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Abstract 
Sulphur stable isotope ratios are useful tracers in geological and environmental studies. 

They can for example be used to trace the origin of atmospheric sulphate aerosols, because 

anthropogenic sulphate and natural sulphate have distinguishable δ34S-values (δ34S value of 

approximately +0 to +8 ‰ for anthropogenic and approximately +12 to +19 ‰ for natural). 

This is useful for climate modelling research, due to the net cooling effect of aerosol sulphate. 

In the present study a Nu Plasma II (Nu Instruments) multi collector inductively coupled plasma 

mass spectrometer (MC-ICP-MS) method for measuring stable sulphur isotope ratios in low 

sulphur content samples, such as sulphate aerosols, was developed. The method was then 

applied to a sulphate aerosol sample collected in the Maldives.  

Most of the measurements were performed at high resolution, due to the interferences on 
33S. Heated spray chamber coupled to a desolvating membrane, Aridus II (Cetac), increased the 

sensitivity and reduced interferences notably compared to wet plasma mode. Aridus II gave 

more stable measurements than DSN-100 (Nu Instruments). Determinations of δ34S for IAEA 

S1, S3, and S4 were accurate and the determined δ34S-value of the CIT #39 seawater standard 

(21.05 ± 0.36 ‰, 2SD, n=42) was comparable with published data. In general, Si internal 

standardization correction increased precision ~2.5 times compared to non-corrected values. 

The δ34S-value for the sulphate aerosol sample was determined to 3.82 ±0.41 ‰ (2SD, n=40). 

Repeatability of ~62 nmol introduced sulphur (2 µg/mL) was generally 0.15 ‰ (2SD, n=5) for 

the SW and 0.19 ‰ (2SD, n=5) for the sulphate aerosol sample. Comparable results for the SW 

(20.61±0.09 ‰, 2SD, n=4) and sulphate aersosol sample (3.77 ± 0.08 ‰, 2SD, n=8) were 

obtained with the method applied to Neptune Plus (Thermo Fischer Scientific) MC-ICP-MS in 

a different laboratory. The determined aerosol sulphate δ34S-value indicated that the sampled 

sulphate aerosol originated from anthropogenic sources. 

 

Keywords: Sulphate aerosol, isotope ratio, sulphur isotope, δ34S and δ33S measurements, 

MC-ICP-MS, method development, inter-laboratory comparison 
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Popular Scientific Summary 
Global warming, or climate change, is the observed average rise in Earth’s temperature over 

centuries. At the moment, it is one of the most serious challenges humankind is facing. There 

is an ongoing discourse if this increase is human-made or part of a natural climate cycle. Yet, 

majority of scientists and governments recognize that the significant increase in temperature 

since the industrialization, extremely likely is connected to human-made emissions. Climate 

change has no borders and affects/will affect the health of both humans and ecosystems 

globally. Governments have therefore joined forces to combat climate change by minimizing 

emissions containing positive climate forcing agents, such as carbon dioxide (CO2) and soot 

(black carbon).  

Since the end of the 20th century, a decline of these emissions has been observed for USA 

and Europe, due to environmental legislation and implementation of renewable energy sources. 

Nevertheless, USA and Europe are still the main contributors of carbon emission in the world. 

The fast-economic growth of Asian countries, such as China and India, also cause a significant 

increase in carbon emissions. Measurers are being taken and in 2015 UNFCCC/COP-21 

(United Nations Framework Convention on Climate Change/21st Conference of the Parties) 

agreed to limit the global-average temperature increase to below 2 oC compared to pre-

industrialization levels; this agreement is often referred to as the Paris Agreement. To achieve 

this goal, a credible path must be set for each country, which requires reliable models for future 

climate. The accuracy of these models depends on how exact the influence of every net warming 

and net cooling climate forcing agent is accounted for. 

 The influence of the main positive climate forcing agent, CO2, is well established and 

uncertainties mainly lay in the impact of aerosols, such as sulphate aerosol (SO4
2-). Sulphate 

aerosols have both cooling and warming effects on the climate. It scatters and reflects light and 

warmth from the sun back into space, resulting in a cooler atmosphere. The scattering and 

reflecting cooling effect happens both directly on the sulphate aerosol particles and indirectly, 

because sulphate aerosol particles are perfect cloud condensation nucleation points for cloud 

formation. These clouds create a shielding effect by reflecting sunlight, which cools the 

atmosphere. Sulphate aerosol also has an indirect warming effect on the climate, because when 

mixed with black carbon it increases the warming effect of black carbon. The net effect of these 

factors is a cooling of the climate. Sulphate aerosols are therefore important to include in 

accurate climate modelling. 

 Atmospheric sulphate aerosols do not only originate from human activity from combustion 

of oil and coal, but also natural sources such as volcanic eruptions, sea spray sulphate, and 

dimethyl sulphide (DMS) from marine plankton. To estimate the proportion of human source 

aerosol sulphate in the atmosphere it first must be separated from natural source aerosol 

sulphate. Luckily, they have different particle sizes and distinguishable isotope ratios. Most 

chemical elements in the periodic table have two or more stable isotopes, meaning that they 

have the same number of protons in the core, but differ in the number of neutrons. Some 

isotopes of the same element are therefore heavier, and some are lighter. This difference in mass 

will mean that they will be spread differently in nature, because chemical, physical, and 

biological processes usually favour one isotope over the other. There will therefore be a 

depletion or enrichment of one isotope, so the isotope ratios of an element will reflect the 

chemical, physical, and biological history of the sample. Isotope ratios can therefore be used as 

tracers in processes and for origin identification, because they work as a kind of natural 

“fingerprint”. This fingerprint can be analysed with isotope ratio instruments, such as Multi 

collector inductively coupled plasma mass spectrometer (MC-ICP-MS). MC-ICP-MS separates 

each isotope by their mass and measures them simultaneously with adjacent detectors. 

Sulphur has four stable isotopes 32S, 33S, 34S, and 36S, where 32S is the most abundant 

followed by 34S, 33S, and lastly 36S. The 34S/32S ratio is usually the one analysed, but sometimes 
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the 33S/32S is also analysed for confirmation. Aerosol sulphate originating from DMS has a 

larger 34S/32S ratio compared to aerosol sulphate originating from human activity and can 

therefore be separated. Sulphate aerosol originating from sea spray and volcanic eruptions is 

usually separated beforehand, because their particles are usually larger. In this study a MC-ICP-

MS method for measuring sulphur isotope ratios in aerosol samples sampled in the Maldives 

were developed at the Vegacenter at the Swedish Museum of Natural History, Stockholm. The 

preparation of samples and the measurement were optimised. The method was validated by 

using reference standards with known isotope ratios, before the method was applied to one 

aerosol sample. 

Isotope ratio determinations can be tricky, because oxygen and hydrogen species have 

similar masses as the sulphur isotopes, so they can interfere on the detection of the sulphur 

isotopes, and the sulphur signal is usually low, so samples need to have high concentrations. 

The sulphur content in aerosols is usually low, so aerosol samples usually need to be 

concentrated before measurements. In this study, it was shown that the signal could be increased 

and some of the oxygen and hydrogen species could be removed by using a so called 

desolvating sample introduction system as an attachment to the MC-ICP-MS instrument. 

Solvent load into the instrument is reduced, because the desolvating sample introduction system 

removes the solvent in the sample before the sample reaches the MC-ICP-MS instrument. 

Aerosol samples could therefore be analysed without additional concentration steps.  

Accurate 34S/32S ratios were obtained with the developed method, because measurements of 

the reference standards gave the expected 34S/32S ratios. The 33S/32S ratio could be determined, 

but it was difficult due to large interferences on the 33S isotope.  

Sampling of the aerosol had been done by sucking air through a filter for 48 hours. Sulphur 

was extracted from the filter using weak nitric acid. The 34S/32S ratio obtained for the aerosol 

sample had a light signature consistent with aerosol sulphate originated from human activity. 

This means that most of the aerosol sulphate in the Maldives atmosphere are from combustion 

of oil and coal. Another laboratory used the developed method to determine the 34S/32S ratio for 

the aerosol sample and the same results for the sample were obtained. This means that the 

method can be successfully applied on other MC-ICP-MS instruments and it also increased the 

reliability of the obtained 34S/32S ratio for the aerosol sample. The results from this master thesis 

show that the method development was successful and that reliable S isotope ratio 

measurements could be made on aerosol samples. 
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1. Introduction 
Sulphur (S) is widespread in the environment, which makes S isotopes well suited as tracers 

of biological, geological, and environmental processes. Sulphur isotope ratios can for example 

help distinguish aerosol sulphate (SO4
2-) from natural versus anthropogenic sources in climate 

change and pollution research[1]. Aerosol SO4
2- is found in the atmosphere as natural part of the 

S cycle. Emissions of sulphur dioxide (SO2) from burning coal and oil have substantially 

increased the amount of aerosol SO4
2- in the atmosphere, greatly impacting the health of humans 

and ecosystems. Aerosol SO4
2- pollution may cause respiratory problems, acidic rain, and has 

a net cooling effect of the climate [2,3,4,5]. The largest impact is observed in Asian countries due 

to their economic boom during the last five decades [6]. In response, a world-wide regulation of 

SO2 emissions has been implemented since the 1980’s [2], which has been followed by a 

decrease in atmospheric aerosol SO4
2- [1,7]. In 2015, UNFCCC/COP-21 (United Nations 

Framework Convention on Climate Change/21st Conference of the Parties) set a goal of 

limiting global-average temperature increase to below 2 oC compared to pre-industrial levels [8]. 

To create a credible path for achieving this goal, proper accounting of all positive (net warming) 

and negative (net cooling) radiative forcing agents is required. The direct radiative forcing 

(DRF) of CO2 is well-established, but uncertainties exist in DRF and indirect radiative forcing 

(IRF) of aerosols, such as SO4
2- [9].  

Aerosol SO4
2- has a net cooling effect on the climate in contrast to other radiative forcing 

agents such as black carbon (BC). This cooling effect originates from two main factors: 1) direct 

light scattering of sunlight and 2) aerosol SO4
2- acting as key cloud condensation nuclei [9]. As 

a principal component in the coating of BC, aerosol SO4
2- also has an indirect warming effect 

on the climate by enhancing the radiative absorption of BC [9,10,11]. The effect of each of these 

factors on the climate is poorly constrained, increasing the uncertainty on the combined effect 

of these factors. To reduce this uncertainty, it is important to gain a broader understanding of 

the relative contribution from anthropogenic and natural sources to the ambient loading of 

aerosol SO4
2-. The main contributors to aerosol SO4

2- are: 1) SO2 from anthropogenic sources, 

2) SO2 and H2S from volcanic eruptions, 3) SO4
2- seawater spray, and 4) dimethyl sulphide 

(DMS) and H2S from biogenic sources [1,9]. These contributions can be assessed by measuring 

the ratios of stable S isotopes, because anthropogenic and natural sources of aerosol SO4
2- differ 

in their S isotope composition (δ34S value of approximately +0 to +8 ‰ for anthropogenic SO2 

and approximately +12 to +19 ‰ for biogenic [12,13]).  

Historically, S isotope ratio measurements have been conducted using gas source isotope 

ratio mass spectrometry (IRMS), where S is converted to SO2 or SF6 before analysis. This 

method, however, requires samples to have high S content, which aerosols generally do not 

have. Such samples are therefore measured by multi collector inductively coupled plasma mass 

spectrometer (MC-ICP-MS), which yields high precision results for samples with low S content 

and avoids the conversion of S to SO2 or SF6 
[14,15]. 

In this master thesis, a method for S isotope ratio analysis was developed for the Nu 

Instruments Nu Plasma II MC-ICP-MS, located at the Vegacenter, at the Swedish Museum of 

Natural History. The main method implemented was based on previous studies, by Paris et al. 
[14], Craddock et al. [16], Albalat et al. [15], Das et al. [17], Yu et al. [18], Santamaria-Fernandez & 

Hearn [19], Giner Martínes-Sierra et al. [20], Hanousek et al. [21,22]. Sample preparation was 

optimised by evaluating hot plate and microwave methods for the digestion of IAEA S1, S3, 

and S4 isotope reference materials and evaluating cation and anion exchange chromatography 

for the sample and reference standard purification. The isotope ratio measurement was 

optimised by evaluating wet and dry plasma (Aridus II and DSN-100) sample introduction 

systems and evaluating Si internal standardization. The method was validated by assessing 

accuracy, selectivity, precision, linearity, limit of detection (LOD), and limit of quantification 

(LOQ). The method was then applied to an aerosol filter sample collected in the Maldives, 
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supplied by Stockholm University. The aerosol filter sample was also analysed by ALS 

Scandinavia AB, Luleå, on a Thermo Fischer Scientific Neptune Plus MC-ICP-MS for inter-

laboratory comparison. 

2. Theory 

2.1. Sulphur isotope ratios and isotope fractionation 

Sulphur (S) has four stable isotopes 32S, 33S, 34S and 36S with respective natural abundances 

of 94.41-95.29%, 0.729-0.797%, 3.96-4.77% and 0.0129-0.0187% [23]. The isotopes have the 

same electronic configuration but differ in mass and will therefore be differently favoured in 

chemical, biological and physical processes. This causes either a depletion or enrichment of 

one isotope relative to the other, called isotope fractionation [24]. Sulphur compounds from a 

specific source will have a unique chemical, biological and physical history; as such it has a 

unique isotope composition, a so called natural “fingerprint” [25,26].  

There are mass-dependent fractionation (MDF) and mass-independent fractionation (MIF) 

processes. Mass-dependent fractionation is the most common, of which there are two kinds: 

kinetic and equilibrium isotope effects. The first kind is only preserved in incomplete processes 

and is caused by different reaction rates of the heavy and light isotopes, usually seen in 

processes such as evaporation, diffusion and enzymatic cleavage or generation of bonds.  

Equilibrium isotope effects occur when exchange between two species proceeds both forward 

and backward at equal rates, where the lowest energy of the bonding environment is favoured. 

Strong bonding environments favour heavy isotopes due to lower zero-point energies of bonds 

with heavy isotopes compared to light ones of the same element. Heavy isotopes are therefore 

enriched in strong bonding environments at isotopic equilibrium [24]. In nature S usually follows 

MDF; heavy isotopes are commonly enriched in oxidised S compounds and depleted in reduced 

S compounds [27]. MIF is uncommon and is generally defined as the measured deviation from 

MDF. Some examples of MIF include isotopic self-shielding fractionation dependent on the 

abundance of the isotopes, stabilization of isotopometrically asymmetric species due to non-

overlapping resonances and nuclear processes, such as cosmic ray spallation [28]. Two or more 

stable isotope ratios are required to identify MIF [29]. For example, excess 33S and 36S are found 

for meteorites; due to cosmic ray spallation of Fe and Ni [28]. 

