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Abstract

The effects of mixed matrices on mass bias during the measurem&t&/AS and**C/*2C ratios by secondary ion mass
spectrometry were investigated. Four samples consisting of fine-grained mixtures of 50-95 wt %o carbonate, 5-50%o iror
sulfide, and 0-5%o iron oxide were analyzed. The measé?é8 and5™3C values on all four samples were identical within
analytical error, and were identical to the values of the pure sulfide and carbonate minerals. These results indicate that, ev
for materials that are smaller than the primary ion beam contained in a matrix of different composition, it is possible to calibrate
mass bias by using coarse-grained mineral standards. (Int J Mass Spectrom 178 (1998) 65—71) © 1998 Elsevier Science B.
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Introduction Reported precision for various isotope ratios include
+0.2%0 63*S [1,2] =0.6%o for 820 [3], +5%o for 8D
Recent instrumental and technical developments [4 5], and +0.5%. for 8*3C values [6,7], which is
have led to recent improvements in the ability to sufficient to study natural isotopic variations occur-
conduct high precision, high accuracy secondary ion ring during a variety of mass transfer processes.
mass spectrometry (SIMS) analyses of light stable Consequently, the use of SIMS for light stable isotope
isotope ratios (i.e., H, B, C, O, S). Compared with analysis, particularly in the earth sciences, has seen
conventional techniques, SIMS has the inherent ad- rapid growth. Although excellent precision has been
vantage of in-situ, high spatial resolution (1042%) demonstrated, accurate results are required for SIMS
analysis with minimal sample preparation (polished data to be applicable to many problems. Unfortu-
plug or thin section). In the past few years, the nately, isotope ratios measured by SIMS are typically
precision of relatively rapid SIMS analyses (10—40 |ight isotope enriched relative to the “true” ratio; these
min) has approached that of conventional techniques. enrichments can range from 10 s to 100 s of per mil,
depending on the analyzed element and instrumental
~ * Corresponding author. parameters. Of more critical importance, the mea-
Dedicated to the memory of Al Nier. sured isotope ratio varies as a function of the chemical
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composition of the matrix, requiring careful standard- fractionations leading to enrichment of the ligAtg)
ization to calibrate the instrument. isotope in the sulfide. The results indicate that the
Although the current state of SIMS isotope ratio fine-grained sulfides in the carbonates have the same
techniques offers excellent spatial resolution (8—25- isotopic composition as other, inorganically formed
wm-diameter spots), there are a variety of analytical sulfides in the meteorite, suggesting that the sulfides
problems requiring analysis of grains that are smaller in the carbonates were not formed by bacterial sulfate
than the primary beam diameter. In particular, this reduction [15,16]. However, the accuracy of the
issue has arisen during the analysis of sulfur isotope results was challenged on the basis that the mass bias
ratios. In a number of geologic settings, clusters of measured on a pure sulfide could not be applied to
submicron sized sulfide grains are often formed, analysis of fine-grained sulfides in a carbonate matrix.
typically in a carbonate or silicate matrix (e.g. Herein, we report the results of a study designed to
[8—10]). During analysis of these small grains, the investigate whether mass bias is influenced by inclu-
primary ion beam can overlap onto adjacent, nonsul- sion of other material within the sputtered volume. A
fide minerals, so that both sulfide and nonsulfide set of synthetic samples consisting of mixtures of
compositions are sputtered. SIMS analyses of sulfur various proportions of fine-grained sulfide, carbonate,
isotope ratios in such settings have been corrected byand magnetite minerals were prepared and{5&2S
using mass bias measured on coarse mineral stan-and *3C/*C ratios of the different aggregates mea-
dards. The inherent assumption underlying this ap- sured by SIMS. The results indicate that, as long as
proach is that fundamental processes governing ma-the element of interest in the target mineral is not
trix effects and the resulting mass bias occur during present in the other matrix mineral(s), instrumental
sputtering at the atomic scale in the matrix. A some- mass bias remains constant. These results have impli-
what similar analytical problem is that of large sulfide cations for both the analysis of fine-grained mixed
grains containing fine-scale intergrowths of different materials by SIMS and for the nature of the processes
sulfide minerals, such as those found in mantle- that control instrumental mass bias.
derived rocks [11-13]. In this case, mass bias correc-
tions are made by determining the relative proportion
of sulfur derived from each mineral by major element Experimental techniques
analysis, and applying an average mass bias calcu-
lated based on the percentage of each sulfide mineral Analyses were conducted by using a modified
present by using appropriate mass biases measured oiCameca 4f ion microprobe. As the samples were
pure sulfide standards. Both of these analytical con- insulating and the surfaces relatively rough, the ex-
texts require the assumption that the presence of othertreme energy filtering technique was used for all
material in the sputtered volume does not influence analyses [1,3,17]). A mass filteré#Cs" primary ion
the mass bias of a particular phase. beam, accelerated at 10 keV (impact energy of 14.18
Recently, use of this approach was called into keV) with currents from 4 to 15 nA (15-4@m
guestion, in particular for the analysis of fine-grained diameter analytical spots) was used to sputter the
sulfide grains found in carbonate globules in the samples. The secondary mass spectrometer was tuned
Martian meteorite ALH 84001. McKay et al. [14] to accept negatively charged secondary ions with
suggested that these sulfides, which occur as concen-energies of 4500 eV, and the energy bandpass was
trations in rims within the carbonate globules, were *=20 eV. The sample accelerating voltage was 4180
formed by bacterial sulfate reduction, and their pres- eV, resulting in an energy offset of 320 eV (extreme
ence was cited as evidence of possible life on Mars. energy filtering). Under these conditions, molecular
SIMS analysis of*SP°S ratios of these sulfides was ions that could present interference problems (e.g.
carried out to test this hypothesis, as terrestrial bac- *°0, on 32S) are efficiently suppressed, allowing the
terial sulfate reduction results in large kinetic isotopic mass spectrometer to be operated at low4@0
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Table 1 terrestrial and Martian studies. Therefore, samples
Composition of pressed-pellet samples were prepared with pyrite (FeScontents from 5 to
Sample  wt% Fe$  wt% Fe0,  wt% MgCa(CQ), 50 wt %o, carbonate [CaMg(C,] contents from 50

