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Despite the significant improvement on spatial resolution, NanoSIMS still preserves relatively high mass resolution, sensitivity,
and analytical precision. It has become an important analytical platform to determine chemical compositions of solid materials,
and has been widely used in space, earth, life, and materials sciences, etc. By using a Cs* ion beam with a size as small as 50
nm scanning over sample surfaces, we are able to obtain high spatial resolution images of up to 7 species simultaneously.
When utilizing Faraday cup, high analytical precision of 0.3%¢—0.5%0 (1SD) for C, O and S isotopic analysis can be achieved.
Although this precision level is still lower than that of conventional SIMS, it already meets the major requirements of Earth
Sciences. In 2011, the first NanoSIMS of China (Cameca NanoSIMS 50L) was installed at Institute of Geology and Geophy-
sics, Chinese Academy of Sciences. Based on the working mechanism and analytical modes of the instrument, this paper will
systematically introduce the analytical methods established with the NanoSIMS and their potential applications in earth sci-
ences. These methods include trace element distribution images in mineral zoning, high spatial resolution (2-5 pum) Pb-Pb and
U-Pb dating, water content and H isotopic analysis for silicate glass and apatite, C isotopic analysis for diamond and graphite,
O isotopic analysis for carbonate, S isotopic analysis for sulfides. In addition, the specific requirements for sample preparation
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will also be introduced in order to facilitate domestic earth scientists’ use.
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Modern advances in micro-beam analytical technique, on
one hand, significantly improve analytical precision, which
is even comparable to those of methods with chemical sepa-
ration and purification. On the other hand, spatial resolution
has also been significantly improved by reducing the size of
the micro-beam from micron scale to sub-micron or na-
nometer scale. For Secondary Ion Mass Spectrometry
(SIMS), the latest type Cameca IMS-1280HR is characteri-
zed by its high analytical precision, whereas Cameca Nano-
SIMS 50L is by its high spatial resolution.

The initial demands on NanoSIMS came mainly from
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two aspects: one is from space sciences, searching micron
and submicron size pre-solar grains in extraterrestrial sam-
ples, and analyzing their isotopic compositions (Hoppe,
2006; Messenger et al., 2003; Zinner et al., 2011); the other
is from life sciences, tracing stable isotopic variations at
subcellular scale (Herrmann et al., 2007; Lechene et al.,
2006, 2007; Musat et al., 2008). Due to the ultra-high spa-
tial resolution of NanoSIMS, its application quickly ex-
panded to material sciences (Dark et al., 2006; McPhail,
2006) and earth Sciences (Badro et al., 2007; Meibom et al.,
2008). Nowadays, due to the advances on secondary ion
transmission efficiency and mass resolution, analytical pre-
cision of stable isotopes by NanoSIMS has also been sig-
nificantly improved. For example, high precisions of
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0.3%0-0.5%0 (1SD) for C, O and S isotopes can be achieved,
which largely broadens the application of NanoSIMS in the
earth sciences.

Since the first commercial NanoSIMS installed in 2000,
there are more than 30 NanoSIMSs in the world at present.
The instrument has updated from Cameca NanoSIMS 50 (5
detectors) to NanoSIMS 50L (7 detectors). In 2011, the first
NanoSIMS of China (Cameca NanoSIMS 50L) was in-
stalled at Institute of Geology and Geophysics, Chinese
Academy of Sciences. After more than 3 years’ develop-
ment, a variety of analytical methods have been established
with this instrument, providing a bran-new platform for
basic researches on space, life, earth and materials sciences.
Based on the working mechanism and analytical modes of
the instrument, this paper will systematically introduce the
analytical methods established with this instrument and
their potential applications in earth sciences. In addition, the
specific requirements for sample preparation will also be
introduced in order to facilitate domestic earth scientists’
use.

