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We have developed highly precise and accurate in situ SIMS stable isotope analytical protocols using the
IMS-1280 at the University of Wisconsin, through careful tuning of the instrument, stable electronics,
and improved protocols for sample preparation, standardization and automated analysis. Multicollection
Faraday Cup (FC) oxygen two and three isotope analyses routinely achieve spot-to-spot reproducibility
0f 0.3%. (6'®0 and 6170, 2SD) from 10-15 um single spots. Accuracy can be even better for multiple analyses
of a homogeneous sample. Furthermore, reproducibility at the <1%. level is achieved by using multi-
collection FC-Electron Multiplier (EM) analyses for primary ion beam spots of 1 to 3 um in diameter. These
results present a trade-off vs. conventional laser fluorination techniques; sample sizes are 10° to 10° times
smaller, at the expense of a factor of 2 to 10 in analytical precision. SIMS is now a powerful tool for high
precision and accuracy, and high spatial resolution stable isotope studies and provides the potential for
fundamental new advances in stable isotope geochemistry.
Analytical artifacts from sample geometry and topography (X-Y effects) are examined in detail. Several epoxy
mounts containing mineral standards were prepared and the amounts of polishing relief were measured using
an optical profilometer. No significant X-Y effect is identified within 7 mm from the center of the mount when
the grains are polished flat with minimal relief (<1 um). However, significantly large topographic effects are
found from standard grains with relatively large polishing relief (10-40 um). The measured values of 50 vary
depending on the amount of relief, inclination of surface, and geometry of analytical spots on the standard grains,
resulting in elevated 60 value by as much as ~4%. and degraded external precision as poor as + 3% (2SD). These
analytical artifacts may be caused by deformation of the local electrostatic field applied on the surface of
the sample, which deviates the trajectory of secondary ions of individual isotopes. The results clearly indicate that
polishing relief for highly accurate SIMS stable isotope analyses should be less than a few pm, which can be readily
evaluated by using an optical surface profilometer.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

eter with ~um depth). It is also limited by the poor reproducibility of
repeated analyses of standard, which may be related to both the

The secondary ion mass spectrometer (SIMS, or ion microprobe)
has been used to examine isotopic ratios and trace element abundance
of geological samples at 20-30 um-scale (e.g., Shimizu et al., 1978;
[reland, 1995; Valley et al., 1998). For oxygen isotope analyses, SIMS
has been used to detect micro-distribution of oxygen isotope ratios
with permil (%.)-level precision in terrestrial samples (Valley and
Graham, 1991) and mass-independent '°0 enrichments in meteoritic
samples (e.g., McKeegan et al., 1998; Yurimoto et al., 1998). However,
application of SIMS to stable isotope analyses has been relatively
limited due to insufficient precision and accuracy to resolve sub-%.
level natural variations seen in geological samples. Precision and
accuracy are partly limited by the total number of secondary ions
produced by the limited analytical volume (typically 20-30 pum diam-
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condition of samples as well as stability of the instrument. Further-
more, the instrumental bias of the measured isotope ratio may depend
strongly on the matrix and considerable effort is required to obtain
matching standards with homogeneous isotope ratios for accurate
corrections.

Recently, multicollection Faraday Cup (FC) detectors on IMS-1270
instruments have been applied for high precision sub-permil SIMS
isotope analyses (Schumacher et al., 2004), including oxygen two
isotope ('0/1%0) and three isotope ('¥0/'°0 and 70/'°0) measure-
ments (e.g., Gurenko et al., 2001; Kita et al., 2004; Cavosie et al., 2005;
Nemchin et al,, 2006a,b; Treble et al., 2005, 2007; Whitehouse and
Nemchin, 2009). More recently, Ickert et al. (2008) also demonstrated
sub%. precision oxygen isotope analysis technique using SHRIMP II,
another large-radius ion microprobe that has been mainly used for
geochronology. However, some of these earlier multi-detector studies
encountered difficulty in obtaining consistently reproducible and
accurate results, even though the internal precision of single analyses
was better than 0.5%. (2SD; standard deviation).
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We have achieved significant success in obtaining <0.3%. (2SD)
level precision and accuracy for oxygen isotope ratio measurement by
using a new generation large radius secondary ion mass spectrometer,
IMS-1280, installed in 2005 at the WiscSIMS laboratory, University
of Wisconsin - Madison (Fig. 1). This instrument has been used for a
wide range of stable isotope geochemistry and cosmochemistry
investigations (Desbois et al., 2007; Eiler et al., 2007; Kelly et al.,
2007; Weidel et al., 2007; Bindeman et al., 2008; Downes et al., 2008;
Moser et al., 2008; Ushikubo et al., 2008; Wilde et al., 2008; Bowman
et al,, 2009; Lancaster et al., 2009; Orland et al., 2009). In addition,
there could be many samples having several %o variations within a

10 um-scale domain that could not be studied using 10-30 um spot
sizes of previous generation SIMS. For such fine-scale projects, we
developed 1-3 um small beam analyses with moderate precision
(<1%.; Page et al.,, 2007; Nakamura et al., 2008; Kozdon et al., 2009).
In this paper, we report the analytical developments to achieve sub %o
precision routinely. We also address reproducibility and accuracy of
oxygen isotope measurements. During the course of these studies, we
realized the importance of the flatness of the samples for reproducible
results. For this reason, we performed systematic tests on standards
with various amounts of polishing relief and evaluate the effect of
relief on precision and accuracy.
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Fig. 1. A schematic diagram of the IMS-1280. (a) Overview. The IMS-1280 is a double focusing mass spectrometer equipped with two primary ion sources (Cs source and
Duoplasmatron source for oxygen primary ions). In geochemical applications, Cs™ and O~ primary ions induce more negative secondary ions (e.g., C~, 0~, Si~, S™) and positive
secondary ions (e.g., Li*, Mg™), respectively. Primary ions are deflected by the primary beam mass filter into the primary beam column. A Normal Incidence Electron Gun (NEG) is
used for charge compensation in Cs* primary and negative secondary mode. Secondary ion optics of the IMS-1280 consist of three parts; transfer optics from sample (4 10 kV) to the
Field Aperture (FA), coupling optics from the electrostatic analyzer (ESA) to the sector magnet, and projection optics including 10 ion detectors. (b) Secondary ion transfer optics of
the IMS-1280. The secondary accelerating voltage (4= 10 kV) is applied to sample surface. The sample stage height is manually adjusted by Z-focusing stage. Secondary ions produced
on the sample surface are projected to the Field Aperture (FA) located at the entrance of ESA. The magnification of ion image from sample to FA is determined by the choice of three
transfer lenses (LT1, LT2, LT3). DTFA is a set of deflectors (X and Y) that are used for automatic centering of the secondary ions to the FA (see text for more detail). An electron beam is
emitted with accelerating voltage of — 10 kV from the NEG locating above the transfer optics, deflected by a magnetic coil along the ion optical axis, and exposed to sample surface
where electrons lose energy because of equipotential applied to NEG and secondary ion accelerated voltages. (c) Detection system of the IMS-1280. The IMS-1280 is equipped 10 ion
detectors; 2 Faraday Cups (FC) and 1 Electron multiplier (EM) on the axial detection system (or “Mono collection system”) and 4 FCs and 3 small EM on multicollection system. A
multi-channel plate (MCP) is located at the end of ion axis for direct ion imaging. The Mono collection system uses the adjustable width exit slit (Mono exit slit) and an ESA to deflect
secondary ions to detectors. Multicollection detectors are on trolleys moving along the collector motion axis, which approximate the focal plane of the secondary ions. The Mono
collection exit slit and projection lens (between Mono exit slit and ESA) are lifted and the ESA is swung out from the multicollection motion axis when multi-collection detectors
should move to a position close to the center. The Mono collection system can be used together with multicollection system for applications such as C isotopes, oxygen three isotopes,
Si and S two isotope (*°Si/?8Si and 34S/32S), in which '3C, 170, 3°Si and 3S are on the Mono collection detector, respectively.



N.T. Kita et al. / Chemical Geology 264 (2009) 43-57 45

2. Conditions of SIMS oxygen isotope analysis

2.1. High precision oxygen two isotope analyses using multicollection FC
mode

In Table 1, we summarize the oxygen two isotope analytical
conditions using ~10 pm Cs* primary beam, the electron gun and
multicollection Faraday Cup detectors. One of the main differences
from previous studies using IMS-1270 is the significantly higher
sensitivity of oxygen secondary ions from a 10 um spot ('°0~3x 10°
cps; ~10° cps/nA of primary beam current) because of both higher
primary ion intensity (2-3 nA) and high secondary ion transmission
(~90%; compared to the condition with slits and apertures fully
opened). The high secondary ion transmission is achieved by the
transfer lens optics of 200 times magnification using a combination of
two transfer lenses (LT2 and LT3 in Fig. 1b) closer to contrast aperture
and entrance slit position (Kita et al., 2004), which is difficult to tune
because of the higher level of aberration on the mass spectrum.
The useful yield, as defined by the ratio of the number of secondary
ions detected and the number of atoms sputtered, is estimated
to be ~7% for the case of UWG-2 garnet standard (Supplementary
data A1). Under our analytical conditions, consumption of the
sample in our SIMS analyses is typically <1 ng for ~10 pm spots and
as small as 1-2 pg with the sub-1 pm spot size (Page et al., 2007).

