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Abstract. Sulfur isotope analysis of atmospheric aerosolscomposition, and then their individual isotopic signature was
is a well established tool for identifying sources of sulfur in measured separately. Our samples were collected in Mainz,
the atmosphere, estimating emission factors, and tracing th&ermany, in an urban environment. Secondary sulfates (am-
spread of sulfur from anthropogenic sources through ecosysmonium sulfate, gypsum, mixed sulfates) and coatings on sil-
tems. Conventional gas mass spectrometry averages the is@ates or organic aerosol dominated sulfate loadings in our
topic compositions of several different types of sulfur aerosolsamples. Comparison of the chemical and isotopic composi-
particles, and therefore masks the individual isotopic signa+tion of secondary sulfates showed that the isotopic composi-
tures. In contrast, the new single particle technique presentetion was homogeneous, independent of the chemical com-
here determines the isotopic signature of the individual parposition. This is typical for particles that derive from in-
ticles. cloud processing. The isotopic composition of the source

Primary aerosol particles retain the original isotopic signa-SO; of secondary sulfates was calculated based on the iso-
ture of their source. The isotopic composition of secondarytopic composition of particles with known oxidation path-
sulfates depends on the isotopic composition of precursoway and showed a strong dependence on wind direction. The
SO, and the oxidation process. The fractionation with re- contribution of heterogeneous oxidation to the formation of
spect to the source $Os poorly characterized. In the ab- secondary sulfate was highly variable (35%—75%) on day-to-
sence of conclusive laboratory experiments, we consider thelay basis and depended on meteorological conditions.
kinetic fractionation of~9%. during the gas phase oxidation
of SO, by OH as suggested by Saltzman et al. (1983) and
Tanaka et al. (1994) to be the most reasonable estimate for
the isotope fractionation during gas phase oxidation of SO 1  Introduction
(ohom=0.991) and the equilibrium fractionation for the up-
take of SQ (g) into the aqueous phase and the dissociationParticulate air pollution has been a severe problem since the
to HSQ; of +16.5%. measured by Eriksen (1972a) to be theonset of urbanization. Research has shown a clear connection
best approximation for the fractionation during oxidation in between particulate air pollution and daily mortality (Spix et
the aqueous phasee=1.0165). The sulfur isotope ratio al., 1993; Pope et al., 1995; Daniels et al., 2000). EU reg-
of secondary sulfate particles can therefore be used to idertlations (Guideline 1999/30EG) limit the airborne particu-
tify the oxidation pathway by which this sulfate was formed. late matter (PMo) to a daily average of 50gm~=3. This
However, the fraction of heterogeneous and homogeneoulmit is exceeded frequently at urban air quality monitoring
oxidation pathway calculated is very sensitive to the isotopestations, and legislators are planning to decrease these lim-
fractionation assumed for both pathways_ With the new Sin-itS even further. Therefore, severe cuts in urban background
gle particle technique, different types of primary and sec-aerosol concentrations will become necessary, and in order to
ondary sulfates were first identified based on their chemicaHevise effective control strategies, a quantitative assessment
of sources is required.

Research in the Rhine-Main area (Kuhlbusch et al., 2003;

Correspondence tdB. W. Sinha Vester, 2006) and other urban areas (e.g., Lenschow et al.,
BY (winterho@mpch-mainz.mpg.de) 2001; Pakkanen et al., 2001; Putaud et al., 2004; Puxbaum et
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H.SO Oy In_ Fhis stgdy,. we examine the ch_emical and isot_opic com-
“ 4(9) homogeneous SOZ (g) position of individual aerosol particles collected in Mainz,
oxidation O Germany, using the Cameca NanoSIMS 50 ion microprobe
20 heterogeneous . N .
@nsa > oxidation to elucidate sources and oxidation processes of sulfur in the
"on — urban and regional atmosphere.
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fined according to the equation given below (VCDT: Vienna
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Fig. 1. The sulfur isotopic signature of the source S© changed 34 34 (" ( S)/" ( S))Sample

during homogeneous (gas phase) and heterogeneous (aqueotlls S=8"Svcor = (n (34s)/n (329)) -1 @)

phase) oxidation. Provided that the isotopic composition of source veoT

SO, is known and no water-soluble primary sulfate acted as cloud(n(34S)/n (32S))\cpT1=0.044163 (Ding et al., 2001).

condensation nuclei, the relative contribution of condensations of = Primary sulfate particles, such as sea salt, mineral dust, fly

gaseous sulfuric acid onto the droplet and heterogeneous oxidatiogsh or industrial dust are directly emitted with sulfur in the

in the droplet can be calculated. The isotopic composition of SOUrC&orm of SC2—. Therefore. the isotopic composition of pri-

SO can be esnmateo_l from particles th".’lt derive from gas to palrtlClemary sulfate particles can be interpreted directly as a source

conversion, such as fine mode ammonium sulfate. . . . . . . R
signature. Five particle types dominate primary particles: bi-
ological particles, mineral dust, industrial dust, resuspended

al., 2004; Hueglin et al., 2005; Silla&p et al., 2006; Beek- road dust and fly ash. Sulfur in plant tissue mostly reflects
mann et al., 2007) has shown that a significant portion ofthe isotopic composition of the atmospheric input (dry and
PMyo consists of secondary aerosol formed by the condenWet deposition), unless otht_ar sources such_as ar_t|f|C|aI f_er-
sation of gaseous precursors. Sulfur dioxide, the gaseoudlizer or local geology dominate the sulfur input into soil
precursor of sulfate aerosol, is released as a result of and<rouse and Grinenko, 1991; Gebauer et al., 1994; Novak
thropogenic activity (fossil fuel and biomass burning, 60— €t al., 2000, 2001a, 2005b; Zhao et al., 2003; Bol et al.,
100 Tga'l; all values expressed as mass of sulfur) and from2005). The most common sources of sulfate in mineral dust
natural sources (volcanic gases and dimethyl sulfide (DMS)@'€ marine evaporites. The isotopic composition depends on
20-60 Tgal) (Penner et al., 2001). In central Europe, sta- the geological age of the deposit abf'S varies between
tionary sources account for ca. 90% of all sulfur dioxide +10%0 and +30%.. It is impossible to distinguish industrial
emissions (bvblad et al., 2004). dust emitted during the processing of natural minerals (stone
Since the 1980s, the emission of S@ecreased drasti- dressing, cement industry, mining of mineral fertilizer) from
cally (~90%) in Germany, resulting in a 90% reduction of the.isotopic composition of the dep.osit.being industrially ex-
ambient S@ concentrations. However, these drastic cuts inPloited. The largest deposits exploited in Germany 18
ambient SG concentrations did not correspond to a simi- Of ~10%. (Zechstein). The isotopic composition of fly ash
lar decrease in SP concentrations (only-70% decrease). depends on the technology applied during coal combustion.
For some countries, e.g., France and the Czech Republic, od-h€ isotopic composition of fly ash depends on the technol-
served discrepancies were even greateé80% decrease in 09y applied durlng'coa'll combustion. For power plants using
SO, and only 50% in S@ concentrations). The same holds flue gas desulphurization, thaé*s of the fly ash is generally
for areas close to sources (i.e., urban aredsplad et al.,  Closer to thes**S of the coal and more positive than #7¢S
2004). This nonlinear response of particulate sulfate concen@f the SQ emitted during the same combustion process. The
trations to emission reductions has been widely noticed alfSOtopic composition of re-suspended road dust is expected
over Europe (Irwin et al., 2002; Larssen et al., 2003; Hunovalo lie somewhere between that of primary minerals and at-
et al., 2004: Klein et al., 2004:dvblad et al., 2004: Fowler mospheric dry and wet deposition, which can form coatings
etal., 2005). Possible explanations are changes in oxidatioR" Particles. In continental Europe the contribution of sea
patterns, deposition rates, or long range transport. Sulfur isoSalt 6*5=(20.2:0.3)%o; Krouse and Grinenko, 1991) and
tope ratios can be used to elucidate oxidation pathways angSs-sulfate produced by the oxidation of DMS*S=+14%
identify sources of sulfur in the atmosphere, and this com-{0 +22%o; Calhoun et al., 1991; McArdle and Liss, 1995;

bined information can help in understanding possible reason§atris et al., 20008, b) to the sulfur budget is negligible com-
for the nonlinear behavior. pared to anthropogenic emissions. In winter, the contribution

of sea salt to aerosol loadings is easily overestimated due to
re-suspension of road salt.
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Secondary sulfates are formed by the oxidation ob SO the sulfate is depleted i#'S compared to the SQduring
and the oxidation process alters the isotopic signature (Fig. Isummer months. The same holds for the comparison of the
Thode et al., 1945; Eriksen, 1972a, b; Saltzman et al., 1983isotopic composition of throughfall (wet deposition of sulfate
Tanaka et al., 1994). Saltzman et al. (1983) and Tanakalus SQ from dry deposition on the leaves) and bulk precipi-
et al. (1994) determined the isotopic fractionati@mgm) tation (Groschekova et al., 1998; Novak et al., 2000; Zhang et
for gas phase oxidation of Sy OH as being kinetically  al., 1998) with the throughfall occasionally showing a higher
driven. Tanaka et al. (1994) calculated a fractionation of$34S than the bulk precipitation at the same site during sum-
—9%o (athom=0.991,%4SSractionatior=(—1)) using ab ini-  mer months. Even when only one of the species(Sor
tio quantum mechanical calculations. In contrast, Leung etSQ,) was collected the seasonality encountered is similar for
al. (2001), using RRKM (Rice, Ramsperger, Kassel, andmost sites in the northern hemisphere. In winter&#ts of
Marcus) transition state theory, calculated the fractionationbulk sulfate increases, compared to the summer values at the
as an inverse kinetic isotope effect, Wil8O, reacting faster ~ same site (Caron et al., 1986; Niagru et al., 1987; Ohizumi
than32S0, resulting in @34S increase of 140%efom=1.14) et al., 1997; Alewell et al., 2000; Ohizumi et al., 2001). On
under atmospheric conditions. the contrary, thet3*S of the remaining S@during winter

