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The NanoSIMS ion probe is a new-generation SIMS instrument, characterised by superior spatial resolution, high sensitivity

and multi-collection capability. Isotope studies of certain elements can be conducted with 50-100 nm resolution, making

the NanoSIMS an indispensable tool in many research fields. We review technical aspects of the NanoSIMS ion probe

and present examples of applications in cosmochemistry and biological geochemistry. This includes isotope studies of

presolar (stardust) grains from primitive meteorites and of extraterrestrial organics, the search for extinct radioactive

nuclides in meteoritic materials, the study of lunar samples, as well as applications in environmental microbiology, cell

biology, plant and soil science, and biomineralisation.
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Secondary ion mass spectrometry (SIMS) is an analytical
technique, which is used in a variety of fields spanning from
the material sciences over biology to geo- and cosmochem-
istry. One incamation of a SIMS instrument is the ‘ion
microprobe’ or ‘ion probe’, which permits in situ studies at the
micrometre or sub-micrometre scale. The ion probe uses a
finely focused primary ion beam to erode the target and
produce secondary ions that can be mass analysed. lon
probe SIMS offers pg g™ or better defection limits for most
elements, essentially periodic table coverage, imaging and
depth profiling capabiliies, and isotopic analyses of maijor
and minor elements with (sub-) micrometre lateral resolution
on a wide range of materials, for which the main require-
ments are that they can be prepared with relatively flat
surfaces and introduced info an ultra-high-vacuum environ-
ment. Furthermore, a combination of imaging and depth
profiling allows three-dimensional chemical and isotope
maps to be created. The fundamentals of ion probe SIMS
were developed some 50 years ago, but it was not until the
1980s that the technique became an important tool to a
wider range of researchers in different fields. This develop-
ment started with the advent of the IMS 3f (Leporeur 1980)

doi: 10.1111/j.1751-908X.2013.00239.x

and Sensitive High Resolution lon Microprobe (SHRIMP;
Clement et al 1977) instruments, developed by Cameca
and the Australian National University, respectively.

In section ‘NanoSIMS fundamentals’ of this review, we
provide a simplified description of how an ion probe functions,
then focus on the specifics of the Cameca NanoSIMS 50/50L
ion probe. NanoSIMS is the name of an instrument, but the term
is now also used as synonym for ion probe analyses with sub-
micrometre lateral resolution, which is what the o|eve|opment of
the NanoSIMS instrument has made possible. Developed in
the 1990s and originally intfended for applications in biclogy,
the first commercial NanoSIMS instruments were delivered at
the beginning of this millennium to two laboratories conducting
research in cosmochemistry at Washington University in St. Louis
and the Max Planck Institute for Chemistry, respectively. Both
these laboratories worked closely with Cameca to implement
several improvements in the instrument design. It was quickly
recognised by other research fields that the high spatial
resolution (down to 50 nm) and high sensitivity of the
NanoSIMS would open new research opportunities. Today,
the NanoSIMS can be considered an indispensable analytical
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tool in many fields, including material sciences, biology,
cosmochemistry and the geosciences. There are currently more
than thirty NanoSIMS instruments operational world-wide.

Section ‘Applications in cosmochemistry’ presents exam-
ples of NanoSIMS applications in cosmochemistry, with the
emphasis on isotopic studies of presolar (stardust) grains.
Examples of isotope studies of extraterrestrial organics, the
search for extinct radioactive nuclides in meteoritic materials
and other studies of meteoritic and lunar samples comple-
ment this section. Section ‘Applications in biological geo-
chemistry’ provides examples of NanoSIMS applications in
biclogical geochemistry and includes research work in
environmental microbiology, cell biology, biomineralisation
and on plants and soils.

NanoSIMS fundamentals

lon probe secondary ion mass spectrometry

The basic principles of the SIMS technique are described
in detail in the literature (Benninghoven et al 1987). Here,
we give a brief infroduction focused on the fundamental and
practical aspects of the technique.

Sputtering, ionisation, transmission and ion detec-
tion: The physical principle is illustrated in Figure 1. A solid
surface is bombarded by a primary beam of ions with
energies typically in the range of several kilo-electron volts
(keV). Each primary ion hitting the surface triggers a collision

Primary lon
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(X+, X7, X0, Y+, Y-, YO, XY+, ...)
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oo |
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Figure 1. The physical principle of SIMS. Impacting
primary ions on a sample surface creates sputtering or
ejection of atoms and small molecules, a fraction of
which are ionised. These secondary ions are subse-
quently transferred through a mass spectrometer and
counted.

cascade in the target This causes atoms and small
molecules from the upper |c1yers of the samp|e (iypica”y
down to 5-20 nm depth) to be ejected into the vacuum, a
process referred fo as ‘sputtering’ (Sigmund 1969). Most of
these sputtered particles are neutral and cannot be
analysed. But a fraction of the sputtered particles, typically
in the range between 107 and 107, but strongly depend-
ing on the species and the composition of the target (matrix),
are ionised in the process of ejection. These ions are referred
to as ‘secondary ions. It is these ions that are physically
separated and counted in the mass spectrometer, hence the
name secondary ion mass spectrometry (SIMS). The Nano-
SIMS is @ magnetic sector mass spectrometer, which means
that secondary ions of different mass-to-charge ratio are
physically separated by the Lorentz force as they pass
through a magnetic field arranged perpendicular to the
velocity vector of the secondary ions.

The secondary ions leaving the sample surface have
relatively low kinetic energies (several eV, although a small
fraction can obtain energies in the keV range) and are
extracted by an electrostatic field and transferred to a mass
spectrometer. Of particular importance in this process are the
spectrometer fransmission and the mass resolution with
which the secondary ions reach the detectors. High trans-
mission, that is, low loss of secondcry ions between the
sample surface and the detector, and high mass resolution,
that is, the capability to separate the secondary ions or
molecules of interest from other ions/molecules of very similar
mass (for a definition of mass resolution see below), are
prerequisites for precise isotope measurements. These
requirements are met in many of the designs of magnetic-
sector ion probe instruments, such as the NanoSIMS.

Itis instructive to parameterise the process of creation and
transmission of secondary ions in an ion probe. Primary ions
impact the surface with a certain frequency per surface area.
Each primary ion sputters a number of atoms from the sample
(here we ignore the formation of molecules). A fraction of these
atoms will be ionised. These secondary ions are then
transferred through the mass spectrometer and detected.
Thus, for a given number of primary ions impacting the surface
per second, a number of secondary ions of the isotope ‘M will
reach the detector and be counted each second.

The process can be parameterised as follows:
ICM) =dpy x SXY X Xy x A xYixT (1)
Here, (M) is the count rate at the defector counting the

arrival of isotope ‘M of the element M, which has an
afomic concentration in the sample of X4 and an isofopic

2 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts



abundance A, The primary beam has a density of dj, (ions/
second/surface area) and is assumed fo cover a surface
area S with a flat distribution of primary ions. Each primary
ion sputters Y atoms off the sample (sputter yield), a fraction Y;
of which is ionised (ionisation yield of isotope 'M). Tis the
probability that a given ion is transferred through the mass
spectrometer and detected. Note that the product Y; x Tis
referred to as the useful yield, because it specifies the fraction
of spuﬁered isotopes M that are both ionised and detected,
which depends on the physics of the sputtering process and

the specifics of the instrument, respectively.

So, going through Equation 1, the entire process is
revealed. A given surface area S receives dj, x S primary
ions per second. This will sputter di, x S x Y atoms off the
sample per second. A fraction of these atoms are of the
species M and of the isofope 'M: dj, x S x Y x Xy x A
Of the isotopes ‘M removed from the sample every second, a
fraction Y; is ionised, and a fraction T of these is transferred
though the mass spectrometer and counted.

In order to get an idea of the operational mode of a
NanoSIMS, one can insert typical numbers into Equation 1.
Let us assume that a primary beam of 1 pA is focused and
delivered to a surface area of about 0.01 qu (ie, 100 by
100 nm?). In otherwords, about 6 x 10° primary ions arrive
on this surface area every second. Each primary ion is
assumed to sputter five atoms off the surface. If an atom M has
an atomic concentration of 10% in the sample and an
isofopic abundance of 10%, Xy, x A = 1072 If about 1 out
of 1000 sputtered atoms ‘M is ionised (ie, Y; = 107 and
50% of these ions are fransferred and detected, the count rate
at the defector will be: M) = 6 x 10° (ions s™') x 5 x
102 x 10 x 0.5 = 150 counts per second (cps).

This example illustrates at the same time the ion probe
process and one of the peculiarities of the NanoSIMS. In the
NanoSIMS, a very feeble primary beam is focused to a very
small beam spot, down to about 50 nm under certain
conditions. This spatial resolution opens up a multitude of
scientifically interesting applications across a wide spectrum of
disciplines, as illustrated below, but the price paid for high
spatial resolution, which can only be achieved with low
primary beam current, is that the number of secondary ions
produced is correspondingly low, and high analytical
precision is therefore more difficult to obtain. In comparison,
a conventional ion probe typically delivers a primary beam of
say 10 nA(equivalentto~ 6 x 10'° cps)to asurface area of
about 400 qu (20 by 20 pmz). The count rate for the same
isofope "M from the same sample would be 10 fimes higher,
thatis, about 1.5 x 100 cps, but the spofio| resolution, that is,
the beam spot on the sample surface, is 40000 times larger.
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Important primary ion species are oxygen and caesium
because their use promotes secondary ion yields. Oxygen
(O on the NanoSIMS) favours the formation of positive
secondary ions and is chiefly used when alkali, alkaline
earth and transition metals are determined. Caesium (Cs”),
on the other hond, favours the formation of negofive
secondary ions and is preferentially employed for isotope
measurements of, for examp|e, H, C, N (measured as CN),
O, Si and S. Sputter yields are typically in the order of 1-10
secondary particles per impinging primary ion; however,
most of these occur as uncharged aftoms. Useful vyields
depend not only on the ionisation efficiency but also on the
transmission through the mass spectrometer and detector
characteristics. In the most favourable cases, that is, when
transmission and detection efficiency are close to unity, the
useful yield may reach values at the per cent level for certain
elements.

Matrix, instrumental mass fractionation and QSA
effects: Quantitative SIMS measurements are complicated
by several factors: isobaric interferences, matrix effects,
instrumental mass fractionation (IMF) and problems related
to ion detection and sample preparation (i.e, non-conduct-
ing samples, topography). Magnetic sector-type instruments
offer a mass resolution power (MRP) of several 1000, which
is sufficient to resolve most isobaric interferences for the low
atomic number elements (see Isotope measurements). The
matrix effect can lead to extremely strong fractionation of
maijor, minor or trace elements because the ionisation yield
of two different elements from the same matrix can differ by
many orders of magnitude and their relative ion yields might
change substantially with even minor chemical changes in
the sample matrix (Shimizu and Hart 1982). For isotope ratio
measurements, a mass fractionation due to matrix effects
also exists that is linked to small differences in ionisation. The
only way to control such matrix effects is to also analyse well-
characterised reference materials with essentially identical
chemical composition and preferably crystal structure and
orientation. IMF induces a systematic bias in the analysis of,
for example, an isotopic ratio because of small differences in
spectrometer transmission and detection efficiency for each
isotope. In general, for a given element, the IMF tends to
artificially enhance the relative abundance of the lighter
isotope (e, lead to a count rate of the heavier isofope that is
apparently too low).

Both matrix effect and IMF are mass-dependent effects,
that s, proporTiono| to the mass difference between two
isotopes (Slodzian et al. 1980). For example, the mass
fractionation on a measured '80/'°O ratio will be twice
that for the '7O/'°0 ratio measured at the same fime on

the same sample. For isotope measurements, the mass

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 3



ST

GEOSTANDARDS and

NS

7 GEOANALYTICAL
RESEARCH

fractionation is typically in the per mil to per cent range. For
many applications in  cosmochemistry and  biological
experiments involving isotopic labelling (see sections ‘Appli-
cations in cosmochemistry and ‘Applications in biological
geochemistry), such small effects are not important because
the isotopic effects in the samples are commonly much
|orger. For terrestrial non-labelled materials, however, the
fotal isotopic variation for a given element in a given sample,
or set of samples, is often only at the per mil level, in which
case, corrections due to IMF and matrix effects can be

extremely important.