We use a focused Cs™ primary ion beam (“Gaussian beam”) in
order to obtain much higher primary beam density than in “Kohler
illumination” mode. Due to the short analysis time (~3.5 min, Table 1),
the depth of SIMS pit is very shallow (<1 um) compared to its
diameter (10-15 um). Although the Kohler illumination mode, which
creates a flat-bottomed pit, has been considered to be superior to
irregular dish shaped pit in obtaining reproducible results (McKeegan
et al.,, 1998; Kita et al., 2004), a focused primary beam in our analytical
protocol does not create significant topographic effects and the
analysis results are not affected.

Table 1
Analytical condition of SIMS oxygen two isotope measurements at WiscSIMS.

Focused Cs* ions, 2.5 nA and 10 um diameter.
Accelerated by + 10 kV

Primary ions

Electron-gun for
charge compensation.

Secondary HV

Transfer optics

Entrance slit
Contrast aperture
Energy slit

Exit slit

Mass resolving power
Secondary ion intensities
Detector and amplifier
Detector noise

Relative transmission
through mass spectrometer
Magpnetic field control

Centering of secondary ions
FC base line measurement
Integration time

Total analysis time per spot

Internal precision
External (spot-to-spot) precision

Accelerated by — 10 kV with sample

current 30 pA. Homogeneous across

60 pm x 100 um oval area.

Accelerated by — 10 kV at the sample surface.
(Total primary ion acceleration to sample
surface is 20 kV)

Magnification of x 200 from sample to Field
Aperture (4 mm x4 mm)

120 pm width

400 pm diameter

40 eV width, the inner edge is adjusted at the
position 5 eV lower than the peak of energy
distribution with 5 eV window.

500 um

~2200 (10% height)
160 =3 % 10%ps
Multi FC (10'° ohm)
<10,000 cps for 4 s <3,000 cps for 4 s
integration integration

~90% (full transmission is defined as apertures
and slit fully opened)

NMR (Nuclear Magnetic Resonance) with
magnetic field stability <5 ppm over 10 h.
Recalibrate every 12 h.

Manual Z-focusing and automatic adjustment
of secondary deflectors

64 s integration once a day

80 s (4 sx 20 cycles)

3.5 min including presputtering (10 s) and
automated re-centering (2 min)

<0.2%. for '¥0/'°0 (2SE)

<0.3%. for '80/'°0 (2SD)

180 =6 x 106cps
Multi FC (10" ohm)

In order to achieve high reproducibility, the beam of the electron gun
is carefully tuned at the beginning of each session in terms of electron
current applied to the surface of the sample (~30 pA on Al/Cu-mesh
with 20 V offset), centering to the secondary ion optics, and
homogeneity (60 umx 100 pm oval area, which is observed using 'H
image induced by electron beam from surface correlated hydrogen
on the sample). The magnetic field is maintained stable within 10 ppm
(or 5ppm in mass) by using a NMR (Nuclear Magnetic Resonance) probe
and readjusted every 12 h. The primary beam trajectory is at ~21° angle
against normal to the sample surface (deflected from 30°), so that any
slight height difference along the sample surface is identified as a shift of
primary beam position. In each analysis position, sample height is
manually adjusted (Z-focus) to minimize the shift of primary beam
position (less than 10 um on the sample surface), which is supposed to
reproduce the height of the sample stage within ~30 um against the
secondary ion extraction plate (5 mm away from the sample surface).
Furthermore, there is a slight deformation of the electrostatic field
applied to the sample surface (— 10 kV) towards to edge of the 1-inch
(~25 mm) holder, which can cause deflection of secondary ions away
from the ion optical center. These effects are minimized by automated
centering of the secondary ion beam in the field aperture prior to each
analysis using deflectors near the first cross over of the secondary ions.

Each analysis takes about 3.5 min, consisting of 10 s of presputter-
ing, ~120 s of automated centering of secondary ions, and 80 s of
integrating oxygen isotope signals. Because of high primary beam
density, 10 s presputtering is long enough to achieve nearly full
strength of the secondary oxygen ion intensity, which is subsequently
stabilized during the 120 s period of automated centering prior to
integrating the ion counts. Under the analytical conditions described
above with typical count rates of ~3 x 10° cps and ~6 x 10° cps for 10~
and 807, respectively, the internal precision from one spot analysis
consisting of 20 cycles (80 s total integration) of oxygen two isotope
measurements (80,190 ratio) is typically ~0.2%. (2SE; SE = standard
error), which is consistent with the thermal noise of the Faraday Cup
amplifiers (~2000 cps for 4 s integration in 1SD).

2.2. Oxygen three isotope analyses and small spot (<3 pum) analyses

We further expand our analytical capabilities to oxygen three
isotope analyses using three FC detectors (for 10-15 pm spots) and
oxygen two (or three) isotope analyses with small beam spots
(<3 pum) using FC-EM (electron multiplier) detectors. A similar
condition described above is applied, except for choice of detectors,
mass resolving power (as defined by entrance and exit slit widths)
and analysis time.

For the oxygen three isotope analyses, 0O is measured using
an axial detector with mass resolution of ~5000 (at 10% height)
in order to resolve the OH interference. The axial detector (also
called “Mono collection system” as it is not on the multicollection
trolley) is equipped with a variable width exit slit and the 70 beam
can be deflected either on FC or EM depending on the 0 intensities.
We typically use the FC for intensities greater than 5 x 10° cps and the
EM for intensities lower than ~3x10° cps. The entrance slit is set to
75 pum and the exit slit at the axial detector is adjusted to ~200 pm,
while keeping the largest exit slit widths (500 pm; MRP~2000) for
160 and '®0 on the multicollection as in the case of the oxygen two
isotope analyses. The transmission of the secondary ions decreases to
~70% because of the narrower entrance slit width compared to the
oxygen two isotope analysis condition. The contribution of '®0'H
interference to the 70 signal is estimated by obtaining the relative
intensity of the 70 mass spectrum at 0.0036 amu below 70
(equivalent to the mass difference between °0'H and '70), which
determines the shape of the tailing correction. The relative intensity is
always kept less than 20 ppm. Here we assume that the shapes of the
mass spectrum of O and '®0'H are the same, which should be
applied with caution. We consider this to be good approximation in
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our analytical condition because the direct ion image of '°0'H is very
similar to that of 0. Multiplying the relative sensitivity by ('*0'H/
70) ratios gives the hydride correction factor, which is usually
negligible for anhydrous materials (<0.1%. for '0'H/'”0 ratios less
than 5). By using ~15 pm beam with a primary ion intensity of 4-5 nA,
which is higher than the above oxygen two isotope analysis, a single
spot analysis takes ~8 min for multicollection FC oxygen three isotope
measurements. In this condition, the internal errors of 70/'°0 and
180/180 ratios are typically 0.3 and 0.1%. (2SE), respectively, from 40
cycles (total 400 s) of measurements.

For the small spot analyses, the primary ion beam is finely focused
typically to <3 um diameter with a low primary Cs* intensity of
<20 pA. The minimum diameter of the primary beam for oxygen
isotope analysis is 0.9x0.6 um with Cs+ intensity of 1 pA and
secondary '°0 intensity of 10° cps (Page et al., 2007). The secondary
ion intensities of minor oxygen isotopes (170 and '80) are less than 10°
cps, so that they are measured using EM detectors in pulse counting
mode. The 70 beam is put on a large ETP EM in the axial position,
while a small EM detector (Hamamatsu) on the multicollection trolley
is used for 0. The EM pulse heights are adjusted to have a peak at
~280 mV at the beginning of each analysis session. The gain of EM
detector does not drift significantly if the count rates are less than 10°
cps, though readjustments are required a few to several times a day
unless the count rates are much less than 10 cps. A single spot
analysis takes between 15 and 30 min for small spot analyses
depending on the beam size; time is inversely related to the count
rate of the minor isotope to collect total counts of at least 4x 10°
(i.e., statistical error of 1%, in 2SD). A presputtering time is required
between 3 and 10 min at the beginning of each analysis in order to
stabilize the secondary ion intensity, which is much longer than 10 s
for a larger primary ion beam of the multicollection FC analyses.
During the presputtering, the base line of the FC detector for 10 is
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measured in each analysis, otherwise the baseline drift could be as
large as ~1000 cps within a day and bias the measured oxygen isotope
ratios (both '¥0/'%0 and 70/®0) as much as 1%..

