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bstract

The sulfur isotopic compositions of barite (BaSO4), anhydrite (CaSO4), gypsum (CaSO4·2H2O), mascagnite ((NH4)2SO4), thenardite (Na2SO4),
oetite (K2SO4), epsomite (MgSO4·7H2O), magnesium sulfate (MgSO4·xH2O) and cysteine (an amino acid) were determined with a Cameca
anoSIMS 50 ion microprobe employing a Cs+ primary ion beam and measuring negative secondary ions. This ion microprobe permits the analysis
f sulfur isotope ratios in sulfates on 0.001–0.5 ng of sample material, enabling the analysis of individual S-bearing particles with diameters as
mall as 500 nm. The grain-to-grain reproducibility of measurements is typically 5‰ (1σ) for micron-sized grains, <5‰ for submicron-sized
rains down to roughly 500 nm, and <2‰ for polished thin sections and ultra microtome sections which were studied for comparison. The role
f chemical composition (matrix effect) and sample preparation technique on the instrumental mass fractionation (IMF) of the 34S/32S ratio in

he NanoSIMS has been investigated for different sulfates and one amino acid. The IMF varies by ∼15‰ between the standards studied here,
nderlining the importance of a good understanding of the matrix-specific IMF correction in order to get precise S isotope data for very small
amples such as aerosol particles. A good correlation between IMF and ionic radius of the cations in sulfates was found, permitting inference of
MF corrections for sulfates for which no isotope standards are available.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Sulfur isotope analysis of atmospheric aerosol is a well estab-
ished tool for identifying sources of sulfur in the atmosphere,
stimating emission factors, and tracing the spread of sulfur from
nthropogenic sources in terrestrial ecosystems [1]. Single par-
icle techniques of isotope analysis can enhance the power of
his tool by providing complementary chemical, mineralogical,

orphological and isotopic information on individual aerosol

articles [2].

In recent years, analysis of sulfur isotope ratios by SIMS
ion microprobe) has become a standard tool for the study of
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eological samples and meteorites. Analytical procedures for
he analysis of sulfur isotope ratios with the Cameca IMS1270
3,4], Cameca IMSxf [5–11], SHRIMP [12–16] and NanoSIMS
17] have been developed. Except for the NanoSIMS analysis
f interplanetary dust particles these studies were made with
spatial resolution of down to 20 �m and typically consumed

ome 1–5 ng of sample material. However, the bulk of atmo-
pheric aerosol particles is around 1 �m in diameter and contains
pproximately only 0.002 ng of sample material per particle.
he new Cameca NanoSIMS 50 ion microprobe can perform
ulfur isotope analysis of individual particles down to 500 nm in
iameter with as little as 0.001 ng of sample material (0.02 pg S).
his performance is critical for the analysis of individual aerosol
articles. In an earlier study [2] it was shown that the typical

eproducibility of the NanoSIMS 50 ion microprobe technique
or S isotope measurements of individual, micrometer-sized
rains is 5‰ (1σ), and around 2‰ (1σ) for S-bearing miner-
ls in polished sections and ultra microtome sections. As shown

mailto:winterho@mpch-mainz.mpg.de
dx.doi.org/10.1016/j.ijms.2008.01.003
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Table 1
Typical precisions for 34S/32S ratio measurements by conventional (gas-source) techniques, conventional SIMS, and NanoSIMS

Phase Conventional techniques SIMS

Precision (1σ) Sample size Reference Precision (1σ) Sample size (ng) Reference

Sulfides Combustion ±0.1‰ 0.02–1 mg [31–34] IMS ser. ±0.25–1‰ 1–5 [4–7,11,18,22]
Laser ICP-MS ±0.2‰ 0.1 mg [35] SHRIMP ±1‰ 10 [12,13,16,36]
Laser gas-source ±0.2‰ 0.2 �g [37] NanoSIMS ±2–5‰ 0.001–0.05 [2,17]
TIMS ±0.1‰ 0.1 mg [38]

Sulfates Combustion ± 0.1‰ 0.3–1 mg [31–34] SHRIMP ±2‰ 10 [12,16]
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ater in this study, precision levels are a strong function of grain
ize and sample preparation method, and uncertainties are high
ompared to conventional analysis techniques (Table 1). How-
ver, it should be noted that the conventional analysis of aerosol
articles gives an averaged isotopic composition of bulk samples
hich may consist of many different types of aerosol particles

nd, therefore, masks the individual isotopic signatures. Only the
ew single particle technique presented here gives information
ertaining to the variation in isotopic signature of the individual
articles that make up the bulk samples [2]. It provides additional
egrees of freedom in the interpretation of results by differenti-
ting between primary sulfate particles and secondary sulfate
articles deriving from gas to particle conversion, heteroge-
eous reactions on deliquescent particles or in-cloud processing
ased on particle chemistry and morphology and isotopic
ignature.

In order to apply the new NanoSIMS technique to the
tudy of atmospheric aerosol, the matrix-specific instrumental
ass fractionation (IMF) [12,18] of a large number of aerosol

elevant minerals, especially sulfates, needs to be studied. Pre-
ious research has focused on the IMF of sulfide minerals
7,12,15–20]. Studies including the investigation of the matrix-
ependent IMF of sulfates and glasses by Cs+ sputtering are few
nd were performed using SHRIMP [12,16] and Cameca IMS
270 [19] instruments under high mass resolution conditions or
sing an extreme energy filtering technique on a Cameca IMS6f
11]. Due to the limited sample material available in aerosol
rains, a high mass resolution (HMR) approach is favorable
or the analysis of aerosol samples. In the NanoSIMS, unlike
ameca IMSxf instruments, the useful ion yield is high even
nder high mass resolution conditions, while the energy filter-
ng technique would result in a strong decrease of the useful ion
ield.

The work presented here focuses on S isotopic measurements
ith the Cameca NanoSIMS 50 ion microprobe and explores the

elationship between the matrix-specific IMF of the S isotopes in
ifferent sulfates, which is essential for the study of atmospheric
erosols. This is the first step towards establishing an easy-to-
se method to correct the IMF of sulfur isotopes measured by
anoSIMS in atmospheric aerosols. In this paper we investigate
he grain-to-grain reproducibility and accuracy of single particle
ulfur isotope analysis for different sample preparation methods
uitable for atmospheric aerosol particles and study the matrix
ependence of the IMF on a set of 9 different matrices.

w
e
r
h

IMS ser. ±2‰ [11,19]
NanoSIMS ±2–5‰ 0.001–0.2 [2]

.1. Instrumental mass fractionation in SIMS analysis

Instrumental mass fractionation occurs at several stages dur-
ng SIMS analysis, including sputtering, ionization, extraction,
ransmission of the secondary ions through the mass spectrome-
er and secondary ion detection, and comprises mass-dependent
s well as mass-independent effects. The effects related to the
puttering process, the ionization and extraction are matrix-
ependent and might also depend on the sample preparation
ethod and grain topography. Effects related to the transmis-

ion of secondary ions through the mass spectrometer depend
n instrument tuning and are largely constant throughout an
nalytical session. Effects related to the use of electron multi-
liers for sulfur isotope analyses with the NanoSIMS depend
n the tuning of the different electron multipliers (HV, pre-
mplifier/discriminator settings, quantum efficiency of the first
ynode). In the multi-collection measurement mode this results
n different detection efficiencies for the different isotopes. High
count rates lead to electron multiplier aging over an analytical

ession, thereby continually decreasing the detection efficiency
f the detector with which 32S is measured.