At first sight, the fractionation calculated by Leung et is typically lower than during summer (Novak et al., 2001).
' This is in line with an enrichment of the heavier isotope in

al. (2001) agrees well with measurements of stratospheriihe sulfate due 1o the increased importance of the AQUEOUS
sulfate (Castleman et al., 1974). The data of Castleman € u u ' Imp queou

al. (1974) seemed to indicate that during the oxidation Ofphase oxidation in the winter months and depletion of the

SO, to sulfate in the stratosphere following the Mt. Agung SO 'I"ge?e seatshonal trﬁ_r;]dsfsug?:g%fl for tf:se34aque-
eruption, Rayleigh fractionation occurred witt being en- ous oxidation pathway. S Ss042-—0"'Ss02

riched in sulfate and SOdepleted in?S. However, recent ands3*S(bulk precipitation)-§3*S(throughfall) is sometimes

research has shown that following the volcanic eruption anegatwe during summer months supposigm<1 for the gas

: : . : hase oxidation.
separation of the sulfur into two reservoirs carrying a mass”

independent isotope fractionation with opposing signs tookth In the abslt?tnci 3: anyﬁconclt:sye Iaborato_;y exp(tarrllmsntf
place (Baroni et al., 2007) and UV induced photo oxidation € seasonalily of the suflurisotopic composition 1S the bes

has been suggested to explain the mass independent signga)i/nto e;:m;‘;eséhgx?é;et%fna:; tgeusgszp'chfar:gtg;zgzgn
ture. Since the oxidation of Sy OH is not responsible for g gasp q P '

the mass independent signature observed in the sulfate durintg.]r? nFuonr]?r?ershzf;?)c'?r?:owggb'cgzt% rr?cziﬁezargnflartfggrpracg'
the time period in question, this reaction is not the only reac- n. 9 us oxidation pathway only

tion dominating the isotopic signature of the sulfate. There-t'ogitr']ondqurmg :_he l:pﬁke of $l?nto ;h? aqqeo(ljjstrpl)htatse
fore, the simple Rayleigh fractionation during oxidation of and the dissociation to HSDhas been determined, that too

der equilibrium conditionswe=1.0165; Eriksen, 1972a,
SO, by OH proposed by Leung (2001) can no longer be use n e . i
to interpret the dataset. d;). The effect of the terminating reactions such as oxida-

tion by HyOy, Oz, and metal catalyzed oxidation by,0O
Currently, the best way to estimate the fractionationto name just the three most important ones, has never been
of the gas phase and aqueous phase oxidation is tproperly assessed and equilibrium is typically not reached
look at seasonal trends in the isotopic composition of si-under atmospheric conditions. The fractionation of the gas
multaneously collected SOand S~ and to evaluate phase oxidation pathwaywgom) has not been determined ex-
the equation £%Ssos2- —83%Ss0)=(1 + §%*Ss02)-[(1 — perimentally at all. The absence of laboratory experiments
Jfhom)-@hett from@homl—1 for different seasons. The con- that include the net effect of the reaction for both the for-
tribution of the gas phase oxidationfhpm) varies from 0%  mation of sulfate in the gas phase as well as for the aque-
(nighttime, arctic winter) to roughly 60% (noon/early after- ous phase oxidation makes the data interpretation a challeng-
noon on a bright summer day) of the total sulfate formed.ing task. Based on current scientific understanding, we con-
Therefore, during winter more sulfate should be formedsider the kinetic fractionation during the gas phase oxidation
through oxidation in the aqueous phase, while during sum-of SO, by OH as suggested by Saltzman et al. (1983) and
mer the importance of gas phase oxidation by OH shouldTanaka et al. (1994) to be the most reasonable estimate for
increase. The seasonal trends of the isotopic compositiothe isotope fractionation during gas phase oxidation of SO
of simultaneously collected SCand sulfate allow an esti- (@hom=0.991) and the equilibrium fractionation for the up-
mate of the direction of the isotopic fractionation involved take and dissociation measured by Eriksen (1972a) the best
in both pathways. It has been observed that during summeapproximation for the fractionation during oxidation in the
months (more gas phase oxidation) the difference iBth8 aqueous phasee=1.0165).
of SO, and sulfate {3*Sso42- —834Ss0)) is generally lower In order to attribute S® emissions to their source, the
than during winter months (more agueous phase oxidation)sotopic composition of the SOsources must be known.
(Saltzmann et al., 1983; Mukai et al., 2001; Kawamura etUntil the application of more advanced technology, the sul-
al., 2001; Tichomirowa, unpublished data). Occasionally,fur isotopic composition of SPemitted during combustion
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Table 1. 534S values of coal, oil, slag fly ash and $@missions of power plants in Europe.

Coal Fly ash inletgas Sfemissions  product
[%o] [%o] [%o] [%o] [%o]

Power plants

Belachtow (Poland) ~+8 —1.330.0% -4.88:0.0% +1.2140.03

Laziska (Poland +4.60% +1.22

Rybnik (Poland} +4.38 —0.5£1.982

Bielsko-Biala (Poland +3.82

Czechowice-Dziedzice (Polar?d) —2.712

Chvaletice (Czech Republ®)  —1.0 —0.9

Sostanj (Slovakid) +8.1 8.8

Trbovlje (Slovakiaf +11.2 +14.8

Tereul (Spair) +1.0P -0.9

Black trianglé +6P

Coals

Hambach (Francé) +3.3

Yanowice (Poland) +4.0

Sosnica (Poland) —2.5t0 +8.6

Brown coal middle Germany +4.7to+11.9

Provincé

Crude oil® —10to +10

@ Flue gas desulphurization: inlet gas = gas measured before desulphurizatjoem®@®ion = gas emitted after desulphurization, product
= solid waste (sulfate) produced during the desulphurization pro?else;ﬂue gas desulphurizatiot; Derda and Chmielewski (2003);

2 pluta (2002);3 Buzek et al. (1991)# Bericnik-Vrbovsek et al. (2002)° Querol et al. (2000)8 Pichimayer et al. (1998)f Zhao et

al. (2003);8 Hahne (1982)? Krouse and Grinenko (1991)

Table 2. Summary of meteorological data for samples collected in Mainz during August 2005. Meteorological data was downloaded from
http://www.luft-rlp.de T is the average daily temperature.

sample date flow sample wind T RHmin RHmax precipit.
volume speed
Imin~1 m3 msl °C % % mm

#1 2 Aug 16:00-3 Aug 15:00 16 22.1 2.0 20 50 80 0 sunny
#2 3 Aug 15:30-4 Aug 14:00 20 27.0 2.4 19 36 95 0.7  sunny
#3 4 Aug 15:00-5 Aug 14:00 20 27.6 0.7 18 38 94 0.2  sunny
#4 17 Aug 15:30-18 Aug 17:00 15 23.0 2.0 23 34 87 0 sunny
#5 18 Aug 17:20-19 Aug 14:40 15 19.2 1.2 23 38 94 0 sunny
#6 19 Aug 14:45-20 Aug 15:20 10 14.1 1.6 21 45 96 0.6  sunny
#7 20 Aug 15:25-22 Aug 09:15 10 25.8 2.0 19 46 91 0 sunny/cloudy
#8 22 Aug 10:15-23 Aug 12:00 10 155 2.7 20 56 91 0 sunny

of fossil fuel, the single most important source of SO power plant employing flue gas desulphurization technology
in continental Europe, reflected that of the fuel (Table 1;is 13%. more negative than the coal used in the combustion
Buzek et al., 1991; Krouse and Grinenko, 1991; Querolprocessess*Scoa=~+8%o, §3*Ss02 emissions=~—5%o; Ta-

et al.,, 2000; Bericnik-Vrbovsek et al., 2002). How- ble 1. Derda and Chmilewski, 2003). As a result of the
ever, the introduction of flue gas desulphurization technol-widespread use of flue gas desulphurization, the isotopic
ogy changed this relationship. Before the introduction of composition of the fuel can no longer be used as an indi-
this technology, Pichimayer et al. (1998) reported an iso-cator of the source signature of anthropogenie S@stead,
topic composition 0834Ssp42-=+6%o, similar to that of the  the isotopic composition of gaseous emissions needs to be
coal ($34Scoa=~+8%0) for emissions from coal burning in characterized directly at the source.

