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ABSTRACT

Trace element analyses of silicate materials by secondary ion mass spectrometry (SIMS) typically
normalize the secondary ion count rate for the isotopes of interest to the count rate for one of the
silicon isotopes. While the great majority of SIMS analyses use the signal from Si*, some laboratories
have used a multiply charged ion (Si** or Si**). We collected data and constructed calibration curves
for lithium, beryllium, and boron using these different normalizing species on synthetic basaltic glass
and soda-lime silicate glass standards. The calibrations showed little effect of changing matrix when
Si* was used, but larger effects (up to a factor of ~2) when using Si** or Si** are a warning that care
must be taken to avoid inaccurate analyses. The smallest matrix effects were observed at maximum
transmission compared to detecting ions with a few tens of eV of initial kinetic energy (‘“conventional
energy filtering”). Normalizing the light element ion intensities to Al** showed a smaller matrix effect
than multiply-charged Si ions. When normalized to '*O* (which includes oxygen from the sample and
from the primary beam), the two matrices showed distinct calibration curves, suggesting that changing
sputter yields (atoms ejected per primary atom impact) may play a role in the probability of producing

multiply charged silicon ions.
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INTRODUCTION

Secondary ion mass spectrometry (SIMS) is very sensitive to
many elements, and the three light lithophile elements, lithium,
beryllium, and boron, have represented a frequent application
of this technique. There are many examples of the calibration
of SIMS for these elements (e.g., Hervig 1996, 2002; Ottolini
et al. 1993). These reports indicate that the variation in major
element chemistry does not play a large role in changing the
calibration factor (e.g., Ottolini et al. 1993; Dunham et al. 2020),
although there are exceptions (de Hoog and EIMF 2018). That
is, the effect of bulk chemistry on the ion yield of these elements
at trace levels in “common” matrices tends to be small. Most
SIMS calibrations involve normalizing the intensity of the ion
of interest to a matrix ion, such as one of the silicon isotopes,
when studying silicate minerals and glasses. The normalization
is important because (at least in the Cameca IMS design) there
is a very strong potential gradient between the sample and the
grounded extraction lens, and if the distance between the sample
and ground varies (resulting from using even slightly tilted
samples or slightly deformed sample holders), the absolute count
rates can change, while ion ratios (e.g., Li*/Si") will vary less as
the sample is moved to examine different areas [note that even
the ion ratios may be significantly affected if tilting is excessive
(Deng and Williams 1989)].

Some published results select secondary ions ejected with
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several tens of eV initial kinetic energy [the energy filtering ap-
proach (e.g., Shimizu and Hart 1982; de Hoog and EIMF 2018)]
while other researchers have used the more intense, low-energy
secondary ions (e.g., Marschall and Monteleone 2014; Dunham
et al. 2020). In these and in most other applications to geologi-
cal materials, the normalizing ion was typically singly charged
silicon. However, silicon (like many other elements) will form
multiply charged ions (such as Si**, Si**, and even Si*"), for which
the signal shows up at mass/charge of 14, 9.3, and 7, assuming
the most abundant isotope, 2Si, is detected. One attraction of
using, for example, the doubly charged ion is that the count rate
decreases by a factor of a few thousand compared to the singly
charged ion, allowing the operator to increase the primary beam
current to remove more atoms of trace elements/isotopes and
increase sensitivity while keeping the normalizing ion from
saturating the electron multiplier (EM) detector. Using a differ-
ent detector for Si (Faraday cup) than the trace elements in the
analysis routine (electron multiplier) is an alternative, but might
affect precision because of changing EM detector parameters (ag-
ing). Perhaps the most important reason to explore the eftects of
using multiply charged ions is that applications to light element
(Li to B elemental and isotopic) analysis using large-geometry
SIMS instruments typically involve collecting a signal for silicon
using Si** or Si*". This requires a smaller change in the magnetic
field compared to monitoring singly charged silicon (see, for
example, Dunham et al. 2020), thus reducing hysteresis effects
on instruments with large magnets.

