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Abstract

A large instrumental mass fractionation (IMF) occurs during the measurement of oxygen isotope ratios by secondary ion
mass spectrometry and the magnitude of this fractionation can be dependent upon sample chemistry, resulting in so-called
‘matrix effects’. We have made 373 measurements of the '*0~ /'O~ ratio (+0.5-1.1%0 internal precision, 1 s.d.) in 40
silicate and phosphate minerals and glasses for the purpose of characterizing this matrix effect. The magnitude of IMF
decreases with increasing atomic mass of the sample, although this relationship is too poorly defined to be the basis of a
precise empirical correction scheme. IMF is well correlated with simple measures of chemistry among related minerals and
glasses (e.g. forsterite content in olivine; Na/(Na + K) in feldspathic glass), and with the atomic abundance of certain
elements among several mineral groups (e.g. the sum: (Fe + Mn) in gamets, olivines and pyroxenes). Significant differences
in IMF between minerals and glasses of the same chemical composition correlate with the mass of network modifying
cations. Instrumental mass fractionation correlates strongly with sputter rate for albite and seven silicate glasses.

Two mechanisms for producing matrix effects are proposed: (1) differences in the efficiency with which kinetic energy is
transferred to the secondary oxygen atoms from the atoms in the near-surface region of the sample, and (2) simple variations
in the fraction of sputtered oxygen atoms that are ionized, such that the observed instrumental fractionation diminishes as
that fraction approaches 1. The correlation between sputter rate and instrumental mass fractionation in silicate glass and
albite is well predicted by model (1). Our data suggest that a large range of silicate materials can be standardized using: (1)
interpolation among chemically similar standards; (2) correlation of IMF with Fe + Mn content in materials rich in those
elements; (3) model (1), particularly for materials that are compositionally related to standards

One or more of these methods appear to be applicable to most silicate materials of interest and should permit accurate
standardization of ion probe analyses without the stringent requirements that standards and unknowns be compositionaily
identical or compositionally similar members of the same solid solution series.
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1. Introduction

Considerable effort has been made over the last
* Corresponding author. decade to develop precise and accurate methods for
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the analysis of the isotopic ratios of oxygen in
natural materials by secondary ion mass spectrome-
try (SIMS) (McKeegan, 1987; Lorin et al., 1990;
Valley and Graham, 1991; Hervig et al., 1992;
Riciputi and Paterson, 1994; Valley and Graham,
1996; see Valley et al., 1997a). Such efforts are
justified by the great advantages of an in-situ tech-
nique with micron (um) spatial resolution, which
permits the measurement of isotopic compositions of
very small samples or of inter- and intra-crystalline
zonation in larger samples. To some extent, these are
also the goals of recently developed methods of
laser-aided fluorination of small silicate and oxide
samples (Sharp, 1990; Elsenheimer and Valley, 1992,
Mattey and Macpherson, 1993; Valley et al., 1995;
Wiechert and Hoefs, 1995). However, the ion micro-
probe is currently the only technique with an effec-
tive spatial resolution on the scale of a few pm, and
is therefore uniquely suited to many analytical prob-
lems. For example, the smallest samples that have
been analyzed for oxygen isotope composition by a
fluorination-based technique are 20 pg (Mattey and
Macpherson, 1993), and the practical limit without
corrections for fractionation of gases is > 200 pg
(Mattey and Macpherson, 1993; Valley et al., 1995).
A typical ion probe analysis consumes 0.005-0.010
wg of sample (Valley et al., 1997a). Methods of light
isotope analysis by carrier gas entrainment followed
by gas-chromatography and mass spectrometry (Ricci
et al., 1994) have sample sizes approaching those of
typical ion microprobe analyses with precision of
~ 0.2-0.5%o, but have not been successfully coupled
with a micro-sampling technique for minerals for
sample sizes smaller than ~ 20 wg (Sharp and
Cerling, 1995).

