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using a pyrite standard to calibrate
the sulfur isotope ratio of marcasite during SIMS
analysis†

Rucao Li, ab Xiao-Lei Wang, *b Yue Guan,b Jing Guc and Lan-Lan Tianb

Marcasite (FeS2, orthorhombic) is a dimorph of pyrite (FeS2, isometric), which has been reported in many

kinds of ore deposits and sedimentary rocks. The sulfur isotopic composition of marcasite could be used

to track ore-forming fluid source(s) and ocean acidification events in deep time. However, matrix-

matched standards for marcasite are scarce, and in practice a pyrite standard is commonly used to

calibrate the sulfur isotope ratios of marcasite. But the feasibility of this calibration regime needs to be

carefully evaluated. In this contribution, we investigated this topic by analyzing a natural marcasite

(NJUMc-1) with a newly installed Cameca IMS 1300-HR3. The sulfur isotopic composition of NJUMc-1

varies significantly (from ∼–35& to ∼–17&). A total of 135 spots were applied on NJUMc-1 marcasite (4

outliers were rejected), and when the analyzing spot number reaches 70, the average d34S of marcasite

becomes invariant, indicating that the number of grains we analyzed is large enough to represent the

whole sample. The results of NJUMc-1 are calibrated using the pyrite standard UWPy-1. In this

calibration regime, the average d34S value of NJUMc-1 is −25.21& ± 0.78& (2 SE), which agrees well

with the result determined using gas source isotope ratio mass spectrometry (−25.63& ± 0.24&, 2 SE, n

= 2). This consistency indicates that it is feasible to calibrate the sulfur isotopic ratios of marcasite with

a pyrite standard and a new marcasite standard is not a prerequisite for sulfur isotope determination of

marcasite using SIMS. Besides, this study shows that instrumental mass fractionation (IMF) could be

precisely determined for samples with obvious heterogeneity (e.g., HTS4-3 and NJUMc-1), and by

inference, the isotopic composition of unknowns could be precisely determined with an inferior

“secondary” standard with obvious heterogeneity, as long as enough grains were analyzed.
1. Introduction

Marcasite (FeS2, orthorhombic) is a dimorph of pyrite (FeS2,
isometric) and generally forms at temperature < 160 °C.1,2 It has
been frequently reported in many kinds of hydrothermal ore
deposits3–7 and sporadically in sedimentary rocks.8–10 It is
a metastable phase relative to pyrite11 and cannot be preserved
when ambient temperatures exceed 160 °C for a long period
(e.g., >1 Myr).1,11 The detailed formation process for marcasite
remains a topic of ongoing investigation, but both experimental
work1 and ab initio calculations12 suggest that it forms exclu-
sively under acidic conditions (pH < 5.5), which potentially
explains why marcasite is far less common than pyrite. Despite
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this, marcasite in sedimentary rocks has become the focus of
some research because it is indicative of acidic conditions in
deep time.10,13,14

Sulfur has four stable isotopes (32S, 33S, 34S, and 36S), which
have natural abundances of approximately 95.04%, 0.75%,
4.20%, and 0.01%, respectively.15 Since the difference in their
atomic masses is relatively large, sulfur isotopes could be easily
fractionated in geological processes. Sulfur isotopic composi-
tion is generally expressed as d34S (d34S= 1000× [(34S/32Ssample)/
(34S/32Sstandard) − 1]), and the reported d34S values are signi-
cantly variable (from −60 to over +140&).16–20 Because of the
different sulfur isotopic compositions of different reservoirs,18

the sulfur isotope system is frequently used as a key tracer in
many geochemical processes.18,21–26

Recently, the sulfur isotopic composition of marcasite has
been used to trace ore-forming uid sources and ore-forming
processes.3,4 Besides, considering the unique acidic conditions
needed for marcasite formation, researchers have used marca-
site and its sulfur isotopic composition to track ocean acidi-
cation events in Earth's history.10,13,14 In many cases, marcasite
occurs as intergrowth with pyrite.3,4 Since marcasite and pyrite
have similar physical properties, it is hard to separate marcasite
This journal is © The Royal Society of Chemistry 2023
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from the marcasite-pyrite intergrowth. Consequently, in situ
analytical methods, notably secondary ion mass spectrometry
(SIMS), are frequently used to determine the sulfur isotopic
composition of marcasite. However, matrix-matched standards
for marcasite are scarce, and in practice a pyrite standard is
recently used to calibrate the sulfur isotopic composition of
marcasite during SIMS analysis.3 But the accuracy of this cali-
bration regime has not been fully evaluated. In this contribu-
tion, we investigate this topic by analyzing a natural marcasite
(NJUMc-1) using the Cameca IMS 1300-HR3 at Nanjing Univer-
sity. The results show a small (0.42&) deviation from the value
calibrated using a pyrite standard and prove the reliability of
this calibration regime for SIMS analysis. This study also shows
how to determine the isotopic compositions of unknown
samples with an inferior “secondary” standard that has obvious
heterogeneity.
2. Sample description and analytical
technique
2.1. Sample description and preparation