There is nothing intrinsically wrong with using multiply
charged ions in SIMS analyses. For example, Riciputi et al.
(1993) asserted that calibrations for rare earth elements using
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doubly charged ions were robust. Ottolini (2002) used Ca?*/Si**
ion ratios to quantify the Ca content of olivine, and Harrison et
al. (2010) used doubly charged ions to aid in determining the ages
of feldspars using the “K-*Ca decay system. Doubly charged
ions have been used to help understand the sputtering process
itself (e.g., Schauer and Williams 1992; Franzreb et al. 2004).
However, the use of multiply charged ions could have draw-
backs. For example, if one places a potential of 10000 V on the
sample, singly charged ions are accelerated to 10 keV energies
(plus any energy resulting from the collision cascade), whereas
doubly and triply charged ions will be accelerated to 20 and 30
keV energies (and thus greater velocities), respectively. Because
the probability of generating a pulse on the electron multi-
plier generally scales with ion velocity (Zinner et al. 1986), the
relatively faster, multiply charged ions will be more efficiently
detected than singly charged ions of the same element. Depend-
ing on the number of multiply charged ions striking the electron
multiplier (e.g., if one monitors Si?* intensities while waiting for
the secondary ion signal to stabilize), accelerated aging of this
detector is conceivable. Degraded reproducibility on standards
when using multiply charged silicon compared to normalizing
to the singly charged species stopped the ASU SIMS lab from
using Si** in the early 1990s (ASU lab, unpublished data). An-
other consideration is whether the process that generates multiply
charged ions is similar to that which generates singly charged
ions. Schauer and Williams (1992) showed that not only are the
energy spectra of 1+ and 2+ ions from pure metals different,
but their response to oxygen flooding is also different. The lat-
ter observation suggests that the yield of multiply charged ions
may depend on the oxygen content of the sputtered crater floor
and thus the relative abundance of singly and multiply charged
species could depend on the particular sputtering conditions
employed. In this contribution, we evaluate practical consider-
ations of the use of singly and multiply charged ions in some
trace element determinations by SIMS, in large part to point out
some potential problems. We examine the effect of normalizing
the intensity of Li*, Be", and B* sputtered from U.S. Geological
Survey (GS) basaltic glass standards [GSA-, GSD-, and GSE-
1G and NIST 610, 612, and 614 high-silica glass (Guillong et
al. 2005; Jochum et al. 2005; Jochum et al. 2011)] to either Si",
Si** or Si** (as well as O" and AI**) and describe changes in the
resulting calibration curves as a function of matrix chemistry.

ANALYTICAL METHODS

We used the Cameca IMS 6f SIMS at ASU for this work. The samples above
were sputtered using a mass-filtered beam of °O~ or '°O; formed in a modified
Cameca duoplasmatron at a current of ~2—4 nA either rastered over a 10 x 10 pm?
area or unrastered. Positive secondary ions were accelerated to either +5000 or
+9000 V, and a combination of transfer optics and field apertures allowed ions to
be collected from a 15 um diameter circular area (including most of the sputtered
crater). The energy window was set to allow ions with a ~40 eV range in energy
into the mass spectrometer, and several sets of data were obtained in different
sessions: (1) secondary ions with ~0 + 20 eV initial kinetic energy along with
Si*, Si*', and Si**; (2) secondary ions with ~0 + 20 eV and ions with —75 + 20 eV
initial kinetic energy along with Si* and Si*". On three occasions, intensities for
0" and YAP*" were also collected. All secondary ions were detected using an
electron multiplier in pulse counting mode early in this project (including *°Si®).
A change in focus from examining 75 eV ions to 0 eV ions resulted in a decision
to measure low-energy, singly charged **Si* on the secondary ion Faraday cup to
avoid potential dead-time corrections on *Si’. No difference in the results was
observed between these later sessions and when low-energy *°Si* was detected on
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FiGuRE 1. Energy spectra for singly, doubly, and triply charged
silicon ions sputtered from NIST high-silica glass (open symbols) and
GS basaltic glass (filled symbols). (Color online.)

the electron multiplier. The mass resolving power was set to either ~800 or ~2000
in different sessions. Counting times on the trace elements were sufficient to reach
better than 10% statistical precision. Sample charging was examined by scanning
the sample voltage while monitoring the count rate for a matrix ion on the EM and
returning the sample voltage to give the peak count rate.