Two types of defectors are commonly used to record
secondary ion intensities: electron multipliers and Faraday
cups. Electron multipliers are usually used in the pulse-
counting mode in which each arriving ion produces an
electrical pulse, which is then amplified and registered.
Electron multipliers have a large dynamic range, permitting
measurement of ion count rates between < 1 and 10° cps.
Count rates must be corrected for detector dead time (typically
20-40 ns). For typical NanoSIMS applications (see below),
count rates of major isotopes can easily be on the order of
100000 cps (~ 1 pA primary current). From the relationship

Ctrue = Cmeos X eXp(T X Cmeos) ~ Cmeas X (] +1TX Cmeos)
2)

where Crneas is the measured count rate, Ciroe the true count
rate and 1 the detector dead time, it follows that count rate
corrections of maijor isotopes are something on the order of
a few per mil (1 + 4 x 10® x 10° = 1.004). For precise
isofope measurements, it is thus important that the dead time
of the detector system is well known.

A much more serious limitation of measurements by
electron multipliers is the effect of quasi-simultaneous arrivals
(QSA; Slodzian et al 2001). This effect occurs when a single
impacting primary ion has a high probability of producing
multiple secondary ions of the same species that are then
registered as a single event by the electron multiplier. QSA
leads to a discrimination against the major isotope, and a
measured isofope ratio Reqs (Minor over maijor isotope) will

deviate from the true isotope ratio Rye according to:
Rmecs = Rtrue X (] +ax K)7 (3)

where Kiis the ratio of secondary over primary ions and a is
a constant with a theoretical value of 0.5 (Slodzian et al.
2001). For SIMS instruments with high transmission, such as
the NanoSIMS, the QSA corrections can be quite |c1rge. For
example, the K parameter may reach values in excess of 0.1
for sulfur isotope measurements (Slodzian et al 2004),
leading to a QSA correction on the order of 5%.

To complicate matters further, Slodzian et al (2004)
recognised that the true value of parameter a can deviate
significantly from the theoretical value of 0.5. Recently, Hillion
et al (2008) reporTed values of a for different elements in a
set of different samples and found a = 0.75 for sulfur and
oxygen, a = 1 for carbon and a = 0.6 for silicon. These
numbers are subject to large uncertainties, and the QSA
correction is hence a potential source of large uncertainties
for isotope measurements of elements with high useful yields,
such as C, N (measured as CN), O, Si and S. To minimise
uncertainties infroduced by QSA corrections, it is important to
measure reference materials of essentially the same matrix
under the same measurement conditions (ie, with the same
K value) and to reduce the spectrometer transmission (which
reduces the value of K and thus the measurement bias) to yet
acceptable count rates. The QSA effect can be avoided
altogether when secondary ion intensities are recorded with
Faraday cups instead of electron multipliers, because
Faraday cups measure secondary ion currents directly.
However, Faraday cup measurements require that the
secondary ion beam infensity is substantially higher than
background corrections due to electronic noise in the
amplifiers, which can be significant. In practfice, precise
Faraday cup measurements require count rafes in excess of
~ 107 cps. In such a case, however, the use of Faraday cups
permifs isotope measurements with sub-per mil precision.
The required high secondary ion signals can be achieved
only with comparatively high primary currents (several nA) at
the expense of spatial resolutfion.

Design and ion optics of the NanoSIMS instrument

In the following, we turn to more technical aspects of the
NanoSIMS instrument. The NanoSIMS ion optics is based on
a design by Georges Slodzian, and the instrument was
developed by a team led by Francois Hillion at Cameca.
Details are described in Hillion et al (1993) and Slodzian
et al (1993). Technically speaking, the NanoSIMS is a
dynamic, double-focussing, magnetic-sector, multi-collecting
ion probe. The instrument is built in two basic configurations,
the NanoSIMS 50 (NS50; Figure 2) and NanoSIMS 50L
(NS50L). These two models differ in that the NS50L has a
larger magnet and modified detector ion optics, which
permits the simultaneous measurements of up fo seven
different isotopes or molecular species, compared with five
for the NS50. The basic NanoSIMS design and the ion
optical elements are illustrated in Figure 3, and selected

characteristics are given in Table 1.

The most important fundamental property of the Nano-
SIMS instrument, which distinguishes it from other types of
magnetic-sector SIMS instruments, is its ability to produce a
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small primary beam diameter (defined as encompassing
68% of the primary beam flux assuming a Gaussian density

distribution) on the surface of a flat sample. Minimum beam

Figure 2. The Cameca NanoSIMS 50 ion probe at the
Max Planck Institute for Chemistry.
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diameters are ~ 50 nm for primary Cs" ions and ~ 200 nm
for primary O ions, respectively, under optimal tuning
conditions.

The ion sources and the primary ion beam: Starting
with the creation of primary ions, the NanoSIMS offers a
choice between two primary ion sources: a CsCO3 source
that allows the formation of a beam of positive caesium ions
(Cs") and o duoplasmatron source that forms a beam of
negatively (and positively) charged oxygen ions. The most
frequently used species is O7, which is selected from other
species (notably NO", O, and O3) with a Wien filter. Primary
ions are accelerated from a potential of +/- 8 kV at the
source, fo a potential of -/+ 8 kV at the surface of the sample,
thus impacting the sample with an energy of 16 keV.

From the source, an image (crossover image for Cs or
image of plasma located close to the extraction hole for O)
of the primary ion beam is demagnified by three electrostatic
lenses (Figure 3: LO, L1 and L2). The primary beam then
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Figure 3. Schematic of the ion optics of the NanoSIMS 50 (Picture credit: Francois Hillion and Frank Stadermann).
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Table 1.

Cameca NanoSIMS 50/50L characteristics

ltem®

Characteristics

Primary ions

Cs*

o

Source voltage

Source current (typical, DO open)

Probe current (range)

Probe current (D1 = 150 um, LO/L1 =0 V)
Beam size (routine conditions)

Beam size (smallest)

Raster size (maximum)

+8 kv

30-50 nA

01 pA...>5nA
1 pA

100 nm (1 pA)

< 50 nm (0.3 pA)
200 x 200 pm?

-8 kv

500-1000 nA
0.1 pA...>5nA
10 pAP

400 nm (10 pA)
200 nm (< 1 pA)
200 x 200 pm?

Secondary ions Negative Positive
Extraction voltage -8 kv +8 kv
Transmission for Si isotope measurement > 50% > 50%

Multi-collection system NanoSIMS 50 NanoSIMS 50L
Number of detectors 5 7
Mass dispersion (Mumeax/Mmin) 132 21
Mass separation between detectors® Muax/30 Mumax/58

Detector characteristics

EM dead fime (standard setting) 44 ns
EM background
FC noise (low-noise electrometer)

<001 cps
<5x 10"°A

DO, D1: Apertures (cf Figure 3); LO, L1: Lenses (cf Figure 3); Mia Mass at largest possible radius; M.: Mass at lowest possible radius; EM: Electron multiplier;

FC: Faraday cup.
DO = 200 pm, Wien filter on (cf Figure 3).
< At largest radius (528 mm for NS50, 680 mm for NS50L).

enters an electrostatic spherical sector (SS30) that turns the
beam 78°. The beam is then guided onto the target; it
passes an octopole, which is used to correct astigmatism, it is
deflected by the P1 plates to hit the sample surface
perpendicularly, and its angular distribution is timmed by
an aperture of variable size (D1), after which it is focused by
the EOP lens to ifs final spot size on the sample surface
(Figure 3). Three sefs of scanning plates (B1, B2 and B3)
allow the primary beam to be displaced horizontally across
the sample surface, in order to create a raster with a
maximum area of 200 x 200 pm?. This raster allows ion
images to be created (see lon imaging). lon yields are
largely constant across relatively large areas in ion images.
For example, the useful yield of Si” from a Si wafer does not
change by more than 5% within a field of 50 x 50 um?
(unpublished, MPI Mainz).

The fact that the primary beam hits the sample surface
with normal incidence is a unique feature of the NanoSIMS.
Because the extraction of secondary ions also occurs
coaxially, the same ion optical system (immersion lens
consisting of EOW, EOP, EQS, L4) can be used to extract and
begin focussing the secondary ions. This permits the ion
optical elements to be placed much closer to the sample
surface (the nominal distance is 400 pm), compared with
conventional ion probe instruments, where the primary ion
beam strikes the sample obliquely and the ion optics

focussing the primary beam is at a distance on the order of
centimetre from the sample sudace. The short distance
between sample and the probe-forming lens in the Nano-
SIMS results in a reduction in focal length and aberrations
and a much smaller probe size (beam spot) on the sample
surface for a given primary current. At the same time, this
geometry results in the secondary ions experiencing a strong
electrostatic extraction field that favours high useful yields.
Shadowing effects from topography on the sample surface,
which can reduce the useful yield, are also minimised with
this geometry. Useful yields of 2.5-3% have been measured
for C and C; from a polished vitreous carbon sample at full
spectrometer transmission (Hillion et al 1995). About the
same useful yields were obtained for Si™ from a Si wafer
(F. Hillion, personal communication).

Because of the short distance between the immersion
lens and the sample, it is not possible to do real-ime viewing
of the sample in an optical microscope. Nevertheless, a
high-resolution (3 pm) reflected light image of the sample
can be viewed if the sample is moved away from its analysis
position.

The aperture D1 limits the angular dispersion of the
primary beam and is therefore used to control primary beam
current and probe size. At the same time, D1 acts as a field
aperture for the extracted secondary ions. Because of the

6 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts
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coaxial ion optics, polarities of primary and secondary ions
must be of opposite sign. In practice, this is no limitation
because the use of Cs* primary ions favours formation of
negative secondary ions and the use of O primary ions
favours the formation of positive secondary ions.

The secondary ion beam and mass resolution: Sec-
ondary ions are transferred to a double-focussing mass
spectrometer by several circular lenses (EOW, EQS, L4) and
two slit lenses (LF2, LF3) that shape the secondary ions into o
beam with a rectangular cross-section before it enters the
mass spectrometer through the entrance slit (ES). Two
external coils are used fo compensate for the mass
fractionation ot the ES. A set of deflection plates (P1)
separates secondary from the oppositely charged primary
ions. Another set of deflection plates allow the secondary
beam to be centred on the ES, which trims the size and
lateral energy distribution of the secondary ion beam. An
aperture slit (AS) of variable width again trims the secondary
beam fo limit its angular dispersion after which a hexapole
minimises second-order angular aberrations further. The
beam then enters the electrostatic spherical analyser
(S5100), where the secondary ions are dispersed according
to energy and deviated onto an energy slit (EnS) of variable
width, which can be used to trim the beam and reduce its
energy bandwidth. Before the secondary beam enters the
magnet, it passes through two slit lenses (LF4 and LF5) and a
quadruple lens (Q), which allow angular and energy
focussing across the entire focal |o|one of the magnet, where

the detectors are situated.

Mass separation occurs in a laminated magnet. Either
five or seven detectors are placed in the focal plane of the
magnet, in the case of NS50 or NS50L instruments,
respectively. Four and six of these, respectively, are moveable
on trolleys. Mass dispersion between the highest and lowest
possible mass is 13.2 (NS50) and 21 (NS50L), respectively.
The smallest possible mass separation between two detec-
tors at highest radius (rnex = 528 mm for NS50 and
fmax = 680 mm for NS50L) is about Mass/30 (NS50)
and Mass/58 (NS50L). In practice, optimised positioning of
deftector end-switches permits some increase in this detector
separation limit. For instance, with the NS50 at Max Planck
Institute for Chemistry, it is possible to measure all S isotopes
(M =32, 33, 34 and 36) simultaneously in adjacent
detectors (Sinha et al. 2008). The higher mass separation
limit in the NS50L results from the larger magnet and
because each ion defector is equipped with a small
electrostatic analyser (CS) to reorient the secondary ion
beams. Rectangular exit slits are placed in front of each
detector. Depending on the NanoSIMS configuration, the

detector trolleys can be equipped with either a Hamamatsu

miniature electron multiplier, which counts secondary ions
individually, or a Faraday cup, which measures the current of
the beam of secondary ions. Exchanging between electron
multipliers and Faraday cups currently requires venting and
complete removal of the multi-collection system. A new
design of the multi-collection will overcome this problem in

the near future.

