
JAAS

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 2
:5

0:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In situ measurem
aDepartment of Geology, University of Tartu,

ee; estida.eensoo@gmail.com
bDepartment of Earth, Environmental & Plan

St Louis, St Louis, MO, 63130, USA

† Electronic supplementary informa
https://doi.org/10.1039/d5ja00166h

Cite this: J. Anal. At. Spectrom., 2025,
40, 2126

Received 28th April 2025
Accepted 19th June 2025

DOI: 10.1039/d5ja00166h

rsc.li/jaas

2126 | J. Anal. At. Spectrom., 2025, 4
ent of sulfur isotope ratios in
sulfide samples with LA-ICP-MS/MS using N2O and
He reaction gas†

Estida Eensoo, *a Päärn Paiste,a Kärt Paiste,ab David A. Fikeb

and Jennifer L. Houghtonb

Sulfur isotope signatures (d34S) in sulfide minerals such as pyrite and pyrrhotite may reflect the specific

geological conditions at their genesis. Understanding the d34S variability can help track (bio)–

geochemical processes, from ore formation to finding evidence of early life. However, as sulfide mineral

growth can occur at various stages of rock history, traditional bulk S isotope analysis can incorporate

mixed geochemical signals generated by unrelated processes. In situ analytical techniques can be used

to investigate compositional changes in d34S caused by early environmental or secondary processes. In

this study, we aim to characterize d34S variability in pyrite and pyrrhotite using laser ablation inductively

coupled plasma tandem mass spectrometry (LA-ICP-MS/MS) while introducing a mixture of N2O and He

in the reaction chamber to remove polyatomic interferences at m/z = 32 and m/z = 34. Alongside

tuning the respective laser and ICP parameters, we employ a self-developed signal-smoothing device

consisting of coiled thermoplastic elastomer (TPE) tubing and a cyclonic spray chamber to achieve

better signal stability. In this way, we propose a new, fast, in situ screening approach for measuring the

d34S of sulfides.
1. Introduction

Pyrite (FeS2) and pyrrhotite (FeS), as part of the sulde minerals
category, are widely found in various geological environments,
and they serve as valuable indicators in exploring geochemical
processes. The genesis of pyrite occurs under a diverse set of
conditions, from sediment deposition to multiple stages of
metamorphism, resulting in petrographically distinct pyrites
with diagnostic sulfur isotope and trace element compositions.
Pyrrhotite may also appear in early or late stages of rock
formation; however, it is metastable in low-temperature sedi-
mentary environments where it converts to pyrite.1 These iron
suldes exhibit d34S compositions that reect the changes in
the chemistry of mineralizing uids and allow differentiation
between biogenic and abiogenic sulfur cycling processes.2

Therefore, the sulfur isotopes in pyrite and pyrrhotite are
powerful tools for investigating processes such as sulde-gold-
ore formation,3–5 tracking oil generation and migration in
petroleum reservoirs,6,7 as well as for searching for evidence of
Tartu, 50411, Estonia. E-mail: estida@ut.

etary Sciences, Washington University in
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early life in Earth and beyond,2,8 and biogeochemical processes
throughout Earth's history.9

Regardless of the specic formation pathway, the genesis of
FeS2 and FeS typically occurs in diffusively limited environ-
ments where the mineralizing uid's properties affect mineral
crystallization and chemical composition. Since the expression
of S isotope fractionations is sensitive to open-vs-closed system
conditions, heterogeneous d34S signatures can form on the
micro-scale and be preserved in iron suldes that precipitate
over time in evolving environmental conditions.9–11 In addition,
late-stage processes can introduce secondary sulfur- and metal-
bearing uids into sedimentary systems, thereby inducing the
precipitation of multiple generations of genetically and isoto-
pically distinct sulde species.9,12–14 In addition, as the
temperature rises during metamorphism, pyrite can transform
into pyrrhotite, and this process can reverse during the cooling
stages of metamorphism.15 On a bulk scale, isotopic fraction-
ations accompanying the conversion of pyrite to pyrrhotite or
vice versa are small;16,17 however, isotopic zoning within indi-
vidual crystals can develop.15,18 Consequently, specic environ-
mental conditions and late-stage alteration can lead to
signicant pyrite and pyrrhotite compositional variability,
undetectable by traditional bulk extraction methods. During
the commonly applied chromium-reducible sulfur (CRS) and
acid-volatile sulfur (AVS) extractions,19 the sulfur isotope vari-
ability is homogenized as the different components of a sample
are combined. In contrast, petrographic investigations
This journal is © The Royal Society of Chemistry 2025
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combined with high-resolution sulfur isotope analysis allow for
a more comprehensive approach to assessing the processes and
factors inuencing mineral growth, recrystallization, and
alteration.

The traditional CRS and AVS extraction techniques are
complemented by high-resolution techniques capable of d34S
measurements, such as secondary ion mass spectrometry
(SIMS) and laser ablation inductively coupled mass spectrom-
eter (LA-ICP-MS), allowing for ner detailed analysis with
minimal sample preparation.20 Even though SIMS offers supe-
rior spatial resolution and high precision and accuracy in
measuring sulfur isotope ratios,21–23 it is less accessible, more
complex to operate, and unsuitable for large sample quanti-
ties.24 Alternatively, rapid developments in the eld of LA-ICP-
MS25–27 have made it a viable, time- and cost-efficient alternative
for in situ sulde d34S measurements. Especially the introduc-
tion of multiple collector ICP-MS (MC-ICP-MS) has enabled
high precision and rapid isotope ratio measurements, and thus,
signicant effort has been placed into improving such instru-
ments' application in geological research.26,28,29 On the other
hand, tandem ICP-MS/MS, although favoured for its afford-
ability, versatility, speed, and efficiency in routine elemental
analyses, has received relatively little attention in stable isotope
measurements due to its comparatively lower precision. In
sulfur isotope analysis, the presence of isobaric effects at mass-
to-charge ratios m/z = 32 and m/z = 34, mainly from O2 and at
m/z = 32 from NO have limited the application of tandem
systems. Despite this drawback, the possibility of using so
interferences at the masses of interest shows promise in
expanding the LA-ICP-MS/MS application in determining d34S
of iron sulde minerals.27 Here, we build upon the idea to
improve the application of LA-ICP-MS/MS as a fast-screening
method for pyrite and pyrrhotite d34S measurements in
geosciences.