1 Mechanism and analytical modes of Nano-
SIMS

Secondary Ion Mass Spectrometry (SIMS) is a type of mass
spectrometry, which can analyze In situ chemical composi-
tions of solid materials. The working mechanism of SIMS is
as follow: A primary ion beam generated from an ion source
is accelerated to sputter the surface of a solid sample. The
ion bombardment triggered by the primary ion beam can
lead to emission of secondary ions from the sample surface.
Then, the secondary ions are analyzed and collected by a
mass spectrometry, and based on the count rates of second-
ary ions, the elemental abundances and isotopic composi-
tions of the sample can be calculated (Figure 1). The de-
tailed introductions of SIMS, such as its history, develop-
ment, mechanism, and applications, have been previously
reviewed (Hsu, 2005; Li et al., 2013a). At present, SIMS is
able to analyze all the elements in the periodic table except
noble gas. There are dozens of laboratories worldwide
equipped with SIMS of SHRIMP series, Cameca IMS se-
ries, or Cameca NanoSIMS.

1.1 Working mechanism of NanoSIMS

As an in situ analytical instrument of chemical composition,
the performance of SIMS lies in the following aspects: spa-
tial resolution, sensitivity, mass resolution, and precision.
The spatial resolution depends on the generation and focus-
ing of the primary ion beam, which can reach 1 um by con-
ventional SIMS (Page et al., 2007). Sensitivity depends on
yield of the secondary ions and transmission efficiency.
Mass resolution depends mainly on the magnet perfor-
mance. Precision, on one hand, depends on the stability of
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Figure 1 Schematic diagram showing structure of Cameca NanoSIMS
5S0L. The working mechanism of NanoSIMS is the same as that of conven-
tional SIMS except for the two unique designs: The coaxial lens and the
magnet (detailed in text). NanoSIMS 50L is equipped with two ion sources:
Oxygen and cesium, which can produce O*", O”, O* and Cs* primary ion
beams, respectively. The diameter of Cs* ion beam can be as low as 50 nm.
NanoSIMS 50L has 7 detectors, which can simultaneously detect 7 ion
species with mass differences of up to 21 times (Miyux/Mmin=21).

the whole instrument, and on the other hand, relies on the
standards and analytical methods.

In order to meet the scientific demands of high spatial
resolution, Cameca developed the first NanoSIMS based on
the conventional SIMS in 2000. The Cameca NanoSIMS
S0L greatly improved the spatial resolution thanks to the
coaxial design (Figure 2), which includes a normal primary
ion incidence and a co-axial secondary ion extraction to
optimize simultaneously objective lens performance and ion
collection. This design reduced the objective-sample dis-
tance (0.4 mm), leading to very low aberration coefficients
and thus to a smaller spot size for a given probe current than
other conventional SIMS.

In addition, although both NanoSIMS and conventional
SIMS using Mattauch-Herzog double focusing magnet, the
magnetic field radius of NanoSIMS has a very wide range
of 150-670 mm (Figure 1), whereas that of IMS-1280 is
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Figure 2 Schematic diagram showing the coaxial design of NanoSIMS
50L.

about 585 mm. Such a wide magnetic field allows Nano-
SIMS simultaneously detects species with mass differences
of up to 21 times (Mp/Mpuin=21), e.g., 160 and #*U. How-
ever, there is a drawback of this design. Due to the limita-
tion of dispersion distance and the size of detectors (5-6
mm), the mass difference between two adjacent detectors
must be larger than Miyema=Mm./58 (Figure 1). For exam-
ple, when U-Pb dating, NanoSIMS 50L can measure 206pp,
and *%U by multi-collection mode, but must use
peak-jumping mode to measure “°Pb and **’Pb (Yang et al.,
2012).

Same as conventional SIMS, NanoSIMS 50L is equipped
with two ion sources: Duoplasmatron oxygen source and
thermal ionization cesium source. The former uses oxygen
as a plasma source, producing 0", O”, O" ions, and the lat-
ter generates Cs* ions by thermal ionization. The size of
oxygen ion beam can be as small as 200 nm, whereas that of
cesium ion beam can be 50 nm.

1.2 Analytical modes of NanoSIMS

Since NanoSIMS still preserves relatively high mass resolu-
tion, sensitivity, and analytical precision, many methods
developed by conventional SIMS can also be implemented
by NanoSIMS, such as high-precision spot analysis. In ad-
dition, other methods which are difficult to be implemented
by conventional SIMS, can also be carried out by Nano-
SIMS due to its high spatial resolution, such as distribution
image analysis. There are three analytical modes of Na-
noSIMS.