Mass resolution is defined as m/Am, where m is the
(mean) mass and Am the mass difference between two
species, A and B, to be separated. On the NanoSIMS, the
achievable MRP depends on the choice of the entrance and
exit slits. To first order, that is, ignoring aberrations, the MRP is
calculated here as:

;

1
MR = 5 X x5+ 89) )

where ris the tuming radius of mass m in the magnet, G is
the magnification of the entrance slit image in the exit slit
plane (= /ra, ES is the width of the entrance slit and ExS is
the width of the exit slit. In a mass spectrum, recorded by
changing the deflection plate voltage in front of the exit slit
(deflector Pd in Figure 3), the two species A and B appear
as separated peaks if MRPy > m/Am (cf Figure 4). Each
detector on the NanoSIMS is equipped with three exit slits.
On the NS50 instrument at Max Planck Insfitute for
Chemistry, the exit slits are 25, 50 and 80 pm wide,
respectively. For ES = 10 pm (the smallest available ES size)
and rmax = 528 mm, MRP; varies between 2900 and
7500 at r,. and between 1800 and 4900 at
r=300 mm, depending on the exit slit size. Note that
Cameca uses a different definition for MRP, namely

MRP, = % x { (5)
where Lis the width of the portion of the mass peak between
10% and 90% of the maximum intensity, a measure for the
steepness of the peak flanks (which is independent of the exit
slit width). For MRP> > m/Am, species A and B appear as
separated mass lines in the plane of the exit slit, but not
necessarily in recorded mass spectra. With this approach,
the MRP is usually above 10000 for the smallest ES.

Auxiliary measurement tools: The NanoSIMS s
equipped with additional tools to support the measurement
and tuning. A total ion current (TIC) electron mu|ﬁp|ier,
|o|c1ceo| close to the electrostatic sector, can be used to record
non-mass-filtered secondary ion signals. An electron flood
gun enables charge compensation for the analysis of
insulating samples, for example, large olivine or corundum
grains, and an electron detector (scintillator/photomultiplier)
permits acquisifion of secondary electron images in the
mode where negative secondary ions are analysed.

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 7
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Figure 4. High-resolution mass spectra for mass regions 13, 27 and 17. Varying the voltage on the deflection plates
in front of each exit slit allows for the scanning of a small portion of the mass spectrum. Entrance/exit slit settings:
20/50 pm (mass 13), 20/50 um (mass 27) and 10/25 pm (mass 17). A difference between two deflection plate

voltages AV can be approximately converted to a mass difference by Am (amu) = k*AV (k = 0.000749 for mass 13,

k = 0.00104 for mass 27, k= 0.00103 for mass 17).

Vacuum and sample transfer system: The required
ultra-high vacuum in the NanoSIMS is achieved by several
turbo-molecular and ion pumps and a Ti sublimation pump.
At the location of the sample, the vacuum should be
maintained at the 10719 hPa level. This restricts the analysis
to low-degassing samples and requires that geological thin
sections should be prepared only with selected resins and
stored for a sufficiently long time (up to several days) in the
aiflock/vessel system prior to analysis. The vessel is located
between the airlock, where samples are introduced info the
NanoSIMS, and the analysis chamber and hosts a carousel
that can take up eight ~ 2 inch-sized sample holders. Each
sample holder usually can host 1 inch-, halfinch-and 1 cm-
sized samples in various combinations, but user-defined
designs for specific applications are possible as well.

Isotope measurements

An important class of NanoSIMS applications are
isofope measurements of the low and intermediate atomic

Table 2.

number elements at high spatial resolution. There is a natural
limitation on achievable precision, simply because of the
relatively low number of atoms available within an analysed
volume. Consider a particle of pure carbon (e.g, graphite or
diamond), on which a C isotopic measurement is to be
conducted. Assuming that the cubic particle has o density of
22 g em™ and a size of 100 nm, it contains about 108 C
atoms (Table 2). If the NanoSIMS delivers a 1 pA primary
beam of Cs* (6 x 10° Cs" ions per second) to a surface
area of 001 um? (ie, 100 x 100 nm?) on this sample
and assuming a sputter yield of 5, it will take just a few
seconds to sputter away all ~ 108 C atoms, and the particle
no longer exists. With an assumed ionisation yield of 1%, an
isotopic abundance of '*C of ~ 1% (Table 3) and a
transmission and detection efficiency of 30%, the number of
13C atoms defected from this particle will be about 3300.
This means that the relative counting statistical uncertainty on
the '3C/'2C ratio, which is determined by a Poisson
distribution, is 1/sqr(3300) x 100%, or about 2%. Table 3
provides other examples of the theoretical counting statistical

Achievable precision for C isotopic measurements with the NanoSIMS

Particle size (nm) Natoms® Nions® Ndetected® 3 Cetected” AT3C/12C® (%)
100 1.1 x 108 1.1 x 10° 33 x 10° 33 x 10° 17

500 1.4 x 10'° 14 x 108 42 x 107 42 x 10° 15

1000 1.1 x 10" 1.1 x 10° 33 x 108 33 x 10° 0.6

° Cubsic carbon particle, p = 2.2 g em™, Ngioms = 110 x V [nm°].
* lonisation yield of 1% assumed.

* Spectrometer fransmission/detection efficiency of 30% assumed.
* For VPDB composition.

* Counting statistical uncertainty.

8 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts



i
GEOSTANDARDS and
"~ GEOANALYTICAL
RESEARCH

uncertainty on a measured 'C/'C rafio for larger sample
sizes. Only for C particles with volumes of ~ 1 um? or more
will a measurement of '°C/"2C in principle be possible with
a precision better than 1 per mil. In situations where the
element of choice is present in much lower abundances, has
lower ionisation yield or has lower abundance of the minor
isotope (e.g, H, N and O, cf Table 3), the situation is even

|ESS fovourob|e.

Measurement precision is further limited due to QSA
correction, adjustments of exit slit deflection plate voltages
during measurements (used to compensate for drift in peak
position) and sensitivity of IMF to sample topography and
charging. QSA corrections, which only affect measurements
with electron multipliers, can be very large for certain
elements, and taking the uncertainty and spotto-spot
variation of this correction info account, in practice, isotope
measurements with electron multipliers can hardly achieve a
precision (1s) of better than ~ 1-2%0 (Rasmussen et al
2008, Kilburn and Wacey 2011). For many applications in
cosmochemistry (see section ‘Applications in cosmochemis-
try') and biological geochemistry (see section ‘Applications in
biological geochemistry), precision (and  measurement
accuracy) at the several per mil or even per cent level is
acceptable and presents no serious limitation. Some appli-
cations in geochemistry, however, require sub-per mil
precision (and measurement accuracy) for isotope measure-
ments. Sub-per mil precision is possible with micrometre-
scale lateral resolution when Faraday cups are used. Test
measurements on the NS50 at the Max Planck Institute for
Chemistry (unpublished), made with two Faraday cups

connected to low-noise electrometers, yie|o|eo| precisions (1 s)

Table 3.
Reference values for isotope ratios of selected low
and intermediate atomic number elements

Isotope Reference Reference
ratio material value
D/H VSMOW 0.00015576
13¢c/12¢ VPDB 00111796
15N/TPN Air 0.0036765
170/1°0 VSMOW 0.0003799
180/'°0 VSMOW 0.0020052
25Mg/**Mg NIST SRM 980 0.12663
26Mg/?*Mg NIST SRM 980 0.13932
295i/285i NIST NBS 28 0.050804
305i/28g; NIST NBS 28 0.033532
335/32%g VCDT 0.0078773
345/325 VCDT 00441626
3657325 VCDT 0.0001535

Data were calculated from isotope abundances given in Coplen et al.

(2006).

of 0.1%0 for 9Si/?8Si on a perfect Si wafer and with a
primary beam spot size of 10 x 10 um? (20 spots), 0.2%o
for 3%5/%?S on the Canyon Diablo Troilite (spot size
10 x 10 qu, 8 spots) and 04%o for '80/'°0 on the
San Carlos Olivine (spot size 5 x 5 um?, 8 spots). However,
high-precision isotopic determination of a ‘natural’ sample or
rock consisting of multiple, chemically zoned minerals,
conducting or non-conducting, with polishing surface topog-
raphy due to hardness differences is a different challenge.

In the following, we will briefly describe some details of
isotope measurements for selected elements with the
NanoSIMS. Table 4 lists the most important isobaric inter-
ferences, required MRP and typical settings for entrance and
exit slits to achieve this.

Hydrogen: Hydrogen isotopes can be measured as
positive and negative secondary ions. The advantage of
measuring negative secondary ions is that the H; interfer-
ence is much less intense than the D" signal (Zinner 1989),
and use of Cs" primary ions gives a better spatial resolution.
The separation of Hy from D requires a MRP of 1300
(Table 4), which is eosi|y achieved in the NanoSIMS even at
full transmission. Hydrogen and D can be measured in multi-
collection; if C or heavier elements are measured simulta-
neously in the NS 50, then a combination of multi-collection
measurement and magnetic peak-switching may have to be
used because of mass dispersion constraints (Duprat et al.
2010). Because the mass dispersion is |c1rger in the NS50L,
this instrument is capable of measuring H, C and O isotopes

simultaneously in multi-collection.

Carbon: Carbon isotopes are measured as negative
secondary ions and usually in multi-collection mode along
with other isotopes, for example, of CN (Busemann et al.
2009), O (Stadermann et al. 2005a) or Si (Hoppe et al.
2010). Measurement of '°C requires a MRP of about 3000
(Table 4) to separate '?CH from '3C, which is easily
achieved in the NanoSIMS (Figure 4). Contributions from the
tail of the "?CH peak to "3C are typically < 1%o of the '3C
signal. Note that the C isofopic ratio can also be measured
as '3C'2C/'2C,, which requires a MRP of 5600, and as
13CMN/"?CN, which requires a mass resolution of 4300,
if the ''B'®O inferference can be ignored (Table 4).

Nitrogen: Nitrogen isotopic compositions can be mea-
sured only under special circumstances. The positive sec-
ondary ion yield of N is very low, and negative secondary
ions do not form at all. However, in the presence of carbon,
N can be measured as CN" with Cs™ primary ions (Zinner
1989). Depending on the amount of C present, the CN
signal can be very strong and '°N/"N can be inferred

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 9
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Table 4.

Isotope measurements of selected low and intermediate atomic number elements by NanoSIMS: isobaric
interferences, required MRP and typical entrance and exit slit settings

Element Critical isotope Isobaric MRP Typical settings
interferences (ES/ExS)
Hydrogen D Ho 1300 30-40 pm/80 pm
Carbon e 2CH 2900 20 pm/50 pm
leltle 12C,H 5600 10 pm/25 um
Nitrogen® 12C15N 13CMN 4300 10-20 um/25-50 pm
110 6600 10-20 um/25-50 pm®
Oxygen 70 10H 4700 10 um/25 pm
Silicon 295; 285iH 3500 20-30 um/50-80 pm
Sulfur 335 325H 3900 20 pm/50 pm
365 2¢, 1100 20 um/80 um

° Measured as CN.
* Measurement of '2C'*N to the left of peak centre.

from "2C'>N/"?C'*N. Important isobaric interferences are
13CMN (Figure 4) and sometimes ''B'O. While "3C'*N
can be eosi|y seporofed at a MRP of 4300 (Table 4),
""B'°O is more difficult to separate as the required MRP of
6600 is at the limit of what can be achieved with the
NanoSIMS. In a typical measurement set-up (ES = 20 um,
ExS = 50 um), no proper separation is achieved between
the '2C'*N" and ''B'¢Or peaks, but recording the '°C'°N
intensity at ~ 1V fo the left of the '°C'°N peck centre

(Figure 4) ensures a proper measurement of this isotope.

Oxygen: Oxygen isofopes are measured as negative
secondary ions in multi-collection. Major problems are the
low abundances of 7O and 'O (Table 3) and the '°OH
interference at mass 17 that can be orders of magnitude
higher than 7O (Figure 4). The required MRP to separate
'°OH from 7O is 4700, which is easily achieved with the
NanoSIMS (Table 4). However, contributions from the tail of
the "®OH peak to 7O must be considered and can account
for several per mil of the 7O signal. For 80, the situation is
unproblematic. The '®OH, interference is relatively small,
and its separation requires a MRP of only 1600. Also the
VOH interference is  well separo’red, and since the
"7OH/'80 ratio is typically only on the order of 102 1o

107, its tail contribution can be neg|ecfeo|.

Silicon: Silicon can be measured either as positive or
negative secondary ions. Usually, negative secondary ions
are preferred in the NanoSIMS as in this case the Cs source
can be used, which provides a higher spatial resolution. All
three Si isotopes can be measured simultaneously in multi-
collection. The separation of the inferference 28SiH to 27Si
requires a MRP of 3500, which is easy to achieve in the
NanoSIMS, and tail contributions can usually be neglected.
Measurement of *°Si is unproblematic.

