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Nano-scale secondary ion mass spectroscopy (NanoSIMS) is a powerful tool for determining the sulfur
isotope composition of micrometer-sized minerals. However, the high spatial resolution of 6>*S analysis
comes at the expense of accuracy, which limits the applicability of NanoSIMS to sulfur isotope analysis.
The method proposed here couples high lateral resolution (>1 x 1 pum?) with high precision. A Faraday
cup (FC, for 32S)—electron multiplier (EM, for 3*S) detector combination is selected to improve static
counting and mitigate the quasi-simultaneous arrival (QSA) effect. The instrument is set and tuned to
achieve high transmission (~70%) and mass resolution power (MRP ~ 5600 for *2S). A primary beam of
3.5 pA was rastered on a scan area of 1 x 1 pm? to acquire the 63*S isotope ratio. The 6%S ratios of the
four analyzed standard samples are consistent with previously reported values, with reproducibility (1 SD)
better than 0.59,. Because EM aging affects the accuracy of the sulfur analysis results, periodically
adjusting the maximum value of the peak-height distribution (PHDax) of the EM during the analysis is
necessary. Careful optimization of the height (Z position) at different locations (samples) ensures precise
and accurate %S values. The S isotopic characteristics of framboidal pyrite from the Shuiyingdong
Carlin-type Au deposit are determined using this method. The results indicate that the pyrite crystallite
comprising framboidal pyrite is rimmed by ore pyrite, supporting the magmatic hydrothermal origin of
the deposit. The developed method can be used for analyzing the §°*S of pyrite samples with a limited
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Introduction

Sulfur (S) bearing minerals are widely distributed in various
geological bodies. Due to the large differences among the
atomic masses and valence states of S, fractionation of sulfur
isotopes in these minerals is significant, making the sulfur
isotopic system an important tool for tracing sulfur reservoirs
and constraining various geochemical processes.'™

In recent years, the development and popularization of laser
ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) and secondary ion mass spectrometry (SIMS) micro-
analysis techniques have enabled the in situ microanalysis of
sulfur isotopes.**® Compared to traditional bulk methods
(IRMS, TIMS, and MC-ICPMS), in situ microanalysis is efficient
and convenient and has micron-scale spatial resolution, which
has a unique advantage in analyzing minerals with complex
genesis or multi-phase superposition. Most in situ analyses of
sulfur isotopes have been conducted using the CAMECA IMS f-
series, large-geometry SIMS (LG-SIMS, CAMECA 1270/1280 or
SHRIMP), and LA-MC-ICPMS instruments, which have a typical
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analyzable region (>1 x 1 pm?) with high precision.

lateral resolution of 10-60 um. However, for samples with an
analyzable region that is less than 5 um in size with micron-
scale zonings (including sulfides associated with hydro-
thermal activity and metamorphism, microbiota activity related
minerals (framboidal pyrite), and planetary particles), only in
situ sulfur isotope analysis with nano-scale secondary ion mass
spectrometry can permit localized targeting.

NanoSIMS (CAMECA Nano 50 and Nano 50L), which is
characterized by sub-micrometer lateral resolution, high
transmission efficiency, and high sensitivity, has been widely
used in cosmochemistry, bioscience, materials science, and
geoscience.”" It has been shown to be a powerful tool for
determining the sulfur isotope content of micrometer minerals
to solve a range of geological problems.>*°

Moreover, the spatial resolution and precision of sulfur
isotope analysis with NanoSIMS have been greatly improving
since NanoSIMS was first applied to test the S isotopic compo-
sitions of interplanetary dust particles.'**3°** Nishizawa et al.
performed 6**S analysis (1 SD = 1.69%,) for pyrite with a scan
area of 1.5 x 1.5 um>.3 Zhang et al. reduced the lateral reso-
lution for 6**S analysis for pyrite (1 SD = 1.5%,) down to a scan
area of 0.5 x 0.5 um>?" Although the 6**S analysis spatial
resolution was improved, its precision remained very poor (1 SD
> 1.59%,), which limited the application of NanoSIMS in sulfur
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isotope analysis. Therefore, a method with high resolution and
precision for S isotope analysis is urgently required.

