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Pyrite is common sulfide mineral involved in the formation of various ores and hydrothermal and biogenetic
activities, and its S isotopic ratios and trace element contents and their spatial distribution have been
recorded in the processes of these events. We established simultaneous analyses of **S/%?S ratios and
trace element contents of pyrite using nanometer-scale secondary ion mass spectrometry (NanoSIMS).
Firstly, the images of S (3*S7), As ("*As™), Se (89Se™), Cu (®3Cu®2S7), Au (*9’Au™) and Pb (2°8Pb®2S™) of pyrite
were acquired by rastering areas ranging from 20 x 20 um? to 40 x 40 pm? using a Cs* beam of 7-10
PA with a diameter of ~250 nm. Then, the 34S/3%S ratios (*S~ measured by using a Faraday cup and 3*S~
measured by using an electron multiplier) and the concentrations of these trace elements of the individual
layers of the zoned pyrite grains were simultaneously measured in spot analysis mode, by rastering the
same current over an area of 2 x 2 pm?. The 3%S/32S ratios were calibrated for matrix effects with pyrite
standard Balmat or Py1117, and the external reproducibility (1SD) is <0.5%,. The concentrations of trace
elements were calibrated using the relative sensitivity factors (RSFs) of As, Se, Cu, Au and Pb, which were
determined from pyrite grains with zoning layers. The determined RSFs of As, CuS, Au and PbS are 4.43 +
0.28, 0.36 + 0.04, 0.18 + 0.03 and 38.0 + 15.1, respectively. Pyrite from Lannigou Carlin type gold
deposits was analyzed as an example, and the results revealed three main episodes of its formation, with
each superposed by micron-width oscillation zonings of trace elements. This method has important
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1. Introduction

Pyrite is the most common sulfide mineral, and the sulfur
isotope ratio and trace elements are important indicators to
trace sulfur reservoirs, reveal the formation of ore deposits and
figure out the geochemical process.' In particular, isotopic and
elemental investigation of very thin zoning layers (1-5 pm)
which are commonly observed in pyrite grains is significant to
distinguish the different ore-stages and to uncover the compo-
sitional evolution of the parent hydrothermal fluid.**® Sulfur
isotope or trace element distribution in the zoned pyrite grains
has been reported in the literature, using laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS)"™** and
secondary ion mass spectrometry (SIMS).>**>* Compared with
LA-ICP-MS, traditional SIMS (CAMECA IMS f series and 1270/
1280(HR) instruments) has a higher lateral resolution of typi-
cally 10-30 pm in size. To improve the lateral resolution, Wil-
liford et al. (2011) performed high precision analyses of sulfur
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potential applications in isotopic and elemental investigation of thin layers of pyrite and other sulfides.

isotopes on an IMS 1280 with 3 x 2 um spots and achieved
a precision of 0.82%, (2SD) with two Faraday cups for detec-
tion.>* The aim of this study was to perform sulfur isotope
analyses with high precision and high lateral resolution,
combined with trace element measurements, which is required
in the analyses of complexly zoned pyrite grains with thin layers
of 1-3 um in width (e.g. typical thin rims of pyrite in Carlin-type
deposits).***2® Due to the sector geometry of magnetic fields,
traditional SIMS does not allow the simultaneous analysis of
sulfur isotopes and trace elements in the same zoning layers,
which imposes constraints on the mineral formation.