2.3. Reproducibility of the mineral standards

In the above section, internal errors of a single analysis were
described for different analytical conditions. However, it is important
to emphasize that internal precision is not a good index of analysis
quality for stable isotope ratios by SIMS. It is often the case that actual
spot-to-spot reproducibility on a homogeneous standard is signifi-
cantly worse than internal precision. In other cases, isotope ratios
systematically change within a single analysis so that the external
precision of repeated analyses is better than the internal precisions.
We demonstrate here various test analyses using homogeneous
oxygen isotope standards in order to evaluate external (spot-to-
spot) reproducibility of oxygen isotope analyses.

Through this paper, the raw measured ('®0/1°0) ratios are
converted to delta notation 8'®Ogaw, by normalizing to Standard
Mean Ocean Water (0/'°0)ysmow = 0.0020520, (Baertschi, 1976).
Since the absolute (170/'®0) ratio of VSMOW is not known with high
precision, the normalization parameter ('70/'°0)=0.000383 is used
to convert the measured ratio to 67Ogaw, in agreement with the
estimate of (70/'°0)ysmow = 0.0003831 by McKeegan (1987). The
5'80 values on the VSMOW scale that were calibrated by conventional
extraction techniques and gas-source mass spectrometer are
expressed as “6'0” throughout the paper.

2.3.1. Reproducibility as a function of sample stage position

In order to test the reproducibility of oxygen isotope ratio mea-
surements across the sample surface, we analyzed small fragments of
a zircon standard with homogeneous oxygen isotope ratios (KIM-5,
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Fig. 2. Reproducibility of SIMS analyses of 6'80 for zircon standard, KIM-5, as a function of non-optimum sample geometry (uncorrected raw data, grain mount WI-STD-12). (a)
Reflected light image of the mount before gold coating, showing 9 groups of zircon standard grains cast in epoxy resin as a grid with a ~5 mm interval. The mount was inserted to the
instrument rotated as shown in Fig. 2b to perform a test at X and Y coordinates of 47 mm. (b) Map of analysis spots on the mount. Units are mm. The outer circle indicates the edge of
the epoxy mount, 25 mm diameter. The stage X and Y coordinates correspond to the sample surface. (c, d) Variation of 6'®Ogaw values along the stage X-Y coordinates. Data are listed in
Table A2. The solid line and grey regions are the average and the external (spot-to-spot) reproducibility (2SD) of 12 analyses from the group of grains near the mount's center (6.27 +
0.34%.), which is slightly better than that of all the analyses, 6.35 4- 0.42%. (2SD, N = 28). The average and standard errors (in 2SE) of multiple analyses are shown from five locations as
open squares. Although individual §'®0gayw values from extreme locations (X or Y>5 mm) overlap with those from near the center, the average of four analyses at Y= — 6 mm (6.63 +
0.11%., 2SE) is significantly higher than that of 12 analysis near the center (6.27 & 0.10%., 2SE), with difference of 0.36 4- 0.14%. (2SE).
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6180 =5.09%. VSMOW, Valley, 2003; Page et al., 2007). We used the
conditions for oxygen two isotope analyses in multicollection FC
mode and the results are shown in Fig. 2. In this mount (WI-STD-12,
Fig. 2a), more than 100 small chips of the original KIM-5 crystal are
cast within the central 7 mm radius of a 25 mm round epoxy resin
mount in order to simulate typical geological samples prepared for
SIMS analyses (such as zircon U-Pb geochronology mounts). The
zircon grains are polished flat against the epoxy surface showing
minimal polishing relief (<0.5 pm) as determined by profilometer
measurements. The reproducibility of analyses at the center of the
mount is 0.34%. (2SD), whereas pits that are 6-7 mm from the center
show a marginal variation depending on location within the mount.
The largest deviation in Fig. 2 is observed at Y= —6 mm with the
average §'®0gaw value 0.36 & 0.14%. higher than at the center of the
mount (Fig. 2d). Such geometrical effects are here called “X-Y
effects”. In the case of the zircon standard mount with a well
polished, flat surface, the effect within 6-7 mm from the center is
marginal and comparative to the reproducibility of the repeated
analyses at the central location.

2.3.2. Reproducibility within an analysis session

The above protocol for oxygen two isotope analysis in multicollection
FC mode allows us to obtain more than 300 spot analyses in a day (24 h).
Fig. 3 demonstrates an example of reproducibility of UWQ-1 quartz
standard (6'®0=12.33% VSMOW,; Kelly et al, 2007) mounted in
multiple samples and measured in a continuous 48 h analysis session
(Rusk et al., 2007). All the UWQ-1 standard grains were mounted within
5 mm of the center of each mount. The average and external precision of
5"80gaw of 173 analyses of UWQ-1 is 6.75 4 0.42%. (2SD) among a total
of 658 spot analyses within 48 h. Although we changed sample mounts
11 times during the session, there is no significant change in UWQ-1 data
before and after a sample change. The UWQ-1 data in Fig. 3a
demonstrate small, but consistent amounts of drift of ~0.2%. over 48 h
(except for the last sample change), which is the level equivalent to
small drift of FC noise of ~1000 cps.

Because of potential minor drift or in some cases a sudden change,
4 spots analyses of UWQ-1 are made every 15-20 analyses as a

monitor. The analyses of unknown samples are corrected for instru-
mental bias calculated from the average of 8 bracketing standard
analyses using the method described later in 2.4. The reproducibility
(external precision) of each set of 8 bracketing standard analyses is
assigned as the analytical uncertainty of each single spot analysis
within that bracket. In the session shown in Fig. 3, the average of
external precision is 0.29%. (2SD), which is slightly worse than the
typical internal error of the analysis (~0.2%. in 2SE).

In most cases, internal precision of a single analysis is comparable
to or smaller than the external spot-to-spot precision on standards.
However, for some minerals including calcite and albite, we
consistently attain smaller external precision (<0.3%.) than internal
precision (~0.5%.). For these minerals, the measured isotope ratio
varies systematically with depth during a single analysis. However,
high reproducibility for single analyses is achieved due to constant
analysis depth with a given primary beam condition and a carefully
timed analysis routine. While many minerals do not yield changes in
measured ratio at such shallow depths, depth profiling analysis is not
advisable without testing a homogeneous standard.

The reproducibility of oxygen three isotope analyses (Kita et al.,
2008) is shown in Fig. 4 to demonstrate the performance of
multicollection FC mode with 15 pm diameter spots. San Carlos
olivine grains (SC; 6'80=5.32%., VSMOW, Kita et al., 2007) were
mounted around the edge of meteorite sections within ~5 mm of the
center of the mounts. Three grains from the first mount and one from
the second mount are analyzed as bracketing standards. The average
external precisions of 6'®0gaw and 6! Ogaw values from 8 sets of
bracketing analyses are 0.31%. and 0.37%. (2SD), respectively. The
external reproducibility of 6'®Ogaw is significantly worse than that of
internal precision (0.1%., 2SE). Yet, the external precision of ~0.3%. is
similar to minor X-Y effects seen in Fig. 2.

The reproducibility of oxygen two isotope measurements from a
small beam analysis using multicollection FC-EM mode is shown in
Fig. 5. In this example, several foram samples were analyzed with
UWC-3 calcite as bracketing standard (8'®0=12.49% VSMOW;
Kozdon et al., 2009). Before the third analysis of every set of four
standards, the gain of the EM detector was adjusted slightly by
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Fig. 3. Optimized reproducibility SIMS analyses of §'®0 of multiple grains of quartz standard (UWQ-1) in 12 sample mounts with quartz unknowns during one analysis session
(uncorrected raw data, Rusk et al., 2007). A total of 658 analyses were made within 48 h including 173 standard analyses; standard analyses were made in groups of four spot
analyses. (a) The average and 2SD of each group of 4 standard analyses. There is a small amount of drift with time shown as grey line (~0.2%./48 h). The arrows indicate sample
changes. The 6'80gaw values in standard quartz grains in different sample mounts indicate that the sample change does not generally affect the measured ratios. (b) All data from the
48 h session. The external errors of sample analyses are estimated by the 2SD of 8 analyses from the two groups of bracketing standards for each group of 10-20 sample analyses. The
average value of 2SD of 8 analyses in a standard bracket is better than 0.3%.. The standard quartz analyses (filled symbols) are constant while values from natural and synthetic quartz

samples (open circles) vary by 40%o..
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Fig. 4. Optimized reproducibility of San Carlos olivine standard (SC) for SIMS oxygen three isotope analyses in multicollection FC mode during meteorite sample analysis sessions
(uncorrected raw data, Kita et al., 2008). A total of 343 analyses were made within 56 h including 103 standard analyses. (a) Average 6'®Ogaw and 2SD values of each group of
standard analyses (4 analyses/group). (b) The 6'®0gaw values of all analyses during the session. (c) Average 6'”Ogaw and 2SD values of each group of standard analyses (4 analyses/
group). (d) The 6'7Ogaw values of all analyses. Filled symbols are SC standard and open symbols are meteorite analyses. Two thick sections of meteorite specimens, Mounts (1) and
(2) were analyzed. Arrows indicate sample change to Mount (2). In Mount (1), three SC standards (STD1, STD2, STD3) are placed around the edge of the meteorite specimen, with the
Xand Y coordinates (in mm) of (+ 1.0, +3.3), (—4.5, + 1.1), (0.5, — 5.1), respectively. No significant difference among them in measured ratios was observed. The averages of 2SD of
bracketing standard analyses (total 8 analyses before and after sample analyses) are 0.31%o and 0.37%. for the 6'®0gaw and 6'7Ogaw Values, respectively. The error bars in (a) and (c)

are 2SD of each group of four standard analyses.

increasing EM high voltage (~ a few volts). Without this adjustment,
the UWC-3 data would show systematic drift through the analysis
session due to aging of the EM. The external precisions of bracketing
standard analyses are 0.7%. (2SD) on average, which is significantly
larger than the internal precision of ~0.4%. (2SE) mainly from
counting statistics. There could be a source of additional error, though
it is difficult to evaluate a small effect comparable to the internal
precision. One possibility is a small drift of EM gain (~0.5%.) during
9 sets of analyses while keeping the EM high voltage constant. Total
dose of 80 ions detected by the EM during 10 analyses is ~3 x 10®
counts, which may be large enough to cause the observed minor drift.