(1) The spot analysis is usually applied to the dating or
stable isotope analysis (see sections 3 and 4).

(2) The image analysis can obtain an elemental or iso-
topic distribution image of the sample surface. When a pri-
mary ion beam scans on the sample surface, the secondary
ions detected by NanoSIMS can reflect elemental and iso-
topic variation of the scanning area. Therefore elemental or
isotopic distribution images can be obtained, based on
which the elemental or isotopic variation along any profile
can be calculated. This analytical mode has been widely
used in space sciences (Hoppe, 2006; Messenger et al.,
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2003; Zinner et al., 2011) and life sciences (Herrmann et al.,
2007; Lechene et al., 2006, 2007; Musat et al., 2008), but
rarely applied to earth sciences because the analytical preci-
sion of this mode is relatively low.

(3) The grain mode combines image and spot analysis.
For example, secondary ion images are first acquired from a
relatively large scanning area, and then spot analysis can be
carried out in the secondary ion images to conduct a relative
high analytical precision (see section 2).

2 Trace element analysis of mineral zonings

Growth zoning is a very common phenomenon of minerals
in nature. According to Shore and Fowler (1996), there are
at least 75 minerals which can develop oscillatory zonings,
including all mineral species, such as silicate (anhydrous or
hydrous), sulfide, oxide, halide, carbonate, phosphate, and
sulfate. Studies on mineral zonings can reveal the dynamic
processes during crystal growth (Carley et al., 2011;
Gardner et al., 1995; Hoskin et al., 1998; Klemetti et al.,
2011; L’Heureux and Fowler, 1996; Loomis, 1982; Singer
et al., 1995; Wang and Merino, 1992) or variations of the
geological environments (Gao et al., 2004; Zhang, 2005).

However, the growth zonings of minerals (especially os-
cillatory zonings) are usually very small (at micron scale).
In order to study these zonings, analytical methods with
high spatial resolution are required. For example, scanning
electron microscope (SEM) and electron probe microanaly-
sis (EPMA) are widely used to reveal the major element
variations along the zonings. However, these methods can-
not detect trace elements that may provide important infor-
mation on the mineral growth, because the distributions of
trace elements are generally controlled by diffusion and
distribution coefficient.

The high spatial resolution and high sensitivity of Nano-
SIMS make it a potential powerful tool to observe the trace
elemental distributions of mineral zonings at micron or
sub-micron scales. For example of zircon, Cameca Nano-
SIMS 50L was used to study trace elemental distributions of
the oscillatory zonings. A 100 pA O™ primary ion beam with
a diameter of about 0.7 um was utilized. The whole proce-
dure was divided into two sessions because NanoSIMS 50L
can only detect 7 species simultaneously. In the first ses-
sion, Li, 2si, 3P, “Ti, ¥Y and *°Zr were measured, and
then 30Si, 89Y, 140Ce, 147Sm, 162Dy and "Lu in the second
session. Zircon standards 91500 and M257 were used as
standards.

The Qinghu magmatic zircons (Li et al., 2013b, 2009)
were measured by the grain mode. As shown in Figure 3, a
20 pmx 20 um area was scanned and secondary ion images
were acquired. Then based on the image of *Y/*Si, eight
spot analyses were carried out by deflecting the primary
beam onto a selected area (3 pmx3 um). There is a correla-
tion between zircon Cathodoluminescence (CL) image and
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Figure 3 Trace elemental distribution images and Y, Ti spot analysis of zircon QH-4. (a) Cathodoluminescence image of the zircon. (b)—(h) Secondary ion
images (using Si as an internal standard). Warm colors (red and yellow) represent relative high count rate, and cold colors (green and blue) represent relative
low count rate. (i)—(j) Y and Ti contents of 8 analytical spots, whose positions are shown in (e).

its secondary ion image, with the dark band in CL images
having higher P, Y and REE concentration. According to
the results of spot analysis, the Y and Ti abundances of the
dark bands can be 5-8 times and 1 time higher than those of
the bright bands, respectively.