In this study, we introduce a method and setting to improve
the lateral resolution (a square side of 1 um) for NanoSIMS §°*S
analysis with high precision and accuracy. Two factors—EM
aging and height influence—that affect the accuracy of sulfur
isotope measurement are examined. Subsequently, the devel-
oped method is applied to measure the 6°S ratios of the
framboidal pyrite from the Shuiyingdong Carlin-type gold
deposit to constrain the formation of the deposit. This method
can be used for analyzing the 6**S of samples with a limited
analyzable region (>1 x 1 um?®) with high precision and
accuracy.

Sample description and preparation

The sulfur isotopic analyses in this study were conducted on the
CAMECA NanoSIMS 50L instrument (installed in June 2021) at
the State Key Laboratory of Ore Deposit Geochemistry
(SKLODG), Chinese Academy of Sciences, Guiyang, China
(Fig. 1).

Four pyrite samples including Balmat, Ruttan, Py1117, and
SRZK were examined in this study. The Balmat and Ruttan
pyrite grains were supplied by Dr Bin Fu from the Australian
National University, Canberra, Australia. The Ruttan pyrite was
obtained from deposits located at Leaf Rapid, Canada, which is
hosted in metamorphous Aphebian-age Wasekwan Group
rocks.** The Balmat pyrite was obtained from deposits hosted in
Grenville-age marbles from the Adirondack Mountains, New
York. The 6°*S values of both the Balmat and Ruttan pyrites
were analyzed using conventional methods (15.1 + 0.29%, for
Balmat, and 1.2 + 0.19%, for Ruttan).*

Py1117 and SRZK pyrite grains were supplied by Dr Yang Wei
from the Institute of Geology and Geophysics, Chinese Academy
of Sciences, Beijing, China. PY-1117 was obtained from pyrite
veins in the Qulong porphyry copper deposit, China. Detailed
information of the SRZK pyrite is unavailable. Py1117 and SRZK
pyrite were also measured using conventional 6**S methods (0.3
=+ 0.1%, for Py1117, and 3.6 + 0.19,, for SRZK).*"*

Fig. 1 Photographic image of NanoSIMS 50L in SKLODG, China.
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All the pyrite grain samples (ranging from 100 to 500 um in
size) were embedded in epoxy resin and combined into polished
disks with a diameter of 10 mm (Fig. 2b).

The ore sample (SYD-3A-1) was collected from the 3A ore
body in the Shuiyingdong Carlin-type gold deposit, China. Most
of the pyrite grains in this sample had a core-rime texture,
whereas few framboidal pyrite grains exhibited heterogeneity at
the microscale, which would be ideal for this study. A 10 mm
disk of the thin-section was cut by using a wire-cutting machine.

The pyrite and thin-section disks were then coated with gold
(~20 nm thick) and mounted in a 10 mm biology-type sample
holder (Fig. 2a).

Experimental

Spatial resolution and analysis precision are important but
negotiable qualities in microanalysis. Spatial resolution deter-
mines the minimum size of the analysis area, but the sampling
quantity of the analyte limits the counting statistics of
secondary ions and the analysis precision (accuracy and
reproducibility). As the spatial resolution improves, the
sampling size is reduced, and the counting statistics decrease,
which lowers the precision of the isotope ratio analysis. Hence,
the improvement in the spatial resolution is largely at the cost
of analytical precision.’® In the NanoSIMS region, the primary
beam is usually rastered on the sample surface instead of stat-
ically focusing the beam to sputter a steep-sided crater and
induce the depth effect.’”*® Therefore, the spatial resolution of
the isotope analysis, equated with the analysis area (scan area of
the primary beam), is largely based on the primary beam
current. A high primary current leads to a high secondary ion
rate (counts per second), but a large raster size to stabilize the
secondary ion beam (SIB) (sputter in the steady state sputtering
regime).*

The first method reduces the raster size by reducing the
primary beam current to increase the spatial resolution of
NanoSIMS. This also lowers the precision of isotopic measure-
ments because of the reduced material sputtering.*® Therefore,
the key is to find a good balance between the primary beam, the
analysis area, and counting statistics to ensure high spatial
resolution and a high-precision result.