Poland. In contrast§34S of SG emissions from a Polish

Atmos. Chem. Phys., 8, 7217238 2008 www.atmos-chem-phys.net/8/7217/2008/
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Table 3. Comparison of PN and PM 5 calculated from single particle analysis with RP§PM, 5 and SQ or soot (all reported ipg m—3)
at several measurement stations in Mainz. Data for the measurement stations in Mainz were downloalaip: fhomw.luft-rip.de

Sample MPI Mombach Goetheplatz Zitadelle Parcusstr.
PM]_O PM1_2A5 PMlO SOZ PM]_Q SC)Z PMlO PM2.5 SC)Z PM]_O soot
Samplel 4 1.2 12 30 14 31 14 11 17 25 33
Sample2 4 2 12 23 13 23 15 12 13 25 2.9
Sample 3 16 26 17 25 19 13 1.2 29 2.9
Sample4 9 33 20 3.0 22 30 26 20 23 35 4.0
Sample5 12 31 28 27 32 39 34 25 23 42 45
Sample 6 16 19 19 22 20 19 14 35 43
Sample7 6 1.9 15 16 19 19 21 17 1.3 30 4.1
Sample8 7 3.1 27 23 31 27 33 29 1.7 42 2.6
3 Methods

3.1 Sample collection and site description

Samples were collected approximately 20m above ground_
level, on the rooftop of the Max Planck Institute for Chem- *
istry on the campus of the University of Mainz (8%'31” N, s
8°1415E) in August 2005 (Table 2). Fields and gardens §
are located to the west, while the city of Mainz and the ur- |§
ban Rhine-Main area are located to the east of the samplind
site (Fig. 2). A municipal garbage combustion plant emitting
~25mg of SQ per n? of flue gas is located 4 km north of %
the sampling site. Industrial activity is located mainly along =~
the Rhine River to the north and east of the sampling site.|
Several measurement stations monitor the air quality in the
city, including meteorological data as well as measurements
of SO, O3, PMy 5, PM1g and soot, to which our data can be '
compared (Fig. 2; Table 3; Landesariat Umwelt, 2005). ;
Samples were collected on gold coated 47-mm-diameter. £\ AN 5 A"
Nuclepor@ polycarbonate filters with 0.4m pore sizes. — “ErEEERNGEEECE o ISR . SO
The filters were placed in a stacked filter unit operated withF_ > Overvi th ling locati d maior station-
one stage only. The start and stop time of each individual 9. 2. Lverview over the sampling ‘ocation and major station

ary sources of aerosol particles and .S@ Mainz (Map cour-

sample are specified in Table 2. After sample collection, thetesy of Google Earthl mapping service). The geographic coordi-

fiIt_ers were placed in ir_1dividua_| Petri-slides, wrapped in alu- nates are: MPI Mainz #89'31” N, 8°14 15" O; Mainz University
minum foil and s.tored'ln a desiccator. ' 495932’ N, 81428’ O; Goetheplatz 5038’ N, 81515" O:
Backward trajectories were calculated using the verticalparcus Strasse %0004’ N, 81540’ O: Zitadelle 495936 N,
motion model in the HYSPLIT4 (HYbrid Single-Particle La- 8°1627” O; Mombach 500106” N, 8°1313" O; cement works
grangian Integrated Trajectory) program (Draxler and Hess50°0253” N, 8°1612”0 and 495824" N, 8°1903" O; limestone
1998; Draxler and Rolph, 2003) with the FNL meteoro- mine 495807” N, 8°1756” O; municipal waste incineration plant
logical database at NOAA Air Resources Laboratory’s web50°01'35” N, 8°14'16” O; gas fired power plant 501'33"N,

server (Draxler and Rolph, 2003). Back trajectory calcula-8°1414"O; glass production 5@1'23'N, 814240 and
tions were started 10 m above ground level (Fig. 3). 50°01'56" N, 8°14'52" O; coffe roasting 500138 N, 81334"O.

3.2 Classification of particles based on chemical composi-
tion an Oxford Instruments ultra-thin-window energy-dispersive

x-ray (EDX) detector to characterize the chemical composi-
Prior to ion microprobe analysis, the samples were charactertion, size and shape of each individual grain. These measure-
ized by scanning electron microscopy (LEO 1530 FESEM)ments were done in an automated procedure in which indi-
operating at an accelerating voltage of 10 keV, equipped withvidual filters were scanned with 6000x magnification. Filters

www.atmos-chem-phys.net/8/7217/2008/ Atmos. Chem. Phys., 8, 72382008
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L. .

Fig. 3. Backward trajectories, calculated using the vertical motion model in the HYSPLIT4 (HYbrid Single-Particle Lagrangian Integrated
Trajectory) with the FNL meteorological database at NOAA Air Resources Laboratory’s web. The background shansisns of all
sectors from the EMEP data base.

were sampled at predefined equidistant spots. Whenever the The approximate composition of each particle was esti-
predefined spots were located within a particle, the parti-mated based on an EDX analysis of seven of the following el-
cle was counted and its size and chemical composition werements: C, N, Na, Mg, Si, P, S, Cl, K, Ca and Fe. The energy
measured. Typically more than 500 particles of each samplevindows were chosen for each sample individually, based on
were examined at a magnification of 6000x. Based on the 2the elements with the highest abundance in the sample. The
D surface area of each particle was measured by counting th¥-ray spectra were acquired for predefined equidistant spots.
number of pixels it occupied in the digital secondary electronThe acquisition time was fixed at 2 s.

image and converted toam? (pixel size at 6000x=111 nm).

From the 2-D surface area of the particle, the particle equiva- Sampling regular spots is an established method to quan-
lent diameter was calculated. The equivalent diameter is théify the phase composition of samples with randomly dis-
diameter of a spherical particle occupying the same area a§ibuted particles (Amelinckx et al., 1998). To avoid multiple
the analyzed particle. Only particles with an are0 pixels ~ Sampling of the same particle, the distance between the spots
were considered for sizing to ensure good accuracy for thd1as to be greater than the Feret's diameter of the largest par-
estimated equivalent diameter (Gwaze et al., 2006). The sizéicle. Whenever this criteria is fulfilled, the probability of
cut off is 1um (pixel size 111 nm). In order to retrieve the acquiring an EDX spectrum of a particle of particular size
volume and mass of particles, the height of the particles wa@nd chemical composition is directly proportional to the to-
ascertained. Particles typically lie on their flat side. There-tal filter area covered with particles of that size and chemical

fore, the height of larger particles was much less than the 2-0¥omposition and, therefore, to the number of the particles.
diameter. Based on manual ana|ysis of numerous partides-l:his method allows fast quantiﬁcaﬁon of the abundance of
the typical height was determined to be half the 2-D diametedifferent particle types in the samples. To ensure that the dis-

for particles Jum<x <5 um. The average height of particles tance between the spots is larger than the Feret's diameter
>5 um did not exceed 2m. of the particles the grid chosen for EDX data acquisition and

