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ABSTRACT: Secondary ion mass spectrometry (SIMS) for sulfur isotope analysis in chalcopyrite is an essential technique
with exceptional spatial resolution, which enables precise constraints on mineralization mechanisms. However, the scarcity of matrix-
matched chalcopyrite reference materials (RM) for SIMS hinders its accuracy and reliability. This study introduces a large-grained
natural chalcopyrite RM (IGSD) for precise sulfur isotope analysis (5*S) using

SIMS and laser ablation multicollector-inductively coupled plasma mass

spectrometry (LA-MC-ICPMS). Petrographic examination and electron microprobe

analysis (EMPA) results confirm the homogeneity of major elements in the IGSD

chalcopyrite grains. The results of in situ analysis at four SIMS laboratories and one

LA-MC-ICPMS laboratory and bulk analysis confirm the homogeneity of the S

isotope composition in the IGSD chalcopyrite grains. The in situ analysis result is

consistent with the result of isotope ratio mass spectroscopy (IRMS), which falls

within the same range of uncertainty. This supports the suitability of the IGSD

chalcopyrite RM for in situ S isotope analysis. The recommended 84S value of the

IGSD chalcopyrite RM, based on IRMS, is 4.21 = 0.23%o (2SD, n = 30).

notably, superior spatial resolution down to the micrometre scale,

INTRODUCTION all while maintaining high precision.
Sulfur is widely distributed throughout the lithosphere, biosphere, SIMS-based sulfur analysis is a versatile and widely used in situ
hydrosphere, and atmosphere. Because of its multiple valence technique. It is characterized by high sensitivity and extremely
states and large differences in relative atomic masses, sulfur high spatial resolution (1-20 pm),'""'4!617 which has a unique
isotopes exhibit significant fractionation. Therefore, the sulfur advantage in analyzing minerals with complex intergrown,
isotopic systems are a valuable for tracing sulfur sources and heterogeneous, or zoning isotopic compositions. Therefore, sulfur
constraining various geochemical processes.! isotope analysis through SIMS has proven to be a powerful tool
for obtaining precise measurements of sulfur isotopes in minerals.
In recent years, in situ microanalysis techniques, such as LA- This has enabled researchers to address a wide array of geological
ICP-MS and SIMS have been widely adopted for sulfur isotope problems with high precision (~ 0.2%o).'>!4!151823 However,
analysis.>!> Compared to traditional bulk methods, e.g., RIGS, instrumental mass fractionation (IMF) is a significant restraint

TIMS, and MC-ICPMS, in situ microanalysis offers several factor for SIMS-based isotopic ratio analysis. Because of IMF, a
advantages, including increased efficiency, convenience, and systematic difference exists between the instrumentally measured
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Table 1. The published 5*S values in different sulfides (in-house standards or reference materials) for in situ Sulfur isotope analysis