Isotope fractionation effects are generally small, therefore, measured S isotope ratios of 
34S/32S and 33S/32S is conveniently presented in ‰ units using the δ-notation (equation 1, where 

x stands for 3 or 4), where the isotope ratios are normalised to an international δ-zero standard. 

Historically, troilite (FeS) from the Canyon Diablo Troilite (CDT) meteorite has been set as the 

international δ-zero reference standard. However, it is no longer available, because it was 

shown to have a slightly inhomogeneous S isotope composition. In 1993, the International 

Atomic Energy Agency (IAEA) recommended artificially produced silver sulphide (IAEA S1) 

as a replacement. The Vienna-CDT (VCDT) scale was established by assigning the IAEA 

standard the δ34SVCDT value of exactly -0.3‰ [25,14]. In practise, the δ34S value is calculated using 

equation 2, in which δ34S of the sample is normalised to IAEA S1. The advantage of expressing 

the S isotope ratios in δ-notation, instead of absolute S ratio values, is that the determination of 

differences in S isotope ratios between samples are more precise than absolute determinations 

of the S isotope ratios for each sample [27]. 

 

𝛿3𝑥𝑆𝑠𝑎𝑚𝑝𝑙𝑒 = [
(3𝑥𝑆/32𝑆)𝑠𝑎𝑚𝑝𝑙𝑒

(3𝑥𝑆/32𝑆)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1] ∙ 1000‰          (1) 

 

𝛿34𝑆𝑉𝐶𝐷𝑇 = [
(34𝑆/32𝑆)𝑠𝑎𝑚𝑝𝑙𝑒

(34𝑆/32𝑆)𝐼𝐴𝐸𝐴 𝑆1
∙ (

𝛿34𝑆𝐼𝐴𝐸𝐴 𝑆1

1000
+ 1) − 1] ∙ 1000‰         (2) 
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Isotope 36S is generally not measured with ICP-methods due to the significant 36Ar+ isobaric 

interference and the low abundance of 36S [25]. The principal ratio of interest is 34S/32S; 

occasionally 33S/32S is analysed as well. Natural variability of δ34S is large (-40 ‰ to +40 ‰) 

due to the relatively large mass difference between 34S and 32S [27,30]. 

In 1965, Hulston and Thode demonstated that MDF of isotopes 33S, 34S and 36S with respect 

to 32S is approximately proportional to the percentage mass difference between the isotopes. 

Plotting δ34S vs. δ33S will give a well-defined line with a slope of ~0.515 [29]. Most samples will 

follow this relation, because most S isotopes in nature fractionate by MDF processes. To be 

able to verify this, a mass-independent fractionation tracer was developed, ∆33S (equation 3), 

which should be zero for natural samples. Non-zero values suggest interferences in the 

measurement of δ34S or δ33S and/or MIF [30,14]. The mass-independent fractionation tracer is 

additionally used to calculate δ33SVCDT values (equation 4). 
  

∆33
𝑆 = 𝛿33𝑆 − 0.515 ∙ 𝛿34𝑆     (3) 

 

𝛿33𝑆𝑉𝐶𝐷𝑇 = [
(33𝑆/32𝑆)𝑠𝑎𝑚𝑝𝑙𝑒

(33/32𝑆)𝐼𝐴𝐸𝐴 𝑆1
∙ (

0.515∙𝛿34𝑆𝐼𝐴𝐸𝐴 𝑆1

1000
+ 1) − 1] ∙ 1000‰         (4) 

 

2.2. MC-ICP-MS 

Sulphur isotope ratios determinations have always been challenging due to the high first 

ionization potential of S (10.357 eV) and because the signal of each isotope is heavily interfered 
[25]. Most interferences are polyatomic from oxygen, nitrogen, and hydrogen. As such, a mass 

resolution of at least 3000 (m/∆m, medium resolution) is required for δ34S determination (Table 

1) [25, 31]. Initially, S isotope ratios were measured exclusively using IRMS (>0.1 ‰, 2σ [14]), 

because the interferences could not be separated by quadrupole inductively coupled plasma 

mass spectrometry (ICP-MS) [25]. Quadrupole ICP-MS employed reaction cells to convert the 

interfered S to less interfered SO+ and collision cells to remove the oxygen interferences on S+. 

The precision of the isotope ratios obtained with these setups was generally poor (6-20‰, 2σ) 
[14]. The introduction of the single collector double focusing sector-field ICP-MS (ICP-SFMS) 

significantly improved the precision, because the high mass resolution enabled separation of all 

major interferences [25]. However, IRMS remained the method of choice until the advent of the 

MC-ICP-MS. MC-ICP-MS is a double-focusing sector field ICP-MS, with high mass resolution 

and possibility to measure 32S, 33S, and 34S simultaneously. Simultaneous detection of the 

isotopes decreased the effect of plasma fluctuations on the measured ratios, which improved 

the precision (>0.08 ‰, 2σ [14]). Compared to IRMS, MC-ICP-MS has a higher sample 

throughput, higher ion yield, lower detection limit and lower required sample sizes. Today both 

IRMS and MC-ICP-MS are used for S ratio determinations, but for low-S samples such as 

aerosols, MC-ICP-MS is preferred [14,25].  

Presently, the most precise MC-ICP-MS instruments available are the Nu instruments Nu 

Plasma series or the Thermo Fisher Scientific Neptune series. The main difference between 

these instruments is that the Neptune series uses mechanically adjustable ion collectors and the 

Nu plasma series uses variable dispersion optics with fixed ion collectors (Figure 1) [32]. Both 

the Neptune and Nu Plasma series can achieve resolution up to 10 000 (m/∆m, high resolution), 

which separates all interferences listed in Table 1. These instruments also have a pseudo-high-

resolution configuration, where interferences are separated using a narrow entry slit and flat top 

peaks are obtained by having a wider exit slit. A perfect separation of interferences is not 

possible for S isotopes, but the magnet is stable enough that a zone on the interference-free peak 

shoulder can be selected for measurements [25]. The main challenges of MC-ICP-MS analysis 

are mass discrimination effects and matrix effects. During sampling, sample preparation, and 
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measurement, artificial fractionation of S can be induced. It is therefore critical that blank levels 

at each step are low and that recovery of S at each step is ~100 %. 

 

 

 

Figure 1: Schematic overview of the Nu Plasma II MC-ICP-MS. Image courtesy of Ellen Kooijman. 

Table 1: Main spectral polyatomic interferences when measuring sulphur by MC-ICP-MS and the required resolution to 

separate the interference from the interfered S isotope [25]. 

Isotope Spectral polyatomic interference Resolution 

(m/∆m) 

32S+ 16O16O+ 
14N18O+ 

15N16O1H+ 
14N16O1H2

+ 

1801 
1061 

1040 

770 
33S+ 32S1H+ 

16O16O1H+ 
14N18O1H+ 

15N18O+ 

3907 

1259 

854 
1186 

34S+ 33S1H+ 
32S1H2

+ 
16O18O+ 

16O17O1H+ 
16O16O1H2

+ 
15N18O1H+ 

2977 

1711 
1297 

1000 

904 
866 

 

2.3. Mass discrimination 

The mass discrimination effect, also known as mass bias, is the observed discrimination of 

light ions, in the expanding ion beam, mainly due to the space charge effect and supersonic 

gaseous expansion between the sample and skimmer cones in the mass spectrometer. During 

transition of the ion beam, coulomb repulsion between the positive ions causes the beam to 

expand with time and the ions in the outer parts of the beam are lost in the optical lens pathway. 

This loss in transmission causes an artificial fractionation, since light ions are deflected more 

than heavy ions. Measured isotope ratios may therefore have a bias towards heavy isotope ions. 

For light elements such as S, this is an important issue that requires correcting. Mass bias is not 

constant and will vary depending on instrument, days and solutions. There is often a mass bias 

drift during the measurement [32,33,34]. 
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Mass bias drift can be corrected for using the standard-sample-standard-bracketing (SSSB) 

method, where a reliable isotope reference standard is measured before and after each sample 

during the same run [32,33]. The mass bias drift between the standard measurements is assumed 

linear and a correction is applied to the sample (equation 5). This correction requires the 

standard and samples to be perfectly matrix-matched, i.e. matched acid strength, matrix 

elements and S concentration. Because the IAEA S1 standard is scarce and expensive it is 

customary to calibrate an in-house S standard against S1 to be used as the bracketing standard. 

 

𝛿3𝑥𝑆 = [
(3𝑥𝑆/32𝑆)𝑠𝑎𝑚𝑝𝑙𝑒

0.5∙((3𝑥𝑆/32𝑆)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑏𝑒𝑓𝑜𝑟𝑒+(3𝑥𝑆/32𝑆)𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑓𝑡𝑒𝑟)
− 1] ∙ 1000‰  (5) 

 

SSSB mass bias correction can be aided by a Si internal standardization correction, which 

requires Si to be added to all solutions, standard and samples. The mass bias drift during the 

sample measurement can then be internally corrected for using equations 6 and 7 [33]. This 

correction relies on the assumption that mass bias drift during the measurement of S and Si 

behaves similarly. Mass bias depends on element characteristics such as condensation 

temperature, first ionization potential and evaporation enthalpy [33]. Because these properties 

are slightly different for Si and S, internal standardization correction with Si will not be perfect. 

Nevertheless, internal standardization correction with Si has been shown to yield reliable data 
[35,20,36,21,19]. Additionally, Si internal standardization can correct for matrix effects so that 

discrepancies in the matrix of the standard and sample can be corrected for [20]. Simultaneous 

measurement of Si and S in a static acquisition mode (where the mass spectrometer magnet is 

fixed on a mass) is impossible for most instruments, so a dynamic acquisition mode is generally 

used. The Si correction on S therefore has slight time discrimination. Giner Martínes-Sierra et 

al. [20] used a static acquisition mode by eliminating the measurement of 33S and 28Si. In general, 

the classic SSSB method is preferred, because inclusion of Si internal standardization adds 

complexity to the measurement [25]. 

 

𝛽 = ln (
𝑅𝑆𝑖−𝑟𝑒𝑓

𝑅𝑆𝑖−𝑚𝑒𝑎𝑠
)/ ln (

𝑀30𝑆𝑖

𝑀28𝑆𝑖

)    (6) 

 

𝑅𝑐𝑜𝑟𝑟 = 𝑅𝑚𝑒𝑎𝑠 ∙ (
𝑀34/33𝑆

𝑀32𝑆

)𝛽     (7) 

 

where β is the mass bias factor; RSi-ref is the referred 30Si/28Si (0.03347 [37]); RSi-meas is the 

measured 30Si/28Si; Rmeas is the measured 34S/32S or 33S/32S; Rcorr is the corrected 34S/32S or 
33S/32S; 𝑀30𝑆𝑖

, 𝑀28𝑆𝑖
, 𝑀34/33𝑆

, and  𝑀32𝑆
 are the absolute isotope masses (29.97377 u, 27.97693 

u, 33.96787/32.97146 u, 31.97207 u). 

 

2.4. Analytical sensitivity 

The analytical sensitivity of the MC-ICP-MS is largely dependent on the ionization 

efficiency of a species. The ionization efficiency of S is low, which makes it more difficult to 

achieve high precision when measuring S isotope ratios by MC-ICP-MS. The sensitivity can be 

increased in many ways: 1) keeping background levels low by removing interferences and using 

clean labware and reagents, 2) using X-type skimmer cones (only applicable for Neptune 

instruments), and 3) running the analysis in dry plasma mode by using a desolvating nebulizer 

introduction system, such as CETAC Aridus II, Nu Instruments DSN-100 or ESI Apex. In this 

master thesis, Aridus II and DSN-100 were evaluated. Both systems have a heated spray 

chamber coupled to a desolvating inert, semi-permeable membrane. Desolvating nebulizer 

systems increases sensitivity by improving transport efficiency of analytes and by reducing 
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solvent loading to the plasma [14,38]. The signal may increase up to ~10 fold compared to the 

Meinhard nebulizer + cyclonic spray chamber introduction system (wet plasma mode). 

Additionally, the desolvating unit also notably decreases the hydride and oxide 

interferences [38]. 

Paris et al. [14] were the first to use a desolvating unit (Aridus II) for S isotope ratio 

measurements. They found that when using a desolvating unit, the ionization efficiency of S is 

heavily dependent on the cation concentration in the solution. Therefore, solutions analysed 

using a desolvating unit should be run as Cation2SO4, because this notably increases 

sensitivity [14,15,39,18]. Cations, such as Na+, Ag+ or NH4
+, are added to all measurement solutions 

so that the molar ratio of Cation/S is higher than 2. The mechanism for this is not fully 

understood. However, in 2017 Yu et al. [18] performed experiments that indicated that the S 

transmission loss is due to a combination of S evaporation by the high desolvation temperature 

and S loss in the membrane. Addition of Na, Na/S > 2 (mol/mol), increased the transmission of 

S to the plasma from 1.2 % to 98 %. Even though the boiling point of sulphuric acid (337 oC) 

is much higher than the desolving temperature of 160 oC, S was notably evaporated. This S loss 

could be caused by the formation of an azeotrope (constant boiling point mixture) between the 

nitric acid and the sulphuric acid [18].   

2.5. Purification methods 

Samples and standards are purified before analysis to reduce interferences and matrix effects 

by ion exchange chromatography. In cation exchange, S percolates through a column and 

interfering cations are retained by the resin in the column, commonly an AG 50W-X8 resin 

(Bio-Rad) [16]. However, the active exchange sites in this resin consists of sulphonic acid 

functional groups, which could increase the S blank level [40,14,15]. Alternatively, the anion 

exchange resin AG 1-X8 (Bio-Rad) has been used [15,17,18], where cations percolates through the 

column and S and other anions are retained. A disadvantage of this method is the high affinity 

of the resin for S, because this could make full recovery of low-S samples difficult. To avoid a 

purification step which could cause contamination and/or S loss, authors have tried to salinity-

match the standard and samples [41]. However, this method does not remove interfering 

elements, such as Ni and Zn that can produce doubly charged species, such as 64Ni2+, 64Zn2+, 
66Zn2+, and 68Zn2+, that can interfere with the measurement of S ratios. 

2.6. Digestion of reference materials 

The IAEA S1, S3, and S4 reference standards used in this study have a δ34S range of -32.3 

to +16.9 ‰. They are all in solid form and require dissolution before analysis. Some authors 

suggest a time-consuming open vessel hot plate digestion method [16,17,18]. Alternately, a 

microwave method with closed vessels can be used, which is more efficient and reduces the 

risk of contamination and/or S loss [20,19,21,22].  