image analysis was varied according to the particle size range

Atmos. Chem. Phys., 8, 7217238 2008 www.atmos-chem-phys.net/8/7217/2008/
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investigated. The grid chosen for data analysis wagr0 The primary ion beam was scanned over2um? around
for particles with a Feret's diameterlOum, 20um for par-  the center of individual grains. Each analysis consisted of
ticles with a Feret's diameter between/® and 1um and  integration of secondary ion signals over 1200 cycles of 1s
50um for particles>20m in diameter. each, preceded by 600s of pre-sputtering. Energy center-
The background contribution of the empty filter to the ing was used to compensate for charging. Secondary ions of
EDX spectrum of individual particles was estimated for 10~32S~, 335~ 345~ and 3¢S~ were simultaneously de-
each sample and energy window separately using the uptected in five electron multipliers at high mass resolution.
per (Q.) and lower ;) quartile values of the raw sig- The detector dead time is 36 ns and thec®unt rates were
nals of that energy window by applying robust statistics ascorrected accordingly. Low-energy secondary ions were col-
0;—1.726(Q,—Q;)< filter background< Q,+1.726(Q,, — lected at a mass resolution sufficient to sepafa®e from
0)), which is equivalent to a 3 sigma outlier limit (Stoyan, the3?SH~ interference. The energy slit was set at a bandpass
1998). The background signal was then subtracted from th@f ~20eV and the transmission was set-&lt5-20% (spe-
particle signal. cific setting of entrance, aperture, and energy slits). Here,
Chemical signals of particles below the detection limit of we concentrate on the measurfé8A2S ratios because, due
the image analysis<(1 xm) were frequent. Numerous par- to the low isotopic abundances &S and3®s, the result-
ticles >1 um were only identified by image analysis (based ing errors off3S£2S and®*®SP2S ratios in single particles are
on the contrast of the SEM image). EDX analysis of theselarge. The grain size and matrix dependence of the instru-
particles did not show any signal for the chosen energy chanmental mass fractionation (IMF) were corrected based on the
nels. For the other particles, after background correction, thequivalent diameter and chemical composition measured for
X-ray intensities were normalized to the sum of intensitiesthe respective particle in the SEM according to the method
detected for the particle. The relative intensities for the majordescribed in Winterholler et al. (2008). The necessity to cor-
elements detected were used as a proxy for the particle contect for the size of the particles is caused by charging. Since
position. Particles were classified into different groups basedhe size determination of particles in the SEM is very accu-
on their chemical composition and on the characteristics ofrate, this is a simple and straightforward correction, which is
different particle types observed in other studies (Xhoffer etrelevant mainly for coarse mode particles. Matrix dependent
al., 1991; Ebert et al., 2000; Mamane et al., 2001; Li et al.,instrumental mass fractionation occurs during sputtering and
2003; Sobanska et al., 2003; Ro et al., 2004; Niemi et al.jonization. Winterholler et al. (2008) found a linear relation-
2005). As the main objective of this research is the analysisship between the ionic radius of the cation (i.e., the chem-
of sulfur isotope ratios, particles that contained sulfate werestry) and the matrix specific instrumental mass fractionation
treated separately (see Sect. 4.1). Each particle chosen fder different sulfate salts. Riciputi et al. (1998) showed that
sulfur isotope analysis was documented individually with athe IMF of fine grained mixed samples, which contain two
picture taken before and after analysis along with a full x-ray phases on a spatial scale smaller than the primary ion beam,
spectrum. Particles identified as ammonium sulfate based ogan be accurately corrected using coarse grained standards
the spectrum acquired during the automatic run were onlyof the individual phases. The instrumental mass fraction-
documented after NanoSIMS analysis, because damage k8tion relative to BaS@has been established for most sul-
the electron beam can alter their isotopic composition (Win-fates relevant for atmospheric research (Winterholler et al.,
terholler et al., 2008). 2008). Correction of pure sulfate particles and “internally
mixed” particles in which the sulfate containing phases are
3.3 Isotope analysis of individual particles with the clearly separated such as the aged sea salt particle in Fig. 5
Cameca NanoSIMS 50 containing sodium chloride, gypsum and sodium sulfate as
separate phases, is straightforward. This particle is a classi-
The sulfur isotope measurements were done with the Cameaceal example of a particle that is “internally mixed” from an
NanoSIMS 50 ion microprobe at the Max Planck Institute aerosol point of view, but “externally mixed”, i.e., separated
for Chemistry in Mainz (Hoppe et al., 2005; @rer and into distinct components on the spatial scale relevant for
Hoppe, 2006; Hoppe, 2006). The high lateral resolutionIMF correction in the NanoSIMS. IMF correction of particles
(<100 nm for C& primary ions) coupled with a high trans- contain several cations in the same sulfate (e.g. glauberite,
mission of secondary ions for isotope measurements of thé&Na,Ca(SQ),) is difficult. For such particles (part of the par-
light-to-intermediate-mass elements and multi-collection ca-icles in group 6, mixed sulfates;5% of the total particles)
pabilities (up to 5 isotopes can be analyzed simultaneouslyyve calculated the IMF of the mixture based on the chemical
make this instrument the only one capable of analyzing sulfurcomposition of the respective particle as a linear mixture of
isotope ratios on individual aerosol particles (Winterholler etthe IMF of the pure salts of the major cations.
al., 2006, 2008). The instrumental mass fractionation for each session was
The data in this study were obtained in multi-collection determined using two BaS@tandards (IAEA SO-5 and SO-
detector mode by sputtering the sample with-ApA Cs" 6, Isotope Hydrology Laboratory of the International Atomic
primary ion beam focused onto a spot-e100 nm diameter. Energy Agency, Vienna, Austria). Individual particles of
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Table 4. Instrumental mass fractionation factors f4S/2S mea-
sured with the NanoSIMS and average diameter of the standard
particles on which instrumental mass fractionation was determined.
When the instrumental mass fractionation is determined on particles
pressed into gold substrate, no grain size correction is necessar
BaSQ e is the calibrated isotope ratio of Bag®ased on delta
values of 0.5%. for IAEA SO-5 and 34.2%. for IAEA SO-6 and a
n(34S)n(32S))cpT=0.044163 (Ding et al., 2001). BagQvis is

the measured/ (34S)/N (32S))-ratio measured by SIMS.

Fig. 4. BaSQ, standard grain illustrating the analytical procedure.

Session  BaS@yue o Dp, Substrate Particles are documented with help of the SEM beféfgand af-
BaSQisivs [pem] ter SIMS analysiB). SEM conditions: EHT 10keV, WD 9 mm,

scale bar 2zm. SIMS conditions: Field of view 2mx2 um, si-

11/2005 10148 00012 3.2 Filter multaneous collection o0, 325~ 335~ 345 and36s—, Cst
10/2005 1.0106 0.0005 Gold . - . .

primary ions, 1 pA primary current, 100 nm beam diameter. The
09/2005  1.0122 0.0006 Gold black square on SEM image (B) is the area were the filter material
08/2005 1.0317 0.0008 3.6 Filter q 9

was sputtered away during analysis and indicates the exact position
of the SIMS measurement field.

both s_tandards were qu on two_ gold coated Nuclepore fil- Sea salt particles (Group 1) were recognized by high in-
ters with the help of a micromanipulator and were analyzGdtensities of sodium and chlorine. Sea salt particles age in

;':llotng ert: the fanr:]prlﬁs (-rl;allglcﬁv?d F'?' 42' Tr:e urr:icelrtailnty cr):;the atmosphere by reaction with,8I0;, SO, HNOs and
Sotope measurements o ual aerosol particles IS Comg, . nitrogen components giving rise to Cl depletion and

E:aragvely Igrge dtue (;0 3 p(:/(\)/_r tgrarl]n-”to-grfur} renggguu%i- sulfate/nitrate formation (Sievering et al., 1991; Mamane and
ity observed on standards (Winterholler et al., ): eGottlieb, 1992; Zhuang et al., 1999; Laskin et al., 2003;

grain-to-grain reproducibility of standard grains with iden- Hoffman et al., 2004: Hwang and Ro, 2006; Saul et al.,

té(;al ;:hrem:c(ral :n?z 'S('jomf'?ncon:]%ost;“g; |snty§ 'C"ﬂg’ g[ryou?dr 2006). Aged sea salt particles were treated separately (Group
°t°) 0 cro ;js ed g a_l_hs. and ? ceen < a d ?(t))'l'? 2). These particles typically contained’.5% of sulfur and,
submicron-sized grains. IS grain-to-grain reproqucibiiity therefore, significant amounts of non-sea-salt sulfate (nsss).
or residual errordg) is determined by subtracting the aver- N ) i ] ) ) )
Silicon bearing particles (Si¥3-6%) with or without vari-

age counting statistical erretp , from the standard devia- .
tion o of the measurements performed on the BaS@n-  able amounts of Na, Ca, K, Mg and Fe were considered to
2 , , be quartz, clay or aluminosilicate. Silicon bearing particles
dard bR—vG ) While calculating the total mea- can be of natural (mineral dust, erosion of soil) as well as
surement errofo(r) of a measurement on an individual grain of anthropogenic origin (fly-ash). Both particle types were
the residual erroro() is added to the counting statistical er- grouped into the same group (Group 3) during automated
ror (op) of the individual grain ¢7= /UI%JFU%)- However, analysis but treated separately during isotope analysis. Al-
the accuracy Observed upon averaging measurements Of SemOSt a” atmOSpheriC particles can Obtail’l a Sulfur Coating
eral grains is typically 2%. for standards (Winterholler et al., Py condensation of Sand/or BSO;. Some mineral dust

2008) as well as for sea salt aerosol particles (Winterholler eParticles even react with sulfuric acid (Krueger et al., 2005).
al., 2006). Silicate particles with sulfur coating were treated separately

(Group 3a). In a similar manner, silicates £%%) that ac-
quired a nitrate coating (N6%) during atmospheric process-

4 Results and discussion ing, or were mixed with sea salt (€6%) were assigned a
separate group (Group 3b).

S-only particles, i.e., particles that showed no significant

The approximate chemical composition of each particle wasSi9nal for elements other than SX85%) were considered to
derived from the EDX spectra and used to group particles?® Secondary sulfates formed from gaseous, $@., sulfu-
into 10 groups. Oxygen and carbon were present in the filtefIC aCid or ammonium (bi)sulfate (Group 4). As oxygen was
background and were, therefore, excluded from data analfot @nalyzed, S was considered to beﬁS@xcept_n‘ it was
ysis. Table 5 lists the semi-quantitative chemical composi-2SSociated with iron (Fes Unfortunately, gold interferes

tion of each group. Typical particles and EDX spectra of all With sulfur in the EDX spectrum, making high background

groups except Group 9 (other particles) and Group 10 (idenporrection necessary. Small S-only particles were, therefore,

tified by image analysis only) are shown in Fig. 5. missed by single particle analysis. This missing fine mode
ammonium sulfate was quantified during bulk analysis of

4.1 Chemical classification of aerosol particles
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Fig. 5. SEM images and typical EDX spectra for all particle groups (except 9 and 10) and images of selected primary particle.

www.atmos-chem-phys.net/8/7217/2008/ Atmos. Chem. Phys., 8, 72382008
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Table 5. Average semi-quantitative composition of different particle groups in weight %. Group 1 sea salt is missing, as no particles of this
group were encountered in samples collected in Maijz. Number of particles analyzed in the respective Group. Element concentrations

are semi-quantitative. The total counts of the EDX spectrum were normalized to 100% after background correction and used to estimate the
semi-quantitative composition of the particles. Oxygen and carbon are present in the filter substrate and were not analyzed. S is assumed t
be SCi_ and Si is assumed to be SiOCation concentrations close to 100% indicate carbonates, oxides or hydroxides. N.d. = not detected,
n.a. not analysed.