This case study of the Qinghu zircons indicates that the
NanoSIMS is capable of analyzing trace elemental distribu-
tions in mineral zonings at micron or sub-micron scale. This
method can be applied to the fine zonation of all the natural
minerals, which has at least three advantages: (1) high spa-
tial resolution, the size of the O™ ion beam is as small as 0.7
um; (2) low detection limit, trace element of micrograms
per gram level can be quantitatively measured; (3) precise
positioning, based on the secondary ion images acquired
before spot analysis, interference of fractures and micro
mineral inclusions can be avoided.

3 High spatial resolution zircon U-Pb/Pb-Pb
dating

Zircon is an accessory mineral widely occurring in both
terrestrial and extraterrestrial rocks. The high U, Th con-
tents and low common Pb of zircon make it a good U-Pb
chronometer. In situ zircon U-Pb dating with SIMS is one
of the key techniques in the modern earth sciences, and has
become a routine method for >20 pm zircons (Ireland and
Williams, 2003). However, high spatial resolution is still

required because zircons in the lunar meteorites and other
extraterrestrial samples are generally very small (<10 pm),
and many zircons in terrestrial samples have complex zon-
ing (e.g., zircons in granulites).

Although a zircon U-Pb dating method at 5 pm scale has
been established with Cameca IMS-1280 (Liu et al., 2011),
NanoSIMS can achieve even higher spatial resolutions for
U-Pb and Pb-Pb dating (Yang et al., 2012). A 500 pA O
primary ion beam with a diameter of 1.7 um was utilized.
Magnetic peak-switching mode was applied for Pb-Pb da-
ting, while combined analysis mode was used for U-Pb da-
ting (Yang et al., 2012).

The zircon standard M257 and baddeleyite standard
Phalaborwa were dated by the Pb-Pb method with a spatial
resolution of < 2 um (Figure 4), yielding **’Pb/*Pb ages of
563+14 Ma and 2058+6 Ma, respectively. These results
agree well with the recommended ages within analytical
uncertainties. Four zircon standards, including Qinghu,
Plesovice, Temora, and 91500 were dated by the U-Pb
method, with a spatial resolution of < 5 um (Figure 4). The
weighted average **’Pb/***U ages obtained by this method
for the four zircon standards are 158+3, 337+7, 427+10, and
1076+14 Ma, respectively. These results are consistent with
the reported ID-TIMS ages of these samples within error
(Yang et al., 2012).

This method demonstrated that zircon U-Pb dating at <5
pm scale and Pb-Pb dating at <2 um scale can be achieved
with NanoSIMS. However, there is a limitation of this
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Figure 4 Zircon U-Pb and Pb-Pb dating with high spatial resolutions by NanoSIMS (Yang et al., 2012).

method. When applying it, the sensitivity of Pb is about 4
cps ppm ' nA™', which is significantly lower than that of
IMS-1280 (13-21 cps ppm™' nA™) by using oxygen flood-
ing technique. Due to this limitation, this method can only
be applied to old zircons, such as ~2.0 Ga (Wang et al.,
2014).

4 Stable isotope analysis

4.1 Water content and H isotope analysis for silicate
glass and apatite

Hydrogen is the lightest element in the universe and has the
largest mass-dependent fractionation effects in geological
and biological processes, hence can be used to constrain the
evolution of climate, geology, and life. In addition, H is the
most abundant element in the solar system (Anders and
Ebihara, 1982), and is the major constituent element of wa-
ter, which is usually used as an indicator for searching alien
life. Thus, analytical methods in situ determining water
content and H isotopes are very important for our under-
standing of the above processes.

There are two common used in-situ methods for water
content. One is infrared spectra (Aubaud et al., 2007; Koga
et al., 2003; Nichols and Wysoczanski, 2007; Prechtel and
Stalder, 2010), which has a detection limit lower than 10
ppm. However, this method cannot measure H isotopes. The
other method is SIMS, which can determine both water
content and H isotopes. However, this method was con-
strained by the charging effect and high hydrogen back-
ground (Deloule et al., 1995; Watson et al., 1994; Zinner et
al., 1983). In the recent decade, electron gun (E-gun) was
applied to charge compensation and resin-free sample pre-
paration method (see section 6) was used to decrease the
hydrogen background. Low background (10-30 ppm)
methods have been established with IMS 1270/80 and IMS
f series (Greenwood et al., 2008; Hauri et al., 2002; Koga et

al., 2003; Sugiura and Hoshino, 2000) with a spatial resolu-
tion of 10-30 um (Bradley et al., 2014; Greenwood et al.,
2011, 2014; Hauri et al., 2011; McCubbin et al., 2010).