Mass-dependent fractionation discriminates in favor of the
ighter isotope 32S and occurs during the sputtering process itself
18], during extraction in the reaction zone above the sample
21], and during transmission in the mass spectrometer [21].
ervig [20] has shown that the IMF of S-isotopic ratios is a

trong function of the initial kinetic energy of the secondary ions,
pecifically for secondary ions with low initial kinetic energy
<10 eV). This may explain the high sensitivity of the IMF in the
MR approach to small changes in the extraction field geometry

22] as well as to changes in the sample matrix [18] when low-
nergy ions are measured. Previous studies of S-isotopic ratios
ave shown that variations in the IMF of the S isotopes due to
atrix effects are of the order of a few percent, which is compa-

able to the expected range of 34S/32S ratios in aerosol samples.
herefore, knowledge of the matrix-specific IMF for all relevant
erosol mineral phases is essential for obtaining accurate results.

Mass-independent effects discriminate against the most
bundant isotope, 32S, and are related to the use of electron
ultipliers [23]. The effect of electron multiplier dead time is

ell known and can be corrected [23]. The same applies for

lectron multiplier aging [21], which can also be properly cor-
ected. Quasi-simultaneous arrival (QSA) [23,24], however, is
ard to correct and its influence on the S isotope measurements
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hould be minimized by keeping the transmission of the mass
pectrometer comparatively low or by using a Faraday cup as
he ion detector for the most abundant isotope. The latter pos-
ibility does not work for the analysis of submicrometer- and
icrometer-sized grains because the 32S secondary ion signal is

oo low. The effect of QSA is clearly visible in the NanoSIMS
ecause of the high ionization and collection efficiency of sulfur.
he ratio of secondary ions ejected to the number of impacting
rimary ions may be as high as 20% in extreme cases. In such
onditions, the probability of getting more than one secondary
on of an abundant isotope per primary impact is not negligible.
imultaneously emitted ions of the same isotope may arrive at
early the same time on the conversion dynode of the electron
ultiplier and are registered as a single pulse. Therefore, the

egistered number of counts for the most abundant isotope is
lightly lower than the actual number of incoming ions.

. Materials and methods

.1. NanoSIMS measurements

The S isotope measurements were performed with the
ameca NanoSIMS 50 ion microprobe at the Max Planck

nstitute for Chemistry in Mainz. This instrument is charac-
erized by a lateral resolution superior to that of the Cameca
MSxf and 1270/80 instruments (<100 nm for Cs+ primary ions),
igh transmission for secondary ions (typically several 10%
or isotope measurements of the light-to-intermediate-mass ele-
ents) and multi-collection capabilities (up to 5 isotopes can

e analyzed simultaneously) [25]. It was installed at the Max-
lanck-Institute for Chemistry in 2001 and has been extensively
pplied to the study of extraterrestrial materials (e.g., [26–28]).
he application of the NanoSIMS to problems in atmospheric
hemistry started only recently [2].

The data in this study were obtained in multi-collection detec-
or mode by sputtering the sample with a ∼1 pA Cs+ primary ion
eam focused into a spot of ∼100 nm diameter. The primary ion
eam was rastered over 2 × 2 �m2 around the center of individ-
al grains, irrespective of grain size. Each analysis comprised
00 s of pre-sputtering and integration of secondary ion signals
ver 1200 cycles of 1 s each. Samples were coated with gold
with the exception of certain experiments for sample prepara-
ion method #1, see below) and energy centering was used to
ompensate for charging. The NanoSIMS is equipped with an
lectron gun for charge compensation which, however, was not
sed, for the following reasons: Certain sulfates, e.g., ammo-
ium sulfate, decompose rapidly under electron bombardment.
ince ammonium sulfate contributes significantly (20–60%) to

he total aerosol sulfate in most aerosol samples a measurement
rocedure involving the electron gun is problematic for most
erosol samples. However, charging is not a severe issue for the
pplication of the method to atmospheric aerosol particles as
ost atmospheric sulfate particles are found in the accumulation

ode (0.1–2.5 �m diameter) and show no significant charging.
or larger grains, where charging may occur, our measurements
how that sufficiently precise corrections on the 34S/32S ratio
an be made.
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t
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Secondary ions of 16O−, 32S−, 33S−, 34S−, and 36S− were
imultaneously detected in five electron multipliers at high mass
esolution. Secondary ion count rates varied from 500 cps to
0,000 cps for 32S depending on grain size, grain matrix and
rain topography. The detector deadtime is 36 ns and the S−
ount rates were corrected accordingly. Typically, deadtime cor-
ections are smaller than 1‰ and never exceeded 2‰ for 32S.
ow-energy secondary ions were collected. In order to reduce

he QSA effect on the S isotope ratio measurements, the trans-
ission was set to ∼15–20%, lower than would have been

ecessary to achieve a mass resolution sufficient to separate
3S from the 32SH interference. The transmission was set to
5–20%, by sputtering a 10 �m field on a polished section or a
arge grain until a stable count rate was achieved with all slits
f the mass spectrometer wide open. Then the energy, entrance,
nd aperture slits were closed in the order mentioned to decrease
he secondary ion count rate to 15–20% of the original value.
ypically this was accomplished by setting the energy slit at
bandpass of 20 eV, in combination with a 20 �m × 140 �m

ntrance slit and a 150 �m × 150 �m aperture slit. Under these
nalytical conditions, the number of secondary ions per primary
on impact K is typically 0.002–0.003 for CaSO4, Ca SO4·2H2O,

gSO4, MgSO4·7H2O, (NH4)2SO4 and cysteine. Using the for-
ula derived based on poisson statistics by Slodzian et al. [24],

he IMF due to the QSA effect is typically 1‰ to 1.5‰ for these
amples. Only three matrices show a higher contribution of QSA
o the IMF, namely, BaSO4 (K = 0.006, 3‰), K2SO4 (K = 0.008,
‰), and Na2SO4 (Kcorr = 0.0136, 6.8‰). Relative to BaSO4,
ur standard for data normalization (see below), uncertainties in
he IMF of 34S/32S due to QSA are thus estimated to be smaller
han ±2‰; only for Na2SO4 it is somewhat higher.

Two commercially available isotope standards (IAEA-SO5,
AEA-SO6) with certified composition, and seven synthetic sul-
ates and one amino acid with known but uncertified S-isotopic
omposition (Table 2) were used to study the matrix dependence
f the IMF and to explore different sample preparation meth-
ds. The synthetic sulfates are not guaranteed for homogeneity
n isotopic composition by the producer, but from the produc-
ion pathway it is justified to assume a homogeneous isotopic
omposition. The sulfur isotope ratios of these standards were
easured in two laboratories by conventional gas-source mass

pectrometry (see Section 2.3). Several standards were analyzed
n both laboratories.