Group N, N Fe Na SiQ P SO}‘ Cl K Ca

Aged sea salt 2 97 4 <1 26 14 n.d. 26 21 5 3
Quartz and silicates 3 1312 <1 4 3 88 <1 nd. <1 3 3
Silicates + sulfate coating 3a 123<1 2 7 51 n.d. 28 <1 5 6
Silicates + nitrate coating  3b 144 8 3 13 39 n.d. nd. 13 1 16
Ammonium (bi) sulfate 4a,b 787 2<1 nd <1l nd. 97 <1 <1 <1
Gypsum 5 404 <1 <1 <1 <1l n.d. 73 <1 <1 27
Mixed sulfates 6 140 4 4 19 1 1 33<1 32 3
Calcite/Dolomite 7 101 <1 <1 nd. <1l nd. nd. <1 <1 99
Fe-Oxides 8 17 <1 98 n.d. <1l na nd. <1 nd <1
Others 9 1082 9 3 52 <1 4 n.d. 4 16 14
Image analysis only 10 1338 <1 <1 <1 <l <1 <l <1 <1 <1

the aerosol samples. Ammonium sulfate/sulfuric acid parti-cles in this group included sodium sulfate and potassium sul-
cles (Group 4) derive from gas to particle conversion (Groupfate. Sulfide minerals (Fe®did not contribute significantly
4a) and/or in-cloud processing (Group 4b). Ammonium sul-to any of our samples and were excluded from NanoSIMS
fate particles that went through in-cloud processing were asanalyses.

signed to Group 4b based on the following three criteria. Particles with a relative intensities of Ca or Ca+Mg higher
Firstly, ammonium sulfate in the form of dried droplets was than 90% (Group 7) were considered to be CaCGB oxygen
assigned to this group. Secondly, coarse mode ammoniurand carbon were not analyzed. The sources of these particles
sulfate particles (2.5-15m) were considered to be formed are soil erosion and construction activities (McGee et al.,
by in-cloud processing based on their large size and spheric&l003), limestone mining (Lei et al., 2004), cement produc-
shape. Thirdly, ammonium sulfate particle2.5um were  tion (Abdul-Wahab et al., 2005), flue gas desulphurization,
assigned to this group if their isotopic composition agreedglass and fertilizer production and metal industries (Hoor-
within the analytical uncertainty with that of other secondary naert et al., 2003). In Mainz and Wiesbaden there are two
particles in the respective sample that were known to haveeement production facilities, north and east of the sampling
been homogenized by in-cloud processing (i.e., Group 3a, Site. Limestone is mined south east and lime malm brick
and 6). north of our sampling location (Fig. 2). Glass as well as fer-

Calcium sulfate particles were identified by the absencetilizer producing industries are located in Mainz, northeast of
of all elements other than Ca and S in the EDX spectrumthe sampling site.

(Group 5). As oxygen was not analyzed, S was considered Particles containing F€90% but no Cl, Si or S were con-

to be Scﬁ‘. Primary gypsum particles have natural (soil, sidered to be iron oxides or oxyhydroxides, all of which are
mineral dust, fractional crystallization of sea salt) as well assoil minerals (Group 8).

anthropogenic sources (flue gas desulphurization, metal and All particles that could not be classified into any of the
cement industry and road dust) (Hoornaert et al., 1996; Liabove mentioned groups were grouped together (Group 9).
et al., 2003). Reactions between sulfuric acid and Ca@O These were secondary aerosol particles for which no sulfur
Ca-feldspars can result in the formation of secondary gypsunwas detected. Some were nitrates and phosphates, while for
(Foner and Ganor, 1992) on coarse mode particles. Cloudthers Na, K and/or Ca were detected, but no anions. These
processing leads to the formation of secondary gypsum irparticles might be oxides or hydroxides. Moreover, particles
the form of large needles (Fig. 6, Sample 8) or fine particlesfor which only one element was above the detection limit
(Fig. 5, Gypsum) (Andreae et al., 1986). were assigned to this group.

All particles containing sulfur that could not be grouped Particles identified by image analysis only, but without any
into any of the above groups were referred to as mixed sul-detectable EDX signal, (Group 10) included pollen grains
fates (Group 6). This group included sulfate particles with and other biological particles, soot and secondary aerosol.
more than one cation. The most frequent particles were parParticles without characteristic EDX signall um were not
ticles with Na and Ca or K and Ca as cations. Other parti-analyzed.
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Filter 2
L

Fig. 6. Overview over all samples. SEM conditions: EHT 10 keV, working distance 9 mm. Scale bars,are 25

4.2 Chemical composition of aerosol samples These three samples were characterized by mineral dust par-
ticles (Group 3, 3a, 3b, 7 and 8: 30-50%), secondary aerosol
The contribution of the different particle types for the differ- particles (Group 4: 5-14%, Group 5: 8-22%, Group 6: 1—
ent samples (Fig. 7) collected in August 2005, are as follows2%, Group 9: 17-28% and Group 10: 6-12%) and aged sea
Sample 1 (Figs. 6 and 7) was characterized by driedsalt (Group 2: 0-6%) in the fine mode:§.m). Mineral
droplets and thin films often with secondary crystals in thedust particles (Group 3, 3a, 3b, 7, 8 and 9: 45-70%) and bi-
fine mode <3um (Group 4, 5, 6, 9 and 10: 95%). In ological particles (Group 10: 25-45%) made up the coarse
the coarse mode, biological particles (Group 10: 38%), andmnode. Dried droplets were absent in Samples 4 and 5 and
mineral dust (Group 3, 3a, 3b, 7, 8 and 9550%) were fare in Sample 7. Mineral dust particles with coatings ac-
present. Dried droplets, thin films and secondary crystalscounted for 12-18% of all mineral dust particles.
within droplets were assigned to Group 4, 5, 6, 9 or 10 de- Sample 8 was characterized by secondary particles formed
pending on their chemical composition, mainly for the sakeduring in-cloud processing, mineral dust particles (Group
of instrumental mass fractionation correction during sulfur 3, 3a, 3b, 7 and 8~30%) and biological particles/pollen
isotope analysis. However, these distinctions can be somegGroup 10: 14%). Secondary particles formed during in-
what arbitrary. Different crystals formed by fractional crys- cloud processing included coarse mode ammonium sulfate
tallization from a droplet on the filter may require separate in-(Group 4: 17%), long gypsum needles (Group-530%)
strumental mass fractionation correction. Nevertheless, theynd other particles (Group 9: 10%).
impacted on the filter as one (liquid) particle. Vester (2006) oy results compare well with the results of Vester (2006)
assigned all these particles to one group termed “compleXor samples collected on the rooftop of the Geosciences
secondary aerosol”. building on the campus of the Mainz University, about 200 m
Sample 2 was characterized by mineral dust (Group 3, 3afrom our sampling site. For Pj, Vester (2006) found pre-
3b, 7 ,8:~15%), aged sea salt (Group 2: 5%) and secondaryjominantly “complex secondary particles” (69-83%), i.e.,
particles (Group 4: 40%, Group 5: 4%, Group 6: 2%, Groupinternal mixtures of secondary organic aerosol, ammonium
9: 21% and Group 10: 11%) in the fine mode3(um); it sulfate and other secondary aerosol particles, aged sea salt
contained biological particles (Group 10: 63%) and mineral (0—20%), soot (3—-5%) and silicate and mixed silicate parti-
dust (Group: 3, 3a, 3b, 7, 8, and 9:20%) in the coarse cles (0-6%). We found on average 71% secondary particles
mode. Dried droplets and thin films were absent in this sam{Group 4, 5, 6, 9 and 10), 1% aged sea salt (Group 2), and
ple and coated mineral dust particles accounted for less thap79 mineral dust particles with and without coatings (Group
6% of all mineral dust particles. 3, 3a, 3b, 7 and 8). In the size range 2ri-10um. Vester
Samples 4, 5 and 7 showed the highest contribution o0f(2006) found aged sea salt particles (0-70%), calcium ni-
mineral dust to both fine and coarse mode patrticle loadingstrate and calcium carbonate particles (0—65%), and silicate
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(a) Chemical composition of particles <1 pm
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Fig. 7. Sample composition in % of total particle number (Na) calculated from single particle analysis in the SEM. Results are given for
three size rangega) Particles below the detection limit of the image analysi4 (tm), (b) particles in the size range 1+3n and(c) coarse