An analytical method with a higher spatial resolution for
water contents and H isotopes has been established by using
NanoSIMS 50L. The instrumental configurations are de-
scribed as follows. A 500 pA Cs* primary beam with a dia-
meter of lpum was used. The scanning area was about 10
pumx10 pm. In order to decrease the H re-deposition effect
around the analytical margins, the outmost 50 % areas of
the spots were blanked. The total time for each analysis is
around 5-8 min. The analysis standards include 2 apatites
(Durango and Kovdor apatite) (Greenwood et al., 2008;
Nadeau et al., 1999) and 5 basaltic glasses (1833-1,
1833-11, ND 70-01, 519-4-1 and MORB glasses) (Hauri et
al., 2002). Anhydrous San Carlos olivine (Aubaud et al.,
2007), sapphire, silicon wafer and stainless sample holder
were used for monitoring the background.

The results show that the H background is positively
correlated with the vacuum of analytical chamber of the
NanoSIMS (Hu et al., 2014). When the vacuum reached
about 5x10™'" tor, the hydrogen background can get down
to 10 ppm. Based on 20 months’ analysis, Kovdor apatite
and MORB glass share a similar hydrogen isotope instru-
mental mass fractionation within analytical uncertainty,
indicating little matrix effect between them. The analytical
precisions of hydrogen isotopes for Kovdor apatite
(H,0=0.98 wt.%) and MORB glass (H,0=0.258 wt.%) are
40 %o (2SD) and 61%0 (2SD) (Hu et al., 2014), respectively.
The maximum uncertainty of the slopes of the water content
calibration curves is lower than 6.9% (2SD).

By using this method, Hu et al. (2014) have measured the
water contents and H isotopes of apatites and magmatic
inclusions in Martian meteorite GRV 020090. They deter-
mined the water contents and H isotopic variations along
profiles in magmatic inclusions smaller than 50 pm, and the
results indicate that the Mars has underground liquid water
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in recent past. This method can also be applied to measure
water contents and H isotopes of magmatic inclusions from
earth’s mantle, which could rebuild the geological processes
and water contents of earth’s deep interior.

This method has two advantages compared to infrared
spectra: (1) in situ H isotopes can be determined to reveal
distribution of H isotopes in apatites and silicate glasses; (2)
the image analyses of NanoSIMS 50L are helpful in identi-
fying the micro-fractures in apatite and silicate glasses, and
thus avoid any contamination on water contents and H iso-

topes.

4.2 Carbon isotope analysis for diamond and graphite

The carbon cycle on the Earth’s surface is an important en-
vironmental issue, because the balance of which is consid-
ered to be the key factor for the climate change. Therefore,
global warming and carbon emissions attract considerable
attentions. However, the largest carbon reservior of the
Earth is the mantle (Coltice et al., 2004). Beside the carbon
cycle on the Earth’s surface, there is a deep carbon cycle
(Zhang and Zindler, 1993). The flux of deep carbon cycle is
significantly larger than that on the surface, becoming a
buffer for the surface carbon cycle. Diamond is an im-
portant carrier of the mantle carbon; thus, its formation and
evolution can help us understand the deep carbon cycle
(Pokhilenko et al., 2004; Russell et al., 1996). The C and N
isotopic compositions of diamonds could record the infor-
mation of their source, and the growth zonings in diamonds
could reflect the processes during their formation (Boyd et
al., 1987; Dobrzhinetskaya et al., 2007; Eldridge et al.,

1991).

Carbon isotope measurements were usually carried out
by SIMS with a precision of ~0.1%¢ and a spatial resolution
of 15-30 um (Farquhar et al., 1999; Fitzsimons et al., 1999;
Palot et al., 2014; Riciputi et al., 1998; Russell et al., 1996;
Smart et al., 2011). However, zonings are very common in
diamonds, which may reflect complex processes during
their growth, and the spatial resolution of the above meth-
ods is insufficient to reveal these processes.