Sulfur: Sulfur isotopes are measured as negative sec-
ondary ions. All four S isofopes, 325, 335, 34S and ¢S, can be
measured simultaneously in multi-collection, not only with the
NS50L but under optimised conditions also with the NS50.
The most problematic isotopes are 335 and ¥°S. To separate
335 from 32SH, a MRP of 3900 is required; S28H tqil
confributions o *3S are usually in the sub-per mil range.
Nominal separation of potential isobaric interferences for
36S is unproblematic (Table 4); however, because of the very
low abundance of *¢S (Table 3), tail contributions of other
peaks in the mass 36 region are a serious concern.
Important to mention in this respect is the tail of '?Cs, which
can significantly contribute to S, as shown by Nagashima
et al (2008), and which must be carefully monitored and, if
present, subtracted from the recorded 3¢S ion signal.

Other elements: Isofope measurements of several
other elements have been reported, including Li, B, Mg, K,
Ca, Ti, Cr, Fe, Ni and Pb (see sections ‘Applications in
cosmochemistry’ and 'Biological geochemistry’). In contrast to
the elements described above, which are measured with
Cs" primary ions, all these elements are measured with O
primary ions, that is, usuc1||y at lower spoﬁo| resolution. While
multi-collection measurements are possible for Li, B and Mg
on the NS50/50L, isotope measurements of Ca, Ti, Cr and
Fe in multi-collection with static magnetic field are possible
only on the NS50L; on the NS50, the combination of multi-
collection and peak-jumping mode has to be used.

lon imaging

By rastering the primary ion beam over the sample,
isotope disfribution images can be acquired. This technique,
‘ion imaging/, is widely used on the NanoSIMS. lon images
consist of up to 2048 x 2048 pixels, and sizes are typically

10 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts



between 1 x 1 and 50 x 50 pum?. Integration times per
pixel are typically in the ms range. Images are usually
subdivided into a number of planes to allow for correction of
image shifts, for example, due to sample stage movement.
Image resolution is determined to first order by the primary
ion beam diameter; for Cs*, it is 50-100 nm for a beam
current of < 1 PA and for O, itis 200-400 nm for< 10 PA
(see Table 1). The ion imaging technique can create isofope
and element distribution maps from which isotope and
elemental ratio images can be calculated. In this way, it is
possible to search for objects with specific isotopic finger-
prints, for example, presolar grains (see section ‘Applications
in cosmochemistry’). An example is shown in Figure 5 where
~ 300 nm-sized presolar silicates stand out by their strong
enrichment in '7O. The application of ion imaging is
restricted to measurements with electron multipliers because

the response time of Faraday cups is too long.

NanoSIMS versus other SIMS instruments/
techniques

Besides the NanoSIMS, there are several other types of
SIMS instruments/techniques that are widely used in cosmo-
and geochemistry: Time-of-Flight SIMS (ToF-SIMS), Camecad's
‘all-rounder’ IMSxf (x = 3...7) ion probe and the |orge-
geometry ion probes Cameca IMS1270/1280 and
SHRIMP I/II/RG. Advantages of ToF-SIMS are parallel
defection of all secondary ions with one polarity, sub-
micrometre spatial resolution, litle sample destruction and
preservation and analysis of organic molecules (Stephan
2001). A disadvantage is the difficulty of measuring isotopic
compositions because of low ion signals and limited mass
resolution. The Cameca IMSxf series ion probe has been
used for a multitude of applications. A major advantage of
this instrument is its low price compared with other ion
probes. Disadvantages are a lower sensitivity than in other
instruments and a lower spatial resolution (~ 1 pm) than in

170/160
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the NanoSIMS. The SHRIMP I/1I/RG ion probe is primarily
used for U-Pb doting of zircons (Ireland 1995), a topic that
has been only rarely addressed with the NanoSIMS (Stern
et al. 2005). There remains the Cameca IMS1270/1280
ion probe, which we will compare with the NanoSIMS in

some defail in the following.

While the NanoSIMS 50/50L ion probe was designed
for high spatial resolution isotope/element measurements,
the strength of the IMS1270/1280 ion probe is high-
precision isotope measurements. Both instruments are char-
acterised by o high transmission for secondary ions
(Figure 6), at a level of several 10% up to a MRP of about
7000 in the NanoSIMS (close to the limit of what can be
achieved with a 10 pm entrance and 25 pum exit slif) and @
MRP of > 10000 in the IMS1270/1280. This is important
because (i) high spatial resolution measurements are made
with low primary ion currents, resulting in relatively low
secondary ion intensities and (i) high-precision isotope
measurements require high secondary ion signals. Regard-
ing absolute sensitivities, or useful yields, at full transmission,
reliable and meaningful comparisons between the Nano-
SIMS (see ion sources and the primary ion beam) and the
IMS1270/1280 ion probes are not available to the best of
our knowledge. Nevertheless, it can be expected that useful
yields at full transmission will not differ dramatically between

these two types of instruments.

Both types of instrument are capable of performing multi-
collection measurements. With the IMS1270/1280 ion
probe, it is possible to get spot-to-spot repeatability (1)
close to 0.1%0 on geological materials, for example, for
180/7°0O measurements at a scale > 10 um (Kita et al.
2011). This has not been achieved yet with the NanoSIMS,
possibly largely due to the strong gradient of the electrostatic
field between sample and EOW, which makes the IMF very
sensitive to small changes in topography. With regard to

Figure 5. Negative secondary ion images of 10 and 70 and the '70/'°0 ratio of a 9 x 9 um2-sized region in the

matrix of the Acfer 094 meteorite. Colour scale (low to high intensity): black-red-blue-yellow-white. Two

~ 300 nm-sized presolar silicate grains (white circles) stand out as hot spots in the 70 and '70/'®0 images. From

Hoppe et al. (2005).

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 11
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Figure 6. Transmission (relative to the secondary ion
signal when all slits in the mass spectrometer are open)
as a function of MRP in three SIMS instruments for '2C"
secondary ions emitted under Cs* bombardment from a
SiC disc. NanoSIMS data courtesy Francois Hillion
(Cameca, Paris), IMS1270 data courtesy of Kevin
McKeegan (UCLA) and IMS3f data courtesy of Ernst
Zinner (Washington University, St. Louis, MO, USA).

spatial resolution on the sample surtace, the NanoSIMS has
a smallest achievable primary ion beam (Cs*, O7) diameter
that is at least a factor of 5 smaller than that in the
IMS12870/1280. Usually, the IMS1270/1280 instruments
are operated with beam spots tens of micrometre in
diameter.

Applications in cosmochemistry

The NanoSIMS ion probe has been used to study a variety
of cosmochemical problems. Samples suitable for NanoSIMS
studies are conventional thin (or thick) sections of, for example,
meteorites, individual, micro- or sub-micrometre-sized grains
on flat surfaces, for example, presolar SiC grains dispersed on
clean Au foils, or microtome sections or sections prepared by
the focused ion beam (FIB) technique. Microtome or FIB
sections permit fo combine NanoSIMS with transmission
electron microscopy (TEM) studies, which enable co-ordinated
mineralogical and isotopic studies of materials in situ at sub-
micrometre scales. This has resulted in several important
advances, for example, the identification of primordial organic
nanoglobules (Nakamura-Messenger et al 2006, see sec-
tion on Extraterrestrial organics) and the discovery of presolar
silicates in interplanetary dust particles (IDPs; Messenger et al.
2003; see section on Presolar grains).

Presolar grains

The study of so-called presolar grains was a driving force
for major improvements in the initial design of the Nano-
SIMS. Presolar grains are sub-micrometre- and micrometre-
sized refractory dust grains that are found in small quantities,
at alevel of ng g™ to hundreds of ug g™, in certain types of
solar system materials, such as primitive meteorites, IDPs and
matter from comet 81/P Wild 2 returned by NASA's Stardust
mission. Presolar grains are older than our solar system and
represent a sample of stardust that can be analysed in the
laboratory for isotopic compositions and mineralogy (Zinner
2007, Hoppe 2008). These pristine grains are formed in the
winds of asymptotic giant branch (AGB) stars and in the
ejecta of supernova (SN) and nova explosions. The study of
the isotopic compositions of major and minor elements in
single presolar grains has provided a wealth of astrophys-
ical information, for example, on stellar nucleosynthesis and
evolution, on mixing in SN ejecta, grain growth in stellar
environments, on processes in the inferstellar medium (ISM)
and on the inventory of stars that contributed dust to our solar
system. Presolar grains exhibit large isotope anomalies,
which range over many orders of magnitude for the CNO
elements and which are at the per cent level or larger for
infermediate-mass elements. The sub-micrometre size of most
presolar grains and their large isotope anomalies make the

NanoSIMS the perfect choice for isotope measurements.

Presolar silicates: One of the most important discover-
ies in the field of presolar grain research in recent years was
the identification of presolar silicates, first in an IDP
(Messenger et al. 2003) and later also in primitive meteor-
ites (Mostefaoui and Hoppe 2004, Nguyen and Zinner
2004) by NanoSIMS oxygen ion imaging (see lon imaging
and Figure 5). Presolar silicates were also identified in the
IMS1270 ion probe equipped with a SCAPS detector
(Nagashima et al. 2004); however, because of lower
spatial resolution, this technique reliably identifies only the
largest  presolar grains (> 500 nm) or those with
comparatively large isotope anomalies for which contribu-
tions from surrounding isotopically normal matter do not
completely erase the isotope anomaly. In contrast to other
preso|or minerals, for exomp|e, SiC, which was 0|reody
discovered more than a decade earlier (Bematowicz et al.
1987), presolar silicates cannot be chemically separated
from meteorites, and only the application of high-resolution
ion imaging techniques made their discovery possible.
Hundreds of presolar silicates have been found to date.

Presolar oxides have been studied in detail by conven-
tional SIMS since the middle of the 1990s. Based on their O
isotopic compositions, presolar oxides are divided into four

12 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts



distinct groups (Nitler et al 1997, 2008). In generc1|,
presolar silicates show O isotope systematics similar to
presolar oxides (Figure 7). Noticeable exceptions are the
extreme '80 enrichment of a SN olivine (Messenger et al.
2005) and the higher "0/'°0 ratios of Group 2 silicate
grains. The latter, however, is |ike|y to be an experimento|
bias because measured '#0/'®0 ratios of 200-300 nm-
sized grains, the typical size of presolar silicates, from thin
sections might be shifted towards higher values because of
dilution effects due to contributions from surrounding matter
with normal isotopic composition (Nguyen et al. 2007). This
must be taken into account even for a primary ion beam size
of nominally 100 nm diameter, because 5% of the beam
intensity will be outside of a circle with 200 nm diameter.
This of course will also affect '7O/"°O ratios, but lower than
solar ratios will be more affected than higher than solar
ratios. This can be easily seen from an example for a
presolar grain with '7O/'°0 = 7.6 x 10* (factor of 2
enrichment in '7O) and '80/'°0 =2 x 10 (facfor of
100 depletion in "80). Dilution with 10% isofopically normal
matter gives '’O/'°0 = 7.3 x 10 (ie, 4% change) and
180/1°0 = 2 x 10 (ie, factor of 10 change).