2. Experimental
2.1 Samples and in-house reference materials

We selected ve sulde samples with unknown d34S composi-
tions. A vein pyrite collected from the Maksovo open-pit quarry
near the village of Shunga, where the rocks from the Paleo-
proterozoic Zaonega formation are exposed (Onega Basin, Kar-
elia, Russia; coordinates 62°3503500N, 34°5605200E). The Zaonega
formation's coarse (mm-sized individual crystals) anhedral
pyrite from a laminated quartz vein shows vein selvage over-
growth texture, suggesting it grew relatively late in vein devel-
opment. Additionally, the study involved four Paleoproterozoic
graphitic schist samples containing pyrrhotite from the Uljaste
küla drill core (Ida-Viru County, Estonia, coordinates 59°
21025.1900N 26°470. 7.7900E), at depths of 227.8 m, 249.9 m, 305.1
m, 317 m, and 334.5 m. The unknown pyrite sample in this
article is referred to as Zf-pyrite, and the pyrrhotite samples are
called Uljaste pyrrhotites.

During the experiments, we applied an in-house pyrite
reference material provided by D. Fike (Washington University
in St Louis) and obtained from Ward's Science (Rochester, NY,
USA). Previously conducted isotopic ratio mass spectrometry
This journal is © The Royal Society of Chemistry 2025
(IRMS) analysis assigned Ward's pyrite a d34S value of −1.0 ±

0.2& (V-CDT).22 SIMS analysis has shown a fragment-to-
fragment reproducibility of ±1.9& and intra-fragment repro-
ducibility of ±2.8& for Ward's pyrite.22 We utilized a mm-sized
porphyroblast Balmat pyrite obtained from J. Valley (University
of Wisconsin–Madison) as a quality control pyrite sample
between pyrite's analytical runs. The Balmat sample is well
characterized and previously proposed as a potential S isotope
reference material.20 The Balmat sample has an IRMS d34S =

15.1 ± 0.2& (V-CDT), intra-crystal reproducibility within
0.1&20, and inter-crystal variability d34S in the range of 14.4–
14.9&.26 However, d34S values from 13.8 to 16.4& have also
been reported for this pyrite.20,26,30–32 During the tuning proce-
dures for the ICP-MS/MS instrument, an approximately four cm-
sized cubic hydrothermal pyrite crystal from the Huanzala mine
(Huánuco, Peru coordinates 9°5500400S 76°5905000W) was used. A
pyrrhotite obtained from Ward's Science and provided by D.
Fike, was also used as in-house reference material with
a preliminary working value of d34S = −0.11 ± 0.5 (V-CDT) &
determined by IRMS analysis.

The Zf-pyrite and the Huanzala pyrite rock specimens, which
subsequently cut into smaller approximately 1 cm3 sections to
allow mounting into the ablation cell. The samples underwent
a systematic grinding and polishing process to prepare an even
and well-polished surface for analysis. Initially, the samples
were ground using silicon carbide grinding papers from Bueh-
ler Metallography with index P= 2500 and P= 4000, followed by
a series of diamond polishes using 9 mm, 6 mm, 3 mm, and 1 mm
solutions. Aerward, we cleaned the samples with ethanol to
remove any possible residues. The individual grains of Ward's
pyrrhotite and Balmat's pyrite were embedded in a round (d =

25 mm) epoxy mount. The Ward's pyrite sample was an irreg-
ularly shaped rock (∼1 cm in diameter); therefore, to prepare it
for LA-ICP-MS/MS analysis, it was also embedded in epoxy. The
sample mounts were ground and polished, following the same
steps as the Zf and Huanzala pyrite. In addition, the Estonian
Geological Survey provided the Uljaste pyrrhotite samples,
which were polished thick sections.
2.2 IRMS analysis

We determined the 34S/32S ratios in pyrite and pyrrhotite
samples from powdered specimens obtained through micro-
drilling (Minimo One Series Ver.2 micro grinder, with 1 mm
diamond-coated drill bit) at adjacent locations. Specically, we
drilled a grid of 16 spots (4 × 4) equally spaced from each other
on the crosscut 4 × 4 cm Huanzala pyrite sample, covering the
sample surface (Fig. S1, in ESI†). Additionally, ve replicates
were drilled on the surface of Ward's pyrite, and two replicates
were sampled on Zf-pyrite (including one from the vein and one
from non-vein Zf-pyrite). Similarly, for each of the Uljaste
pyrrhotite samples, we extracted two adjacent replicates from
the pyrrhotite veins. The limited number of pyrrhotite replicates
was due to the small areas of pyrrhotite in the Uljaste samples.
Prior characterization of the Uljaste samples was conducted
using reective light microscopy and a ZEISS EVO MA15 scan-
ning electron microscope (SEM) at the Department of Geology,
J. Anal. At. Spectrom., 2025, 40, 2126–2137 | 2127
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Fig. 2 Signal smoothing configuration D connecting to “squid”
compartment, composed of 5 times coiled TPE tubing around
a cylinder (O.D. 7 mm) and a cyclonic spray chamber, which connects
to the ICP-MS system.
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University of Tartu. The SEM images were used to identify
optimal drilling locations.