Fig.2 (a) Samples placed in a 10 mm biology-type holder. (b) Image of
the four types of standard pyrite grains examined in the study. (c)
Sample from the Shuiyingdong Au deposit.

This journal is © The Royal Society of Chemistry 2022
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Instrument setting

Two types of detectors are available for NanoSIMS 50L: FC and
EM for high and low signals, respectively. Several detector
combinations can be used based on the required spatial reso-
lution and precision. For high-resolution requirements, two
detector combinations are typically used: FC (for **S)-EM (for
345) and EM-EM.*

Although EM-EM detector combinations can theoretically
achieve higher spatial resolution owing to the use of a weak-
current primary beam, they have many drawbacks. Firstly, the
precision of the sulfur analysis by the EM-EM combination is
low because of the upper limit of the count rate for the EM (<2 x
10° cps). Studies showed that the ultimate precision of multiple
ion counters is of the order of 19, given their count rates and
dead time on individual counters.*»** This situation was also
documented in a study with an EM-EM combination (1 SD =
1.5%, for 6**S).3432 Secondly, the QSA effect,** EM aging,** and
dead time correction are highly problematic because the
abundance of *’S is much higher than that of **S (over 20
times). QSA effects create large mass-independent inaccuracies
during isotope measurements.* The speed of EM aging for **S
is much faster and critical, complicating adjustments for EM
aging and the correction of instrumental mass fractionation
(IMF). Further, the dead time correction in the EM-EM
combination is obviously different and should also be moni-
tored and corrected carefully owing to the large difference in the
intensities of the *>S and 'S beams.*

The FC detector is stable and undetectable drift sensitivity
occurs within a period of analysis. More importantly, the FC
detector can measure a much higher ion current (>2 x 10° cps)
without any influence of QSA and aging, which is crucial for
high precision isotope analysis. The use of an FC-EM detector
combination enables signals in the optimal range of both
isotopes (signals of several million cps for S on the FC
detector, and hundreds of thousands of cps for *'S on the EM
detector) to be detected, thereby matching with the differences
in the abundance of **S and **S. Therefore, the FC-EM detector
combination is preferred in this study because it permits high
spatial resolution and greater precision.

To maximize the use of secondary ion signals, the trans-
mission of the SIB should be tuned very high. However, the peak
shape of the SIB in the detector should also be considered
(Fig. 3a). A high transmission (~70% of the maximum,
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Fig.3 (a) MRP shape of **S and transmission with different ES settings.
(b) 3S signal vs. time diagram with a different primary beam and scan
area.
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compared with all the slit openings) with sufficiently flat SIB
peaks is achieved using ~180 um width of the entrance slit (ES),
~100 pm width of the exit slit (EnS) and an open aperture slit
(AS). Under these conditions, the mass resolving power (MRP) is
~5600 for *>S (M/AM, CAMECA definition related to the peak
width between 10% and 90% intensity) (Fig. 3a), which is
sufficient to distinguish isobaric interferences for masses ~32
(*’s™, °0,7) and ~34 (**s7, **sH, '°0'®07). The NMR field
sensor is used during the analysis to lock the magnetic field
with high precision.

The intensity of the primary beam is largely determined by
the required precision. For isotope ratio measurements, the
level of precision required is largely determined by the number
of counts recorded on the least abundant isotope (**S~ in this
study).*” Calculations show that a Poisson uncertainty of 6**S (1
SE) within 0.2%, can be achieved, when accumulated **S~
counts are >2.5 x 10’ counts, and corresponding *’S™ accu-
mulated counts reach >5.5 x 10® counts. If the acquisition time
is ~150 s, the signal intensity of **S™ should be higher than 3.7
x 10° cps. Previous studies showed that the yield of **S™ in
pyrite is 1-1.3 x 10° cps nA~"' with SIMS.'>**314¢ Therefore,
a primary beam of ~3.5 pA is chosen for raster scanning under
this instrument setting.