Apart from meteoritic diamonds, whose origin s still a
matter of debate, presolar silicates represent the most
abundant presolar phase. Abundances of presolar silicates
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Figure 7. O isotopic ratios of the different groups of
presolar silicate grains. Data for presolar oxide grains
are shown for comparison. The data are from the
Washington University Presolar Grain Database (Hynes
and Gyngard 2009). The solar system ratios are shown
by the dashed lines.
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vary strongly among different primitive solar system materials
(Figure 8), the fingerprint of parent body processes (thermal
and aqueous alteration) and possibly also abundance
variations in the solar nebula. Highest abundances are
usually observed in primitive IDPs, which have average
presolar silicate concentrations of ~ 400 pg g™ (Floss et ol
2006) and up to the weight per cent level in individual
particles (Busemann et al. 2009). Primitive meteorites and
Antarctic micrometeorites show lower presolar silicate abun-
dances (Nguyen et al 2007, 2010b, Yada et al 2008,
Floss and Stadermann 2009, Vollmer et al. 2009, Bose
et al 2010, Leitner et al 2012). Among the well-character-
ised meteorites, the highest presolar silicate abundances are
seen in CR3 chondrites, the CO3 chondrite ALHA 77307
and the ungrouped C chondrite Acfer 094, where concen-
frations between 150 and 220 pug g have been
observed. Early studies of matter returned from the comet
Wild 2 vyielded only surprisingly low presolar silicate/oxide
abundances of 10-20 ug g™ (McKeegan et al. 2006,
Stadermann et al 2008). However, these abundance
estimates are based on the identification of presolar O
isofopic signatures in impact residues in large craters on Al
foil targets on-board the Stardust spacecraft (Figure 9) in
which isotope anomalies might have been partially erased
due to melting and mixing of presolar grains with surround-
ing material of solar system origin. Recently, Leitner et al
(2010) started a study of O isotopic compositions of impact
residues in small (< 2 pm) craters on Al foils in which dilution
effects are expected to be much less pronounced; indeed,

Renazzo(CR2)* [<2(®) CR chondrites

I presolar silicates

&
NWaA Fa0(CHa) M presolar oxides

GRA 95229(CR2)°|
INWA B52(CR2) |
MET 00426(CR3)" |8
QUE 99177(CR3)* |
QUE 99177(CR3)? 220 (33)
Adelaide’ 1
Adelaide?
RBT 041339
ALHA 77307°
Acter 034"
primitive IDPs'
AMMs*

Tars om0

oo 53 (18)

LI INEELI N A N ) ST O L

1] 50 100 150 200 250 300 350 400
Abundance (ppm)

Figure 8. Abundances of presolar silicates and oxides
in primitive solar system materials. The numbers in
parentheses give the number of identified grains.
AMM, Antarctic micrometeorites. Abundances are
givenin pg g’'. From Leitner et al. (2012), © 2012, The

American Astronomical Society.
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Figure 9. Identification of a presolar O-rich grain (unknown mineralogy) in matter from comet Wild 2 returned by

NASA’s Stardust mission. (a) SEM picture of a large impact crater on an Al foil. The residue patch in which the

presolar grain was found is marked by the yellow arrow. (b) Location of the presolar grain in the residue patch. (c)

Isotope map of 3'70 in the residue patch; the presolar grain stands out by its large '7O enrichment. (d) The

O isotopic composition of the presolar grain in comparison with the data of other presolar O-rich grains. From
McKeegan et al. (2006). Reprinted with permission from AAAS.

the finding of a presolar signature in one impact residue
among ~ 200 studied impact residues suggests that the
abundance of presolar silicates/oxides might be higher
than 1000 pg g™, in agreement with the view that comets
represent the most primitive matter in our solar system. A
similar conclusion was drawn from another NanoSIMS study
of Acfer 094 material used in hypervelocity shot experiments
(Floss et al. 2013).

lsotope data other than for O are rare for presolar
silicates, even for maijor elements like I\/\g, Si and Fe, because
of experimental difficulties. Silicon can be measured with
high spatial resolution with the Cs* primary ion source.
However, Si ion yields are much lower in O-rich environ-
ments than, for example, in SiC. For that reason, measure-
ment uncertainties of Si isotopic ratios of presolar silicates are
relatively large (several 10%0). Nevertheless, interesting
results have been obtained, for example, that in a Si three-
isotope representation silicates plotted along the so-called
SiC mainstream line and that Group 4 silicates tend to have
lower than solar 27Si/28Si and 3°Si/?8S; ratios, in qualitative
agreement with the data of SiC SN grains of type X (Vollmer
et al 2008, Nguyen et al. 2010b).

Magnesium is even more challenging than Si because
Mg is measured as positive secondary ions by using O

primary ions. The size of the O primary ion beam is
comparable with or larger than that of presolar silicates, and
large dilution effects are to be expected for the isotope ratios
of presolar grains. For this reason, specific procedures have
been developed to minimise dilution effects employing a
combination of FIB (focused ion beam technique) with
NanoSIMS (Nguyen et al. 2010a, Kodolanyi and Hoppe
2011). After identification of presolar silicates based on their
O isotopic fingerprints, the matter surrounding the presolar
silicate grains is removed by FIB milling. This produces deep
v<:1||eys (1-15 um) in the meteoritic thin sections and results
in strongly suppressed Mg secondary ion signals from these
regions, thus minimising contributions from the presolar
grains’ surroundings (Figure 10). While most grains were
shown to exhibit only small Mg isotope anomalies, a few SN
and nova grains show large anomalies of > 200%o in
2Mg/?*Mg and ?®Mg/?*Mg (Nguyen ef ol 2010aq,
Nguyen et al. 2011).

Like Mg, also Fe isotopes (>*Fe, *°Fe, °”Fe) have been
measured following FIB milling with the O primary ion
source and a NS50L (Nguyen et al. 2011). Specific care
must be taken o account for the **Cr inferference, which
cannot be separated from >*Fe. For this reason, *2Cr must
be monitored along with the Fe isotopes. The 4 nova and
SN grains studied by Nguyen et al. (2011) all show solar

14 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts
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Figure 10. FIB preparation and NanoSIMS Mg isotope measurement of a presolar silicate grain. (a) SEM picture of

the presolar silicate and its surrounding; about 1 pm of material around the presolar grain was milled away by FIB.

(b) 28si* ion image of the region around the presolar silicate. Secondary ion count rates are strongly suppressed in

the valley produced by FIB milling. (c) Same as (b) but for 2*Mg”. From Kodolanyi and Hoppe (2011).

Fe isotopic ratios within uncertainties. Iron isotopes can
also be measured as FeO™ using the Cs* primary ion
source with its higher spatial resolution. Such measure-
ments were done with NS50 ion probes for **Fe and *°Fe
in multi-collection (Mostefaoui and Hoppe 2004, Vollmer
and Hoppe 2010) and for **Fe, *°Fe and *’Fe in a
combined  multi-collection/peak-jumping  mode (Ong
etal. 2012); typical measurement uncertainties were
30-40%0 for °Fe/*°Fe and somewhat larger for
>’Fe/>°Fe. While all **Fe/>°Fe ratios were shown to be
solar within ~ 100%o, moderate >’Fe/°Fe anomalies of
up to 200%o0 were observed.

Presolar oxides: Oxygen ion imaging not only identi-
fies presolar silicates but also presolar oxides. Presolar
oxides are less abundant than presolar silicates (Figure 8),
but the abundance ratio of presolar oxides to presolar

OR1 H

silicates provides important clues on aqueous alteration in
meteorite parent bodies (Floss and Stadermann 2009,
Leitner et al 2012). In the 1990s, the known presolar oxide
inventory contained mostly micrometre-sized grains that were
chemically separated from meteorites. In contrast to SiC,
separates of refractory O-rich grains contain mostly grains of
solar system origin, and small, sub-micrometre-sized presolar
grains remained largely undetected. Only with the Nano-
SIMS did it become possible to identify and study sub-
micrometre-sized O-rich presolar grains. A large number of
presolar spinel grains were found by O ion imaging of a
spinel separate from the Murray meteorite (Zinner et al
2005). The study of those grains has been particularly useful
for characterising the Mg isotopic compositions of O-rich
stardust, many of which were shown to exhibit substantial
Mg isotope anomalies (Figure 11). Zinner et al. (2005) also
report Cr isotope data for some presolar spinel grains. These
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Figure 11. Magnesium isotopic ratios, given as per mil deviation from the solar system ratios, of presolar spinel

grains from primitive meteorites. The dashed lines represent the solar ratios. Uncertainty bars are 1s. Reprinted from
Zinner et al. (2005), © 2005, with permission from Elsevier.

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts

15



AN

GEOSTANDARDS and

.+ GEOANALYTICAL
RESEARCH

measurements were done in a combined multi-collection/
peak-jumping mode, involving measurement of all Cr
isofopes (°°Cr, ?Cr, *3Cr, **Cr) and selected Ti and Fe
isotopes to correct for unresolved isobaric interferences.
While these measurements did not reveal large Cr isotope
anomalies within the measurement uncertainties of several
10%o, |arge S4Cr enrichments (with §%4Cr of up to thousands
of per mil) have been found by Cr ion imaging on other
grain separates, both using O™ primary ions and analysing
positive secondary ions of Cr (Dauphas et al 2010, Qin
et al 2011) and using Cs* primary ions and analysing Cr as
CrO™ (Nittler et al. 2012). Carriers of these anomalies are
< 100 nm-sized oxide grains, probably spinel. A spinel
grain with large enrichments in 'O (plots in the lower left of
Figure 7) was shown to carry radiogenic *“Ca from the
decay of radioactive *“Ti (halflife 60 yr); this finally provided
proof that grains with large '°O enrichments are from
supemnovae (SNe), the only place in which *“Ti can be
made in large quantities (Gyngard et ol 2010). In «
combined IMS6f/NS50/NS50L study, Nittler et al. (2008)
measured O, Mg, Al and K-Ca isotopic compositions of
several oxide grains in three separate analysis set-ups. K
and Ca isotopes were measured on a NS50 in a combined
multi-collection/peak-jumping mode, involving all stable K
and Ca isofopes except “°Ca. It was shown that the multi-
element isotope data of Group 4 oxide grains agree very
well with model predictions for SNe, giving strong support to
the proposed SN origin of Group 4 grains.

Presolar SiC and graphite: Presolar SiC and graphite
grains were studied by conventional SIMS in great detail for
isotopic composition during the late 1980s and the 1990s.
These measurements concentrated on  micrometre-sized
grains. With the advent of the NanoSIMS ion probe, it
became possible to extend such studies to sub-micrometre-
sized grains, to look for isofope heterogeneities in larger
grains and to extend the isotope studies to yet unexplored
elements. Because SiC can be separated from meteorites in
almost pure form by physical and chemical treatments and
because it hosts a large number of minor elements, a large
body of information on isotopic compositions exists, and SiC
can be considered the best characterised presolar mineral. As
with the O-rich presolar grains, presolar SiC was divided into
distinct populations, based on the isotopic compositions of C,
N and Si (Zinner 2007, Hoppe 2008, Figures 12 and 13).

An important NanoSIMS application is the search for
rare X, U/C and Z grains, which can be identified on the
basis of specific Si isotope signatures (Figure 13), among SiC
grain separates for detailed follow-up studies. Many of these
searches were done by C and Si ion imaging in a fully
automated way (Gréner and Hoppe 2006, Gyngard et al.
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Figure 12. Carbon and N isotopic compositions of
different populations of presolar SiC grains. The solar
ratios are indicated by the dashed lines. From Hoppe
(2011).

2010). This permiﬁed the study of thousands of smalll
presolar SiC grains. It was shown that the abundance of Z
grains increases with decreasing grain size (Zinner et al.
2007, Hoppe et al. 2010), consistent with the view that
these grains formed in the winds of low-mass AGB stars with
comparatively low metallicity. Further constraints on the
parent stars of Z grains came from Mg-Al and Ti isotope
measurements. The Ti measurements were done in a
combined multi-collection  peak-jumping mode with a
NS50, involving all five Ti isotopes and selected Ca, V and
Cr isofopes to correct for unresolved isobaric interferences
(Zinner et al. 2007).

Fully automated ion imaging surveys also identified
several of the rare X and U/C grains (Hoppe et al 2010,
2012). The finding of high abundances of 2°Al and the
presence of radiogenic ““Ca in U/C grains demonstrated
their close relationship to X grains and finally proved the SN
origin of U/C grains (Hoppe et al. 2012). Sulfur isofope
measurements on U/C and X grains revealed large S
isotope anomalies, namely enhancements in %S, The
combination of heavy Si (Figure 13) with light S (Figure 14)
in U/C grains has been interpreted fo result from a
fractionation between S and Si caused by molecule
chemistry in the sfill unmixed SN ejecta (Hoppe et ol
2012). Several X grains have also been analysed for Li and
B isotopic compositions (Fujiya et al 2011). The observed
small excess of ~ 16% for ''B has been interprefed to be a
hint for B produced by the neutrino process in SNe.

16 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts
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Figure 13. Silicon isotopic ratios in per mil deviation
from the solar system ratios for different populations of
presolar SiC grains. The mainstream grains show only
moderate Si isotope anomalies and plot along a line
with slope 1.37 (‘SiC mainstream line’). The X grains
are characterised by large enrichments in 28Si, and the
U/C grains by large enrichments in 29Si and 3°Si. Most
Z grains have lower than solar 27Si/28Si and plot to the

right of the mainstream line.

Alarge number of X grains and a few nova and presolar
Si3N_4 grains, mostly micrometre in size, which were previously
found by ion imaging in the older-generation Cameca IMSxf
instruments, have also been studied in the NanoSIMS for
several isotope systems of intermediate-mass elements.
Besmehn and Hoppe (2003) report Si and Ca-Ti (*°Ca,
2Cq, *Ca, “Ti) isofope data, showing that the spatial
distribution of radiogenic “*Ca is positively correlated with
4875, giving sfrong support fo the view that 44Ca excesses are
from the decay of radioactive *“Ti. Nittler and Hoppe (2005)
report Mg-Al, Ca-Ti (same isotopes as above) and Ti (all Ti
isofopes together with *?Cr to correct for unresolved *°Cr
measured in a combined multi-collection/peak-jumping
mode) data for several grains originally classified as X and
nova grains. These measurements showed that a grain with
very low '2C/"3C and "*N/'°N ratios, which is commonly
attbuted to @ nova source, caried radiogenic *“Ca,
pointing to an origin from a SN. Lin et al. (2010) measured
Mg-Al and Ca-Ti-V (*°Ca, *“Ca, “°Ti, #/Ti, “8Ti, *°Ti, > 'V in @
combined multi-collection/peak-jumping mode using a

P

GEOSTANDARDS and

W+ GEOANALYTICAL
RESEARCH

1000 -
- Presolar SiC idp
4 SN Grains y
4 : 0/C, OINe,
Je U/C O/Si

5004O X -

44 SNII zones :
. \ H, He/N

8335 (%o)

L
S
[ol
!

