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Abstract

Sulfur isotope analysis of atmospheric aerosols is a well established tool for identifying
sources of sulfur in the atmosphere, estimating emission factors, and tracing the spread
of sulfur from anthropogenic sources through ecosystems. Conventional gas mass
spectrometry averages the isotopic compositions of several different types of sulfur5

aerosol particles, and therefore masks the individual isotopic signatures. In contrast,
the new single particle technique presented here determines the isotopic signature of
the individual particles.

Primary aerosol particles retain the original isotopic signature of their source. The
isotopic composition of secondary sulfates depends on the isotopic composition of pre-10

cursor SO2 and the oxidation process. The fractionation with respect to the source SO2
is −9‰ for homogeneous and +16.5‰ for heterogeneous oxidation. The sulfur isotope
ratio of secondary sulfate particles can therefore be used to identify the oxidation path-
way by which this sulfate was formed. With the new single particle technique, different
types of primary and secondary sulfates were first identified based on their chemi-15

cal composition, and then their individual isotopic signature was measured separately.
Our samples were collected in Mainz, Germany, in an urban environment. Secondary
sulfates (ammonium sulfate, gypsum, mixed sulfates) and coatings on silicates or or-
ganic aerosol dominated sulfate loadings in our samples. Comparison of the chemical
and isotopic composition of secondary sulfates showed that the isotopic composition20

was homogeneous, independent of the chemical composition. This is typical for parti-
cles that derive from in-cloud processing. The isotopic composition of the source SO2
of secondary sulfates was calculated based on the isotopic composition of particles
with known oxidation pathway and showed a strong dependence on wind direction.
The contribution of heterogeneous oxidation to the formation of secondary sulfate was25

highly variable (35–75%) on day-to-day basis and depended on meteorological condi-
tions.
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1 Introduction

Particulate air pollution has been a severe problem since the onset of urbanization.
Research has shown a clear connection between particulate air pollution and daily
mortality (Spix et al., 1993; Pope et al., 1995; Daniels et al., 2000). EU regulations
(Guideline 1999/30EG) limit the airborne particulate matter (PM10) to a daily average5

of 50µg m−3. This limit is exceeded frequently at urban air quality monitoring stations,
and legislators are planning to decrease these limits even further. Therefore, severe
cuts in urban background aerosol concentrations will become necessary, and in order
to devise effective control strategies, a quantitative assessment of sources is required.

Research in the Rhine-Main area (Kuhlbusch et al., 2003; Vester, 2006) and other10

urban areas (e.g., Lenschow et al., 2001; Pakkanen et al., 2001; Putaud et al., 2004;
Puxbaum et al., 2004; Hueglin et al., 2005; Sillanpää et al., 2006; Beekmann et al.,
2007) has shown that a significant portion of PM10 consists of secondary aerosol
formed by the condensation of gaseous precursors. Sulfur dioxide, the gaseous pre-
cursor of sulfate aerosol, is released as a result of anthropogenic activity (fossil fuel15

and biomass burning, 60–100 Tg a−1; all values expressed as mass of sulfur) and from
natural sources (volcanic gases and dimethyl sulfide (DMS), 20–60 Tg a−1) (Penner
et al., 2001). In central Europe, stationary sources account for ca. 90% of all sulfur
dioxide emissions (Lövblad et al., 2004).

Since the 1980s, the emission of SO2 decreased drastically (∼90%) in Germany,20

resulting in a 90% reduction of ambient SO2 concentrations. However, these drastic
cuts in ambient SO2 concentrations did not correspond to a similar decrease in SO2−

4
concentrations (only ∼70% decrease). For some countries, e.g., France and the Czech
Republic, observed discrepancies were even greater (∼80% decrease in SO2 and only
50% in SO2−

4 concentrations). The same holds for areas close to sources (i.e., urban25

areas; Lövblad et al., 2004). This nonlinear response of particulate sulfate concen-
trations to emission reductions has been widely noticed all over Europe (Irwin et al.,
2002; Larssen et al., 2003; Hunova et al., 2004; Klein et al., 2004; Lövblad et al.,
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2004; Fowler et al., 2005). Possible explanations are changes in oxidation patterns,
deposition rates, or long range transport. Sulfur isotope ratios can be used to elucidate
oxidation pathways and identify sources of sulfur in the atmosphere, and this combined
information can help in understanding possible reasons for the nonlinear behavior.

In this study, we examine the chemical and isotopic composition of individual aerosol5

particles collected in Mainz, Germany, using the Cameca NanoSIMS 50 ion micro-
probe to elucidate sources and oxidation processes of sulfur in the urban and regional
atmosphere.

2 Isotope chemistry of natural and anthropogenic sulfur in continental Europe

Sulfur isotope ratios are expressed in delta notation defined according to the equation10

given below (VCDT: Vienna Canyon Diablo Troilite)

δ34S = δ34SVCDT =

(
n
(

34S
)/

n
(

32S
))

Sample(
n
(

34S
)/

n
(

32S
))

VCDT

− 1 (1)

(n(34S)/n(32S))VCDT=0.044163 (Ding et al., 2001)
Primary sulfate particles, such as sea salt, mineral dust, fly ash or industrial dust are

directly emitted with sulfur in the form of SO2−
4 . Therefore, the isotopic composition of15

primary sulfate particles can be interpreted directly as a source signature. Five particle
types dominate primary particles: biological particles, mineral dust, industrial dust,
resuspended road dust and fly ash. Sulfur in plant tissue mostly reflects the isotopic
composition of the atmospheric input (dry and wet deposition), unless other sources
such as artificial fertilizer or local geology dominate the sulfur input into soil (Krouse20

and Grinenko, 1991; Gebauer et al., 1994; Novak et al., 2000; Novak et al., 2001a;
Zhao et al., 2003, Bol et al., 2005; Novak et al., 2005b). The most common sources
of sulfate in mineral dust are marine evaporites. The isotopic composition depends

9350

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 9347–9404, 2008

Sulfur isotope
analyses of individual

aerosol particles

B. Winterholler et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

on the geological age of the deposit and δ34S varies between +10‰ and +30‰. It
is impossible to distinguish industrial dust emitted during the processing of natural
minerals (stone dressing, cement industry, mining of mineral fertilizer) from the isotopic
composition of the deposit being industrially exploited. The largest deposits exploited in
Germany have δ34S of ∼10‰ (Zechstein). The isotopic composition of fly ash depends5

on the technology applied, and δ34S is generally more positive than the SO2 emitted
during the same combustion process. The isotopic composition of re-suspended road
dust is expected to lie somewhere between that of primary minerals and atmospheric
dry and wet deposition, which can form coatings on particles. In continental Europe
the contribution of sea salt (δ34S=(20.7±0.3)‰; Krouse and Grinenko, 1991) and nss-10

sulfate produced by the oxidation of DMS (δ34S=+14‰ to +22‰; Calhoun et al., 1991;
McArdle and Liss, 1995; Patris et al., 2000a; Partris et al., 2000b) to the sulfur budget
is negligible compared to anthropogenic emissions. In winter, the contribution of sea
salt to aerosol loadings is easily overestimated due to re-suspension of road salt.

Secondary sulfates are formed by the oxidation of SO2 and the oxidation process al-15

ters the isotopic signature (Thode et al., 1945; Eriksen, 1972a; Eriksen, 1972b; Saltz-
man et al., 1983; Tanaka et al., 1994). The isotopic fractionation during the gas phase
oxidation of SO2 by OH is −9‰ (Saltzman et al., 1983; Tanaka et al., 1994). The
34S/32S fractionation during heterogeneous oxidation is +16.5‰ (Eriksen, 1972a; Erik-
sen, 1972b). This shift in the sulfur isotope signature of secondary sulfate can be used20

to study oxidation pathways (Fig. 1), provided the isotopic composition of the source
SO2 is known (Tanaka et al., 1994).

In order to attribute SO2 emissions to their source, the isotopic composition of the
SO2 sources must be known. Until the application of more advanced technology, the
sulfur isotopic composition of SO2 emitted during combustion of fossil fuel, the single25

most important source of SO2 in continental Europe, reflected that of the fuel (Ta-
ble 1; Buzek et al., 1991; Krouse and Grinenko, 1991; Querol et al., 2000; Bericnik-
Vrbovsek et al., 2002). However, the introduction of flue gas desulfurization technol-
ogy changed this relationship. Before the introduction of this technology, Pichlmayer et
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al. (1998) reported an isotopic composition of δ34SSO4=+6‰, similar to that of the coal
(δ34Scoal=∼+8‰) for emissions from coal burning in Poland. In contrast, δ34S of SO2
emissions from a Polish power plant employing flue gas desulfurization technology is
13‰ more negative than the coal used in the combustion processes (δ34Scoal=∼+8‰,
δ34SSO2 emissions=∼−5‰; Table 1: Derda and Chmilewski, 2003). As a result of the5

widespread use of flue gas desulfurization, the isotopic composition of the fuel can no
longer be used as an indicator of the source signature of anthropogenic SO2. Instead,
the isotopic composition of gaseous emissions needs to be characterized directly at
the source.

3 Methods10

3.1 Sample collection and site description

Samples were collected approximately 20 m above ground level, on the rooftop of
the Max Planck Institute for Chemistry on the campus of the University of Mainz
(49◦59′31′′ N, 8◦14′15′′ E) in August 2005 (Table 2). Fields and gardens are located
to the west, while the city of Mainz and the urban Rhine-Main area are located to15

the east of the sampling site (Fig. 2). A municipal garbage combustion plant emitting
∼25 mg of SO2 per m3 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 mete-
orological data as well as measurements of SO2, O3, PM2.5, PM10 and soot, to which20

our data can be compared (Fig. 2; Table 3; Landesamt für Umwelt, 2005).
Samples were collected on gold coated 47-mm-diameter Nuclepore® polycarbon-

ate filters with 0.4µm pore sizes. After sample collection, the filters were placed in
individual Petri-slides, wrapped in aluminum foil and stored in a desiccator.

Backward trajectories were calculated using the vertical motion model in the HYS-25

PLIT4 (HYbrid Single-Particle Lagrangian Integrated Trajectory) program (Draxler and
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Hess, 1998; Draxler and Rolph, 2003) with the FNL meteorological database at NOAA
Air Resources Laboratory’s web server (Draxler and Rolph, 2003). Back trajectory
calculations were started 10 m above ground level (Fig. 3).

