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Abstract

Experimental conditions for major, minor, and trace element analysis of olivine and low-
Ca pyroxene are described and analytical accuracy tested using suites of natural samples
spanning a wide range of Mg/Fe.

Special attention was given to sample cleanliness to avoid contamination, instrumental
vacuum to eliminate hydrides in the secondary ion spectrum, and sample preparation to give
good precision in measured intensities. Especially bothersome were molecular interferences
in the secondary ion spectrum which were separated from analytical peaks using mass resolu-
tion (M/AM) over 3000. Careful analysis of the secondary ion spectrum allowed choice of ei-
ther high or low mass resolution depending on the presence of interferences. Lithium (0.005),
F (l?), Na (0.01), Mg, Al (0.1), Si, P (5), K (0.05), Mn (0.1), Fe, and Co (l) were analyzed at
low resolution with detection limits (ppm) in parentheses. Elements requiring high resolution
include Ca (l), Sc (l), Ti (l), V (l), Cr (l) and Ni (5).

The secondary-ion intensities for Mg and Si do not correlate linearly with composition
whereas Fe is nearly linear. The simple relation of the Mgl(Mg + Fe) ratio to the measured
secondary ion ratio Mg*/(Mg* + Fe*) enabled major element determination to within +l
mol% of forsterite or enstatite content. The yield of Mg and Fe secondary ions is a complex
function of composition, and Mg*/Si* and Fe*/Si* are not simply related to atomic ratios in
the target.

To test accuracy of minor element determination as a function of major element variation,
secondary-ion iatensities were compared with compositions based on electron probe mea-
surements. Some elements (Al, Cr, Ti, Mn) give a linear relationship with no obvious matrix
eflect, but Ni, and possibly Ca and Co, definitely depend on the matrix. The linear relation-
ship allows composition determination to within tl\Vo of the amount present by reference to
known standards. A major efort is required to calibrate Li, K, Na, F, v and Sc for which few
reliable standards exist.

Introduction

The development of the electron nicroprobe in
1960-1970 brought about a revolution in the study of
rocks and minerals: indeed, it could be called a
"chemical microscope" because rapid non-destruc-
tive analyses became possible at spots selected by op-
tical study. It was no longer necessary to separate
minerals for analyses of major and minor elements
with atomic number (Z) greater than 10, and chem-
ical zoning could be studied with a spatial resolution
near I ;.rm. However, light elements could not be ana-
lyzed, and the continuous X-ray spectrum placed a
detection limit near 40 ppm (2o) for elements with Z
> 10. Many techniques (e.g., spark-source and iso-
tope-dilution mass spectrometry; neutron activation

analysis) are available for analysis of trace elements,
but most of them require mechanical separation of
the material to be analyzed. The ion microprobe was
recognized around 1970 to be a potential "chemical
microscope" for many trace elements, and qualitative
analyses rapidly became routine especially in the
study of metals and doped semiconductors. Quan-
tification of analyses of materials has posed severe
practical and theoretical problems. Although these
problems are not fully solved, we now describe ana-
lytical techniques for.reliable ion microprobe analy-
ses of various trace elements in olivine and low-Ca
pyroxene. Particular emphasis is placed on the use of
high mass resolution for identification and separation
of mass interferences.

The ion microprobe utilizes a focused primary ion
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beam to sputter a small volume of material from a
targeU some sputtered atoms are ionized and these
secondary ions (SI) are analyzed with a mass spec-
trometer. The extremely low background in a SI
mass spectrum allows analysis of trace elements, and
the focused beam can be positioned carefully on the
sample surface. Although the potential of this analyt-
ical tech-nique has been discussed (e.9., Evans, 1972;
Liebl, 1975; Werner, 1975), relatively little has ap-
peared regarding its potential for analysis of geologi-
cal materials. To provide a fundamental test of the
technique with typical applications, we have em-
barked on a systematic study of important rock-
forming minerals using an AEI IM-20 ion probe with
high mass-resolution (Banner and Stimpson, 1975).
These specific studies follow several years devoted to
instrument development and to practical experience
in analysis of geologic samples.

By far the greatest hindrance to measurement of
raw SI intensity dzta are molecular interferences
which often are far more intense than an analytical
peak. For example, in mafic silicates 24Mgt6O+ occurs
at the same nominal mass (: 40) as the most abun-
dant Ca isotope. Thus measurement with a mass res-
olution sufficient only to separate adjacent nominal
masses will give incorrect intensity data.