Around 300 mg of the drilled powdered material was loaded
into tin capsules with excess V2O5. We measured the 34S/32S
ratios using a Thermo Flash HT Element Analyzer connected
with Thermo Delta B plus IRMS via ConFlo IV open split device
at the University of Tartu. The sulfur isotope compositions are
expressed in standard delta notation as per mil (d34S in &)
deviations from the Vienna Canyon Diablo Troilite (V-CDT)
standard33 as follows:

d34SVCDT (&) = [(34S/32S)sample/(
34S/32S)VCDT − 1] × 1000 (1)

To calibrate the S isotopic ratios (IR) values, international
standards composed of BaSO4 such NBS-127 and IAEA-SO-6
were included in each analytical run. Four aliquots of each
international standard were analysed-two at the beginning and
two at the end of each analytical run to assess the instrumental
stability over time. The d34S value of NBS-127 is 20.3 ± 0.2&,
while the operating value of the IAEA-SO-6 reference material is
−34.1 ± 0.2&.
2.3 LA-ICP-MS/MS analysis

We performed the sulfur isotope measurements at the Univer-
sity of Tartu utilizing a Cetac LSX-213 G2+ laser system with
a HelEx II fast-washout two-volume large format cell using
800 mL per min helium as carrier gas. The LSX-213 G2+ system
features an Nd: YAG laser (Neodymium-Doped Yttrium
Aluminium Garnet). Typically, we ablated the samples at loca-
tions adjacent to the micro-drilled craters created by IRMS (see
Fig. 1 below).

The pyrite and pyrrhotite samples and standards are ablated
in the same analytical run and placed evenly in the sample
holder (12 cm × 12 cm × 1 cm). Subsequently, the composition
of the ablated material was analysed using an Agilent 8800
quadrupole ICP-MS/MS.

2.3.1 Signal smoothing experiments. Formerly, Gilbert
et al. (2014)26 showed that the addition of signal smoothing
components, e.g., “squid,” a coiled tubing, and a glass bulb,
between the laser and the ICP-MS, produces a more stable
signal and improves measurement uncertainty and reproduc-
ibility. Thus, this experiment implemented four distinct
Fig. 1 Microscopic images of the Uljaste 304.5 pyrrhotite sample
showing the micro-drilled crater's location and the LA-ICP-MS/MS
spots. IRMS spot d = 1 mm, LA-ICP-MS spot d = 100 mm.

2128 | J. Anal. At. Spectrom., 2025, 40, 2126–2137
interface-tubing congurations to investigate signal stability
and washout times on S reaction product signals (SO+ and SO2

+)
signals using N2O as the reaction gas. Each conguration
featured a “squid” mixing device as a common component that
distributes the sample aerosol between ten tubing before
recombining and delivering it to the ICP. The four congura-
tions are listed below:

Conguration A: this setup included a straight 20 cm
polypropylene-based thermoplastic elastomer (TPE tube from
Pharmed® BPT) with an internal diameter of 1.52 mm con-
nected to the “squid” device and the ICP.

Conguration B: this setup consisted of the same TPE tubing
coiled 5 times around a cylinder with a 7 mm outer diameter
(O.D) attached to the “squid” device.

Conguration C: the same TPE tubing without coiling was
connected to the “squid” device paired with a cyclonic spray
chamber (Agilent Isomist Spray Chamber).

Conguration D: the conguration combined the TPE tubing
coiled 5 times around a cylinder with 7 mm O.D., with the
“squid” and the cyclonic spray chamber (see Fig. 2).

During these experiments, the sulfur signal was measured as
two primary reaction products: SO+ and SO2

+. Sulfur ions were
detected at specic mass-to-charge (m/z) ratios: m/z = 48 for
32S16O+ andm/z = 50 for 34S16O+ in case of SO+, andm/z= 64 for
32S16O2

+ and m/z = 66 for 34S16O2
+ in case of SO2

+.
The laser parameters for measuring sulfur signals as SO+

reaction products included the spot size set at 40 mm, uence at
10 J cm−2, and repetition rate of 10 Hz. For measuring sulfur
signals as SO2

+ reaction product, congurations included a 50
mm spot size and uence of 19.5 J cm−2, while maintaining the
repetition rate at the same value. Each ablation ran for 90
seconds: 20 s for warming up the laser, followed by the next 40 s
for ablation, and 30 seconds for cooling down the laser. On the
ICP-MS/MS, the sampling depth was changed between SO and
SO2-based experiments, corresponding to 6.0 mm for
measuring SO+ and 7.0 mm for SO2

+ reaction products. We
tuned the ICP-MS/MS to maintain the 32S16O+ and 32S16O2

+

signal counts of reaction product below 106 counts per second
(cps), while dwell times were at 0.0465 s for each product ion
mass. During this experiment, the 4th cell gas's operating ow
was at 40%. The ablation targeted nine evenly spaced spots on
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ja00166h


Paper JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
9/

20
26

 2
:5

0:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the surface of the Huanzala pyrite (100 mm apart) for each
conguration. To characterize the outcomes of this experiment,
we use the reproducibility of the non-dri corrected S isotope
ratios, measurement uncertainty, and washout time.

2.3.1.1 Reproducibility of the non-dri corrected sulfur isotope
ratios. Background-corrected S signals from nine ablations for
each signal-smoothing conguration provided the data needed
to calculate reproducibility. Data extraction was done through
Iolite 3.62 soware, where we dened sections for individual
baselines and sample signals. Additionally, we used the “Mean
without Outlier Rejection” option to allow the soware to
generate sulfur isotope ratios. The reproducibility is presented
as the relative standard deviation in & without applying addi-
tional dri correction (eqn (2)).

