopic

5.2 Bulk elemental analysis of reactive particles analysis.

Correlations between the sulfur EDX signal and the EDX

signal of other elemgnts may provide information.on which gpx analysis) with high enoug??S count rates for isotopic
elements are most important for sulfate production. Auto-analysis, compared to the overall dust profile. This compar-
matic EDX points with sulfur and at least one other elementisonis shown in Fig5. It can be seen that Ti is strongly
above the background were therefore examined for correlagniched in oxidising dust, and K, Fe and Ca are slightly en-
tions, in both the untreated and treated dust samples. Eagfiched while Na Mg, Al, Si and O show no relationship to
sample had-100 EDX points with significant signals for sul- gyidising ability of dust and only fall slightly below the 1: 1
fate and at least one other element, so correlations could bfne pecause of mass balance. This is consistent with the cor-
examined ind'ividually yvithin each sample type. In untreated.rekmOnS from automatic SEM analysis: Ti, Fe and Ca are
dust, correlations can indicate whether the sulfate present ighe mostimportant elements for oxidising ability, particularly
primary and present in the Sahara source region, or wheth&h gark experiments where ozone and light are not available

it is secondary and results from uptake and reactions duringy, tacjlitate further reaction pathways, while mineralogy is
transport to the Cape Verde Islands. S and Ti signals show Rlearly the dominant factor controlling uptake.

slight positive correlationg? =0.35) in the untreated sam-
ples, which suggests the sulfate is secondary: primary sulfatg 3 34525 fractionation on different dust components
would be more likely to be associated with Ca and Mg due to
clays and minerals such as gypsuBa@uineau et g§l2002. The isotopic composition of sulfate on experimentally-
Correlations on experimental samples were only seen fotreated samples was much more variable than on control
those runs with no ozone or irradiation: S on MDdark dustgrains, even within one set of experimental conditions. Vari-
was weakly correlated with Ti and F&{=0.19 and 0.13, ability within one set of experimental conditions was as
respectively), while S on MDRHdark dust was strongly cor- large as overall variability of the data set. As atmospheric
related with Ti and CaR? = 0.66 and 0.53, respectively). dust is strongly internally mixed with regards to mineralogy
No mineralogical information is provided in automatic EDX (Falkovich et al.2001) most analysed grains will represent a
analysis, and it is likely that the lack of correlation in other mix of minerals, so a multivariate analysis model (described
samples is because element concentrations are a poor replie-Sect.3.4) was used to examine the relationship between
sentation of element availability for reaction, rather than angrain composition and isotopic fractionation. Four ‘factors’
indicator that sulfate is produced evenly across dust grainswere identified from the PMF analysis. Each ‘factor’ is not
The SEM-EDX analysis also has a resolution of orfl/um, representative of a single mineral, but rather of a group of
and grain heterogeneity with regards to mineralogy on thisminerals that, acting together or separately, cause the same
scale Falkovich et al,2001) will obscure correlations in the isotopic fractionation during sulfate formation; thus the ‘fac-
SEM-EDX signal. tors’ will hereafter be referred to as “mineral assemblages”.
Elements which are associated with highen®Ridation  The elemental profiles of these factors are shown in &ig.
rates can also be examined by looking at the elemental profil§o determine the isotopic fractionation factor of the mineral
of dust grains (from post-NanoSIMS single-particle SEM- assemblages, mineral assemblage contributions to sulfate for
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Table 4. Fractionation of34SA2S during heterogeneous oxidation of &) on mineral dust surfaces. “Sulfate production” shows the
percentage of the total sulfate production contributed by the mineral assemblage while “Reactivity” shows the amount of sulfate produced
per gram of the minerals represented by the mineral assemblage per hour of reaction timegat@amcg@tration of 4.2 ppm for MDRHO3hv
experimentsy is the reactive uptake coefficient considering the BET surface area of the dust for MDRHO3hv experiments.