2.7. Seawater reference 

The δ34S range of ocean seawater (SW) is narrow, approximately +20-21 ‰ [16,17,42,14,43,44], 

with a slight dependence on sampling depth and season. As such, SW is commonly used as a 

model sample and as an unofficial reference material. The CIT #39 Sr SW reference was used 

in this master thesis. CIT represents SW from the Atlantic Ocean (00°03´S, 34°49´W) sampled 

in 1963 and it has been used as an internal laboratory isotope standard for Sr isotope ratio 

studies [45]. In 1991, SW was sampled in the North Sea (57°30´0”N, 6°59´0”E), called H-6 or 

CIT #39. This SW sample showed no notable difference in Sr ratios compared to CIT and 

concentration differences was attributed to evaporation loss in CIT [46]. No published S isotope 

ratio data on this material could be found. 
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2.8. Aerosol filter sample 

The main sources of aerosol SO4
2- are anthropogenic, biogenic and sea spray. These 

components can be separated and quantified, because 1) they have different origins and 

therefore different δ34S ranges and 2) they generally have different aerodynamic particle sizes. 

The δ34S ratios S sources are readily distinguishable; sea spray (δ34S: +21‰), anthropogenic 

(δ34S: +0 to +8‰), and biogenic (δ34S: +12 to +19‰). Therefore, δ34S is an excellent tracer for 

aerosol research [12,13,47]. Particulate matter (PM) is commonly separated based on particle size, 

where for example PM10 stands for all PM with a diameter smaller than 10 µm and PM1 

represents all PM with a diameter smaller than 1 µm. Particulate matter is also separated into 

coarse and fine PM, where the limit for fine PM is PM1. Particle size is dependent on origin, 

content, and meteorological factors, such as temperature, wind strength, and humidity. Aerosol 

particles are divided into primary and secondary aerosols based on their origin. Primary aerosols 

are defined as particles that are in their particle phase when they are released into the 

atmosphere, such as sea spray. Secondary aerosols are condensed particles formed from gaseous 

precursors, such as anthropogenic and biogenic aerosols.  Primary aerosols are generally coarse 

and secondary aerosols are commonly fine. Aerosol SO4
2- can therefore be divided by origin 

with size segregation [13,48,49]. In this study, the cut-off equivalent aerodynamic diameter of PM1 

has been used to exclude sea spray aerosol SO4
2-. The Maldives has been selected for sampling, 

because pollutants from densely populated cities such as New Delhi, India, are transported there 

during winter monsoon season [50].  

3. Method 
All sample preparations were performed in a Holten Safety Cabinet Class II located in the 

cleanroom (Class C; EU GMP, European Union Good Manufacturing Practice, classification) 

at the Swedish Museum of Natural History, Stockholm.  

3.1. Material and chemicals 

The single element S (1000 µg/mL, Lot: 06407045), Na (1000 µg/mL) and Si (1000 µg/mL) 

ICP standards used in this project were purchased from Alfa Aesar (AA). For comparison a 

single element S (1000 µg/mL, Lot: C2-S01100) ICP standard from Spectrascan was provided 

by Uppsala University. Uppsala University also provided a single element Ag (1000 µg/mL) 

ICP standard from Spectrascan. A multielement ICP standard (Ag, Al, B, Ba, Bi, Ca, Cd, Co, 

Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Sr, Tl and Zn, 1000 µg/mL) from Merck was 

used for the developing the purification method.  

Sulphur reference materials S1, S3 and S4 from IAEA were used. These reference materials 

have known δ34S-values against the V-CDT: S1 and S3 both consist of solid silver sulphide 

with δ34S of -0.3 ‰ and -32.3 ± 0.2 ‰ respectively, and S4 consists of solid elemental sulphur 

with δ34S of +16.9 ± 0.2 ‰. Stockholm University provided a Na2SO4 standard called SSS-3 

(1 ppm), with a measured δ34S of +3.8 ‰. SW reference CIT #39 (sampling station H-6, 1991, 

100 m sampling depth, 35.289 ‰ salinity) was used as a model sample during the method 

development. An aerosol filter sample was provided by Stockholm University for isotope ratio 

analysis. 

De-ionised 18.2 M Ω cm Milli-Q water (Millipore, Merck) was used in all experimental and 

cleaning procedures. Nitric acid (HNO3), hydrochloric acid (HCl) and hydrogen peroxide 

(H2O2, 30-32 %) used for experimental procedures were all BASELINE grade from SEASTAR 

Chemicals. For cleaning procedures, Extran laboratory cleaning agent (Merk) was used. Some 

cleaning procedures also used HNO3 of Suprapur grade (Merck). 

Purification was performed using ion exchange chromatography. Two resins were 

evaluated, cation exchange resin AG 50W-X8 (analytical grade, 200-400 mesh, hydrogen form) 

and anion exchange resin AG 1-X8 (analytical grade, 200-400 mesh, chloride form), both from 
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Bio-Rad Laboratories. Before use, the resins were cleaned by repeating the following procedure 

6 times, with each addition being two times the column volume: Milli-Q water, 6 M HCl and 

0.1 M HCl/0.3 M HF. The resins were then washed through with 6 M HCl and Milli-Q water, 

with each addition being two times the column volume. After this cleaning procedure, the resins 

were stored wetted with Milli-Q in cleaned PFA containers (Savillex). The Bio-Spin columns 

were from Bio-Rad Laboratories. Before addition of resin, the frit was wetted by pushing 

through ~100 mL Milli-Q water from a wash bottle. 

The cleaned Savillex PFA containers were also used for dissolution and evaporation of 

standards on hot plate. The PFA containers were cleaned by leaving them sequentially in ~3 % 

Extran, Milli-Q water, 50 % HCl, 50 % HNO3 and Milli-Q water on a hot plate (100 oC) for 

three days (15 days in total). For digestion and evaporation, the PFA containers were placed in 

custom-made aluminium mantels to obtain a more equal distribution of the hot plate heat. 

Analytical solutions were prepared in 15 mL and 50 mL centrifuge tubes from Falcon and 

VWR International respectively. These tubes were rinsed thoroughly with Milli-Q before use. 

Cleaned 2 mL Eppendorf Safe-Lock Tubes were used for intermediate dilutions and during the 

development of the purification method. These tubes were cleaned by first rinsing them with 

Milli-Q water and then leaving them in ~2 % HNO3 for at least 24 h. 

The TFM microwave inserts and their caps were from Milestone. Before use, they were first 

mechanically cleaned by hand, using a dish brush and hot tap water. Then they were rinsed with 

Milli-Q water and left in ~3 % Extran for three days on a hot plate (110 oC). After a thorough 

rinsing with Milli-Q, they were left in ~5 % HNO3 for another three days on a hot plate (110 oC). 

Then 1 mL H2O2 and 5 mL HNO3 was added before initiating the full microwave program 

(Table 4). Lastly, they were rinsed with Milli-Q water and left to dry. 

Calibrated automatic pipettes were used for sample preparation: 0.5-5 mL, 100-1000 µL, 

20-200 µL and 10-100 µL Finnpipette (Thermo Fischer Scientific). The corresponding pipette 

tips were of type Finntip (Thermo Fischer Scientific). Similar cleaning procedures were used 

for the pipette tips as for the Eppendorf tubes. 

Parafilm (Bemis NA) was used over the caps to tightly seal containers for storage and 

shipment to reduce sample loss and/or contamination. 

 

3.2. Instrumentation 

Quantification of S and other elements (70 in total) was performed using a Thermo Fischer 

Scientific Element 2 ICP-SFMS, at ALS Scandinavia AB, Luleå. At one occasion concentration 

determinations were made with Spectro Ciros CCD ICP-OES, at Uppsala Univeristy. An 

attempt at quantification of S and other elements was performed with a Nu AttoM ICP-SFMS 

from Nu Instruments, at the Vegacenter, Swedish Museum of Natural History (NRM), 

Stockholm.  

The isotope ratio measurements were performed using a Nu Instruments Nu Plasma II MC-

ICP-MS, equipped with 16 Faraday detectors, at the Vegacenter, NRM, Stockholm. Two 

desolvating nebulizer systems were utilised for the analysis, a CETAC Ardius II and a Nu 

instruments DSN-100. In addition, an ASX-112FR autosampler from CETAC was used. 

Typical settings of the Nu Plasma II are provided in Table 2. The torch positions, nebulizer gas 

flow and ion optics were re-tuned every day to obtain the highest signal stability and sensitivity. 

For inter-laboratory comparison, some isotope analyses were performed using a Thermo 

Fischer Scientific Neptune Plus MC-ICP-MS, at ALS Scandinavia AB, Luleå. Typical settings 

of the Neptune Plus are provided in Table 3. 

Digestion was performed with a Milestone ETHOS 1600 microwave oven. IKA RET Basic 

C hot plates were used for dissolution and evaporation of samples. For the cleaning of PFA 

containers and microwave vessels the larger Plactronic P Selecta hot plate was used. A 
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Bransonic Ultrasonic Cleaner was used for extraction of filter samples and dissolution of 

evaporated samples. Mixing of solutions was aided by an IKA Lab dancer Vortex Mixer. 

Weighing was done using an AG245 analytical balance from Mettler Toledo. 

 

Table 2: Typical operating parameters for Nu Plasma II MC-ICP-MS in wet and dry (Aridus II and DSN-100) plasma mode. 

Mass spectrometer setup  
MC-ICP-MS: Nu Plasma II 

RF power:  1300 W 

Cone:  Ni (dry plasma and wet plasma type) 
  

Gas flow  

Cooling gas flow:  13 L/minAr 
Auxiliary gas flow:  0.85-0.95 L/min Ar 

Sample gas pressure:  32-38 psiAr 

  

Data acquisition parameters  

Acquisition mode:  Static-collection mode (S method), Dynamic-collection mode (S/Si method) 

Detection system:  Faraday cups 
Cup configuration S:  H5 (34S), Ax (33S), L5 (32S) 

Cup configuration Si:  H5 (30Si), Ax (29Si), L5 (28Si) 

Axial mass separation:  0.2 
Resolution mode:  Medium (~4000), High (8000-8900) 

Signal-analysis protocol:  6s integration time, 2 s magnet delay time (S-Si method), 20 measurements, 2 blocks 

Wash out time:  90 s 
Transfer time:  90 s 

Measurement time/sample (S/Si 

method+wash-out time+transfer time):  

9 min 

Background correction:  Measuring at half-mass (S/Si-method), blank subtraction (S-method) 

  

Wet  
Nebulizer:  Micromist Nebulizer (Glass Expansion) 0.2mL/min 

Sample uptake rate:  ~110 µL/min 

Spray chamber:  Twister Spray Chamber with Helix (Glass Expansion) 

Sensitivity S:  0.4-0.8 V/ppm (medium res) 

0.09-0.16 V/ppm (high res) 

  
DSN-100  

Nebulizer pressure:  25.4 psi 

Hot gas flow:  0.25 mL/min 
Membrane gas flow:  3–4.5 L/min 

Spray chamber temperature:  110 ±10 °C 

Membrane temperature:  110 ±10 °C 
Sample uptake rate:  ~120 µL/min 

Sensitivity S:  3.5-6.0 V/ppm (medium res) 

1.3-3.0 V/ppm (high res) 
Sensitivity Si: 3.0-4.0 V/ppm (high res) 

  

Aridus II  
Spray chamber (PFA) temperature:  110 oC 

Desolvator temperature:  160 oC 
Sweep gas flow rate:  7–8 L/min 

Nitrogen gas flow rate:  0 mL/min 

Sample uptake rate:  ~110 µL/min 
Instrument background S: 0.0085 V (32S) 

0.00099 V (33S) 

0.00062 V (34S) 
Instrument background Si: 0.019 V (28Si) 

0.00049 V (30Si) 

Sensitivity S:  3.3-7.8 V/ppm (medium res) 
1.5-4.3 V/ppm (high res) 

Sensitivity Si: 1.5-4.9 V/ppm (high res) 
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Table 3: Typical operating parameters for Neptune Plus MC-ICP-MS in dry plasma mode (Aridus II). 

Mass spectrometer setup  
MC-ICP-MS: Neptune Plus 

RF power:  1300 W 

Pt-guard electrode  On, grounded 
Cone:  Ni 

  

Gas flow  
Cooling gas flow:  14 L/min Ar 

Auxiliary gas flow:  0.9 L/min Ar 

Sample gas pressure:  1.2 L/min Ar 
  

Data acquisition parameters  

Acquisition mode:  Static-collection mode 

Detection system:  Faraday cups 

Cup configuration Si/S:  L4 (29Si), L2 (30Si), H1(32S), H2(33S), H4 (34S) 

Resolution mode:  Medium (~5400) 
Signal-analysis protocol:  0.24 s integration time, 5 repetition 3 measurements each, 9 blocks 

Wash out time:  30 s 

Stabilization time:  60 s 
Measurement time/sample:  2 min 

Background correction:  Blank subtraction 

  
Aridus II  

Spray chamber (PFA) temperature:  110 oC 

Desolvator temperature:  160 oC 
Sweep gas flow rate:  12.44 L/min 

Nitrogen gas flow rate:  0 mL/min 

Sample uptake rate:  ~44 µL/min 
Instrument background S: 1.5 V (32S) 

Instrument background Si: 0.6 V (29Si) 

Sensitivity S:  150 V/ppm 

 

3.3. ICP-OES analysis 

Standards from the initial optimisation of the sample preparation steps were closed securely 

with parafilm and placed in double plastic zip-lock bags for transport from NRM to Uppsala 

University. Sulphur concentrations were quantified with a Spectro Ciros CCD inductively 

coupled plasma optical emission spectrometer (ICP-OES, Meinhard nebulizer and cyclonic 

spray chamber) using two emission lines, S 180.731 nm and S 182.034 nm. The calibration was 

done using solutions from 0-500 ppb S (AA S standard) with a 0.3 M HNO3 matrix and a linear 

regression was performed for both emission lines. The limit of detection (LOD) and the limit 

of quantification (LOQ) were calculated. The standard deviation of the linear regression was 

calculated using the “STEYX”-function in Excel. From this the LOD and LOQ were calculated 

using equations 8 and 9, respectively. Standards with a S concentration corresponding to 100, 

75, and 50 ppb were analysed to estimate the practical LOD. The microwave and hot plate 

digestion samples were run in six replicates per sample. The ion exchange samples only yielded 

solution for one replicate per sample. 

 

𝐿𝑂𝐷 = 3 ∙
𝑆𝑇𝐸𝑌𝑋

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒
    (8) 

 

𝐿𝑂𝑄 = 10 ∙
𝑆𝑇𝐸𝑌𝑋

𝑠𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒
    (9) 
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3.4. Optimization 

3.4.1. Digestion of reference materials 

Two digestion methods were evaluated and optimised for the dissolution of the IAEA solid 

reference samples; a hotplate method and a microwave method. The hot plate method followed 

a well-established recipe [16,17,18] in which 10 mg of the reference standard was weighed into 10 

mL PFA containers, 5 mL of 8 M HNO3 was added to the standards and a blank, and the 

containers were placed on a 70 oC hot plate for evaporation. When dry (after one day), 3 mL 

concentrated HNO3 and 2 mL 5 M HCl were added, before evaporating the standards again by 

the same procedure. Once the standards were dry, the residue was taken up in 10 mL 0.3 M 

HNO3. This method was tested at three separate occasions for all IAEA reference standards. In 

addition, a modified version of the hot plate method was tested three times on the IAEA S4 

reference standard. In this method 1 mL H2O2 and 5 mL concentrated HNO3 were added to both 

evaporation steps instead of the other two solutions (8 M HNO3 and conc. HNO3 + 5 M HCl). 