2.4. Instrumental bias correction

The SIMS measured isotope ratios are subjected to instrumental bias
(often called Instrumental Mass Fractionation) according to the

differences in the ionization efficiency of individual isotope, in the
transmission through the mass spectrometer and efficiency of individual
detectors. Therefore, the measured ratios are always biased compared to
the true value and a correction is necessary to convert to the VSMOW
scale. Standards with homogeneous oxygen isotope ratios and calibrated
6'80 values are used during each analysis session to correct the
instrumental bias. The SIMS instrumental bias is known to include
large matrix effects and thus standards should usually be the same
mineral phase as the sample and have similar chemical composition. For
minerals with complex solid solution or zoning such as carbonates or
garnets, it may be required to have many standards so that the
instrumental bias can be interpolated from a suite of standards with
chemical composition bracketing that of the unknowns (Eiler et al.,
1997a,b; Vielzeuf et al., 2005). The matrix specific SIMS instrumental
bias correction is often referred as “matrix correction”. More general
procedures for the SIMS matrix corrections have been described (Hervig
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Fig. 5. Optimized reproducibility of SIMS analyses of §'0 for UWC-3 calcite standard during a session with a 3 um diameter primary beam spot (uncorrected raw data). Data are from
Kozdon et al. (2009) who report oxygen isotope zoning in single foram tests. The oxygen isotope analyses were performed using multicollection FC-EM mode. The primary Cs* and
secondary 50~ ion intensities were ~20pA and 2 x 107 cps, respectively. The integration time was 800 s. A total of 94 analyses were made within 48 h including 36 standard analyses.
Filled symbols are UWC-3 analyses and open symbols are analyses of foram samples. The EM high voltage was adjusted before the third of four standard analyses. The average of 2SD
of bracketing standard analyses is 0.7%., while the average internal precision is ~0.4%. (2SE), which is consistent with the counting statistics (i.e., total ~3 x 107 counts of '®0 in a

single analysis).

et al., 1992; Eiler et al, 1997a; Riciputi et al., 1998), but no other
procedure provides accuracy at sub-permil levels.

We define o'80gys as follows to describe the instrumental bias of
the measured value (SIMS) vs. the value on the VSMOW scale.

1+ (slsomw/ 1000)

18
a0 =
SIMS 1+ (5'8%0/1000)

(2.1)

Because a'®0gys is often very close to unity, it is useful to define
the instrumental bias in permil deviation of o'®0g\s from the unity;

a'®0gys = [1 + (bias / 1000)] (2.2)
The logarithms of Eqgs. (2.1) and (2.2) result in the following
formula;

In[1 + (bias/ 1000)] = In [1 + (s‘sow,/looo)} —In [1 + (6‘30/1000)](2.3)

If the instrumental bias, §'®0gaw, and 6'®0 are all smaller than
4+ 10%., then Eq. (2.3) leads to the approximation in Eq. (2.4), which is
accurate within 0.1%o;

(bias)~6'*Ogaw — 6'°0 (2.4)

For example, the UWQ-1 quartz standard (580 = 12.33%. VSMOW)
analyses in Fig. 3 show an average 6'®0gaw of 6.80%., which gives
nearly identical bias values of — 5.47%. and — 5.53%. by using Egs. (2.3)
and (2.4), respectively. The approximation in Eq. (2.4) is often
applicable to the oxygen isotope analyses of geologic samples and
has been frequently used in SIMS studies. However, there are many
natural samples with a wide variation of '0. Some minerals and/or
analytical procedures would produce large instrumental bias. There-
fore, Eq. (2.4) should only be applied to studies with sub-permil
precisions if 6'80 values are sufficiently close to unity (O'Neil, 1986,
Table 1). It is especially important to evaluate this approximation with
other isotope systems, such as H or S, where natural fractionations
greater than 10%. can be common. Therefore, we calibrate instru-
mental bias from bracketing standards using a!'®Ogs-notation (in
Eq. (2.1)) without approximation and obtain isotope ratios of
unknown samples on the VSMOW scale.

850 = {[1 + (6]80RAW/ 1000)} /o 0gps — 1} x 1000 (2.5)

The instrumental bias during an analysis session is estimated from
the analyses of the isotope standard that bracket unknown sample
analyses. The examples of standard analyses shown in Figs. 2-5
correspond to the instrumental bias of zircon, quartz, olivine and
calcite to be + 1.2%., —5.8%0, +3.8%. and — 11%., respectively. The
instrumental bias on calcite in FC-EM mode (— 11%.) is more negative
than in FC-FC mode (—3.2%.) for the same standard reported by
Orland et al. (2009), which is due to the lower detection efficiency of
EM compared to FC by nearly 1%. More normally, using the same
detectors and analysis protocol, the instrumental biases of individual
minerals vary by at most 1-2%. from session to session. However, the
instrumental bias will change from instrument to instrument as well
as depending on the analytical conditions and detector settings. The
fairly small session-to-session variations in bias that we observe is in
part due to reproducible analytical setting and measurement proto-
cols as described in this paper.

The instrumental biases of the SIMS oxygen isotope analyses
observed in this study do not show the large negative values that were
obtained from some studies in the past (as much as —80%.;
e.g., Hervig et al., 1992; Eiler et al., 1997a; Leshin et al., 1997). These
studies with large negative bias used energy filtering with significant
reduction of secondary ion transmission compared to this work. In
contrast, bias values from more recent literature without energy offset
do not show large negative values (e.g., Gurenko et al.,, 2001; Kita et
al., 2004; Cavosie et al., 2005; Nemchin et al., 2006a; Kelly et al., 2007;
Treble et al., 2007; Ickert et al., 2008). For C and Si isotope analyses
performed in the WiscSIMS laboratory using the analytical conditions
similar to that of oxygen isotope analyses, we do see a large negative
instrumental bias (<— 30%.); 6'>C from carbonate and diamond (Weidel
et al, 2007; Liu et al.,, 2008) and 6°°Si from silicates (Knight et al., in
press). It is interesting to note that the secondary ion productions of C
and Si from these minerals are 10-100 times lower than that of oxygen in
the same analytical condition. Therefore, it is possible that preference of
light isotope enrichment created by sputtering induced ionization is
related to ionization efficiency and the effect is small for oxygen isotope
due to relatively high ionization efficiency.

For oxygen three isotope analyses, the instrumental mass
fractionation for (70/1%0) ratio is defined as a'’Ogjys similar to the
case of (180/1°0) ratio.

1+ (5170RAW/ 1000)
1+ (670/1000)

o' Ogys = (2.6)

It should be noted that 60 values of standards are calculated from 6'%0
values by using an exponential mass fractionation law with a (> factor of
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0.52; [14(6'70/1000)] =1+ (6'®0/1000)]°°2 (Clayton et al., 1991),
because the standards are natural terrestrial minerals and we usually
calibrate 6'30 values from the conventional gas-source mass spectro-
metry that does not independently measure 6'70.

It is evident from the above description of instrumental bias cor-
rection and error assignments that the final accuracy and precision of
the SIMS stable isotope analyses depend on the quality of isotope
standards. If the oxygen isotope ratios of standard minerals are
heterogeneous at the scale of SIMS analysis, then instrumental bias
corrections based on conventional fluorination analyses of bulk
materials will not be accurate. Evaluating the homogeneity of
standards is a major hurdle for any in situ technique. If even a small
portion of the standard differs from the rest, this will not be a concern
for bulk analysis where many grains are analyzed together, however
serious systematic errors could result for in situ analyses calibrated
against a single grain.