Fig. 7. Comparison of model accuracy (blue bars) with expected

Mineral Sulfate production Reactivity Yobs Mineralogy 34
Assemblage (%) (ug sulfate/g minerals/h)
1 85.0 12.6 %107° ilmenite+ rutile 1012+ 0.010
2 3.2 0.40 %107 feldspar 0948+ 0.012
3 0.1 0.05 41078 silicatest+ basic components (e.g. MgO) .0D7+0.011
4 11.7 291 %1076 clay (chlorite, illite, smectite) D085+ 0.013
O Fe NaMg Al Si S K Ca Ti 50—
Factor 1 -
100 100
75 I ¢ 75 40—
*
50 . 50 T
yL I ECRN 25 w 30—
0 2wz LmB T, 'E -
Factor 2 s <
— actor —]
XX 100 100 2 20
Y 75 o 7]
c S
E s g 10
© 25 o) .
g 0 9., 0 T T T T T T T T T
= o 4 -3 -2 -1 0 1 2 3 4
g 100 Ei 8345 FELS
g 75 m predicted measured
2 50 z 10 error
(e}
N 25 g
=

0 A f
error from a normal distribution (black line).

Factor 4
100 100
75 75 . .
% . o Lso The mineral assemblage;, values were used to predict

o * ¢ . . the §3S of the measured dust grains based on their compo-
2 L = d I . _EmF® sition, to test the fit between modelled and actual fractiona-
0" " - o - 0 tion. The discrepancy between predicted and measial
O Fe NaMg Al Si S K Ca Ti
was nho greater than what would be expected from a normal
Fig. 6. Elemental profiles of the four “mineral assemblages” con- distribution given the measurement error (Fiy.and the re-
tributing to isotopic composition of sulfate produced from_Sf- gression line weighted by the error in the measurements was
idation, identified by PMF analysis. Columns with Error bars ~ (R?=0.62):
(standard deviation of the results of 20 model runs) correspond to
the left-hand axis and show the concentration of the element i§®*Sypserved(0.90+ 0.11)834Sp,edicted—(5.81j: 254 (8)
atomic percent, while diamonds correspond to the right-hand axis
and show the percentage of the element’s total concentration that igvhich shows that the model fits the data well. However, this
present in a particular mineral assemblage. is not a rigorous test of the model as the same 102 measure-
ments were used to generate the mineral assemblagal-

) ey ) ues and to test them, but it indicates the mineral assemblages
each grain were plotted agaidstsS. The intercept where the 56 \yel|-resolved with respect to isotopic fractionation.

mineral assemblage contribution was equal to one gave the pjqts tg determine fractionation factors were made for all

fra_lctionation factorzq of the mineral assemblage. Fraction- samples together, as well as for sub-groups of samples to de-
ation was mass-dependent with regardS'for all samples,  ormine the role of experimental conditions in isotopic frac-

thus fractionation of*S will not be discussed further. tionation. The results are shown in F& The error in the es-
timates ofaz4 for the sub-groups are much higher due to the
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1.2 — mdry m dark = hv B all experiments
humid =0, mOhv
1.1 — I
a, .| & Fj I
r I
0.9 —
Factor 1 Factor 2 Factor 3 Factor 4

Fig. 8. Fractionation factors fo?*S2S for different mineral assemblages within Sahara dust; “dry” includes MDdark, MDO3, MDhv and
MDO3hv, “humid” includes MDRHdark, MDRHO3, MDRHhv and MDRHO3hv; “dark” includes MDdark and MDRHdark, “hv” includes
MDhv and MDRHhv, “Q;” includes MDO3 and MDRHO3, and “ghv” includes MDO3hv and MDRHO3hv. Error bars show thedrror.