RESuLTS

Primary ion impacts result in generating sputtered ions with
a range of initial kinetic energies, and the energy spectra of *Si*,
#Si*, and Si** from NIST and GS glasses are shown in Figure
1. When the secondary ion count rates are examined on a log
scale, the spectra show similar patterns, regardless of sample or
species. We observe similar absolute count rates for Si* in both
types of glass at a sample voltage of 9000 V (where most of the
data were obtained). Even on a log scale, it is clear that the abso-
lute intensities for Si** and Si** are lower for the basaltic glasses
than the high-silica NIST glasses [note that the SiO, content of
the soda-lime silicate base of NIST glasses is ~72 wt%, while the
basaltic glasses contain 52—53 wt% (Jochum et al. 2005, 2011)].

We have compared calibration curves using the singly and
multiply charged silicon ions for normalization. These curves
are constructed by normalizing the M*/Si** ion ratio to the silica
abundance in the glass and comparing it with the concentration of
the dopant, M. Linear calibrations are expected when the element
of interest is at the trace or minor level. The slope of the line can
be used to take the M*/Si** ion ratio of an unknown sample and
convert it to a concentration (after normalization to silica content).

As shown in Figure 2, the differences in calibration curves for
Li, Be, and B between the U.S. Geological Survey basaltic glasses
and the high-silica NIST 610 glass obtained in a typical analysis
session are small. Considering the uncertainty in the concentrations
of these elements, either regression could fit all the data in this
session. Examination of Table 1 shows the range in the slopes of
these calibration curves over several sessions. The worst-case is for
Liand Be (up to a~20% difference in calibration slopes), while the
B calibrations on the two compositions are typically within ~10%.

Calibration curves similar to those in Figure 2 (obtained in
the same session as those in Fig. 2) were constructed (Figs. 3 and
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FIGURE 2. Calibration curves for 'Li, °Be, and ''B, using low-energy
ions (0+20 eV energy window) normalized to the count rate for 2Si" and
the SiO, content of the glass, either basaltic or in NIST 61X. The linear
fits to the data are forced through the origin. (Color online.)

4). The difference in Figures 2, 3, and 4 is that the normalizing
ion is Si*, Si**, and Si**, respectively. We observe that the NIST
glasses are colinear, as are the Geological Survey glass samples.
However, the linear regressions show distinctly different slopes.
The difference in calibration factor (as indicated by the ratio of
the slope for the basaltic glass/NIST glass) is a factor of 1.8 to 2
(Si**) or 1.6 to 1.8 (Si**) for all three elements (Table 2) over the

449

different analysis sessions (Tables 1 and 2). The slopes for the
basaltic glasses are consistently higher than those for the high-
silica NIST glasses.

Another set of calibration curves (Fig. 5) used AP** as the
normalizing ion. It can be observed that the basaltic glasses and
the high-silica NIST glasses generate regression lines with more
similar calibration factors (slopes) than when multiply charged
silicon is used (see Tables 1 and 2), with the largest difference in
slope around 20%. Again, the NIST glasses are colinear, as are
the USGS basaltic glasses.

The secondary ion intensity for oxygen (*O") was collected in
three analysis sessions, with the main purpose being to determine
(and correct for) the extent of charging in the sputtered crater dur-
ing the analysis, but we tested its use as a normalizing species in
Figure 6. While the oxygen content of the basaltic glasses and the
NIST glasses are similar (~43 vs. ~46 wt%), the two compositions
define different calibrations, with the basaltic glass consistently
displaying a slope ~1.5% that of the NIST glass. The NIST glasses
are again colinear, as are the USGS basaltic compositions.