Sample name Material 5*S value with 2SD %o (method) In-situ method Ref.
Pyrite
GAV-18 Natural material 9.62+0.27 (LA-MC) LA-MC Craddock et al.
PPP-1 Natural material 5.3+0.2 (IRMS) LA-MC and SIMS Gilbert et al.®
Pyl Natural material —0.6 £ 0.6 (IRMS) LA-MC Molnér et al.**
Py2 Natural material —0.4+ 1 (IRMS) LA-MC Molnér et al**
101 PSPT 5.33+0.27 (IRMS) LA-MC Feng et al®
PSPT-2 PSPT 3248 +£0.29 (SN-MC) LA-MC Bao et al®
GBW07267 RPP 3.46+0.18 (SN-MC) LA-MC Chen et al.>'
PAS-Py PAS 18.22£0.07 (IRMS) LA-MC Feng et al®
RPPY RPP 3.66 + 0.24 (IRMS) LA-MC Lvetal®”
Balmat Natural material 15.1+0.2 (IRMS) SIMS Crowe et al.*®
Ruttan Natural material 1.2+ 0.1 (IRMS) SIMS Crowe et al.*®
CAR 123 Natural material 1.4 + 0.4 (Unknown) SIMS Mojzsis et al.®
UWPy-1 Natural material 16.39 + 0.40 (IRMS) SIMS Kozdon et al.?
SPAIN Natural material —2.95 £ 0.56 (Unknown) SIMS Kitayama et al.*
Sonora Natural material 1.61 £0.16 (IRMS) SIMS Farquhar et al.*!
Py-1117 Natural material 0.3£0.1 (IRMS) SIMS Zhang et al.”?
CSo1 Natural material 4.6+0.1 IRMS) SIMS Zhang et al."
Sierra Natural material 2.17+0.28 (IRMS) SIMS LaFlamme et al."
Chalcopyrite
CPY-1 Natural material —0.7 + 1.0 (IRMS) LA-MC Molnar et al**
PSPT-1 PSPT —0.73 + 0.09 (SN-MC) LA-MC Bao etal®
YN411-m Glass 0.37+0.24 (SN-MC) LA-MC Chen et al.*
GC Natural material —0.63+0.12 (IRMS) LA-MC Chen et al.®
CPy-1 Natural material 4.3 +0.2 (IRMS) LA-MC Chen et al.*
TC1725 Natural material 12.78 £ 0.16 (IRMS) LA-MC Bao et al®
PAS-Cpy PAS 10.58 +£0.33 (IRMS) LA-MC Feng et al*
GBW07268 RPP —0.57 + 0.24 (SN-MC) LA-MC Chen et al®'
Norilsk Natural material 8.0+ 0.2 (IRMS) SIMS Crowe et al.*®
Trout Lake Natural material 0.3+0.2 (IRMS) SIMS Crowe et al.*®
OPM Natural material 2.29+ 0.56 (Unknown) SIMS Kitayama et al.*
Nifty-b Natural material —3.58 + 0.44 (IRMS) SIMS LaFlamme et al."*
HTS4-6 Natural material 0.63 +0.16 (IRMS) SIMS Lietal*
CPY-1 Natural material 1.4 £ 0.4 (Unknown) SIMS Lietal®
Sphalerite
NBS 123 PPP 17.09+0.19 LA-MC Pribil et al.®
PSPT-3 PSPT 26.40+0.21 (SN-MC) LA-MC Bao et al®
PAS-GBW07270 PAS =544+ 0.18 (IRMS) LA-MC Nie et al.*
SPH-1 RPP —7.13+0.41 (IRMS) LA-MC Lvetal®
Balmat Natural material 14.3+0.2 (IRMS) SIMS Crowe et al*®
Chisel Natural material 1.5+ 0.1 IRMS) SIMS Crowe et al.*®
BT4 Natural material 15.42 4+ 0.14 (IRMS) SIMS Kozdon et al.”
JC-14 Natural material 4.9+0.1 IRMS) SIMS Zhang et al."
MY09-12 Natural material 3.1£0.1 (IRMS) SIMS Zhang et al."
Galena
CBI-3 Natural material 28.4+0.36 (SN-SN-MC) LA-MC Chen et al.¥’
RPP-Gn RPP —0.94 + 0.36 (SN-MC) LA-MC Chen et al.®'
NWU-GN RPP 28.27+0.17 (IRMS) LA-MC Lvetal®
UWGal-1 Natural material 16.61 +£0.16 (IRMS) SIMS Kozdon et al.”
Pyrrhotite
Po-10 Natural material 6.0+0.1 LA-MC Gilbert et al.®
Polo Natural material 5.6+ 1.2 (IRMS) LA-MC Molnar et al**
Anderson Natural material 1.4£0.2 (IRMS) SIMS Crowe et al.*®
Enon Natural material 0.90 + 0.56 (unknow) SIMS Kitayama et al.*
Alexo Natural material 5.23 +0.40 (IRMS) SIMS LaFlamme et al."
YP136 Natural material 1.5+0.1 (IRMS) SIMS Lietal®
JC-Po Natural material 0.06 + 0.33 (IRMS) SIMS Chen et al.”
Pentlandite
Norilsk Natural material 7.9+0.2 (IRMS) SIMS Crowe et al.*®
KAS Natural material 2.21 £ 0.56 (unknow) SIMS SIMS Kitayama et al.*
VMSo Natural material 3.22+0.51 IRMS) SIMS LaFlamme et al.™
JC-Pn Natural material —0.09 £ 0.15 (IRMS) SIMS Chen et al.”
Arsenopyrite
RPP-Apy RPP —1.05+0.15 (SN-MC) LA-MC Chen et al.®'
YJS-65 Natural material —1 (IRMS) SIMS Xie et al.®