Al 50 0 50 to 95 wt %0, and magnetite (5@,) contents from 0O to

A2 20 0 80 5 wt %o. Natural pyrite and magnetite were finely
3 > 0 > df in th iments; SIMS analysis of
A4 5 5 9 ground for use in these experiments; analysis o

the pyrite indicate that it is homogeneous at the 1%o
level. A synthetic dolomite was used as the carbonate
mineral. The individual minerals were ground in an
agate mortar under acetone, dried, and weighed. They
were then thoroughly mixed and reground; average
grain size was<l um. An x-ray fluorescence pellet
press was used to produce 2.54 cm diameter disks
with flat surfaces. Unfortunately, these disks were
friable, and we were unable to polish them without the

m/Am) mass resolution. Instrument transmission was
optimized by using a 180@m diameter field aper-
ture, 400um diameter field contrast aperture, and ions
extracted from a 15@m diameter field imaged field;
entrance slits were slightly closed to provide flat-
topped peaks. The normal incident electron gun was
used to provide charge compensation, and samples

were Au coated to ensure surface conductivity [1]. sar?ples d|3|rr]1tegrat|ng: D”ue 0 th||s, thehre IS slt:jme
Isotope peaks were selected by peak jumping the surface roughness (typically 2m or less) that cou

magnet. For all analyses, the major isotope was potentially affect the reproducibility of the measure-
counted fo 1 s and the minor isotope for 5 s, with a Ments both within and between mounts [1].

settling time of 35 ns between jumps. All ion beams The isotopic compositions of sulfur and carbon for
were counted by using an electron multiplier; count- each SIMS analysis were calculated by using instru-
ing system deadtime was 17 ns. Depending on the mental mass bias measured on pyrite and dolomite
count rate, between 70 and 250 individual ratios were standards. The instrumental fractionation fac;)
measured for each analysis. Internal precision for was calculated by comparing the isotope ratio mea-
each analysis was generally within 0.2%. of the sured by SIMS on a standard with its accepted value
precision predicted based on Gaussian counting sta-by using the equation

tistics. Carbon and sulfur isotope ratios were mea-
; : . Binet = (3*SF?S) U3*SP?S),
sured in separate analytical sessions. inst measure accepted

As summarized in Table 1, four different samples |sotope ratios measured on unknowns were corrected

were prepared. The primary goal was to evaluate the gng converted into per mil notation relative to an
effects of mixed matrices on sulfur isotope mass bias gccepted standard by using the equation

for conditions similar to those encountered in both

8%4S(in %0) = {[( 348/328)measureéﬁinsr]/(34S/328)CDT — 1} X 1000.