Because Schauer and Williams (1992) observed a difference in
the energy spectra of doubly charged ions vs. singly charged ions,
we also collected data at high energy (75 + 20 eV initial kinetic
energy) to compare calibrations of M*/Si* with M*/Si** using
conventional energy filtering (the Si"* signal intensity was too
low to test this approach). As shown in Table 2, matrix effects be-
tween basaltic and high-silica glasses when normalizing to singly
charged silicon show approximately the same magnitude as when
low-energy secondary ions are used (Fig. 2), with a maximum
dispersion in the calibration slopes <30%. When secondary ions
with 75 + 20 eV initial kinetic energy are normalized to doubly
charged silicon (Tables 1 and 2), the effect of the matrix is more
pronounced, with beryllium and boron calibrations changing by
a factor of 1.5 between basaltic glass and the high-silica NIST
composition, although the measurements on lithium suggest a
smaller effect.

The effect on calibration curves when using an elemental
primary beam ('°0") vs. a molecular primary beam ('°O;) was
tested because of a suggestion by a thoughtful reviewer of this
manuscript. During a session where both primary beams were used
(see analyses obtained on 3 February 2022; Table 1), the results
indicate that neither the NIST glass calibration nor the basaltic
glass curves (when normalized to Si*) were affected by changing
the primary species when boron is considered. A similar result was
found (within 10%) for Be, and the largest effect of primary species
(~20%) was observed for lithium (when dividing the calibration
slope for O~ by the calibration slope when using O; for a particular
matrix). In addition, comparing the results obtained on the NIST
and USGS glasses (Table 2) also suggests minimal differences
related to selection of primary species—as in other sessions, the
role of the normalizing element is observed to have a larger effect
on the calibration curve than the selection of primary species.

DiscussioN
The formation of doubly charged ions during sputtering has
been suggested to arise via the ejection of a core electron. The
transfer of a higher level electron to fill the core vacancy may
release enough energy to eject a second valence electron, thus
creating a doubly charged ion (see discussion in Schauer and
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TABLE 1. Slopes of calibration curves determined on NIST and GS glasses in different analysis sessions