much smaller number of measurements (47 and 55 grains foiate was produced; oxidation under all other conditions is on
“all humid” and “all dry”, respectively; 20—31 grains for the average 16 slower and the uncertainty is much greater.
effects of @Q and light). Thexs4 could not be determined for The reactivity and the BET surface area were used to esti-
individual experimental conditions (eg. MDO3 or MDRHhv) mate the reactive uptake coefficienfor the dust according
as the number of grains (8—14) was too small, thus the uncerto Jayne et al(1990:
tainty in the result too large to be useful. It can be seen that AF A
.- . g n

presence or absence of humidity, light and ozone has muchgps= — — 9)
less effect on the isotopic fractionation than the dust com- cA n
position: fractionation factors for different subsets generallywhereFy is the carrier gas flow rate (¢hs~1), ¢ is the mean
agree with overall fra_ctlonatlon Wlthln the_ errorf_or ea_ch min- o crmal velocity (cmst: \/@)1 A'iis the total droplet sur-
eral assemblage. This shows that isotopic fractionation is pri- m
marily due to uptake of Sglg) and not subsequent oxidation. face area (c#) and 42 is the reduction in gas concentration.

Based on the elemental profile of each mineral assemNeyobsvalue found from this expression represents a com-
blage, its interaction with experimental conditions, and its bination of mass transfer, accommodation and reaction limi-
reactivity, the mineralogical identity and reaction mechanismtations, and provides only an estimate of the reactive uptake
associated with each mineral assemblage was inferred. Thei@te as it does not account for diffusion rate within the solid.
are discussed in the following sections and summarised inf he overallyops for the dust, considering both reactive and
Table4. Several estimates of the oxidation rate for each min-non-reactive components, is 27.0~°, which is~1 order
eral assemblage were obtained: the sulfate production peff magnitude lower than previously reported valuésofvley
centage refers to the percentage of the total sulfate that wagt al, 2010. This is well within the expected range consider-
generated by that mineral assemblage during the experimenif)d the surface area of the dust is likely to be overestimated
The reactivity (ug sulfatet mineral ir2) is the amount of in this study as the dust is lying on a filter, rather than sus-
sulfate produced per gram of the minerals represented by theended in a flow reactor, and the previously reported values
mineral assemblage, divided by length of the experiment; theéire for initial uptake coefficients before uptake slows due to
calculation does not consider decreases in rate due to satur@9ing and saturation. The dust in this study is a good repre-
tion of the dust surface, and it is assumed that the surfacéentation of atmospheric dust that has already been aged, as
fractions of the minerals are the same as the bulk fractionsit Was transported from the Sahara desert to the Cape Verde
This rate is relevant for the length of the experiments (6-9 h),/slands before being collected for use in experiments.
but will eventually decrease as the dust is saturated. The re- .
activity could be used to estimate the rate of;SQidation 5.3.1 Mineral assemblage 1
and sulfate production on different dust types based on thEifVIineraI assemblage 1 has a fractionation factorvgf =

mineral assemblages, however further investigation would bel 012+ 0.010 which shows no significant variation depend-

necessary given the strong role of mineral mixing in OXIda'ing on experimental conditions. It has high concentrations of
tion rate. The rate represented by the reactivity refers to thef:e and Ti (6.8 and 13.2at. %, respectively) and the highest

MDRHO3hv experiments, where the largest amount of Su"reactivity of any mineral assemblage — contributing 85 % of
sulfate production — which is in agreement with observations
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of relatively high uptake coefficients for 3@n TiO, and on  isotopic fractionation is opposite in direction the other fac-

iron oxides and oxyhydroxideZfiang et al.2006 Crowley  tors, which have more basic character, thus uptake to Factor

et al, 2010. The co-occurence of Fe and Ti suggests that2 appears to be dominated by less basic sites associated with

the mineral assemblage is representative of ilmenite, withAl. This is consistent with the expected effects of ageing dur-

some degree of weathering towards pseudorutile and rutiléng transport, which will remove alkali components, leaving

accounting for the excess Tddnssen et al2007 Putnis aluminium oxides exposed. The Fe ions in the minerals as-

2002. limenite is a chemically stable mineral that would be sociated with feldspar will increase the acidic character. Al-

likely to have survived transport from the Sahara to the Capahough Fé" can catalyse S(IV) oxidatiorHerrmann et aJ.