The mineral standards used at WiscSIMS are extensively tested for
homogeneity prior to use as an isotope standard for microanalysis and
calibration during analysis is typically based on more than one grain.
In order to evaluate potential standard materials, we crush candidate
samples to small fragments (<500 um) and randomly select chips
or grains for both laser fluorination and SIMS analyses. As a first step,
sample homogeneity can be evaluated at the mm-scale with precision
better than 0.2%. (2SD) by analyzing many mg-sized chips by laser
fluorination (Valley et al., 1995). These analyses also provide
a calibration of oxygen isotope ratios on the VSMOW scale. If the
mg-sized samples are homogeneous in 6'20, we further perform SIMS
analyses to examine homogeneity among grains and to evaluate a
larger portion of the standard material. It is common to examine
many samples before one is found to be satisfactory as a standard.
More detailed discussion about instrumental bias correction method
from various minerals and solid solutions are presented elsewhere
(e.g., Eiler et al., 2007; Kita et al., 2007; Ushikubo et al., 2008; Kozdon
et al., 2009).

3. Effect of sample relief on the 6'0gaw using SIMS

The secondary ions created from the sample surface by sput-
tering with a Cs* primary ion beam are first accelerated by 10 kV, the
potential difference between sample surface (—10 kV) and the
extraction plate 5 mm above the sample. Geologic samples are often
electrically insulating phases mounted in epoxy resin that must
be coated with thin conductive layers (typically ~30 nm C or Au)
for charge neutralization. Any surface topography of the sample
(or standard) will deform the equipotential surfaces parallel to the
sample surface, which may deform the path of secondary ion
trajectory and affect the measured isotope ratios. Sample relief can
have many causes. During the grinding and polishing of samples,
polishing relief is often created, especially during the final <1 pm grit
process. This is a particular problem among minerals with different
hardness or at the boundary of grains surrounded by epoxy. Relief can
also be created in epoxy by electron beam instruments used to image
samples in grain mounts; this can generally be avoided with careful
attention and low sample currents. Analysis of the rims of mineral
grains is often of interest, especially to investigate diffusion profiles,
interaction between solid and melt (and/or fluid), or growth of
different generations of minerals. Because of the high precision
achieved at WiscSIMS, permil-level effects from isotope diffusion and
various isotope reservoirs can be clearly resolved or ruled out (Desbois
et al., 2007; Kelly et al., 2007; Page et al., 2007; Kozdon et al., 2009).
However, surface topography of the sample could produce false
results if not properly controlled, for example values could be biased
by polishing relief at the edge of a grain mimicking a diffusion profile.

In order to evaluate the level of analytical artifacts, we conducted
three experiments: (1) the effect of polishing relief by intentionally
varying the amounts of relief from <1 pum to 40 pm on zircon standard
grain mounts and (2) the effect of polishing relief at the boundary of one
grain of a homogeneous quartz standard. In these experiments, we used
a ZYGO™ white light profilometer at the Materials Science Center,

[ 30um
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: Opm

mm

0.00 mm

Fig. 6. Not optimized standard zircon grains (KIM-5) in WI-STD-13 after the first step of polishing (Step-1). (a-e) Reflected light images of Groups 1, 10, 11, 12 and 13. Grains that are
labeled with numbers are those for oxygen isotope analyses. Scale bars, 0.5 mm. (f) Polishing relief measured by using the profilometer for the lower left of Group 1. Field of view —
1.4 x 1.0 mm. The maximum polishing relief in this area is 30 pm. Two large grains marked as 1-1 and 1-4 are those shown in (a). Epoxy at the left side of the grain 1-4 is lower (blue)

that at other locations (green).
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University of Wisconsin-Madison to measure surface topography at the
sub-pum scale. (3) In comparison to these tests of non-ideal sample
preparation, we also performed the third experiment by analyzing the
rim of a diopside standard grain with a minimum of relief (<1 pm).

3.1. Intentionally applied polishing relief on zircon standard (KIM-5)

We used the polished grain mount, WI-STD-13, which contains ~200
chips of zircon standard (KIM-5) and is similar to WI-STD-12 shown
in Fig. 2. The 200 to 500 pm diameter grains of zircon in WI-STD-13
are mounted as 13 groups of 10-20 grains/each within 7 mm of
the center of the mount. Both of these zircon mounts were originally
prepared with minimal relief (<1 pm) and repeated analyses of

randomly selected grains show reproducibility of 6®0Ogaw of 0.3%.
(2SD, as shown in Fig. 2).

3.1.1. Creation of variable polishing relief

Step-1: The mount, WI-STD-13, was re-polished with 0.3 pm
alumina powder with high-nap pad on a quickly rotating lap in order
to erode the epoxy and create polishing relief. After the sample was
ultrasonically cleaned with water, we applied 1 min of repolishing
using 3 pm diamond lapping film by hand to partially flatten the top
of the high relief grains, but not to remove all relief. The 0.5 um
diamond lapping film was used subsequently to remove scratches
made in 3 pum polishing. Some grains still had rounded surface
because alumina powder polishing created a variety of heights

(a) Step-1: Alumina p

owder (0.3um) to create relief |

/‘ 7

™

(b) Step-2: Diamond film (3um) polish

R 5T g £+,
¥ i v“, 4 -~ .
._-‘ ’ ‘ o *

(c) Step-3: Additional Diamond film (3um) polish

Fig. 7. Reflected light images of zircons after three polishing steps from Group 1 at the center of the mount WI-STD-13 (Fig. 6a). (a) Step-1, (b) Step-2 and (c) Step-3. See text for
detailed polishing process. Scale bars are 0.5 mm. The average amounts of relief in the region were 29 pm, 22 um and 20 um for Step-1, -2, -3, respectively. The images in (c) are taken
after the SIMS analyses, showing pits on the center of the grains (the left side image). In contrast, one large grain in the lower right image (Group-1 grain "1”; also shown again in

Fig. 10) shows many pits made to evaluate the effect of analyzing near the rim of a grain.
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among grains. The surface topography of a group of zircon grains
against the epoxy resin was measured by using the profilometer. The
relief of five groups on the mount (group names, 1, 10, 11, 12, and 13;
Fig. 6a-e) ranged from 22 um to 40 um, defined as maximum height
difference between grain surface and immediately adjacent epoxy
resin. In each group, epoxy resin at periphery of the group of grains
was eroded deeper than epoxy between the grains, causing the
zircon grains to rise above a “plateau”. There are streamlined troughs
in epoxy on both sides of each group of zircons (partly seen in Fig. 6f)
with the same orientation throughout the section. These troughs
were made during the alumina powder polishing because we did not
rotate the epoxy mount.

Steps-2 and -3: Mount WI-STD-13 was gently ground down using
a 3 um diamond film in two additional steps to reduce the amount
of relief (Steps-2 and 3). A 0.5 pm diamond lapping film was used
subsequently to remove scratches made in 3 um polishing.
Profilometer measurements were performed for three groups for
the Step-2 (groups 1, 10 and 12) and only one group for the Step-3
(group 1), indicating that the sample was ground down ~5 pm at
each step, though relief was not fully removed even after the Step-3.
The reflected light images of the same grains for three steps are
compared in Fig. 7. After the first polishing step, many grains still
show a rounded surface, which is fully flattened in the second step.
However, all the grains are well above the surface of the epoxy resin.
After the last step, the amount of relief was variable from 0 to 25 pm;
in places the epoxy surface became level with the zircon grains and
started to polish.

3.1.2. SIMS analyses of multiple grains

The SIMS measurements were made for randomly selected
grains from five groups for Step-1, three groups for Step-2 and only
one group for Step-3, from which profilometer measurements were
performed. The results of analyses (6'®0raw) are shown in Table 2.
The topography of each group measured using profilometer is also
shown in Table 2. We intentionally analyzed the center of each grain
in order to avoid additional effects at the edge of high relief grains
that could also be significant. For Step-1, a second standard mount
with grains of the same zircon (KIM-5) and low relief (WI-STD-12),
was measured before and after the analyses for comparison and as a
monitor of potential instrumental drift. The results of Step-1 are
shown in Fig. 8, showing the average and 2SD of 28 spot analyses
to be 7.7 + 1.8%.. This is biased and poorly reproducible compared to
zircons on mount WI-STD-12 (an average of 6.7 + 0.3%. in 2SD). The
average 6'80gaw values and the 2SD from five different groups of
zircon grains were variable, ranging from 7.3%. to 8.8%. for 6'80gaw
and the precision (2SD) varies from 0.7%. to 2.6%. (Table 2).
Among grains in each group, the grain at lowest X coordinates
(right side of Fig. 6a—e) always shows highest 6'80gaw values. The
large variation of 6'®0gaw values along X coordinates may be
related to the surface topography of individual groups that are more
pronounced in the direction parallel to the polishing troughs on the
epoxy resin (Fig. 6f).

For Steps-2 and -3, we did not measure WI-STD-12 in the same
session and only the reproducibility of analyses was evaluated, which
range from 4-0.6%. to 1.5%. (2SD). As shown in Fig. 9 summarizing all
data from the three grinding steps, the external precisions of 6'®Ogaw
values generally correlate with the amounts of relief. The grains from
Group 1 of the mount were analyzed in all three steps, showing an
improvement of external precision (2SD) with the polishing steps.
These results clearly indicate that external precision of 6®¥O0gaw
improves with reduction of the amount of polishing relief.