The microwave method was designed by combining different published recipes  [20,19,21,22]; 

the Milestone ETHOS 1600 recipe in the microwave manual for “Ferrous Sulphate” and the 

PerkinElmer Titan MPS recipe in the microwave manual for “Microwave Digestion of Sulfur 

(Elemental)”. Three attempts were required to establish a satisfactory method. The first attempt 

consisted of weighing 10 mg of the reference standard into the microwave inserts, followed by 

adding 5 mL concentrated HNO3 and 0.2 mL H2O2 to the standards and one blank. The 

microwave oven program is presented in Table 4. After the vessels had cooled, the solution was 

quantitatively transferred from both microwave inserts and lids into a 10 mL PFA container 

using 4.8 mL Milli-Q water. The presence of crystals in the microwave insert that had contained 

the IAEA S4 reference standard required it to be run again, but with the addition of 1 mL H2O2 

and 5 mL HNO3 as well as an expanded microwave program (Table 4). After cooling, the vessel 

still contained crystals and the microwave program was run again. The last step dissolved the 

crystals and the solution was quantitatively transferred into a 20 mL PFA container with the aid 

of 4 mL Milli-Q water. Solutions from both digestions of the IAEA S4 reference standard were 

combined. The final microwave method consisted of adding 1 mL H2O2 and 5 mL HNO3 to the 

standards and blanks, followed by a final microwave program presented in Table 4. Before 

opening the vessels, they were cooled for at least 2 hours. The solutions were then quantitatively 

transferred into a 10 mL PFA container using 4 mL Milli-Q water. In total, three microwave 

digestions were performed at three different occasions. After the second digestion occasion, the 

microwave inserts were washed in a regular fashion and the remaining solutions after the 

microwave program wash were collected for carry-over determination. 

Solutions from both the hot plate digestion and the microwave digestion were vortexed and 

a small aliquot was sent to ALS Scandinavia for concentration determination. The analysis was 

done at three separate occasions and the recovery for both methods was evaluated. Hot plate 

and microwave standards from the first occasion were analysed both at Uppsala University and 

ALS Scandinavia. 

Table 4: Microwave oven program evolution. The final program was used for most of the microwave digestions. 

  First Second Final 

Step Effect 

(W) 

Time 

(min) 

Temperature 

(oC) 

Time 

(min) 

Temperature 

(oC) 

Time 

(min) 

Temperature 

(oC) 

1 250 5 80 5 80 5 80 

2 400 5 110 5 110 5 110 

3 600 5 130 20 150 60 155 

4 250 10 80 10 80 10 110 

5 250     10 80 
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3.4.2. Evaporation 

Samples and standards were evaporated to concentrate them and to change the matrix. The 

SSS-3 standard was concentrated by transferring 120 mL SSS-3 solution to a PFA container 

and placing it on a 50 oC hot plate. When dry, the residuals were taken up in 12 mL 0.3 M 

HNO3. An aliquot was sent to ALS Scandinavia for quantification. 

Evaporation with and without added Na was evaluated on the microwave digested IAEA 

reference standards to assess if Na addition could reduce S loss. Aliquots of each standard were 

added to two PFA containers and to one of the containers Na was added (double the S amount). 

All solutions were evaporated to dryness on a 50 oC hot plate and the residuals were taken up 

in 0.03 M HNO3. Aliquots of the solutions after evaporation were sent to ALS Scandinavia AB 

for assessment of evaporation loss.  

3.4.3. Purification 

Purification of the samples can be done using cation or anion exchange, and both methods 

were evaluated. The resins used and the ion exchange (IE) schemes (Table 5 and 6) were 

adopted from published methods [40,14,15,17,18]. Both the cation and anion exchange used a wet 

resin volume of 1 mL. Evaluations were performed by first running a blank and an AA S 

standard through both resins to assess the trueness of the schemes as well as blank levels of the 

resins. This was done by dividing each step in the schemes into small fractions. For the anion 

extraction of both standards and blank the sample loads (SL, 1 mL) were collected into one 

fraction, the matrix wash (MW) into fractions of 2 mL, the S elution into fractions of 0.3 mL 

and the last wash step into fractions of 0.5 mL. For the cation exchange of both standards and 

blanks, the SL (1 mL) were collected into one fraction and the S elution into fractions of 0.5 mL. 

The S concentrations of the solutions were determined using an ICP-OES (Uppsala University). 

Before analysis, all fractions were matrix matched to the calibration standard matrix of 0.3 M 

HNO3. 

Matrix effects were evaluated for the anion exchange method by performing column 

chemistry in the AA S standard with added matrix elements. Duplicates of the following 

solutions were run: 4 ppm S+27 ppm multielement standard, 50 ppm S+50 ppm multielement 

standard, and 100 ppm S+100 ppm multielement standard. The steps in the scheme were divided 

into fractions again. The SL (1 mL) was collected into one fraction, the first 8 mL of the MW 

was collected into fractions of 2 mL, the last 2 mL of the MW was collected into fractions of 

0.5 mL, the S elution into fractions of 0.3 mL and the last wash step into fractions of 0.5 mL. 

Quantification of S and other elements was conducted by ALS Scandinavia using an Element 2 

ICP-SFMS. All fractions were matrix matched to 0.3 M HNO3 before analysis. 

The cation and anion exchange purification were tested on diluted SW standard to evaluate 

how well the methods work on real samples. In this instance, the steps in the schemes were not 

collected in fractions. To increase statistical values, several more anion exchange purifications 

were done on the SW standard (diluted 18, 9, and 2 times) and the S AA standard (50, 100, and 

500 ppm). Reduction and extension of the MW step in the anion exchange method were also 

evaluated on a SW standard. The blank level was monitored at each separation by running 

through a reagent blank with the same acid strength as the SL step (1.4 M and 0.03 M HNO3 

for cation exchange and anion exchange, respectively). Both the hot plate and the microwave 

digested IAEA reference standards S1, S3 and S4 were purified by the anion exchange method. 

Before purification, the matrix of the microwave digested reference standards was changed to 

0.03 M HNO3 by evaporation (Na was added to reduce S loss). The microwave digestion blank 

was treated in the same manner and purified together with the microwave digested IAEA 

reference standards. All steps in the schemes (except washing and conditioning steps) were 

collected and aliquots of each solution were quantified at ALS Scandinavia. 
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Table 5: Anion exchange (AG 1-X8) scheme for S purification. The volumes are calibrated for a wet resin volume of 1 mL. 

Step Volume added (mL) Matrix 

Wash 10 3 M HNO3 

Pre-conditioning 10 0.03 M HNO3 

Conditioning 10 0.03 M HNO3 

Sample load (SL) 1-10 0.03 M HNO3 

Matrix wash (MW) 10 0.03 M HNO3 

S elution 7 0.3 M HNO3 

Wash 4 0.3 M HNO3 

 

Table 6: Cation exchange (AG 50W-X8) scheme for S purification. The volumes are calibrated for a wet resin volume of 

1 mL. 

Step Volume added (mL) Matrix 

Wash 8 Milli-Q water 

Conditioning 4 1.4 M HNO3 

Sample load (SL) 1 1.4 M HNO3 

S elution 5 0.3 M HNO3 

 

3.4.4. Sample introduction system 

Wet plasma, Aridus II and DSN-100 were evaluated as possible introduction systems to the 

Nu Plasma II. Typical settings used for the introduction systems are provided in Table 2. A 

reagent blank was aspirated between each measurement and the SSSB correction on the 

“sample” was always performed with the two adjacent bracketing standards. The washout time 

between samples and transfer time of the sample before starting measurement were optimised 

daily by timing both the washout-to-blank level after aspirating a high-concentration AA S 

standard, as well as the uptake-to-stable level of high concentration AA S. Integration time and 

number of measurements in the acquisition were optimised by monitoring internal precision 

during measurements.  

Evaluation of the different sample introduction systems was done based on comparing 

repeatability, within-lab reproducibility, accuracy of reference standards (IAEA S1, S3, and 

S4), sensitivity, and stability of measurements. The systems were run in both high and medium 

resolution. Mass bias correction was done using the SSSB method, with S in-house standard 

AA as the bracketing standard. The AA S standard was calibrated against IAEA S1, S3, and S4 

for the different introduction systems.  

3.4.4.1. Concentration influence 

The ideal concentration for reliable measurements was estimated for each introduction 

system by running AA S standards of different concentrations (wet: 1-10ppm, DSN-100: 0.1-

10 ppm, and Aridus II: 0.1-8 ppm) and comparing the repeatability. The influence of 

concentration-matching of samples and standards was evaluated by running an IAEA S1 

standard of 4 ppm against concentration un-matched AA S standards. This was performed for 

Aridus II, with concentrations of the AA S standard being −97.5 to +100 % offset compared to 

the IAEA S1 standard.  

3.4.4.2. Sensitivity 

The effect of Na addition to the samples on the sensitivity and δ-values was evaluated for 

all introduction systems. IAEA S4 with added Na (0-3.5 Na/S mol/mol for wet, 0-2.8 Na/S 

mol/mol for DSN-100, and 0-3.1 Na/S mol/mol for Aridus II) was bracketed with Na-matched 

AA S standards. Furthermore, influence of Ag addition (0-2.1 Ag/S mol/mol) on the sensitivity 

and δ-values with and without Na addition (2.8 Na/S mol/mol) was evaluated for Aridus II. The 
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AA S standard was used as the bracketing standard against IAEA S4, Ag was added to both the 

bracket standard and the IAEA standard for the analysis without Na addition and only to the 

IAEA S4 standard for the analysis with Na. All measured standards and samples were run 

thereafter with added Na (2.8 Na/S mol/mol). 

 

3.4.5. Si internal standardization 

Si internal standardization was evaluated for DSN-100 and Aridus II, with the AA Si 

standard added to both standards and bracketing standards so that the S:Si concentration was 

1:1 (ppm:ppm). A dynamic collection mode method was set up for the measurements (Table 2). 

Si internal standardization correction was assessed by comparing precision and accuracy of raw 

and corrected δ-values of SW, SSS-3, and IAEA S1, S3, and S4. Additionally, Si correction of 

un-matched acid matrices between “sample” (IAEA S4) and bracketing standard (AA S) was 

evaluated (0.3 M HNO3 against 0.01-2 M HNO3 and 0.3 M HNO3+4 drops H2O2). In static 

collection mode, the influence of Si addition (0-1.5 Si/S mol/mol) on the S δ-values was 

evaluated.  

3.5. Validation of the developed method 

3.5.1. Resolution 

The on-edge resolution was calculated every time the resolution slit position was changed. 

This was done by scanning the edge of the peak shoulder and calculating the difference in signal 

intensity between the lowest and highest point of the edge. The mass difference between the 

mass at 5 % and 95 % of this intensity difference was calculated. Resolution was calculated by 

dividing the mass of the measured isotope with this calculated mass difference (m/∆m) 

(Figure 2) [51].  

 

 

Figure 2: General flat-top peak appearance with descriptions for each plateau. Example of on edge resolution calculation is 

shown, with maximum and minimum value of the interference free plateau noted as well as the 5 and 95 % levels. 

3.5.2. Selectivity 

A reagent blank and a 10 ppm AA S standard were measured in wet plasma mode at high 

resolution. Data was acquired for each isotope peak and the blank and standard peaks were 

compared. Additional peaks in standard compared to the blank are assumed to originate from 

S. Polyatomic interferences were identified based on the theoretical mass difference between 

the interference and the relevant S isotope. The signal ratios between the 32S, 34S and 33S peak 

shoulders should approximately fit the natural abundance ratios between these isotopes if these 

shoulders are interference free. This abundance check was performed during daily tuning. 
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3.5.3. Linearity  

AA S standards containing 0.1-8 ppm S were measured by MC-ICP-MS at medium 

resolution using an Aridus II sample introduction system. A linear regression was performed 

between the concentration and the intensity for each S isotope.  
 

3.5.4. Limit of detection 

LOD and LOQ for the MC-ICP-MS were determined by measuring a reagent blank one time 

on 10 different days. Standard deviation (SD) of the measurements were used to determine LOD 

and LOQ according to equation 10 and 11. The LOD and LOQ were also calculated using the 

“STEYX”-function in Excel using a linear regression (equation 8 and 9). 

 

𝐿𝑂𝐷 = 3 ∙ 𝑆𝐷𝑏𝑙𝑎𝑛𝑘𝑠     (10) 

 

𝐿𝑂𝑄 = 10 ∙ 𝑆𝐷𝑏𝑙𝑎𝑛𝑘𝑠     (11) 

 

3.5.5. Accuracy 

The accuracy of the measurements was determined by measuring IAEA S3 and S4 as well 

as the SSS-3 and SW references. Firstly, the δ34S-value of an in-house AA S standard was 

calibrated by bracketing with IAEA S1, S3, and S4. The mean AA S δ34S-value of all 

measurements (wet, DSN-100 and Aridus II) was then used as a bracketing standard for the 

measurement of SSS-3, SW, IAEA S3 and S4. Obtained δ-values were compared to reference 

values. 

3.5.6. Precision 

The precision of the method was measured on different levels; internal precision during 

measurements, repeatability between sequential measurements, within-lab reproducibility 

between measurements with changed conditions, and between-lab reproducibility between 

measurements by the Vegacenter and ALS Scandinavia. All these uncertainties were calculated 

as expanded uncertainties with a coverage factor of k=2, i.e. standard deviation (SD, equation 

12) times 2 [52]. Internal precision was monitored during analysis and the instrument was re-

tuned if a noteworthy increase was observed. Repeatability was generally calculated between 

five sequential δ34S determinations for each sample. Within-lab reproducibility was calculated 

including factors such as different days, different sample introduction systems, and differently 

digested IAEA reference standards. Between-lab reproducibility was calculated for 

determinations performed on separately prepared IAEA S1, S3, and S4 reference standards and 

separately prepared filter aerosol samples at two different laboratories with two different types 

of instruments. All sample preparation steps except final dilution (digestion of reference 

standards, purification, evaporation, and extraction) were, however, performed at NRM. 

 

𝑆𝐷 = √
∑ (𝑥𝑖−�̅�)2  𝑖

𝑛−1
     (12) 

 

where xi is the determined δ-value, �̅� is the mean of all determined values, and n is the number 

of determined values. 

3.5.7. Stability of solutions 

To assess long-term stability of solutions, hot plate digested IAEA reference standards 

prepared in 2016 were measured. The determined δ34S-values were compared to δ34S-values 
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from newly prepared hot plate digested IAEA reference standards to assess the stability of the 

solutions. All solutions from 2016 had S concentrations > 4 ppm. 