To improve the spatial resolution of the carbon isotopic
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measurement in graphite and diamond, two instrumental
configurations were carried out for different requirements
(3-10 pm).

(1) FC-EM mode: "*C and "C were measured with the
FC and the EM, respectively. A 100 pA Cs* primary beam
with a diameter of 0.5 um was used to raster over an area of
3 umx 3 um. The precision of ¢°C on the graphite standard
was ~0.4%o (Figure 5).

(2) FC-FC mode: Both of >C and "*C were measured
with the FCs. A 800 pA Cs*primary beam with a diameter
of 1 um was used to rater over an area of 10 umx10 pm.
The precision of 0"°C on the graphite standard was ~0.3%o
(Figure 5).

These two instrumental configurations were performed
with grain mode. Secondary ion images of '*C and "“C"'N
were obtained to identify zonings with variable N contents.
Then, regions of interest were selected to carbon isotopic
analysis. The sizes of analytical spots were 3 and 10 pm for
FC-EM and FC-FC mode, respectively. Both graphite and
diamond were measured by this method. The results show
that the matrix effect between graphite and diamond was as
little as ~0.7%o (Figure 5).

In summary, carbon isotope measurements at 3—10 um
scale can be achieved with NanoSIMS. For 5-10 pm spatial
resolution, a precision of ~0.3%o can be obtained by FC-FC
mode. For 3-5 um, a precision of ~0.4%o can be obtained by
FC-EM mode. Compared to the methods established by
conventional SIMS, which have lateral resolutions of 15-30
um and precisions of ~0.1%o, this method improves spatial
resolution significantly but has relatively low precision.
Therefore, this method can meet high spatial resolution re-
quirements, e.g., diamond with complex zonings, micro
particles of graphite, diamond and organic carbon in the
meteorites.

4.3 Oxygen isotope analysis for carbonate

The oxygen isotopes of carbonates have been widely used
as a tracer for paleo-environment and paleoclimate evolu-
tions. The oxygen isotopes of marine carbonate fossils can
help us reconstruct the temperature variations of the ocean
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Figure 5 Carbon isotope analysis of diamond and graphite by NanoSIMS. The spatial resolution and precision were 3 um and 0.4%o for FC-EM mode, and
10um and 0.3%o for FC-EM mode. The matrix effect between graphite and diamond was insignificant (~0.7%o).
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since Cenozoic (Craig, 1965). For example, 6"%0 values of
speleothem can reflect those of rain and water during its
formation, and in situ oxygen isotopic analysis provides a
powerful method to reveal the paleoclimate evolutions
(Affek et al., 2008). However, this brings challenges in an-
alytical technique. The growth zoning in speleothem is al-
ways narrow, requiring a high spatial resolution. In addi-
tion, the oxygen isotope variations in the zonings are gener-
ally small, requiring a high precision (Orland et al., 2012).

For example, the spatial resolutions of carbonate oxygen
isotopic analysis by using SIMS are ~10 pm and the ana-
lytical precision is 0.3%o (2SD) (Kita et al., 2009; Orland et
al., 2012). These method were widely used to measure the
oxygen isotopic variation in samples with growth zonings
(e.g., cave speleothem) (Orland et al., 2012). However, such
a spatial resolution is still insufficient for the measurement
of the growth zonings at several microns scale.

High spatial resolution analysis of oxygen isotopes can
be carried out by NanoSIMS 50L. A ~250 pA primary Cs+
beam with a diameter of ~0.5 um was used to scan 5 pmx
5um area on the sample. '°0” is counted with a Faraday cup
(FC), and O™ with an electron multiplier (EM). Two ref-
erence materials of calcite NBS 18 (5'80VpDB=(—23.21
0.1)%0) and IAEA-CO-8 (5" Ovpps=(—22.7+0.2)%0) were
used as standards (Stichler, 1995). The results are plotted in
Figure 6. The analytical precision is better than 0.5%o (1
SD).