Note: RPP: Resin-preserved powders; PSPT: pressed sulfide powder tablets; PAS: plasma-activated sintering synthesized; LA-MC: LA-MC-ICPMS; SN-
MC: SN-MC-ICPMS.
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and real values, which is intrinsically restrained by the
composition and crystallographic orientation of the material under
specific instrumental conditions.'*242¢ This indicates that IMF is
ubiquitous and cannot be entirely eliminated. Thus far, the only
reliable means of correction for IMF has been the use of
Thus,
characterized, matrix-matched RMs for SIMS calibration are

homogeneous matrix-matched standards.!>?728 well-
crucial for obtaining accurate sulfur isotopes.'** The in-house
standards and reference materials of different sulfides for in situ
sulfur isotope analysis were compiled in Table 1. There are many
synthetic and natural RMs for most sulfides. However, as a high-
resolution surface analysis method, operating under ultra-high
vacuum conditions, SIMS places considerable demands on the
surface morphology. Moreover, SIMS is also affected by the
crystal orientation of analyte. 121330 Therefore, synthetic standards
(such as the resin-preserved powders or pressed powder pellet
standards), which were used in LA-MC-ICPMS,*! may not be
suitable for SIMS. Thus, the optimal sulfur isotopic standards for
SIMS are natural with homogeneous isotopic
compositions. However, these natural RMs are relatively rare and
limited for most sulfide minerals (Table 1).

minerals

Chalcopyrite (CuFeSz) is an important source of copper and a
primary copper sulfide in various types of deposits from magmatic
(Cu-Ni sulfide systems) to various hydrothermal systems.’!->’
Therefore, the characteristics of chalcopyrite sulfur isotope (5°*S)
have been extensively exploited for tracing metal sources and
constraining the mineralization mechanism.!4?22358-66 There are
many natural and synthetic chalcopyrite RMs for LA-MC-ICPMS,
as listed in Table 1. However, natural chalcopyrite references for
SIMS are rare. Only few RMs are reported as working RMs for
chalcopyrite SIMS-based sulfur isotope microanalysis, such as
Trout Lake and Norilsk,?®3° OPM,* CPY-1 and CPY-2 (in-house
standards),>* # Nifity-b,'* and HST-4-6.% However, the limited
quantities of these RMs hindered their widely share and abroad
application. Moreover, all these standards are selected from
samples obtained from hydrothermal systems, where chalcopyrite
grains are usually small and always precipitate with other sulfides,
such as pyrite, sphalerite, galena, and pyrrhotite. As it can be
challenging to isolate chalcopyrite grains for analysis, this is a
significant limitation for microanalysis. Additionally, the softness
of chalcopyrite crystals can make it difficult to achieve a smooth
surface during polishing, particularly for small standards. Thus,
there is an urgent need for a large quantity, high purity, and
adequate size of the chalcopyrite standard that can address these
challenges.

In this study, we provided a pure and large-grained chalcopyrite
standard (IGSD) for sulfur isotope analysis (§°S) through SIMS
and LA-MC-ICPMS. The chalcopyrite is less impure in other
minerals (only a few pyrrhotite or pentlandite grains are observed)
owing to the origin of the high-temperature magmatic system. The
chalcopyrite standards were tested in several laboratories (four
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SIMS and one LA-ICPMS laboratories), and high homogeneity in
3*S was observed. This study provides evidence that chalcopyrite
samples (IGSD) are adequately homogeneous to serve as a
suitable RM for in situ microanalysis. Furthermore, sufficient
quantity (~ 500 g) of this material is available and laboratories
around the world can request it for their use.