7 Sirs
'1000 LI B I | I LI B I | i LI B I | I T T T

-1000 -500 0 500 1000
8345 (%o)

Figure 14. Sulfur isotopic ratios, given as per mil
deviation from the solar system ratios, of presolar SiC
grains of type X and U/C, which are from SNe. The
question mark indicates an unknown §33$ in the
respective grain. Predictions for different layers in a
15 Mo SNII (Rauscher et al. 2002) are shown for
comparison. Uncertainty bars are 1s. Adapted from
Hoppe et al. (2012).

NS50) and investigated different SN mixing scenarios to
account for the multi-element isotope data. Marhas et al
(2008) report C, N and Si isotopic data (all C, N [CN] and Si
isotopes measured in a combined multi-collection/peak-
jumping mode) as well as Fe and Ni isofope data (°2Cr, >Fe,
%6 ke, *7Fe, 58Ni, éoNi, ®INi, and %?Ni measured in a
combined multi-collection/peak-jumping mode using o
NS50; °2Cr was included to correct **Fe for unresolved
S4Cr, %Fe was used to correct °8Ni for unresolved >8Fe). As
was similarly concluded for S in U/C grains, the Fe isotope
data of X grains (Figure 15), namely their close-to-solar
4Fe/>°Fe ratios, suggest elemental fractionation between Fe

and Si in SN ejecta, possibly by molecule chemistry.

In addition to isotope measurements on rare SiC grain
types as described above, interesting results have also been
obtained for micrometre-sized mainstream (and X) grains.
Barium isotope data (all Ba isotopes except the very rare
130Ba and '¥?Ba were measured in a combined multi-
collection/peak-jumping mode) were reported by Marhas
et al (2007) for several mainstream and X grains. While the
X grains exhibit Ba isotope patterns that are not conclusive
with respect to SN nucleosynthesis and mixing, the main-
stream grains exhibit an s-process pattern, which is well
explained within the context of an origin from low-mass AGB

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 17
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Figure 15. Iron isotopic compositions, given as per mil
deviation from the solar ratios, for different popula-
tions of presolar SiC grains. The close-to-normal
5%Fe/>5Fe ratios of X grains are surprising in view of
simple ad hoc SN mixing models. Uncertainty bars are
1s. From Marhas et al. (2008), Figure 4. Reproduced
by permission of the AAS.

stars. Gyngard et al (2009) measured Li isotopes and found
enrichments in °Li of up to 30%, which are best explained by
spallation reactions induced by Galactic cosmic rays. From
the °Li enrichments, cosmic ray exposure ages of between
40 Myr and 1 Gyr have been inferred.

Stadermann et al. (2005b) studied in detail the C, N, O
and Ti isotopic compositions in TEM microtome slices of a
12 um-sized presolar graphite grain. These measurements
were done in three set-ups, comprising the C and CN
isofopes measured with multi-collection, the C and O
isofopes measured with multi-collection and the Ca and Ti
isofopes measured in a combined multi-collection/peak-
jumping mode (“°Ca, **Ca, **Ca and all Ti isotopes).
Isotope gradients were found for '°C/'2C and '80/'¢0,
probably the result of isotope exchange with material of
normal composition. Infernal TiC subgrains showed a strong
O signal with larger O isotope anomalies than was found in
the host graphite. The TiC subgrains exhibit large ““Ti
enrichments and in one case evidence for now extinct *“Ti,
as similarly observed in SIC SN grains. Extended multi-
element (C, N, O, Si, A-Mg, K-Ca, Ti) NanoSIMS studies
were conducted by Jadhav et al (2008) on several
micrometre-sized high-density presolar graphite grains.
These measurements were done in 5 set-ups, comprising

C and O isotopes, CN and Si isotopes, Mg—Al isotopes (all
with multi-collection), as well as K-Ca isotopes (*7K, 4'K,
40Ca, *2Ca, *Ca, *®Ti plus '“C for grain identification) and
Ti (all Ti isotopes plus “°Ca, >'V and >2Cr for inferference
corrections and '?C for grain identification) measured in a
combined multi-collection/peak-jumping mode. Extremely
large non-radiogenic Ca and Ti isotope anomalies were
found, especio”y enrichments in 42Co (up to a factor of 17),
*3Caq (Up to a factor of 29), “°Ti (Up to a factor of 36) and
50T, (up to a factor of 34).

Extraterrestrial organics

Another important area of NanoSIMS applications is
isotope measurements by ion imaging of the low atomic
number elements H, C, N and O in organic matter from a
variety of primitive solar system materials. Isotopic fingerprints
of these elements can be used to constrain the physico-
chemical conditions under which the organics formed.
Examples of possible mechanisms to produce large D and
'>N enrichments include ion-molecule reactions in the gas
phase at low temperatures (10-20 K) and catalytic pro-
cesses on dust grains. These specific fingerprints can be
inherited by organic matter that formed in cold interstellar
molecular clouds or in the outer reaches of the protoplan-

etary disc where low-temperature conditions prevailed.

Duprat et al. (2010) report on large D excesses (D/H
values of 10-30x the terrestrial value) in organic matter in
micrometeorites from Antarctic snow. Because crystalline
minerals are embedded in the organics, the authors favour a
solar system origin, namely in the cold regions of the
protoplanetary disc, rather than an interstellar heritage.
Large D excesses with D/H ratios of 2.5-9x the terres-
trial value have also been found in micrometre- and
sub-micrometre-sized organic globules from the Tagish Lake
meteorite (Nakamura-Messenger et al. 2006). These glob-
ules are thought to have formed as organic ice coatings on
pre-existing grains that were photochemically processed into
refractory organic matter, either in the protoplanetary disc or
in the cold molecular cloud from which our solar system
formed. The globules also exhibit large '°N enrichments
with "°N/"*N ratfios of 1.2-2x the ferrestrial atmospheric
composition. Figure 16 shows the N isotopic ratios together
with the corresponding TEM image, illustrating the informa-
tion that can be obtained from co-ordinated NanoSIMS and
TEM studies of 50-70 nm-thick microtome sections. Large D
and "°N excesses at the micrometre scale are a charac-
teristic feature of IDPs, as was inferred already by ion
imaging with conventional SIMS (Messenger 2000). In a
combined NanoSIMS (C and N isofopes) and conventional
SIMS (H isotopes) study of insoluble organic matter (IOM)

18 © 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts
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Figure 16. Left: Bright-field TEM image of three organic globules (G15-1 1.3 pm, G15-2 0.7 pm and G15-3
0.55 pm) embedded in saponite matrix. Right: Nitrogen isotopic image of a section containing a uniform

'5N-enriched globule aggregate. The box is the field of view of the left Figure. From Nakamura-Messenger et al.

(2006). Reprinted with permission from AAAS.

from primitive meteorites, Busemann et al. (2006) showed
that micrometre-sized H and N isotope anomalies (hot
spots’; D/H up to 20x and "°N/"“N up to 4x the terrestrial
values) reach or even exceed those seen in IDPs. This imp|ies
that both somp|es from asteroids (mefeorites) and samp|es
presumably from comets (certain IDPs) preserve primitive
organics from the time when our solar system formed.
Samples returned from comet Wild 2 by NASA's Stardust
mission confirm this conclusion (McKeegan et al. 2006). The
largest '°N enrichments of up to 6x the ferrestrial abun-
dance have been found in a xenolith from the unique CB—
CH chondrite Isheyevo (Briani et al 2009; Figure 17).
Interestingly, this xenolith does not only host matter enriched

in "N but also matter with depletions in >N of ~ 30%.
These '°N depletions come close fo those inferred for Jupiter
and the Sun (Owen et al 2001, Meibom et al. 2007b,
Marty et al. 2011, Huss et al. 201 2), Tesﬁfying the pristine
nature of this unique object. Generally, C isofopic anomalies
have turned out to be small in organic matter, typically only
at the lower per cent level. A comparatively |orge C isofope
anomaly has been reported by Floss et al. (2004) for the
anhydrous IDP Benavente in which a ~ 1 um?-sized patch
of C-rich matter, probably heteroatomic organic compounds,
with a depletion in '3C of 70%o, which is associated with @
>N enrichment, was found (Figure 18). Additional micro-

metre-sized grains with similar isotopic anomalies were
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Figure 17. Range of 3'°N values found in xenolith PX-18 from the CB-CH chondrite Isheyevo in comparison with

other primitive solar system materials. From Briani et al. (2009).
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Figure 18. Maps of 3'°N and 3'3C in the IDP Benavente. A region with enhanced >N and depleted '3C has been
circled. Field of view is 10 pm x 10 um?. From Floss et al. (2004). Reprinted with permission from AAAS.

found by De Gregorio et al (2010) and Matrajt et al.
(2012).

Hashizume et al (2011) discovered exireme O isofope
anomalies with 8'7180 values of up to 530 £ 110%o in
IOM from o carbonaceous chondrite (Figure 19). The
authors propose an origin of these '7'80 enrichments by
photodissociation of carbon monoxide in the protosolar
nebula.

Extinct radioactive nuclides
Several isotope systems (Mg-Al, S-Cl, Cr-Mn, Fe—Ni)

have been studied with the NanoSIMS in meteoritic and
cometary minerals in the quest for now extinct radioactive
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Figure 19. Oxygen isotopic composition of an
17.180_rich end member in meteoritic organics
compared with other planetary materials. Reprinted
by permission from Macmillan Publishers Ltd: Nature
Geoscience (Hashizume et al. 2011), © 2011.

nuclides and to obtain time constraints on the early
chronology of solar system formation. Matzel et al (2010)
measured the 2°Mg—2°Al isotope systematics of a ~ 5 pm-
sized refractory particle (‘Coki') from comet Wild 2 returned by
NASA's Stardust mission. No evidence for radiogenic °Mg
from the decay of radioactive 2°Al (half-life 716 kyr) was
found, which let the authors to conclude that this refractory
particle formed at least 1.7 Myr after calcium—aluminium-rich
inclusions (CAls) in the inner solar system, was transported to
the Kuiper belt and finally incorporated into Wild 2.

Jacobsen et al (2011) and Nagashima et al. (2008)
investigated the 3¢5-3¢Cl isofope systematics in 5-40 pm-
sized Cl-bearing minerals in CAls and in a chondrule. As
pointed out in the section lsotope measurements, the
background in the mass 36 region must be monitored,
which requires measurements in a combined multi-collec-
tion/peak-jumping mode. Nagashima et al. (2008) found
no clear evidence for radiogenic ¢S from the decay of
radioactive 2°Cl (half-life 0.30 Myr) in soddlite in CAls from
the Vigarano CV3 chondrite and in a chondrule from the
Ninggiang carbonaceous chondrite. For sodalite in the Pink
Angel CAl from the Allende CV3 chondrite, Nagashima et al
(2008) reported small 365 excesses (at the 2s level) from
which an initial 3Cl/*°Cl of ~ 2 x 10 was inferred. Much
higher 3¢S excesses have been observed by Jacobsen et al
(2011) in waddlite from CAls in Allende leading to an
inferred initial 3°Cl/35Cl of (1.81 £ 0.13) x 10™. It was
concluded by these authors that the high level of **Cl and the
absence of 2°Al in co-existing grossular implies production of
3¢Cl by late-stage solar energetic particles in the profoplan-
efary disc and that *Cl is unrelated to the origin of 2°Al.

53Cr—>3Mn isotope systematics have been studied on
carbonates from Cl (Hoppe et al 2007, Peitat et al. 2011)
and CM chondrites (Fujiya et al. 2012). These measure-
ments were done in a combined multi-collection/peak-
jumping mode in order to record *?Cr and **Cr ion
intensities on NS50 instruments. Large *3Cr excesses were
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found that correlate with Mn/Cr ratios (Figure 20), providing
clear evidence for the decay of radioactive >3Mn (haltlife
3.7 Myr). Hoppe et al (2007) and Petitat et al. (2011) infer
53Mn/>>Mn ratios of 2-5 x 10 in carbonates from the Cl
chondrites Orgueil and Kaidun, suggestive of carbonate
formation and onset of aqueous activity on the parent body
~ 3-4 Myr after CAl formation. Similarly, Fujiya et al. (2012)
inferred >*Mn/>>Mn ratios of ~ 3 x 10 for four CM
chondrites, suggesting a formation age of ~ 5 My after CAl

formation.