This study concentrates on the 34S/32S ratio as the precision
f the 33S/32S and 36S/32S ratios in small particles is limited.
easurement of 16O− turned out to be useful to identify the

ulfates in the ion images.
The influence of the sample preparation method on the repro-

ucibility of the S-isotopic analysis was tested, because one of
he challenges in the analysis of coarse grained (micron-sized)
amples is that not all measurement parameters are under the
ontrol of the operator. The extraction field geometry and the
egree of charging can vary considerably from grain to grain or
ven within the same grain. This affects the angular and energy

istribution of secondary ions and thus their trajectories through
he mass spectrometer, which can lead to variations in the IMF.
hoosing an appropriate sample preparation method is the only
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Table 2
Calculated chemical composition (assuming ideal formula) and δ34S values of standard minerals

Atom (%) BaSO4 (NH4)2SO4 CaSO4·2H2O CaSO4 K2SO4 Na2SO4 MgSO4·xH2O 1–2 wt.% H2O MgSO4·7H2O Cysteine

S 16.7 6.7 8.3 16.7 14.3 14.3 16.3 4.8 26.7
O 66.7 26.7 50.00 66.7 57.1 57.1 65.9 40.7 26.6
N 13.3 11.7
C 30.0
H 53.3 33.3 1.4 51.9 5.0
Ba 16.7
Ca 8.3 16.7
K 28.6
Mg 16.3 4.8
N
δ 8
[
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a
34SVCDT SO-5 + 0.5 +2.9 +9.9 +6.6 9.
‰] SO-6 −34.1

ay to minimize these variations. The effect of this is demon-
trated by an analysis performed on two CaSO4 grains in Fig. 1.
rain B (bottom) shows the common case, in which areas in the

enter of a larger flat grain (denoted by 2 in the SEM image)
how lower secondary ion intensities due to increased charging

ompared to the grain rim (denoted by 1). Grain A in Fig. 1
top) exhibits a complex topography. There are planes perpen-
icular to the incoming primary ion beam (denoted by 1 in the
EM image), which show high secondary ion intensities, even

S
e
m
t

ig. 1. Secondary electron microscopy and NanoSIMS ion images of two anhydrite
hat for grain B 4 �m × 4 �m. The position of the NanoSIMS analysis field on grain A
igh secondary ion intensity, “2” denotes areas with low secondary ion intensity in b
28.6
5.4 −0.8 3.1 21.7

hough they are closer to the center of the grain and may be
xpected to show more charging. Tilted planes (denoted by 2)
how considerably lower secondary ion intensities. These dif-
erent behaviors are also reflected in the shape of the peaks when
o-called “Secondary ion beam centering” (SIBC) is done. With

IBC the voltages on 3 deflection plate pairs in front of the
ntrance slit of the mass spectrometer are optimized to get the
aximum secondary ion intensity. When performing a horizon-

al SIBC (varying deflector Cy) on the analysis area marked by

grains. The field of view in the NanoSIMS image for grain A is 3 �m × 3 �m,
has been marked (black rectangle) in the SEM image. “1” denotes areas with

oth SEM images.
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Fig. 2. 32S intensity in different regions of grain A (see Fig. 1) as a function of
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he deflection plate voltage, Cy. Region inside the rectangle in the SEM image
f grain A (Fig. 1): black. Region on flat surface in grain A: grey. See text for
etails.

he black rectangle in Fig. 1, a pronounced shoulder on the left
ide of the main peak is seen (Fig. 2, black curve), reflecting
he complex topography of this analysis area. In contrast, the
IBC performed on a flat, horizontal analysis field, located only
�m to the right on the same grain, shows one narrow peak only

Fig. 2, grey curve). As can be seen from Fig. 2, not only the
hape of the peaks different, but also the signal intensity and the
osition of the maximum. The latter underlines the importance
f performing SIBC on each analyzed grain in addition to the
nergy and magnetic field centering which is commonly done.

This demonstrates that the charging and topography of grains
resent extreme challenges for precise S-isotopic measurements,
n particular for the HMR technique, which has inherent limi-
ations. For analyses on polished sections, Riciputi [22] found

point-to-point reproducibility of 0.5‰ for 34S/32S ratios as
ompared to 0.32‰ predicted by counting statistics for differ-
nt spots on the same polished section. The reproducibility of
4S/32S ratios increased to 2.1‰ for the same standard mounted
n several different polished sections. A better reproducibility

ay be achievable with the NanoSIMS if 32S is measured with a

araday cup. For grainy substrates, however, where grain charg-

ng and topography introduces additional uncertainties, the limit
or the accuracy that can be reached for 34S/32S ratios is ≥2‰
see below), even if the grains that are analyzed and the posi-
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ion of the analysis field on the grain are chosen with utmost
are.

The topographic and charging effects may vary according to
he sample preparation method. Therefore, we have explored
he influence of the following four different sample preparation
echniques on the IMF (Fig. 3):

. Individual grains placed on gold-coated Nuclepore® filters
to simulate the common experimental setup for the sampling
of aerosol grains

. Individual grains pressed into gold-coated Nuclepore® filters

. Individual grains pressed into ultra-clean gold foils or onto
stainless steel

. Large (>15 �m) assemblies of grains pressed into ultra-clean
gold foils

.2. Sample preparation

.2.1. Sample preparation method #1: individual grains
laced on Nuclepore® filters

Aerosol samples for single particle analysis are typically
ollected on filters, such as Nuclepore® filters. As the filter back-
round sulfur content is low, samples can be analyzed directly
n this (Au-coated) filter. The integrated background contribu-
ion from the S− signal on the empty filter is in most cases
elow 1% of the integrated S− signal of individual aerosol par-
icles [2]. Only if the particle thickness is <300 nm or the grain
ize <600 nm, the background contribution can be up to 10%
f the total S− signal. To facilitate the SIMS analysis and to
revent charging, filters are coated with gold from both sides
efore sample collection. In order to study the IMF of sulfur in
ifferent minerals under the same conditions as the real sam-
les, standards were ground into fine powder and single grains
f a given standard were placed on a Nuclepore® filter using
micro-manipulator. Grains were separated carefully in order

o guarantee the analysis of individual grains. All filters, each
ontaining different standards, were cut and one piece each was
ounted on the same aluminum holder with Pelco conductive

arbon tape. Two types of samples were prepared: (A) Coating
f the grains with gold to ensure sufficient surface conductivity
f the larger grains. (B) No coating of the grains with gold. Prior
o ion microprobe analysis, the samples were characterized by
canning electron microscopy (LEO 1530 FESEM) and energy
ispersive X-ray spectroscopy (Oxford Instruments EDX) to
haracterize the mineralogy (matrix), size and shape of indi-
idual grains. Grains with sizes between 1 �m and 15 �m were
elected for analysis. The major advantages of type B samples
re (i) that the identification and classification of grains by EDX
s more accurate, as the gold interference on spectral lines of
ulfur is less, and (ii) that carbonaceous aerosol grains can be
dentified as the carbon signal of the grains is strong compared to
he carbon signal of the underlying polycarbonate filter which

s shielded by the first gold coating. However, the major dis-
dvantage of uncoated grains is that even comparatively small
ulfate grains with diameters of <2 �m show an increased IMF
n 34S/32S (Table 3) and a deteriorated grain-to-grain repro-
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ig. 3. Secondary electron microscope images of CaSO4 standards illustrating
eft, and #4: lower right).

ucibility (Table 4). For larger grains the charging becomes so
ignificant that successful analysis is no longer possible. There-
ore, a gold coating on the particles is clearly preferred.