RSDð&Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðxi � xÞ2
s

Pn
i¼1

xi

n

� 1000 (2)

where xi: sulfur isotope ratios from individual spots. �x: mean
value of sulfur isotope ratios. n: number ofmeasurements (n= 9).

2.3.1.2 Measurement uncertainty. We calculated the
measurement uncertainty to assess the stability of the non-dri
corrected sulfur isotope ratios during the ablation of the nine
spots for each signal-smoothing conguration. For each spot,
we then calculated the standard deviation of these uncorrected
isotope ratios, expressed in &. The overall measurement
uncertainty for each conguration was calculated by taking the
mean standard deviation of the nine spots (eqn (3)).

Mean standard deviationð&Þ ¼
Pn
i¼1

si

n
� 1000 (3)

where si: individual standard deviations of sulfur isotope
measurements for each ablation. n: number of measurements
(n = 9).

2.3.1.3 Washout. Our primary goal was to obtain a smooth
ablation prole by keeping the time between analyses (e.g.,
washout) as short as possible. By washout, we refer to the time it
takes for the signal to decrease to the initial background level at
the end of ablation. To calculate the washout, we take the ratio of
the average counts per second (cps) between two distinct time
intervals (A) 3 seconds before turning off the laser, and (B) 8–10
seconds aer turning off the laser or, alternatively, between A and
(C) 18–20 seconds aer turning off the laser. Washout is especially
Table 1 Operational parameters of the laser ablation system during the

Sample type Analysis mode Spot size (mm) F

Pyrite samples Spot 50 10
Lines 40 8

Pyrrhotite samples Spot 100 10
Lines 100 8

a Laser ring time consisted of 20 s of gas background, 40 s of ablation, a

This journal is © The Royal Society of Chemistry 2025
troublesome for ablating suldes due to the slow desorption of
sulfur species from the inlet line.25,34 The so-called memory effects
associated with S species cause longer delays between analyses and
increase the fraction of time spent on data acquisition.

2.3.2 Reaction gas experiments. This study compares the
effectiveness of N2O27 and a mixture of N2O with He as reaction/
collision gases to reduce polyatomic interferences from O2

+ and
NO+ ions atm/z= 32 andm/z= 34. The reactions between sulfur
and nitrous oxide produce SO+ (m/z= 48 for 32S andm/z= 50 for
34S) and SO2

+ (m/z = 64 for 32S and m/z = 66 for 34S) ions as the
main reaction products. While using N2O and the N2O–He
combination, we monitored the SO+ and SO2

+ signal intensities
in pulse mode through line scans ablated on Huanzala pyrite.
The laser parameters included a 40 mm spot size, 8 J cm−2

u-
ence, 10 Hz repetition rate, and a 10 mm s−1 scan speed.

In the rst set of experiments, we investigated the reaction
product distribution for pure N2O, increasing the gas ow rate
from 10% to 100% in 5% increments. In the second set, we xed
the N2O ow rates at 5%, 10%, 15%, and 20% while progressively
adding He from 1 to 7mLmin−1 during a continuous ten-minute
line scan. All ICP-MS/MS tuning parameters remained consistent
between the two experiments, except for the energy discrimina-
tion. For the N2O experiment alone, the energy discrimination
value was set at −3 V, and for the N2O–He experiment at −7 V, to
achieve the highest signal output for the main reaction products.
Following each change in N2O or He gas ow rate, we allowed the
signal to stabilize for 30 seconds. The reported signals in this
experiment result from recording a 20 seconds online signal
measurement and calculating its average.

2.3.3 Effect of detection mode and sample matrix on d34S
measurements. During this part of the investigation, we aimed
to characterize the application of Ward's pyrite and pyrrhotite
as reference materials for measuring d34S in pyrite and
pyrrhotite using the LA-ICP-MS/MS. A key focus of our tests was
to analyze the behavior of the 32S16O and 34S16O2 signals in
analog and pulse modes of the electron multiplier detector. For
this reason, the instrument is tuned to maintain the sensitivity
in three distinct counting range combinations on the detector:

Combination 1: both S reaction product signals are main-
tained in pulse mode for spot analysis.

Combination 2: 34S16O2 in pulse mode, while 32S16O in
analog mode for line scans.

Combination 3: 34S16O2 in pulse mode, while 32S16O in
analog mode for spot analysis.

During these experiments, bothmonitoredmasses had dwell
times of 0.05 s with a total sampling period of 0.114 s.
detection modes experimentsa

luence (J cm−2) Repetition rate (Hz) Scan speed (mm s−1)

5 —
10 10
5 —
8 10

nd 30 s wash out.

J. Anal. At. Spectrom., 2025, 40, 2126–2137 | 2129
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Parameters that were tuned the same during the analysis in
different detection modes were reected power (1100 V),
sampling depth (5mm), and wait time offset (5 s). Additional ICP-
MS/MS tuning parameters that differed during our analytical
modes were He ow rate (2.5 mL min−1 in pulse–pulse, 4.5
mLmin−1 in pulse-analog), 4th gas ow (15% in pulse–pulse and
5% in pulse-analog), and energy discrimination (−3 V in pulse–
pulse and −7 V in pulse-analog). For pulse–pulse mode experi-
ments, the 32S16O signal intensity was in the range of 8–9 × 105

cps for all samples, while for pulse-analogmode experiments, the
34S16O2 signal was tuned to the same range.We adjusted the laser
parameters for each pyrite and pyrrhotite sample to achieve
a smooth ablation signal prole. Pyrite and pyrrhotite samples
usually display similar ablation characteristics within the
respective group (see Table 1). During the ablation of Ward's
pyrrhotite, hidden cracks became visible on the sample surface.
To mitigate their impact, pre-ablation was conducted to expose
and exclude these areas from subsequent ablations.