Mostefaoui et al. (2005) studied the “°Ni~*Fe isotope
system in troilite grains from metalfree aggregates and in
magnetite grains from the Semarkona ordinary chondrite. In
this study, >*Fe, ®°Ni and ®°Ni were measured in multi-
collection. A potential problem is the tail contribution of
“TiO 1o ®Ni in samples with high Ti and low Ni
consequently, Tirich samples must be avoided. The
observed “°Ni excesses of up to ~ 100%o correlate with
Fe/Ni ratios, suggestive of decay of radioactive *°Fe (half-life
26 Myr). The inferred initial “°Fe/*°Fe in troilite is
(092 + 024) x 10° (2s); however, isotope disturbance
cannot be fully excluded, and the initial abundance of *°Fe
in the solar system is still a matter of lively debate and further

research.
2000
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Figure 20. 3°3Cr as a function of Mn/Cr ratios in a
180 pm x 180 pmZ2-sized carbonate (breunnerite)
grain from the Orgueil Cl chondrite. The good corre-
lation between *3Cr excesses and Mn/Cr suggests
decay of radioactive *Mn (half-life 3.7 Myr) with an
initial >3Mn/55Mn ratio of (3.37 + 0.06) x 10°° at the
time when this carbonate formed. Uncertainty bars are
1s. From Hoppe et al. (2007).

Other meteoritic and Lunar samples

Meibom et al. (2007b) studied the C and N isotopic
compositions of C-bearing osbomite (TiN) in a CAl from the
Isheyevo meteorite. The petrography and mineralogy of this
CAl as well as thermodynamic calculations suggest that the
osbomite formed in a high-temperature region of the solar
nebula and that the C and N represent protosolar
compositions.  The  measured  "’N/'N ratio  of
(2356 + 0018) x 102 (19 is distinctly lower than air
composition (0.0036765) or bulk meteorites, but is in
excellent agreement with the values reported for Jupiter
(23 + 0.3) x 10 Owen et al 2001; Figure 21) and for
solar wind samples returned by NASA's Genesis mission
(227 £ 003) x 10° (25 Mary etal 2011;
(212 + 0.34) x 10° (2s), Huss etal 2012). The
13C/12C ratio of 001125 in osbomite was found fo be
close to that of terrestrial samples and bulk meteorites.

Oxygen isofope imaging has been used to study CAls
and Wark-Lovering rims. In contrast to presolar grains, where
O isotope anomalies are very |orge (see Presolar groins),
smaller anomalies (at the several per mil or 10s of per mil
level) must be resolved among adjacent minerals in these
objects. This has been successfully achieved by Ito and
Messenger (2008) who observed a sharp O isotopic
boundary between neighbouring minerals in a CAl that
constrains its thermal history. lto et al. (2010) and Simon
et al (2011) found O isotopic variations in Wark-Lovering
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Figure 21. N isotopic ratios of different solar system
objects and the ISM. The data for osbornite from a
CAl are indicated by the solid line. From Meibom et al.
(2007b), © 2007, The American Astronomical

Society.
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rims, which suggest circulation of their host CAls in the solar
nebula.

While most NanoSIMS studies in cosmochemistry have
dealt with isofope measurements, some others dealt with the
investigation of trace element concentrations and distribu-
tions on a micrometre-size scale in extraterrestrial rocks. Beck
et al (2005) studied shock processes in two meteorites, the
ordinary chondrite Tenham and the Martian meteorite
Zagami. Concentrations of Ca, Mn, Rb, Cs and Ba (recorded
as positive secondary ions of “4Ca, >>Mn, 8°Rb, '33Cs and
1388 along with other isotopes of major and minor
elements in two series in multi-collection) were imaged in
co-existing high-pressure minerals. From this, it was inferred
that these meteorites experienced a shock with a duration of
~ 1 s caused by an impactor ~ 5 km in size (Tenham) and
of ~10 ms caused by an impactor ~ 0.1 km in size
(Zagami). Saal et al (2008) measured abundances of
CO4, HyO, F, S and Clin lunar volcanic glasses (recorded as
negative secondary ions of '°C, '°OH, '°F, 32S and 2°Cl
along with 3°Si in multi-collection using a NS50L). From this,
it was inferred that the bulk Moon is not completely depleted
in highly volatile elements, including water. The latter was
estimated, based on the NanoSIMS data and model
caleulations, to be present at a level of 745 pg g™ In a
follow-up study by Hauri ef al (2011) of the same trace
elements or compounds (except CO,) by ion imaging of
lunar melt inclusions, water contents of between 615 and
1410 ug g™ were inferred. Abundances of F, S and Cl are
in the range observed for terrestrial mid-ocean ridge basalts
and are highly correlated with water contents. This led these
authors to conclude that some parts of the lunar interior
contain as much water as the Earth’s upper mantle.
A method to measure rare earth element abundances with
5-10 pm spatial resolution has been developed for a
NS50L and applied to CAl minerals by lto and Messenger
(2009). This method makes use of the multi-collection
capability of the NanoSIMS and employs energy filtering,
following the previously established fechnique for conven-
tional SIMS (Zinner and Crozaz 1986).

Applications in biological geochemistry

The high spatial resolution of the NanoSIMS has
opened up new studies in more biologically oriented
research fields as well. With a spatial resolution better than
ca. 300 nm, one can begin to resolve not only individual
cells, but also different compartments within cells. This
capability, in combination with dynamic (ie, pulse-chase)
isotopic labelling experiments in which a compound is
strongly enriched in a rare stable isotope or in a frace

element, allows the Upfoke, assimilation, storage and

22

translocation of this compound (and its metabolic derivatives)
to be imaged directly. Any compound that can be isotopically
or trace element labelled can in principle be imaged,
provided that the target molecules are not lost during sample
preparation. Importantly, by labelling a compound isotopi-
cally, biological function is not compromised. This is especially
important when working with small molecules that are not
easily tagged with, for example, fluorescent probes without
affecting their biological function. Furthermore, in isotopic
labelling experiments, high analytical precision or accuracy is
not a strong requirement because the isotopic effects
infroduced into the cell with the labelled compound(s) are
usually very large. Nonetheless, it is recommended that
control samples consisting of similarly prepared, but isotopi-
cally normal biological tissue be used as a reference material
against which the isotopic anomaly is quantified. This will
remove any concern about IMF, matrix effects, efc.

Sample preparation of biological tissue for NanoSIMS
analysis is an important process, but the details are outside
the scope of this review. Here it is simply pointed out that the
NanoSIMS is capable of analysing thin sections prepared
for imaging by TEM (see also Extraterrestrial organics). Such
sections of biological samples are usually about 70-
150 nm thick and are produced by ultramicrotomy of cells
embedded in epoxy or paraffin. The loss of soluble
compounds during the process of fixation and embedding

of cells is a problem that requires serious attention.

In the following, four examples of the use of the
NanoSIMS on biological samples are provided, which are
intended o illustrate the type of data that can be obtained
on biological materials. As a result of data treatment by
different laboratories using different software, the colour
coding of the images presented below is different, but the
isotopic or trace element enrichments should be clearly
observable in each case. In addition, the table in Appendix
A gives a comprehensive (but perhaps not exhaustive)
summary of NanoSIMS studies on biological materials,
which will allow the reader to rapidly find more detailed
information about the study of a particular type of biological
tissue. Most of these measurements were done in a static
multi-collection mode, and unresolved isobaric interferences
are of no concern. For this reason, we do not give as much of
the measurement details as for the applications described
above (Applications in cosmochemistry).

Environmental microbiology
Bacteria and archaea play an essential role in the

global biogeochemical cycle and in many more localised
bioclogical processes. However, means fo evaluate directly

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts



metabolic processes by these unicellular organisms at the
scale of individual cells, or in cell populations within larger
and more complex communities, have been lacking. With
the NanoSIMS, in combination with, for exqmp|e, in situ
hybridisation techniques that allow specific bacterial or
archaea strains to be ino|ivio|uo||y identified, or in combina-
tion with gene expression studies, it is now possible to shed
light on the N and/or C fixation processes by individual
populations of bacteria in situ (Lechene et al. 2007, Popa
et al. 2007, Musat et al. 2008).

Figure 22 is from a study of filamentous N-fixing
cyanobacteria (Popa et al 2007). Some cyanobacteria
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are uniquely capable of fixing both dinitrogen (N5) and
carbon dioxide (COy), deriving energy from oxygenic
photosynthesis. The sheer abundance in phytoplankion
communities makes these microorganisms important species
in the global biogeochemical cycles of C and N. Under
conditions of N limitation, some vegetative cells of filamen-
tous freshwater cyanobacterium (here Anabaena oscillario-
ides) can differentiate into heferocysts, non-growing,
specialised cells in which N is fixed into organic N (Stewart
1973, Meeks and Elhai 2002). This process is catalysed by
the enzyme nitrogenase, but the activity of nitrogenase is
inhibited by the presence of oxygen (Stewart 1973).
Therefore, the heferocysts must be physically isolated from

0.2 25
0.1

1 10 20

30 40 S0

Figure 22. Chain of five cells from a filament of Anabaena oscillarioides analysed with NanoSIMS after 4 hr of

incubation with H'3CO; and '®°N,. Het: heterocyst. Individual cells are numbered to correspond with the numbering

in (c). (a1) Image reconstruction based on secondary electrons. (a2) The distribution of '3C enrichment. (a3) The

distribution of >N enrichment. Enrichment is expressed as atom per cent enrichment (APE). (b) Post-analysis

NanoSIMS secondary electron image of a filament of fifty cells of A. oscillarioides showing three heterocysts (Het)

after 4 hr of incubation with H'3CO; and '°N,. The white box indicates the area shown in the images al, a2 and

a3. (c) The cell-to-cell variation in '3C (diamonds) and '>N enrichment (squares) along the same filament of fifty

cells. There are 1-6 independent replicate measurements per cell. Uncertainty bars are 2s. Reprinted by permission
from MacMillan Publishers Ltd: The ISME Journal (Popa et al. 2007), © 2007.
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nearby vegetative cells, which are sites of oxygenic photo-
synthesis and COs fixation. At the same time, this isolation
cannot be complete, because the vegetative and heterocyst
cells must be able to exchange energy, organic C and fixed
N. How these two cell types, heterocysts and vegetative cells,
respectively, coexist in the same filament and manage to
share resources and maintain equilibrium between oxygenic
photosynthesis and N, fixation have been studied
with NanoSIMS imaging following dynamic NaH'3CO3
and "°Ny enrichment experiments of their medium (Popa

et al. 2007).

Figure 22 demonstrates the intracellular isotopic heter-
ogeneity between heterocysts and vegetative cells after 4 hr
of incubation with NaH"CO5 and "®N,. The observed
patterns of isotopic enrichment reflect both cell physiology
and development. The study found evidence for rapid export
of newly fixed Ny from heterocysts to vegetative cells and
relatively uniform distribution of newly fixed Ny among
vegetative cells, with the exception of cells in the process of
heterocyst differentiation (mid-point cells indicated by double
arrows in Figure 22¢). Features of cell division in vegetative
cells (Figure 2203, cell #19) and relative differences
between the biosynthetic age of amino acid C and N used
to construct septation walls can also be observed with
the high spatial resolution offered by the NanoSIMS. The
isotopic maps presented in Figure 22 show that the
metabolic role and level of activity of individual cells can
be inferred directly from NanoSIMS imaging, which can
quantify the uptake of, for example, 13Cand °N during the
labelling experiment(s). This approach can be used to study
single-celllevel physiological performance in a wide range
of prokaryote communities, as well as exchange of metab-

olites between adjacent cells.

In another NanoSIMS study of N fixation by individual
bacteria living in symbiosis with a eukaryotic host, it was
demonstrated that N fixed by the bacteria is transferred to
the host eukaryote cells and used for metabolism (Lechene
et al 2007). The bivalve Lyrodus pedicellatus (commonly
known as shipworm) has a gill containing a gland (gland of
Deshayes) that hosts a population of symbiont bacteria of
the species Teredinibacter tumerae, which were suspected to
be able fo fix No. In extracted and cultured populations of
T tumerae, it was found that the mean "N fraction
increased over time during incubation with '°Nj (Fig-
ure 23a—c). As a control, it was observed that the '°N/'N
ratio in cells of Enterococcus faecalis, a bacterium |0cking the
ability to fix nitrogen, did not increase when grown for the
same esfimated number of generations in the presence of
the "°N tracer and analysed together with T. turnerae in a
mixed population (Figure 23a0—0).