Same as carbon isotope analysis, oxygen isotope analysis
of NanoSIMS also has a high spatial resolution (5 um) with
a relatively low precision. Therefore, this method can be
applied to the abrupt interface in speleothem, where oxygen
isotopic variation is large and high spatial resolution is re-
quired. In addition, the multi-collection capability of Na-
noSIMS allows detection of other trace element (e.g., Sr )
simultaneously.

4.4 Sulfur isotope analysis for sulfides

Sulfides are common minerals occurred in sedimentary
rocks, volcanic rocks, and meteorites, which include pyrite,

IAEA-CO-8

8180 (%)

Mean: (-22.2+0.5)%0 (1SD)
Recommended: (-22.7+0.2)%. (2SD)

Figure 6 The results of oxygen isotope analysis on IAEA-CO-8 calcite
standards (Lin et al., 2014). The result was calibrated using NBS 18 as a
standard. The measured &'*Ovppp (—22.2+0.2)%0 is consistent with the
recommended value within the analytical uncertainties.
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pyrrhotite, chalcopyrite, sphalerite, galena, etc. The S iso-
topic compositions of these minerals are widely used to
study atmospheric activities (Winterholler et al., 2006), mi-
crobial activities (Bontognali et al., 2012; Nishizawa et al.,
2010), ore-forming mechanism (Barker et al., 2009), and the
early evolution of the Earth’s surface environment (Mojzsis
et al., 2003).

In situ analysis of S isotopes is generally performed us-
ing SIMS or laser ablation inductively coupled plasma mass
spectrometry (LA-ICPMS). LA-ICP-MS has little matrix
effect for S isotope analysis of sulfides, but has a poor lat-
eral resolution (50—100 pm) (Craddock et al., 2008). In ad-
dition, *°S cannot be precisely measured by LA-ICP-MS,
because it is suffered from severe interference of *°Ar.
Compared to LA-ICPMS, SIMS has a better lateral resolu-
tion (~15 pm) and precision (0.1%0—0.2%0) (Kozdon et al.,
2010; Mojzsis et al., 2003; Papineau et al., 2005;
Whitehouse, 2013). However, this lateral resolution of
SIMS is still insufficient to analyze the micron-sized sulfide
with the biogenic origin (e.g., framboidal pyrite) and the
narrow zonings in the sulfide formed by the hydrothermal
and metamorphic processes.

High spatial resolution of <1 um can be achieved by S
isotopic measurements with NanoSIMS 50L (Zhang et al.,
2014). The international standard pyrites of Balmat and
CARI123 and working reference of 1117 were used as
standards. To meet the requirements of different lateral res-
olutions, three instrumental configurations were carried out.

(1) FC-FC-FC-EM mode: High analytical precision was
achieved by counting *2S, **S and **S with the FCs and **S
with the EM. A 400 pA Cs" primary beam with a diameter
of 1 um was used to scan over areas of 5 umx5 um. The
standard deviations of spot-to-spot and grain-to-grain (ex-
ternal reproducibility 1 SD) measurements were better than
0.3%o, 0.3%0 and 0.7%o for 58, §**S and §°°S, respectively
(Figure 7).

(2) FC-EM-EM-EM mode: S was measured with the
FC and the other signals were measured with the EMs. A 7
pA Cs" primary beam with a diameter of 0.3 um was used to
scan over areas of 2 umx2 pm. The external reproducibility
(1SD) was better than 0.5%o for both 6°*S and 6**S and was
1.5%o for 6°°S (Figure 7).

(3) EM-EM-EM mode: 325, ¥S and **S were measured
with EMs. A 0.7 pA Cs* primary beam with a diameter of
0.1 um was used to scan over areas of 1 umx1 pm. The ex-
ternal reproducibility (1 SD) was better than 1% for both
5**S and 6**S (Figure 7).