EXPERIMENTAL

Sample description and preparation. Chalcopyrite samples
were collected from the McCreedy West deposit on the North
Range of the Sudbury Igneous Complex (SIC) in Ontario, Canada
(Fig. 1). SIC is a structure formed by meteorite impact at 1850
Ma.%’ It comprises three major components: (1) the main mass
sequence containing quartz-earing norites, a gabbroic zone, and a
granophyric zone, (2) the contact sublayer marked by small and
inclusion-filled gabbronoritic bodies, and (3) the offset sublayer
containing numerous dikes. The contact and offset sublayer zones
are the major hosts for world-class magmatic Ni-Cu-PGE sulfide
mineralization. The McCreedy West deposit is located in the
western part of the Onaping-Levack Ni-Cu-PGE sulfide
mineralized zone. The sulfide mineralization at the McCreedy
West is massive, semi-massive, and disseminated, with sulfide
assemblies of chalcopyrite, cubanite, pentlandite, pyrrhotite, and
minor pyrite. Sudbury brecciated footwall contains several
chalcopyrite-rich massive sulfide veins. The IGSD sample used in
this study was collected from one of these veins, which is
predominantly composed of almost pure chalcopyrite with a small
amount of pyrrhotite or pentlandite (Fig. 2a).

The IGSD sample (~ 50 g) was crushed into small fragments.
Under a microscope, chalcopyrite grains of high purity were
carefully handpicked. Some chalcopyrite grains were selected and
prepared for bulk analysis. Different sizes of chalcopyrite grains
were cast into round epoxy mounts (diameter of 25.4 mm) with
other RM (HTS4-6) (Figs. 2b and 2c¢). All the epoxy mounts were
carefully polished several times with a diamond paste, and the
grain size was gradually reduced. All the mounts were first washed
in ethanol, followed by deionized water, and then heated in an
oven for 3 h at 40 °C. Subsequently, several mounts were sent to
SIMS and LA-MC-ICPMS laboratories to investigate the
homogeneity of IGSD chalcopyrite.

Analytical techniques

EMPA. The major elemental composition was obtained using a
JEOL JXA8530F-plus microprobe at the State Key Laboratory of
Ore Geochemistry (SKLODG), of
Geochemistry, Chinese Academy of Sciences, China. The electron
An
acceleration voltage of 15 kV and a probe current of 20 nA with a

Deposit Institution

microprobe was equipped with five spectrometers.
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Fig. 1 Geological map of the Sudbury Igneous Complex showing the location of the McCreedy West deposit (Modified from ref. ¢).

200um

Fig. 2 (a) Photograph of IGSD chalcopyrite. (b). Mounts of different grains
of IGSD chalcopyrite. (c) Typical BSE map of IGSD chalcopyrite.

beam diameter of 5 um was applied. The following sulfides were
used as standards: CuFeS; (Fe, Cu, and S), ZnS (Zn), Cd (Cd),
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SnOz(Sn), FeAsS (As), Ge (Ge), GaAs (Ga), Sh2S3(Sb), InP (In),
PbS (S), and Ag (Ag).

IRMS. The bulk sulfur isotopic compositions (5%S) of 1IGSD
chalcopyrite were obtained using a MAT253 isotope ratio mass
spectrometer coupled with an elemental analyzer (EA-IRMS) at
SKLODG. The IGSD sample was crushed into several grains and
sieved under a microscope to ensure high purity. The grains were
then crushed to a 200-mesh using an agate mortar. The
chalcopyrite (~ 180 pg) was reacted with copper wire and tungsten
trioxide at 1020 <T under a vacuum pressure of 9 <107 Pa, and
the product SOz was measured using a MAT253 mass
spectrometer. The analytical precision was better than 0.3 (2SD)
as calculated from repeated analyses of the IAEA international
standards IAEA-S-1 (8*S = —0.37%o, n = 4), IAEA-S-2 (8%S =
22.67%o, n = 5) and IAEA-S-3 (8%S = —32.49%o, n = 5).