Initial studies showed the SIMS technique for
electrically insulating samples (e.g. silicates) to be
hampered both by imprecision (+3-5%¢ for
0,/ 190, 1 s.d.), due to low count rates and instabil-
ities in the charge of the sample during and among
analyses, and by inaccuracies caused by variable
instrumental mass fractionations (IMF) (McKeegan,
1987; Giletti and Shimizu, 1989; Lorin et al., 1990;
Yurimoto et al., 1994). These levels of accuracy and
precision permitted the study of meteoritic samples,
in which oxygen isotope variations can be large
(McKeegan, 1987), but initially ruled out the mean-
ingful analysis of terrestrial samples, most of which

span only a 10-15%. range in '*O/ '®O. Precisions
have been significantly improved in recent years due
to innovations such as the use of the normal-inci-
dence electron ‘flood gun’, the adoption of a tech-
nique in which only secondary ions with initial
kinetic energies greater than 300 eV are analyzed
(energy filtering), and more common use of short
(~ 15 ns) dead-time electron multiplier counting sys-
tems for this work. Internal and point-to-point preci-
sions are now routinely 1.0%o0, and sometimes as
good as 0.4%o, 1 s.d. (Hervig et al., 1992; Riciputi
and Paterson, 1994; Valley and Graham, 1996; Val-
ley et al., 1997b; this study). While precisions are
approaching those of fluorination-based analyses, ac-
curacies remain poor if standards are not chemically
identical to unknowns due to IMF being dependent
upon sample properties.

1.1. Matrix effects and the standardization of SIMS
analysis

The principal limitation of SIMS analysis of geo-
logical materials is the strong instrumental fractiona-
tion of elemental and isotopic compositions (Shimizu
and Hart, 1982 and references therein). There are
several sources of instrumental fractionation, includ-
ing secondary atom extraction (sputtering) and ion-
ization (Sigmund, 1969; Shroeer et al, 1973;
Williams, 1979; Yu and Lang, 1986), secondary ion
transmission (Shimizu and Hart, 1982), and detection
(discussed with reference to oxygen isotope analysis
by Valley and Graham, 1991 and Lyon et al., 1994).
The latter two processes do not vary from sample to
sample, and can therefore be relatively easily cor-
rected for. Fractionation during sputtering /ioniza-
tion is more complex, and is to some degree depen-
dent upon sample properties. Isotopic fractionations
in single-element samples (e.g. Slodzian et al., 1980;
Shimizu and Hart, 1982; Weathers et al., 1993) and
chemical fractionations in more complex, poly-
atomic, compounds (Deline et al., 1978; Shimizu and
Hart, 1982) are well documented, and qualitatively
explicable by secondary ion production theory. How-
ever, the physics underlying matrix effects in the
isotopic analysis of complex materials such as sili-
cates is relatively unknown. The isotopic matrix
effect has been carefully explored for D/H ratio
measurements in amphiboles and micas (Deloule et
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al., 1991), revealing a correlation with major element
chemistry. The first-order correlation between instru-
mental mass fractionation of D/H and specific
chemical parameters that are also predictive of min-
eral-water equilibrium isotopic fractionations was
taken as an indication that the matrix effect is in this
instance controlled by the local bonding environment
of hydrogen in hydrous minerals.

Some studies of oxygen isotope ratios measured
by SIMS found no significant differences in instru-
mental mass fractionation among some silicate and
oxide phases (McKeegan, 1987; Lorin et al., 1990;
Yurimoto et al., 1994; Leshin et al., 1996). However,
the analytical conditions with which these data were
collected differed from the emphasis on high-energy
secondary ions common to recent work, external
precision of some of these data were as poor as
+3-5%c (1 s.d.) and the suite of standards was
relatively restricted, reducing the general signifi-
cance of these results. However, matrix effects were
also observed to be essentially absent in the isotopic
analysis of some binary alloys, revealing a general
trend that SIMS analysis fractionates isotopes as a
simple function of their mass ratio (Slodzian et al.,
1980; Shimizu and Hart, 1982). These results sug-
gested that instrumental mass fractionations for
high-precision oxygen isotope analysis in silicates
might not require mineral-specific and /or composi-
tionally dependent corrections.

More recent detailed studies of oxygen isotope
analysis by SIMS have revealed significant matrix
effects and suggested two different approaches to the
problem of standardization. Hervig et al. (1992)
present an empirical correction for the matrix effect,
based on data for quartz, clinopyroxene, several
forsteritic olivines, and magnetite. Hervig et al. found
that for secondary ions sputtered with high initial
kinetic energies (300 + eV), values of IMF for these
minerals are correlated with formula weight (normal-
ized to a constant number of oxygens). This correla-
tion is best when considering only the data for
silicate minerals. This is an extremely useful result if
correct, for it would mean that even minerals that are
only distantly related to standards (e.g., both being
silicates) can be analyzed with an accuracy nearly
approaching measurement precision simply by apply-
ing an empirical correction based on the formula
weight of the unknown. Such a simple matrix correc-

tion was used to compare the isotopic compositions
of different portions of chemically zoned garnets
(Jamtveit and Hervig, 1994). Subsequently, this ap-
proach has been called into question. In a study
comparing IMF among quartz, albite, orthoclase,
clinopyroxene, caicite, and several garnets of vari-
able chemical composition, Riciputi and Paterson
(1994) found that the simple correlation proposed by
Hervig et al. (1992) was violated by > 10%e, sug-
gesting that matrix effects cannot be inferred from
analysis of chemically dissimilar standards using this
algorithm.