CDT is the®*SP?S ratio of the Canyon Diablo Troilite  Results

standard (4.500 4% 102, [18]). *3C/*°C ratios were

calculated in a similar manner by using a value of  The results of SIMS*SP?S and**C/*°C measure-
1.123 72x 10 2[19] for the Peedee Bentonite (PDB) ments on the four mixed composition samples are
standard. Internal precision was calculated as two summarized in Tables 2 and 3 and Figs. 1 and 2.
standard error (2 SE) of the 70 to 250 individual Average 8**S values for the four samples range
isotope ratio measurements that comprise a single between —31.3 and —33.0%.. The average of all
analysis. sixteen analyses is-32.0 £ 1.2%o (1 o). Average
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Table 2

Sulfur isotope analyses (measured isotope ratios were corrected by using an instrumental mass bias of 0.9643 measured on the pyrite
standard €15.1%0 8>*S CDT) by using procedures outlined in the text; 8¥8S value of the pyrite used in the mixed mounts is

—31.6 = 1.0%o)

Sample 35P2%S X 107 5%'S CDT%o o 3250 Ave. 2
A4 4.1944 —-33.5 2.6 0.021
A4 4.2030 —31.6 2.3 0.022
Ad 4.1941 —33.6 1.8 0.023
A4 4.1954 -33.3 23 0.021
—33.0 1.7
A3 4.1980 —-32.7 29 0.016
A3 4.2073 -30.6 1.9 0.018
A3 4.2089 —30.2 1.9 0.021
A3 4.2029 —31.6 1.8 0.020
-31.3 2.0
Al 4.1990 —-325 0.7 0.19
Al 4.2039 —-31.4 0.8 0.19
Al 4.2058 -30.9 0.6 0.19
Al 4.2075 —-30.5 0.6 0.20
—-31.3 1.5
A2 4.1986 -32.6 1.6 0.061
A2 4.2058 —30.9 1.2 0.062
A2 4.1978 —32.8 1.3 0.067
A2 4.1942 —33.6 1.3 0.066
—-325 1.9

813C values measured on the four samples vary by values are identical to the accepted values for the
2.5%o0, between-28.8 and—31.2%o0, and the average pyrite and dolomite used to manufacture the samples.
of the twelve individual analyses is30.2 = 2.4%o There is no correlation between mass bias and chem-
(10). Within analytical limits, both8**S and 6*°C ical composition for either sulfur or carbon isotopes.

Table 3

Carbon isotope analyses (measut&d/*C ratios were corrected by using an instrumental mass bias of 0.9403 measured on the DRC
dolomite standard+0.8%. §*3C PDB) by using procedures outlined in the text; 8%C value of the dolomite used in the mixed

mounts is—30.5%o)

Sample Bcirc x 106° 5'°C PDB%o 1o 2CI%0 x 107 Ave. 20
Al 1.017 —27.9 2.8 0.68
Al 1.014 —-30.7 2.9 0.68
Al 1.012 -32.7 2.9 0.73
Al 1.017 —27.9 3.4 0.72

—-29.8 2.0
A3 1.016 —28.8 3.0 1.1
A3 1.020 —25.0 2.7 1.2
A3 1.012 -32.7 2.7 1.3

—-28.8 3.1
A2 1.011 —33.6 3.1 0.91
A2 1.014 —-30.7 3.0 0.88
A2 1.015 —29.8 3.2 0.94

—31.4 1.6
A4 1.013 —31.7 2.3 0.95
A4 1.014 -30.7 2.6 1.00

—-31.2 0.5
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of multiple analyses of the same sample, was typically