The marcasite sample (NJUMc-1), which is bought from the
internet, was collected from the San Juan de Reyes mine in
Fig. 1 Photomicrographs of the samples used in this study (UWPy-1,
NJUMc-1 and HTS4-3). A total of two analytical sessions were applied
on NJUMc-1, and the first session is failed, and only the result of the
second session is used in this study. This explains why there are two
analysis spots in some NJUMc-1 grains.

This journal is © The Royal Society of Chemistry 2023
Guanajuato, Mexico. The sample is crushed to an∼80mesh and
handpicked under a binocular microscope. About 200 grains of
NJUMc-1 marcasite were randomly selected andmounted in the
middle of a mount S060 (Fig. 1). The epoxy mount was carefully
polished several times with gradually ner diamond paste. The
mount was washed in ethanol and de-ionised water, and
subsequently placed in an oven and heated at 50 °C for 3 h. The
mount was gold-coated (∼30 nm thick) before SIMS analysis.

One pyrite sample (HTS4-3) is also analyzed for comparison.
The HTS4-3 sample is collected from the Hongtoushan copper–
zinc deposit, which is assigned to volcanogenic massive sulde
(VMS) deposits.27,28 The host rocks were metamorphosed to
upper amphibolite facies.27,28 Sample HTS4-3 was collected from
the alteration zone of the deposit. This sample is also crushed to
an ∼80 mesh and handpicked under a binocular microscope.
About 150 randomly selected HTS4-3 pyrite grains were moun-
ted in a mount LRC2201 (Fig. 1) and this mount is treated in
a similar manner to that for S060.

2.2. Laser Raman micro-spectrometry

All the marcasite grains in the mount S060 were rst checked
under a microscope (reected light) since marcasite shows
strong pleochroism (plane-polarized light) and anisotropy
(crossed-polarized light). To further conrm that the analyzed
grains are marcasite, we applied laser Raman micro-
spectrometry analysis. One UWPy-1 grain in the mount S060
is also analyzed for comparison. An Ar+ ion laser was operated at
a 532 nm excitation wavelength with an exposure time of 30 s
and a laser power of 10 mW in the interval between 250 and
500 cm−1. A microscope was used to focus the excitation beam,
whose spatial resolution was around ∼2 mm.

2.3. SIMS analysis

The isotopic analysis was conducted using a newly installed
Cameca IMS 1300-HR3 instrument, hosted at the State Key
Laboratory for Mineral Deposits Research, Nanjing University,
China. The Cameca IMS 1300-HR3 has a similar structure and
ion path compared with the Cameca IMS 1280.29 There are two
main changes for the Cameca IMS 1300-HR3: (1) the new radio
frequency (RF) plasma oxygen source, which could potentially
improve spatial resolution and reproducibility; (2) the 1012 U

resister Faraday cup, which could potentially measure signals
with a low counting rate. A primary 133Cs+ ion beam (∼2 nA
current and 20 keV total impact energy) was focused on the
sample surface. A 10 × 10 mm2 raster was used in this study and
a normal-incidence electron gun was used for charge compen-
sation. An NMR eld sensor was applied to stabilize the
magnetic eld. 32S and 34S were collected simultaneously using
two Faraday cups at positions L′2 and H′2, respectively. The L′2
is congured with a 1010 U resistor circuit, and the H′2 with 1011

U. The mass resolving power (MRP, M/DM), measured at 50%
peak height, was set at ∼2200 to minimize possible isobaric
interference. The total analytical time was about 4.5 minutes
per pit: 100 s pre-sputtering (to remove the Au coating); ∼60 s
automatic centering of the secondary ions in the eld aperture;
a total of 80 s integration of secondary ions (20 cycles× 4 s). The
J. Anal. At. Spectrom., 2023, 38, 1016–1020 | 1017
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pyrite standard used in this study is UWPy-1.30 The data
reduction process is the same as that in reported literature.31