The normalization of the d34S is done by following the
sample-standard-bracketing approach (SSB) applying both
Ward's pyrite and Ward's pyrrhotite.35 Before the 34S/32S
measurements, we conditioned the plasma by ablating 50 spots
randomly allocated on the Huanzala pyrite. Aer stabilizing the
plasma, the sequence began with the ablation of ve spots on
Ward's pyrite standard, followed by ve spots on the Zf-pyrite,
ve spots on the pyrrhotite standard, and lastly, ve spots on
the Uljaste pyrrhotite. This cycle of ablating 5 spots of the
standards before samples was repeated four times.

2.3.4 S isotope ratio measurements on natural pyrite and
pyrrhotite samples. The ablation of pyrite samples was performed
using a spot size of 50 mm, uence 10 J cm−2, and a repetition rate
of 5 Hz. The pyrrhotite group of samples was ablated using 100 mm
spots, a uence of 10 J cm−2, and a varied repetition rate of 5–7 Hz
among samples. Referring to the results of the signal smoothing
and reaction gas optimization experiments (see Results and
discussions), we opted to use the “squid” device, a seven-times
coiled TPE tubing, and the cyclonic spray chamber for the
smoothest ablation prole and N2O–Hemixture to amplify the SO+

product ion signal. The SO+ signal was measured at m/z = 48 and
m/z= 50 for 32S16O+ and 34S16O+, respectively. The dwell times were
0.05 s for each mass, with a total sampling period of 0.114 s.
During measurements, the 32S16O+ signal was kept under 106 cps.
Additional operational parameters for ICP-MS/MS during this
analysis are presented in Table 2.
Table 2 Operational parameters of the ICP-MS/MS compartment
while measuring the natural samples

Parameter (unit) Assigned value

Forward power (V) 1170
Nebulizer gas ow (mL min−1) 1.10
Extract lenses 1 & 2 (V) −24.0 & −210.0
He ow rate (mL min−1) 4.5
4th reaction gas ow rate (%) 5
Sampling depth (mm) 5.0
Energy discrimination (V) −7
Wait time offset (ms) 5
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Initial data reduction of LA-ICP-MS/MS data for all experiments
was performed using Iolite 3.62 soware. Each ablation signal was
manually integrated whereby the most stable ablation region was
selected, excluding regions with signal spikes. Additionally, the
sample backgrounds weremanually dened to exclude any spikes.
Furthermore, every crater was visually investigated aer ablation,
and signals from craters that revealed cracked surfaces or mixed
ablation of suldes and surroundingmatrix were excluded further
data processing (Fig. S4, in ESI†). Aerwards, the soware algo-
rithm calculates the raw isotopic ratio for each spot. We have
selected the “mean with no outlier rejection” option so the so-
ware calculates the average using all data points. The generated
signals were exported for post processing in Microso Excel. For
d34S calculations, a second or third order polynomial t was used
for mass bias correction by using the signals of Ward's pyrite and
pyrrhotite as in-house reference materials. The polynomial curve
was applied to account for the instrumental mass bias, where we
applied the correction function to the samples measured isotope
ratios. The nal d34S is presented as the average d34S of n-spots
relative to Vienna Canyon Diablo Troilite (eqn (1)), while the
uncertainties are expressed as one sigma (1s) standard deviation.
3. Results and discussion
3.1 IRMS assigned sulfur isotopic composition of the
samples

3.1.1 The pyrite samples. The IRMS d34S value of −1.19 ±

0.15& (V-CDT, n = 5) from Ward's pyrite is in good agreement
with the reported value (−1.00 ± 0.2&).22 The mean d34S for the
Huanzala pyrite micro-drilled spots is 1.93± 0.82& (V-CDT, n=

14), but the sulfur isotope values vary from −0.64 to +3.07&
across the crystal facet with distinguishable zonation pattern.
The zonation-related d34S variability of the Huanzala pyrite
limits its use as an in-house reference material. Thus, we only
used this pyrite in the subsequent experiments to tune the LA-
ICP-MS/MS instrument. Given that Balmat pyrite pieces were
in limited quantities, we used them to verify the accuracy of our
in situ S isotope measurements by analysing them alongside
other samples. Therefore, we favouredWard's pyrite as in-house
reference materials to correct for the instrumental mass bias
during the subsequent pyrite LA-ICP-MS/MS measurements.

Additionally, the micro-drilled d34S values for the Zf-pyrite are
−11.1& and −9.87& (n = 2). The studied Zf-pyrite's d34S compo-
sition is within range of [−20 to 0] & of the d34S values obtained
from metamorphosed strata at the contacts of mac magmatic
intrusions with sedimentary host rocks of the FAR-DEEP 12AB core,
located ∼3 km to the north of the Maksovo quarry.36

3.1.2 Pyrrhotite samples. Uljaste pyrrhotite samples varied
from −1.40& to −6.01& (n = 2 for each sample). The working
value for theWard's pyrrhotite standard was the same operating
value in paragraph 2.1.
3.2 The effect of signal-smoothing devices

For all congurations, the measurement uncertainty and
reproducibility based on uncorrected isotope ratios of nine spot
analyses are presented in Table 3.
This journal is © The Royal Society of Chemistry 2025
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Table 3 Summary of the interface configuration performance data for S reaction product analysis

Interface conguration
Reproducibility
RSD in & (n = 9)