.2.2. Sample preparation method #2: individual grains
ressed into Nuclepore® filters
The powdered standards were placed on Nuclepore® filters
ccording to method #1. Subsequently, the grains were pressed
nto the filter with a stainless steel stamp. In this way, the grains
re partly embedded into the filter substrate and topographic

2
p

f

able 3
atrix-specific IMF of δ34S relative to BaSO4 in eight sulfates and one amino acid f

atrix #1 σ #2 σ #3

aSO4 (IAEA SO5/O6) 0.8 0.6 −1.3 1.2 −1.0
aSO4 −10.5 2.4 −8.3 1.9 −8.6
aSO4·2H2O −9.4 1.5 −10.1 2.2 −9.9

NH4)2SO4 −3.4 2.6
a2SO4 −11.6 1.7

2SO4 −13.9 1.6
gSO4·xH2O −15.7 2.1
gSO4·7H2O −13.8 1.7
ysteine −13.5 1.7

ote: the IMF correction factor for BaSO4 is the weighted average of both IAEA SO
ession. For that reason the calculated IMF of individual sample preparation method
etermined in different measurement sessions. Predicted values are based on a relatio
fferent sample preparation methods (#1: upper left, #2: upper right, # 3: lower

ffects are reduced. The further sample preparation is identical
o that in method #1 (with Au coating of grains). The aim of this
pproach was to investigate whether comparatively flat samples
ill give a better reproducibility than the samples prepared with
ethod #1.
.2.3. Sample preparation method #3: individual grains
ressed into gold foil or onto the stainless steel

The powdered standards were mounted on an ultra-clean gold
oil at predefined locations. The imprint of a grid-pattern on the

or different sample preparation methods

σ #4 σ Not Au-coated Predicted

#1 σ

0.9 −0.4 0.3 −6.0 2.1 −1.1
0.5 −21.1 1.0 −9.4
0.5 −9.4

−6.9 2.4 −1.1
−11.1
−3.3

−15.6
−15.6

-5 and IAEA-SO-6 for all sample preparation methods used in any particular
s can deviate slightly from 0. σ is the error of the weighted mean of the IMF
nship between measured δ34S and ionic radius of cations in the sulfates.
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Table 4
Grain-to-grain reproducibility σR (see Eq. (6)) of measured δ34S values in different samples and for different sample preparation methods

Matrix #1 #2 #3 #4 #1 not Au-coated Thin and TEM section

BaSO4 5.1 4.2 4.2 3.5 6.3
CaSO4 4.2 6.2 3.4 1.8
CaSO4·2H2O 3.4 2.3 4.4
(NH4)2SO4 7.1 4.2
Na2SO4 7.1
K2SO4 8.0
MgSO4·xH2O 5.6
MgSO4·7H2O 8.1
C
M
I

s
s
f
a
m
a
w
g
a
r
e
f
d
o

2
g

#
f
m
a
f
a
s
c
b
a

2

2
(

S
o
t
i
(
s
g
w

g
r
M
M

2

D
w
I
L
C
C
t
6
o
d
t
N
H
i
a
p

2
(

M
e
M
D
d
f
t
p
l
a
S

ysteine 6.7
undrabilla Troilite (thin section)

nterpl. dust particle (ultra microtome section)

urface of the Au foil facilitates the relocation of the grains
elected for NanoSIMS measurements. The grains were trans-
erred with a micro-manipulator and pressed into the gold with
stainless steel stamp. In the same manner, standards were also
ounted directly onto the clean stainless steel sample holder

round aerosol filter samples. The whole mount was then coated
ith gold to ensure sufficient surface conductivity of the larger
rains. Prior to ion microprobe analysis, the samples were char-
cterized by SEM/EDX. Experiments involving the transfer of
eal aerosol samples onto gold foils have been performed to
stablish the feasibility of this approach. However, the trans-
er of individual aerosol particles is so time-consuming that it
ecreases the sample throughput significantly making this type
f sample preparation unattractive.

.2.4. Sample preparation method #4: large assemblies of
rains pressed into gold foil

This sample preparation method is identical to method
3 except that large (>15 �m) grain assemblies were trans-
erred to the Au foil. The transfer of individual grains with a
icro-manipulator is very labor intensive. Handling of larger

ssemblies of grains that adhere to each other is much easier and
aster. Therefore, if different standards with sufficiently large
rea for SIMS analyses need to be put together with the aerosol
amples, this is the quickest technique. However, this approach
an only be used if the IMF of S-isotopic ratios in larger assem-
lies of grains are comparable to that of individual grains, as the
erosol samples will usually consist of well separated particles.

.3. Description and composition of standards

.3.1. Barite (BaSO4), thenardite (Na2SO4), and boetite
K2SO4)

Barium sulfate isotope standards IAEA SO-5 and IAEA
O-6 were obtained from the Isotope Hydrology Laboratory
f the International Atomic Energy Agency, Vienna, Aus-
ria. The certified isotope composition of these standards
s δ34SVCDT = +0.5‰ (IAEA SO-5) and δ34SVCDT = −34.1‰

IAEA SO-6), respectively. The S-isotopic compositions of
odium sulfate anhydrous (VWR International, Leuven, Bel-
ium) and potassium sulfate (Merck, Darmstadt, Germany)
ere measured using gas-source mass spectrometry which

t
u
r
s

<2
<2

ave values of δ34SVCDT = 5.43 ± 0.02‰ and 9.79 ± 0.01‰,
espectively (GPIM: Geologisch-Paläontologisches Institut und

useum der Westfälischen Wilhelms-Universität Münster,
ünster, Germany).

.3.2. Gypsum (CaSO4·x2H2O) and anhydrite (CaSO4)
Calcium sulfate dihydrate was purchased from Merck,

armstadt, Germany. The δ34SVCDT value of this reagent
as determined to be 9.8 ± 0.2‰ (DIGL: Department of

sotope Geochemistry, Centre for Environmental Research,
eipzig, Germany) and 9.91 ± 0.04‰ (GPIM), respectively.
alcium sulfate was procured from Alfa Aesar Johnson Matthey
ompany, Karlsruhe, Germany. Its sulfur isotopic composi-

ion was measured as δ34SVCDT = 6.42 ± 0.15‰ (DIGL) and
.62 ± 0.09‰ (GPIM), respectively. The average volume loss
f 17% from gypsum particles and a strong and long-lasting
egassing of larger gypsum samples indicate that the crys-
al water degasses upon introduction into the UHV of the
anoSIMS chamber and the gypsum is converted to anhydrite.
owever, loss of crystal water does not influence the sulfur

sotopic composition of the gypsum samples, as the IMF of
nhydrite formed by degassing of gypsum grains and anhydrite
urchased as such is always identical within the analytical error.