3.5.8. Blank correction 

The blank correction was done in two ways, blank subtraction and measuring at half mass 

(Table 2). In static collection mode (S-method), a reagent blank was measured at the beginning 

of the measurement and the obtained signals were subtracted from each measurement on 

samples and standards. A new blank measurement was performed daily. In dynamic collection 

mode (S/Si-method), measurements on the half masses between the isotopes were performed 

for 30 s before each measurement. The obtained signal was subtracted from the sample and 

standard signals.  

3.5.9. Outlier rejection 

Measurement data was processed at a 2SD rejection level, where measurement points 

outside ±2SD were rejected as outliers. This correction was used both during data acquisition 

(internal precision) and on the compiled measurements (external precision). 

 

3.6. Aerosol filter sample 

3.6.1. Sampling and storage 

The aerosols were sampled at the Maldives Climate Observatory at Hanimaadhoo, Republic 

of Maldives (MCOH; 6°78’N; 73°18’E, 1.5 m above ground level). PM1 aerosol samples were 

collected in January-March 2016 on quartz fiber filters every 48 h using a high-volume sampler 

(model DH77, Digitel A.G. Switzerland) operated at 500 L/min. The filters were placed in 

aluminium foils inside plastic zip-lock bags and stored at -20 oC in a freezer upon collection. 

The supplied aerosol filter sample used in this study was collected between 18-20 March 2016.  

3.6.2. Extraction 

A blank filter and five 50 mL VWR tubes were supplied by Stockholm University. Each 

tube contained a cut subsample of the aerosol filter, cut in 1.5 cm x 1.5 cm size using a 

laboratory standard punch. The blank filter was cut to approximately the same size and was 

added to four empty 50 mL VWR tubes. Four different extraction solutions were evaluated: 

Milli-Q water, 0.03 M HNO3, 3 M HNO3 and concentrated HNO3. To the four blank filter tubes 

and to four of the aerosol filter sample tubes 8 mL of each extraction solution was added. The 

samples and blanks were placed in an ultrasonic bath for 5 h to aid extraction. An aliquot of 

each extraction was quantified by ALS Scandinavia to assess extraction efficiency. A S amount 

of ~12.5 ppm was expected for each cut filter and double that amount of Na (25 ppm Na) was 

added to the aerosol and blank filter extractions with extraction solutions of 3 M and 

concentrated HNO3. These solutions were evaporated to dryness on a 50 oC hot plate, 0.03 M 

HNO3 was added to the residuals, and an aliquot of the solutions were quantified by ALS 

Scandinavia to enable assessment of loss and/or contamination during evaporation. 

The last aerosol filter subsample was extracted on a separate occasion with 8 mL 0.03 M 

HNO3 using an ultrasonic bath for 5 h.  

3.6.3. Purification 

The aerosol and blank filters extracts were all purified using the anion exchange method 

(Table 5). To assess the success of the purification, all steps in the exchange scheme were 

collected and aliquots were sent to ALS Scandinavia for quantification.  

The duplicate 0.03 M HNO3 extracted aerosol filter was purified on a separate occasion by 

a different laboratorian. The purified sample was sent to ALS Scandinavia AB for inter-

laboratory comparison. 
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3.6.4. Isotope ratio analysis 

Standards and purified aerosol filter samples were diluted to a S concentration of 2 ppm and 

2 ppm Si as well as 4 ppm Na was added for the measurement. Si internal standardization was 

applied during the analysis, which required dynamic-collection mode. Measurements were run 

in dry plasma mode using the Aridus II and in high resolution. The main bracketing standard 

during the analysis was the in-house S standard (AA).  For comparison, all extracted samples 

were bracketed once with the purified IAEA S1 standard. Each sample was run five times 

sequentially with a bracketing standard run in-between, to assess repeatability. To assess 

between-day precision, samples were run on two different days. Typical operating parameters 

for the Nu Plasma II MC-ICP-MS are presented in Table 2. 

3.6.5. Inter-laboratory comparison 

Purified IAEA standards S1, S3, and S4, and an aliquot of the in-house S standard were 

analysed by ALS Scandinavia to allow inter-laboratory comparison. The standards and the 

aerosol filter sample were diluted to a S concentration of 0.2 ppm and 4 ppm Si as well as 0.4 

ppm Na was added for the measurement. Measurements were run in static-collection mode, at 

medium resolution, in dry plasma mode using an Aridus II and applying a Si internal 

standardization correction. The low abundant Si was used for internal standardization 

correction, so that the analysis could be carried out in static-collection mode. Every sample was 

run in sequential duplicates. The SSSB method was used, with bracketing after every six sample 

measurements. Typical operating parameters for the Neptune Plus MC-ICP-MS are presented 

in Table 3.  

4. Result and discussion 

4.1. Quantification 

The first S concentration determinations were attempted using the Nu AttoM ICP-SFMS at 

the Vegacenter, NRM, Stockholm. Unfortunately, the S background was extremely high and 

unstable. Several attempts were made, but the S background changed throughout the 

measurement producing ambiguous results. As such, it was decided to conduct S concentration 

analysis at another facility. 

The measurements on the first batch of microwave and hot plate digestion standards as well 

as the first cation and anion exchange were performed with a Spectro Ciros CCD ICP-OES. 

Instead of a high S background, this instrument showed a background dip (Figure 3). This dip 

in the background stems from long-time wear of the light sensitive layer on the detector chip. 

The background dip was, however, stable. The calibration was successful with coefficient of 

determinations, R-Squared (R2), > 0.999 (Figure 4). LOD and LOQ were determined to 7 and 

24 ppb, respectively, for S 180.731 nm and 8 and 28 ppb, respectively, for S 182.034 nm. The 

50-ppb solution could not be distinguished from the blank solution for either emission line, but 

the 75-ppb solution could. Therefore, the practical LOD for both emission lines was estimated 

to be between 50 and 75 ppb. 

Relative standard deviation (RSD) between replicates averaged 1-2 % for 75-350 ppb 

solutions and 6-10 % for 400-500 ppb solutions. This was attributed to the fact that the signal 

of solutions of 400-500 ppb was approaching baseline and the intensities were therefore less 

certain, resulting in higher RSD:s. Microwave and hot plate digested samples were measured 

at concentrations of 200-300 ppb and ion exchange samples between 0-1000 ppb. The 

determined concentrations for the microwave and hot plate digested samples appeared correct, 

since they were well-matched in intensity with the AA S in-house standard when measured on 

MC-ICP-MS.  

Subsequent quantifications were determined using an Element 2 ICP-SFMS at ALS 

Scandinavia. The LOD for S was 10 ppb and the final dilution was done using Milli-Q water 
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according to local laboratory protocols. Total relative uncertainty, including sample preparation 

and measurement, at ALS Scandinavia was 7-10 %.  

The microwave and hot plate digestion reference standards determined with ICP-OES were 

run again with ICP-SFMS. A t-test shows no significant difference (significance level of 0.05) 

between the recoveries obtained with ICP-OES vs. ICP-SFMS (Table 7). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: Pared t-test for recoveries of the hot plate and microwave digested IAEA S1, S3, and S4 reference standards from 

occasion #1 measured with ICP-OES and ICP-SFMS. Significance level of 0.05. 

 ICP-OES ICP-SFMS 

Mean value 84 87 

Variance 402 500 

Observations 6 6 

Pearson-correlation 0.989  

Assumed mean value difference 0  

Degrees of freedom 5  

t-value -1.66  

P(T<=t) two-sided 0.16  

t-critical two-sided 2.57  

Figure 3: ICP-OES sulfur peak intensities at different concentrations, a) shows the 180.731 nm emissions line and b) the 182.034 nm 

emission line. Bold black line is where the baseline is set. 
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4.2. Optimization 

4.2.1. Digestion method 

The hot plate method is straight-forward, but requires advanced planning, because the 

evaporations take at least three days. When the 5 M HCl was added, a light grey precipitate was 

observed for the S1 and S3 reference standards, but not for S4. This was expected, because S1 

and S3 contain silver, which combines with Cl to form the precipitate AgCl. The IAEA S4 

reference standard consists of elemental sulphur and does not contain silver, so a precipitation 

is therefore not expected. After digestion, yellow crystals were present in the S4 reference 

standards, indicating incomplete dissolution. Recoveries of S for the S1 and S3 reference 

standards were similar for different occasions, 77 ± 9 % (SD, n=3) and 79 ± 4 % (SD, n=3) 

respectively, but the recovery for the S4 standard was dependent on the occasion, 49 ± 30 % 

(SD, n=3) (Figure 5 and Table 8). A second method was used for the S4 reference standard, 

using concentrated HNO3 and H2O2. This method decreased the recovery to 0.6 ± 0.3 % (SD, 

n=3) (Table 8), so the original method was maintained. 

The IAEA S1 and S3 were digested to a clear liquid after the First microwave program 

(Table 4), but for S4 yellow crystals were still observed. The oxidation strength of the solution 

was therefore increased by increasing H2O2 and the time spent at the highest temperature was 

also increased. After the Second edition of the microwave program, traces of yellow crystals 

were still observed and the Second microwave program was run again. No crystals were 

observed in this instance. Therefore, the digestion time at high temperature was increased to 

define the Final edition of the microwave program that was used for all subsequent digestions. 

The recovery was good for all reference standards: 97 ± 1 % for S1 (SD, n=3), 102 ± 6 % for 

S3 (SD, n=3), and 98 ± 7 % for S4 (SD, n=3). For the last digestion (occasion #3), it was noticed 

that the crystals weighed into the microwave insert were larger than usual for S4. After 

digestion, traces of a yellow crystal were noticed in the microwave insert for S4. This could 

explain the decreased recovery of S for occasion #3. In future studies, grinding the IAEA S4 

reference standard before weighing should be evaluated. The heterogeneous crystal size 

distribution could also explain the difference in recovery for the hot plate digestion of the S4 

standard. 

 

 

Figure 5: Recovery of S using the hot plate (blue) and the microwave oven digestion (orange) of the IAEA S1, S3 and S4 

reference standards. The error bars represent ±SD. 
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Table 8: Recoveries of the IAEA S1, S3, and S4 reference standards for each hot plate digestion (Hot) and microwave 

digestion (Micro) occasion. 

Occasion #1 #2 #3 Mean SD 

Hot S1 83 67 82 77 9 

Hot S3 80 74 83 79 4 

Hot S4 47 80 21 49 30 

Hot S4 H2O2/HNO3 0.9 0.4 0.4 0.6 0 

Micro S1 96 97 98 97 1 

Micro S3 96 108 101 102 6 

Micro S4 102 103 90 98 7 

 

For the microwave method, the inserts are re-used at random after wash and the carry-over 

was therefore monitored. A low carry-over was measured for the microwave inserts: 1.28 ± 

0.16 % (SD, n=4) for S1, S3 standards and 0.16 ± 0.02 % (SD, n=4) for S4 standards. In reality, 

carry-over to the standards are even smaller. The solutions from the last step of the cleaning 

program were used for the carry-over estimation. An additional rinse with Milli-Q water is 

performed before the inserts are used for standards. This extra washing step should reduce the 

carry-over even further. 

The microwave method is more efficient than the hot plate method, but the blank level is 

approximately 10 times lower for the hot plate method compared to the microwave method, 

~29 ppb vs. ~3 ppb. Transferring the solution from the microwave inserts to the PFA containers, 

increases the risk of loss and/or contamination of the standards. However, working with open 

containers in the hot plate method also increases the risk of loss and/or contamination of the 

standards; particularly because S can be volatile. The loss of S by evaporation could be 

decreased by addition of Na [18].  

Precipitation of Ag in the hot plate method removes most of the Ag from the S1 and S3 

solutions (less than 1 % of the Ag is left). All Ag is left in S1 and S3 solutions after the 

microwave method, which may influence the analysis and contaminate the mass spectrometer 

with Ag. Purification of the microwave digested S1 and S3 standards is therefore recommended. 

However, precipitation from the hot plate method requires filtering or centrifugation, because 

it can clog the nebulizer nozzle. This extra step in the sample preparation can also increase the 

risk of loss and/or contamination. With precipitation there is also a small risk of co-precipitation 

of S with AgCl [53].  

The opportunity to select the final matrix in the hot plate method is advantageous, because 

a compatible matrix with the purification method can be selected. The standards treated with 

the microwave method require change of matrix by evaporation or extensive dilution before 

being compatible with a purification method. This increases the risk of loss and/or 

contamination. 

For the isotope ratio measurements, the microwave method was preferred over the hot plate 

method, because it gave higher recovery for all IAEA samples on all tried occasions (Table 8, 

Figure 5). 

4.2.2. Evaporation 

The S recovery of the SSS-3 standard after concentration was 95 %. Change of matrix of 

the IAEA reference standards by evaporation gave recoveries of 102 ± 2 % (SD, n=3) and 89 

± 1 % (SD, n=3) for solutions with and without Na added, respectively. This could mean that 

Na does reduce evaporation loss of S as suggested by Yu et al. [18]. However, more studies are 

needed to confirm these results. Based on these initial results, Na was added as a precaution to 

the extracted aerosol filter samples before they were evaporated. 
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4.2.3. Purification 

The cation and anion exchange separated the S Alfa-Aesar standard, with S being retained 

in the anion exchange and S passing through the column with the matrix in the cation exchange 

(Figure 6a,b). Both the SL and the S elution step in the cation exchange scheme should be 

collected together, because S is found in both solutions. The S blank level for the anion 

exchange was low throughout the separation, but for the cation exchange, the sample load blank 

was high in S (Figure 6a,b and Table 9). This may be caused by the cation resin being composed 

of sulphonic acid functional groups that may leak S in the presence of strong acids  [15]. In the 

sample load the acid strength was 1.4 M HNO3 and for the S elution the acid strength was 0.3 M 

HNO3. This could explain the high S background of the sample load step compared to the low 

S background of the S elution step. The sulphur quantification of the conditioning step would 

have been of interest to investigate; this could be done in future studies. It would also be 

interesting to evaluate if the wash, pre-conditioning, and conditioning steps for the anion 

exchange method can be reduced to increase the efficiency of the method. The high S 

background for the cation exchange could also be attributed to contamination. However, it is 

unlikely that only the sample load solution for both the cation exchange blanks were 

contaminated; particularly because the cation exchange blanks were prepared on different days 

and were analysed with different instruments, ICP-OES and ICP-SFMS. 

 

Table 9: Measured elements in the different steps in the ion exchange schemes. All concentrations are in ppb. The volume 

used for each step is noted. 