Measurement uncertainty
(�1s, n = 9) in & Washout A/B Washout A/C

Conguration A for SO 4.3 1.8 68.1 70.8
Conguration A for SO2 9.1 2.1 22.7 22.9
Conguration B for SO 2.9 1.7 64.0 66.1
Conguration B for SO2 2.4 2.0 22.5 22.7
Conguration C for SO 2.0 1.7 50.7 58.0
Conguration C for SO2 3.2 2.2 20.5 21.9
Conguration D for SO 1.9 1.7 48.9 58.8
Conguration D for SO2 1.8 1.8 20.5 22.0
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Adding coils to the TPE tubing and the cyclonic spray
chamber improves the stability of the signal, resulting in better
reproducibility and measurement uncertainty between the spot
analyses. With maximal smoothing (conguration D), repro-
ducibility for SO+ is reduced from 4.3 to 1.9& and from 9.1 to
1.8& for SO2

+, compared to the minimal smoothing in cong-
uration A. In this study, the primary function of the cyclonic
spray chamber is to act as a mixing chamber, homogenizing the
aerosol before it enters the plasma. The coiled tubing serves
a specic function: it is used to remove larger particles from the
laser aerosol ow through centrifugal force. These larger
particles can contribute to signicant elemental and isotopic
fractionation in the plasma due to incomplete ionization.26

However, compared to SO+, the SO2
+ signal to background ratio

as indicated by Washout A/C is lower affecting the observed
measurement uncertainty.

In Fig. 3, the representative washout proles are shown. For
experimental congurations A and B, the washout between
intervals A/B and A/C is comparable, and the baseline signal is
achieved 10 seconds aer the ablation ends. By looking at Fig. 3,
Fig. 3 Signal tailings after applying signal-smoothing configurations. On

This journal is © The Royal Society of Chemistry 2025
in the 62–63 s range, it can be seen that the TPE tubing coiling
in C conguration introduces a slight delay in signal drop.
Adding the cyclonic spray chamber in congurations C and D
further increases the washout times and background signal, as
seen by the difference between A/B and A/C interval values
compared to congurations A and C (Fig. 3 and Table 3). An
increase in the background signal for congurations C and D
could arise from the connections between the added cyclonic
spray chamber and air permeation through the connections.
Although the washout time was increased, background equiv-
alent signals were achieved 20 s aer the end of ablation. To
reduce possible sample carryover effects, regular cleaning of the
sample introduction system using high ows of inert gas or air
is conducted.

For subsequent measurements of sulfur isotope ratios of the
unknown samples and standard materials, we increased the
number of coils to seven on the TPE tubing, which was the
maximum number attainable with the tubing length used in the
experiments. We noticed that seven coils lowered the
measurement uncertainty of conguration D to 0.7& (Table 4).
ly one representative signal is shown in the picture.
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Table 4 Seven times coiled TPE tubing + squid + cyclonic spray chamber configuration on different detection mode experiments

Analysis mode on
conguration D with 7 coils

Reproducibility
RSD in & (n = 9)

Measurement uncertainty
(�1s, n = 9) in & Washout A/B Washout A/C

Pulse–pulse spots 2.2 1.9 17.4 18.2
Pulse-analog lines 5.5 4.8 27.8 29.0
Pulse-analog spots 3.6 0.9 16.7 17.2
Natural pyrrhotite sample
experiment

2.0 0.7 19.3 19.7
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3.3 The effects of N2O and N2O + He on sulfur signal

The effect of N2O as a reaction gas on the SO+ and SO2
+ reaction

product signal intensities were tested over a range of N2O gas
ows (from 10 to 100% 4th cell gas ow) while laser ablation
parameters remained constant:

The main interferences arising from the use of N2O as reaction
gas on the SO+ reaction product are N2O

+ and possibly O3
+ ions

and for SO2
+ reaction products the O4

+ ion cluster (O2
+$ O2).37

The N2O was selected as a reaction gas owing to its enhanced
reaction efficiency towards sulfur, when compared to more
commonly used O2 gas.38

The 32S16O+ signal intensity was the highest at 20%N2O (∼300
000 cps), and from 15% N2O, the

32S16O2 signal intensity sur-
passed that of 32S16O+ and reached peak intensity (∼550 000 cps)
at 35% N2O (Fig. 4). Although highest SO2

+ product ions signal
was achieved at 35% N2O ow rate, the background signal at m/z
= 64 increases with N2O ow rate. This trend is likely due to the
enhanced formation of the O4

+ ion cluster (O2
+$ O2)37 caused by

higher N2O gas density in the collision-reaction cell. As the
disassociation energy required for breaking the NN–O bond is
1.7 eV, with increased N2O ow the O2 availability increases and
follows the reaction principle as eqn (4):38

O2
+ + 2O2 ! O4

+ + O2 (4)

Increase in the O4
+ ion formation during this ion–gas reac-

tion pathway have been shown to increase with increasing gas
density in the reaction chamber in SIFT instruments.39
Fig. 4 The reaction efficiency and background signals under different
flow rates of N2O gas as signal intensities of 32S16O and 32S16O2

product ions.
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Based on signal smoothing experiments, it was, however,
evident that the signal-to-background ratio for the 32S16O2

+

reaction product was approximately 3 times lower than that of
the 32S16O+ reaction product under comparable conditions,
expressed as the A/C ratio in Table 3. The reason behind this
difference could be due to a higher formation rate of 16O4

+ ions
compared to 14N2

18O+ ions under the tested conditions. There-
fore, we tested how the addition of He to the collison reaction cell
at different N2O gas ows would inuence the reaction efficiency
of 32S16O+ and 32S16O2

+ product ion production.
The investigation's purpose was to see if using an inert gas in

addition to a reactive gas changes could change the reaction
dynamics to affect the product ion distribution and formation
rate. In our case, He was used as a collision gas.