Sulfur isotope analysis with NanoSIMS 50L has the fol-
lowing advantages: (1) it has a high spatial resolution, e.g.,
EM-EM-EM mode < 1 pm, which is the only method capa-
ble of measuring S isotopic composition at a sub-micron
scale, e.g., framboidal pyrite; (2) *°S could be measured by
FC-FC-FC-EM and FC-EM-EM-EM modes; (3) trace ele-
ment distribution can be obtained by grain mode simulta-
neously, e.g., As and Au.
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Figure 7 The result of sulfur isotopes of standard sulfides measured with
NanoSIMS. For three modes, spatial resolution and the precision were 5
pm, 2 um, 1 pm and 0.3%o, 0.5%0, 1% for 6**S and 5**S, respectively. The
samples are international standard pyrites Balmat and CAR123, and work-
ing reference of 1117 pyrite.

S Sample preparation

There are three basic requirements for the sample prepara-
tion of SIMS.

(1) Non-volatile solid samples. In order to keep a high
vacuum of the analysis chamber, NanoSIMS cannot analyze
liquid and volatile samples.

(2) A smooth sample surface. Previous study revealed
that both the precision and accuracy of the SIMS were af-
fected by the smoothness of the sample surface (Kita et al.,
2009). Therefore, to obtain accurate results, polishing is
required to make the sample surface as smooth as possible.

(3) A conductive sample. For non-conductive samples
(e.g., rocks), coating with gold or carbon is required before
analysis.

Beside the above three basic requirements, there are two
more for NanoSIMS analysis.

(1) Size of sample mount. The sample mount must be
prepared to be round with a diameter of 25.4 mm, 12.7 mm
or 10 mm (Figure 8).

(2) Volatility of sample mount. Minerals or rocks are
generally embedded in resin to prepare a round sample
mount for SIMS analysis. However, when using this method
to prepare sample for NanoSIMS analysis, particular atten-
tion should be paid to the selection of resin, because the
requirement of vacuum level of the NanoSIMS analysis
chamber is higher than that of conventional SIMS. Therefore,
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Figure 8 A type of sample holder for NanoSIMS analysis, which can
load five sample mounts or thin sections with variable diameters.

resins with little degassing effect under high vacuum condi-
tions should be selected. In addition, the usage amount of
resin should be as little as possible (e.g., cut or grind sample
mount to 100-300 pum thick, and then put it up on a round
sheet glass with same diameter).

For different samples, three sample preparation methods
are recommended.

(1) Microbial or micro-particle samples (e.g., PM,s) can
be dropped with water on a round shape silicate wafer or
gold leaf. After dried in an oven, the sample is ready for
analysis, because both silicate wafer and gold leaf are con-
ductive.

(2) Rock, mineral or material samples can be embedded
into a resin mount. After grinded and polished, the sample
mount should be coated with gold or carbon before put into
the instrument. When using this method, particular attention
should be paid to the selection of resin. Resins with little
degassing effect under high vacuum conditions are required.

(3) For water content and H isotope analysis, since the
vacuum of analysis chamber significantly affects the ana-
lytical background, sample mount cannot be made of any
kind of resin. Specific sample preparation steps are as fol-
lows: First, soluble resin (such as crystalbond, a kind of
purified rosin) was used to embed samples. After grinded
and polished, the sample mount was then washed 5-6 times
(interval 4-6 hours each) by acetone to ensure that the resin
was completely removed. Finally, the sample was dried at
105 °C for 12 hours, and then pressed into a metal indium
mount. Coating with gold or carbon is also required if the
sample is non-conductive.

6 Summary

The first NanoSIMS of China (Cameca NanoSIMS 50L)
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was installed at Institute of Geology and Geophysics, Chi-
nese Academy of Sciences in 2011. This instrument has 7
detectors, and can detect 7 species with up to 21 times mass
difference (Mn.x/Mpmin=21) simultaneously. The NanoSIMS
has two ion sources, Cs and O. The minimum size of O ion
beam can reach 200 nm, and that of Cs* can be as small as
50 nm. The NanoSIMS can carry out both high precision
spot analysis and high spatial resolution image analysis.

In order to meet the analytical requirements of earth sci-
ences, we have established a variety of analytical methods
with the NanoSIMS, which include trace element distribu-
tion images in mineral zoning, high spatial resolution (2-5
pm) Pb-Pb and U-Pb dating, water content and H isotopic
analysis for silicate glass and apatite, C isotopic analysis for
diamond and graphite, O isotopic analysis for carbonate, S
isotopic analysis for sulfides.
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