Analysis setting

After appropriate instrument setting and tuning, a primary
beam of 3.5 pA with an impact energy of 16 keV was rastered on
a sample with a different area to obtain a sufficiently wide and
constant SIB (acquisition time > 200 s, including a data col-
lecting time of ~150 s and SIB auto-centering time of ~50 s)
(Fig. 3b). The constant secondary signal (in the steady state
regime) with a scan area of 0.5 x 0.5 pm? is too narrow (<100 s),
and the signal dramatically increases after the interval of
constant intensity, which lowers the precision and accuracy.
The secondary signal obtained by using a scan area of 1 x 1 um?
remains constant over a ~200 s interval, and the signal
increases slowly after the interval (with little effect on the
precision). Therefore, a scan area of 1 x 1 um? is applied for
acquiring the SIB in this study.

Before each analysis, the sample surface was pre-sputtered
(3.5 pA) for 100 s to remove the gold coating and possible
contaminations, followed by a SIB auto-centering process. Both
the **S™ and **S™ ions were measured for 300 cycles, with each
cycle being of 0.54 s duration. The total analysis time, including
pre-sputtering, was ~6 min per measurement.

The baseline drift of the FC detector affects the stability of
the isotope analysis. The baseline of the FC was measured for
10 s before and after each analysis. On the NS50L, the back-
ground noise of an FC with a resistance of 10" Q is given as 5 x
107" A, measured over 5 s. The equivalent count rate of the FC
background noise is ~3100 ¢ s~ which was recorded over
10 min with an integration time of 5 s. The dead time on the EM
is set to 44 ns based on the instrumental design. The raw results
are given with the EM dead time correction and FC baseline
correction for individual analyses. All these corrections were
applied using the CAMECA software.

J. Anal. At. Spectrom., 2022, 37, 2529-2536 | 2531
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In this study, the measured **S/*>S ratios were normalized

using Vienna-Canyon Diablo Troilite (V-CDT) standard compo-
sitions (**S/*’Sy.cpr = 0.0441626)7 as 0 Spw (%) =
H{(*S/**Ssampie) **S/**Sv.cpr)} — 1] x 1000. The IMF factor was
calculated for each analysis from the relation IMF = §**S;ye —
5**Sraw- Then, the IMF was used to calculate the §**S.., of the
unknown sample from the relation 6**Sco; = **Sgaw + IMF. The
0**s result was reported with the associated analytical uncer-
tainty (SE) and standard deviation (SD), which was estimated as
the square sum of the standard deviation of the measurement
and the uncertainty of the IMF of the reference sample (Balmat
in this study). The uncertainty in the recommended value for
the reference pyrite was not included.

Results

Table 1 summarizes the results of the sulfur isotopes (6*'S) of
the analyzed pyrites in this study. More detailed information
and raw data are included in ESI Table S1.7}

The typical secondary ion current of **S™ is ~4.3 x 10° cps
for pyrite with a primary beam of ~3.5 pA in the study. This
indicates that the yield of **S™ is ~1.2 x 10° cps nA™", which is
consistent with that of other studies on CAMECA 1280 and
NanoSIMS.>1431:46

According to Poisson's statistical theory, the internal preci-
sion isotope measurement mainly depends on the signal
statistics and would be affected by the signal stability.” The
typical total count of **S™ in this study is ~3 x 107, indicating
Poisson uncertainty (RSE) of ~0.2%,. The analytical uncer-
tainties (RSE) in this study are smaller than 0.3%, for 6**S, which
is close to the Poisson uncertainty, indicating that the signal is
sufficiently stable. The RSE also indicates that the signal-to-
noise ratio and the drift of the ratio (caused by the depth
effect) have a lesser effect on the precision and accuracy.

External reproducibility of Balmat pyrite in 6°*S was between
0.3 and 0.5%, (1 SD) (Fig. 4). The grain-to-grain test was carried
out on the four pyrite samples. All the external reproducibility
values of these pyrites were between 0.3 and 0.5%, (1 SD). The
Balmat pyrite was treated as the reference standard to calculate
the IMF factor and the 6**S ratio of the other pyrite samples. The
0**S values of all pyrite samples are consistent with the

Table 1 NanoSIMS analyses of sulfur isotopes (53*S) in sulfide stan-
dards and samples®

Sample 7 0*'Sgaw RSE (%) IMF 0*'Seor + (SD)  6**Srue + (SD)
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Fig. 4 Analysis of 6>%S of the four pyrite standards in this study.

recommended values within analytical uncertainties, proving
the accuracy of this sulfur isotope analysis method.