3.2 Classification of particles based on chemical composition

Prior to ion microprobe analysis, the samples were characterized by scanning elec-5

tron microscopy (LEO 1530 FESEM) operating at an accelerating voltage of 10 keV,
equipped with an Oxford Instruments ultra-thin-window energy-dispersive x-ray (EDX)
detector to characterize the chemical composition, size and shape of each individual
grain. These measurements were done in an automated procedure in which individual
filters were scanned with 6000x magnification. The area of each particle was esti-10

mated from the number of pixels it occupied in the digital secondary electron image.
The equivalent diameter was calculated as the diameter of a spherical particle occupy-
ing the same area as the analyzed particle. Only particles with an area >80 pixels were
considered for sizing to ensure good accuracy for the estimated equivalent diameter
(Gwaze et al., 2006). The size cut of is 1µm (pixel size 111 nm). In order to retrieve15

the volume and mass of particles, the height of the particles was ascertained. Particles
typically lie on their flat side. Therefore, the height of larger particles was much less
than the 2-D diameter. Based on manual analysis of numerous particles, the typical
height was determined to be half the 2-D diameter for particles 1µm<x<5µm. The
average height of particles >5µm did not exceed 2µm.20

The approximate composition of each particle was estimated based on an EDX anal-
ysis of seven of the following elements: C, N, Na, Mg, Si, P, S, Cl, K, Ca and Fe. The
energy windows were chosen for each sample individually, based on the elements with
the highest abundance in the sample. The X-ray spectra were acquired for predefined
equidistant spots (10µm). The acquisition time was fixed at 2 s.25

Sampling regular or random spots is an established method to quantify the phase
composition of samples (Amelinckx et al., 1998). To avoid multiple sampling of the
same particle, the distance between the spots has to be greater than the diameter
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of the largest particle. Whenever this criteria is fulfilled, the probability of acquiring
an EDX spectrum of a particle of particular size and chemical composition is directly
proportional to the total filter area covered with particles of that size and chemical
composition and, therefore, to the 2-D-surface area of the particle and number of the
particles. X-ray spectra of a regular 10µm grid were obtained, however to fulfill the5

above mentioned criteria the grid chosen for data analysis was varied according to
the particle size analyzed. The grid chosen for data analysis was 10µm for particles
<10µm in diameter, 20µm for particles between 10µm and 19µm in diameter and
50µm for particles ≥20µm in diameter. Particles ≥50µm in diameter were not present.
Typically more than 500 particles of each sample were examined at a magnification of10

6000x.
The background contribution of the empty filter to the EDX spectrum of individual

particles was estimated for each sample and energy window separately using the upper
(Qu) and lower (Ql ) quartile values of the raw signals of that energy window by applying
robust statistics as Ql–1.726×(Qu–Ql )< filter background <Qu+1.726×(Qu–Ql ), which15

is equivalent to a 3 sigma outlier limit (Stoyan, 1998). The background signal was then
subtracted from the particle signal.

Chemical signals of particles below the detection limit of the image analysis (<1µm)
were frequent. Numerous particles >1µm were only identified by image analysis
(based on the contrast of the SEM image). EDX analysis of these particles did not show20

any signal for the chosen energy channels. For the other particles, after background
correction, the X-ray intensities were normalized to the sum of intensities detected for
the particle. The relative intensities for the major elements detected were used as a
proxy for the particle composition. Particles were classified into different groups based
on their chemical composition and on the characteristics of different particle types ob-25

served in other studies (Xhoffer et al., 1991; Ebert et al., 2000; Mamane et al., 2001;
Li et al., 2003; Sobanska et al., 2003; Ro et al., 2004; Niemi et al., 2005). As the main
objective of this research is the analysis of sulfur isotope ratios, particles that contained
sulfate were treated separately (see Sect. 4.1). Each particle chosen for sulfur isotope
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analysis was documented individually with a picture taken before and after analysis
along with a full x-ray spectrum. Particles identified as ammonium sulfate based on the
spectrum acquired during the automatic run were only documented after NanoSIMS
analysis, because damage by the electron beam can alter their isotopic composition
(Winterholler et al., 2008).5

3.3 Isotope analysis of individual particles with the Cameca NanoSIMS 50

The sulfur isotope measurements were done with the Cameca NanoSIMS 50 ion mi-
croprobe at the Max Planck Institute for Chemistry in Mainz (Hoppe et al., 2005; Gröner
and Hoppe, 2006; Hoppe, 2006). The high lateral resolution (<100 nm for Cs+ primary
ions) coupled with a high transmission of secondary ions for isotope measurements of10

the light-to-intermediate-mass elements and multi-collection capabilities (up to 5 iso-
topes can be analyzed simultaneously) make this instrument the only one capable of
analyzing sulfur isotope ratios on individual aerosol particles (Winterholler et al., 2006;
2008).

The data in this study were obtained in multi-collection detector mode by sputter-15

ing the sample with a ∼1 pA Cs+ primary ion beam focused onto a spot of ∼100 nm
diameter. The primary ion beam was scanned over 2×2µm2 around the center of in-
dividual grains. Each analysis consisted of integration of secondary ion signals over
1200 cycles of 1 s each, preceded by 600 s of pre-sputtering. Energy centering was
used to compensate for charging. Secondary ions of 16O− 32S−, 33S−, 34S− and 36S−

20

were simultaneously detected in five electron multipliers at high mass resolution. The
detector dead time is 36 ns and the S− count rates were corrected accordingly. Low-
energy secondary ions were collected at a mass resolution sufficient to separate 33S−

from the 32SH− interference. The energy slit was set at a bandpass of ∼20 eV and the
transmission was set at ∼15–20% (specific setting of entrance, aperture, and energy25

slits). Here, we concentrate on the measured 34S/32S ratios because, due to the low
isotopic abundances of 33S and 36S, the resulting errors of 33S/32S and 36S/32S ratios
in single particles are large. The grain size and matrix dependence of the instrumen-
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tal mass fractionation (IMF) were corrected based on the 2-D diameter and chemical
composition measured for the respective particle in the SEM according to the method
described in Winterholler et al. (2008). The instrumental mass fractionation for each
session was determined using two BaSO4 standards (IAEA SO-5 and SO-6, Isotope
Hydrology Laboratory of the International Atomic Energy Agency, Vienna, Austria). In-5

dividual particles of both standards were put on two gold coated Nuclepore filters with
the help of a micromanipulator and were analyzed along with the samples (Table 4,
Fig. 4). The uncertainty of isotope measurements on individual aerosol particles is
comparatively large due to a poor grain-to-grain reproducibility observed on standards
(Winterholler et al., 2008). The grain-to-grain reproducibility of standard grains with10

identical chemical and isotopic composition is typically around 5‰ for micron-sized
grains and between 2 and 5‰ for submicron-sized grains. This grain-to-grain repro-
ducibility or residual error (σR) is determined by subtracting the average counting sta-
tistical error σP,m from the standard deviation σ of the measurements performed on the

BaSO4 standard (σR=
√
σ2−σ2

P,m). While calculating the total measurement error (σT )15

of a measurement on an individual grain the residual error (σR) is added to the count-

ing statistical error (σP ) of the individual grain (σT=
√
σ2
R+σ

2
P ). However, the accuracy

observed upon averaging measurements of several grains is typically 2‰ for standards
(Winterholler et al., 2008) as well as for sea salt aerosol particles (Winterholler et al.,
2006).20

4 Results and discussion

4.1 Chemical analysis of aerosol particles

The approximate chemical composition of each particle was derived from the EDX
spectra and used to group particles into 10 groups. Oxygen and carbon were present
in the filter background and were, therefore, excluded from data analysis. Table 5 lists25
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the semi-quantitative chemical composition of each group. Typical particles and EDX
spectra of all groups except Group 9 (other particles) and Group 10 (identified by image
analysis only) are shown in Fig. 5.

Sea salt particles (Group 1) were recognized by high intensities of sodium and chlo-
rine. Sea salt particles age in the atmosphere by reaction with H2SO4, SO2, HNO35

and other nitrogen components giving rise to Cl depletion and sulfate/nitrate formation
(Sievering et al., 1991; Mamane and Gottlieb, 1992; Zhuang et al., 1999; Laskin et al.,
2003; Hoffman et al., 2004; Hwang and Ro, 2006; Saul et al., 2006). Aged sea salt
particles were treated separately (Group 2). These particles typically contained >7.5%
of sulfur and, therefore, significant amounts of non-sea-salt sulfate (nsss).10

Silicon bearing particles (SiO2>6%) with or without variable amounts of Na, Ca, K,
Mg and Fe were considered to be quartz, clay or alumosilicates. Silicon bearing parti-
cles can be of natural (mineral dust, erosion of soil) as well as of anthropogenic origin
(fly-ash). Both particle types were grouped into the same group (Group 3) during auto-
mated analysis but treated separately during isotope analysis. Almost all atmospheric15

particles can obtain a sulfur coating by condensation of SO2 and/or H2SO4. Some min-
eral dust particles even react with sulfuric acid (Krueger et al., 2005). Silicate particles
with sulfur coating were treated separately (Group 3a). In a similar manner, silicates
(Si>6%) that acquired a nitrate coating (N>6%) during atmospheric processing, or
were mixed with sea salt (Cl>6%) were assigned a separate group (Group 3b).20

S-only particles, i.e., particles that showed no significant signal for elements other
than S (S>95%) were considered to be secondary sulfates formed from gaseous SO2,
i.e., sulfuric acid or ammonium (bi)sulfate (Group 4). As oxygen was not analyzed, S
was considered to be SO4 except if it was associated with iron (FeS2). Unfortunately,
gold interferes with sulfur in the EDX spectrum, making high background correction25

necessary. Small S-only particles were, therefore, missed by single particle analysis.
This missing fine mode ammonium sulfate was quantified during bulk analysis of the
aerosol samples.

Calcium sulfate particles were identified by the absence of all elements other than
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Ca and S in the EDX spectrum (Group 5). As oxygen was not analyzed, S was consid-
ered to be SO2−

4 . Primary gypsum particles have natural (soil, mineral dust, fractional
crystallization of sea salt) as well as anthropogenic sources (flue gas desulfurization,
metal and cement industry and road dust) (Hoornaert et al., 1996; Li et al., 2003).
Reactions between sulfuric acid and CaCO3 or Ca-feldspars can result in the forma-5

tion of secondary gypsum (Foner and Ganor, 1992) on coarse mode particles. Cloud
processing leads to the formation of secondary gypsum in the form of large needles
(Fig. 6, Sample 8) or fine particles (Fig. 5, Gypsum) (Andreae et al., 1986).