.3.3. Magnesium sulfate (MgSO4·xH2O) and epsomite
MgSO4·7H2O)

Magnesium sulfate was purchased from Alfa Aesar Johnson
atthey, Karlsruhe, Germany. The δ34SVCDT value of this ref-

rence material was measured to be −0.75 ± 0.08‰ (GPIM).
agnesium sulfate heptahydrate was procured from Merck,
armstadt, Germany. The δ34SVCDT value of this reagent was
etermined to be 3.03 ± 0.13‰ (GPIM). Both magnesium sul-
ates undergo significant degassing and volume loss while losing
heir crystal water. It is not clear whether sulfur is lost in this
rocess. If this were the case, variable loss of sulfur might
ead to variable isotope fractionation and thus possibly to an
pparent deterioration of the grain-to-grain reproducibility of
-isotope measurements. Also, if an isotope fractionation were
o occur, the inferred matrix-specific IMF correction would be
ncertain. However, no such deterioration of the grain-to-grain
eproducibility has been observed for MgSO4·xH2O and only a
light deterioration is visible for MgSO4·7H2O indicating that
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ig. 4. Volume loss and recrystallisation of ammonium bisulfate particles illu
anoSIMS analyses. Volume loss and recrystallisation of ammonium bisulfate

lectron dose the specific particle received. The NanoSIMS measurement field o
s the particle undergoes further decomposition while the image is being record

oss of crystal water does not lead to any significant isotope
ractionation, which is supported by our findings on gypsum
see Section 2.3.2).

.3.4. Mascagnite ((NH4)2SO4)
The δ34SVCDT value of ammonium bisulfate (Merck, Darm-
tadt, Germany) was measured as +2.94 ± 0.11‰ (DICL).
mmonium bisulfate underwent significant decomposition and
olume loss under the electron beam in the SEM, which
epended on the time spent on imaging that particular parti-

r
n
S
i

d by SEM images of the same particles taken before (left) and after (right)
e to damage occurring under the electron beam and therefore depends on the

(NH4)2SO4 grain (dark rectangle) is deformed from its original quadratic shape

le. While standards from sample preparation method #4 can
e analyzed without previous inspection in the SEM this is
ifficult for real aerosol samples. Standards that are treated
ike real samples (sample preparation method #1), show differ-
nt degrees of decomposition and recrystallization for particles
f which a close-up image was taken (i.e., for particles that

eceived high electron doses (Fig. 4)). Even grains that were
ot analyzed in the NanoSIMS, but had been imaged in the
EM, show different degrees of volume loss 0 to >90%, depend-

ng on the electron dose they received during imaging. Grains
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Therefore, for samples prepared according to method #1, the
diameter of each grain as well as the average grain diameter
Dp,m of the BaSO4 used for the correction of the IMF have to

Table 5
IMF correction factors for 34S/32S in BaSO4

Session BaSO4 true/BaSO4 SIMS σ DP,m (�m)

03/2006 1.0112 0.0026 1.9
01/2006 1.0092 0.0020 1.6
11/2005 1.0148 0.0012 3.2
10/2005 1.0106 0.0005
09/2005 1.0122 0.0006
08/2005 1.0317 0.0008 3.6
07/2005 1.0370 0.0017
06/2005 0.9955 0.0019
05/2005 0.9929 0.0010
03/2005 0.9827 0.0020
02/2005 1.0089 0.0007
B. Winterholler et al. / International Jou

hat were located by taking only short 55 × 55 �m2 overview
mages show no significant damage. The δ34S values of indi-
idual grains that had been imaged in the SEM prior to the
anoSIMS analysis (sample preparation method #1) might thus
e affected by variable isotope fractionation, which, depending
n the amount of S loss, might affect the apparent grain-to-
rain reproducibility. Furthermore, if an isotope fractionation
ad occurred, the inferred matrix-specific IMF correction for
uch grains would be uncertain. However, it is possible to inves-
igate particles in the NanoSIMS without prior SEM analysis,
s long as mineralogy (matrix), size and shape of individual
rains are investigated after SIMS analysis. This requires that
ome of the grain is left for chemical analysis while the size
an be derived from the overview image, used for the location
f grains, albeit with a larger error (±0.3 �m for the particle
iameter).

.3.5. Cysteine
Standard reference material 143d cysteine (amino acid) was

urchased from the National Institute of Standards and Technol-
gy (NIST, Gaithersburg, USA) in order to determine the IMF
f S-isotopic ratios in organic material. The δ34SVCDT value of
his material was measured as +21.72 ± 0.01‰ (Geologisch-
aläontologisches Institut und Museum der Westfälischen
ilhelms-Universität Münster, Münster, Germany).

.4. Instrumental mass fractionation correction

As mentioned earlier, IMF occurs at several stages dur-
ng SIMS analysis, including sputtering, ionization, extraction,
ransmission of the secondary ions through the mass spectrome-
er and secondary ion detection. The IMF attributed to sputtering
nd ionization is matrix-specific [12,18]. The matrix-specific
MF of S-isotopic ratios was investigated for a set of 10 pow-
ered reference materials and 9 different matrices, 8 sulfates and
ne amino acid.

All data presented here employ the δ notation relative to the
ppropriate international standard as follows [29,30]:

34SVCDT =
(

(34S/32S)sample

(34S/32S)VCDT
− 1

)
× 1000 (1)

he absolute value of the instrumental mass fractionation factor
for the matrix x

(x) = (34S/32S)X,SIMS

(34S/32S)X,true
(2)

hanges from session to session due to a variety of fac-
ors. Non-mass-dependent effects are introduced by changes
n the sensitivity of the different electron multipliers (HV, pre-
mplifier/discriminator settings, quantum efficiency of the first
ynode). Additionally, instrumental tuning conditions (e.g., the
locking of the beam by slits) contribute to the IMF which

s constant throughout a session but differs from session to
ession. These effects are not subject of our investigation and
eed to be eliminated in order to study the matrix-specific
MF and compare data obtained during different sessions.

σ

s
b
g

f Mass Spectrometry 272 (2008) 63–77 71

o compare relative differences between standards a relative
atrix-specific IMF was established by defining the δ34Sbias

f barite to be zero and comparing all other standards to
arite.

34S(x)bias =
(

α(x)

α(BaSO4)
− 1

)
× 1000 (3)

his is accomplished by multiplying the IMF of matrix x
α(x)) with the inverse of the fractionation factor of BaSO4
1/α(BaSO4)). The weighted average of 1/α for all BaSO4 anal-
ses in each measurement session is listed in Table 5. This
eighted average includes all measurements in the respec-

ive session, irrespective of the number of sample preparation
ethods investigated and irrespective of changes in sample hold-

rs (e.g., during session 11/2005 two different standards were
nalyzed (IAEA-SO5 and IAEA-SO6), two different sample
reparation methods were used (#1 and #4), and the standards
ere mounted on three different sample holders). Note that while

he weighted average δ34S(BaSO4)bias for the entire measure-
ents session is 0 by definition this does not hold for the δ34Sbias

f individual grains on a specific mount (e.g., IAEA-SO5, mount
) or individual grains of specific diameter, which can show a
34Sbias differing from 0.