SIMS. Four sets of SIMS measurements were performed to
determine the homogeneity of the IGSD. In situ sulfur isotope
analysis of IGSD chalcopyrite grains was performed using a
CAMECA NanoSIMS 50 L instrument at SKLODG. The sample
mounts were cleaned and then coated with a ~ 20 nm thick gold
layer before analysis. A primary beam of ~ 150 pA Cs* with an
impact energy of 16 keV was rastered on an area of 7 x 7 um? for
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150 s as the pre-sputtered time to remove the gold coating and
possible contaminations, followed by a secondary ion beam (SIB)
auto-centering process. Both the %S~ and S~ ions were measured
using a Faraday cup with a 1 x 10 Q preamplifier resistor for 300
cycles, with a cycle duration of 0.54 s each. The total analysis time,
including pre-sputtering, was approximately 7 min per
measurement. Other instrumental settings, including the baseline
correction method, were similar to those reported by Chen et al.6
Typical count rates obtained for 32S- were ~ 1.4 x 108 cps, and the
internal precision of 34S/%2S for single analysis was typically 0.2%o
(2 Standard Error, 2SE). The chalcopyrite RM HTS4-6 (6*S =
0.63 £ 0.16%o0,) was used to correct the IMF at the beginning of
the measurement. The repeatability of HTS4-6 in the test was
approximately 0.3%o (2SD, n = 10).

Another sulphur analysis was conducted at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences
(GIGCAS), using a CAMECA IMS 1280-HR instrument. The
analytical parameters were similar to those described by Li ef al.
# and are briefly summarized here. A primary Cs* ion beam (~ 3.3
nA current and 20 keV total impact energy) was focused on the
sample surface. The beam size was approximately 15 um. A pre-
sputtering step lasting 40 s was carried out to remove the gold
coating prior to analysis. The magnetic field was stabilized during
analysis using an NMR field sensor. S and **S were
simultaneously measured using two movable Faraday cups of the
mutli-collector system (L1 and H’2), with resistors of 1 x 10° Q
and 1 x 10" Q, respectively. The mass resolving power was set at
approximately 5000 to avoid isobaric interference in the
measurement. The total analysis time for each spot was
approximately 4 min. Typical count rates obtained for 32S” were ca.
2.6 x 10° cps, and the internal precision of 3S/3?S for the analysis
spot was typically 0.05%o0 (2SE). The calibration reference
material used for IMF correction was HT'S4-6 chalcopyrite on the
same mount. The repeatability of HT4-6 in the test was
approximately 0.2%o (2s, n = 8).

The homogeneity of sulfur isotopic compositions of the IGSD
was tested using a CAMECA IMS 1280 SIMS at the Institute of
Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS). The sample mounts were cleaned, and gold coated
before SIMS analysis. Cesium ions were used as primary ions, and
the acceleration voltage was 10 kV. The primary beam was
focused in Gaussian mode with a spot of less than 10 pm in size
and 360 pA in intensity. 32S” and 3*S- ions were measured in
multicollection using two Faraday cups with electrometers having
1 x 10 Q and 1 x 10" Q feedback resistors, respectively. The
beam centering process was carried out before data acquisition.
The magnification of the transfer optics was configured to
approximately 133. The width of the entrance slit was 170 pm and
the width of the field aperture was 4000 um x 4000 pm. Nuclear
magnetic resonance (NMR) was used to stabilize the magnetic
field. Forty cycles were measured for each spot, and the integration
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time for each measurement cycle was 1 s. Typical count rates
obtained for 32S- were ~ 5.0x10% cps, and the internal precision of
3S/%28 for the analysis spot was typically 0.1%o0 (2SE). The
homogeneity test of the IGSD was also carried out at the China
University of Geosciences (CUG), Wuhan, China by using the
CAMECA NanoSIMS 50 L instrument. To remove the gold
coating and possible contaminations, a primary beam of 200 pA
Cs" with an impact energy of 16 keV was rastered on an area of
12x12 um? for 120 s as the pre-sputtered time, followed by an SIB
auto-centering process. Two Faraday cups with 1x10' Q
preamplifier resistors were used for collecting data for 200 cycles
with a cycle duration of 0.54 s each. The total analysis time,
including pre-sputtering, was approximately 7 min per
measurement. Typical count rates obtained for 32S” were ~ 1.7 x
108 cps, and the internal precision of >4S/3S for single analysis was

typically 0.2%o (2SE).

LA-MC-ICPMS. Insitu S isotopic analyses were conducted with
a high-resolution Nu 1700 MC-ICP-MS in combination with a
RESOLution S155-LR excimer ArF laser ablation system (ASI,
Awustralia) at the State Key Laboratory of Continental Dynamics
(SKLCD), Northwest University in Xi’an, China.