Verde Islands and aging while on the Cape Verde Island2000), this reaction pathway will be insignificant without an

prior to collection §anssen et al2007). The importance of aqueous phase. The adsorption of230 Al>,O3 results in

Ti in the most reactive mineral assemblage agrees with thesulfite with significantly different IR absorption bands to, for

EDX sulfur correlation results from Se&.2which found Ti example, MgO Goodman et aJ.2001), which explains the

to be enriched in areas where sulfate production was highesstrongly negative isotope fractionation that is very distinct
As the uptake of S@ rather than the oxidation, con- from the other factors.

trols isotopic fractionation, the coordination mechanism for In summary, aluminium oxide sites associated with

SO, should relate to the isotopic fractionation. Given that feldspars, a common constituent of Sahara dust, take yup SO

the« is robust to experimental conditions and well-resolved with a fractionation factor ofiz4 = 0.948+ 0.012, which is

for Mineral assemblage 1, the fractionation factor on thealso expected to be the fractionation factor for adsorption on

rutile (TiO2) and on the parent ilmenite are the same.to pure aluminium oxides. The sulfate production due to this

Hematite, goethite, magnetite and BiBave all been shown factor is 0.40 pg of sulfate per mg of feldspar and aluminium

to chemisorb S@to a bidentate complex, with similar IR oxide per hour.

spectral bands observed for the adsorbed compounds where

available. This suggests these three iron oxides will also have

the same value faz as TiQ, and by extension the sameas ]

ilmenite (Fu et al, 2007 Zhang et al. 2006 Usher et al.  9-3-3 Mineral assemblage 3

2002. Mineral assemblage 1 also has a significant amount

of Ca. This may be due to formation of Cag@®om colo-

cated C&", possibly as the sample dries when it is put underThe isotope fractionation produced by Mineral assemblage 3

vacuum for analysis. It is unlikely that CaO or Cag@e  was slightly positive and very similar to Mineral assem-

directly taking up sulfate as the mechanisms of uptake (monblage 1. The contribution of Mineral assemblage 3 to total

odentate and direct reaction, respectively) are very differensulfate formation was minor (0.1 %). The elemental com-

to iron and titanium oxides, and would not be expected toposition of Mineral assemblage 3 shows that it is primarily

show the same fractionation factasgher et al.2002. composed of quartz, as well as olivine and pyroxene, which
In summary, ilmenite and its weathering product rutile are are expected to be major components in Sahara Qustde-

the most active components in $Qptake in Sahara dust, Gaussen et al1994 Glaccum and Prosperd980. How-

and chemisorb S£to a bidentate complex with a fractiona- ever, pure Si@ has been measured to have very low or no

tion factor ofazs = 1.0124+0.010, which is expected to also reactivity with SGQ(g) in the laboratoryZhang et al.2006

represent fractionation on hematite, goethite and magnetiteJsher et al.2002 respectively)Li et al. (2007 found that

Sulfate production was calculated to be 12.64 ug per mg othe addition of MgO to NaCl resulted in an increase in re-

iron and titanium oxides and their weathering products peractivity towards SQ@ larger than that expected from the indi-

hour. vidual uptake coefficients, arthang et al(2006 also found
excess reactivity in a mixture of continental crust compo-
5.3.2 Mineral assemblage 2 nents such as Sgoand MgO. Factor 3 contains a significant

amount of Mg as well as other cations so it is likely mixing
Mineral assemblage 2 contributes 3.2 % of total sulfate pro-of SiO, and components with basic character, such as mag-
duction, and produces sulfate that is strongly depleted imesium oxides or olivine, has increased the reactivity of the
343, The elemental composition suggests the mineral assenquartz fraction of the dust to a significant level. Spectra and
blage represents feldspar and a component containing Fadsorption mechanisms for $@n silicates are not avail-
such as mica or hematite, both of which are known to beable, but the similarity of the fractionation factor for Mineral
common constituents of Sahara dusb(ide-Gaussen et al. assemblage 3 to that of Mineral assemblage 1 suggests a sim-
1994 Glaccum and Prosper@980. Al,O3 alone can have ilar, but much slower, adsorption mechanism.
a relatively high uptake coefficient if it is basic in charac- In summary, adsorption of SQo mixtures of quartz and
ter Judeikis et al.1978 Crowley et al, 2010, while Si0®, components with basic character results in a fractionation
and acidic AbOs have very low uptake coefficientZifang  factor of 34 = 1.0074+ 0.011. The total sulfate production
et al, 2006. Uptake to this factor is relatively slow, and the is 0.05 ug of sulfate per mg of quartz per hour.
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5.3.4 Mineral assemblage 4 ation factors and the mineralogy and ageing of the dust of
interest.