All particles containing sulfur that could not be grouped into any of the above groups
were referred to as mixed sulfates (Group 6). This group included sulfate particles with10

more than one cation. The most frequent particles were particles with Na and Ca or K
and Ca as cations. Other particles in this group included sodium sulfate and potassium
sulfate. Sulfide minerals (FeS2) did not contribute significantly to any of our samples
and were excluded from NanoSIMS analyses.

Particles with a relative relative intensities of Ca or Ca+Mg higher than 90%15

(Group 7) were considered to be CaCO3, as oxygen and carbon were not analyzed.
The sources of these particles are soil erosion and construction activities (McGee et
al., 2003), limestone mining (Lei et al., 2004), cement production (Abdul-Wahab et
al., 2005), flue gas desulfurization, glass and fertilizer production and metal industries
(Hoornaert et al., 2003). In Mainz and Wiesbaden there are two cement production20

facilities, north and east of the sampling site. Limestone is mined south east and lime
malm brick north of our sampling location (Fig. 2). Glass as well as fertilizer producing
industries are located in Mainz, northeast of the sampling site.

Particles containing Fe>90% but no Cl, Si or S were considered to be iron oxides or
oxyhydroxides, all of which are soil minerals (Group 8).25

All particles that could not be classified into any of the above mentioned groups
were grouped together (Group 9). These were secondary aerosol particles for which no
sulfur was detected. Some were nitrates and phosphates, while for others Na, K and/or
Ca were detected, but no anions. These particles might be oxides or oxyhydroxides.
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Moreover, particles for which only one element was above the detection limit were
assigned to this group.

Particles identified by image analysis only, but without any detectable EDX signal,
(Group 10) included pollen grains and other biological particles, soot and secondary
aerosol. Particles without characteristic EDX signal <1µm were not analyzed.5

The contribution of the different particle types for the different samples (Table 6)
collected in August 2005, are as follows:

Sample 1 (Fig. 6, Table 6) was characterized by dried droplets and thin films often
with secondary crystals in the fine mode <3µm (Group 4, 5, 6, 9 and 10: 95%). In
the coarse mode, biological particles (Group 10: 38%), and mineral dust (Group 3, 3a,10

3b, 7, 8 and 9: ∼50%) were present. Dried droplets, thin films and secondary crystals
within droplets were assigned to Group 4, 5, 6, 9 or 10 depending on their chemical
composition, mainly for the sake of instrumental mass fractionation correction during
sulfur isotope analysis. However, these distinctions can be somewhat arbitrary. Differ-
ent crystals formed by fractional crystallization from a droplet on the filter may require15

separate instrumental mass fractionation correction. Nevertheless, they impacted on
the filter as one (liquid) particle. Vester (2006) assigned all these particles to one group
termed “complex secondary aerosol”.

Sample 2 was characterized by mineral dust (Group 3, 3a, 3b, 7 , 8: ∼15%), aged
sea salt (Group 2: 5%) and secondary particles (Group 4: 40%, Group 5: 4%, Group 6:20

2%, Group 9: 21% and Group 10: 11%) in the fine mode (<3µm); it contained biologi-
cal particles (Group 10: 63%) and mineral dust (Group 3, 3a, 3b, 7, 8 and 9: ∼20%) in
the coarse mode. Dried droplets and thin films were absent in this sample and coated
mineral dust particles accounted for less than 6% of all mineral dust particles.

Samples 4, 5 and 7 showed the highest contribution of mineral dust to both fine25

and coarse mode particle loadings. These three samples were characterized by min-
eral dust particles (Group 3, 3a, 3b, 7 and 8: 30–50%), secondary aerosol particles
(Group 4: 5–14%, Group 5: 8–22%, Group 6:1–2%, Group 9: 17–28% and Group 10:
6–12%) and aged sea salt (Group 2: 0–6%) in the fine mode (<3µm). Mineral dust
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particles (Group 3, 3a, 3b, 7, 8 and 9: 45–70%) and biological particles (Group 10:
25–45%) made up the coarse mode. Dried droplets were absent in Samples 4 and 5
and rare in Sample 7. Mineral dust particles with coatings accounted for 12–18% of all
mineral dust particles.

Sample 8 was characterized by secondary particles formed during in-cloud process-5

ing, mineral dust particles (Group 3, 3a, 3b, 7 and 8: ∼30%) and biological parti-
cles/pollen (Group 10: 14%). Secondary particles formed during in-cloud process-
ing included coarse mode ammonium sulfate (Group 4: 17%), long gypsum needles
(Group 5: ∼30%) and other particles (Group 9: 10%).

Our results compare well with the results of Vester (2006) for samples collected on10

the rooftop of the Geosciences building on the campus of the Mainz University, about
200 m from our sampling site. For PM2.5, Vester (2006) found predominantly “complex
secondary particles” (69–83%), i.e., internal mixtures of secondary organic aerosol,
ammonium sulfate and other secondary aerosol particles, aged sea salt (0–20%), soot
(3–5%) and silicate and mixed silicate particles (0–6%). We found on average 71%15

secondary particles (Group 4, 5, 6 9 and 10), 1% aged sea salt (Group 2), and 27%
mineral dust particles with and without coatings (Group 3, 3a, 3b, 7 and 8). In the
size range 2.5–10µm. Vester (2006) found aged sea salt particles (0–70%), calcium
nitrate and calcium carbonate particles (0–65%), and silicate and mixed silicate parti-
cles (8–50%). In August 2005 we found secondary sulfate particles formed during wet20

processing (Sample 8: 46%), biological particles (Group 10: 37%), and mineral dust
particles (Group 3,3a, 3b, 7 and 8: 33%). The contribution of aged sea salt to our
samples was minor (0–4%).

The aerosol mass calculated from single particle analyses was compared to mea-
surements by the state agency for environmental protection (Landesamt für Umwelt,25

Wasserwirtschaft und Gewerbeausicht Rheinland-Pfalz). PM10 is measured at several
sites in Mainz by Beta-Absorption, and has been reportedly corrected to be consistent
with the standard procedure DIN EN 12341 (1998), which is a gravimetric analysis at
(50±5)% relative humidity and (20±1)◦C after 48 h conditioning. PM2.5 and soot are
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monitored only at one site (Table 3). The difference PM2.5−10 estimated from our data
agreed well with PM2.5−10 reported for the monitoring station upwind from our sam-
pling site (Table 3), while PM2.5 calculated from the single particle analysis under ultra
high vacuum conditions was approximately 85% lower than PM2.5 at 50% relative hu-
midity at the station upwind from our sampling site (Table 3). There are two reasons5

for the PM2.5 estimated by single particle analysis being lower than the bulk measure-
ments. Firstly, the automated procedure chosen for characterizing the aerosol focused
on identifying sulfates for sulfur isotope analysis and missed particles <1µm without
characteristic EDX signal, such as secondary organic aerosol and soot particles, which
were not relevant for this study. Secondly, PM2.5 at 50% RH contains water (10–30%;10

Hueglin et al., 2005) which is absent under the ultra high vacuum conditions during
SEM analysis.

4.2 Isotopic composition of different types of sulfate aerosol particles and bulk sam-
ples

Chemical analysis of aerosol collected in Mainz led to the identification of six groups15

of sulfate-containing particles. The contribution of each of these groups to the sul-
fate content of each sample was calculated based on results from single particle and
bulk analyses (Table 7). The isotopic composition of each group was measured by
NanoSIMS (Table 7). Details of all analyses are listed in Table 8. Most sulfur was
present in the form of secondary sulfate particles.20

For five out of six samples, the isotopic composition of secondary gypsum (Group 5),
mixed sulfate particles (Group 6), sulfur coatings on silicates (Group 3a) and aged sea
salt (Group 2) agreed with each other within the analytical uncertainty. Thus, irre-
spective of the chemical composition, precursor SO2 and oxidation process that might
have lead to the formation of different secondary aerosol particles, all secondary par-25

ticles show a uniform isotopic signature. This is only possible if all of these particles
were formed from droplets that had been isotopically homogenized by frequent in-
cloud processing. The weighted averages of particles from Groups 2, 3a, 5 and 6 were
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δ34S=(19±3)‰, δ34S=(20±7)‰, δ34S=(5±2)‰, δ34S=(14±2)‰, and δ34S=(8±3)‰
for Samples 1, 2, 5, 7 and 8 , respectively. Sample 4, for which the isotopic composi-
tion of different secondary particles differed, was collected on a day with low relative
humidity (Sample 4; Table 2). In Sample 4 the isotopic composition of sulfur coatings
on silicates (Group 3a, δ34S=(1±2)‰) differed from the isotopic composition of sec-5

ondary gypsum and mixed sulfate particles (Groups 5 and 6, δ34S=(10±2)‰). There
are two explanations why the δ34S of sulfur coatings on silicates was lower than that of
other particles. Firstly, the contribution of heterogeneous oxidation to the formation of
sulfur coatings on silicate particles might be lower. Secondly, different precursor SO2
might have lead to the formation of these coatings.10

Ammonium sulfate/sulfuric acid particles (Group 4) derive from gas to particle con-
version (Group 4a) and/or in-cloud processing (Group 4b). Ammonium sulfate particles
that went through in-cloud processing were assigned to Group 4b based on the follow-
ing three criteria. Firstly, ammonium sulfate in the form of dried droplets was assigned
to this group. Secondly, coarse mode ammonium sulfate particles (2.5–15µm) were15

considered to be formed by in-cloud processing based on their large size and spher-
ical shape. Thirdly, ammonium sulfate particles <2.5µm were assigned to this group
if their isotopic composition agreed within the analytical uncertainty with that of other
secondary particles in the respective sample that were known to have been homog-
enized by in-cloud processing (i.e., Group 3a, 5 and 6). The isotopic composition of20

ammonium sulfates derived from gas to particle conversion and in cloud processing
typically differed by 18‰. For particles <2.5µm the fraction formed by gas to particle
conversion (typically 65% of the total mass of Group 4) was established based on the
number of ammonium sulfate particles in this size range assigned to Group 4a and
Group 4b, respectively. Only the isotopic composition of particles deriving from gas25

to particle conversion was used to estimate the isotopic composition of source SO2
(Fig. 1). The contribution of ammonium sulfate particles deriving from gas to particle
conversion to the total sulfate mass in the sample was high (∼40% of the total sulfate
mass) only for Sample 2. This sample was collected on a day with low relative humidity.
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Typically only <20% of total sulfate mass was found in particles deriving from gas to
particle conversion only. The rest was homogenized by in cloud processing (60–95%)
or was present in the form of primary sulfates. As the lifetime of SO2 with respect to ox-
idation by OH is at the order of 10 d, the amount of sulfur found in particles presumably
formed by gas to particle conversion might look a bit high at first sight. However, ex-5

cept for Sample 7, samples were collected on dry and sunny days, favoring gas-phase
processes.