It was discovered that for grains not pressed into the substrate
sample preparation method #1) the charging of the grains, and
herefore the IMF of 34S/32S, depends on the grain diameter. Dp
s the equivalent diameter calculated as the diameter of a spher-
cal particle occupying the same area as the analyzed particle,
ased on the number of pixels in the SEM image. The relation-
hip IMF versus grain diameter was determined to be roughly the
ame for all standards with a change of −1.6‰ per �m increase
n grain diameter Dp (Fig. 5). For the other sample preparation

ethods no significant dependence of the IMF on grain size was
bserved.
is the standard deviation of the correction factor in the respective analytical
ession. Also given is the average particle diameter Dp,m for samples prepared
y method #1. This is the only sample preparation method for which a noticeable
rain size dependence of the IMF is evident.
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Fig. 5. Grain size dependence of the IMF of δ34S in different sulfate standards
prepared according to sample preparation method #1. The slopes observed
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beam in the SEM might be responsible for this behavior. A
or all standards agree within the errors. The weighted mean of all slopes is
1.6 ± 0.2‰/�m.

e incorporated into the formula:

34S(x)bias =
(

α(x)

α(BaSO4)

1

(a(Dp,m − Dp)/1000) + 1
− 1

)

× 1000 (4)

ere, α(BaSO4) is the weighted average over all grain sizes and
= −1.6 �m−1 for sample preparation method #1 and a = 0 for

he other sample preparation methods.
The isotopic composition of sample X relative to the VCDT

tandard (δ34SVCDT) is calculated taking into account the appro-
riate matrix-dependent mass fractionation (δ34S(x)bias) for each
pecific grain using Eq. (4):

δ34S(x)VCDT

=
(

(34S/32S)X

(34S/32S)VCDT

1

α(BaSO4)

1

(δ34S(x)bias/1000)+1
− 1

)

×1000 (5)

he total error of the δ34SVCDT values (σT) is larger than the error
stimated from counting statistics (σP) alone. This is evident
hen the standard deviation of the δ34S values of all measure-
ents in a given session for each type of sample is compared with

he average counting statistical error. After subtracting the aver-
ge counting statistical error (σP,m) from the standard deviation
σ), a residual error remains (σR). The residual error is a mea-
ure of the grain-to-grain reproducibility and can be calculated
rom

R =
√

σ2 − σ2
P,m (6)

or each standard. The total error (σT) of an individual measure-
ent is then calculated based on the counting statistical error of
hat measurement itself and the residual error:

T =
√

σ2
P + σ2

R. (7)

s
F
a
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. Results and discussion

The results of more than 500 NanoSIMS sulfur isotope mea-
urements are summarized in Table 6. Additional information is
vailable from the corresponding author on request. In Table 3
e list the average (over all measurement sessions) IMF of δ34S

elative to BaSO4 for each standard and sample preparation
ethod together with predictions from the observed relation-

hip between IMF and ionic radius of cations in the sulfates
see Section 3.2). The δ34Sbias values of the individual mea-
urements are presented in Fig. 6. In Table 5 we give the IMF
orrection factors derived from the measurements on BaSO4
or each of the 11 measurement sessions between February
005 and March 2006 (calculated as weighted average) together
ith DP,m for samples prepared according to method #1. The

MF correction factors can be <1 or >1 because of differ-
nt detection efficiencies for the different S isotopes in the
ulti-collection mode. These numbers are thus hard to com-

are with IMF factors of BaSO4 in absolute terms measured
n single collection mode. Therefore, values are normalized to
aSO4 as mentioned above. The influence of the sample prepa-

ation methods on the IMF and grain-to-grain reproducibility
R was studied on barite, anhydrite, gypsum, and ammonium
ulfate.

.1. Influence of the sample preparation method

For BaSO4 no significant difference in the IMF of 34S/32S
as observed for the different sample preparation methods

Tables 3 and 6, Fig. 6). Only measurements on uncoated grains
ed to a distinctly more negative (by −6‰) IMF and a dete-
iorated grain-to-grain reproducibility compared to gold-coated
amples, indicating that even for comparatively small grains with
iameter of <2 �m conductive coating is important.

For anhydrite and gypsum, the average IMF of δ34S relative to
aSO4 is −9.3 ± 1.0‰ in samples prepared according to meth-
ds #1 to #3. No significant differences are observed between
hese sample preparation methods (Table 3, Figs. 6 and 7). For
ethod #4, the IMF of anhydrite increases to −21‰ due to

ncreased charging (Tables 3 and 6, Figs. 6 and 7). For gyp-
um, charging of samples prepared according to method #4
s so strong that energy centering is not sufficient for charge
ompensation and the secondary ion yields are too low for
uccessful analysis. In each measurement session the IMF of
ypsum was identical to that of anhydrite within the analytical
rrors.

For (NH4)2SO4 a small difference in the IMF between the two
nvestigated preparation methods (#1, #4) was observed, with
lightly more negative values for sample preparation method
4. The grain-to-grain reproducibility of the measurements on
amples from method #1 is very poor (∼16‰) for grains which
ere exposed to high electron doses in the SEM. Fractiona-

ion during the decomposition of the sample under the electron
light dependence of δ34S on the volume loss is evident from
ig. 8 for these particles. However, no such dependence and
grain-to-grain reproducibility of ∼7‰ are observed for par-
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Table 6
Results of sulfur isotope analyses of different standards