The CAMECA NanoSIMS 50L has the unique advantage of
extremely high lateral resolution, up to 50 nm for a Cs* beam
and a large mass range of multicollection because of its Mat-
tauch-Herzog geometry. It is the most promising tool to achieve
simultaneous analyses of sulfur isotopes and trace elements in
thin zoning layers with the width of 1-3 um. A typical precision
for sulfur isotopes achieved by NanoSIMS was about 2-39,,,>"
and recently improved to ~0.5%, (1SD) at a high lateral reso-
lution of ~2 pm.>**> A primary ion beam of cesium was normally
used to perform sulfur isotope measurements because of its
high ion yield. Normally, trace elements have very low ion yields
under the sputtering of Cs'.>* However, Storms et al. (1977) re-
ported that the ion yield of noble metals (Au, Pt and Ir) under
a Cs' source was higher than that under an O~ source.* It was
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also reported by Hsu et al. (2000) that a Cs* beam was used to
measure the abundances of Os, Ir, Au, Pt, Ni and Co in the Fe-Ni
metals of iron meteorites.* Barker et al. (2009) utilized the ion
species of CuS, AsS and FeS to improve the detection limit for
Cu, As and Fe in sulfides. Also, they developed imaging analyses
of sulfur isotopes together with As, Au, Cu, and Te with Nano-
SIMS, which revealed variations in S isotopic ratios and the
trace elements within the grains of Carlin-type pyrite.? The work
of Barker et al. (2009) mainly focused on the zoning patterns of
trace elements and sulfur isotopes. They only obtained the
relative variabilities of S isotope ratios and trace element
contents in the zoning patterns without accurately quantifying
them using calibration standards.

In this study, we developed high precision quantitative
analyses of sulfur isotope and trace element contents together
with high spatial resolution images of trace elements in
complexly zoned pyrite with NanoSIMS. Secondary ion images
with high lateral resolution were obtained to reveal the zoning
patterns and growth stage within the pyrite grains. To ensure
the analytical accuracy, sulfur isotope ratios were calibrated
with instrumental mass fractionation by a standard-sample-
standard bracket method using the standards measured
together with the samples. To obtain the relative sensitivity
factors (RSFs) of trace elements, layers enriched with trace
elements in Carlin-type pyrite were measured with both EPMA
and NanoSIMS at exactly the same spot.

2. Sample description

Three natural pyrite standards, Balmat pyrite, PY1117 and CS01,
were utilized as the references for sulfur isotopes. The standards
and samples were embedded in epoxy resin and made into
polished disks with a diameter of 10 mm and 25.4 mm,
respectively. Another 10 mm polished disk with arsenopyrite,
FeSe,, chalcopyrite, gold foil, and galena embedded in epoxy was
used to determine the mass peak location and to check possible
isobaric interference. The Au foil was impressed into an indium
disk with a diameter of 12.7 mm. All of the standard, sample and
reference disks were coated with carbon and mounted on the
same geo-sample holder which can hold five sample disks,
including one sample disk with a diameter of 25.4 mm, two with
a diameter of 12.7 mm and two with a diameter of 10 mm.

2.1 Standards for sulfur isotope analyses

Balmat pyrite is a widely used standard of sulfur isotopes.
However, a range of 6**Sycpr values have been reported, varying
from (1SD) 15.1 + 0.29%, to 16.5 £ 0.3%,."7**** The Balmat
pyrite measured in this study was supplied by S. J. Mojzsis who
reported a 6**Sycpr of 16.5 & 0.3%, (1SD) in 2003 and 16.3 =+
0.3%, (1SD) in 2005.>*** The value of the new Balmat was
confirmed by Ushikubo et al. (2014) with a stable mass spec-
trometer (6**Sycpr = 16.04 + 0.2%,).*%” PY-1117 was from pyrite
veins (2-4 mm wide) at a depth of 62 m in Qulong, Tibet,
China.*® CS01 was separated from a massive pyrite—pyrrhotite
gold bearing ore from the Chaoshan gold deposit, Eastern
Yangtze Craton, Eastern China.** Both pyrites have
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homogeneous sulfur isotopic compositions, and their 6**Sycpr
values were determined by using a stable isotope mass spec-
trometer (Thermo Finnigan Delta-S), 0.3 + 0.19%, for PY-1117
and 4.6 + 0.29,, for CS01.>> They were used as the working
references for sulfur isotope analyses in this study. These
standards cannot be utilized to perform trace element
measurements. Trace elements (Au, As, Cu, etc.) in Balmat and
1117 were very poor. Balmat was reported to have <10 ppm of
Ag, <100 ppm of Cu and several hundred ppm of Pb as trace
elements.* The pyrite grains were also highly heterogeneous in
trace elements.