The isotopic composition of ammonium sulfate measured in fine mode ammonium
sulfate samples ranged from δ34S=(−16±5)‰ to (2±3)‰ (Table 7) for particles de-
riving form gas to particle conversion, and δ34S=(1±4)‰ to (19±4)‰ (Table 7) for10

particles that went through in-cloud processing.
Gypsum particles can be of either primary or secondary origin. Primary gypsum

particles were typically coarse mode particles (Fig. 5, Group 5). The isotopic com-
position of primary gypsum particles was δ34S=(17±2)‰ for Sample 7 and particles
were associated with silicates, suggesting soil minerals as the origin of primary gyp-15

sum in this sample. The 34S/32S ratio agrees with the isotopic composition expected
for soil minerals. The isotopic composition of fly ash (δ34Snsss=(25±5)‰) (Fig. 7, Ta-
ble 7) from a north-western wind direction indicated that the isotopic composition of
gypsum formed in the fumes of this emission source cannot be distinguished from nat-
ural sources, such as fractional crystallization of sea salt or soil minerals. Primary20

Ca-phosphate (Sample 5) with an isotopic composition of δ34S=(23±5)‰ most likely
originated from fertilizer production located north east of our sampling site. Unaltered
sea salt (Group 1) particles were absent in our samples. Particles classified into this
group by automated single particle analyses always showed reactions with sulfuric acid
and formation of nss-sulfate upon visual inspection (e.g., the particle shown in Fig. 5,25

aged sea salt). The contribution by these particles to the total sulfate mass of the
individual samples was minor (0–5%). The isotopic composition of aged sea salt parti-
cles was measured as δ34S=(12±7)‰ (Table 7). The isotopic composition measured
on biological particles averages the isotopic composition of plant sulfur and fine mode
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particles or coatings on the surface of the particles, and ranged from δ34S=(9±10)‰
to (26±5)‰.

The bulk isotopic composition of each sample was calculated based on the isotopic
composition of each group and the fraction that it contributed to the total sulfate mass:

δ34Sbulk =
∑

fi×δ34Si (2)5

and the error of the calculated bulk composition is

σbulk =
√

(
∑

(fi×σi )
2). (3)

Missing measurements were taken as 0 with an error of ±20‰. This error spans the
full range of values expected for anthropogenic emissions.

The δ34S value of bulk sulfate in air masses reaching Mainz from the north-western10

direction (Sample 2, 7 and 8: δ34Snsss=(13±1)‰) was higher than that of bulk sul-
fate in air masses reaching Mainz from an eastern direction (Samples 4 and 5:
δ34Snsss=(5±2)‰). Sample 1 was collected on a sunny day, in the aftermath of rainfall
that occurred in the previous night, and has the lowest particle and sulfate loadings.
This sample likely represents local sulfur sources and has an isotopic composition of15

δ34Snsss=(10±2)‰.
We compared the isotopic composition of bulk samples with in situ measurements

of the sulfur isotopic composition of wet deposition (Mayer et al., 1995a; Mayer et al.,
1995b; Alewell and Gehre, 1999; Novak et al., 2000; Novak et al., 2001b; Knöller
and Trettin, 2003; Einsiedl et al., 2007) and aerosol samples (Pichlmayer et al., 1998;20

Novak et al., 2000; Tichomirowa et al., 2004; Tichomirowa et al., 2007) along the path
of the back trajectory. Only Pichlmayer et al. (1998) analyzed the dependence of the
sulfur isotopic composition on the back trajectories of the collected samples and found
a range from δ34S=1–9.4‰ in aerosol samples collected on different days at Sonnblick
observatory in the Alps. The observed range in the bulk aerosol samples collected in25

Mainz (δ34S=(3±3)‰ to (14±1)‰) is similar to the range of isotope ratios observed at
Sonnblick.
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The δ34S of samples reaching Mainz from an eastern direction (Samples 4 and 5,
Fig. 5.3, D) is lower than the annual average δ34S of aerosol particles observed in
Saxony (δ34S=10‰; Tichomirowa et al., 2007), but well within the range of monthly
average δ34S reported for aerosol collected in the Czech Republic (δ34S=3.1–16.9‰;
Novak et al., 2000), wet deposition in northern Bavaria (δ34S=1–3‰; Mayer et al.,5

1995a), the Fichtelgebirge (δ34S=3–7‰; Alewell and Gehre, 1999), around Leipzig
(δ34S=∼4‰; Knöller and Trettin, 2003), and Saxony (δ34S=3–6‰; Tichomirowa et al.,
2007). No measurements are available for comparison with samples reaching Mainz
from the north (Samples 7 and 8; Fig. 3b and c) and north west (Samples 1 and 2;
Fig. 3a and b).10

4.3 Isotopic composition of source SO2

The isotopic composition of secondary sulfates depends on two factors – the isotopic
composition of the source SO2, and the oxidation process responsible for oxidizing
SO2 to SO2−

4 . In order to unambiguously interpret the measurements, one of these
two factors needs to be known, i.e., for interpreting sulfur isotope data of secondary15

sulfate in terms of the source composition of the SO2, the oxidation process needs to
be known, or, alternatively, to understand the oxidation process the source composition
has to be identified first.

Since in our case, both source composition and oxidation pathway are unknown,
we have to make the assumption that we have correctly identified those fine mode20

ammonium sulfate particles that derived from gas to particle conversion as opposed
to ammonium sulfate form by in-cloud processing (Table 7, Fig. 1). This assumption
is justified, because our single particle data shows, that secondary sulfates that went
through in-cloud processing are isotopically homogenized irrespective of their chem-
ical composition (see Sect. 4.2). The large differences (∼18‰) observed between25

the isotopic composition of most fine mode ammonium sulfate particles (65% of fine
mode ammonium sulfate; Group 4a in Table 7) and all other secondary sulfate parti-
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cles including coarse mode ammonium sulfate particles (Group 2, 3a, 4b, 5 and 6 in
Table 7) is strong evidence for the fact that they were formed by different atmospheric
processes. Note that particles <2.5µm with an isotopic composition that agreed within
errors with the isotopic composition of other secondary particles homogenized by in-
cloud processing (∼35% of the particles in this size range) were excluded from Group5

4a and assigned to Group 4b.
The OH lifetime of SO2 is of the order of 10 d, which means that more distant sources

might contribute to the H2SO4(g). However, due to aqueous phase oxidation and SO2
deposition the overall lifetime of SO2 is on the order of two days (Fig. 8) and the iso-
topic composition of precursor SO2 can only be calculated for ammonium sulfate /sul-10

furic acid particles that have not been isotopically homogenized by inclusion into no-
precipitating clouds. Therefore, the isotopic composition calculated for the precursor
SO2 is most likely influenced by local and regional sources.

The highest local SO2 concentration was always observed at the measurement site
located inside the city (Goetheplatz), northeast of our sampling site, pointing towards15

the existence of SO2 sources inside the city. Previous research in Antwerp and Munich
showed that the isotopic composition of SO2 at an urban site is controlled by local
sources rather than long range transport (Torfs et al., 1997, Mayer et al. 1995a).

Sample 1 has the lowest sulfate content of all samples. This sample was collected
from 2 August 16:00 UT+2 to 3 August 15:00 UT+2. As it rained from 1 August into20

the early morning hours of 2 August the air was very clean. However, sunny con-
ditions prevailed during most of 2 August and on 3 August, facouring gas to particle
converison. The isotopic composition calculated for the source SO2 of this sample was
δ34S=(−7±6)‰.

The isotopic composition estimated for the source SO2 of samples reaching Mainz25

from eastern directions was δ34S=(−1±2)‰ and δ34S=(−6±2)‰ for Sample 4 and
5, respectively (δ34SSO2

in Table 7). The isotopic composition of SO2 measured

at different locations east of our sampling site (δ34S=1–3‰; Gebauer et al., 1994;
Tichomirowa et al., 2007; Novak et al., 2001b) is generally higher than the iso-
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topic composition estimated for source SO2 reaching Mainz from an eastern direction
(δ34S=(−2±2)‰). However, similar low isotope ratios have been observed at urban lo-
cations in Munich (Mayer et al., 1995b), Antwerp (Torfs et al., 1997) and Braunschweig
(Jäger et al., 1989), and the urban area of Rhine-Main is located east of our sampling
site.5

The isotopic composition for SO2 reaching Mainz from northern direction was
δ34S=(11±2)‰. The source of these emissions is unknown, but a municipal waste
incineration plant is located north of our sampling site. Nevertheless, more distant
sources such as large stationary sources in the Ruhr area, over which the back trajec-
tories of the samples passed must also be considered. Over all the isotopic compo-10

sition of SO2 reaching the sampling site shows a clear dependence on wind direction
(Fig. 9).

4.4 Contribution of homogeneous and heterogeneous oxidation to secondary sulfate
formation in different types of aerosol particles

As the objective of this work is to understand the formation process of secondary sul-15

fate aerosol, primary sulfate and secondary sulfate must be treated separately. Non-
soluble primary particles such as primary gypsum particles (mineral dust, industrial
dust and fly ash) and plant fragments are identified based on morphology and sulfur
in such particles is neglected for the present analysis. These particles are typically
not water soluble and, therefore, not internally mixed with secondary sulfate. The main20

source of water soluble primary sulfate is sea salt. Sea salt sulfate can be internally
mixed with secondary sulfate. For the particle collected in Mainz this is the case mainly
in aged sea salt particles. The nss-sulfate content (= the secondary sulfate content) of
aged sea salt was calculated based on the Cl and SO2−

4 content of aged sea salt parti-
cles measured during single particle analysis. (Sea-salt sulfate=Cl×0.14, Non-sea-salt25

sulfate=SO2−
4 –(Cl×0.14), 0.14 is the weight ratio between sulfate and chlorine in sea

water, fnsss=nsss/(sss+nsss), Krouse and Grinenko, 1991). For aged sea salt parti-
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cles, the sea salt sulfate (primary sulfate) with an isotopic signature of 20.7‰ has to be
subtracted from the δ34S in order to calculate the isotopic composition of the non sea
salt sulfate (secondary sulfate), δ34Snsss (δ34Sparticle,nsss=δ

34Sparticle−fsea salt×20.7).
The sea salt sulfate content of most of the secondary sulfate containing particles
(Groups 3a, 4a, 4b, 5 and 6, Table 5) was negligible (δ34Snsss∼δ

34S). Therefore, no5

subtraction of sea salt sulfate was necessary (δ34Snsss∼δ
34S).