The laser was operated in the aperture mode with a spot size of
53 um and a signal intensity of approximately 10 V (*>S signal).
Argon and ultra-high He were used as auxiliary and carrier gases,
respectively, and their flow rates were set at 950 and 280 mL min’!,
respectively. Time-resolved mode was used to determine S
isotopic ratios with an integration time of 0.3 s. Each measurement
lasted for 125 s, including 20 s of background measurement, 45 s
of data acquisition, and 60 s of washout. The background obtained
for 2S was less than 200 mV. Low laser energy (3.5 J/cm 2) and
laser repetition rate (3 Hz) were used to obtain a relatively stable
signal intensity.

The setting of the instrument and the mass bias correction were
similar to those in the reference.** In-house chalcopyrite (CPY-1)
(chalcopyrite, 8**S = 4.3 + 0.2%0)* was used as the bracketing
calibration for the 8*S ratios. During the analysis, a reference
(TC1725 chalcopyrite, §3S = 12.78 & 0.16%0**) was employed to
monitor IMF. The **S value obtained from this standard (12.85 +
0.32%o0, n =29, 2SD) was consistent with the recommended value
within the margin of error.

In this study, all the measured 3*S/3?S ratios were normalized
using Vienna-Canyon Diablo Troilite (V-CDT) standard
compositions (**S/**Sv.cor = 0.0441626)% as 3**Srw (%0) =
[{(*S/?S sample) / (**S/2S v.cor)} — 1] % 1000. For SIMS, the IMF
factor was calculated for each analysis using the relation IMF =
8% Strue — 5**Sraw. Subsequently, the IMF was used to calculate the
8**Scor of the unknown sample using the relation 8**Scor = 3*Sraw
+IMF. The §**S value was reported with the associated analytical
uncertainty (SE) and standard deviation (SD), which were estimated
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Table 2. EMPA data (wt %) of IGSD chalcopyrite (n = 250)

Element Mean 2SD
Cu 34.15 0.49
Fe 30.55 0.36
S 35.47 0.34
Zn 0.05 0.05
Total 100.32 0.67

Table 3. Summary of mean values for Sulfur isotopes (3**S) obtained via
bulk and in situ determinations in IGSD

Method Lab %S (%0) 2SD n
EA-IRMS SKLODG sessionl 421 0.12 9
SKLODG session2 421 023 30
NanoSIMS SKLODG 44 0.5 282
SIMS GIGCAS 4.0 0.1 29
LA-MC-ICPMS SKLODC sessionl 4.1 0.3 30
SKLODC session2 4.3 0.2 54

Fig. 3 Selected WDX map of IGSD chalcopyrite grains.

Fig. 4 Sulfur isotope compositions (§**S) of IGSD chalcopyrite determined
by IRMS.

www.at-spectrosc.com/as/article/pdf/2023141

136

as the square sum of the standard deviation of the measurement
and the uncertainty of the IMF of the reference sample. The
uncertainties for the RMs in the test have been propagated to the
absolute 8*S of the IGSD.

RESULTS AND DISCUSSION

Chemical composition of RM. To evaluate their major element

characteristics and chemical homogeneity, the chemical
compositions of the IGSD were measured by EMPA. The results
are shown as the average values in Table 2. The detailed data of
the individual measurements are listed in Supporting Information.
The homogeneity of the chemical composition of IGSD
chalcopyrite was assessed through the intermediate precision of

the mean (2SD) of all measurements performed on the sample.

The EMPA results show that the IGSD exhibited a high degree
of chemical homogeneity. The concentration of Fe varied between
29.60% and 31.64%, with an average value of 30.55% = 0.36%o
(n=250, 2SD). Similarly, the Cu concentration ranged from 31.54%
to 34.65%, with an average of 34.15% % 0.49%o (n = 250, 2SD).
The concentration of S was found to be between 35.00% and
36.01%, with an average value of 35.47% + 0.34%o (n =250, 2SD).
The Zn content of the IGSD was found to be very low (< 0.14%).
The concentrations of other elements (including Cd, Sn, As, Ge,
Ga, Sb, Ln, Pb, and Ag) were also found to be very low, with
values close to the detection limit (0.02 wt %). These results
indicate that the IGSD is a highly homogeneous sample with
respect to major element mass fraction. This can also be confirmed
from the typical backscatter electron (BSE) map (Fig. 2¢) and
homogeneous wavelength dispersive X-ray (WDX) mapping with
an area of 250 um x 250 um (Fig. 3), with no internal growth or
zoning and mineral inclusions.