3.1.3. SIMS analyses of a single grain

In addition to the above analyses at the center of multiple grains,
we selected one large zircon grain from mount WI-STD-13 (Group 1,
grain “1” in Fig. 6a and f) and analyzed both the center and the rim of the

Table 2
SIMS raw oxygen isotope ratios (6'®Ogaw) of KIM-5 zircon standard grains (6'0 = 5.09%.
VSMOW) measured with variable amounts of polishing relief.

Analysis# Position® Oy error X mm Y mm Relief® (um)
Mount Name: WI-STD-12 KIM-5 bracket for Step-1
S1-08 1-1 6.71 0.22 0.9 —0.6
S1-09 1-2 6.68 0.24 —-0.2 —-03
S1-10 1-3 7.05 0.28 1.0 1.0
S1-11 1-4 6.90 0.19 13 —0.7
S1-62 1-5 6.65 0.32 —04 0.6
S1-63 1-6 6.77 0.26 —-02 —04
S1-64 1-7 6.58 0.20 13 —0.6
S1-65 1-8 6.74 0.25 11 1.0
Average and 2SD (N =8) 6.76 0.30 <0.5
Mount Name: WI-STD-13 (Step-1)
S1-30 1-2 77 0.2 —0.6 —01
S1-31 1-3 8.3 03 —0.7 0.2
S1-32 1-4 8.5 03 —11 —09
S1-33 1-5 6.6 0.2 0.7 —12
S1-34 1-6 6.5 0.3 0.6 —0.2
S1-35 1-7 8.1 0.2 —0.1 —0.8
S1-36 1-8 71 0.2 —0.1 —12
S1-37 1-9 6.7 0.3 0.3 03
S1-38 1-10 7.5 03 0.1 03
Average and 2SD 74 1.5 29
S1-39 10-1 77 0.3 —6.9 —0.5
S1-40 10-2 79 0.3 —6.7 —12
S1-41 10-3 7.6 0.4 —6.5 —12
S1-42 10-4 7.6 0.3 —6.0 —11
S1-43 10-5 6.9 0.5 —6.1 —-09
Average and 2SD 75 0.7 24
S1-44 11-1 6.6 0.3 —-03 6.9
S1-45 11-2 7.8 0.3 —0.8 6.1
S1-46 11-3 83 0.4 —-1.0 5.8
S1-47 11-4 71 0.3 —0.2 5.9
S1-48 11-5 6.5 0.2 0.7 5.9
S1-49 11-6 73 0.3 —-0.7 5.7
Average and 2SD 73 13 22
S1-50 12-1 75 0.3 6.9 —05
S1-51 12-2 8.1 0.3 6.5 —04
S1-52 12-3 9.1 0.4 5.9 0.0
S1-53 12-4 7.4 0.3 6.1 0.5
Average and 2SD 8.0 1.6 40
S1-54 13-1 104 0.4 —0.7 —6.8
S1-55 13-2 9.0 0.3 —05 —6.6
S1-56 13-3 8.7 0.3 —-03 —72
S1-57 13-4 73 0.4 0.2 —70
Average and 2SD 8.8 2.6 35
Average and 2SD of 7.7 1.8
WI-STD-13 (N = 28)
Single grain (1-1) center and rim
S1-24 1-1-#1 7.7 0.3 —0.52 —112
S1-25 1-1-#2 8.5 0.2 —0.62 —1.26
S1-26 1-1-#3 75 0.2 —0.48 —0.96
S1-27 1-1-#4 8.0 0.3 —0.57 —110
S1-28 1-1-#5 6.5 0.3 —041 —113
S1-29 1-1-#6 72 0.3 —0.48 —111
S1-66 1-1-#7 7.6 0.2 —0.55 —115
S1-67 1-1-#8 41 0.4 —0.39 —112
S1-68 1-1-#9 9.0 03 —0.65 —1.07
S1-69 1-1-#10 71 0.2 —048 —0.88
S1-70 1-1-#11 7.2 0.3 —0.59 —1.30
Average and 2SD 73 25 21
WI-STD-13 (Step-2)
S2-50 1-4 71 0.3 —-11 —0.6
S2-51 1-5 6.1 0.3 0.3 —0.7
S2-52 1-6 6.0 0.3 0.3 0.7
S2-53 1-9 6.3 0.2 —0.1 1.0
S2-54 1-3 6.8 0.2 —-1.0 0.6
S2-55 1-2 6.7 0.3 —09 0.3
S2-56 1-7 6.3 0.2 —-0.2 —01
Average and 2SD 6.5 0.8 22
S2-57 10-1 75 0.3 —6.5 —24
S2-58 10-2 6.8 0.2 —6.1 —-29
S2-59 10-3 6.8 0.2 —5.9 —28
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Table 2 (continued)

Analysis# Position®  6'®0gaw  error X mm Y mm Relief® (um)
WI-STD-13 (Step-2)

Average and 2SD

S2-60 10-4 6.9 0.2 —5.5 —26

S2-61 10-5 7.0 0.3 =G4/ —24
Average and 2SD 7.0 0.6 19
S2-62 12-1 6.3 0.2 6.3 2.7

S2-63 12-2 6.7 0.2 5.9 2.6

S2-64 12-3 79 0.3 51 2.8

S2-65 12-4 7.0 0.2 5.2 34
Average and 2SD 7.0 14 34
Single grain (1-1) center and rim

S2-44 1-1-#1 6.5 0.2 —0.38 —0.62

S2-45 1-1-#2 6.2 0.3 —0.39 —0.39

S2-46 1-1-#3 5.6 0.3 —0.24 —0.56

S2-47 1-1-#4 77 0.2 —0.41 —0.81

S2-48 1-1-#5 6.8 0.1 —0.52 —0.61

S2-49 1-1-#6 6.2 0.2 —033 —0.61
Average and 2SD 6.5 15 15
WI-STD-13 (Step-3)

$3-15 1-8 6.1 0.3 0.0 —04

S3-16 1-5 5.5 0.4 0.7 —04

$3-17 1-7 6.2 0.3 —01 0.1

S3-18 1-6 5.9 0.4 0.7 0.6

S3-19 1-9 5.9 0.4 0.3 11

S3-20 1-3 6.5 0.4 —05 11

$3-21 1-2 6.0 0.3 —0.5 0.8

S3-22 1-4 6.2 0.3 —11 0.0
Average and 2SD 6.0 0.6 20
Single grain (1-1) center and rim

S3-4 1-1-#1 6.0 0.2 —0.48 —0.24

S3-5 1-1-#2 6.1 0.3 —0.41 —0.05

S3-6 1-1-#3 6.0 0.4 —0.62 —0.21

S3-7 1-1-#4 6.6 0.3 —0.54 —047

S3-8 1-1-#5 5.8 0.4 —0.35 —0.36

S3-9 1-1-#6 5.7 0.4 —0.49 —0.26

S3-10 1-1-#7 6.0 0.3 —0.38 —0.06

S3-11 1-1-#8 6.3 0.3 —0.61 —0.18

S3-12 1-1-#9 6.5 0.3 —0.57 —0.44

$3-13 1-1-#10 5.9 0.3 —0.34 —0.32

S3-14 1-1-#11 5.7 0.3 —0.46 —0.26
Average and 2SD 6.1 0.6 10

2 For WI-STD-13, names of positions are defined as “group number - grain number”.
For the multiple analyses of the single grain (grain 1-1), additional numbers “-#n”
indicate the sequence of analysis.

b The relief of zircon grains against epoxy surface is determined using profilometer.

grain. Profilometer measurements indicate that surface topography
around this grain was reduced from ~21 pm to ~10 pm for the three
polishing steps. The results are shown in Table 2 and Fig. 10. The 68 0gaw
values deviate significantly at the rim, showing external precisions of
2.5%0 and 1.5%. (2SD) for Steps-1 and -2, respectively. These external
precisions are much worse than that obtained by analyzing the centers
of multiple grains in the same group; 1.5%. and 0.8%. for Steps-1 and -2,
respectively. The reproducibility is improved for Step-3, showing
precision of 0.6%. (2SD) and identical to the analyses of multiple grains.
These results indicate that analytical artifacts due to sample topography
are emphasized at the edge of grains compared to the center.

There is also a systematic variation of the 6'®0gaw values that
correlates to X-Y coordinates; increasing 6'80gaw values with decreas-
ing X and Y coordinates. Smaller X coordinates (spots #4 and #9 in Step-
1, #5 in Step-2, and #3 and #8 in Step-3, in Fig. 10) always shows higher
values than opposite locations (spots #5 and #8 in Step-1, #3 in Step-2
and #5 and #10 in Step-3, in Fig. 10). Smaller Y coordinates (spots #2 in
Step-1, #4 in Step-2, and #4 and #9 in Step-3, in Fig. 10) always show
higher values than opposite locations (spots #3 in Step-1, #2 in Step-2
and #2 and #7 in Step-3, in Fig. 10). In particular, data from near the rim
on sloped surfaces (#8 and #9 in Step-1, in Fig. 10) show over a 5%.
difference.