 
Volume 

(mL) Ag Al B Br Ca Cl K Li Mg Na Ni S Sr Si Zn 

 Blank Anion 
SL 1 0 4 4 13 32 4468 573 2 27 520 29 26 1 462 16 

MW 10 0 2 1 6 58 2361 374 1 86 629 14.3 51 0 47.9 13 

S elution 7 0 2 4 9 17 3872 517 1 26 473 27 14 0 411 14 

Wash 1 2 0 3 3 13 32 4102 546 1 28 482 28 18 0 407 13 

Wash 2 2 0 2 7 9 43 4027 557 1 26 496 29 28 0 387 14 
 Blank Cation 

SL+S elution 5 0 4 14 20 57 9690 1017 0 44 838 48 2466 0 1172 31 

Wash 1 3 0 2 5 14 17 4591 467 0 20 399 23 24 0 566 12 

Wash 2 3 0 1 5 14 27 4540 482 0 21 420 24 14 0 521 15 

 

Figure 7 represents the anion exchange separation of 100 ppm S + 100 ppm multi element 

standard; all other matrix element separations had the same appearance. In Figure 7, nearly all 

added matrix elements were successfully separated from S with the anion exchange method, 
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Figure 6: a) Anion and b) cation exchange of 1 ppm AA S standard solutions and a blank. Solutions were measured with ICP-OES 
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with the exception of Na, K and Ca. The majority of the Na, K and Ca added to the solutions 

were separated from S, but not all. These elements are notorious contaminants. It is therefore 

likely that the increase in these elements around the S elution are due to contamination of the S 

elution regent used in the elution step, contamination during the transferring of the tubes, or 

contamination of the dilution regents used at ALS Scandinavia. The anion exchange separations 

with matrix elements added gave an average S recovery of 94 ± 8 % (SD, n=6). Even the 

separations with excess matrix elements (4 ppm S + 27 ppm multi element standard) gave high 

recoveries, 94 ± 6 % (SD, n=2). No overload of S was observed for any solution; the highest 

total matrix element concentration tested was ~2400 ppm. In Figure 7, it is observed that the S 

elution peak has a tail and for full recovery the S elution volume should be 5 mL or more. The 

method efficiency could be increased by reducing the MW volume to 5 mL instead of 10 mL, 

because in Figure 7 it is observed that most matrix elements are washed out within 4 mL. 

 

 

Figure 7: Anion exchange purification of a 100 ppm AA S + 100 ppm Multi element standard solution. 

Anion and cation exchange of SW is presented in Table 10; the elemental composition of 

the SW standard is also presented for comparison. The cation exchange is faster than the anion 

exchange (~3 h vs. ~6 h), but the anion exchange gives a cleaner S elution than the cation 

exchange. For the anion exchange of SW: Br, Ca, Cl, K, Li and Mg were not fully separated 

from S. However, the majority of the Ca, K and Mg was separated from S. For the cation 

exchange of SW: B, Br, Cl, Li and Na were not fully separated from S. The recovery of the 

cation exchange method was 96 ± 11 % (SD, n=2, SW and S AA) and the recovery of the anion 

exchange method was 94 ± 9 % (SD, n=6, SW and S AA). Purification by anion exchange was 

used for IAEA reference standards and for the aerosol filter sample, because the anion exchange 

method gave cleaner separations and blanks than the cation exchange method. Overload of S 

was observed for SW when only diluted twice with a total matrix element concentration of 

~8300 ppm. 
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Table 10 (A): Elements left in each step of the purification schemes when separating SW with cation and anion exchange. 

The SW was diluted 9 times before column chemistry. Elements in undiluted SW are also presented. All concentrations are in 

ppb. Volumes added in each step are noted. 

 Volume (mL) Ag Al B Br Ca Cl K Li Mg Na Ni S Sr Si Zn 

 SW 9 times dilution, Anion exchange 
SL 1 0 1 134 0 21326 3702 20628 10 66015 541760 0 4 422 0 0 

MW 10 0 0 308 0 16052 253260 16199 0 52689 437708 0 21 302 0 0 

S elution 7 0 0 0 4758 22 571571 31 13 55 0 4 88554 2 0 0 

Wash 1 2 4 0 0 176 0 5482 0 0 0 1 0 4 0 0 0 

Wash 1 2 4 1 0 67 20 0 3 0 0 3 0 0 0 0 0 

Table 10 (B): Elements left in each step of the purification schemes when separating SW with cation and anion exchange. 

The SW was diluted 9 times before column chemistry. Elements in undiluted SW are also presented. All concentrations are in 

ppb. Volumes added in each step are noted. 

 Volume (mL) Ag Al B Br Ca Cl K Li Mg Na Ni S Sr Si Zn 

 SW 9 times dilution, Cation exchange 
SL+S elution 5 0 0 444 6794 0 588785 0 13 0 298196 0 102574 1 0 0 

Wash 1 2 0 0 0 0 0 0 0 3 0 143496 0 135 0 0 0 

Wash 2 2 0 0 0 0 0 0 1022 1 0 123712 0 65 0 0 0 

 SW no dilution, no purification 

 
 1 3 3633 68097 339432 6472574 311055 157 1027501 7390712 0 1029227 6992 0 0 

 

For two of the anion exchange purifications of SW, the MW step was collected in two 

fractions (9 mL and 1 mL) to evaluate if 10 mL is excessive for the MW (Table 11). The first 

9 mL of the MW is sufficient to remove most of the Al, B, Ca, K, Li, Mg, Na, Sr and Zn. This 

reinforces the hypothesis that the anion exchange method can become more effective by 

reducing the MW. In one of these anion exchange purifications of SW the MW step was 

prolonged with 2 mL. This, however, did not cause premature elution of S and did not result in 

a cleaner matrix for the S elution. The SW matrix was successfully removed with the anion 

exchange methods recommended volume of MW. In addition, for samples with more complex 

matrices extra MW steps can be added without risking S loss. 

The main matrix elements in the hot plate and microwave digested IAEA reference 

standards S1, S3, and S4 were Ag and Na. All IAEA reference standards were successfully 

purified from Ag and Na using the anion exchange method. The recovery of the purification 

step was 96 ± 8 % (SD, n=6; S1, S3, and S4) for the hot plate digested reference standards and 

was 97 ± 6 % (SD, n=6; S1, S3, and S4) for the microwave digested reference standards. 
 

Table 11: Elements left in each step of the purification schemes when separating 18 times diluted SW with anion exchange. 

All concentrations are in ppb. Volumes added in each step are noted. An extra 2 mL of MW was added to one of the 

replicates. 

 

 
Volume (mL) Ag Al B Br Ca Cl K  Li Mg Na Ni S Sr Si Zn 

  SW 18 times diluted Anion 

SL 1 0 20 45 1 10139 9 9256  10 30424 244994 0 0 159 0 12 

MW 9 0 157 250 124 12608 43407 9846  65 38813 317889 0 0 219 0 107 

MW 1 0 49 0 13 151 19559 0  7 33 277 0 0 1 0 17 

S elution 3 0 42 3 723 288 253995 0  16 0 0 0 52368 2 0 34 

Wash 3 0 31 0 1900 32 0 0  14 0 0 0 4225 0 0 8 
  SW 18 times diluted Anion 

SL 1 0 21 49 23 9443 1152 8810  11 29833 237931 0 0 149 0 17 

MW 9 0 154 185 139 11996 35739 10332  62 37490 297441 0 0 215 0 108 

MW 1 0 17 0 17 36 16109 0  6 0 240 0 0 1 0 11 

Extra MW 2 0 40 3 47 190 74186 0  15 0 0 0 0 1 0 27 

S elution 3 0 49 11 921 303 216423 0  18 0 0 0 55955 3 0 29 

Wash 3 0 43 0 1914 197 3594 0  17 0 0 0 5463 2 0 25 
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4.2.4. Sample introduction systems 

4.2.4.1. Resolution and concentration influence 

Wet plasma was mostly run in high resolution, due to excessively high interferences in 

medium resolution. The ideal concentration for wet plasma mode in high resolution was 

≥8 ppm, which gave a repeatability for δ34S and δ33S of ~0.24 and ~0.75 ‰ (2SD), respectively. 

DSN-100 and Aridus II yielded reliable results in both medium and high resolution. The ideal 

concentration for DSN-100 was ≥2 ppm for medium resolution (2SD for δ34S and δ33S of ~0.25 

and ~0.31 ‰, respectively) and ≥4 ppm for high resolution (2SD for δ34S and δ33S of ~0.20 and 

~0.49 ‰, respectively). For Aridus II, the ideal concentration was ≥1 ppm for medium 

resolution (2SD for δ34S and δ33S of ~0.20 and ~0.17 ‰, respectively) and ≥3 ppm for high 

resolution (2SD for δ34S and δ33S of ~0.20 and ~0.30 ‰, respectively).  

The influence of miss-matching the concentration of the “sample” (IAEA S1) and the 

bracketing standard on the measured δ34S-values is shown in Figure 8a. It can be seen that a 

higher concentration of the bracketing standard compared to the “sample” gives a lighter 

isotope composition and the reversed for a lower concentration of the bracketing standard. The 

sample and bracketing standard should thus be concentration-matched within ±12.5 % for 

accurate δ34S determination. Similar observations can be made for the δ33S-values (Figure 8b). 

The exponential nature of Figure 8b for lower bracketing standard concentrations may be 

caused by the low intensity of 33S, which may give inaccurate results. 

 
 

4.2.4.2. Sensitivity 

Sodium addition had no effect on sensitivity or δ-values when measuring in wet plasma 

mode. In contrast, when using DSN-100 and Aridus II, the sensitivity increased notably as can 

be observed in Figure 9. The increase for Aridus II was larger than for DSN-100. An intensity 

plateau is reached for Aridus II when the molar ratio is around 1.5. The lowered sensitivity at 

the last point for DSN-100 is probably due to the natural sensitivity decrease with time observed 

for the DSN-100. No noteworthy influence on the δ34S, δ33S, and ∆33S values was observed 

(Figure 10). As such, Na was added at a molar ratio of 2.8 to all solutions measured with DSN-

100 or Aridus II to increase sensitivity. A molar ratio of 2.8 was used out of convenience, 

because it gives a concentration ratio of 2 (ppm/ppm). 
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Figure 8: Influence on the a) δ34S and b) δ33S of un-matched concentration of the “sample” and the standard. The error bars represent 

±2𝑆𝐷 of five sequential measurements. Aridus II is used as introduction system and IAEA S1 is bracketed with AA S. 
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During analysis using DSN-100 or Aridus II, a sensitivity drop was observed with time at a 

rate of approximately 10 % and 3 % per hour, respectively. This decrease could be caused by 

clogging of the nebulizer, membrane, or cones. Backflushing of the nebulizer did not notably 

increase the signal, so clogging of the nebulizer was probably not the main issue. Overnight 

cleaning of the Aridus II membrane with isopropanol (IPA) and installing clean cones restored 

the sensitivity. When the cones were observed under a microscope a white deposition around 

the opening in the skimmer cone was observed (Figure 11a). This deposition was interpreted to 

be Na and was removed after a thorough cleaning with Extran ~5 % in an ultrasonic bath 

(Figure 11b). Na is run in high concentrations in each sample and standard, which can cause 

the deposition. Cones therefore must be regularly cleaned to retain a high and stable signal. In 

future experiments, Li or NH4 addition could be tried instead of Na, because lower amounts are 

then required to obtain a molar ratio of ≥2. If Na addition is being used in future experiments, 

a lower molar ratio can be used (2 instead of 2.8). 
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Figure 9: Influence of Na addition on the sensitivity of a) DSN-100 and b) Aridus II sample introduction systems. 

Figure 10: Influence of Na addition on δ34S, δ33S, and ∆33S values. The error bars represent ±2SD of five sequential 

measurements. Aridus II is used as introduction system and IAEA S4 is bracketed with AA S. 
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The Ag influence without Na addition was evaluated to confirm that Ag had a similar 

influence on sensitivity as Na. Addition of Ag notably increases the signal (Figure 12a) and no 

impact on the δ-values was observed (Figure 12b). A larger increase of the sensitivity is seen 

for Ag addition than for Na addition, but Na was added to measurement solutions because the 

required molar ratio for Ag is larger than for Na. The Ag influence on the measurement with 

Na addition was evaluated to check if microwave digested IAEA S1 and S3 standard can be run 

without purification. IAEA S1 and S3 consist of Ag2SO4, so the microwave digested solutions 

of these standards had an Ag/S (mol/mol) of 2. The highest molar ratio tested for the evaluation 

was therefore ~2. No notable sensitivity increase (Figure 13a) or influence on δ-values 

(Figure 13b) was observed. Microwave digested IAEA S1 and S3 could therefore run without 

purification. 
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Figure 12: Influence of Ag addition on the a) sensitivity and b) δ34S, δ33S, and ∆33S values. Na was not added to solutions. The 

error bars represent ±2𝑆𝐷 of five sequential measurements. Aridus II is used as introduction system and IAEA S4 is bracketed 

with AA S. 
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Figure 11: a) Skimmer cone after several days of S measurements. b) Skimmer cone after cleaning. 

a) 
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4.2.4.3. Calibration of in-house standard 

The AA S standard was calibrated against the IAEA S1, S3, and S4 standards using all 

different sample introduction systems (wet, Aridus II, and DSN-100). Figure 14 shows the 

δ-values obtained for AA S using the different sample introduction methods and IAEA 

standards, with each point in the graphs being the mean value and 2SD of two sequential 

determinations. It is observed that all determinations independent of method give a δ-value for 

the AA S standard between 3-5 ‰. The δ-values for wet plasma and DSN-100 are measured on 

two or three different days, while the Aridus II values are compiled from at least six different 

days. Aridus II values, therefore, show a better long-term precision. There is day-to-day 

variation in all methods, but the determinations are reproducible around 4 ‰. IAEA S1, S3, 

and S4 yielded slightly different δ-values for the AA S standard, with the biggest difference 

observed for the IAEA S4 bracketing standard. Differences for IAEA S1 and S3 are also seen 

for dry plasma introduction systems, but not for wet plasma. This could mean that the desolvator 

systems introduce an artificial fractionation that is not fully corrected for with bracketing 

standards or that there are too few determined values to observe a notable difference between 

them.  
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Figure 13: Influence of Ag addition on the a) sensitivity and b) δ34S, δ33S, and ∆33S values. Na was also added to solutions. The error bars 

represent ±2𝑆𝐷 of five sequential measurements. Aridus II is used as introduction system and IAEA S4 is bracketed with AA S. 
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Figure 14: Calibration of AA S standard using IAEA S1, S3, and S4. Three different introduction systems are presented; a) wet plasma 

mode, b) DSN-100 dry plasma mode, and c) Aridus II dry plasma mode. The error bars represent ±2𝑆𝐷 of two sequential measurements. 
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Table 12 shows the total mean δ-values and within-lab precision for the AA S standard.  The 

AA standard mean δ-values are calculated for different factors, such as introduction system and 

bracketing standard. There are also mean δ-values calculated for all δ-values from one bracket 

standard (IAEA S1, S3, or S4) including δ-values from all introduction systems and for all 

δ-values from one introduction system including δ-values from all bracketing standards. A total 

δ-value for the AA S standard, including all bracketing standards and introduction systems, is 

also shown in Table 12. The AA S standard δ34S-value obtained from the IAEA S4 bracketing 

standard is larger than the others for wet plasma. For DSN-100, all bracketing standard δ34S-

values are within uncertainty. For Aridus II, all are different, with the IAEA S4 standard giving 

the highest δ34S value, IAEA S1 giving the medium δ34S-value, and IAEA S3 giving the smallest 

δ34S-value. A similar trend can be seen for the δ33S-values. This indicates that there is non-

linearity in the SSSB method that is not being corrected for properly. Earlier studies have noted 

that sample δ34S-values diverge from accurate values when the difference in δ34S of the sample 

and the bracketing standard becomes too large. External correction with an isotope ratio 

calibration curve has been suggested or δ34S-matching of sample and bracketing standard [30]. 