Mineral assemblage 4 contributes 11.7 % to the total sulfate

production and produces sulfate strongly enriched“. 5.5 Sensitivity of sulfate production and isotopic

The elemental profile shows that the mineral assemblage rep-  fractionation to O3, light and humidity

resents clays, particularly smectite, illite and chlorite, which

have been shown to be major components of the clay fractioms discussed in the preceeding sections, isotopic fractiona-
of Sahara dust from the Cape Verde Islar@sde-Gaussen tion shows little sensitivity to the parameters that were var-
etal, 1994. Interlayer cations such as ¥y, C&#" and N&®  jed between experiments. The relative contributions of the
are likely to be the components most available for reactionfour mineral assemblages to sulfate production were also not
with SO, which is consistent with the correlation between significantly affected by the experimental conditions. This
Ca and sulfate presented in Séc2 Uptake of SQby MgO  shows chemical composition and mineralogy of a dust grain
and CaO has a relatively high rat€rowley et al, 2010 are the most important parameters causing differences in iso-
Usher et al.2002 Zhang et al.2008, however DRIFTS IR topic fractionation, with the experimental conditions playing
absorption bands for sorbed S(IV) suggest sulfite is adsorbeg| secondary role. Isotopic fractionation will be controlled by
quite differently on CaO and MgQ.ow et al, 1971, Good-  the rate-limiting step, as the fraction reacted for other reac-
sel et al, 1972 so it is unlikely the adsorption to interlayer tion steps will be~1, meaning that isotopic selectivity in
cations in clays can be represented by adsorption to oxideshese steps will not have an effect on the final product. The
SO, will react directly with CaC@to produce CaSewhich  various experimental parameters would be likely to affect
is readily oxidised to CaS§&YAl-Hosney and GrassiaB005  oxidation of adsorbed S(IV) but have less effect on initial
Lietal, 2009, and an analogous reaction with interlayer Ca yptake Qudeikis et al.1978 Adams et al. 2009, thus the
and Mg is most likely the cause of SQ@ptake in Mineral  results of this study are consistent with previous laboratory
assemblage 4. Mineral assemblage 4 also has a large amougttidies, which have determined that S@lsorption is the
of Ti, however the fractionation factor is not in agreement rate-limiting step for S@ uptake and oxidation on mineral
with Ti uptake from Mineral assemblage 1. The calculateddust (Ullerstam et al.2002 Li et al., 20086).
az4 for Mineral assemblage 4 is lower, i.e. closer to the The experimental parameters will affect the saturation be-
of Mineral assemblage 1, when the dust is exposedstorO  haviour of the dust, however in most experiments the oxida-
light, thus it appears that Ti associated with clay can onlytion rate was low and the dust was not exposed te B8qg
significantly contribute to S@oxidation when the reaction enpough to reach saturatioMémane and Gottlieb1989.
is facilitated by light or Q. However, when the dust is exposed to humidity, light and
In summary, adsorption of SQo interlayer cations, par-  ozone simultaneously (MDRHO3hv), the quantity of sulfate
ticularly C&* and Mg?*, in clays such as smectite results in produced is>7 times higher than in any other experiment.
a strongly positive fractionation @fzs=1.085:0.013. Sul-  Humidity regenerates the reactive capacity of dust fop SO
fate production is 2.91 ug per mg of clay minerals per houryptake (udeikis et al.1978 Ullerstam et al.2002), possi-
of reaction time. bly due to the increased mobility of surface ions which leads
to the re-exposure of active sitesl{Hosney and Grassian
2005. Uptake and decomposition of ozone, which increases