The combination of N2O and He as cell gases signicantly
attenuates the 32S16O2 signal, reducing detector counts to below
200 000 cps across all N2O and He ow rate congurations
(Fig. 5). In contrast, the 32S16O signal amplies considerably,
and the optimal He ow rate depends on the N2O ow rate. The
optimal conditions for 32S16O+ product ion generation are
achieved when using a mixture of a 5% N2O ow rate and a He
ow rate of 4.5 mL min−1. Notably, for SO+ product ions at
a 20%N2O ow rate with a He ow rate of less than 3mLmin−1,
the combination of reactive and inert gases yields superior
results relative to the use of pure N2O. The 32S16O signal
intensity is approximately 350 000 cps (Fig. 5), compared to
about 300 000 cps when using N2O alone at the optimum 20%
concentration (Fig. 4). Under the optimized analytical condi-
tions for SO+ and SO2

+ ion formation, the background signal at
Fig. 5 The reaction efficiency under different He and N2O gas flow
rates as signal intensities of 32S16O and 32S16O2 product ions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Sulfur isotope ratios of pyrite and pyrrhotite samples in different detection modes normalized by Ward's pyrite.
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m/z= 64 (for SO2
+) was 2 times higher than atm/z= 48 (for SO+).

Owing to the higher signal intensity, 32S16O-based signals
exhibited approximately 3 times higher signal-to-background
ratio than their 32S16O2-based counterparts when other analyt-
ical conditions were identical.
Fig. 7 Sulfur isotope ratios of pyrite and pyrrhotite samples in different
detection modes normalized by Ward's pyrrhotite.
3.4 Effect of detection mode and sample matrix on d34S
measurements

We selected two in-house reference materials- Ward's pyrite and
pyrrhotite-as reference materials to correct for the instrumental
mass bias during measurement of sulfur isotopic ratios in our
natural sulde samples. In addition, we investigated measuring
the sulfur signals in different detection modes. These modes
included maintaining the 32S16O+ and 34S16O2

+ reaction product
signal in pulse detection mode during spot analysis and then
changing analysis conditions so that the 32S16O signal would be
collected in analog mode for spot and line ablations. The
measured sulfur isotope ratios were normalized using Wards
pyrite (Fig. 6) and pyrrhotite (Fig. 7) in-house reference mate-
rials and compared to the values obtained by IRMS analysis. For
samples with single IRMS analysis result, error of 0.2& was
used in Fig. 6–8. When multiple analysis results were available,
experimentally determined 1s values were applied.

For Zf-pyrite, a slight negative bias is observed in pulse–pulse
mode when normalized with pyrite (−0.12&). In contrast,
pulse-analog mode for line scans shows positive bias (0.82&),
which becomes even more pronounced when using pyrrhotite
This journal is © The Royal Society of Chemistry 2025
as the reference material (2.73&). Additionally, in pulse-analog
mode spot analysis, the bias is inconsistent—positive when
normalized with pyrite and negative when normalized with
pyrrhotite.

For Uljaste pyrrhotite sample a positive bias was observed in
case of both normalization procedures (Fig. 6 and 7). It was
noticed that the variabilities obtained for the Zf-pyrite and
Uljaste samples are within the uncertainty range of the IRMS
control value when normalizing with either pyrrhotite or pyrite
reference materials.
J. Anal. At. Spectrom., 2025, 40, 2126–2137 | 2133
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Fig. 8 Comparison of the LA-ICP-MS with the IRMS control values for
Uljaste pyrrhotite samples. Number of analysis (n) is for LA-ICP-MS/MS
dataset.
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The results show that Ward's pyrite sample exhibits
a smaller bias (−0.07&) in pulse–pulse mode when normalized
with pyrrhotite. However, considering the standard deviation
values, normalization with Ward's pyrite provides better preci-
sion (standard deviation of 0.35&, compared to 1.07& with
Ward's pyrrhotite).

Conversely, the Ward's pyrrhotite sample aligns well with
IRMS values across all detection modes when normalized with
pyrrhotite. In contrast, the best precision is achieved in pulse–
pulse mode under this normalization (standard deviation 1s =

1.32& compared to 1.65& in pulse-analog lines and 1.62& in
pulse-analog spots). When normalized with Wards pyrite the 1s
deviations were between 1.45 to 1.88& and a larger bias was
observed. However, in pulse–pulse mode the bias was minimal
(−0.05&)

In the subsequent experiments, we used the pulse–pulse
mode for analysis. The pyrite samples were normalized using
Ward's pyrite, while pyrrhotite samples were normalized with
Ward's pyrrhotite.
3.5 Measurements of the natural pyrite and pyrrhotite
samples

The sulfur isotope ratios d34S of pyrite and pyrrhotite samples
were derived by applying the methodologies outlined for signal
Table 5 Sulfur isotope ratios expressed as d34S, 1s standard deviation a
Ward's pyrite, and samples denoted with * are normalized using Ward's

Sulde samples LA-ICP-MS/MS value 1s stand

ZF pyrite (n = 7) −10.29 1.70
Balmat pyrite (n = 9) 15.40 0.98
Ward's pyrite (n = 10) −0.96 0.35
Ward's pyrite * (n = 10) −1.26 1.07
Ward's pyrrhotite (n = 10) −0.16 1.88
Ward's pyrrhotite* (n = 10) −0.10 1.32

2134 | J. Anal. At. Spectrom., 2025, 40, 2126–2137
smoothing, reaction gas combinations, and detector modes. We
present the d34S values from multiple spot analyses within the
same textural regions of individual pyrite and pyrrhotite
samples, along with their associated uncertainties calculated as
1s standard deviation. The isotope ratios for the Uljaste
pyrrhotite samples are illustrated in Fig. 8, and for the Balmat
and Zf-pyrite are presented in Table 5.