mode particles-3 um. Fine mode ammonium sulfate is usually underestimated by single particle analysis. Particle numbers are estimated
based on the bulk analysis of the respective samples.
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and mixed silicate particles (8-50%). In August 2005 we irrespective of the chemical composition, precursoro SO
found secondary sulfate particles formed during wet processand oxidation process that might have lead to the for-
ing (Sample 8: 46%), biological particles (Group 10: 37%), mation of different secondary aerosol particles, all sec-
and mineral dust particles (Group 3, 3a, 3b, 7 and 8: 33%)ondary particles in the same sample show a uniform iso-
The contribution of aged sea salt to our samples was minotopic signature. This is only possible if all of these par-
(0—4%). ticles were formed from droplets that had been isotopi-
The aerosol mass calculated from single particle analy-cally homogenized by frequent in-cloud processing. The
ses was compared to measurements by the state agency ferighted averages of particles from Groups 2, 3a, 4b, 5
environmental protection (Landesanitr Umwelt, Wasser- and 6 ares®*S=(19+3)%o, §34S=(123)%o, §34S=(4+2)%o,
wirtschaft und Gewerbeausicht Rheinland-Pfalz). 1B  83*S=(15£1)%0, ands3*S=(8+3)%. for Samples 1, 2, 5, 7
measured at several sites in Mainz by Beta-Absorption, andind 8, respectively. Sample 4, for which the isotopic compo-
has been reportedly corrected to be consistent with the starsition of different secondary particles differed, was collected
dard procedure DIN EN 12341 (1998), which is a gravimet- on a day with low relative humidity (Sample 4; Table 2). In
ric analysis at (5&5)% relative humidity and (281)°C af- Sample 4 the isotopic composition of sulfur coatings on sil-
ter 48 h conditioning. PMs and soot are monitored only icates (Group 3a and 4134S=(1+1)%o) differed from the
at one site (Table 3). The difference BPM 1o estimated isotopic composition of secondary gypsum and mixed sul-
from our data agreed withit:10% with PMbs_10 reported  fate particles (Groups 5 and 634S=(1G+2)%o.). There are
for the monitoring station Mainz Zitadelle for those samples two explanations why th&34S of sulfur coatings on silicates
where Mainz Zitadelle is located upwind of our sampling site and ammonium sulfate was lower than that of other parti-
(Sample 4 and 5) and withitt30% for other wind directions  cles. Firstly, the contribution of heterogeneous oxidation to
(Table 3), while PM_»5 calculated from the single parti- the formation of these particles might be lower. Secondly,
cle analysis under ultra high vacuum conditions was approxdifferent precursor S@might have lead to the formation of
imately 80% lower than Pl at 50% relative humidity at  these coatings.
the station upwind from our sampling site (Table 3). There Ammonium sulfate/sulfuric acid particles (Group 4) de-
are two reasons for the PM, 5 estimated by single particle rive from gas to particle conversion (Group 4a) and/or in-
analysis being lower than the bulk measurements. Firstly, theloud processing (Group 4b). The isotopic composition of
automated procedure chosen for characterizing the aeroseimmonium sulfates derived from gas to particle conversion
focused on identifying sulfates for sulfur isotope analysis andand in cloud processing typically differed by 18%.. For par-
missed particles<1pm without characteristic EDX signal, ticles <2.5um the fraction formed by gas to particle con-
such as secondary organic aerosol and soot particles, whicversion (typically 65% of the total mass of Group 4) was
were not relevant for this study. Secondly, Pivat 50% RH  established based on the number of ammonium sulfate par-
contains water (10%-30%; Hueglin et al., 2005) which is ticles in this size range assigned to Group 4a and Group 4b,
absent under the ultra high vacuum conditions during SEMrespectively. Only the isotopic composition of particles de-
analysis. riving from gas to particle conversion was used to estimate
the isotopic composition of source $QFig. 1). The con-
4.3 Isotopic composition of different types of sulfate tribution of ammonium sulfate particles deriving from gas
aerosol particles and bulk samples to particle conversion to the total sulfate mass in the sample
was high ¢-40% of the total sulfate mass) only for Sample 2.
Chemical analysis of aerosol collected in Mainz led to This sample was collected on a day with low relative humid-
the identification of six groups of sulfate-containing par- ity. Typically only <20% of total sulfate mass was found in
ticles. The contribution of each of these groups to theparticles deriving from gas to particle conversion only. The
sulfate content of each sample was calculated based orest was homogenized by in cloud processing (60%—-95%) or
results from single particle and bulk analyses (Table 6).was present in the form of primary sulfates. As the lifetime
The isotopic composition of each group was measured byf SO, with respect to oxidation by OH is at the order of
NanoSIMS (Table 6). Details of all analyses are listed 10 days, the amount of sulfur found in particles presumably
in Table 7 6ttp://www.atmos-chem-phys.net/8/7217/2008/ formed by gas to particle conversion might look a bit high at
acp-8-7217-2008-supplement.jpdiMost sulfur was present first sight. However, except for Sample 7, samples were col-
in the form of secondary sulfate particles. lected on dry and sunny days, favoring gas-phase processes.
When comparing the isotopic composition of chemically The isotopic composition of ammonium sulfate mea-
different groups of secondary sulfates within the same samsured in fine mode ammonium sulfate samples ranged from
ple, a sticking feature is, that for five out of six samples, §3*S=(—1645)%o to (2:3)%. (Table 6) for particles deriv-
the isotopic composition of secondary gypsum (Group 5),ing form gas to particle conversion, ad@*S=(1+4)%o. to
mixed sulfate particles (Group 6), sulfur coatings on sili- (194+4)%. (Table 6) for particles that went through in-cloud
cates (Group 3a) and ammonium sulfate (Group 4b) agre@rocessing.
with each other within the analytical uncertainty. Thus,
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Table 6. 534S values of different particle types in different samples. The semi-quantitative chemical composition was characterized by EDX.
Primary and secondary gypsum particles and silicates and fly ash were distinguished based on particle morphology during manual SEM
analysis. Thes34S of individual particles was measured by NanoSIMS. Errors arard include the standard deviation of the isotopic
composition caused by the presence of different oxidation pathways/different sources in separate particles within the same particle group
(i.e., the error of the weighted mean is multiplied wxz) for x2>1) and, therefore, includes the natural variability of the sample. The

error of an individual analysis is typically 7%. due to inherent limitations in the grain-to-grain reproducibility and the counting statistical
limitations imposed by small grains. Errogs/%. indicate a very low natural variability between different particles in the same group.
Errors >7%. indicate large differences between different particles in the same group, e.g., pollen grains in Sagfyaol: fraction

of total sulfate mass contributed by the respective group. Group #2 = aged sea salt, group #3a = coatings on silicate particles, group #4¢
= ammonium sulfate/sulfuric acid particles from gas to particle conversion, group #4b = ammonium sulfate/sulfuric acid particles from
in-cloud processing, group #5 = gypsum, group #6 = other sulfates/mixed sulfates.

Group Sample 1 Sample 2 Sample 4 Sample 5 Sample 7 Sample 8
834s fsosz  83%S  fsos %S fsosz 84S fsosz  83%S  fsos %S fsosz
[%o] [%] [%e] [%] [%0] [%]