. . the basicity and oxidising capacity of the surface, is high-
The total average fractionation factor for heterogeneous SOest when irradiated and at around5 % RH (anisch and

oxidation on the surface of Sahara dust can be estimated b .
two methods. The weighted average of all 102 individual &rowley, 2003 Nicolas et al, 2009. Many components of

NanoSIMS measurements results iB4S of 9.5:3.9 %o. d.USt’ parUcuIarIy iron and titanium OX'qu’. are photosensi-
" ; tive and show increased uptake and oxidation due to the for-
The average composition from the PMF, found by weight-

. . . mation of election-hole paird\fcolas et al. 2009 Ndour
ing the w34 values from the different mineral assemblages et al, 2009 Rubasinghege et al2010. The photoreactiv-
by their uptake efficiency and contribution to the total dust . gheg a ) P

mass, i$34S— 10.1+9.9 %. The two values agree very well ity of Ti is supported by the lower fractionation factor for

and can be combined to estimate the average fractionation fol\r/lmeral assemblage 4 when exposed to b light as dis-

the heterogeneous oxidation of 5@n the surface of Sahara cus_sed n .8605.'3'4 ‘_I'h_ere IS ho _S|gn|f|cant change in iso-
dust: topic fractionation within any mineral assemblage for the

MDRHO3hv experiments, thus the increased sulfate produc-
ahet= 1.0096+ 0.0036 (10) tion is not related to a change in mechanism. The combi-

nation of humidity, ozone and irradiation increases the rate
This average fractionation factor is only relevant for the par-of SO, oxidation, causing it to approach saturation. The ex-
ticular dust sample measured in this study. The sulfur isotopgerimental parameters can then have a significant impact on
fractionation factor for different dust sources should be cal-counteracting saturation of S@ptake on dust, thus increas-
culated based on the mineral assemblage-specific fractioring the amount of S@taken up and oxidised on the dust