Session Sample prep. method 34S/32S σ δ34SVCDT (‰) σ σT indiv. meas. #

BaSO4 SO-6 δ34SVCDT −34.1‰
03/2006 #1 0.04225 0.00005 −33.1 1.1 5.7 26
01/2006 #1 0.04227 0.00008 −33.8 1.5 5.6 15
11/2005 #4 0.04221 0.00014 −36.3 3.2 4.4 3
11/2005 #1 0.04192 0.00008 −33.7 1.7 6.6 16
10/2005 #4 0.04221 0.00002 −34.3 0.5 2.9 32
09/2005 #4 0.04216 0.00003 −34.8 1.0 4.7 24
08/2005 #1 0.04166 0.00003 −26.8 0.7 6.1 9
08/2005 #4 0.04114 0.00008 −38.9 1.8 3.0 4
02/2005 #4 0.04232 0.00003 −33.7 0.8 1.6 5
BaSO4 SO-5 δ34SVCDT +0.5‰
11/2005 #1 0.04394 0.00006 +4.6 1.4 2.5 3
11/2005 #1 0.04356 0.00006 −1.5 2.4 7.2 10
10/2005 #4 0.04373 0.00008 +0.1 1.9 4.2 6
09/2005 #4 0.04346 0.00003 0.0 0.7 3.9 31
08/2005 #1 0.04292 0.00004 +2.6 0.9 6.0 31
08/2005 #4 0.04279 0.00006 −0.4 1.4 4.7 12
07/2005 #2 0.04261 0.00005 −1.1 1.8 4.5 7
06/2005 #2 0.04438 0.00005 −0.6 1.7 5.0 10
05/2005 #3 0.04450 0.00002 +0.1 1.0 2.3 7
03/2005 #3 0.04497 0.00007 −3.1 1.9 7.2 14
02/2005 #4 0.04376 0.00006 −0.1 1.2 2.1 4
CaSO4 δ34SVCDT +6.5‰
03/2006 #1 0.04311 0.00008 +4.3 1.5 4.6 11
01/2006 #1 0.04341 0.00007 +9.3 1.5 4.6 10
09/2005 #4 0.04302 0.00005 +7.4 1.1 2.0 3
08/2005 #4 0.04210 0.00006 +5.1 1.6 4.2 8
07/2005 #2 0.04249 0.00005 +6.5 1.9 6.6 12
05/2005 #3 0.04437 0.00003 +6.5 0.5 2.3 19
03/2005 #3 0.04478 0.00007 +6.2 1.9 7.2 14
CaSO4·2H2O δ34SVCDT +9.9‰
03/2006 #1 0.04334 0.00006 +8.4 1.1 3.9 14
01/2006 #1 0.04354 0.00005 +11.7 1.3 4.1 10
09/2005 #3 0.04388 0.00032 +15.5 7.6 10.8 3
08/2005 #3 0.04267 0.00011 +7.3 2.5 5.0 5
07/2005 #2 0.04258 0.00008 +9.9 2.2 3.5 3
05/2005 #3 0.04447 0.00002 +10.0 0.5 2.7 34
03/2005 #3 0.04486 0.00010 +9.2 2.3 5.1 6
(NH4)2SO4 δ34SVCDT + 2.9‰
03/2006 #1 0.04350 0.00008 +2.9 2.6 7.5 8
01/2006 #1 0.04378 0.00015 +6.2 4.6 16.7 13
09/2005 #4 0.04377 0.00056 +5.5 13.1 13.1 2
08/2005 #4 0.04263 0.00011 +2.8 2.4 5.8 5
Na2SO4 δ34SVCDT + 5.4‰
03/2006 #1 0.04309 0.00011 +7.0 2.4 6.7 9
01/2006 #1 0.04323 0.00008 +3.9 2.2 8.1 15
K2SO4 δ34SVCDT +9.8
03/2006 #1 0.04281 0.00008 +10.3 2.4 7.1 10
01/2006 #1 0.04341 0.00015 +9.4 2.1 9.3 12
MgSO4·xH2O 1–2 wt.% H2O δ34SVCDT −0.8‰
03/2006 #1 0.04281 0.00008 −2.7 1.6 5.5 13
01/2006 #1 0.04312 0.00013 +2.3 1.9 6.6 13
MgSO4·7H2O δ34SVCDT +3.1‰
03/2006 #1 0.04302 0.00010 +1.6 3.1 9.1 10
01/2006 #1 0.04310 0.00011 +4.1 2.4 7.5 11
Cysteine δ34SVCDT +21.7‰
03/2006 #1 0.04380 0.00010 +23.3 2.6 7.2 9
01/2006 #1 0.04407 0.00006 +20.6 2.2 7.7 11

The 34S/32S ratios are the uncorrected ratios measured with the NanoSIMS. δ34SVCDT is calculated according to formula 4. σ is the standard deviation. #: number
of measurements.
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Fig. 6. Comparison of sample preparation methods. Measured IMF δ34Sbias of BaSO4, CaSO4, CaSO4·2H2O and (NH4)2SO4 for different sample preparation
methods. The data shown in this figure are from 11 separate sessions with different instrument tunings and show excellent long-term reproducibility for more than
1 year. Errors are 1σ and include the grain-to-grain reproducibility in a given session and the counting statistical error (σ�). The left side shows δ34Sbias which is
not corrected for the grain size dependence (a = 0) for sample preparation method #1, the right side shows corrected data (a = −1.6 �m−1). It is clearly visible that
a cally
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can be clearly seen that the inferred δ34SVCDT values are con-
ccounting for the grain size dependence improves the reproducibility (specifi
nly significant difference between the sample preparation methods is a higher
harging. The charging of the grains is visible in the SEM image in Fig. 3 by th

icles for which no close-up images were taken (i.e., particles
hat have not been exposed to high electron doses). Only the
atter have been taken into account for calculating the IMF of
NH4)2SO4 listed in Table 3 and all further data analysis (note

hat only 3 points of this data series can be plotted in Fig. 8,
s all other particles had not been imaged at all prior to SIMS
nalysis).

s
p
fi

for CaSO4 and CaSO4·H2O). After correcting the grain size dependence, the
n favor of 32S for anhydrite for sample preparation method #4 due to increased
te stripes.

With the data given in Table 3 (averages of matrix-specific
ffsets over all sessions) we have calculated δ34SVCDT val-
es of all individual measurements (Table 6 and Fig. 7). It
istent within error over all sessions for the different sample
reparation methods, if method #4 is disregarded. This justi-
es use of a session-independent matrix-specific IMF correction
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Fig. 7. Correlation between δ34S and volume loss of ammonium sulfate triggered
by electron bombardment in the SEM. f: fraction of the remaining substrate. A
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inear regression of δ34S vs. ln(f) yields a slope of −8.4 ± 4.8‰ for particles
hat were exposed to high electron doses in the SEM (A) and no significant
orrelation for particles of which no close-up image was taken (B).

ogether with the session-dependent correction from BaSO4
easurements. Changing from one sample holder to another

oes not seem to influence the IMF significantly as long as
he distance between sample and extraction lens is kept at
he same distance. The problems with the accuracy of the
MR approach that have been observed by Riciputi [22] for
olished sections are masked by the large grain-to-grain vari-
tions on each filter, that are accounted for when calculating
T.

The grain-to-grain reproducibility, σR (see Eq. (6) for defi-
ition), achieved for the different sample preparation methods
s listed in Table 4. For comparison we have also performed
-isotopic measurements on thin sections and ultra microtome

ections. Here all the spots analyzed on the same sample agree
n most cases within the counting statistical error, which is
ypically 2‰. This shows, that the poor grain-to-grain repro-
ucibility accomplished on powdered standards is not due to

c
t
o
e

ig. 8. Matrix-specific IMF of δ34S(x)bias in different sulfate standards for the di
34Sbias value in one of the 11 measurement sessions with different instrument tuning
han 1 year.
f Mass Spectrometry 272 (2008) 63–77 75

nstrumental tuning conditions, which would also affect other
ypes of samples analyzed in the same analytical session. For
ndividual grain measurements the reproducibility does not
trongly depend on the sample preparation method; for BaSO4,
aSO4, and CaSO4·H2O it is between 2‰ and 6‰, for the
ther samples slightly larger (5–8‰,). But as Table 6 shows,
hen calculating averages for a given sample type in each ses-

ion, the accuracy of δ34SVCDT is clearly better, namely, ∼2‰.
or submicrometer-sized grains a better grain-to-grain repro-
ucibility can be expected because of less charging and less
ronounced topographic effects. This is evident, e.g., from the
istribution of δ34SVCDT values associated with sea salt sul-
ates measured by NanoSIMS, which show a pronounced peak
round 23‰ with a width of ∼3‰ [2]. This would constrain
he grain-to-grain reproducibility of aerosol particles to about
–2‰.