Isotopic signature of secondary particles

#2 12+7 0.038 0.028 0.001 0.045 0.034 0.036

#3a H5 0.060 0.005 12 0.048 &3 0.096 1#5 0.134 1&7 0.083

#4a —16+5 0.198 23 0.404 —10+2 0.086 —15+5 0.024 23 0.071 0.039

#4b 15t6 0.361 19244 0.208 H4 0.360 33 0.281 162 0.225 ‘4 0.282

#5 1AH4 0.142 249 0.306 123 0.452 H®3 0.211 161 0.439 1&5 0.560

#6 22+2 0.185 1212 0.033 &4 0.037 6:6 0.320 93 0.086 0

834Suuk 10+4 13+7 5+3 3+7 1444 8+7

534Sngss 10+4 13+7 5+3 3+7 14+4 8+7

8345502 —745 11+£3 —1£2 —6+5 1143

Isotopic signature of primary particles

Ca-Posphate 285

Group #5 16+4

Group #5 15+4

Group #5 21+4

Fly ash 255

Pollen 910 0.016  1%7 0.013 0.015 183 0.020 2&5 0.012 0.001

SO~ [ugmI 0.426 1.353 2.222 1.431 1.388 3.303

JSnsss 0.987 0.973 1.000 0.978 0.999 0.998

Gypsum particles can be of either primary or secondaryof nss-sulfate upon visual inspection (e.g., the particle shown
origin. Primary gypsum particles were typically coarse modein Fig. 5, aged sea salt). The contribution by these particles
particles (Fig. 5, Group 5). The isotopic composition of to the total sulfate mass of the individual samples was minor
primary gypsum particles was*S=(172)%. for Sample  (0%-5%). The isotopic composition of aged sea salt parti-
7 and particles were associated with silicates, suggestingles was measured @$*S=(12+7)%. (Table 6). The iso-
soil minerals as the origin of primary gypsum in this sam- topic composition measured on biological particles averages
ple. The34SA2S ratio agrees with the isotopic composi- the isotopic composition of plant sulfur and fine mode par-
tion expected for soil minerals. The isotopic composition of ticles or coatings on the surface of the particles, and ranged
fly ash §34Shsss(255)%0) (Fig. 8, Table 6) from a north-  from §34S=(94+10)%o to (26£5)%o.
western wind direction indicated that the isotopic composi- The bulk isotopic composition of each sample was calcu-
tion of gypsum formed in the fumes of this emission sourcelated based on the isotopic composition of each group and
cannot be distinguished from natural sources, such as frache fraction that it contributed to the total sulfate mass:
tional crystallization of sea s.alt or §oi| mi'nerals. Prirnary 534Sk = Z fi 5%, @)
Ca-phosphate (Sample 5) with an isotopic composition of
§345=(23+5)%0 most likely originated from fertilizer pro-
duction located north east of our sampling site. Unaltered seg, , — / (Z (f; - ai)z) ) ©)
salt (Group 1) particles were absent in our samples. Particles
classified into this group by automated single particle analy-Missing measurements were taken as O with an error of

ses always showed reactions with sulfuric acid and formatiorf=20%o. This error spans the full range of values expected
for anthropogenic emissions.

and the error of the calculated bulk composition is
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2- .
SO, Removal SO; Formation
Global 3D Model Local Observation
Oxidation by OH ~12% > ~20% ' S0,” from gas phase
oxidation by OH: ~32%
e in separate particles: ~14%
Oxidation in the . in particles altered by _y a0,
aqueous phase -45 /°> 0% in-cloud processing: °
o~ o
o | \ SO,” from aqueous phase
before analysis after analysis Precursor depositon~4z%y oxditation by O, and HO,
an . altered by

in-cloud processing  ~65%
A . A A Lifetime of SO, 1.8 days
Fig. 8. Fly ash particles before and after SEM analysis. Working

distance 11 mm, EHT 10keV. The black square on the right SEMFig. 9. Relative contribution of different oxidation pathways and

Image 1S the area was the filter matef'f"" was sputtered away du_rln recursor deposition to SOremoval. The annual average of 12
analysis and indicates the exact position of the measurement fiel

Th dl iated with the fi h ttered lobal 3-D models (Penner et al., 2001) is compared with the rel-
€ gypsum needle assoclated wi € fly ash was sputlered awdi;, o contribution of gas phase and aqueous phase oxidation on
completely, while the rest of the fly ash was resistant enough to

i 1 i 0,
survive analysis, mostly sunny August d_ays in Mainz. Approximately 3% of?O
is found in primary particles.

The §34S value of bulk sulfate in air masses reaching 4-4 sotopic composition of source 30
Mainz from the north-western direction (Sample 2, 7 and 8:
§348ss=(13+1)%0) was higher than that of bulk sulfate in The isotopic composition of secondary sulfates depends on
air masses reaching Mainz from an eastern direction (SamtWo factors —the isotopic composition of the source; 3d
ples 4 and 5834S,ss=(542)%0). Sample 1 was collected on the oxidation process responsible for oxidizingzsosoﬁ‘.
a sunny day, in the aftermath of rainfall that occurred in the!n order to unambiguously interpret the measurements, one
previous night, and has the lowest particle and sulfate load®f these two factors needs to be known, i.e., for interpreting
ings. This sample likely represents local sulfur sources andulfur isotope data of secondary sulfate in terms of the source
has an isotopic composition 6%4Snss=(1042)%. composition of the S the oxidation process needs to be

) . N known, or, alternatively, to understand the oxidation process

‘We compared the isotopic composition of bulk samplesihe source composition has to be identified first.

with in situ measurements of the sulfur isotopic composi- Since in our case, both source composition and oxida-

tion of wet deposition (Mayer et al., 1995a, b; Alewell and tion pathway are unknown, we have to make the assump-

Gehre, 1999; Novak et al,, 2000, 2001b;ter and Trettin, 4o that we have correctly identified those fine mode ammo-
2003; Einsied| et al., 2007) and aerosol samples (P'Chlmayeﬁium sulfate particles that derived from gas to particle con-

et al., 1998; Novak et al., 2000; Tif:homirowa et ‘f"l" 2004, \ersion as opposed to ammonium sulfate form by in-cloud
2007) along the path of the back trajectory. Only Pichimayer rocessing (Table 6, Fig. 1). This assumption is justified,
et al. (1998) analyzed the dependence of the sulfur isotopirg

. . ) ecause our single particle data shows, that secondary sul-
composition on the back trajectories of the collected samples, .« that went through in-cloud processing are isotopically
and found a range frosf*

X S=1%°_9'4%cf in aerosol SamP'eS homogenized irrespective of their chemical composition (see
collected on different days at Sonnblick observatory in theSect 4.2). The large differences18%) observed between

Alps. The O'F’Se“’;d iange ;n the bulk aoerogol §amples COIthe isotopic composition of most fine mode ammonium sul-
lected in Ma'lnz & S_(:,ﬂ_:a)/"" to (14£1)%o0) is 'S|m|Iar 0 fate particles (65% of fine mode ammonium sulfate; Group
the range of isotope ratios observed at Sonnblick. 4a in Table 6) and all other secondary sulfate particles in-

The 534S of samples reaching Mainz from an eastern di- cluding coarse mode ammonium sulfate particles (Group 2,
rection (Samples 4 and 5, Figs. 5.3, 3D) is lower than the3a, 4b, 5 and 6 in Table 6) is strong evidence for the fact
annual averagé3*S of aerosol particles observed in Sax- that they were formed by different atmospheric processes.
ony (3*S=10%.; Tichomirowa et al., 2007), but well within Note that particles<2.5um with an isotopic composition
the range of monthly averagé*s reported for aerosol col- that agreed within errors with the isotopic composition of
lected in the Czech Republié¥'S=3.1%.-16.9%0; Novak  other secondary particles homogenized by in-cloud process-

et al., 2000), wet deposition in northern Bavardd*s=1-  ing (~35% of the particles in this size range) were excluded
3%o0; Mayer et al., 1995a), the Fichtelgebirgg4S=3-7%.;  from Group 4a and assigned to Group 4b.
Alewell and Gehre, 1999), and around Leipzi§S=~4%o; The OH lifetime of SQ is of the order of 10 days, which

Knoller and Trettin, 2003). No measurements are availableneans that more distant sources might contribute to the
for comparison with samples reaching Mainz from the northH,SOy(g). However, due to aqueous phase oxidation and
(Samples 7 and 8; Fig. 3b and c) and north west (Samples $0, deposition the overall lifetime of SQOs on the order of

and 2; Fig. 3a and b). two days (Fig. 9) and the isotopic composition of precursor
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>10 The isotopic composition for SOreaching Mainz from

I northern direction wag34S=(11£2)%o. The source of these
8 emissions is unknown, but a municipal waste incineration
plant is located north of our sampling site. Nevertheless,

6 more distant sources such as large stationary sources in the
Ruhr area, over which the back trajectories of the samples

4 passed must also be considered. Over all the isotopic com-
position of SQ reaching the sampling site shows a clear de-

2 pendence on wind direction (Fig. 10).