5.4 Overall 3*SA2S fractionation on Sahara dust
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during the experiments. The rate of uptake and oxidation igion factors from this study and froarris et al.(2012),
then approximately an order of magnitude higher than withwe would predict a global average differencejef.7 %o be-
any parameter alone. tweens3S of SG ands34S of sulfate. Considering a num-
ber of studies that simultaneously measu#t$ of SG and
sulfate Galtzman et al.1983 Mayer et al, 1995 Krouse
6 Comparison to field studies et al, 1991 Tanaka et aJ.1994 Torfs et al, 1997 Mukai
et al, 2001, Novak et al, 2001, the best estimate of the
A number of studies have looked at isotopic ratios of sul-globally-averaged difference betweg#S of S@ ands34S
fate in order to understand sulfur sources and oxidation pathef sulfate is+2.8+3.1 %o; this would require 36 % of oxida-
ways. As sulfur isotope fractionation factors have not beention to come from transition metal ion catalysis if the relative
available for data interpretatiom1’O values are generally proportions of the other pathways remained the same. How-
used to examine oxidation pathways. Oxidation by OH radi-ever, the area covered by these studies is mainly in Europe
cals and @ (which acts as the oxidant during transition metal and North America, and there are no measurements from
catalysis) result in sulfate witth1’O=0%o, while oxida-  the polar regions and the Southern Hemisphere, so the result
tion by Oz and KO, produces sulfate with1’0O=8.8 and  may not be representative of the true global picture. There
0.8 %o, respectively$avarino et aJ200Q Lee and Thiemens  are currently no regional studies focussing on the sulfur iso-
2001). Alexander et al(2003 usedAl’O measurements of topic composition of sulfate formed on dust, although there
sulfate in East Antarctic ice cores to show that oxidation byare a number of field studies that have confirmed the impor-
O3 and HO, was less important in glacial periods than in tant role dust can play in regional sulfur cyclézalkovich
the surrounding interglacial$3*S of sulfate is also lower et al, 2001, Umann et al.2005 Sullivan et al, 2007). The
during glacial periods, thudarris et al.(2012 proposed an importance of uptake at lower relative humidities is not well
increase in transition-metal catalysed SS6xidation due to  known, and although it is slow compared to aqueous oxida-
increased dust loads in glacial periods, based on laboratortion, its climatic role may be underestimated as dust does
measurements of oxidation of $®y F&/Fe*t solutions.  not generally encounter high humidity until some days after
The results of this study show that sulfur isotope fractiona-emission Dentener et al.1996. A recent study byAlexan-
tion during oxidation by real mineral dust leachate is equalder et al.(2012 considers the O-isotope composition of sul-
to fractionation during oxidation by iron catalysis, although fate on one marine sample with an air mass of Saharan origin.
oxidation is much faster, thus supporting the hypothesis thafhe results show the importance of thg Gxidation path-
oxidation by transition metal catalysisi227 % more impor-  way, while oxidation on the dust surface and in leachate in
tant in glacial periods than in interglacial periods due to in- the aqueous phase in clouds contribute a small but significant
creased dust loads. SimilarMcCabe et al(2006 measured amount of sulfate; the sulfur isotope fractionation factors pre-
A0 of sulfate aerosol in Alert, Canada, and proposed thasented in this study would be an ideal way to complement
the importance of transition metal-catalysed oxidation wasthe A17O analyses presented Byexander et al(2012). The
underestimated in winter, when concentrations of Fe and Mrfractionation factors presented in this study provide a new
are approximately doubled due to transport of polluted airtool through which sulfur isotope measurements can be used
massesNorman et al(1999 found thats3*S of non-sea salt  to examine global and regional sulfur cycles, particularly the
sulfate aerosol at Alert was lower in winter than in summer, role of oxidation on clay minerals and in the aqueous phase.
which is consistent with the results bfcCabe et al(2006
when the fractionation factor for transition metal catalysis
measured in this study is considered. Although the suite off Conclusions
transition metals from a polluted source will be different to
those from a dust source, this study has shown that the ideriFhe aim of this study was to measure fractionatiof&#2S
tity of the transition metals involved in catalysis does not af- during oxidation of S@ by mineral dust leachate and on
fect the isotopic fractionation. mineral dust surfaces, in order to better understand the role
In the majority of field studies, measuréd*S of SG of SO, oxidation by mineral dust in the sulfur cycle. The
is lower thans3S of sulfate (eg.Saltzman et a).1983 fractionation factoraz4 for oxidation in the leachate was
Mukai et al, 2002, Novak et al, 2001). Thus, considering  «jeachate= 0.9917+ 0.0046. Sulfate production was due to
the fractionation factors from this study and frararris oxidation of SQ via the radical chain reaction pathway ini-
et al. (2012, isotopic measurements are in agreement withtiated by transition metal ions leached from the dust, and the
modelling studies which show that transition metal catal- oxidation rate was found to be more than ¥Ofaster than
ysed oxidation of S@contributes a minor part of global sul- oxidation by iron alone.
fate production. For exampl&ofen et al(2011) suggest the Heterogeneous oxidation on dry and humidified dust sur-
pathway contributes 18 % of sulfate production globally. Us- faces lead to isotopic fractionation that was controlled pri-
ing the present-day partitioning between oxidation pathwayamarily by the dust composition and not by the reaction pa-
from Sofen et al.(2011) and the sulfur isotope fractiona- rameters: [@Q], irradiation, and humidity. However, almost
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an order of magnitude more sulfate was produced when th&he service charges for this open access publication

dust was simultaneously exposed t0,50s, humidity and
light. Fractionation from different reactions occurring within

have been covered by the Max Planck Society.

the same 2 pfharea was additive, thus a multivariate analy- Edited by: M. Ammann

sis model could prediat3*S of the sulfate produced on the
grains within expected experimental error. Not all particles
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