The fundamental problem underlying these appar-
ently contradictory results is the absence of any
clearly identified physical mechanisms which might
contribute to the matrix effect. In this paper we
present 373 SIMS analyses of the '*0/ %O ratio in
40 silicate and phosphate minerals and glasses in an
effort to characterize the matrix effect, to constrain
the mechanisms by which it may be produced, and to
create a reliable correction procedure applicable to
minerals with complex chemical formula.

2. Analytical technique

All analyses reported in this study were made on
the Cameca ims—4f ™ ion microprobe at the Univer-
sity of Edinburgh, Scotland, between Dec. 4, 1995
and Dec. 22 1996. General procedures are reviewed
elsewhere (Valley et al., 1997a). Measurements were
made with a (~ 8 nA, 14.15 keV) primary beam of
magnetically filtered '*>Cs* ions, focused to a 20~30
pm spot. A normal-incidence electron ‘flood gun’
was used to provide charge compensation during
analysis. Secondary ions were accelerated by 4.15
keV and electrostatically analyzed to accept those
emitted with excess energies of 350 + 26 eV. Sec-
ondary O~ and '*O~ ions were alternately mea-
sured by magnetic peak switching on an ETP™
electron multiplier with an ECL counting system.
Count rates were typically ~ 10° cps of 'O and
~2-10* cps of 0. Dead-time corrections were
made using the measured deadtime of 14 ns for the
counting system, determined immediately prior to
each 1-2 week period of analysis. Each analysis
represents 120 cycles comparing 1-s measurement of
mass 16 and 5-s measurement of mass 18, with a
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magnet settling time of 50 ms between peaks. Some
analyses were made with 200 cycles (counts of 1 and
10 s, respectively) in order to assess the limits of
within-run precision and the effect of count-time on
measured isotopic compositions. Expected theoreti-
cal precisions for these count rates and times were
approximately +0.9%0 for most analyses, and
+0.5%0 for 200-cycle analyses, simply based on
counting statistics of the total number of "0 counts.
Actual internal precision (i.e. the standard error of
the population of 120 or 200 cycles) averaged
+0.92%0 for shorter analyses and +0.60%0 for
longer, indicating that internal errors due to within-
run instabilities or other analytical factors were a
minor contribution to the overall precision. Point-to-
point reproducibilities of repeated analyses of nomi-
nally homogeneous materials averaged +0.75%o for
short analyses and +0.52%o for long counting times,
also indicating that there was little or no uncertainty
introduced to the total analytical precision beyond
that inherent in the counting statistics of each analy-
sis.

Analyses have been organized chronologically into
nineteen blocks, separated by sample changes and /or
major instrumental changes, such as major re-focus-
ing of the primary beam or electron flood gun, or
change in the electron multiplier gain. Sixteen of
these nineteen blocks showed no evidence of internal
‘drift’ (i.e. monotonic change in the measured iso-
topic composition of standards with time). The blocks
which did show clear evidence of internal drift have
been corrected by regressing data for the most fre-
quently analyzed sample as a function of analytical
order, and correcting all data for that block according
to the resulting slope (these blocks are indicated in
Table 2). In these blocks, drift was approximately
0.1%o per analysis. It has been hypothesized that drift
results from degradation of the electron multiplier
(Valley and Graham, 1991; Eiler et al., 1995; Valley
et al., 1997a). Two observations from this study
support this hypothesis: (1) the dependence of count
rate upon electron multiplier voltage was monitored
frequently throughout this work and was seen to shift
steadily over periods of days to weeks; (2) the
electron multiplier voltage was raised by ~ 50 eV
after analytical blocks in which drift was observed,
and no drift was observed in the following block.
Rarely, a single analysis deviated by a large amount

from all other analyses of the same material (by
more than 3 s.d. from the average) for an unknown
reason, which could include real heterogeneities in
the samples. In these instances that analysis was
culled as an outlier. Only two analyses out of 373
were removed from the data base for this reason.