Date Sample Primary Li*/Si* Li*/Si* Lit/Sit* Li*/Si** Li*/Sit+* Li*/Sit+* Lit/Al+++ Lit/Al+++ Lit/O* Li*/O*
1 Species NIST Basalt NIST Basalt NIST Basalt NIST Basalt NIST Basalt
9/10/2019 8925 O 0.00093 0.00068 0.94 1.05 N/A N/A N/A N/A N/A N/A
11/5/2019 5000 O- 0.0054 0.0050 3.2 4.8 N/A N/A N/A N/A N/A N/A
11/5/2019 4425 (on 0.00097 0.00069 0.77 0.92 N/A N/A N/A N/A N/A N/A
6/29/2021 9000 0O; N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
7/15/2021 9000 O3 0.0105 0.0116 40 80 1291 2286 466 599 0.023 0.035
7/16/2021 9000 0; 0.0122 0.0103 43 61 1327 1772 486 484 0.026 0.032
2/3/2022 5000 O 0.0095 0.0114 12 19 371 456 150 150 0.037 0.053
2/3/2022 5000 O3 0.0122 0.0146 86 167 2855 4972 836 1076 0.028 0.045
Be*/Sit Be*/Si* Bet/Si**  Be'/Si** Be*/Sit** Be*/Sitt Bet/AlI** Bet/Al++ Be*/O* Be*/O*
NIST Basalt NIST Basalt NIST Basalt NIST Basalt NIST Basalt
11/5/2019 5000 O- 0.00072 0.00069 0.43 0.67 N/A N/A N/A N/A N/A N/A
11/5/2019 4425 (on 0.00083 0.00080 0.67 1.06 N/A N/A N/A N/A N/A N/A
6/29/2021 9000 0O; 0.00098 0.00096 N/A N/A 142 186 48.7 50.8 0.0025 0.0033
7/15/2021 9000 O3 0.00086 0.00089 3.32 6.05 106 174 383 45.6 0.0019 0.0027
7/16/2021 9000 0; 0.00095 0.00094 3.34 5.55 104 161 379 44 0.0020 0.0029
2/3/2022 5000 O 0.00076 0.00089 1 1.45 29.8 354 12.1 11.6 0.0030 0.0041
2/3/2022 5000 O3 0.00082 0.00094 5.83 10.55 193 314 56 68 0.0019 0.0029
B*/Si* B*/Si* B*/Sit* B*/Sit* B*/Sit+t+ B*/Sit** B*/Al++ B*/Al*+ B*/O* B*/O*
NIST Basalt NIST Basalt NIST Basalt NIST Basalt NIST Basalt
9/10/2019 8925 O- 0.00025 0.00023 0.25 0.35 N/A N/A N/A N/A N/A N/A
11/5/2019 5000 (on 0.00021 0.00022 0.13 0.21 N/A N/A N/A N/A N/A N/A
11/5/2019 4425 O 0.00730 0.00660 0.19 0.29 N/A N/A N/A N/A N/A N/A
6/29/2021 9000 O3 0.00025 0.00026 N/A N/A 36 50 12.2 13.6 0.00064  0.00089
7/15/2021 9000 0; 0.00023 0.00025 0.9 1.7 28 49 10.2 12.8 0.00050 0.00084
7/16/2021 9000 0O; 0.00025 0.00026 0.9 15 27 44 9.9 12 0.00052  0.00079
2/3/2022 5000 O- 0.00023 0.00026 0.30 043 8.9 10.6 36 35 0.00089  0.00122
2/3/2022 5000 0; 0.00023 0.00026 1.62 297 53.6 88.3 15.7 19.1 0.00053 0.00080

Notes: Analysis sessions either detected ions with 0+20 eV initial kinetic energy (5000 or 9000 Sample V) or 75+20 eV initial kinetic energy (4425 or 8925 Sample V).
Italics indicate three sessions where 30Si* was detected. Calibration curve slopes have been of 2Si (*°Si*30 ~2%Si) for comparison with other sessions.

Williams 1992). If enough energy is released, more than one
valence electron can be ejected, producing triply (or greater)
charged ions (e.g., Slodzian 1975). While the energy spectrum of
the ions sputtered from either high-silica or basaltic glasses ap-
pears similar (Fig. 1), a graph showing the ratio of the intensities
of differently charged ions (now on a linear scale) as a function
of sample voltage (Fig. 7) confirms the relatively low abundance
of doubly and triply charged ions in the low-silica basaltic matrix
compared to the NIST glass as well as the similar patterns for
both glasses. Perhaps most importantly, the ratio of 2+/3+ ions
from the two matrices shows a nearly overlapping trend as a
function of sample voltage (Fig. 7), which may be support for
the similar formation process suggested by Slodzian (1975).
Changing the sample chemistry clearly has an effect on the
probability of forming multiply charged silicon ions. We suggest
the relations in Figure 6 offer a possible reason. Nearly 90%
of secondary atoms are derived from the top monolayer of the
crater floor (Dumke et al. 1983), and the surface of the sample
is most influenced by the addition of the primary beam. The
concentration of the primary species in the surface is related to
the sputter yield (atoms ejected per incident ion). The higher the
sputter yield (the faster the sputtering rate), the less oxygen from
the primary beam will build up in the sample surface. Thus, the
relatively low-O" ion intensity observed on the basaltic glasses
suggests a higher sputter rate compared to the NIST high-silica
glasses. This is intuitively sensible because the basaltic glasses
contain higher mass elements (e.g., Fe) and, thus, higher stop-
ping power. This leads to more surface and near-surface atoms
being set in motion during primary ion impact, which increases
the probability of their ejection. Increasing the oxygen content
of the surface of pure Si tends to have very little effect on the
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probability of generating doubly charged ions (Schauer and
Williams 1992), but the present data set may indicate that
when more complex natural and synthetic glass compositions
are examined, the O content of the crater floor varies, leading
to changes in the ion yields of multiply charged silicon species.