24

NanoSIMS imaging was then applied to measure the
incorporation of >N by symbionts within gill bacteriocytes in
vivo by exposing L pedicellatus to >Ny for 8 days. Fig-
ure 23d exhibits the dramatic increase in the '°N/!“N ratio
within the gland of Deshayes, associated with the bacterial
community, demonstrating the sfrong incorporation of gas-
eous ]SNQ into bacterial biomass. Furthermore, host structures
free of bacteria within the gill show enhanced "N/ N ratios
(albeit less than the bacteria themselves), providing strong
evidence that >N fixed by the bacteria in the gland is
transferred to the host organism and used in biosynthesis.

Cell biology — Eukaryote symbiosis

The subcellular isotopic imaging capabilities of the
NanoSIMS open up a multitude of new research opportuni-
ties in cell biology of higher organisms, including drug delivery.
The principles are illustrated with a study of another symbiotic
organism, the reef-building coral, most species of which host
endosymbiotic photosynthesising algae, often referred to as
dinoflagellates or zooxanthellae. Assimilation of inorganic
nitrogen from nutrient-poor tropical seas is an essential
challenge for this endosymbiosis. Despite the clear evidence
that reef-building corals can use ammonium as an inorganic
nitrogen source, the dynamics and precise roles of host and

symbionts in this fundamental process remain unclear.

As illustrated above and in Figure 24, the NanoSIMS
can provide direct imaging of metabolic exchanges within
an intact symbiosis. In Figure 24, the NanoSIMS images
demonstrate the capabilities of both dinoflagellate and
animal cells (in this case, the reef-building coral Acropora
aspera) fo fix nitrogen from seawater enriched in '>NH,
(ammonium; Pemice et al 2012). However, quonﬁficoﬁon of
">N/N ratios obtained from the different tissue layers in
the host organism and from the photosynthesising algae,
respectively, shows that the latter can fix about 20 times
more nitrogen than the coral host cells in response to a
sudden pulse of sea water enriched in ammonium. Given
the importance of N in cell maintenance, growth and
functioning, ammonium assimilation facilitated primarily by
the symbiont algae may have been a key to the evolutionary

success of reef-building corals in nutrient-poor waters.

A technically important aspect included in this example
(Figure 24) is the direct comparison between the NanoSIMS
isotopic maps and the cell images obtained by TEM. In even
higher-resolution NanoSIMS images, it is possible to resolve
all histological compartments of a eukaryote cell, including
nucleus, mitochondria, Golgi apparatus, etc, which can
provide important clues to the pathways of isotopically
labelled molecules inside these cells.

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts
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Figure 23. N fixation by Teredinibacter turnerae bacteria and by bacterial symbionts within the marine bivalve
Lyrodus pedicellatus. (a and b) Parallel isotopic maps of a field of view containing T. turnerae (Tt) and Enterococcus
faecalis (Ef). (a) "2C"*N". (b) "2C"°N". (c) The colour-coded ratio between a and b. The images consist of

256 x 256 pixels, and acquisition time was 30 min. Scale baris 5 pm. (d) Mosaic of colour-coded '2C'>N-/'2C'*N-
ratio maps. Each tile is 100 pm x 100 pm, 256 x 256 pixels and with acquisition times of 120 min per tile. Scale
bar is 25 pm. The colours represent different levels of >N enrichment, from blue (normal, unlabelled N isotopic
compositions) to magenta in regions highly enriched in >N by a factor indicated in the colour bars for each tile. (e)
Cartoon of the isotopic map in (d) outlining the locations of the gland of Deshayes (red), interlamellar junctions
(blue), ctenidial filaments (green) and bacteriocytes (outlines). In (c), the highest '*N incorporation is seen in

T. turnerae and none on E. faecalis. In (d), the highest '°N incorporation is seen in bacteriocytes of the gland of

Deshayes. From Lechene et al. (2007). Reprinted with permission from AAAS.

Plants and soils carcinogenic (Smith et al 2002). Recent studies have shown
that rice is a major source of inorganic As in diets where rice

The use of NanoSIMS in the study of environmental is a staple food (Mondal and Polya 2008). Understanding
contaminants and/or chemical hazards is illustrated here the uptake and sequestration of As into the rice plant is
with the example of arsenic (As), a toxic element for humans therefore important for developing strategies to reduce As
with a poorly defined threshold below which it is not concentrations in rice grains. Moore et al (2011) used the

© 2013 The Authors. Geostandards and Geoanalytical Research © 2013 International Association of Geoanalysts 25
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NanoSIMS to investigate the distribution of As and silicon (Si)
in rice roots, having documented distinct subcellular distri-
butions of As and Si between the roots of rice plants with and
without the Si/As efflux transporter Lsi2 and a wild type.
Mutation of the Lsi2 transporter results in stronger vacuolar
accumulation of As in the endodermal cells (Figure 25)
compared with the wild type, where pericycle (primary tissue
located at the periphery of the root vascular cylinder)

accumulation is observed. Vacuolar accumulation of As is

0.05 Figure 24. Imaging of '>’N-ammo-
nium uptake within the reef-build-
ing coral Acropora aspera. (q, ¢, e,
g, i) TEM images and (b, d, f, h, j)
distribution of '°*N/'*N as mea-

sured by NanoSIMS in the same

0.025

sections of A. aspera tissue during
a the time series of the pulse-chase
0.05 labelling experiment. (a-b) t = 0, no
label; (c-d) t = 1 hr; (ef) t = 3 hr;
(g-h) t = 6 hr; and (i—j) t=12 hr.
o Individual dinoflagellate symbionts
that have absorbed >N are clearly
visible within the coral gastroder-
mal tissue after 1 hr. C, Coelen-
teron; G, gastroderm; E, epiderm;
0.05 M, mesoglea. For each NanoSIMS
image, the increase in '>N/'*N
ratio of each individual dinofla-
0.005 gellate symbionts is indicated by
the colour code. Reprinted by per-
mission from MacMillan Publishers
Ltd: The ISME Journal (Pernice et al.

2012), © 2012.
0.05

0.025

0.05

0.025

also observed to be associated with sulfur, suggesting that
As may be stored as arsenite—phytochelatin complexes in
which it is being detoxified. Silicon is localised at the cell
walls of the endodermal cells (Figure 25) with litfle apparent
effect of the Lsi2 mutation on its distribution.

These observations provide yet another example of the
precise comparison that is possible between NanoSIMS
images and TEM images of the same cell structures.
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Figure 25. NanoSIMS 28Si- and 7°As™ ion images and
secondary electron image from the central region of a
rice root treated with arsenate with a mutation in the
Lsi2 silicon transporter. Arsenic accumulation was
observed in the vacuoles of the endodermal cells,
where the Lsi2 transporter is localised and silicon was
localised around the same cells. The colour merge
shows the relative locations 7°As™ (red), 28Si* (green)
and '2C'*N- (blue, not shown as original NanoSIMS

image). En, endodermis. Figure courtesy Katie Moore.

Biomineralisation

For more than a century, it has been known that both
eukaryotes and prokaryotes can induce and/or control the
formation of minerals, and the diversity in chemistry,
morphology, structure and function of biominerals is enor-
mous. Biominerals are major components in the global
geochemical cycle (eg, siica and radiolarians), form
skeletons (e.g, hydroxyapatite in bones, calcium carbonate
in shells) and serve as storage media for essential nutrients
and toxic elements (detoxification). Biominerals can induce
diseases in humans (e.g, calcification in urinary tracts and
in arteries) and are used extensively as time markers in
sedimentology, as proxies for temperature and salinity in
palaeoclimatology (e.g, foraminifera, corals) and as indica-
tors of ancient life forms (e.g., sfromo'ro|ifes). Aclcliﬁona”y,
biominerals can display unique material properties that find
use in nanotechnologies. Yet, surprisingly little is known about
the exact processes by which organisms initiate, control and
stop the growth of minerals and how the external environ-
ment influences their composition. Analytical tools that can

provide chemical, structural and isotopic information at these
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length scales have been lacking so far. The NanoSIMS is
providing the study of biominerals with a multitude of new
opportunities, of which just one is illustrated in this last

example.

Gorzelak et al (2011) used a NanoSIMS to study the
regeneration of broken calcium carbonate spines of the sea
urchin Paracentrotus lividus with two labelling events in
which the stable isotope 2°Mg was added fo the surround-
ing sea water. These two labelling events, lasting 72 and
24 hr, respectively, and separated in time by 3 days,
resulted in calcium carbonate with clearly visible enrichments
in the 2°Mg/*Ca ratio (Figure 26). The isotope maps
provide direct, quantified information about the dynamics of
the biomineralisation process. In these structures, stereom
trabeculae inifially grow as conical microspines, which form
within < 1 day. Lateral growth then takes place allowing
adjacent microspines to join by forming a horizontal ‘bridge’
(Figure 26d). This process is very fast and seems to occur
several times per day. While new trabeculae form, the older
trabeculae already connected in a thin meshwork thicken
simultaneously and very slowly at an approximate rate of
about 1 um day™ (Figure 26b-). This thickening process
includes both microspines and bridges (Figure 26b-f). The
overall longitudinal growth rate of the inner stereom is ca.
125 um day .

This work is a good example of how the dynamics of
biomineral formation can be imaged with very high spatial
and temporal resolution at different structural length scales
without imposing unnecessary stress fo the organism under
study. The possibilities for combining NanoSIMS imaging with
isotopic or trace element labelling experiments to understand
better the workings of living organisms seem endless.

Conclusions and outlook

Itis our hope that this review has given the reader a better
idea of the operation of an ion probe and of the special
strengths of the NanoSIMS instrument. With its superior spatiall
resolution, high sensitivity and multi-collection capability, the
NanoSIMS has become an indispensable tool for many
studies in cosmochemistry and biological geochemistry. The
ability to do high-resolution ion imaging at the sub-
micrometre scale has led to new discoveries, for exomp|e,
the detection of preso|or (stardust) silicates in primitive solar
system materials, and is sure to continue to do so in the years
to come, especially as the Techno|ogy becomes more
infegrated in the biological and life sciences. In general, the
NanoSIMS ion probe is the instrument of choice if quantitative
ion imaging at the sub-micrometre scale is required. For

isotope studies that require precision at the sub-per mil level,
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Figure 26. (a) Lateral view of investigated spine of Paracentrotus lividus with regenerated fragment of apical part.

(c) Lateral view (scanning electron microscope) of a polished and Au-coated section of spine combined with

NanoSIMS images showing two labelling events (dotted arrows show position of NanoSIMS images enlarged in b,

d). Etching and SEM observations were performed after the NanoSIMS imaging. (b) NanoSIMS image of the
26Mg/**Ca distribution in labelled skeleton during first (3-day) labelling event. (d) NanoSIMS image of the

26Mg/44Ca distribution in labelled skeleton during second 1-day labelling event. Blue regions indicate growth in
normal (i.e., unlabelled) artificial sea water with normal 2°Mg/**Ca ratio. Red—-yellow regions indicate enhanced
26Mg/**Ca ratio due to the 2°Mg labelling. (e, f) Enlargements of the stereom showing the 1-day thickening process

(th’ and arrows) during the second labelling event on the previously formed skeleton. ‘R’ marks resin-filled pores.

Reprinted from Gorzelak et al. (2011), © 2011, with permission from Elsevier.

other instruments, such as the Cameca IMS 1270/1280 and
SHRIMP ion probes, are preferred, but their analytical
precision comes at the expense of spatial resolution.

It is hoped that future developments will lead to an
improvement in the achievable beam size of the negative
oxygen ion source, which is currently limited to about 200 nm
(optimum conditions) and 400 nm (routine operation), respec-
tively. This would permit the study of alkali, alkali earth and
transition metals with a spatial resolution better than 100 nm,
similar to the resolution obtained for H, C, N, O, Si and S
isotopes, which are measured with the positive caesium ion
source. Higher useful yields would also be desirable. In theory,
this would be possible if laser resonance ionisation could be
implemented. The design of the ion optics in the NanoSIMS

renders such improvements difficult, however. In any case, in its
current incarnation, the NanoSIMS represents an extremely
powerful new analytical technique. Scientists from different
disciplines are just beginning to appreciate its potential. We
hope our review can help push this developmentfurther along.
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