3. Samples

The suite of materials analyzed in this study
includes 25 silicate minerals, 13 silicate glasses, and
2 apatites (Table 1). All were either analyzed for
major element content by electron microprobe, or are
essentially invariant in their chemistry and are as-
sumed to have an end-member composition (e.g.
quartz). All but two of the silicate minerals and
glasses were analyzed for oxygen isotopic composi-
tion by laser fluorination at the University of Wis-
consin (techniques described by Valley et al., 1995).
Of these analyses, 32 were replicated with an aver-
age reproducibility of +0.07%o. Six of these (three
minerals and three glasses) were also analyzed by
conventional, resistance-heated fluorination in sev-
eral independent laboratories, with an average agree-
ment between the two techniques of +0.08%c. One
gamet (UWG-2) was analyzed multiple times in
seven conventional and laser-fluorination laborato-
ries, with all labs agreeing to within +0.1%. (Valley
et al., 1995). Both fluor-apatites were analyzed by
conventional fluorination (Farghar et al., 1993; San-
tos and Clayton, 1995). One pyroxene (87G pyrox-
ene) was analyzed by conventional fluorination at
the University of Monash, Australia. Values for zir-
cons (Kim-2 and Jwan) are reported in Valley et al.,
1997b.

Fragments of minerals and glasses were prepared
by gently breaking samples in a steel percussion
mortar, and were mounted with Buehler™ epoxy
into 2 mm holes drilled into 2.5 cm diameter alu-
minum metal disks suitable for insertion into a com-
mercial Cameca™ sample holder. Each disk was
then hand-polished down to 0.03 wm alumina grit,
ultrasonically cleaned in ethanol, and stored in a
plastic box until analysis. Each sample holder can
contain up to 20 samples, and sufficient repetition of
samples between multiple holders was made to allow
direct comparisons among a large subset of the
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Samples analyzed for '*0/'*O by SIMS

Sample Composition 380  '0/'%0  Mean atomic mass (AMU)
Framework silicates

Hot Springs quartz Sio, 10.6 0.0020265 20.03
Brazil quartz Sio, 9.6 0.0020244 20.03
Amelia albite NaAlSi; 04 10.8 0.0020268 20.17
P490 orthoclase KAISi,O4 79 0.0020210 21.41
Garnets

UWG-2 garnet (Ca ;Mg 3oFe (;Mn ), A1, 81,0, 5.8 0.0020168  22.73
Spessartine garnet (Fe osMn o), AL, 81,0, 54 0.0020160  24.80
Pyrope garnet (Ca j,Fe ;Mg ;sMn o, )5(Al g4 Fe ,Cr 7),5i5,0,, 6.0 0.0020172  21.39
Almandine SE garnet (Ca 4, Mg 5sFe 1,); AL, 8i,0,, 83 00020218  23.68
Almandine CMG gaMet  (Ca 43 Mg ,5Fe ;oMn o,); AL, 8i,0,, 75 00020202  23.66
Grossular garnet (Ca ggMn (,)5(Al o, Fe (1), 81,0, 38 0.0020128  22.65
Chain silicates

UWW-1 wollastonite CaSiO, 0.1 0.0020053 23.23
JV1 diopside CaMg 4;Fe ;1,0 203 0.0020459  21.90
Jadeite NaAlSi, O 9.4 0.0020239  20.21
Enstatite-1 Mg g, Fe 3510, 9.2 0.0020236  20.90
87G pyroxene CaMg 44 Fe ¢, Si, 04 8.1 0.0020214 23.74
Olivine

Fay 50278 olivine (Mg 06 Fe 994),S10, 4.5 0.0020142 29.06
Pit-16 olivine (Mg 75, Fe 545),Si0, 53 0.0020159  22.34
Pit-7 olivine (Mg ;37 Fe 543),Si0, 5.3 0.0020158 2247
R142-1.60 olivine (Mg g4 Fe 13¢),Si0, 5.4 0.0020160  21.33
R160-5.75 olivine (Mg g5gFe 42),Si0, 49 00020150  21.38
R303-3.0 olivine (Mg g5¢Fe | 4,),Si0, 47 00020147 2138
R243-8.40 olivine (Mg 47 Fe 1,3), 510, 4.6 0.0020145 21.21
San Carlos olivine (Mg go3Fe g47),Si0, 5.3 0.0020157  20.98
Zircon

Kim-2 zircon ZrSi0, 5.6 0.0020164 30.55
Jwan zircon ZrSi0, 4.7 0.0020146 30.55
Phosphate