Because the basaltic glasses show different calibration curves
compared to high-silica NIST samples, while each composition
displays colinear behavior (Figs. 3 and 4) when multiply charged
silicon is used for normalizing purposes, it would be tempting to
suggest that as long as the major element matrix is a good match,
the calibration can be robustly applied to unknown materials.
However, because natural glasses can contain significant (and
variable) amounts of hydrogen, and the addition of H,O can
have a large effect on sputter yield, and thus O content (e.g.,
Regier et al. 2016), caution is advised when using anhydrous
standards and multiply charged Si ions to characterize hydrous
unknowns using oxygen primary beams.

In contrast to using multiply charged Si ions for normal-
ization, using triply charged aluminum ions shows a smaller
change in sensitivity for the three light elements studied as the
matrix changed (Fig. 6). Perhaps this relates to the propensity
of Al atoms to efficiently getter oxygen so that the environment
of surface Al in the two matrices is similar, but more research
would be needed to explore this.

The impact energies (and thus the velocities) of the singly
vs. multiply charged ions on the electron multiplier detector are
very different, and we describe in the Introduction anecdotal
information on larger-than-normal session-to-session variations
in the calibration curves. While not emphasized in this study,
we would suggest that electron multiplier parameters could be
adjusted (mostly the gain) in each analysis session to optimize
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FiGURE 3. Calibration curves for 'Li, °Be, and ''B, using low-energy
ions (0 £ 20 eV energy window) normalized to the count rate for 2Si**
and the SiO, content of the glass, either basaltic or in NIST 61X. The
linear fits to the data are forced through the origin. (Color online.)

sensitivity to singly charged ions. This might increase the re-
producibility when multiply charged silicon ions are used for
normalization purposes.

Although the focus of this paper is on using multiply charged
ions in SIMS, we have noted that the calibration curves obtained
when normalizing to singly charged silicon tend to show small
matrix effects when low-energy ions are used. This is also true
when ions with 75 eV initial kinetic energy are detected for
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FIGURE 4. Calibration curves for ’Li, °Be, and "B, using low-energy
ions (0 + 20 eV energy window) normalized to the count rate for 28Si**
and the SiO, content of the glass, either basaltic or in NIST 61X. The
linear fits to the data are forced through the origin. (Color online.)

beryllium and boron, but lithium shows a different calibration
between the two matrices by 30%. This matches very closely
the results presented in a more detailed study by de Hoog
and EIMF (2018). They showed a linear relation between the
relative ion yield (proportional to the slopes on the calibration
curves presented here) and SiO, content. Because the signal
intensity for the low-energy Li ions is ~300% higher than the
high-energy ions, we recommend that analyses of samples with
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TABLE 2. Comparisons of calibration curves on basaltic and high-silica
glass standards

Date Ratio of Basalt/NIST

Si+ Si++ Si+++ A|+++ o+
Li
9/10/19 0.73 1.12
11/5/19 0.92 1.50
11/5/19 0.71 1.19
6/29/21
7/15/21 1.10 1.97 1.77 1.29 1.56
7/16/21 0.84 1.42 134 1.00 1.23
2/3/22 1.20 1.58 1.23 1.00 1.43
2/3/22 1.20 1.94 1.74 1.29 1.61
Be
11/5/19 0.95 1.57
11/5/19 0.96 1.58
6/29/21 0.98 131 1.04 1.32
7/15/21 1.03 1.82 1.64 1.19 1.44
7/16/21 0.99 1.66 1.55 1.16 1.45
2/3/22 1.17 1.45 1.19 0.96 137
2/3/22 1.15 1.81 1.63 1.21 1.53
B
9/10/19 0.92 1.40
11/5/19 1.03 1.70
11/5/19 0.90 1.51
6/29/21 1.04 1.39 1.1 1.39
7/15/21 1.09 1.89 1.75 1.25 1.71
7/16/21 1.02 1.67 1.63 1.21 1.52
2/3/22 1.13 1.43 1.19 0.97 137
2/3/22 1.13 1.83 1.65 1.22 1.51