2.2 Samples

The pyrite grains from Lannigou Carlin type gold deposits were
analyzed to determine the relative sensitivity factors (RSFs) of
trace elements in this study. The deposit is located at the
northeastern corner of the Lanzishan Dome within the
Yunnan-Guizhou-Guangxi “golden triangle” area.*** These
pyrite grains were characterized as a high-grade Carlin-type with
the size mainly ranging from 40-100 pm. Gold mainly occurs in
arsenic-rich rims with the width of 2-5 pm. The samples were
sectioned and polished for optical microscopy observation, and
backscattered electron imaging by scanning electron micros-
copy. Then the content of trace elements in arsenic-rich rims
was measured by using an electron microprobe and NanoSIMS
to calculate the RSFs.

3. Analytical method
3.1 NanoSIMS analysis

Trace element mapping and the subsequent quantitative anal-
ysis of sulfur isotope ratios and trace element contents of pyrite
were performed with a CAMECA NanoSIMS 50L instrument at
the Institute of Geology and Geophysics, Chinese Academy of
Sciences. In previous studies with NanoSIMS, sulfur isotopes
were counted with electron multipliers (EMs) with a small Cs*
beam current for the highest lateral resolution. However the
accuracy of analysis was significantly affected by quasi-simul-
taneous arrival (QSA) effects.****** Due to QSA effects, the
counting efficiency for **S was affected by 70-100%, and it will
be only 3-4%, for **3.3>* To avoid the QSA effect on *>S and
improve the analytical accuracy, **S™ was counted with Faraday
cups and **S™ with an EM using a Cs” beam current of 7 pA and
a diameter of ~250 nm. According to the definition of the QSA
effect® it results in a bias of the counting efficiency for **S and
the ratio of **S/*’S by 3-4%,. And the bias depends on the
secondary ion yield (K) of **S which was the counting rate
normalized by primary beam intensity. If the ion yield (K) was
constant, the bias could be eliminated by using matrix-matched
standards. It was observed that the ion yield varied by less than
3%. According to the calculation,*** QSA effects would intro-
duce an additional error within ~0.1%, which could be
neglected, compared with analytical precision. EM aging by **S™
with a counting rate of 2-2.5 x 10° was monitored every
4 hours. Besides, secondary ions of **S™, ’As™ ("®As*?$7),
80se™, *cu®s™, '"Au~ and *°°Pb*’S” were simultaneously
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detected with EMs in the multi-collection mode (Fig. 1). The
mass peak positions of ">As™ ("’ As*>S7), #%se ™, ®*Cu®’s™, 'Au"
and *°®Pb*>S~ were confirmed by the working references of
arsenopyrite, FeSe,, chalcopyrite, Au foil and galena, respec-
tively (Fig. 2). In the first session, ">As was measured in the
analysis. Then it was found that ”As**S™ has a much higher ion
yield which was about 30 times higher than that of ">As™. We
measured "As*’S™ in the following sessions. In the paper, As~
was used to calculate the relative sensitivity factor. The ratio of
75As”/7°As**S™ was constant with a value of 0.03 (Fig. 3), and
therefore, when AsS™ was measured in the following sessions,
75As*?S™/*%S could be converted to “As/*’S according to the
factor of ~0.03. A mass resolution of ~3000 (M/AM measured at
10% peak height) was achieved using the width of the entrance
slit (30 um), aperture slit (200 pm) and exit slit (90 pm), which is
enough to eliminate the isobaric interference of *>SH,  and
33SH™ on *S™, *°FeC,” and *2S,'°0~ on #°Se™, **Fe,’’Fe®?S™
and *2S,**S,H™ on Au™, and *°Fe,*?S,~ on *°®Pb*2S™. There is an
irregular step-like feature shown at the right side of the mass
spectrum of “°As*’S. The mass difference between isobaric
interference and ">As®*’S was ~0.0012 (Fig. S11). To identify the
species of isobaric interference, the secondary ion images of **S,
7As28, °0, and '*>C and isobaric interference were obtained
and are shown in the ESI (Fig. S11). The isobaric interference
mainly existed in some hotspots which were also enriched with
O and C, but lack S and As. These hotspots of isobaric inter-
ference were normally regarded as inclusions or holes. We
usually avoid these areas in the analysis. Therefore, the inter-
ference has no influence on the measurement of AsS. It was
noticed that the mass peak of *°Pb*’S™ failed to be resolved
from 2°°Pb**S™ and 2°“Pb*3S™; however their contributions
could be neglected because of the low relative abundances of
2%5ph**s~ and *°’Pb*?’S™ (<4%).