. 4.5 Contribution of homogeneous and heterogeneous oxi-

] dation to secondary sulfate formation in different types
of aerosol particles

-2
As the objective of this work is to understand the forma-
-4 tion process of secondary sulfate aerosol, primary sulfate and
] secondary sulfate must be treated separately. Non-soluble
-6 primary particles such as primary gypsum particles (mineral
S [ | dust, industrial dust and fly ash) and plant fragments are iden-

tified based on morphology and sulfur in such particles is ne-
Fig. 10. Dependence af*4S of source S@on the wind direction.  glected for the present analysis. These particles are typically
not water soluble and, therefore, not internally mixed with

SO, can only be calculated for ammonium sulfate/sulfuric secondary sulfate. The main source of water soluble primary

acid particles that have not been isotopically homogenizedulfate is sea salt. The K/Na-ratio helps to evaluate sources
by inclusion into no-precipitating clouds. Therefore, the iso- ©f Sodium in the urban atmosphere and the K/Na-ratio even

topic composition calculated for the precursor,9© most of those patrticles termed aged sea salt is clearly higher than
likely influenced by local and regional sources. marine values, while e.g. for mixed sulfates the K/Na-ratio

The highest local S©concentration was always observed is similar to the K/Na-ratio produced by refuse incineration
at the measurement site located inside the city (Goetheplatz1d car exhaust (Ooki etal., 2002). This and the low chlorine
northeast of our sampling site, pointing towards the existenc&oncentration of the samples indicate that the contribution of

of SO, sources inside the city. Previous research in AntwerpS€2 salt to our samples is very minor. Therefore, correction
and Munich showed that the isotopic composition 0h3® for sea salt sulfate is not necessary for particles of Group 3a,
da, 4b, 5 and 6.

an urban site is controlled by local sources rather than lond o0 o
The contribution of heterogeneous oxidation to the forma-

range transport (Torfs et al., 1997; Mayer et al., 1995a). , , -
Sample 1 has the lowest sulfate content of all samplestion Of secondary sulfate in particles of Group 3a, 4a, 4b, 5

This sample was collected from 2 August 16:00 UT+2 to 3 and 6 was calculated according to the formula
August 15:90 UT+2. As it rained from 1 August into the fihet= (5343 _ 834S4a) / <0.0257, (1+ 834S4a)> . @)
early morning hours of 2 August the air was very clean.
However, sunny conditions prevailed during most of 2 Au- for each of the groups separately.
gust and on 3 August, favoring gas to particle conversion. The error is
The isotopic composition calculated for the source, 0 o 2 2 34,
this sampFe Wa334%=(—7:|:6)%o. ofihet= (Ui + 04"") / (0'0257' (1 +9 S4a)> O

The isotopic composition estimated for the source; SO The isotopic composition of fine mode ammonium sulfate
of samples reaching Mainz from eastern directions wasparticles that have not been homogenized by in-cloud pro-
834S=(—1+2)%0 and§34S=(—6+2)%. for Sample 4 and 5, cessing (Group 4a) is considered to represent the isotopic
respectively §2*Sso, in Table 6). The isotopic composition composition of particles derived from homogeneous oxida-
of SO, measured at different locations east of our samplingtion only. Assuming a fractionation in thi#*S of +16.5%o
site (34S=1%0—3%o; Gebauer et al., 1994; Tichomirowa et with respect to the source $@or the heterogeneous oxida-
al., 2007; Novak et al., 2001b) is generally higher thantion pathway and-9%. with respect to the source S@or
the isotopic composition estimated for source;$€aching  the homogeneous oxidation pathway, the maximum differ-
Mainz from an eastern directiod¥'S=(—2+2)%0). How-  ence between the two pathways is 25.7%.. The fraction of
ever, similar low isotope ratios have been observed at urbaheterogeneous and homogeneous oxidation pathway calcu-
locations in Munich (Mayer et al., 1995b), Antwerp (Torfs lated by this formula is very sensitive to the isotope fraction-
et al., 1997) and Braunschweiga@er et al., 1989), and the ation assumed for both pathways. Any change of these num-
urban area of Rhine-Main is located east of our sampling sitebers due to new experimental evidence will affect the fraction
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of the homogeneous and heterogeneous oxidation pathwalyactionation between the S@mitted by a coal fired power
calculated. The contribution of heterogeneous oxidation toplant in Spain and the SZO derived from the oxidation of
the total secondary sulfate was based on the contribution ofhe SQ. In the plume the difference increased to 2.8%.. Nu-
heterogeneous oxidation to the secondary sulfate on the indimerous other observations in the 1970s and 1980s by Krouse
vidual group e.g. Group 5, and the fraction that each groupand Grinenko (1991) showed that the oxidation ob$0as-
contributed to the total nss-sulfate content of the sample  sociated with an averagéS/£2S fractionation of about +3%o
(range:—5.1%0—12.5%o0). This implies a typical contribution
fsecondarynet =  ( fsecondary * fi.het) - (6)  of heterogeneous oxidation to the conversion of &5C;
of ~46% under ambient atmospheric conditions. In Central
Europe, Mayer et al. (1995a) found no difference between
the isotopic composition of SCand sulfate in bulk precipita-
tion in 1989 (~35% heterogeneous oxidation), while Novak
As particles in Group 4a derive from homogeneous oxidationet al. (2001b) found an average difference of 4.1%. between
only, o4ahetis O by definition. the isotopic composition of Sand S@f at several sites in
The contribution of heterogeneous oxidation to secondarythe Czech Republic (averaged over the years 1992 to 1997)
sulfate formation ranges from-42% to ~82%. Within  pointing towards~50% contribution of heterogeneous oxi-
the individual samples, the isotopic composition of particlesdation to the formation of sulfate.
Lrgcr:gr(t;aricr)\ lth ?’ié?;b?ea?hdei\?g:es W'”:'.”b”t“? ene;lﬁtut:al _ The average differences between #3és values of S@
v ' erage contribution orneteroge:, 4 sci— observed in all these previous studies were lower
neous oxidation to the formation of different secondary par- _ .
ticles is roughly similar (secondary gypsum: 780)%, sul- than the average d_|fferences betweer‘g&@? S(j ih-our
fur coatings on silicates: (549)%, coarse mode ammonium samples collected in Augus.t 2005 ((8:2.4)%0). However, )
sulfate: (71:8)%, and mixed sulfate particles: (Z10)%). our rgsults compare well with recent measuremen_ts by Ti-
In contrast, the difference between the contributions of het_chon_nrowa et al.o (2007), \(/Jvho found an average dlﬁerenge
erogeneous oxidation to particles homogenized by in-cloud 2"9'NY from 4.3%. to 12.7% between the isotopic composi-
processing (Group 3a, 4b, 5 and 6) in different samplest'on of SQz and aerosol samples (termed dust) at t_wo sites in
is more pronounced (Sample 1: (1287)%, Sample 2: Saxony (.|n 1997/1998). Both results_ support an increase in
(71::33)%, Sample 4: (6614)%, Sample 5. (7227)%, the contribution of ht_eterogenc_aoug oxidation t_o the formation
Sample 7: (4216)%). of sulfate from a typlqal contribution 0f46% in the 1970s
Including Group 4a, the contribution of heteroge- and 1980s to apprpxmately 60-85% in recgnt years.. Nev-
neous oxidation to the formation of secondary sulfatesertheless' the fraction of agueous phase oxidation estimated

was (102:26)%, (42:24)%, (6Q15)%, (71-28)% and by tht_a stgdy of sulfur isotope ratio_s is _at the I_ower end of the
(44:+16)% for Sample 1, Sample 2, Sample 4, Sample 5 anOcontnpuuon of aqueous phase oxidation estimated by atmo-
Sample 7, respectively. The highest contribution of heteroge:‘:'pherIC chemistry models.
neous oxidation was found in Sample 1, which was collected There are two possible reasons why such an increase in
following a rainfall event and in which most particles were the efficiency of the heterogeneous oxidation pathway is the
collected in the form of droplets, and Sample 5. The lowestmost likely explanation for this shift in the relative contri-
contribution of heterogeneous oxidation was observed for @ution of both oxidation pathways. Firstly, the oxidation
sample collected on a day when the daytime relative humidof SO, by ozone is strongly pH dependent and emission
ity was low (~36%, Sample 2, Table 2). reductions of all major acidifying compounds have lead to
In order to establish whether the nonlinear response t@ decrease in the acidity of cloud droplets and precipita-
emission reductions coincided with a change in the relativetion from pH 4.4 in the early 1980s to pH 4.9 from 2000
contribution of the homogeneous and heterogeneous oxidado 2004 at all EMEP measurement stations in Germany
tion pathways to the formation of secondary sulfates, we(Klein et al., 2004). Oxidation by $0», with an oxida-
compare our data to previously reported results. Current attion rate of 108 Ms~1 dominates aqueous phase oxidation
mospheric chemistry models suggest that 24-56% of precurboth at pH 4.4 and pH 4.9. However, the oxidation rate by
sor SQ is removed by dry and wet deposition before oxida- Oz increases by one order of magnitude fronT 1Ms—1
tion and only 42-82% of precursor $@ oxidized (Penner to 10-°Ms lwhen the pH changes from 4.4 to 4.9 for
et al., 2001, Fig. 9; Alexander et al., 2008). Of theﬁSO 0.2 ppb=[SQ(g)], 46 ppb=[Q(g)] and 0.6 ppb=[HO,] (Lee
formed by oxidation of S@ 64-90% is formed by aqueous and Thiemens, 2001). Consider the competitive rates of gas
oxidation and 10-36% by homogeneous oxidation. The conphase oxidation by OH and aqueous phase oxidation as a
tribution of heterogeneous oxidation to the formation of sec-whole (i.e. oxidation by HO», O3 and metal catalyzed oxi-
ondary sulfates can be estimated by simultaneous measuréation by Q) the overall importance of aqueous phase ox-
ments of the isotopic composition of $@nd scﬁ— (Tanaka idation increases. Secondly, median ozone concentrations
et al., 1994). Querol et al. (2000) measured the S isotopéave increased during the aforementioned period (Klein et

The error of the estimate is

2
Esecondar;het = \/[E (fi,secondary Ufi,het) (7)
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