The contribution of heterogeneous oxidation to the formation of secondary sulfate in
particles of Group 2, 3a, 4a, 4b, 5 and 6 was calculated according to the formula

fi ,het = (δ34Snsss,i − δ34S4a)/(0.0257×(1 + δ34S4a)). (4)

for each of the groups separately. fnsss,i is calculated based on the chemical composi-10

tion of the particles presented in Table 5.
The error is

σf i ,het =
√

(σ2
nsss,i + σ2

4a)/(0.0257×(1 + δ34S4a)). (5)

The isotopic composition of fine mode ammonium sulfate particles that have not been
homogenized by in-cloud processing (Group 4a) is considered to represent the isotopic15

composition of particles derived from homogeneous oxidation only. Assuming a frac-
tionation in the δ34S of +16.5‰ with respect to the source SO2 for the heterogeneous
oxidation pathway and −9‰ with respect to the source SO2 for the homogeneous ox-
idation pathway, the maximum difference between the two pathways is 25.7‰. The
contribution of heterogeneous oxidation to the total secondary sulfate was based on20

the contribution of heterogeneous oxidation to the secondary sulfate on the individual
group e.g. group 5, and the fraction that each group contributed to the total nss-sulfate
content of the sample

fsecondary,het = Σ(fsecondary,i · fi ,het). (6)

The error of the estimate is25

σsecondary,het =
√ [

Σ(fi ,secondary×σf i ,het)
2
]

(7)
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As particles in group 4a derive from homogeneous oxidation only, σ4a,het is 0 by defini-
tion.

The contribution of heterogeneous oxidation to secondary sulfate formation ranges
from ∼42% to ∼82%. Within the individual samples, the isotopic composition of par-
ticles from Group 3a, 4b, 5 and 6 agrees within the 2σ analytical uncertainty. There-5

fore, the average contribution of heterogeneous oxidation to the formation of different
secondary particles is roughly similar (secondary gypsum: (75±10)%, sulfur coatings
on silicates: (54±9)%, coarse mode ammonium sulfate: (71±8)%, and mixed sulfate
particles: (71±10)%). In contrast, the difference between the contributions of hetero-
geneous oxidation to particles homogenized by in-cloud processing (Group 2, 3a, 4b,10

5 and 6) in different samples is more pronounced (Sample 1: (128±27)%, Sample 2:
(71±33)%, Sample 4: (66±14)%, Sample 5: (72±27)%, Sample 7: (47±16)%).

Including Group 4a, the contribution of heterogeneous oxidation to the formation of
secondary sulfates was (102±26)%, (42±24)%, (60±15)%, (71±28)% and (44±16)%
for Sample 1, Sample 2, Sample 4, Sample 5 and Sample 7, respectively. The highest15

contribution of heterogeneous oxidation was found in Sample 1, which was collected
following a rainfall event, and Sample 5. Both samples experienced nighttime relative
humidity of ∼95%. The lowest contribution of heterogeneous oxidation was observed
for a sample collected on a day when the nighttime relative humidity was low (∼80%,
Sample 2, Table 2).20

In order to establish whether the nonlinear response to emission reductions coin-
cided with a change in the relative contribution of the homogeneous and heteroge-
neous oxidation pathways to the formation of secondary sulfates, we compare our data
to previously reported results. Current atmospheric chemistry models suggest that
24–56% of precursor SO2 is removed by dry and wet deposition before oxidation and25

only 42–82% of precursor SO2 is oxidized (Penner et al., 2001, Fig. 8). Of the SO2−
4

formed by oxidation of SO2, 64–90% is formed by aqueous oxidation and 10–36% by
homogeneous oxidation. The contribution of heterogeneous oxidation to the formation
of secondary sulfates can be estimated by simultaneous measurements of the isotopic
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composition of SO2 and SO2−
4 (Tanaka et al., 1994). Querol et al. (2000) measured the

S isotope fractionation between the SO2 emitted by a coal fired power plant in Spain
and the SO2−

4 derived from the oxidation of the SO2. In the stack, the average differ-

ence in δ34S between SO2 and fly ash was 1.9‰, while in the plume the difference
increased to 2.8‰. Numerous other observations in the 1970s and 1980s by Krouse5

and Grinenko (1991) showed that the oxidation of SO2 is associated with an average
34S/32S fractionation of about +3‰ (range: −5.1–12.5‰). This implies a typical con-
tribution of heterogeneous oxidation to the conversion of SO2 to SO2−

4 of ∼43% in the
stack of a combustion plant and ∼46% under ambient atmospheric conditions. In Cen-
tral Europe, Mayer et al. (1995a) found no difference between the isotopic composition10

of SO2 and sulfate in bulk precipitation in 1989 (∼35% heterogeneous oxidation), while
Novak et al. (2001b) found an average difference of 4.1‰ between the isotopic compo-
sition of SO2 and SO2−

4 at several sites in the Czech Republic (averaged over the years
1992 to 1997) pointing towards ∼50% contribution of heterogeneous oxidation to the
formation of sulfate.15

The average differences between the δ34S values of SO2 and SO2−
4 observed in all

these previous studies were lower than the average differences between SO2 and SO2−
4

in our samples collected in August 2005 ((6.7±2.4)‰). However, our results compare
well with recent measurements by Tichomirowa et al. (2007), who found an average
difference of 6.6‰ and 9.3‰ between the isotopic composition of SO2 and aerosol20

samples at two sites in Saxony (averaged over the years 1997 to 2004). Both results
support an increase in the contribution of heterogeneous oxidation to the formation of
sulfate from a typical contribution of ∼46% in the 1970s and 1980s to approximately
60–70% in recent years. Nevertheless, the fraction of aqueous phase oxidation es-
timated by the study of sulfur isotope ratios is at the lower end of the contribution of25

aqueous phase oxidation estimated by atmospheric chemistry models.
There are two possible reasons why such an increase in the efficiency of the hetero-

geneous oxidation pathway is the most likely explanation for this shift in the relative con-
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tribution of both oxidation pathways. Firstly, the oxidation of SO2 by ozone is strongly
pH dependent and emission reductions of all major acidifying compounds have lead to
a decrease in the acidity of cloud droplets and precipitation from pH 4.4 in the early
1980s to pH 4.9 from 2000 to 2004 at all EMEP measurement stations in Germany
(Klein et al., 2004). This increase in droplet pH corresponds to a one order of mag-5

nitude change in the S(IV) oxidation rate by ozone (from ca. 3×10−10 to 3×10−9; Lee
and Thiemens, 2001). Secondly, median ozone concentrations have increased during
the aforementioned period (Klein et al., 2004). Therefore, the nonlinear response of
particulate sulfate concentration to emission reductions is not only caused by a shift
from an oxidant limited system towards more complete oxidation closer to sources due10

to lower sulfur dioxide emissions, but also to a shift towards a higher fraction of hetero-
geneous oxidation. In fact, our results suggest that SO2 emission reductions coupled
with rising ozone concentrations lead to an increase in the oxidation capacity of the
urban atmosphere.

5 Conclusions15

The results of this study show that, despite limitations in precision, the NanoSIMS
technique is a novel and useful tool for the isotope analysis of individual atmospheric
particles, enabling us to compare the chemical and isotopic composition of individual
aerosol particles. Given the range of S-isotopic ratios in aerosol bulk samples, the
achievable precision and accuracy of a few per mil for the measurement of the 34S/32S20

ratio in individual aerosol particles is sufficient to investigate physical and chemical
processes related to aerosol formation and transport.

We found that the isotopic composition of sulfate and SO2 at our site depended
mainly on wind direction, suggesting a dependence on local sources. Different types
of secondary sulfate particles were usually isotopically homogeneous, irrespective of25

chemical composition, except on days with extremely low relative humidity.
The contribution of heterogeneous oxidation to the formation of secondary sulfates
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was estimated to be typically around 60% and showed a dependence on meteorology.
The comparison of our data to previous results in Central Europe (Novak et al., 2001b,
Tichomirowa et al., 2007) indicated that the estimated contribution of heterogeneous
oxidation to the formation of sulfate has increased from around 50% in the early 1990s
to ca. 60–70% in 2005. This shift in the relative contribution of the two major oxidation5

pathways coincided with a strong decrease of SO2 emissions, and might be partially
responsible for the weaker response of urban PM2.5 concentrations to the drastic de-
crease in the emission of gaseous precursors.

Future studies of the mass independent oxygen isotope fractionation of sulfate par-
ticles could confirm whether changes in the contribution of ozone to sulfate formation10

are taking place.
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for his support with the NanSIMS analyses.

References

Abdul-Wahab, S., Worthing, M. A., and Al-Maamari, S.: Mineralogy of atmospheric suspended15

dust in three indoor and one outdoor location in Oman, Environ. Monit. Assess., 107, 313–
327, 2005.

Alewell, C. and Gehre, M.: Patterns of stable S isotopes in a forested catchment as indicators
for biological S turnover, Biogeochem., 47, 319–333, 1999.

Amelinckx, S., van Dycke, D., van Landuyt, J., and van Tendeloo, G.: Handbook of microscopy:20

applications in materials science, solid-state physics and chemistry, Wiley-VCH, 1998.
Andreae, M. O., Charlson, R. J., Bruynseels, F., Storms, H., van Grieken, R., and Maenhaut,

W.: Internal Mixture of Sea Salt, Silicates, and Excess Sulfate in Marine Aerosols, Science,
232, 1620–1623, 1986.

Beekmann, M., Kerschbaumer, A., Reimer, E., Stern, R., and Möller, D.: PM measurement25
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Part I: European Perspective, edited by Lövblad, G., Tarrasón, L., Tørseth, K., and Dutchak,
S., Oslo, Norwegian Meteorological Institute, I, 15–45, 2004.