Bracketing with IAEA S1 to calibrate the AA S standard is therefore thought to give most 

accurate results. The total δ34S-value for the AA S standard from each introduction method 

gives approximately the same δ34S-value, 4.00-4.08 ‰, because the extreme values of IAEA 

S3 and S4 are cancelled out. The AA S calibrated δ34S-value selected for bracketing was the 

total value of all determinations (4.05 ‰). 

 

Table 12: Mean and within-lab reproducibility for the δ34S, δ33S, and ∆33S values of AA S. The values are divided into type of 

introduction system (wet, DSN-100, and Aridus II) and bracketing standard (IAEA S1, S3, and S4). Number of measurement 

points (n) are also presented. 

  Bracket n 

δ34S 

(‰) 

2SD 

(‰) 

δ33S 

(‰) 

2SD 

(‰) 

∆33S 

(‰) 

2SD 

(‰) 

Wet AA S1 24 3.68 0.44 2.66 3.43 0.77 3.33 

 AA S3 18 3.61 0.28 1.46 1.66 -0.31 1.61 

 AA S4 61 4.33 0.32 2.37 1.19 0.23 1.27 

  Total 103 4.01 1.04 2.27 2.16 0.28 2.09 

DSN-100 AA S1 50 3.93 0.86 1.84 0.82 -0.21 0.53 

 AA S3 8 4.24 0.23 1.18 0.52 -1.01 0.58 

 AA S4 27 4.06 0.42 2.53 0.78 0.41 0.89 

  Total 85 4.00 0.73 2.01 1.13 -0.07 1.05 

Aridus II AA S1 140 4.10 0.61 2.49 1.82 0.35 1.85 

 AA S3 82 3.65 0.46 1.71 0.87 -0.14 0.88 

 AA S4 75 4.49 0.30 2.73 1.04 0.42 0.92 

  Total 297 4.08 0.80 2.34 1.64 0.24 1.50 

Total S1   214 4.01 0.72 2.37 2.00 0.28 1.97 

Total S3   108 3.68 0.53 1.63 1.07 -0.22 1.10 

Total S4   163 4.33 0.77 2.55 1.12 0.35 1.07 

Total  485 4.05 0.85 2.27 1.71 0.19 1.61 

 

4.2.4.4. Accuracy and precision 

The internal precision of the 34S/32S and 33S/32S measurements was commonly between 

7∙10-7-7∙10-6 for all sample introduction systems. At higher internal precision, a re-tuning of the 

instrument was performed.  
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The IAEA S1, S3, and S4 standards were analysed with AA S standard as the bracketing 

standard to assess if the reference δ34S-values could be accurately determined with the different 

introduction methods. Figures 15-17 and Table 13 show that the determination of IAEA S1, S3, 

and S4 δ34S-values are accurate and precise for all introduction systems. The determination of 

δ33S-values is less precise and differ depending on measurement day. High sensitivity and stable 

measurements are important to obtain reliable δ33S-values. The ∆33S-values are mostly around 

0 ‰, but with poor precision, which indicates unresolved interferences during analysis. This is 

probably due to the 32S1H+ interference on 33S. Fine tuning is thus a requirement for high-

precision δ33S determination. In Figure 17, it is observed that bracketing with AA S standard 

gives the same δ34S and δ33S values for IAEA S3 and S4 as bracketing with the IAEA S1 

reference standard. The calibration is therefore shown to be successful. 
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Figure 16: Measured a) δ34S, b) δ33S, and c) ∆33S values for the IAEA S1, S3, and S4 standards when bracketed with AA S. DSN-

100 dry plasma mode was used as the introduction system and AA S as bracketing standard. The error bars represent ±2𝑆𝐷 of 

two sequential measurements. 

Figure 15: Measured a) δ34S, b) δ33S, and c) ∆33S values for the IAEA S1, S3, and S4 standards when bracketed with AA S. Wet plasma mode 

was used as the introduction system and AA S as bracketing standard. The error bars represent ±2𝑆𝐷 of two sequential measurements. 
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Table 13: Mean and within-lab reproducibility of δ34S δ33S, and ∆33S for the different introduction systems as well as SSS-3, 

SW, Spectrascan S, IAEA S1, S3, and S4 bracketed with AA S.  Number of measurements are noted (n). 

  n 

δ34S 

(‰) 

2SD 

(‰) 

δ33S 

(‰) 

2SD 

(‰) 

∆33S 

(‰) 

2SD 

(‰) 

Wet S1 21 0.11 0.30 0.01 1.84 -0.03 1.72 

 S3 20 -31.87 0.27 -16.21 1.98 0.35 2.31 

 S4 23 16.47 0.34 8.13 2.26 -0.35 2.16 

DSN-100 S1 24 -0.29 0.49 -1.03 1.73 -0.78 1.61 

 S3 19 -32.62 0.97 -16.90 3.48 -0.07 3.25 

 S4 61 16.95 0.49 8.57 2.01 -0.16 2.02 

 SW 5 21.20 0.14 12.17 0.44 1.25 0.89 

Aridus II S1 118 -0.11 0.57 -0.79 2.25 -0.75 2.06 

 S3 94 -32.05 0.95 -17.26 2.82 -0.75 2.52 

 S4 151 16.66 0.52 8.34 1.48 -0.28 1.36 

 SSS-3 24 3.99 0.62 2.10 2.20 0.09 2.18 

 SW 42 21.05 0.36 10.80 1.37 0.11 2.94 

 Spectrascan 17 2.15 0.24 1.02 0.41 -0.15 0.60 

 

Repeatability for five sequential measurements, performed with different introduction 

systems on IAEA S1, S3, and S4 are presented in Table 14. The repeatability of wet plasma 

mode was good for δ34S measurements and poor for δ33S measurements. This was probably due 

to the large oxide and hydride interferences on 33S. The repeatability of dry plasma mode was 

not as good for δ34S, but lower concentrations of S could be used for reliable results (2-4 ppm 

vs. 10 ppm). In addition, dry plasma mode gave better δ33S repeatability. Aridus II gave better 

reproducibility for both ratios compared to DSN-100 and was more stable. DSN-100 gave lower 

sensitivity and had a greater sensitivity loss rate than Aridus II, therefore requiring more 

frequent tuning. The Aridus II sample introduction system was therefore deemed the method of 

choice. 

Figure 17: Measured a) δ34S, b) δ33S, and c) ∆33S values for the IAEA S1, S3, and S4 standards when bracketed with AA S. 

Aridus II dry plasma mode was used as the introduction system and AA S as bracketing standard. The error bars represent 

±2𝑆𝐷 of two sequential measurements. IAEA S3 and S4 were also bracketed with IAEA S1. 
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Table 14: Repeatability for δ34S, δ33S, and ∆33S of five sequential measurements for the different introduction systems as well 

as SSS 3, SW, Spectrascan S, IAEA S1, S3, and S4 bracketed with AA S. 

  

2SD 

(δ34S, ‰) 

2SD 

(δ33S, ‰) 

2SD 

(∆33S, ‰) 

Wet S1 0.12 0.85 0.80 

 S3 0.16 1.23 1.91 

 S4 0.28 2.34 2.24 

DSN-100 S1 0.16 0.54 0.54 

 S3 0.35 1.14 1.19 

 S4 0.37 1.56 1.56 

Aridus II S1 0.14 0.37 0.35 

 S3 0.26 0.96 0.86 

 S4 0.22 0.56 0.58 

 SSS-3 0.25 0.53 0.45 

 SW 0.15 0.92 0.99 

 Spectrascan 0.40 0.27 0.25 

 

4.2.5. Si internal standardization 

Si standardization was tested for both DSN-100 and Aridus II, but Aridus II was used more 

due to problems with stability of measurements with DSN-100. The influence of Si addition on 

the sensitivity and δ-values was also tested. Si addition did not alter the sensitivity of the 

measurements and did not impact the δ-values (Figure 18). In general, the repeatability of δ34S 

measurements on IAEA S1, S3, and S4 was 2.5 times better when using the Si correction, from 

0.33 to 0.13 ‰ (n=5). Only a slight effect was observed for δ33S, from 0.34 to 0.31 ‰ (n=5). 

The accuracy was good for Si corrected IAEA S1, S3, and S4 δ34S-values. 

The influence of non-acid matched bracket standard (0.3 M HNO3) and “sample” (0.01-2 M 

HNO3 and 0.3 M HNO3+4 drops H2O2) are presented in Figure 19. Both raw and Si-corrected 

values are shown. Running “samples” with a lower HNO3 concentration appears to give slightly 

higher δ34S-values and higher HNO3 concentrations yield slightly lower δ34S-values. Addition 

of H2O2 does not seem to influence the determination. Si internal standardization correction 

only seems to work for acid matrices that are fairly similar. If the matrix is very different, for 

example 0.011 M or 1 M HNO3, the correction does not work. This is unexpected, because Si 

internal standardization was supposed to correct for matrix effects. 

 

 

Figure 18: Influence of Si addition on δ34S, δ33S, and ∆33S values. The error bars represent ±2𝑆𝐷 of five sequential 

measurements. Aridus II is used as introduction system and IAEA S4 is bracketed with AA S. 
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Figure 19: Influence on δ34S-values of non-acid matched bracketing standards and “samples”. The x-axis represents the 

concentration of HNO3 in the “sample”. IAEA S1 is run as the “sample” (variable) and AA S is the bracket standard 

(0.3 M).  Raw and Si corrected values are presented. The error bars represents ±2𝑆𝐷 of five sequential measurements. 

Aridus II was used as the introduction system. 

4.3. Developed method 

The IAEA reference standards were prepared by microwave assisted digestion according to the 

Final program shown in Table 4, followed by change of matrix by evaporation at 50 oC to obtain 

a matrix compatible with the purification method. Na was added at a molar ratio of 2.8 (Na/S) 

to decrease potential risk of evaporation loss. Digested reference standards and samples were 

purified using an anion exchange chromatography method according to Table 5. The purified 

standards and samples were diluted to a final S concentration of 3 ppm. Standards and samples 

had a measurement solution matrix of 0.3 M HNO3. Silicon at a concentration ratio of 1:1 (S:Si, 

ppm:ppm) and Na at a molar ratio of 2.8 (Na/S) were added to all measurement solutions before 

analysis. Silicon corrected for internal mass bias drift through internal standardization 

correction, and Na increased the sensitivity. Isotope ratio measurements were performed mostly 

at high resolution, with an Aridus II dry plasma sample introduction system connected to the 

MC-ICP-MS. Samples were bracketed with an AA S in-house standard for external mass bias 

drift correction. 

4.4. Validation of the developed method 

4.4.1. Selectivity 

High resolution peak shapes for a 10 ppm AA S standard solution and a blank measured in 

wet plasma mode are presented in Figure 20. The main interferences are marked. These were 

identified based on the atomic mass (amu) difference between the interference and the S 

isotopes (Table 15). The calculated and measured differences corresponded well. Figure 20d 

displays the combined peak shoulder of the isotopes, where the intensities of 33S and 34S have 

been multiplied with ~133 (1/abundance) and ~24 (1/abundance) respectively so that all three 

isotopes can be observed together. The interference-free plateau in the Figure 20d is ~12 milli 

atomic mass (mmu). However, when the 34S/32S and 33S/32S values of the shoulder are plotted 

(Figure 21) it is observed that an interference on 33S/32S is present after a plateau of ~2 mmu in 

medium resolution and ~4 mmu in high resolution. This interference is assumed to be 32S1H+. 

The interference-free plateau is small, which increases the risk of mass drifting during long 

runs. Measurement of 33S/32S is therefore challenging and long runs should be performed at 

high resolution. If the instrument tuning during a run is monitored continuously, reliable 33S/32S 

values may be obtained at medium resolution. Use of a DSN-100 or Aridus II sample 
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introduction system notably reduced the interferences, except the one on 33S/32S. All 

measurements using Si internal standardization were performed in high resolution, where the 

interferences on the Si isotopes were physically separated.  

 

 

Table 15: Calculated and measured difference between the atomic mass of the interference and the interfered S isotope 

(∆m) [14]. 

Isotope Interference Calculated ∆m (mmu) Measured ∆m (mmu) 
32S 16O16O+ 17.75 17.34 
33S 16O16O1H+ 26.19 25.84 
34S 16O18O+ 26.20 26.18 
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Figure 20: Peak shapes for a) 32S (purple), b) 33S (green), and c) 34S (blue) compared to the peak shape of a blank (orange) 

measured in wet plasma at high resolution. The interferences and the interference-free shoulder are marked. The combined 

shoulder of all three isotopes is shown in d), where the intensity of 33S and 34S has been multiplied with ~133 and ~24, 

respectively, so that all three isotopes can be observed together. The black bar represents the interference-free plateau where 

isotope ratios are measured. 

Figure 21: Scan of the beginning of the S shoulder in a) medium resolution and b) high resolution. The scans are presented in isotope 

ratios 34S/32S (orange) and 33S/32S (blue), where the left axis has 34S/32S values and the right axis has 33S/32S values. 
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4.4.3. Linearity and limit of detection 

Linear regressions for each isotope were made for AA S standard solutions with S 

concentrations of 0-8 ppm. Measurements were performed with the Aridus II sample 

introduction system and at medium resolution. The linear regression from 0 to 4 ppm is linear 

with coefficients of determination R2>0.999 for all isotopes (Figure 22). At concentrations 

above 4 ppm, the regression becomes polynomial for all isotopes. The intensity obtained with 

the MC-ICP-MS instrument can therefore be used to concentration match standard and samples. 

The linear regression up to 4 ppm was used to estimate LOD and LOQ at 0.057 and 0.19 ppm, 

respectively. Ten measurements on reagent blanks measured on different days estimated the 

LOD and LOQ to 0.010 and 0.033 ppm, respectively. The values obtained from the linear 

regression method are notably higher than the ones determined from the blank measurement 

method, probably because the linear regression method is based on an unweighted linear 

regression where the SD of all points are assumed equal, which rarely is the case [52]. The 

difference in calculated LOD- and LOQ-values demonstrates the importance of stating which 

method was used for the determination. 

 

Figure 22: Linear regression of the different S isotopes when measuring with Nu Plasma II. The last 4 points are not 

included, because the trend shift. Aridus II was used during the measurements.  