The area of interest was first pre-sputtered with a high
primary beam of ~1 nA, in order to remove the carbon coating
and to stabilize the secondary ion yield. The area ranging from
20 x 20 to 40 x 40 um?* was then mapped using a low beam
current of 7-10 pA with a diameter of 250 nm, and the data

Fig. 1 The configuration of multi-collection in this study.
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were accumulated as images with a pixel resolution of 256 x
256 or 512 x 512 for the secondary ions including **S™, 7°As™,
805e~, Bcu’?s™, ®7Au” and *°®Pb*?S™, except for **S” which
was counted with Faraday cups. Each image contained 3
frames, and the total analysis time was ~30 min. Individual
frames were added together after correction for position shift,
using the WinImage software (CAMECA). According to the
elemental image, several 2 x 2 um” sized areas of interest were
selected and the simultaneous sulfur isotope (**S/**S) and trace
element (A/*>S, A = As, CuS, Se, Au, PbS) analyses were per-
formed (5-8 min for each area). The sulfur isotopic ratio was
corrected for dead-time with instrumental mass fractionation
(IMF).

3.2 Electron probe microanalysis

To determine the relative sensitivity factors of the trace
elements, electron probe microanalysis (EPMA) was carried out
using a JEOL JXA-8100 at the College of Earth Sciences & Land
Resources, Chang'an University. The area mapped by NanoSIMS
was also characterized using backscattered electron scanning
microscopy (BSE). After zoning layer recognition in the
elemental image and BSE image, major elements (Fe, S and As)
were measured using an electron beam with a diameter of
~2 pm at 15 keV energy and 10 nA current; after the measure-
ments of Fe, S and As, trace elements of Au, Ni, Co, Cu, Se and
Pb were measured in the same spot positions with a much
higher beam current of 100 nA. The detection limits of the trace
elements were between 100 and 200 ppm. The uncertainty
ranged from 2 to 5% for As, 30 to 50% for Au, and from 10 to
30% for Cu and Pb.

4. Results and discussion

This analytical method provides elemental images, trace
element contents and sulfur isotope ratios in exactly the same
zoning layers of pyrite grains. Elemental images were obtained
by NanoSIMS before the spot analysis, which clearly show the
trace element distribution in different growth stages of the
pyrite grains. To determine the trace element contents, the
relative sensitivity factors of trace elements were determined
using the data of EPMA and NanoSIMS in the enriched layers.
Finally, the accuracy and precision of sulfur isotope analysis
were evaluated by using the standard samples of pyrite.

4.1 Secondary ion imaging of trace elements

Pyrite grains from the Carlin-type ore in Lannigou were imaged
with a high lateral resolution of ~250 nm in this study. The
zoning layers with a width ranging from sub-micron to several
microns were clearly shown in the secondary ion images (Fig. 4).
The individual images were processed using the WinImage
software (developed by CAMECA), including shift correction,
accumulation, normalization by **S™ and line scan. The pyrite
grain shows three types of zoning patterns, which indicate three
different growing stages from the core to the rim. Stage 1 which
is the core of the pyrite grain has very low concentration of Au
and As, but relative high content of Se and Cu. Stage 2 is

Anal. Methods, 2017, 9, 6653-6661 | 6655
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Fig. 2 The mass peak of the 89Se™, 75As325~, 83Cu325~, ¥9’Au~ and Pb32S™ acquired in the pyrite sample and standard materials, including

arsenopyrite, FeSe,, Au foil and galena.

characterized by oscillatory zoning layers with the width of sub-
micron order which is clearly shown in the image of ">As**S™
and ®*Cu®?S™. Stage 3 with the width of 5-7 um in the rim of the
grain is characterized by high concentration of Au and As and
low concentration of Se. The hydrothermal fluid in stage 3
penetrated into the original pyrite through fractures in stages 1
and 2 (Fig. 4a and d). A cross profile with a length of ~40 pm was
obtained along the line A-A’ with an accumulation window of 1
x 30 pixels (Fig. 4a) and the results are plotted in Fig. 5a. To