Mamane, Y. and Gottlieb, J.: Nitrate Formation on Sea-Salt and Mineral Particles – a Single-
Particle Approach, Atmos. Environ., 26, 1763–1769, 1992.

Mamane, Y., Willis, R., and Conner, T.: Evaluation of computer-controlled scanning electron30

microscopy applied to an ambient urban aerosol Sample, Aerosol Sci. Technol., 34, 97–107,
2001.
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S., Gehrig, R., Hüglin, C., Laj, P., Lorbeer, G., Maenhaut, W., Mihalopoulos, N., Müller, K.,20

Querol, X., Rodriguez, S., Schneider, J., Spindler, G., Ten Brink, H. M., Torseth, K., and
Wiedensohler, A.: A European aerosol phenomenology – 2: chemical characteristics of
particulate matter at kerbside, urban, rural and background sites in Europe, Atmos. Environ.,
38, 2579–2595, 2004.

Puxbaum, H., Gomiscek, B., Kalina, M., Bauer, H., Salam, A., Stopper, S., Preining, O., and25

Hauck, H.: A dual site study of PM2.5 and PM10 aerosol chemistry in the larger region of
Vienna, Austria, Atmos. Environ., 38, 3949–3958, 2004.

Querol, X., Alastuey, A., Chaves, A., Spiro, B., Plana, F., and Lopez-Soler, A.: Sources of
natural and anthropogenic sulphur around the Teruel power station, NE Spain. Inferences
from sulphur isotope geochemistry, Atmos. Environ., 34, 333–345, 2000.30

Ro, C. U., Kim, H., and van Grieken, R.: An expert system for chemical speciation of individual
particles using low-Z particle electron probe X-ray microanalysis data, Anal. Chem., 76,
1322–1327, 2004.

9378

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 9347–9404, 2008

Sulfur isotope
analyses of individual

aerosol particles

B. Winterholler et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Saltzman, E. S., Brass, G., and Price, D.: The mechanism of sulfate aerosol formation: Chem-
ical and sulfur isotopic evidence, Geophys. Res. Lett., 10, 513–516, 1983.

Saul, T. D., Tolocka, M. P., and Johnston, M. V.: Reactive uptake of nitric acid onto sodium
chloride aerosols across a wide range of relative humidities, J. Phys. Chem. A, 110, 7614–
7620, 2006.5

Sievering, H., Boatman, J., Galloway, J., Keene, W., Kim, Y., Luria, M., and Ray, J.: Heteroge-
neous Sulfur Conversion in Sea-Salt Aerosol-Particles – the Role of Aerosol Water-Content
and Size Distribution, Atmos. Environ., 25, 1479–1487, 1991.
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Table 1. δ34S values of coal, oil, slag fly ash and SO2 emissions of power plants in Europe.

Coal Fly ash inlet gas SO2 emissions product

Power plants
Belachtow (Poland)1 ∼+8‰ −1.33‰ ±0.03‰ A −4.88‰ ±0.03‰ A +1.21‰ ±0.03‰ A

Laziska (Poland)2 +4.60‰ A +1.22‰ A

Rybnik (Poland)2 +4.31‰ A −0.5‰ ±1.91‰ A

Bielsko-Biala (Poland)2 +3.82‰ A

Czechowice-Dziedzice (Poland)2 −2.71‰ A

Chvaletice (Czech Republic)3 −1.0‰ −0.9‰ B

Sostanj (Slovakia)4 +8.1‰ 8.4‰ B

Trbovlje (Slovakia)4 +11.2‰ +14.3‰ B

Tereul (Spain)5 +1.0‰ B −0.9‰ B

Black triangle6 +6‰ B

Coals
Hambach (France)7 +3.3‰
Yanowice (Poland)7 +4.0‰
Sosnica (Poland)2 −2.5‰ to +8.6‰
Brown coal middle Germany +4.7‰ to +11.9‰
Province8

Crude oil9 −10‰ to +10‰

A Flue gas desulfurization: inlet gas = gas measured before desulfurization,
SO2 emission = gas emitted after desulfurization, product = solid waste (sulfate) produced during the desulfuization prozess;

B no flue gas desulfurization;
1 Derda and Chmielewski, 2003;
2 Pluta, 2002;
3 Buzek et al., 1991;
4 Bericnik-Vrbovsek et al., 2002;
5 Querol et al., 2000;
6 Pichlmayer et al., 1998;
7 Zhao et al., 2003;
8 Hahne 1982;
9 Krouse and Grinenko, 1991

9381

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 9347–9404, 2008

Sulfur isotope
analyses of individual

aerosol particles

B. Winterholler et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

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 temper-
ature.

sample date flow sample volume windspeed T RHmin RHmax precipit.
l min−1 m3 m s−1 ◦C % % mm

#1 2.8.–3.8. 16 22.1 1.9 19 45 95 1.6 sunny
#2 3.8.–4.8. 20 27.0 2.0 19 34 80 0.4 sunny
#3 4.8.–5.8. 20 27.6 1.7 17 39 95 0.2 sunny
#4 17.8.–18.8. 15 23.0 1.6 22 38 88 0 sunny
#5 18.8.–19.8. 15 19.2 1.6 21 40 96 0.1 sunny
#6 19.8.–20.8. 10 14.1 1.4 19 47 98 0.1 sunny
#7 20.8.–22.8. 10 25.8 2.0 19 47 90 0 sunny/cloudy
#8 22.8.–23.8. 10 15.5 2.3 20 49 90 0 sunny
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Table 3. Comparison of PM10 and PM2.5 calculated from single particle analysis with PM10,
PM2.5 and SO2 or soot (all reported in µg m−3) at several measurement stations in Mainz. Data
for the measurement stations in Mainz were downloaded from http://www.luft-rlp.de.

Sample MPI Mombach Goetheplatz Zitadelle Paracelsusstr.
PM10 PM2.5 PM10 SO2 PM10 SO2 PM10 PM2.5 SO2 PM10 soot

Sample 1 4 1.2 13 2.3 15 2.7 15 11 1.9 23 3.3
Sample 2 4 2 13 2.3 13 2.7 15 12 2.3 25 2.9
Sample 3 13 2.3 15 2.3 18 13 2.3 29 2.9
Sample 4 9 3.3 21 2.3 24 2.3 26 20 2.3 35 4.0
Sample 5 12 3.1 24 2.3 27 2.7 30 23 2.3 42 4.5
Sample 6 19 1.9 20 2.7 22 19 1.9 35 4.3
Sample 7 6 1.9 17 1.5 20 2.0 22 21 1.5 30 4.1
Sample 8 7 3.1 23 2.3 27 2.7 28 25 1.9 42 2.6
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Table 4. Instrumental mass fractionation factors for 34S/32S measured 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 necessary. BaSO4true is the calibrated isotope ratio
of BaSO4 based on delta values of 0.5‰ for IAEA SO-5 and –34.2‰ for IAEA SO-6 and a
n(34S)/n(32S))VCDT=0.044163 (Ding et al., 2001). BaSO4SIMS is the measured N(34S)/N(32S))-
ratio measured by SIMS.

Session BaSO4true σ DP,m Substrate
BaSO4SIMS [µm]

11/2005 1.0148 0.0012 3.2 Filter
10/2005 1.0106 0.0005 Gold
09/2005 1.0122 0.0006 Gold
08/2005 1.0317 0.0008 3.6 Filter
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Table 5. Average semi-quantitative composition of different particle groups in wheight %.
Group 1 sea salt is missing, as no particles of this group were encountered in samples col-
lected in Mainz. Na: Number of particles analyzed in the respective Group. Element con-
centrations 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 to be SO4 and Si is assumed to be SiO2. Cation concentrations close to 100%
indicate carbonates, oxides or oxyhydroxides.

Group Na N Fe Na SiO2 P SO4 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 n.d. <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. n.d. 13 1 16
Ammonium (bi) sulfate 4a,b 787 2 <1 n.d. <1 n.d. 97 <1 <1 <1
Gypsum 5 404 <1 <1 <1 <1 n.d. 73 <1 <1 27
Mixed sulfates 6 140 4 4 19 1 1 33 <1 32 3
Calcite/Gypsum 7 101 <1 <1 n.d. <1 n.d. n.d. <1 <1 99
Fe-Oxides 8 17 <1 98 n.d. <1 n.a. n.d. <1 n.d. <1
Others 9 1082 9 3 52 <1 4 n.d. 4 16 14
Image analysis only 10 1338 <1 <1 <1 <1 <1 <1 <1 <1 <1

n.d. – not detected.
n.a. – not analysed.
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Table 6. Sample composition in % of total particle number (Na) calculated from single particle
analysis in the SEM. Results are given for three size ranges: Particles below the detection limit
of the image analysis (<1µm), particles 1–3µm and coarse mode particles >3µm. Ammonium
sulfate is usually underestimated by single particle analysis. Particle numbers are estimated
based on bulk analysis of the respective samples.

Group Sample #1 #2 #4 #5 #7 #8

< 1µm

Aged sea salt+S 2 2.2 5.9 0.2 0 0 0
Quartz and silicates 3 3.2 15.4 28.4 40.2 41.8 0
Silicates + sulfur coating 3a 1.1 1.1 2.6 3.3 5.2 0
Silicates + nitrate coating 3b 0 0.9 3.7 8.6 1.7 0
Ammonium(bi)sulfate 4 15.9 45.1 11.9 4.2 16.1 18
Gypsum 5 4.8 4.4 23.3 11.5 13.8 29
Mixed sulfates 6 8.5 2.8 0.9 0.3 1.4 0
Calcite/Dolomite 7 0 1.4 2.2 7.4 0.6 24
Fe-Oxides/Hydroxides 8 0 0 0.4 0.6 0 0
Others 9 63.5 23.0 26.4 24.0 19.3 29
Image analysis only 10 n.a. n.a. n.a. n.a. n.a. n.a.
Na 189 884 455 338 347 17
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Table 6. Continued.

Group Sample #1 #2 #4 #5 #7 #8

1–3 µm

Aged sea salt+S 2 0.7 2.7 0 0 0 0
Quartz and silicates 3 2.2 4.1 8.1 25.3 27.6 13
Silicates + sulfur coating 3a 0.7 0 1.0 0.4 6.9 0
Silicates + nitrate coating 3b 0 0.5 0 2.7 2.3 0
Ammonium(bi)sulfate 4 4.3 19.0 15.2 6.1 5.7 13
Gypsum 5 1.4 2.7 18.7 3.4 17.2 50
Mixed sulfates 6 8.7 0.9 1.5 3.8 5.7 0
Calcite/Dolomite 7 0.7 0.5 0.5 5.4 0 0
Fe-Oxides/Hydroxides 8 0 0 0.5 0 0 0
Others 9 13.8 14.5 14.1 32.2 5.7 13
Image analysis only 10 67.4 55.2 40.4 20.7 28.7 13
Na 138 221 198 261 87 8
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Table 6. Continued.