Two contrasting techniques are currently available
to reduce the effects of molecular interferences. Her-
zog et al. (1973) and Shimizu et al. (1978) described
application of energy filtering to increase the signal
to interference ratio while Bakale et al. (1975) and
Steele et a/. (1980) described use of high mass resolu-
tion to separate analytical peaks from interferences.
Because the AEI Itvt-20 ion microprobe allows only
limited energy filtering (Steele et al.,1977a), we pre-
fer to use high mass resolution when interferences
are present.

The precision and accuracy of measuremenJs is
crucial to use of the ion microprobe. Central thereto
is the influence of the mineral matrix on the sput-
tered ion intensities and any systematic instrumental
effects. To attempt to answer this question we assem-
bled a suite of natural samples of olivine and low-Ca
pyroxene to span nearly the entire range of Mg/Fe.
After careful electron-probe analysis for all detect-
able elements we systematically examined the SI
spectrum to determine analytical conditions for each
element as well as other elements not detected with
the electron probe. We then compared ion-probe
count rates against electron-probe measurements to
test the quantitative ability of the ion-probe tech-
nique.

Sample selection and preparation

Natural olivines lie very close to the binary join
(Mg,Fe)rSiOo, but several elements including Ni, Ca
and Mn are at high enough levels for comparison of
ion and electron probe analyses. Low-Ca pyroxenes
lie fairly close to the binary join (Mg,Fe)SiO' and
several elements, especially Al, Ca, Mn, Cr and Ti
are readily measured with an electron microprobe.
Chemically-analyzed low-Ca pyroxenes were used by
Howie and Smith (1966) to test correction procedures
for the electron microprobe, and a selected suite of
these pyroxenes was mounted for ion probe analysis.
Olivines were selected from those analyzed by Sim-
kin and Smith (1970) and Smith (1966). Several
other homogeneous olivines were used as well as an
extensive suite of Mg-rich olivines and ortho-
pyroxenes from mantle-derived peridotites which
had been carefully analyzed with the electron probe
(Hervig, 1980). Choice of samples was based mostly
on grain size and absence of visual inclusions. Be-
cause only six one-inch diameter samples can be
placed in the sample chamber of the ion probe and
because rapid sample exchange is not feasible if vac-
uum is to be maintained at <10-'torr, grain mounts
with up to 36 samples in each sample holder were
prepared. A second important consideration in
choosing this mounting method is that the relative
ion intensities appear to be sensitive to the physical
environment (holes, cracks, etc.) rn the vicinity of the
analysis point; thus a rather large insulating surface
with few defects is required. Sample mounts were
prepared by scribing a grid of 2 mm squares on one
side of a l-inch diameter fused silica disk in a 6 x 6
array. A thin layer of epoxy was placed on the non-
scribed side of the silica disk, and grains were placed
within individual squares during observation with
transmitted light under a stereomicroscope. Each
grain was checked for visual defects while in the
epoxy, and removed if necessary. With practice, 36
samples each of -5 grains were mounted in a two
hour period. Each mount was ground to thin-section
thickness and polished. To avoid possible surface
contamination (see below), diamond polishing com-
pound was made by mixing graded diamond powder
with commercial 'Aaselins". fill commercial dia-
mond pastes were found to have high levels of K, Na,
CL Si, F, Ca and other elements. Commercial vase-
line was found to be contaminant-free at detection
levels of the electron microprobe. Because of possible
hydrocarbon contamination and degassing under
high vacuum, thick epoxy mounts were not used;
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standard thin sections do not noticeably degrade the
vacuum. A reflected light photograph was taken of
each sample and any particular features such as in-
clusions and exsolution lamellae were noted.