26 Sulfur Isotope Analysi - . s .
% W SsoTope Anabsis similar to or better than the internal precision of single
B analyses. Given potential problems due to the rough-
é -30 1 { ness of the sample surfaces, the good spot-to-spot
7 32 g reproducibility is a testament to the robust nature of
;\i 34 the extreme energy filtering technique [1,2].
s ¢ Al
w36 o A2
38 voAs . .
v A4 Discussion
-40 : : ‘ :
0.00 0.05 0.10 0.15 020 025 o _ _
Our results indicate that mass bias due to matrix
Counts 325/160

effects depends solely on the composition of the
Fig. 1. Individual 8S values (CDT) measured during replicate Mineral(s) that contain the element of interest, and
analyses on samples A1-A4 plotted against¥8#°0 count rate that accurate mass bias corrections can be made by
for each qut834S error bars are the 2 standard error (internal) for standardizing to the target mineral. These results
each analysis. Errors for the S/O count rate (unplotted)~&5%o. . L. . .
confirm the standardization approach for fine-grained
sulfur isotope analyses that has been used in previous
As shown in Tables 2 and 3, internal precision varied studies [e.g. 2,8,10,15,16].
between 0.6 and 3.4%. for the different samples, One caveat to these results is the possible presence
depending on the total counting time used, the ele- of the element of interest in the matrix surrounding
ment of interest, and the abundance of the element of the target mineral, as the mass bias could potentially
interest. Internal precision was similar to that pre- differ by 10s of per mil depending on the composition
dicted by Gaussian counting statistics, consistent with of the matrix. Based on the range of mass bias for
the observation that there was no change in measuredcarbon and sulfur observed in various minerals [e.g.
isotope ratio with sputtering time. As expected, no 20], the mass bias correction should be accurate as
correlation was observed between length of time long as less thanr-1%.—3%o of the target element is
exposed to vacuum and measured isotope ratio. Re-derived from the matrix. In many cases, the potential
producibility, as evaluated by the standard deviation for problems can be addressed by estimating the
percentage of the target mineral in the sputter volume
by using backscatter electron imaging on an electron

zg Carbon Isotope Analysis . Al probe or a scanning electron microscope (SEM) with
24 o A2 energy dispersive x rays (EDX). The same methods
= 26 1 ; :i could also be used to determine the amount of the
£ 281 target element in the matrix, and then do a mass
g -30 % balance calculation to determine the relative contri-
L 2 % 1 bution of target element from the sputtered area.
o ;‘6‘ | In addition to matrix effects, there are a number of
38 instrumental conditions that contribute to mass bias,
40 , ‘ . such as the species, charge, and acceleration of the
0.006 0.008 0.010 0.012 0.014 primary ion beam, age and voltage setting of the
Counts 12¢/160 electron multiplier, and initial kinetic energy of the

secondary ions (see summary in [20]). However, these
. - " . .
Fig. 2. Individual 8**C values (PDB) measured during replicate parameters can be selected by the operator and should

analyses on samples A1-A4 plotted againsti@*®0 count rate . . .
for each spot&*3C error bars are the 2 standard error (internal) for remain constant as long as analytical conditions are

each analysis. Errors for the C/O count rate (unplotted)-&ir@%a. stable. From an analytical standpoint, the more critical
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aspect of isotope analysis is the bias resulting from contract no. DE-AC05-960R22464 with Oak Ridge
matrix effects, i.e. the composition and structure of National Laboratory, managed by Lockheed-Martin
the substance being analyzed. A variety of sputter- Energy Research Corp., NASA grant no.
ionization models have been proposed, and evidenceNAG-54541, and NSF grant no. EAR-9706072. We
suggests that mass bias may be a combination ofwould like to thank Dave Cole for providing the

mechanisms with bond breaking [e.g. 21] or electron dolomite, and Otto Kopp and Larry Taylor for helpful

tunneling [e.g. 22] dominant at low secondary ion advice in preparing the sample mounts. We would
energies, and collisional mechanisms dominant at like to thank Dave Smith, Tom Chacko, and Rob
higher secondary ion energies [4,20,23-25]. Our re- Ripperdan for helpful discussions.

sults do not provide a great deal of information on

ionization mechanisms. However, they do indicate

that whatever mechanism(s) is responsible for ioniza-

tion processes, they occur on a very local scale References
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