6656 | Anal. Methods, 2017, 9, 6653-6661

study the paragenetic association of elements, correlations of
different elements were checked through the three growth
stages (Fig. 5b—d). There is a strong positive correlation between
the distributions of ">7Au~ and "As®**S™ in stage 1 and stage 3,
while the distribution of 7°As**S™ was well consistent with that
of ®*Cu®S™ in stage 2 (Fig. 5a-d). This information could
provide hints for the changing of chemical and thermodynamic
conditions of the ore-forming fluid.

This journal is © The Royal Society of Chemistry 2017
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4.2 Relative sensitivity factors of the trace elements of pyrite

Relative sensitivity factors (RSFs) were required to determine
quantitatively the contents of trace elements of minerals with
SIMS. Normally, RSFs were determined by analyzing standard
materials with known compositions. RSFs can be calculated by
using the following equation:

- CA* /C_zz
RSF(A) = ﬁﬂsi 1)
(@
"75 As?izs /34S
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where A~/**S™ is the ratio of the secondary ion intensity of trace
element A (A7) to that of *>S™. C,- and Cxg- are the concentra-
tions of A (A = As, CuS, Se, Au, PbS) and *’S in the standard
samples. In this study, the concentrations of A were determined
by EPMA in the spot with a diameter of 2 pm, where A~ and *>S™
had also been measured by NanoSIMS in image mode. Fig. 6
illustrates the way how we obtained trace element data by EPMA
and NanoSIMS in the same spots. Secondary ion images of **S
and trace elements were obtained by NanoSIMS. BSE images
acquired by EPMA could be easily matched with secondary ion
images (Fig. 6). Layers enriched with trace elements in the image
were selected to determine the concentration of trace elements.
All of the data are summarized in Table S1t and plotted in Fig. 7,
showing linear relationships between the EPMA results and the
relative intensity ratios acquired by NanoSIMS. These calibration
curves can be used to calculate the trace elements with much
lower concentrations than the detection limits of EPMA. The
RSFs for As, CuS, Se, Au, and PbS were calculated to be 4.43 +
0.28, 0.36 + 0.04, 0.18 £ 0.03 and 38.0 £ 15.1, respectively. Au
has a higher ion yield of Au~ than the other ion species under
the Cs" bombarding. As shown in Fig. 6, the BSE image and As
image match very well. The identification of analysis spots by
EPMA and NanoSIMS could be easily achieved, according to the
zoning layers and patterns. The deviation of data from the linear
regression lines may mostly come from the analytical precision
and accuracy of EPMA results. The low ion yield of ***Pb**S

Stage 2

0

Fig. 4 Secondary ions of trace element distribution in pyrite from the Lannigou Carlin-type deposit. (a—d) lon mapping normalized by **S~ for

7SAs325~, 895e~ 83C 325~ and 7AuT, respectively.
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Fig. 5 A line profile of 7°As®?S~, 8%Se~, 83Cu®2S~ and °’Au~ along the red line in Fig. 4a and the concentration correlations between different

elements in the three growth stages.

1E-2

SE-3

Fig. 6 (a—c) lon image normalized by #S~ for "®As, ®3Cu®?S~ and
197Au~, respectively. (d) The backscattered electron image for the
same area as the secondary ion image. [J with a size of 2 x 2 um? in
the image is the region for sulfur isotope analysis by NanoSIMS and O
with a diameter of 2 um in the image is for the trace element deter-
mination by EPMA.

caused a large error of the calibration curve for Pb content.
Compared with the research of Barker et al. (2009), this work
provided an approach to determine the RSFs of trace elements
which could be used to quantify the trace element content.