Before analysis by the ion probe, selected grains of
each sample were analyzed with an ARL-EMx-sM
electron probe. Operating at 25 kY, with a high beam
current (2p"A) and, a spot diameter (-25pm) com-
parable to that of the ion probe, analyses for major
elements as well as Na, Al, Ca, Ti, Cr, Mn and Ni
were obtained for both olivines (Table l) and pyrox-
enes (Table 2) with detection levels (2o) below 100
ppmw. Standards used were CarPrO, (66.9 wt.Vo
PrOr), Corning V glass (0.80 wt.Vo TiOr, 016 wt.Vo
CrrO.), diopside.r-jadeite,, glass (22.0 wt.Vo CaO,
3.78trt.Vo Al2O3, 2.30wt.Vo NarO), P-140 olivine (7.41
wt.Vo FeO), Corning W glass (0.64 wt.Vo MnO) and
Corning X glass (0.71wt.Eo NiO). Analyses of low-Ca
pyroxenes agree satisfactorily with those given by
Howie and Smith (1963). Analyzed spors were noted
on photographs for later ion-probe analysis because
the pyroxene grains differed slightly in composition.
ln all, 7 olivine and 16 low-Ca pyroxene samples
were selected for ion probe analysis in addition to
many samples from peridotites. The preparation of
the thin section and electron microprobe analyses
added considerable surface contamination and a
cleaning procedure was required before ion probe
analysis. After final polishing with diamond com-
pound, surfaces were cleaned with Q-tips and ace-
tone followed by carbon tetrachloride and immedi-
ately coated with a conducting gold layer of -25A
and stored in a dessicator. Gold is preferred over car-
bon because the Au layer can be sputtered faster, re-
duces the possibility of forming hydrocarbons during
sputtering, and does not contribute to the SI spec-
trum.

Analytical conditions

Possibly the most difrcult aspect in comparing ion
probe results between different laboratories is the
wide variety of instrumental conditions. Below are
given our routine operating parameters with some
justifications.

(l) The primary beam is negatively charged oxygen
which was shown (Aadersen, 1969) to generally
give high yield of positive SI for insulating sam-
ples. Primary beam intensities in excess of
l00nA are routinely obtained from the duoplas-
matron source. The beam is mass analyzed to
provide a pure ''O- beam by exclusion of spe-

cies derived from the duoplasmatron itse$ and
from possible leaks, but at the expense of a re-
duced intensity.

(2) The primary beam has an impact energy of
20kV; higher potentials might increase the sput-
tering and ion yields but are more susceptible to
electrical breakdown.

(3) The condenser lens is adjusted to give a l0nA
primary beam current at a Faraday cup in the
sample position from a maximum observed
value of 90nA. This adjustment provides greater
stability in the primary beam at the sample be-
cause the beam becomes insensitive to the vari-
ous voltage fluctuations prior to the final aper-
ture. Also by reducing the primary beam, the
overall ion-optical properties allow better focus-
ing of the primary beam to a routine diameter
of - 15 pm. The l0nA beam current was chosen
to allow good SI intensities for a reasonably
small spot. Because variations in primary beam
intensity cannot be monitored during analysis,
the current is measured before and after analy-
sis by moving the sample from the beam path
and collecting the beam in a Faraday cup. Ob-
served drifts of primary intensity are less than
2Vo of the total over 20 minutes.

(4) Although rastering of the prinary beam in con-
junction with an electronic aperture should pro-
vide a cleaner target surface without edge ef-
fects, we prefer to use a stationary focused
beam. This gives a faster stabilization of the SI
signal and does not consume as much material.
Uncertainties or changes with time of edge ef-
fects in the periphery of the focused beam can
be corrected by periodic reference to standards.

(5) The sample is observed with both reflected and
transmitted light. Special care in focusing with
high power (150x) reflected light is necessary to
ensure that the analysis point remains constant
with respect to the SI extraction system.

(6) Extraction of SI is provided by a number of fo-
cusing and deflecting electrodes between tl.re
sample and source slit of the mass spectrometer.
The observed intensity ratios of S[ and the posi-
tion of the primary ion beam are greatly influ-
enced by the potentials on these electrodes. As a
set procedure all controls are adjurited to give
maximum Si ion yield. The settings are nearly
constant from day to day. Adjustments in the
repeller and extractor potentials afect the posi-
tion of the primary beam and are fixed during
routine measurements. Deflection/centering ad-
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Table l. Compositions (w.Vo) and secondary ion intensities for
olivine

(7) The source slit is adjustable from fully closed to
0.025 cm and, in conjunction with an adjustable
collector slit, controls the mass resolution of the
mass spectrometer. For low resolution, the col-
lector slit is opened fully and the source slit ad-
justed to provide no more than about 106 cts/sec
for the most intense peak to avoid damage to
the first dynode of the electron multiplier and to
avoid serious dead-time corrections. Under
these conditions peaks have a top that is flat to
+l%o of peak height. The extreme range in
count rates between major and minor elements
precludes collection of data under identical slit
settings for both; however, some major ele-
ments, such as Si, have minor isotopes which
can provide a SI signal of acceptable count rate
with slits set for maxirrum sensitivity.