Jacapuranga apatite Cas(PO,),F 4.6 0.0020144  24.01
Laramie apatite Cas(PO,),F 73 0.0020198  24.01
Glasses

HSQ glass Sio, 10.8 0.0020268 20.03
Na-Mel glass Na, ,Ca, Al ,Si,,04 11.6 0.0020285 21.46
Albite glass NaAlSi;Oq 10.8 0.0020268 20.17
Jadeite glass NaAlSi, O, 12.7 0.0020307 20.21
Anorthite glass CaAl, Si, 04 8.3 0.0020218 21.40
Ab-Or glass K 5,Na 43 AlSi, Oy 14.8 0.0020349  20.82
Or glass KAISi;04 103 0.0020259 2141
Ab7, hydrous Ab glass  (NaAlSi;0g) 44(H,0) 5, 3.1 00020113 17.30
UWG-2 garnet glass (Ca ;Mg 30Fe ;Mn o, ), A1, 8i,0,, 58 00020168  22.73
Glass Butte rhyolite 77.5 wt% SiO, 7.3 0.0020198 20.48
519-4-1 basalt 48.69 wt% SiO,; 8.79 wt% FeO 5.2 0.0020156  21.78
MK -8 basalt 52.52 wt% Si0,; 10.59% FeO 5.0 0.0020152 21.76
AH95-22 basalt 50.82 wt% Si0,: 11.02 wt% FeO 49 0.0020151 21.91

18
Assumes

SMOW.

0/ '®0 = 0.00200520 in standard mean ocean water (SMOW), Baertschi (1976) and that 8'* O(NBS-28) = 9.59%o relative to
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specimens without a sample change. Samples were
coated with Au and a Ag colloid paint applied to the
edges of each sample prior to insertion into the
specimen chamber of the Cameca ims-4f.

4. Results

Data are reported in Table 2 as the average mea-
sured *0/ 60 ratio and the average instrumental
mass fractionation expressed as an alpha ratio:

Agims = 18 O/ 16()measured/ ' O/ lGOacwa] ( 1 )

In addition, the IMF is reported in units of permil,
calculated by the relationship:

18
IMF = ( O/ 1()Omeasured - l80/ 16Oaclual)

/180/ I6 ac!ual) 1000 (2)

The average and standard error (point-to-point preci-
sion, 1 standard deviation (s.d.), divided by n'/?) are
reported for this second measure of IMF. The num-
ber of analyses of each material in each block, n, is
reported. The ratio: *0/'*0,, . includes dead-
time correction and culling of 3o outliers to the
population of 120 or 200 cycles, and 0/ '°0,_,,,
assumes a value of 2.00520 - 10™3 for standard mean
ocean water (Baertschi, 1976). The conversion of
results to deviations in units of permil by Eq. (2) was
made to conform to standard stable isotope notation.
An error would be introduced by applying these
fracmonatlons to materials with significantly different
values of *0/'°0,_,,...

The seventeen blocks of data in which more than
one mineral is compared have been mutually normal-
ized by the following algorithm. The instrumental
mass fractionations in the eleven blocks in which
Amelia albite was analyzed were normalized to a
constant value for this material (equal to the average
of all observed values). The four remaining blocks
(1, 10, 11, and 15) were normalized to the others by
correction to the value for San Carlos olivine, JV-1
diopside or UWG-2 observed in the eleven mutually
normalized blocks. This normalization was made to
remove the effects of IMF caused by non-sample-re-
lated phenomena (e.g. changes in the electron multi-
plier voltage), allowing us to observe differences
related only to matrix effects. The normalization is
relatively small; day-to-day variations in the ob-

served IMF for Amelia albite averaged 3% for sev-
enteen blocks over a one-year period (total range
11.3%0). Normalization was made by multiplying the
measured *0/ %0 ratio of all materials in a block
by aguys. defined as the ratio
(180/]60)measured/(180/ 160)slandard’ where thﬁ
‘standard’ value is the normalized value for a refer-
ence material (e.g. average Amelia albite for most
blocks). Given the +0.3%0 (10) average uncertainty
in IMF for the reference materials on any given day,
this normalization should introduce little uncertainty
in comparing IMF of materials from different ses-
sions. One measure of the success of this method of
mutual normalization is the reproducibility of nor-
malized fractionations between different analytical
blocks. Reproducibility averaged +0.49%o for five
different materials (Ab7, three separate blocks; Or
glass, Ab glass, Jadeite glass and enstatite, two
blocks each), comparable to the average standard
error for each individual measurement (4 0.53%0).
This demonstrates that differences between the frac-
tionations of different samples are independent of
day-to-day variations in the raw, pre-normalization
fractionation over the range observed in this study.
Data for two additional blocks are given in Table 2
(blocks 13 and 14) which were not used in the study
of matrix effects, one comparing long and short
analytical times in JV-1 diopside, and the other
comparing raw measured isotopic compositions in
two crystallographic orientations of quartz. No nor-
malization was made for these blocks.