6658 | Anal. Methods, 2017, 9, 6653-6661

4.3 Sulfur isotope measurements

Sulfur isotopes of **S and 'S, together with trace elements,
were counted with a Faraday cup (FC) and six electron multi-
pliers (EMs), respectively. Because of the high counting rate of
318 (~250 000 cps), the EM for **S could have a significant aging
effect. As discussed by Zhang et al. (2014),%* a higher voltage was
applied on the EM for **S to make sure that the center of the
pulse height distribution curve (PHDy,,) is about 300 mV to
reduce the EM aging effect. The baseline of the Faraday cup was
measured for 1 min before and after the analysis. After the
deduction of the FC baseline, the intensity of **S™ was used to
calculate the sulfur isotope (**S/**S). Table 1 summarizes the
results of sulfur isotope analyses obtained in four different
sessions. The analyses of the pyrite standards and references
have uncertainties <0.5%, (1SD) for 6*S. Using PY-1117 as the
standard in all of the four sessions, the calibrated 6**Sycpr
values of Balmat pyrite and the working references are consis-
tent with the recommended value within an analytical uncer-
tainty of +0.5%, (Fig. 8 and Table 1). Considering the same
lateral resolution (1-2 um) using NanoSIMS, the precision and
accuracy in this work were consistent with those reported by
Zhang et al. (2014),** but much higher than those reported in
the other literature studies with a typical value of 2-39/,.>*3"*¢
Williford et al. (2010) performed the sulfur isotope analysis with
a comparable lateral resolution of 2 x 3 um” and a higher
accuracy of 0.4%, (1SD) by using an IMS 1280. Combined with
the measurement of trace elements, the method in this study

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a—d) Calibration curve for the content determination of As, Cu, Au and Pb. The error bar for As (Fig. 6a) was within the symbols.

was aimed to analyze complexly zoned pyrite grains with thin
layers (e.g. typical thin rims of pyrite in Carlin-type deposits).
Thereafter, we also analyzed the pyrite from Lannigou gold
ore deposits and the results are shown in Fig. 9 and the ESI
(Table S21). The sulfur isotope ratios in the same layers varied
within 19,, and they varied by several per milles in different
layers. Individual Pyrite grains can be divided into a core and
rim. The core was formed in the pre-ore stage with low As and/or
As-free, while the rim was formed in the ore stage with As and
Au-rich. The fluctuation of As and Au concentrations and sulfur

Table 1 Sulfur isotope ratios of the pyrite standard samples measured
in this study

Date Sample Mineral n  6*Sga, 1SD  6**Sca,” Bias®
2013-April Balmat  Pyrite 12 9.2 0.2 16.4 0.3
PY-1117 Pyrite 16 -7.0 03 — —
CSo1 Pyrite 10 -2.8 04 4.2 —0.4
2013-July Balmat  Pyrite 25 3.5 04 16.5 0.4
PY-1117 Pyrite 17 —-12.7 03 — —
CSo01 Pyrite 10 -8.5 0.3 4.1 —0.5
2014-August  PY-1117 Pyrite 22 —1.4 04 — —
CS01 Pyrite 23 2.8 04 4.5 —0.1
2014-October PY-1117 Pyrite 25 —=5.6 04 — —
CSo01 Pyrite 26 —1.8 04 4.1 —0.5

“The sulfur isotope calibrated with standard references: Balmat or
1117. ? Bias is the difference between 6**Sc,yp, and the recommended
value.

This journal is © The Royal Society of Chemistry 2017

isotopes in the pyrite rim suggests fluid-mixing between two
end-member ore fluids during mineralization. One of the ore
fluids should be As and Au-rich with a lower 6**S value, and the
other one should be As-poor with higher §3*s.

4.4 Potential applications

In this study, pyrite in Carlin-type deposits was utilized to
demonstrate the validity of the analytical methods. Besides the

20
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Fig. 8 Analytical reproducibilities of §>*Sycpr in pyrite standards and
working references in four different sessions. The recommended
values for the standards are shown by different horizontal lines. The
error bars are shown with 1.

Anal. Methods, 2017, 9, 6653-6661 | 6659


http://dx.doi.org/10.1039/c7ay01440f

Published on 30 October 2017. Downloaded on 08/06/2018 13:11:26.