O Group1 (29um)
¥V Group10 (24pm)
A Group11 (22um)
@ Group12 (40pm) Diameter
B Group13 (35um) 25mm
11 - T T
+ WI-STD-13, Step-1
10 | KIM-5 Zircon (5.09%. VSMOW) |

with high relief (22-40um)
o b i
S 18 '

w 8l é % J
6 1 4 |

-1.0 -0.5 0.0 0.5 1.0

LWI-STD- 12 (<0. Spm,

Stage X (mm), relative to center of each group

Fig. 8. SIMS oxygen isotope analyses of standard zircon grains (KIM-5) with relief
of 22-40 pm (Step-1). Data from five groups (1, 10, 11,12 and 13) of zircon grains on
WI-STD-13 (Fig. 6) are shown with different symbols. Data are shown in Table 2. The
location of each group on the mount is tabulated as X-Y coordinates in Table 2 and
shown in the map (lower right). The horizontal axis is X coordinate relative to the
center of each group. Shadowed area indicates the reproducibility of KIM-5 grains
from a different mount with minimal relief (WI-STD-12, 6"®0gaw = 6.7 % 0.3%.
in 2SD), measured in the same session (Table 2), while the average of 28 spots in 5
groups on WI-STD-13 ('8 0gaw = 7.7 & 1.8%) is relatively elevated. In all groups, data
with lower or more negative X coordinates are systematically higher in §'0gaw. This
tendency is emphasized for data from higher relief grains (groups 12 and 13).

3.2. Polishing relief on quartz standard (UWQ-1)

Mount WI-STD-8 contains more than 50 grains of the quartz
standard, UWQ-1, and had a moderate amount of polishing relief,
typically ~10 pm as measured by profilometer. We chose one large
grain (~1.5 mm dia.) showing up to 12 um relief between epoxy and
the grain surface (Fig. 11a, b), and measured oxygen isotope ratios
from the rim and center of the grain. The results are shown in Fig. 11c.

5.0 .
S .| KIM-5 Zircon Standard
o % (WI-STD-13) O
o
s GroupE] 0
c | -
O Group-12
@ 10T
§ 0.8 /_\.D
% 06 O Group-10 O Step-1
c 04 A Step-2
£ WI-STD-12 O Step-3
= 0.2 : 3 : :
0 10 20 30 40 50

Average Relief (um)

Fig. 9. External precision (2SD) of SIMS oxygen isotope analyses (6'®Ogaw) of KIM-5
zircon standard grains with variable amounts of polishing relief. Data are shown in
Table 2. The reproducibility of analyses is shown on the Y-axis as a logarithmic scale.
Each data point corresponds to one group of zircon grains from polishing Steps-1, -2 and
-3. Open symbols are from WI-STD-13; squares are Step-1, triangles are Step-2 and a
circle is Step-3. A filled symbol is from WI-STD-12 with minimal relief (<0.5 um) during
the same session with Step-1. Data from the same group improve in external precision
with reduction of polishing relief.
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Fig. 10. SIMS oxygen isotope analyses within a single zircon grain showing different levels of polishing relief. Data are shown in Table 2. The rim and center of grain “1” at the center
(group 1) of the WI-STD-13 mount (Figs. 6a and 7) were analyzed, showing improvement of reproducibility (2SD) with reduction of relief. Filled symbols are analyses from the center
of the grain and open symbols are from the rim. The positions of analysis spots are shown for the rim analyses in the upper images of each test. The solid line and dashed lines in each
test represent the average and 2SD of the repeated analyses. The average value cannot be compared directly, because analyses were in different sessions, zircon standard grains with
minimal relief were analyzed only during the Step-1, and the uncorrected values of §'®Ogaw of the same standard may change as much as 1%. in different analytical sessions.

The 6'®0gaw values from near the rim vary as much as 2% with an
average of 5.19+1.05% (2SD, N=15), while the average of the
analyses from the center is 5.49 4- 0.26%. (2SD, N=28). There is a clear
trend between the 6'8Ogaw Values at the rim of the grain and the X-Y
coordinates; the 6'®0gaw value decreases with increasing stage X and
Y values. This is similar to the results from the rim of a large zircon
grain shown in Fig. 10. A 150 pm traverse towards the edge of the grain
with increasing stage X values (e.g., data 11, 13, 12, and 10 in Fig. 11)
shows progressive depletion of 6'®0gaw values from 5.3%. to 4.4%o.
Data along such a traverse could erroneously be interpreted as a
diffusion profile if the effect of polishing relief and variable instru-
mental bias is not recognized.

3.3. Optimized performance on the rim of diopside standard, 95AK-6

Mount WI-STD-19 contains fragments of the 95AK-6 diopside
standard with homogeneous oxygen isotope ratio (6'%0=24.14%.
VSMOW; “sample 6” in Edwards and Valley, 1998). These grains do
not show significant relief (<1 um). We used a ~10 um diameter spot to
measure 6'®Ogaw values within ~20 um of the edge of one grain and also
100 pm from the edge. As shown in Fig. 12, the average values and the
reproducibility of the repeated analyses from the edge and the inside of
the grain are indistinguishable; 30.53 4 0.25%. (2SD,N=7) and 30.58 &+
0.19%. (2SD, N = 6), respectively. The average value from the edge is only
0.05 4 0.12%. (2SE, standard error of the mean) lower than that of inside,
indicating that there is no resolvable analytical artifact for measuring the
rim of the grains if the polishing relief is minimal.

4. Discussion
4.1. Relationship between sample topography and “X-Y effect”

The tests using samples with variable amounts of polishing relief
consistently show large analytical artifacts on §'®Ogaw values that

relate to sample topography. The results of multiple grain analyses
measuring the center of grains in Fig. 9 show a tendency of improving
external precisions with a reduction of polishing relief; from 3%.
(2SD) for 40 pm relief to 0.6%. (2SD) for 20 pm relief. The result of
rim analyses from single grains (KIM-5 zircon and UWQ-1 quartz in
Figs.10 and 11) with relatively smaller polishing relief of 12,15, 21 um
show external precisions of 1%., 1.5%. and 2.5%. (2SD), respectively.
This clearly indicates that the analytical artifact from topography is
not solely a function of height of the analyzed positions. In the
case of the UWQ-1 quartz grain in Fig. 11, the whole surface is slightly
rounded so that the surface of the grain near the rim is always tilted
compared to the plane perpendicular to the secondary ion optics.
Such a tilted surface would effectively deform the electrostatic field
and modify the trajectory of the secondary ions. The degree of
inclination seems to increase at the boundary of the grain (such as
spots 10, 14, and 19 in Fig. 11c) where we see the largest analytical
bias.

A similar artifact could be observed for various other types of
polished section that are used for SIMS analyses. Standard polished
thin sections are made by gluing rock chips on the surface of the glass
slides. If the rock chip is significantly smaller than 25 mm in diameter,
the edge of the rock specimen in a standard petrographic thin section
should show relief of ~30 pum against the glass surface and this
difference may cause analytical artifacts at the periphery of the
sample. Likewise, zircon grain mounts prepared for ion microprobe
geochronology often show a mirror finished surface, but have a large
amount of polishing relief. We typically grind such samples using a
3 pm diamond film to reduce the relief and flatten the surface of the
grains before oxygen isotope analyses, which can correlate age and
6'80 in a tiny (<100 um) zoned zircon crystals. It should be noted that
while controlling relief is clearly important for high precision analysis
of 6'80, a clean surface without deep scratches could be more
important for some SIMS applications, such as U-Pb dating or trace
element analyses where micro-scratches from the coarser grinding
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Fig. 11. SIMS oxygen isotope analyses of the center and rim from a quartz standard grain
UWQ-1, cast in epoxy with moderate polishing relief (~12 pm). (a, b) Surface
topography of a single grain measured using a profilometer. The field of view is
1.4 mmx 1.0 mm. The maximum height difference is 12 um. The X and Y-axes of the
SIMS analyses are shown as white arrows. Numbers in (a) indicate the sequence of
analyses. (c) The 6'®0gaw values from the rim of the grain show false isotope profile.
Data are shown as a distance from the rim. The 6'®0gaw values and XY coordinates of
individual spots are listed in Table A3. Open diamonds are data from the center of the
grain (#1-4, and #20-23) that bracket the rim analyses. Open circles, filled circles, open
squares and filled squares are data from rim of the grain towards —Y, +Y, —X, and +X
directions, respectively. Numbers next to data symbols are same as in (a). The solid line
and dashed lines are the average and 2SD of the data from the center of the grain. Most
of rim data within 100 um from the edge of the grain are outside of 2SD defined by the
data from the center. Large negative deviations in 6'®Ogaw values from those of data at
the center are seen from spots located at +X and + Y positions (filled symbols), while
data from opposite sides (—X and — Y, open symbols) show slightly higher 6'®Ogaw
values than the center.

steps could result in serious contamination. Therefore, it is important
to select the right polishing conditions depending on the purpose of
SIMS analyses.