In summary, the result shows that the method tested here for
sulfur isotope analyses to determine 6°*'S has high spatial
resolution (a square side of 1 pm), high precision (higher than
0.5%,), and high reliability.

Challenges of high resolution sulfur analysis with NanoSIMS

Many factors can affect the accuracy and precision of sulfur
isotope measurements, including the surface topography of
samples, a lack of matrix-matched standards or compositional
heterogeneity, stability of the magnetic field, and FC back-
ground noise."”***"*$4% Two main factors affect the accuracy of
the sulfur isotope ratio when conducting high-resolution sulfur
analysis with NanoSIMS: EM aging and height (Z) influence.

EM aging

EM aging occurs with increasing cumulative counts owing to
the deposition of carbon on the last dynode, which decreases
the gain efficiency of the EM detector, and ultimately reduces
ion counting.** The EM aging can be recorded by noting the
reduction in PHD,,,, of the EM detectors in NanoSIMS.

For sulfur analysis with the FC-EM detector combination,
EM aging decreases the **S counts and **S/**S ratios. Therefore,
it is important to evaluate the effect of EM aging on the **S/*S
ratio. We tested the 6°*S value under different PHD,,,, to
demonstrate the effect of EM aging on the measured 6*S value

Balmat 20 6.8 0.3 8.3 15.1+0.5 15.1 £ 0.2
Grain to grain test

Balmat 10 7.5 0.3 7.6 151 =£0.5 15.1 £ 0.2
Ruttan 10 -6.5 0.3 1.2+ 0.4 1.2+ 0.1
Py1117 10 -7.3 0.2 0.3 £ 0.4 0.3 £ 0.1
SRZK 10 —4.0 0.2 3.5+0.5 3.6 0.1
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. ESEST \\\
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¢ Here 6**S,r values are the data calibrated using the Balmat sample as
the standard. The §**S.. values are the recommended values from ref.
30, 33 and 34.
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Fig. 5 (a) 6*S,aw value of Balmat pyrite as a function of EM PHDmax to
demonstrate the effect of EM aging. (b) Variation in EM PHD,,5x with
total counts.
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(Fig. 5a). In this test, PHD,y,, changes by the adjustment of the
EM voltage. When PHD,,,,, is below 230 mV, the isotope ratio
changes significantly (A6>*S > 0.5%,/5 V), whereas when PHD),,,
is above 240 mV, the influence on the isotope is relatively small
(A6*'S < 0.5%,/5 V). Therefore, the recommendation is to set
PHD,,,»x of the EM above 240 mV for isotope ratio analysis.

EM aging can be countered by raising the high voltage (HV)
of the EM. EM aging is commonly assumed to be proportional
to the ion counts received by the EM detector.* In particular, in
the case of an EM detector used to measure ions with a count
rate higher than a few hundred thousand counts per second
(cps), the rate of EM deterioration becomes critical. Therefore,
the ion counts determine the required frequency and the
increment of the EM HV adjustment to counter EM aging
(stabilizing PHD;,ax). We evaluated the relationship between
EM aging (PHD,,,,) and the total counts (Fig. 5b). In this test,
the SIB was maintained at 3 x 10° cps and the EM PHD,y,,, was
checked periodically. The test showed that PHD,,,, typically
varies linearly with time, and decays at a rate of 5.3 mV per hour,
which is equal to 2 x 10® counts per PHD,,,, mV (Fig. 5b). This
is slower than 2.6 x 10® counts per mV (calculated from Zhang
et al.®*). We concluded that the rate of EM deterioration may
also relate to the EM HV (1890 V in this study). Therefore, we
recommend periodically checking and adjusting the PHDj,y
based on the total counts and EM HV to control the accuracy of
the S isotope test.