8%S characteristic of 1GSD. The &*S value of the IGSD was
determined by both bulk and in situ analyses. The summarized
data of the sulfur isotopes (§%*S) are listed in Table 3. Detailed data
can be found in Supporting Information.

8%S determined by EA-IRMS. For bulk isotope analyses, two
sessions were conducted. In session 1 (November 2020), nine
fragments were selected from three main parts of the IGSD (three
grains each). The §*S values of the IGSD ranged from 4.14%o to
4.34%o (Fig. 4), yielding a mean §%S value of 4.21 £0.12%o (2SD,
n=29).

In session 2 (October 2022), 15 fragments were randomly
selected from three different parts of the IGSD chalcopyrite. Every
sample was separated into two-subsample for &**S. The &S
values of IGSD in this session ranged from 4.03%o to 4.53%o (Fig.
4), yielding a mean 5**S value of 4.21 £ 0.23%o (2SD, n = 30). The
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bulk %S of the IGSD in two different sessions are almost the same,
confirming the reliability of the result.

8%S determined by in situ analysis. To determine the §*S value
and investigate the homogeneity of the S isotopes of IGSD
chalcopyrite, a total of 395 SIMS and LA-MC-ICP-MS
measurements were performed on three mounts.

The **S measurements were conducted on three large grains
with crossing points in steps of 2060 um on NanoSIMS. A total
of 282 measurements were performed with a %S of 4.4 £ 0.5%o
(2SD) (Fig. 5a). A total of twenty-nine 3**S measurements were

also performed on 15 grains in GGIGCAS with a 5**S 0f 4.0+ 0.1%o

(2SD) (Fig. 5b).

Two sessions were carried out for the 8**S measurements on
three random large grains on Nu 1700 in SKLCD (Fig. 5¢). During
session 1 (January 2021), thirty measurements were performed
with a homogeneous value of §3*S = 4.1 = 0.3%o (2SD). However,
during session 2 (January 2023), fifty-four measurements were
obtained with a homogeneous value of 3*S = 4.3 = 0.2%o (2SD).

All the 5**S values determined by in situ methods are consisted
within 2SD uncertainty intervals, also confirming the reliability of
the result.

Homogeneity of RM. Homogeneity is a fundamental requirement
for a material to qualify as an RM. Both the bulk and in situ §**S
measurement at five different laboratories show that the %S
values of IGSD chalcopyrite follow a Gaussian distribution with
high analysis repetition (with 2SD < 0.3%o, except for the
measurements by NanoSIMS (Fig. 5). Notably, the in-situ
measurement on NanoSIMS possess with lower analysis

repetition (~ 0.5%o) may be due to slight detector drift during a
long period (~ 35 h). This indicates that the IGSD is homogeneous
in 8% characteristics.

As suggested by the key international guide for the
characterization of RMs (ISO Guide 35),% the F-test was also
conducted to examine the homogeneity of the IGSD in sulfur
isotopes. The F-test for the comparison of two population
variances was applied using one-way analysis of variance
(ANOVA statistics). The F ratio is defined as the ratio of the
between-unit variance (S%etween) to the within-unit variance
(SPwithin) according to the regulations of the ISO Guide 35(2017)
and JJF 1343-2022.7°

F_Sl%etween
=-Zgoween
within
where SZ,peen is the ratio of between-unit sums of squares
(SSpetween ) to associated degrees of freedom (Vperween ), and
SZ . nin is the ratio of between-unit sums of squares (SS,itpin) t0
associated degrees of freedom (Vy;¢nin)-

_SShetween

2
Sbetween v
between

szithin:—sswmm

Vwithin

where Vperween and Vyirnin depend on the number of units
from which samples (m) are taken and the total number of
replicate (N), with
Vywithin calculated as follows:

measurements and

VUbetween

17l7etween:m'1

Vwithin =N-M

Fig. 5 Measurement and probability density curves of 8*S values for IGSD in different laboratories. The range bar for a single analysis is 2SD (a,b and c).