A small X-Y effect is seen from the reproducibility test of the KIM-5
zircon standard if analysis spots are distances of 6-7 mm from the center

(shown in Fig. 2) even when the sample is polished with minimal relief.
Analyses from pits with negative X or Y coordinates are slightly higher in
5'80gaw than the rest of the data (Fig. 2c-d). The effect is small (~0.3%.),
but statistically significant, showing the same relationship between X
and Y coordinate and the direction of the shift of §'%0gaw values. It is
very likely that this slight analytical artifact is caused by the topographic
effect of the sample holder that covers the outer edge of the polished
section at 10 mm from the center of the mount. The sample holder
is inserted to the sample stage to which 4-10 kV acceleration voltage
is applied. Therefore, the local electrostatic field would be deformed
slightly near the edge of the 25 mm section similar to the case of the rim
of topographic grains. In the earlier studies, standard grains were
sometimes located near the edge of the grain mounts or thin sections
for convenience of sample preparation. Likewise, additional standards
could be later mounted at the edge of the section because there was
no space to drill a hole for “top mounting” at the center. Larger artifacts
could be produced if standards are mounted too far from the center and
the surface of the section is not completely flat. Slightly convex surfaces
are common in cast epoxy mounts and may worsen the topographic
effects of the sample holder. As shown in Fig. 2, the maximum artifact
normally observed at WiscSIMS is at the level of ~0.3%. for well polished
samples within 6-7 mm of the center. To avoid even these small artifacts,
we currently restrict analysis to samples and standards within 5 mm
of the center of a mount for highest precision and high accuracy of stable
isotope analysis.
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Fig.12. Optimized SIMS oxygen isotope analyses of the rim of diopside standard (95AK-
6) showing minimal polishing relief (<1 pm). (a) The data from edge (open symbols,
<20 pm from the edge) and inside (filled symbols, ~100 pm from the edge) are
indistinguishable within analytical uncertainty (difference between inside and edge:
0.05 £ 0.12%,, 2SE). (b) Reflected light image of the grain boundary between diopside
and epoxy resin. The positions of the SIMS pits are shown with the analysis number;
data are in Table A4.
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4.2. Published X-Y effects

Large geometric artifacts on the SIMS measured oxygen isotope
ratios have been reported recently from various laboratories (Treble
et al.,, 2007; Ickert et al., 2008; Whitehouse and Nemchin, 2009).
Ickert et al. (2008), using SHRIMP II, reported significant improve-
ments in the reproducibility of measured values of 5'80 from + 4%, to
+0.4%. by the redesigning of the sample mount to have a larger
surface area, indicating that the sample geometry induces strong
analytical artifacts. Here we discuss two other reports in more detail.
These studies use the IMS-1270 and can be compared directly with our
results.

Treble et al. (2007) reported that measured oxygen isotope ratios
from a standard glass vary as much as 2%. toward the edge of the
mount (within 6 mm from the center). They show that the measured
680 values systematically decrease from the center of a 25 mm mount
outwards, which is the same tendency observed in this study though
their effect is nearly an order of magnitude larger. Whitehouse and
Nemchin (2009) reported a series of analytical artifacts on a large
lunar zircon grain (0.6-0.8 mm) due to the sample topography and
location of the calibrating standards. In their first measurement, the
zircon grain was attached to a glass slide by epoxy resin and its
polished surface was a few 100 um above the surface of the glass. The
measured data calibrated by zircon standard (680 = 6.7%. VSMOW)
are biased by 1%. higher than the expected value (6'80=5.5%.
VSMOW, Nemchin et al.,, 2006a), leading Nemchin et al. (2006b)
to propose an anomalous composition on the Moon. Because of the
possibility of a topographic effect, Whitehouse and Nemchin (2009)
extracted the zircon grain and remounted it at the center of a new
25 mm epoxy mount with zircon standard (91500) mounted at 5 mm
from the sample. The results of these analyses depend on the location
of the standard grain; the reported 6'80 values are ~5.7%. and ~5.1%o
VSMOW when the calibrating standard was located at Y=—5 mm
and X = + 5 mm, respectively. If the reported systematic bias is caused
by the difference in the instrumental bias of standard at different X-Y
coordinates, the measured 6'®Ogaw values at Y=—5 mm are
systematically higher by 0.6%. than at X=+5 mm. As shown in Fig.
2, we observed a similar tendency that the measured &'0gaw values
at Y= —6 mm are higher by 0.4%. than that at X=+5.5 mm. As a
final test, Whitehouse and Nemchin (2009) extracted the zircon
grain again and remounted so that the standard is located near the
center of the mount within 1 mm from the sample, resulting in their final
value this lunar zircon to be 6'80=5.7%, VSMOW, which is in good
agreement with previous analyses of lunar zircons and rocks.

These reported X-Y effects from IMS-1270 instruments de-
scribed above are generally larger than similar artifacts obtained in
this study with a low relief surface (Fig. 2). The magnitude of these
published X-Y effects could be due to topography of the particular
mount, or it could result from differences in tuning conditions, such
as electron gun alignment and secondary ion tuning including
selection of slits and aperture sizes. The lack of Z-focusing of
the sample stage (in the first measurement of Whitehouse and
Nemchin, 2009) would require a large correction of the primary
beam positions by secondary ion deflector, which may deform both
the electron gun alignment and the secondary ion trajectory. If
the secondary ion transmission is significantly lower than 70-90%
achieved in this study, the instrumental bias among oxygen
isotopes could be more sensitive to small shifts of secondary ion
optics due to geometry of the analyzed spots. A small shift of
secondary ion trajectory in the entrance slit and field aperture
planes will result in the significant instrumental mass fractionation
among different isotopes (Schuhmacher et al., 2004), unless the
widths of secondary ion beam are significantly narrower than
the slit and aperture. The tuning parameters described in this paper
(in Table 1) correspond to almost full transmission at the entrance
slit plane and at the field aperture plane. Thus, differences in tuning

of the secondary beam, reported in our study, help to minimize X-Y
effects and may partly explain the differences from tests reported
in the literature.

This paper has dealt exclusively with data from "large radius" SIMS
instruments because they produce the best accuracy and precision for
isotope ratios. Stable isotope ratios can also be measured with smaller
SIMS instruments, including the IMS-3f to 7f series and the nanoSIMS,
however we are not aware of studies that investigated the analytical
artifacts that are described here. It is important to note that inaccuracy
due to these artifacts could be significantly worse with other
instruments due to differences in ion optics, detection system, or
operating protocol.

5. Conclusions

We have developed highly precise and accurate SIMS stable
isotope analytical protocols using the IMS-1280 at WiscSIMS. As
a result of careful instrumental tuning conditions, stable electro-
nics, improved analysis software, careful standardization, and well-
timed analysis protocols, the multicollection FC analyses of §'®0
and 6'70 routinely achieve precision of 0.3%. (2SD) from a single
10-15 um spot. The fast analysis time (3-10 min per spot) and long
term (>10 h) stability of the magnet and electronics make it
possible to obtain more than 150 spot analyses of 6'®0 during a
12 h session. Furthermore, precision at the level of <1%. is achieved
by using multicollection FC-EM analyses for a primary ion beam
sizes of 1-3 um. Thus, the SIMS is a very useful tool for the high
precision and high spatial resolution stable isotope studies that is
capable of contributing new observations that could not be obtained
before.

X-Y effects are analytical artifacts resulting from the sample
topography and location on the sample stage. We found that the effect
from well-prepared samples with a flat surface (<1 um of relief)
averages ~0.1% and is always less than 0.3%. in 6'®0gaw, Which is
similar to the analytical uncertainty of a single analysis. In contrast,
samples with significant surface topography (>10 pm) show large
analytical artifacts as much as 5%., which highly degrade the accuracy
of SIMS analysis. It is found that the average value of 6'®0gaw on high
relief samples increased more than 1%. and that the precision is
degraded to +3%. compared to those without relief. Therefore, such
data are neither accurate nor precise. The magnitude of the X-Y effect
on 6'®0gaw correlates with the geometry of the sample and
topography from the scale of the relief of a single grain to the shape
of the sample holder. These analytical artifacts may be caused by
the deformation of local electrostatic field applied on the surface of
the sample, which deviates the trajectory of secondary ions of the
individual isotopes.

The results from this study clearly indicate that producing a flat
sample surface is critical for achieving high precision and high
accuracy SIMS stable isotope analyses. The surface profilometer is a
useful tool to evaluate the level of topography to test if the sample is
suited for the high precision analyses. The present results indicate that
for best precision and accuracy, the level of topography should be less
than a few pm, and that samples and standards should be mounted
together near the center of a sample mount. With proper precautions,
the IMS-1280 is capable of significantly improved data quality and
smaller analysis spots. Such results are important to many areas of
stable isotope geochemistry, especially when samples are very small,
precious, or zoned.
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