The Uljaste 249, Uljaste 334 and Uljaste 305 samples gener-
ally follow the 1 : 1 correlation line, suggesting that the d34S
values obtained from LA-ICP-MS/MS and IRMS are consistent.
On the other hand, Uljaste 227.8 and Uljaste 265 samples
exhibit positive bias (0.98& and 1.45&, respectively), while
Uljaste 317 has a negative bias (−0.62&). Even though, gener-
ally, themeasured average d34S values for the pyrrhotite samples
fall within 1 to 1.5& of the IRMS obtained control values, the
variability is higher compared to the IRMS results. This vari-
ability could be due to the variation of the d34S in natural
pyrrhotite samples. As the drill core diameter used to drill and
collect the sample material subjected to IRMS is 10 times larger
than the laser beam diameter used to ablate the pyrrhotite
samples, larger variations in results would be expected for LA-
ICP-MS/MS analysis. Initially 12 ablation spots were marked
on each sample. The nal number of spots used in calculations
in some of the samples was reduced because the laser dried
from the original location, resulting in ablations falling on
cracked surfaces or surrounding matrix thus being excluded
(Fig. S4 in ESI†).

The Balmat pyrite shows a good agreement with the reported
values with a slight positive bias and a relatively low standard
deviation compared to the Zf-pyrite. Lowest observed standard
deviation (0.35&) was observed for isotopically homogenous
Ward's pyrite when using Ward's pyrrhotite for normalisation.
The standard deviation achieved on Wards pyrrhotite when
normalised using Ward's pyrite was 1.32&. Accuracy, expressed
as bias, was below 0.3& for all 4 samples (Table 5).

The difference in precision of the results between the Balmat
and Zf-pyrite could be due to the sample homogeneity. Balmat
is a widely characterized sample with consistent results in its
applications. On the other hand, the Zf-pyrite is a more
heterogeneous natural pyrite sample, and the signicant vari-
ability could be attributed to the inhomogeneous distribution
of the S isotope ratios. On the other hand, the two reference
materials Ward's pyrite and pyrrhotite differ slightly from their
IRMS values with a low standard deviation.
nd bias values in & for samples. All the samples are normalized with
pyrrhotite. Data collected in pulse–pulse mode

ard deviation IRMS 1s standard deviation Bias

−10.49 0.87 0.21
15.10 0.20 0.29
−1.19 0.15 0.23
−1.19 0.15 0.05
−0.11 0.5 0.05
−0.11 0.5 0.01

This journal is © The Royal Society of Chemistry 2025
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4. Conclusions

This study presents a novel method for characterizing sulfur
isotope ratios in sulde minerals, focusing on pyrite and
pyrrhotite, using LA-ICP-MS/MS. Our approach advances in situ
d34S determinations using quadrupole-based ICP-MS systems,
which face limitations due to polyatomic interferences at m/z =
32 and m/z = 34 and low sulfur sensitivity. When using pure
N2O as reaction gas at a ow rate of 35% of the 4th cell gas ow
rate, the highest sensitivity was achieved for the SO2

+ reaction
product. Adding a He ow to the reaction cell alongside N2O,
the primary reaction product shied from SO2

+ to SO+. The
optimal gas ow rate to achieve the highest product ion signal
intensity was 5% ow rate on the 4th cell gas using N2O and
4.5 mL per min He. By using a mixture of N2O and He in the
collision cell while keeping other analytical parameters
constant, an increase of 1.4 times in the primary production
signal relative to using only N2O can be achieved. Owing to the
higher signal intensity, 32S16O-based signals exhibited approx-
imately 3 times higher signal-to-background ratio than their
32S16O2-based counterparts when other analytical conditions
were identical.

Through the combined use of a “squid”, a coiled TPE tubing
and a cyclonic spray chamber, the highest signal smoothing
effects were achieved as observed by the lowest measurement
uncertainty. The signal smoothing compartments such as
coiled TPE tubing and the cyclonic spray chamber mitigate the
issue of large particles being produced using a Nd: YAG laser.
Although increasing the number of signal smoothing compo-
nents increased the washout time, background equivalent
signals were achieved 20 s aer the end of ablation.

By comparing the results of natural pyrite and pyrrhotite
samples normalized usingWards pyrite and pyrrhotite in-house
reference materials, matrix dependent bias was observed. The
bias was smaller than the measurement uncertainty of the
analysis, but for the analysis of the unknown samples, the use of
matrix matched reference material is preferred. To minimize
the effects of the isotopic fractionation arising from different
sources, the sample-standard bracketing approach with abla-
tion of the matrix matched standards under the same analytical
conditions was applied.

Under optimized analytical conditions with signal collection
in pulse mode detection only, good alignment with IRMS
control values for natural samples was achieved. For Uljaste
pyrrhotite samples, our measurement values were within
±1.5& of IRMS values, with a 1s standard deviation of 1.1–
2.4&. For isotopically homogenous sulde samples, the 1s
standard deviation was in the range of 0.35–1.88& and the
method uncertainty can conservatively be assumed to be in the
range of 1–1.5&. Conversely, accuracy for the isotopically
homogenous samples was within ±0.3& of reference values.

This study provides a promising approach for characterizing
sulfur isotopic ratio variability in natural samples using LA-ICP-
MS/MS. Although there are limitations in precision as
compared to the LA-MC-ICP-MS technique, this method can be
applied to identify samples with sufficiently variable sulfur
This journal is © The Royal Society of Chemistry 2025
isotope ratios. Most promisingly, for samples where microbial
induced isotopic fractionation, with d34S ranging from [−50 to
0] &, can be expected. Owing to the lower instrument capital
costs, the developed method can also be considered as a more
available or affordable pre-screening tool, prior to more detailed
d34S investigations.
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