Group Sample #1 #2 #4 #5 #7 #8

>3µm

Aged sea salt+S 2 2.4 3.6 0 0.6 1.0 0
Quartz and silicates 3 20.9 9.3 26.8 41.0 26.4 19
Silicates + sulfur coating 3a 1.6 0.5 2.0 4.6 10.7 11
Silicates + nitrate coating 3b 0.4 0 2.4 4.4 1.0 4
Ammonium(bi)sulfate 4 5.9 8.8 6.1 1.7 6.1 17
Gypsum 5 0.8 3.4 5.4 1.9 4.1 26
Mixed sulfates 6 3.5 1.4 0.4 3.6 4.6 0
Calcite/Dolomite 7 3.1 1.1 1.1 1.0 1.0 2
Fe-Oxides/Hydroxides 8 0 0 0.6 1.0 0.5 0
Others 9 23.9 9.3 10.7 15.5 10.1 2
Image analysis only 10 37.6 62.5 44.5 24.6 34.8 19
Na 255 557 541 804 197 47
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Table 7. δ34S 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. The δ34S of individual particles was measured by NanoSIMS. Errors are 1σ and
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 by

√
(χ2) for χ2>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. Errors <7‰ 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 Sample 1. fSO4

: fraction of total sulfate mass contributed
by the respective group.

Group Sample 1 Sample 2 Sample 4 Sample 5 Sample 7 Sample 8

δ34S fSO4
δ34S fSO4

δ34S fSO4
δ34S fSO4

δ34S fSO4
δ34S fSO4

[‰] [‰] [‰] [‰] [‰] [‰]

Isotopic signature of secondary particles
#2 12±7 0.038 0.028 0.001 0.045 0.034 0.036
#3a 9±5 0.060 0.005 1±2 0.048 8±3 0.096 11±5 0.134 10±7 0.083
#4a −16±5 0.198 2±3 0.404 −10±2 0.086 −15±5 0.024 2±3 0.071 0.039
#4b 15±6 0.361 19±4 0.208 1±4 0.360 3±3 0.281 16±2 0.225 7±4 0.282
#5 17±4 0.142 24±9 0.306 12±3 0.452 1±3 0.211 16±1 0.439 10±5 0.560
#6 22±2 0.185 12±12 0.033 7±4 0.037 6±6 0.320 9±3 0.086 0
δ34Sbulk 10±4 13±7 5±3 3±7 14±4 8±7
δ34Snsss 10±4 13±7 5±3 3±7 14±4 8±7
δ34SSO2

−7±5 11±3 −1±2 −6±5 11±3

Isotopic signature of primary particles
Ca-Posphate 23±5
Group 5 16±4
Group 5 15±4
Group 5 21±4
Fly ash 25±5
Pollen 9±10 0.016 19±7 0.013 0.015 18±3 0.020 26±5 0.012 0.001

SO2−
4 [µg m−3] 0.426 1.353 2.222 1.431 1.388 3.303

fnsss 0.987 0.973 1.000 0.978 0.999 0.998

9389

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 9347–9404, 2008

Sulfur isotope
analyses of individual

aerosol particles

B. Winterholler et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 8. Details of all aerosol particles analyzed by single particle analysis.

Grain spot 34S/32S ±1σ δ34S ±1σ group description diameter
[‰] [‰] [µm]

Filter 1: 2.–3. August

20050808 8 0.0439 0.0001 32 7 6 dried droplet mixed sulfate needles 0.6–1.3
20050808 10 0.0433 0.0003 18 9 6 dried droplet mixed sulfate needles 1.1
20050808 11 0.0434 0.0002 24 7 6 dried droplet mixed sulfates 2.8
20050808 15 0.0434 0.0002 23 7 5 dried droplet + Gypsum needle 2.1
20050808 16 0.0429 0.0001 13 7 3a sulfates on silicate 7.7
20050808 17 0.0426 0.0001 2 7 6 mixed sulfates 3.1
20050808 18 0.0429 0.0002 31 8 9 plant depris + secondary gypsum 12.5
20050808 19 0.0435 0.0001 25 7 6 dried droplet mixed sulfate needles 0.7–2.1
20050808 21 0.0422 0.0002 −14 7 4a 1.2
20050808 22 0.0425 0.0003 −6 8 4a
20050808 27 0.0434 0.0001 21 7 6 dried droplet + secondary gypsum 1.1
20050808 28 0.0434 0.0001 19 6 5 dried droplet + secondary gypsum 1.6
20050808 29 0.0412 0.0002 −35 7 4a
20050808 30 0.0424 0.0002 0 7 6 dried droplet mixed sulfates 2.8
20050808 31 0.0435 0.0002 21 7 6 dried droplet 0.2
20050808 32 0.0425 0.0001 9 6 9 biological particles 5.2
20050808 33 0.0431 0.0001 24 6 6 dried droplet mixed sulfates 6.1
20050808 35 0.0427 0.0002 7 8 5 gypsum 3.5
20050808 36 0.0421 0.0001 −4 6 9 pollen 3.6
20050808 37 0.0430 0.0001 6 6 3a coating on soot/silicate particle 2.7
20050808 41 0.0429 0.0001 12 7 2 gypsum/Halite/sodium sulfate 2.5
20050808 42 0.0431 0.0001 24 6 6 dried droplet mixed sulfates 6.7
20050808 45 0.0441 0.0001 37 7 6 mixed sulfate needles 1.8
20050808 46 0.0423 0.0001 −4 7 4a
20050808 47 0.0434 0.001 29 6 6 iron oxides + secondary gypsum 5.0
20050808 48 0.0432 0.0001 15 6 4b dried droplet 1.8
20050808 49 0.0434 0.0001 25 7 6 dried droplet 3.1
20050808 50 0.0425 0.0002 −5 7 4a
20050808 52 0.0417 0.0001 −28 7 4a
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Table 8. Continued.

Grain spot 34S/32S ±1σ δ34S ±1σ group description diameter
[‰] [‰] [µm]

Filter 2: 3.–4. August

20050808 63 0.04212 0.0002 −10 6 4a secondary particle 2.5
20050808 64 0.04248 0.0001 −5 6 4a secondary particle <1
20050808 65 0.04323 0.0001 38 6 9 biological particles 18.2
20050808 66 0.04336 0.0002 16 6 4a secondary particle <1
20050808 68 0.04350 0.0001 22 6 6 secondary particle 1.9
20050808 69 0.04250 0.0002 −3 6 4a secondary particle 1.1
20050808 71 0.04275 0.0001 7 6 9 biological particles 6.8
20050808 72 0.04347 0.0001 24 6 4b secondary particle 3.5
20050808 73 0.04303 0.0002 8 6 4a secondary particle <1
20050808 74 0.04269 0.0002 37 6 5 dried droplet 21.5
20050808 75 0.04290 0.0001 23 6 9 biological particles 10
20050808 76 0.04280 0.0003 14 6 4b mixed sulfates 7.3
20050808 77 0.04338 0.0001 19 6 4b secondary particle 5.0
20050808 78 0.04210 0.0002 7 6 9 mixed sulfates/silicate 9.7
200511 23 0.04405 0.0001 15 6 4a not identified <1
4@2 0.04359 0.0002 0 7 4a secondary particle <1
4@3 0.04334 0.0002 −6 7 4a secondary particle <1
200511 28 0.04350 0.0002 2 7 4a dried droplets 2.5
200511 29 0.04350 0.0002 33 9 5 gypsum, secondary particle 7.5
200511 31 0.04431 0.0001 39 6 5 gypsum ,secondary particle <1
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Table 8. Continued.

Grain spot 34S/32S ±1σ δ34S ±1σ group description diameter
[‰] [‰] [µm]

Filter 4: 17.–18. August

200510 8 0.04384 0.0003 18 7 5 gypsum. secondary particle 3.1
200510 9 0.04344 0.0002 4 6 5 gypsum, secondary particle <1
200510 10 0.04447 0.0003 28 7 5 gypsum, secondary particle <1
200510 11 0.04288 0.0001 −12 4 4a secondary particle 2.3
200510 12 0.04315 0.0002 −9 6 3a silicate with coating <1
200510 15 0.04301 0.0001 −12 4 4a secondary particle <1
200510 16 0.04364 0.0001 7 4 4b secondary particle <1
200510 17 0.04319 0.0001 −8 3 4a secondary particle <1
200510 19 0.04404 0.0001 18 3 5 gypsum, secondary particle <1
200510 20 0.04356 0.0002 1 4 4b secondary particle <1
200510 21 0.04286 0.0002 −9 6 5 gypsum, secondary particle <1
200510 22 0.04374 0.0002 11 5 5 gypsum, secondary particle <1
200510 23 0.04381 0.0001 13 4 5 gypsum, secondary particle <1
200510 24 0.04368 0.0001 4 3 3a silicate with coating <1
200510 25 0.04389 0.0002 15 5 5 gypusm, secondary particle <1
200510 26 0.04352 0.0001 2 4 3a silicate with coating 1.4
200510 27 0.04369 0.0002 6 5 3a silicate with coating 1.8
200510 28 0.04321 0.0001 −2 4 3a silicate with coating 3.7
200510 35 0.04367 0.0002 9 5 5 gypsum, secondary particle <1
200510 36 0.04358 0.0002 7 4 5 gypsum, secondary particle <1
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Table 8. Continued.