Notes: Italics identify sessions using secondary ions with 75 eV initial kinetic
energy. All other measurements used secondary ions with 0+20 eV initial kinetic
energy.

low concentrations (i.e., below ~1 pg/g) take advantage of the
combined minimal matrix effects and maximum sensitivity at
these analysis conditions (intensities for Be and B low-energy
ions are a bit less than 100x the intensity of 75 eV ions). Note
that de Hoog and EIMF (2018) also indicated that matrix ef-
fects for Li analyses by SIMS were reduced when lower energy
ions were studied.

We have frequently mentioned the collinearity of the USGS
and NIST glasses in different figures, despite the relatively
poor precision indicated in papers by Guillong et al. (2005) and
Jochum et al. (2011). Although our analyses may fortuitously be
in areas of the glass that are more representative of the average
compositions than other parts of these glass samples, we can ten-
tatively suggest that the precision in concentrations may be better
than indicated. Again, the careful efforts by de Hoog and EIMF
(2018) also support homogeneous Li contents in the GS glasses.

While the emphasis of this work is on light elements, we
also conducted preliminary tests (using conventional energy
filtering to minimize molecular ion interferences) on the effect
of using Si** as a normalizing species when quantifying selected
lithophile elements (see Online Materials'). When considering
Rb, Sr, Y, Zr, Ba, and Ce, the calibration curve for the USGS
basaltic glasses was noticeably steeper than the slope of the
curve for the NIST glasses. The effect was made much smaller
if Si* was used for normalization, similar to the results on Be
and B. However, the results on Pb showed large matrix effects
between basaltic and the high-silica NIST glasses regardless of
the choice of Si* or Si**. In addition, examining Th and U in the
two matrices showed ~25% differences in the calibration curves
when normalized to Si* ions and much larger differences when
using Si** (Online Materials').
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FIGURE 5. Calibration curves for ’Li, °Be, and "B, using low-energy
ions (0 + 20 eV energy window) normalized to the count rate for ¥ Al**
and the Al,O; content of the glass, either basaltic or in NIST 61X. The
linear fits to the data are forced through the origin. (Color online.)

IMPLICATIONS

Using multiply charged Si ions as a normalizing ion species
may lead to significant matrix effects in SIMS analysis, avoidable
by using standards similar in chemistry to unknowns. Because
this study examined only the NIST 61X high-silica and USGS
basaltic glass compositions, it is speculative to comment on
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other compositions. However, we suggest that unknowns with
similar sputter yields as standards, and thus similar amounts of
oxygen in the crater surface, would show the smallest matrix
effects when normalizing to Si** or Si**. Considering the small
variation in molar oxygen contents among a large number of
materials commonly studied by SIMS, significant differences in
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FIGURE 7. Relative changes in Si*" ion intensity with sample potential
(maximum signal intensity at ~9000 V). Figures described in text. Data
from Figure 1. Note x-scale change for two lower figures. (Color online.)

the 1*O" intensity between standards and unknowns may provide
a warning of the matrix effect revealed in this study. Using dou-
bly charged silicon will not negatively influence the precision
of SIMS analyses if the sample matrix is unchanging, such as
when conducting step scans across crystals or glasses zoned only
in trace elements or in most analyses using depth profiling tech-
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niques. In fact, we have monitored the energy spectrum of 2Si**
as a check on sample charging while conducting depth profiles
on insulators and obtained the same overall results (diffusion
coefficients) as profiles where 3°Si* was used for monitoring
charging. Normalizing to Si* and detecting the most abundant
(low-energy) secondary ions appears to minimize matrix effects
(for these contrasting composition standard materials) while
maximizing sensitivity.
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