Height effect

The CAMECA NanoSIMS 50L is designed to work with the
distance between the immersion lens and the sample surface
set to 400 pm to obtain an intense smaller probe diameter.
Therefore, the SIB is more sensitive to any change in the
distance compared to the LG-SIMS. The distance (as the
working distance) between the sample surface and lens has
a significant effect on the reproducibility of the signal intensity
and isotope ratio (Fig. 6). However, this distance always changes
from sample to sample and point to point because of the
surface roughness of the sample and the imbalanced loading in
the sample holder. In NanoSIMS, the electrode EOS is used to
compensate for the different heights of the sample (Z position)
and focuses the SIB in the ES. However, any change in EOS
results in a change in the focusing of the mass spectrometer
secondary beam, which shifts the isotope ratio."

sample working distance ‘ | ‘

~600 ym

0 Sample holder 7=4500 | | |

EOW EOP EOS

N
1

Fig. 6 Schematic of the coaxial column in NanoSIMS (modified from
the NanoSIMS 50L user guide, CAMECA). Note that the working
distance may vary due to different sample surface heights.

This journal is © The Royal Society of Chemistry 2022
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To test the influence of EOS and the sample height on the S
isotope analysis, we conducted two tests on Balmat pyrite: (1)
changing the Z of the sample (step = 100 bit, equivalent to
a difference in sample height of 17 um) with SIB auto-centering
(by scanning of the EOS and its related parameter values); (2)
changing the Z of the sample (step = 100 bit) without SIB auto-
centering (keeping the EOS constant). In test one (Fig. 7a), the
0**Spaw values are roughly linear with Z and EOS. Further,
increasing Z by 100 bits (equal to 17 um for a real sample)
slightly decreases 6*'S (~0.15%,), whereas EOS changes signif-
icantly with Z (100 bit change of Z is equal to 140 bit of EOS). In
the second test (Fig. 7b), 6**S., and the signal change signifi-
cantly with Z without SIB auto-centering, indicating that the
IMF of 6**S is altered significantly.

It is noted that when Z varies considerably (>200 bit) across
different positions, usually for transitions between standard
and sample positions, SIB auto-centering cannot determine the
optimal parameters, which significantly changes the secondary
ion signal and 6*S, as demonstrated by test 2. Moreover, this
variation will extend the time of the SIB auto-centering process,
causing the sputtering of the SIB out of the steady state regime,
which shifts both the SIB and **S/*’S ratio.

Therefore, carefully checking and optimizing the height (Z
position) in different positions (samples) to stabilize EOS is key
to obtain precise and accurate §°S results. However, the
NanoSIMS does not allow one to view an optical image of the
sample surface in the analysis position because of the short
working distance between the sample and the immersion lens.
Instead, the sample is first viewed in reflected light by a CCD
camera in a remote position to locate the region of interest
(ROI), and then translated back to the analysis position.**
Therefore, it is very difficult to optimize the height of the
samples during the analysis. In practice, it is recommended to
(1) adjust the Z of the sample in the CCD position to obtain
a focused image, (2) sputter the samples in the analysis position
and obtain close EOS values (<100 bit) by adjusting the Z posi-
tions for different samples.

Applications

In situ NanoSIMS analysis with high precision and accuracy for
measuring the ratio of sulfur isotopes in microminerals traces
the source of framboidal pyrite in giant Shuiyindong Carlin-type
Au deposits.

s000{ a Optimaltuning position
- P ap

4500
— 400

£ 350
N

2.8 Signal (<10° CPS)

T v T T T T T T +5 T T T T T
42000 43000 44000 45000 48000 47000 3300 3400 3500 3600 3700 3800
EOS (bit) Z (bit)

Fig.7 (a) Effect of sample height (2) on the EOS and 63*S,a.. (b) Effect
of sample height (2) on the **S signal and 6**S,,, with the EOS held
constant.
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Geological background and results

The Shuiyindong Carlin-type Au deposit is the largest sediment-
hosted Au deposit discovered to date in the Youjiang Basin. The
deposit is controlled by the Huijiabao anticline and is a strata-
bound Au deposit. The orebodies are mainly hosted by the
bioclastic limestone of the upper Permian Longtan formation,
and the strata above and below the bioclastic orebodies are
typically thick-bedded argillite. Gold is principally incorporated
in the arsenian pyrite as invisible Au.”>*