Analytical Methods

()

34S
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Fig. 9 Sulfur isotope and trace element analysis of pyrite from Lan-
nigou Carlin type gold deposits. (a—c) Secondary ion images of *“S,
75As2S and 1%7Au; the red line in the °As®2S image was the boundary
of the pyrite core and rim. (d) The sulfur isotope ratios and As contents
in different layers.

trace elements of As, CuS, Se, Au and PbS, it is possible to try
other trace elements (i.e. Zn, Ni, Ag, Pt, Tl,...), which are found
in different types of pyrite. In this study, we utilized the same
instrumental setup (slit configuration and intensity of primary
ion current) to demonstrate that some metallogenic elements
(Au, Pt, Ag, Ge, Ir, and Os) have higher ion yields under the
sputtering of Cs* over O, (Table 2) which was consistent with

Table 2 lon yields of metallogenic elements under Cs* sputtering and
O~ sputtering

Ton yield” (cps ppm ™" nA™")

Element Yield with Cs Yield with O
Pt 2.63 x 10° 2.66 x 102
Ir 2.23 x 10* 1.61 x 10"
Os 4.07 x 10° 1.56 x 10°
Pd 7.56 x 10" 3.48 x 10°
Rh 4.00 x 102 9.60 x 10°
Ru 6.54 x 10" 4.00 x 10"
Ge 6.09 x 10° 3.45 x 10°
Cu 4.30 x 10° 3.63 x 10°
Ni 8.09 x 10° 1.76 x 10°
Au 2.54 x 10* 2.50 x 107>
Se 2.70 x 10*

As 1.33 x 10*

CusS 1.34 x 10"

PbS 1.92 x 107+

“ Ion yield was calculated with the following equation: yield = counting
rate/concentration/primary beam intensity. The measurement was done
with pure metals.
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that reported in the literature.>*” The other trace elements could
also be measured with the ion species XS~ (X = Cu, Fe, Nij,
As,...) in order to improve the sensitivities under the Cs" sput-
tering which provides a better lateral resolution than a Duo-
plasmatron oxygen ion source.*® Trace element images obtained
at the beginning of the analysis were an important tool to
characterize different ore-stages and accurately determine the
following sulfur isotope and trace element content. This
method is aimed at the complex zoning layers of pyrite with the
width ranging from 1 to 5 um which are difficult to analyze with
traditional methods. This method could also be applied for
other sulfide minerals with very thin layers.

5. Conclusion

We carried out simultaneous analyses of S isotope ratios and
trace elements of pyrite with a high lateral resolution using
NanoSIMS. Secondary ions of *>S™, %™, 73As™ ("*As*?S7), #°Se ™,
S3cu®’s™, 7Au and *°®Pb*>S~ were simultaneously detected in
the multi-collection mode with one Faraday cup (FC) and six
electron multipliers (EMs). Relative sensitivity factors (RSFs)
were vital to quantify the content of trace elements. To obtain
the RSFs, layers enriched with trace elements were measured
with EPMA and NanoSIMS 50L at exactly the same spot. The
relative sensitivity factors (RSFs) for As, CuS, Au, and PbS were
calculated to be 4.43 £ 0.28, 0.36 & 0.04, 0.18 £ 0.03 and 38.0 +
15.1, respectively.

To characterize the growth stages of the pyrite grain, sulfur
and trace elements were first mapped with the size ranging
from 20 x 20 to 40 x 40 um” at a high lateral resolution of 250
nm. According to the secondary ion image, the spot analyses for
sulfur isotopes (**S/*>S) and trace elements were carried out
with a FC for *2S and EMs for other ion species at a high lateral
resolution of ~2 x 2 um?. The accuracy and precision of sulfur
isotope analysis were evaluated by using the standard samples
of pyrite. The external reproducibilities (1SD) of sulfur isotopes
were better than 0.59%, and the analytical accuracy was better
than 0.6%,. The reproducibilities of trace element measure-
ments ranged from 10 t0o30% for Au, Cu, Pb and Se and less
than 10% for As. This method has important potential appli-
cations in isotopic and elemental investigation of thin layers of
pyrite and other sulfides with the width of 1-5 pm.
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