Grain spot 34S/32S ±1σ δ34S ±1σ group description diameter
[‰] [‰] [µm]

Filter 5: 18.–19. August

20050830 42 0.04368 0.0001 11 5 5 gypsum, secondary particle <1
20050830 44 0.04287 0.0003 −13 7 6 secondary particle <1
20050830 46 0.04309 0.0001 −2 5 5 gypsum, secondary particle <1
20050830 47 0.04313 0.0002 −1 6 5 gypsum, secondary particle <1
20050830 48 0.04313 0.0001 2 5 3a silicate with coating +sec. particle 2.4
20050830 49 0.04266 0.0002 −17 6 4a secondary particle <1
20050830 50 0.04300 0.0001 16 4 3a silicate with coating 12.7
20050830 51 0.04283 0.0001 −4 5 6 secondary particle 2.6
20050830 52 0.04321 0.0001 −3 5 3a iron oxide + sulfate coating 1.8
20050830 53 0.04339 0.0001 17 5 3a silicate with coating 9.2
20050830 53 0.04240 0.0001 −1 5 6 Na− sulfate 10.1
20050830 56 0.04323 0.0001 23 5 6 Ca-phosphate/sulfate 13.6
20050830 57 0.04316 0.0001 19 4 9 biological particles + secondary particles 10.4
20050830 58 0.04330 0.0001 3 5 5 gypsum, secondary particle <1
20050830 59 0.04261 0.0001 −13 5 <1
20050830 60 0.04274 0.0001 −10 5 <1
20050830 61 0.04352 0.0002 9 5 3a silicate with coating 1.3
20050830 62 0.04349 0.0001 1 5 4b secondary particle <1
20050830 63 0.04343 0.0001 17 4 9 pollen 4.5
20050830 64 0.04341 0.0001 −1 5 4b secondary particle <1
20050830 65 0.04329 0.0001 −4 5 4a secondary particle <1
20050830 66 0.04387 0.0001 16 5 5 gypsum, secondary particle <1
20050830 68 0.04378 0.0002 7 6 4b secondary particle <1
20050830 69 0.04306 0.0001 −3 5 5 gypsum, secondary particle <1
20050830 71 0.04352 0.0002 8 5 5 gypsum, secondary particle <1
200511 21 0.04400 0.0001 12 6 4b secondary particle <1
200511 22 0.04397 0.0002 12 6 4b secondary particle <1
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Table 8. Continued.

Grain spot 34S/32S ±1σ δ34S ±1σ group description diameter
[‰] [‰] [µm]

Filter 7: 20.–22. August

20050830 5 0.04316 0.0001 1 4 3a silicate with coating 5.0
20050830 6 0.04286 0.0001 −11 5 4a secondary particle 2.2
20050830 7 0.04332 0.0001 9 4 3a silicate with coating 7.5
20050830 8 0.04367 0.0001 16 4 5 gypsum primary 3.2
20050830 9 0.04363 0.0001 3 5 4a secondary particle <1
sple@6 0.04397 0.0001 20 5 5 iron oxide + secondary gypsum 1.5
sple@2 0.04364 0.0001 15 4 5 gypsum primary 3.2
sple@3 0.04377 0.0001 10 5 4b secondary particle 1.9
sple@4 0.04356 0.0001 10 4 6 secondary particle <1
20050830 11 0.04375 0.0002 13 6 5 secondary gypsum <1
20050830 12 0.04360 0.0002 9 6 5 secondary gypsum <1
20050830 13 0.04387 0.0003 9 7 4a secondary particle <1
20050830 14 0.04433 0.0001 26 5 5 thin layer of secondary gypsum 6.5
20050830 15 0.04417 0.0001 22 4 5 thin layer of secondary gypsum 4.6
20050830 16 0.04360 0.0001 26 5 9 pollen 8.0
20050830 17 0.04416 0.0002 25 6 5 secondary gypsum 1.9
20050830 18 0.04430 0.0001 28 4 5 iron oxide + sulfur coating 1.5
20050830 19 0.04392 0.0001 17 5 5 secondary gypsum <1
20050830 21 0.04366 0.0001 21 4 5 primary gypsum + silicate 6.2
20050830 22 0.04359 0.0001 10 4 5 secondary gypsum <1
20050830 23 0.04369 0.0001 12 5 5 secondary gypsum <1
20050830 24 0.04365 0.0001 24 5 5 coating on silicate particle 8.1
20050830 26 0.04389 0.0002 18 6 5 secondary gypsum 1.4
20050830 27 0.04410 0.0003 15 7 4b secondary particle <1
20050830 28 0.04407 0.0002 20 6 5 secondary gypsum <1
20050830 29 0.04441 0.0003 22 7 4b secondary particle <1
20050830 30 0.04352 0.0001 12 5 6 carbon, oxygen, extremely hard 6.5
20050830 31 0.04443 0.0001 30 5 3a coating on silicate 5.2
20050830 32 0.04426 0.0001 20 5 4b gypsum + ammonium silicate 1.2
20050830 33 0.04346 0.0001 7 5 3a coating on silicate 4.8
20050830 34 0.04356 0.0001 13 5 3a coating on silicate 6.9
20050830 35 0.04415 0.0001 25 5 6 coating on silicate 1.8
200511 15 0.04371 0.0002 3 7 4a secondary particle 1.4
200511 16 0.04366 0.0002 8 7 5 secondary gypsum <1
200511 17 0.04349 0.0001 −2 6 4a secondary particle <1
200511 18 0.04383 0.0002 7 7 4a secondary particle 1.0
200511 19 0.04350 0.0001 4 6 6 secondary particle <1
200511 20 0.04347 0.0001 4 6 5 secondary gypsum <1
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Table 8. Continued.

Grain spot 34S/32S ±1σ δ34S ±1σ group description diameter
[‰] [‰] [µm]

Filter 8: 22.–23. August

200511 6 0.04366 0.0001 9 6 4b ammonium sulfate 4.9
200511 7 0.04377 0.0001 22 6 3a silicate 7.3
200511 8 0.04386 0.0001 13 6 4b ammonium sulfate 4.5
200511 9 0.04342 0.0001 5 6 5 gypsum needle 1.4
sample@1 0.04285 0.0002 3 7 3a ammonium sulfate + silicate 12.7
sample@2 0.04351 0.0001 9 6 4b ammonium sulfate 6.9
sample@3 0.04193 0.0001 −15 6 4b gypsum + ammonium sulfate 12.7
sample@4 0.04352 0.0001 7 6 5 gypsum needle 1.8
200511 10 0.04372 0.0001 11 6 5 secondary gypsum 1.4
200511 11 0.04401 0.0001 17 6 6 secondary mixed sulfate 2.7
200511 12 0.04370 0.0001 11 6 4b ammonium sulfate 5.3
sample@5 0.04410 0.0001 27 6 5 large gypsum needle 5.5
sample@6 0.04343 0.0002 2 7 6 secondary particles 1.9
sample@7 0.04307 0.0002 −1 7 3a gypsum needle and silicate particle 3.1
sample@8 0.04308 0.0001 −2 6 5 gypsum needle 1.9
sample@9 0.04374 0.0003 13 9 4b coarse mode ammonium sulfate 5.8
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Fig. 1. The sulfur isotopic signature of the source SO2 is changed during homogeneous (gas
phase) and heterogeneous (aqueous phase) oxidation. Provided that the isotopic composition
of source SO2 is known and no water-soluble primary sulfate acted as cloud condensation
nuclei, the relative contribution of condensations of gaseous sulfuric acid onto the droplet and
heterogeneous oxidation in the droplet can be calculated. The isotopic composition of source
SO2 can be estimated from particles that derive from gas to particle conversion, such as fine
mode ammonium sulfate.

9396

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/9347/2008/acpd-8-9347-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 9347–9404, 2008

Sulfur isotope
analyses of individual

aerosol particles

B. Winterholler et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 2. Overview over the sampling location and major stationary sources of aerosol particles
and SO2 in Mainz (Map courtesy of Google EarthTM maping service). The geographic co-
ordingates are: MPI Mainz 49◦59′31′′ N, 8◦14′15′′ O; Mainz University 49◦59′32′′ N, 8◦14′28′′ O;
Goetheplatz 50◦00′38′′ N, 8◦15′15′′ O; Parcus Strasse 50◦00′04′′ N, 8◦15′40′′ O; Zitadelle
49◦59′36′′ N, 8◦16′27′′ O; Mombach 50◦01’06′′ N, 8◦13′13′′ O; cement works 50◦02′53′′ N,
8◦16′12′′ O and 49◦58′24′′ N, 8◦19′03′′ O; limestone mine 49◦58′07′′ N, 8◦17′56′′ O; munic-
ipal waste incineration plant 50◦01′35′′ N, 8◦14′16′′ O; gas fired power plant 50◦01′33′′ N,
8◦14′14′′ O; glass production 50◦01′23′′ N, 8◦14′24′′ O and 50◦01′56′′ N, 8◦14′52′′ O; coffe roast-
ing 50◦01′38′′ N, 8◦13′34′′ O.
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Fig. 3. (a) Samples with backward trajectories reaching Mainz from the north and north-west
that show no signs of extensive in-cloud processing. (b) Samples with backward trajectories
reaching Mainz from the north and north-west that show strong signs of in-cloud processing
such as dried droplets, long secondary needles and coarse-mode ammonium sulfate particles.
(c) Samples with backward trajectories reaching Mainz from west to north-west. (d) Samples
with backward trajectories reaching Mainz from the east.
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Fig. 4. BaSO4 standard grain illustrating the analytical procedure. Particles are documented
with help of the SEM before (a) and after SIMS analysis (b). SEM conditions: EHT 10 keV,
WD 9 mm, scale bar 2µm. SIMS conditions: Field of view 2µm×2µm, simultaneous collection
of 16O−, 32S−, 33S−, 34S− and 36S−, Cs+ primary ions, 1 pA primary current, 100 nm beam
diameter. The black square on SEM image (b) is the area were the filter material was sputtered
away during analysis and indicates the exact position of the SIMS measurement field.
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Interactive DiscussionFig. 5. SEM images and typical EDX spectra for all particle groups (except 9 and 10) and
images of selected primary particle.
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Fig. 6. Overview over all samples. SEM conditions: EHT 10 keV, working distance 9 mm. Scale
bars are 25µm.
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Fig. 7. Fly ash particles before and after SEM analysis. Working distance 11 mm, EHT 10 keV.
The black square on the right SEM image is the area was the filter material was sputtered away
during analysis and indicates the exact position of the measurement field. The gypsum needle
associated with the fly ash was sputtered away completely, while the rest of the fly ash was
resistant enough to survive analysis.
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Fig. 8. Relative contribution of different oxidation pathways and precursor deposition to SO2
removal. The annual average of 12 global 3-D models (Penner et al., 2001) is compared with
the relative contribution of gas phase and aqueous phase oxidation on mostly sunny August
days in Mainz. Approximately 3% of SO2−

4 is found in primary particles.
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Fig. 9. Dependence of δ34S of source SO2 on the wind direction.
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