Pyrite is the main gold-bearing mineral in the deposit,
commonly exhibiting core-rim zonation or occurring as fine-
grained crystals. In addition, minor framboid pyrite is also
present in ore minerals (Fig. 8a and b). Many studies have been
carried out on the S isotopic compositions of the core-rim
zonation by LA-MC-ICPMS and SHRIMP (Fig. 8c).”* Owing to
their small size, the S isotopic compositions of framboidal
pyrites are difficult to analyze using LA-MC-ICPMS or LG-SIMS.
To understand the sulfur isotope characteristics and genetic
mechanism of the framboidal pyrite, the S isotopic composi-
tions of this mineral were determined with the NanoSIMS
method developed in this study.

The studied sample (SYD-3A-1) was collected from the 3A ore
body in the deposit (Fig. 8a). Most of the pyrite grains in this
sample exhibited a core-rime texture, with few framboidal pyrite
grains occurring near the core-rim zonation pyrite. The BSE
map shows that the framboidal pyrite grains are also charac-
terized by the rim-core texture (Fig. 8b). The rim and core parts
of the framboidal pyrite were chosen for S isotopic ratio
analysis.

Fig. 8 (a) Photographic and (b) BSE image of the studied sample. Most
of the pyrite grains in this sample exhibited a core-rime texture, while
few framboidal pyrite grains occur near the core-rim zonation pyrite.
(c) Anhedral pre-ore pyrite 2 is immed by ore pyrite. The yellow and
red dots indicate locations of LA-ICP-MS and LA-MC-ICP-MS anal-
yses, respectively, and are labeled with the analysis number and Au
concentration in ppm and the 6°*S isotope composition in %,
respectively (modified from Xie et al.>®). (d) BSE image of the studied
framboidal pyrite. The red squares indicate the location of NanoSIMS
analyses and are labeled with the §3*S isotope composition in %,
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The results (ESI Table S21) show that the core and rim areas
of the framboidal pyrite have S isotopic compositions ranging
from —59.29, to —52.79,, and —37.8%, to +2.19%,, respectively
(Fig. 8d). The S isotopic characteristics of the rim area are
significantly higher than those of the core area, and consistent
with those of the core-rim zonation pyrite (6**S ~ —3%, to 3%,)
(Fig. 8c).® The previous study showed that the pyrite rim
contains high levels of Au and As, distinguishing it from the
pyrite core and that it was precipitated during the ore stage
(Fig. 8c).” The tiny pyrite crystallites comprising the framboidal
pyrite are rimmed by ore pyrite and/or the ore pyrite forms
a matrix that partially fills the space between pyrite crystallites
in the framboid, particularly in the rim area, resulting in the
framboidal pyrite displaying a mixed geochemical signal of
original diagenetic framboidal and ore-stage pyrites. The
framboidal pyrite records the metallogenetic process. The S
isotope characteristics of the framboidal pyrite rim also support
the magmatic hydrothermal origin of the deposit. The findings
confirm that the developed NanoSIMS method can be used for
analyzing the 6*'S of pyrite samples with a limited analyzable
region (>1 x 1 pm?).

Conclusions

We developed an in situ method for determining the sulfur
isotope ratio (6**S) of microminerals with high spatial resolu-
tion (a square side of ~1 um) and precision (<0.5%,) by Nano-
SIMS. These properties were achieved by improving the
transmission and reducing the intensity of the primary beam.
Four pyrite standard samples were analyzed to determine their
sulfur isotope ratios using the developed method. The §**S of all
the standard samples were consistent with previously recom-
mended values with reproducibilities (1 SD) better than 0.5%,.
EM aging and the height influence were shown to affect the
accuracy of the high-resolution NanoSIMS sulfur analysis. The
developed NanoSIMS method also allowed us to determine the
S isotopic characteristics of the framboidal pyrite from the
Shuiyingdong Carlin-type Au deposit. Our results indicate that
the pyrite crystallite (<10 pum) comprising the framboidal pyrite
is rimmed by ore pyrite, supporting the magmatic hydrothermal
origin of the deposit. The developed NanoSIMS can be used for
analyzing the 6**S of samples with a limited analyzable region
(>1 x 1 um?) with high precision.
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