4.4.4. Accuracy, precision, and stability of solutions 

The accuracy of IAEA S1, S3, and S4 determinations using the Aridus II sample 

introduction system was good (as seen in Figure 17 and Table 13). Sample preparation factors 

that might influence the accuracy in this study are the digestion method, purification, and 

stability of the solutions. Figure 23 therefore presents the accuracy of: hot plate (H) and 

microwave (M) digested standards, non-purified and anion exchange (IE) purified standards, 

and new hot plate digested standards (H) vs. 2-year-old standards (O). Each presented δ34S-

value is a mean of 5-13 sequential determinations. The reference δ34S-value for each IAEA 

reference standard is marked with a solid line and the uncertainties of the reference values are 

marked with a dotted line, thus creating a framework for accurate values. The IAEA S1 δ34S-

value does not have an associated uncertainty, because it is defined as the calibration material 

for the VCDT-scale. The uncertainty is therefore assumed to be similar to IAEA S3 and S4 

(±0.2 ‰).  

It is observed that microwave digestion gives accurate results within uncertainty for the 

reference value of S1 and S4, but not for S3. The hot plate digestion values are all within the 

uncertainty.  There is only a small difference in δ34S-values between the different digestion 

methods and the hot plate method might even give more accurate results for the IAEA S3 

standard. The anion exchange purified hot plate and microwave digested standards are all more 

accurate and have a better precision than non-purified standards. Purification of standards is 

therefore highly recommended. The 2-year old standards were accurate for IAEA S4, but not 
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for IAEA S1 and S3. IAEA S4 standards are thus assumed stable for at least 2 years. According 

to Inorganic Ventures S solutions with concentrations of ≥1 ppm should be stable for years [54]. 

All measurements within one type (H, M, IE, O) were performed during the same day and most 

types were performed on different days. Comparison between the different types in this way is 

therefore not ideal, because it has been noted that there is some day to day variation in 

measurements (Figure 14). If the within-lab reproducibility (S1: 0.57 ‰, S3: 0.95 ‰, S4: 

0.52 ‰, Table 13) is included, then all standards are within uncertainty of the reference value. 

The trends discussed from Figure 23 are thus only speculations and need more measurements 

for accurate comparisons. 
 

 

 

 

Figure 24 shows the δ34S determinations of the SSS-3, SW, and Spectrascan S standard with 

Aridus II and SW δ34S determined with DSN-100 for comparison. Each measurement point is 

a mean of two sequential measurements. Within-lab precision for the δ-values is listed in 

Table 13. Figure 24 shows that similar values were obtained for SW using Aridus II and DSN-

100. Figure 24 and Table 13 show that the SSS-3 standard, Spectrascan S standard, and SW 

have δ34S-values of 3.99 ± 0.62 ‰ (2SD, n=24), 2.15 ± 0.24 ‰ (2SD, n=17), and 

21.05 ± 0.36 ‰ (2SD, n=42), respectively. The SSS-3 value is within precision of the reference 

δ34S-value of +3.8 ‰ and the SW value is close to published values [14], suggesting that the 

method is accurate for other standards than IAEA reference standards and for real samples, i.e. 

SW. The value for the Spectrascan S standard is different from the AA S standard, which shows 

that different S ICP-standards give different δ34S-values. Each new standard must therefore be 

calibrated before use. 
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Figure 23: IAEA a) S1, b) S3, and c) S4 δ34S values for microwave digested standards (M), hot plate digested samples (H), anion 

exchanged standards (IE) and 2-year old standards (O). The solid horizonal line represents the reference value for the standard and the 

dotted lines are the referenced uncertainty. The error bars represents ±2𝑆𝐷 of 5-13 sequential measurements. Aridus II was used for 

the measurements and AA S was used as bracketing standard. 
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Figure 24: Measured δ34S for SSS-3, SW and Spectrascan bracketed with AA S. The error bars represents ±2𝑆𝐷 of two 

sequential measurements. Aridus II was used for most of the measurements, two SW values were measured with DSN-100 for 

comparison. 

4.5. Aerosol filter sample 

4.5.1. Extraction 

The results of the extraction of the aerosol filter sample with different extraction solvents 

are shown in Figure 25. Less S was extracted than the expected value, 4-5 ppm instead of 

~12.5 ppm. The expected value was based on similar extractions done before and should 

therefore only be taken as a rough estimate. In Figure 25 the extractions do not differ much, 

which indicates that all adsorbed S is extracted with the recommended extraction solvent, Milli-

Q. There is no clear relationship between the extracted concentration and the extraction strength 

of the solvent. The lowest extraction strength (Milli-Q water) and the highest (conc. HNO3) 

yield almost identical extracted amounts of S. Therefore, higher extraction strengths are not 

necessary for full extraction. The small differences observed between extractions probably 

originate from heterogeneity of S distribution on the filter and differences in how the filters 

were cut and handled, not because the extraction solvent was different. Extractions performed 

with the same solvent on different days only differ slightly. Additionally, Figure 25 shows that 

the aerosol filter samples are relatively clean from other elements and that the concentrated 

extraction solvent yield slightly higher concentrations of matrix elements than the other 

extractions. These types of samples may not need purification in future studies. 
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Figure 25: Comparison of extracted concentrations for different elements of the filter aerosol sample. 

4.5.2. Purification 

Purifications of the aerosol filter sample extractions are presented in Table 16. Extractions 

were almost fully purified from Al, Ca, Fe, K, Mg, Na, and Zn. The average S recovery of the 

purifications was 100 ± 3 % (n=4). Of the two purifications done on two different days, by 

different laboratorians, the second replication was cleaner suggesting possible sample handling 

bias. 

Table 16 (A): Anion exchange purification for the different extractions of the filter aerosol sample. All concentrations are in 

ppb and volumes for each step are noted. 

 Volume (mL) 
 

Ag Al B Ba Br Ca Fe K Li Mg Na Ni P S Sr Zn 

 
Milli-Q water 

SL 5.7 
 

0 32 0 4 4 26 21 299 0 41 216 2 4 53 1 27 

MW 10 
 

0 8 0 0 4 19 24 60 1 12 7 1 8 139 0 7 

S elution 7 
 

0 2 0 0 3 15 6 26 0 6 0 0 1 4787 0 1 

Wash 4 
 

0 0 0 0 0 2 1 3 1 2 18 0 0 25 0 1 
 

0.03 M HNO3 replication 1 

SL 5.7 
 

0 47 0 0 2 82 0 252 1 43 340 2 8 92 1 25 

MW 10 
 

0 5 0 0 0 20 11 32 2 13 28 1 6 139 0 5 

S elution 7 
 

0 1 0 0 5 34 0 9 1 5 49 0 9 4339 0 5 

Wash 4 
 

0 1 0 0 1 13 1 54 1 3 56 0 3 36 0 0 
 

0.03 M HNO3 replication 2 

SL 7.9 
 

1 55 7 12 0 221 48 285 0 43 227 2 7 3 1 30 

MW 10 
 

0 4 0 1 0 0 0 0 1 4 0 0 2 0 0 0 

S elution 7 
 

0 0 0 0 5 0 0 0 0 0 0 0 3 4089 0 0 

Wash 4 
 

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
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Table 16 (B): Anion exchange purification for the different extractions of the filter aerosol sample. All concentrations are in 

ppb and volumes for each step are noted. 

 Volume (mL) 
 

Ag Al B Ba Br Ca Fe K Li Mg Na Ni P S Sr Zn 

 
3 M HNO3 

SL 5.5 
 

2 67 0 0 1 16 0 285 7 48 0 1 4 62 1 17 

MW 10 
 

0 2 0 0 7 21 0 69 1 13 0 0 4 121 0 2 

S elution 7 
 

0 0 0 0 0 4 0 7 1 4 107 0 4 4801 0 1 

Wash 4 
 

0 0 0 0 2 11 0 30 0 1 0 0 0 2 0 2 

 
Concentrated HNO3 

SL 5.5 
 

2 42 0 0 0 0 0 283 1 44 0 2 7 48 1 16 

MW 10 
 

0 3 0 0 6 0 0 47 0 14 0 1 6 120 0 2 

S elution 7 
 

0 0 0 0 0 0 0 18 1 7 0 1 4 4927 0 0 

Wash 4 
 

0 0 0 0 0 1 0 0 1 1 0 0 1 0 0 0 

 

4.5.3. Isotope ratio analysis and inter-laboratory comparison 

The results of the isotope ratio analysis on the samples and on SW are presented in Table 17 

and Figure 26. The day-to-day variation of the δ34S-value is larger than the variation observed 

for the different extractions. Hence, the extraction technique does not induce a measurable 

artificial fractionation. The δ33S-values did not yield reliable results, probably due to low 

sensitivity of 33S and the hydride interference. For reliable δ33S-determinations, higher 

concentrations of S (>2 ppm) are required. The SW δ34S-values are consistent with values in 

Table 17 and Figure 26 and reference values. 

Table 17 and Figure 26 also present the δ-values obtained for SW and the filter aerosol 

sample by ALS Scandinavia. The δ34S-values for IAEA S1, S3, and S4 reference standards are 

not as accurate as the Vegacenter determinations; IAEA S1 is accurate, S4 is lower than 

expected and S3 is higher. The AA S standard was used for bracketing, the inaccuracy may be 

caused by non-linearity when bracketing with standards that have a large difference in δ34S-

values. This could explain why IAEA S1 is accurate, but the other standards are not. In addition, 

SW is lower than determined at the Vegacenter (20.61±0.09 ‰ vs. 21.25 ±0.24 ‰).  

The repeatability is better for both the δ34S- and δ33S-values when measured by Neptune 

Plus compared to Nu Plasma II.  This is probably due to the sensitivity difference between the 

instruments. Samples measured by Neptune Plus were run at a 10 times lower concentration 

than on Nu Plasma II, because the sensitivity was 35 times higher. This difference in sensitivity 

is probably due to fact that medium resolution was used instead of high resolution and X-cones 

were used, which are known to increase the signal intensity. A similar sensitivity drop with 

time as observed for the Nu Plasma II was observed for Neptune Plus. 

A Si internal standardization correction was applied for both the Nu Plasma II and Neptune 

Plus measurements. The precision for filter aerosol samples was improved from 0.27 to 0.16 

‰ for δ34S-determinations and 1.65 to 1.61 ‰ for δ33S-determinations. A similar advance in 

precision was also observed for the Neptune Plus. 

The δ34S-values for the filter aerosol sample from both laboratories are in agreement 

(3.77±0.08 ‰ and 3.82 ±0.41 ‰). This value suggests that the aerosol SO4
2- collected from 

the Maldives mostly originates from anthropogenic sources. 
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Table 17: Mean and within-lab reproducibility of δ34S, δ33S, and ∆33S for the aerosol filter sample and SW measured at 

Vegacenter and ALS Scandinavia. Measurements at ALS Scandinavia of the IAEA S1, S3, and S4 are also presented. All 

samples and standards were bracketed with AA S. Number of measurements are noted (n). 

Vegacenter 

δ34S 

(‰) 

2SD 

(‰) 

δ33S 

(‰) 

2SD 

(‰) 

Δ33S 

(‰) 

2SD 

(‰) n 

Sample H2O Day 1 3.78 0.20 4.16 2.70 2.21 2.60 5 

 Day 2 4.01 0.13 7.60 2.19 5.53 2.13 5 

Sample 0.03 M HNO3 Day 1 3.57 0.21 1.51 1.88 -0.33 1.77 5 

 Day 2 4.06 0.10 6.78 1.04 4.69 1.01 5 

Sample 3 M HNO3 Day 1 3.66 0.27 3.03 1.18 1.14 1.13 5 

 Day 2 3.91 0.24 6.60 2.51 4.59 2.39 5 

Sample conc. M HNO3 Day 1 3.99 0.13 5.54 1.39 3.48 1.34 5 

 Day 2 3.57 0.25 2.07 1.33 0.23 1.26 5 

Sample Total  3.82 0.41 4.71 4.53 2.75 4.34 40 

SW Day 1 21.34 0.20 14.81 1.63 3.82 1.53 5 

 Day 2 21.16 0.08 12.72 1.72 1.82 1.70 5 

SW Total  21.25 0.24 13.77 2.71 2.28 2.60 10 

ALS Scandinavia        

Sample 0.03 M HNO3 3.77 0.08 1.39 0.82 -0.55 0.85 8 

SW  20.61 0.09 8.97 0.56 -1.65 0.54 4 

IAEA S1  -0.43 0.24 -0.14 1.11 0.08 1.21 8 

IAEA S3  

-

31.26 0.21 -15.24 1.76 0.86 1.86 6 

IAEA S4  15.88 0.45 7.61 1.35 -0.57 1.57 4 

 

 

 

Figure 26: Measured δ34S values at Vegancenter and ALS Scandinavia for the aerosol filter sample. Aridus II was used as 

the introduction system and the samples were bracketed with AA S. The error bars represents ±2𝑆𝐷 of 5-8 sequential 

measurements 
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5. Conclusion 
This study presents a successful method for measuring S isotope ratios in aerosols with high 

accuracy and precision by MC-ICP-MS. Sample preparation was optimised with microwave 

digestion being more efficient and obtaining notably higher recoveries than hot plate digestion. 

Purification with anion exchange was shown to give cleaner eluates and blanks than cation 

exchange. Evaporation losses during matrix-change could possibly be reduced by addition 

of Na. 

Analysis in wet plasma or dry plasma using DSN-100 or Aridus II sample introduction 

systems all gave accurate S isotope ratio results, but the dry plasma conditions enabled analysis 

at lower concentrations (2-4 instead of 10 ppm S). Na or Ag addition dramatically increased 

the sensitivity of dry plasma measurements. Aridus II was more stable than DSN-100 as a 

sample introduction system and was thus used for most measurements.  

Medium and high resolution were tested, but medium resolution required continuous re-

tuning due to a narrow interference-free peak plateau. To yield high sensitivity and stable 

measurements, the instrument cones must be cleaned periodically from Na deposition. 

The IAEA S3 and S4 reference standards yielded accurate δ34S-results with the developed 

method. The δ34S-values for the SSS-3 standard was similar to the reference value and δ34S-

values for the SW agreed with published data. Precision was notably better using a Si internal 

standardization correction. Repeatability for measurement of SW was 0.15 ‰ (2SD, n=5) and 

within-lab reproducibility of SW was 0.36 ‰ (2SD, n=42). 

Extraction strength did not notably influence the extracted S concentrations or δ34S-values 

and the anion exchange removed most matrix elements. The Neptune Plus obtained better 

repeatabilities compared to Nu plasma and samples could be run at 0.2 ppm due to the high 

sensitivity. The filter aerosol sample from the Maldives yielded similar δ34S results with both 

instruments (3.77±0.08 ‰, n=8, for Neptune Plus and 3.82 ±0.41 ‰, n=40, for Nu Plasma). 

These values indicate that the sampled SO4
-2 aerosol originated from anthropogenic sources.  
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