Detailed SIMS results could be found in the ESI 1.†
2.4. Gas source ratio mass spectrometry (GS-IRMS)

The sulfur isotopic compositions of HTS4-3 and NJUMc-1 were
determined by GS-IRMS at the Institute of Geochemistry,
Chinese Academy of Sciences. The grains were mixed with
copper oxide and crushed to a 200 mesh. The suldes were
reacted with copper oxide at 980 °C under a vacuum pressure of
2× 10−2 Pa, and the product SO2 was measured with a MAT-251
mass spectrometer. The measurement precision, expressed as
two standard deviation (2 SD), is better than ± 0.20&.
Fig. 3 Average d34S values of HTS4-3 pyrite and NJUMc-1 marcasite
determined using SIMS. GS-IRMS results for both samples are also
shown for comparison. The d34S value of NJUMc-1 calibrated using
UWPy-1 is −25.21&, which agrees well with the result determined
using GS-IRMS (−25.63&, n = 2), indicating that it is feasible to cali-
brate marcasite results using a pyrite standard during SIMS analysis.
3. Results and discussion
3.1. The feasibility of using a pyrite standard to calibrate
marcasite during SIMS analysis

The main Raman shis for the analyzed grain of NJUMc-1 on
the mount S060 are at ∼324 cm−1 and 386 cm−1 (Fig. 2), con-
rming the affinity of marcasite. For comparison, the Raman
shis for UWPy-1 pyrite are at 340 cm−1 and 376 cm−1 (Fig. 2).

Since no marcasite standard is available so far, a natural
marcasite sample (NJUMc-1) with signicant variation in its
d34S values (Fig. 3 and 4) is used for this study. To determine
whether marcasite could be calibrated using a pyrite standard,
we need to determine whether marcasite and pyrite have the
same IMF. If yes, the result of the marcasite calibrated using the
pyrite standard during SIMS analysis should agree with its
recommended value. This problem is easy to solve if we have
a marcasite standard, but it may also be able to be solved with
a natural sample with nite variation in its d34S values. The
average d34S of a natural marcasite sample could be determined
using GS-IRMS, and the problem le is to analyze enough grains
that are representative of the whole sample during SIMS anal-
ysis. As for SIMS analysis, we suggest that when the average
Fig. 2 Raman spectra for UWPy-1 pyrite and NJUMc-1 marcasite.

1018 | J. Anal. At. Spectrom., 2023, 38, 1016–1020
isotope ratio becomes invariant, the number of analyses is large
enough to represent the whole sample. To test this hypothesis,
we analyzed a natural pyrite (HTS4-3) sample rst. The results
Fig. 4 Frequency histogram of the d34S values of HTS4-3 pyrite and
NJUMc-1marcasite. The 2 SE values (0.03& for HTS4-3 and 0.78& for
NJUMc-1) are also shown.

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ja00009e


Table 1 GS-IRMS results for HTS4-3 pyrite and NJUMc-1 marcasite

Sample ID d34S (&) 2 SD (&)

HTS4-3@1 +0.66 0.20
HTS4-3@2 +0.88 0.20
NJUMc-1@1 −25.51 0.20
NJUMc-1@2 −25.75 0.20
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show that aer the number of analyses reaches 10, the d34S of
HTS4-3 gradually becomes invariant (Fig. 3), meaning that
about 10 random grains of HTS4-3 may be able to represent the
whole sample. Finally, a total of 100 grains of HTS4-3 were
analyzed (3 spot analyses outside of the 2SD error range were
rejected), and the corrected d34S value is +0.69&± 0.03& (2 SE),
which agrees well with the result determined using GS-IRMS
(average at +0.77& ± 0.21&, 2 SE, n = 2, Table 1). The results
of HTS4-3 indicate that the approach mentioned above is
feasible, which is then applied to the natural marcasite sample
NJUMc-1. The results show that the average d34S of NJUMc-1
gradually becomes invariant when the number of analyses
reaches ∼70 (Fig. 3). Finally, a total of 135 grains were analyzed
(4 spot analyses outside of the 2SD error range were rejected),
and the average d34S calibrated using the pyrite standard UWPy-
1 is −25.21& ± 0.78& (2 SE), which agrees well with the result
determined using GS-IRMS (average at −25.63&± 0.24&, 2 SE,
n= 2, Table 1). This means that the IMF for pyrite andmarcasite
during SIMS analysis is generally the same, and it is feasible to
calibrate marcasite results using the pyrite standard. It is worth
noting that the number of analyses to represent the whole
sample for HTS4-3 (n= 10) and NJUMc-1 (n= 70) is signicantly
different, and this is mainly because they have different ranges
in their d34S values (Fig. 4). We also did Yorkt for the SIMS and
GS-IRMS data (Fig. 5, ESI 1†), and the result shows that the
regression line has a slope very close to 1 and an intercept very
close to 0, which further indicates that the sulfur isotopic ratio
Fig. 5 Yorkfit result of SIMS and GS-IRMS data in this study. The slope
and intercept were 1.01926 and 0.068118, and very close to 1 and 0,
respectively. The standard errors for the slope and intercept were
0.0041 and 0.00291, respectively.