The instrumental mass fractionations observed in
this study are all negative as defined by Eq. (2),
conforming to the general observation that SIMS
measurements discriminate against heavy isotopes
under most analytical conditions in most materials
(Slodzian et al., 1980; Shimizu and Hart, 1982). The
total range in average instrumental mass fractiona-
tions (prior to normalization) was from —30.3 to
—74.7%o0, comparable to that observed in previous
studies which measured only relatively high-energy
(=300 eV) secondary ions (Hervig et al., 1992;
Riciputi and Paterson, 1994; Valley and Graham,
1996; Graham et al., 1996). These fractionations are
much larger than those observed in the analysis of
low-energy secondary ions (e.g. —19 to —30%c on
magnetite; Valley and Graham, 1991), an observa-
tion that runs contrary to the inverse dependence of



J.M. Eiler et al. / Chemical Geology 138 (1997) 221-244 227

mass fractionations on secondary ion velocity seen at
low energy (Gnaser and Hutcheon, 1987) and per-
haps indicates a different ionization mechanism for
high-energy secondary ions (Schauer and Williams,
1990; Hervig et al., 1992). However, comparison
with analysis of low-energy secondary ions is further
complicated by the fact that most such data was
measured on electrically conductive minerals,
whereas most analyses of high-energy secondary ions
have been of electrically insulating minerals.

Several general correlations were observed be-
tween a sample’s normalized fractionation and other
properties. These are described in the following sec-
tions in order of increasing complexity.

4.1. Minerals

The average instrumental mass fractionations
among our 26 minerals for which mutual normaliza-
tions were made, demonstrate a significant correla-
tion between IMF and mean atomic weight (Fig.
1A). The data define a positive slope, such that
materials rich in high-AMU cations are relatively
unfractionated. The overall correlation is poor, but
subdivision of the data by composition suggests sys-
tematic behavior among large subsets of the data.
For example, all calcium-rich phases (unfilled sym-
bols) fall below the trend defined by calcium-poor
phases, and all calcium-poor phases other than zircon
(18 minerals) fall within 1.5%0 of a single curve
(most are within 1%o of this curve). Further subdivi-
sion of framework silicates, olivines, etc. also per-
mits the definition of mineral-specific trends that are
well defined. However, the overall correlation for all
data is violated by up to 6.5%0, making this relation-
ship unsuitable as the basis for a general empirical
correction scheme. The correlation in Fig. 1A is
similar to that observed when plotting IMF vs. the
formula weight normalized to a constant number of
oxygens (e.g., Hervig et al., 1992; Riciputi and
Paterson, 1994).

Correlations are observed between IMF and sim-
ple measures of chemistry among related minerals,
such as mole fractions of solid solution end mem-
bers. The best examples of this are data for olivines.
Olivines with atomic ratios of Mg/(Mg + Fe) (=
Xg,) of between 0.91 and 0.006 were analyzed, and
found to have a regular dependence of IMF on X,

(Fig. 2). The slope to the Mg-rich end of this trend is
indistinguishable from that observed in magnesian
olivines by Riciputi and Paterson (1997). This corre-
lation is important in two regards: (1) it is a rela-
tively simple relationship that should permit stan-
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Fig. 1. Measured instrumental mass fractionations (IMF) for SIMS
analysis of minerals and glasses in units of permil deviation from
actual '#0/ %0 ratios (see text Eq. (2)). All data normalized to
constant value for Amelia albite (Table 2). Most data for silicate
and phosphate minerals (A) and silicate glasses (B) define an
approximately linear trend of smaller fractionations with increas-
ing mean atomic mass. Deviations from this are up to 6.5%0, many
times analytical uncertainty (plotted as 20 of the mean, ie. 2
s.d./ n'/?), indicating confounding variables and /or the incorrect
choice of correlatives to describe the matrix effect. Subsets of
minerals show better correlation than is seen in the data as a
whole; e.g. Ca-rich minerals (open symbols) are systematically
below Ca-poor minerals (filled symbols).