As sample preparation method #1 is least destructive for
erosol samples and achieves the highest sample throughput,
his method was chosen to investigate the matrix dependence of
he IMF of 34S/32S in more detail.

.2. Matrix dependence of the IMF

Sulfur in atmospheric aerosol particles can be detected in a
ariety of minerals as well as internally mixed soot-sulfur parti-
les and organic particles. This requires a large set of standards
o correct for the IMF of 34S/32S. If the whole set of standards
ould be measured with each individual aerosol sample, the
easurement procedure would be very time-consuming. More-

ver, it is not always possible to find a standard that matches
he actual matrix of the aerosol particle, as complex sulfate mix-
ures, which are quite frequent among aerosol particles, are not

ommercially available. Therefore, to measure the 34S/32S in
he whole range of atmospheric aerosol, a good understanding
f the variations in the IMF in different S-bearing minerals is
ssential.

fferent sample preparation methods. Each data point represents the average
s. The data in this plot indicate excellent long-term reproducibility over more
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Fig. 9. Dependence of δ34Sbias on the ionic radius of the cations of different
sulfates. The solid line is the weighted linear regression of all data points except
the one in the lower right (K2SO4). With the exception of K2SO4 there is a very
good correlation between these two quantities. K2SO4 presented analytical dif-
ficulties, as the filter surface was partially destroyed during sample preparation.
One grain of K SO is trustworthier than other grains as it was displaced onto
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he MgSO4 filter during sample preparation and therefore analyzed on a flat
ntact filter surface. This grain is indicated as an open square and used for the
ine fit.

The following discussion focuses on the investigation of the
MF of 34S/32S in samples prepared by method #1. The average
MF relative to BaSO4 (δ34Sbias) is −9.7 ± 1.3‰ for gypsum
nd anhydrite. The more negative IMF of anhydrite compared
o barite is consistent with results presented by Eldridge et
l. [12] and McKibben et al. [16] for measurements with the
HRIMP ion microprobe. Na2SO4 and K2SO4 have a rela-

ive IMF of −11.6 ± 1.7‰ and −13.9 ± 1.6‰, respectively.
he relative IMF of δ34S in epsomite and magnesium sulfate

s −14.6 ± 1.3‰. The relative IMF of 34S/32S in cysteine is
13.5 ± 1.7‰ and that of (NH4)2SO4 is −3.4 ± 1.4‰. Because

nly (NH4)2SO4 particles that had not received high electron
oses in the SEM were used to calculate the IMF, this value can
e considered accurate.

The δ34Sbias correlates very well with the ionic radius
i of the cations (Fig. 9). A weighted linear regression
ields δ34Sbias = (223 ± 20)Ri − (33.0 ± 2.5). With the excep-
ion of K2SO4, the measured δ34Sbias of all sulfates can
e predicted with an accuracy of better than 2‰ from a
eighted linear regression (Table 3). As we have pointed
ut before, uncertainties in the relative IMF of 34S/32S due
o QSA are generally smaller than ±2‰, i.e., QSA cannot
ccount for the observed range in IMF of 15‰. If we cor-
ect our data for QSA using the idealized formula by [23] one
nds δ34Sbias = (205 ± 20)Ri − (30.0 ± 2.5) which differs only
arginally from the regression line without consideration of
SA. E.g., the difference in the IMF of 34S/32S between sul-
ates with Ri = 0.08 nm and sulfates with Ri = 0.14 nm changes
nly from 13.4‰ to 12.3‰. Therefore, even for sulfates not
tudied here it seems feasible to predict the IMF correction with
n uncertainty that can be considered small compared to the pre-

n
s
s
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ision of individual grain measurements. We note that K2SO4
oes not follow the observed correlation, even if the error in
he IMF is considered. However, the measurements on K2SO4
urned out to be extremely difficult because the conductive gold
oating of the filter, and the filter itself was partially destroyed
uring the handling of this standard with the micro-manipulator.
s a consequence, no grains were found on flat, horizontal filter

urfaces. This affects the IMF, as secondary ions from tilted sur-
aces have different trajectories through the instrument. Thus,
hese data should be viewed with great caution. However, one
rain was displaced onto the MgSO4 filter during the sample
reparation and, therefore, measured on a flat and horizontal fil-
er surface. This grain is indicated as an open square in Fig. 9.
he grain lies close to the expected trend line, even if only the
ounting statistical error σp is considered.

Over a period of several months the relationships established
or the IMF of 34S/32S in different minerals for the same sample
reparation method remained stable (Table 3, Figs. 6 and 7).
herefore, it is sufficient to measure BaSO4 standards in
ach individual session together with the aerosol samples
nd to inter-compare all necessary standards at regular time
ntervals.

. Summary and conclusions

We have explored the IMF of 34S/32S measurements on
ndividual sulfate grains with different chemical composition
nd on one amino acid with the NanoSIMS ion microprobe.
rain-to-grain reproducibility of grains with identical chem-

cal composition is relatively poor, typically around 5‰ for
icron-sized grains and between 2‰ and 5‰ for submicron-

ized grains, while accuracy upon averaging measurements of
everal grains is typically 2‰. Precision is worst for materials
hat undergo partial decomposition in the SEM or for com-
aratively large grains with complex topography. The IMF of
4S/32S varies by ∼15‰ between the sulfates studied here.
he IMF of 34S/32S in different sulfates relative to BaSO4
epends only marginally on the sample preparation method
except if large grain assemblies are studied), and turned out to
e constant over all measurement sessions. Sufficiently precise
-isotope measurements are thus possible with the measure-
ent of one isotope standard only (e.g., BaSO4). The good

orrelation between IMF and ionic radius of the cations per-
its inference of IMF corrections even for sulfates for which

o isotope standard is available. The IMF correction requires
etailed knowledge (size, mineralogy) about each grain ana-
yzed, and therefore an accurate coordinate transformation from
he SEM to the NanoSIMS. For grains that are not pressed into
he substrate, the charging of particles, and therefore the IMF of
4S/32S increases with the size of the particles. This, however,
an be corrected properly as long as the sample matrix, the par-
icle size, and the average grain size of the BaSO4 standard are
nown.
Despite limitations in precision, the NanoSIMS technique is a
ovel and useful tool for the isotope analysis of individual atmo-
pheric particles. Due to the small size (0.1−2.5 �m) and limited
ulfur content (<17%) of most aerosol grains it is the only tech-
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ique capable of doing so. Given the range of S-isotopic ratios
n aerosol bulk samples, the achievable grain-to-grain repro-
ucibility and accuracy of a few per mil for the measurement of
he 34S/32S ratio in individual aerosol particles is sufficient to
nvestigate physical and chemical processes related to aerosol
ormation and transport. For aerosol particles that can be iden-
ified based on chemical composition or morphological features
uch as sea salt or mineral dust particles, the analysis of several
rains with identical composition can give even more precise
nd accurate results [2].
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