This journal is © The Royal Society of Chemistry 2023
of marcasite can be calibrated with the pyrite standard during
SIMS analysis.
3.2. Implications for isotope determination with a less
homogeneous “standard” during SIMS analysis

The IMF during SIMS isotope ratio determination is matrix-
dependent, which requires matrix-matched reference mate-
rials (RMs) to correct IMF.32 Butmatrix-matched RMs are scarce,
and researchers were frequently frustrated when a good idea
was retarded by the absence of appropriate RMs. Then, a ques-
tion arises spontaneously: would it be possible to precisely
determine objective isotope ratios without a RM? Or more
practically, how can researchers accurately determine objective
isotope ratios using an inferior “standard” with obvious
heterogeneity?

The essence of using a matrix-matched standard for data
calibration is to constrain the IMF during SIMS analysis. The
IMF, by denition, is the difference between the true value and
the raw value given by the machine before IMF correction. The
true value of the isotope ratio of a sample (RM or heterogeneous
sample) could be determined using GS-IRMS. Then the only
problem le is to get the average raw value of an isotope ratio
that are representative of the sample (RM or heterogeneous
sample). Theoretically, one can get an average value of any
isotope ratio of any sample as long as enough analysis spots
were applied. The only difference for a RM and heterogeneous
sample is that only a few grains of the RM are representative of
the whole RM, but to represent the heterogeneous sample many
more grains of this sample should be analysed. In practice, one
need not analyse all grains of a sample to constrain the IMF
because natural samples—especially for moderately homoge-
neous standards—only exhibit nite variation. At this time, the
question becomes how to judge whether the number of ana-
lysed grains is large enough to represent the whole sample. The
results in this study offer a good criterion, i.e., when the average
isotopic ratios become invariant, the number of analysed grains
is large enough to make them representative of the whole
sample (Fig. 3). For HTS4-3 and NJUMc-1, the deviation between
the results of SIMS and GS-IRMS is 0.08& and 0.42& (Fig. 3),
respectively, which is comparable with or slightly larger than
the uncertainty of GS-IRMS. This indicates that if we use HTS4-3
or NJUMc-1 as the “standard” to calibrate unknown samples, we
can yield accurate results as long as enough grains are analysed
(e.g., n > 10 for HTS4-3 and n > 70 for NJUMc-1). It is obvious that
more grains are needed to be analysed if the sample has large
variation (Fig. 3 and 4). This approach is more time-consuming
than the circumstance where a RM is available, but it is worth to
do so if the isotopic composition of unknown samples could be
precisely determined when no RM is available. The approach
discussed here could be applied to other isotope systems and
mineral phases.
4. Conclusions

Since marcasite standards are scarce, a pyrite standard is
commonly used to calibrate the sulfur isotopic composition of
J. Anal. At. Spectrom., 2023, 38, 1016–1020 | 1019
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marcasite during SIMS analysis. However, the reliability of this
calibration regime has not been investigated. In this contribu-
tion, we investigate this problem by measuring a natural
marcasite sample (NJUMc-1) using SIMS and calibrating its
sulfur isotopic composition with a pyrite standard (UWPy-1).
The calibrated average d34S value of NJUMc-1 (−25.21& ±

0.78&, 2 SE, n = 131) agrees well with the result determined
using GS-IRMS (−25.63& ± 0.24&, 2 SE, n = 2). This study
proves the reliability of calibrating the sulfur isotopes of
marcasite using a pyrite standard during SIMS analysis. The
results in this study indicate that the IMF of an inferior
“secondary” standard could be precisely determined when
enough grains are analyzed, i.e., when average isotopic ratios
become invariant.
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