The range bar for a single analysis in homogeneity test is 2SE (d and e).
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Table 4. ANOVA statistics for homogeneity testing of Sulfur isotope compositions of IGSD

Bulk measurement with EA-IRMS

In situ measurement with NanoSIMS

In situ measurement with SIMS (GIGCAS)

m 15 3 14

N 30 282 28
Ssbetween 0.2191 0.1246 0.05613
SSwithin 0.1629 14.3510 0.02694
Vbetween 14 2 14
Vwithin 15 279 13

F 1.44 1.21 1.93
Fcritical 242 3.03 2.55

All ANOVA results were calculated using the Microsoft Excel
software. The results are listed in Table 4.

Bulk isotope analysis. To test the homogeneity of the isotope
ratios, 15 fragments of IGSD chalcopyrite were randomly selected
from three large parts (Fig. 2a) (five to each). Two subsamples
were then taken from each fragment, with each being treated as an
independent sample. F-testing demonstrates that the bulk IRMS
results of the IGSD samples have very good homogeneity at a
confidence level of 95% [F < Fuitica for a = 0.05, where o
represents the sample significance level].

In situ sulfur analysis. Two F-tests of in situ analysis were

performed to examine the homogeneity of IGSD in sulfur isotopes.

In the first test, three large grains (5—8 mm) from different parts of
the IGSD were selected and measured by NanoSIMS (SKLODG)
in one session. In total, 91-96 analysis spots were distributed in a
crossing pattern spaced at intervals of approximately 20—60 um on
each grain. A total of 282 measurements were performed over ~
35 h. Each grain was treated as a sample, and the measurements
on each grain were treated as replicated measurements to calculate
the ANOVA statistics.

For the second test, 15 grains of the IGSD were also selected
and measured by SIMS (GIGCAS). A total 28 measurements were
performed by two measurements on each grain (a pair of
measurements was rejected because of the bad position of one of
the two measurements).

The F ratios of the samples in both of the in situ homogeneity
tests were less than the Feitica (Table 4) value of a = 0.05,
demonstrating that the in situ analyses of the IGSD samples
exhibited outstanding homogeneity at a confidence level of 95%.

Therefore, both the F-test on bulk and in situ analyses
demonstrated the homogeneity of IGSD chalcopyrite, indicating
that IGSD chalcopyrite can be considered as a RM for in situ $**S
analysis.

Recommended %S values of IGSD. Previous homogeneous
tests proved that the IGSD is homogeneous in *4S. Additionally,
the sulfur isotopic compositions determined at different
laboratories and methods were consistent within 2SD uncertainty
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intervals, which were 4.4 + 0.5%o for NanoSIMS at SKL.LODG, 4.0
+ 0.1%o for SIMS at GIGCAS, and 4.1 + 0.3%o and 4.3 + 0.2%o
for LA-MC-CIPMS at SKLCD. These values were also consistent
with the result of the bulk sulfur isotope analysis (4.21 + 0.12%o in
session 1 and 4.21 + 0.23%. in session 2), confirming the accuracy
of sulfur isotopic compositions. Therefore, the 5°*S value of 4.21
+ 0.23%0 (2SD, n = 30) of IRMS is the recommended value for
IGSD chalcopyrite.

CONCLUSION

This study demonstrated that the IGSD chalcopyrite sample is
%S
compositions. This sulfide mineral is suitable as an RMs for S
isotope microanalysis through SIMS and LA-MC-ICPMS. The
best recommended value of §**S is 4.21 + 0.23%o (2SD) of IRMS
for IGSD chalcopyrite.

homogeneous with respect to major element and

Currently, approximately 500 g of the IGSD grains is stored in
the NanoSIMS laboratory at SKLODG and is available for
distribution. Interested parties may request access to the material
from the first author of this article.

ASSOCIATED CONTENT

The supporting information (Detailed data) is available at www.at-
spectrose.com/as’home.
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