(8) Although the mass spectrometer allows photo-
graphic recording of SI spectra, exclusive use is
made of electrical detection which incorporates
a 20-stage electron multiplier, preamplifier and
scaler with a 100 megaHertz counting capabil-
ity.

(9) Magnetic peak switching at low mass resolution
is automatic using an on-line Data General
comput€r and an analytical relation between
field intensity sensed by a Hall-effect probe and
secondary magnet current. Peak switching over
a 10 amu (atomic mass unit) range and stabili-
zation of the magnetic field requires about 5
seconds. Because the present electronic configu-
ration does not allow precise magnet scanning
under high mass resolution, this is done man-
ually with manual recording of data. Instru-
mental modification for scanning at high resolu-
tion is in progress, using the design developed at
Cambridge, England (Long et al.,1980).

(10) To allow for long-term drift and to provide an
indication of precision, standard samples are
analyzed at regular intervals. Such samples are
chosen for homogeneity, grain size, and chem-
ical proxirrity to the sample type being ana-
lyzed. A sequence of analyses is ignored if count
rates on the standards change by more than 5Vo.
These standards also allow comparisons from
day to day for which the relative count rates
may differ appreciably (+25Vo) even though an-
alwical conditions are nominallv identical.

Aside from the basic principle, important differ-
ences which are not always apparent exist between
ion and electron probe tech:riques. (l) the SI spec-
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justments just before the source slit are sensitive
to the initial energy of the particular SI as well
as to any misalignment of the extraction optics
with respect to the analyzed point and source
slit. These are changed for each measurement to
give a maximum SI signal for each ion type.
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Table 2. Compositions (wt.Vo) allld secondary ion intensities for low-Ca pyroxenes
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trum contains no equivalent of the intense white ra-
diation background which statistically limits preci-
sion with the electron probe. Ion probe precision is
only limited by instrument stability and peak count-

ing statistics. (2) Whereas the ratio of X-ray intensity
to concentration varies little for different elements
with I | < Z < 26, SI signals range over 5 orders of
magnitude resulting in a wide range of sensitivities
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for different elements. (3) An X-ray signal stabilizes
quickly after the electron beam impinges on the
sample, whereas the ion beam requires -5 minutes to
produce a stable SI signal. Thus points cannot be an-
alyzed at a rate comparable to that possible with the
electron probe. Rastering of the primary beam re-
quires considerable time to give a stable SI signal
from a large area, whereas imaging with an electron
probe is rapid. (4) Sample change requires several
hours for the ion probe in order to maintain a clean
vacuum of l0-8 torr.

In practice, approximately 30 mineral analyses for
-10 elements are possible in a l0 hour day. Because
many elements can be analyzed under low mass reso-
lution, whereas others require high mass resolution
to separate interferences, two sessions are required to
obtain a complete analysis; reproducible, rapid
switching from low to high mass resolution is not fea-
sible.

Mass spectrum of Mg,Fe silicates

The first step in analysis of a mineral matrix is an
examination of the SI mass spectrum. As a guide to
possible interferences a computer-generated list is
first made for a specific set of matrix elements. For
olivine and low-Ca pyroxene a matrix was prepared
for Mg, Fe, Si, Al, Ca and O. Although the most
abundant isotope is the obvious choice for analysis, it
might be preferable to collect intensity data at low
mass resolution for a weaker isotope if the attenua-
tion of transmission of the abundant isotope at high
mass resolution reverses the advantage in sensitivity.
The absence of an interference for a weaker isotope
is more difficult to confirm at high mass resolution
because the transmission is lower, and a wide range
of compositions must be examined so that an inter-
ference is not overlooked when it occurs only in some
specimens.

These particular problems are illustrated by mass
scans for the five Ti isotopes in an olivine (Fig. l).
From the known isotopic ratios for n/e (: charge to
mass ratio) of 46-50 (8.0, 7.8, 73.4, 5.5, 5.3Vo),larye
interferences at 46, 48, 49, and 50 must have raised
the intensity relative to that of 47. From the com-
puter-generated list of mass defects (Table 3), most
interferences can be assigned easily: e.g.,'oMgi at m/
e : 48. Although m/e : 47 appeared to be inter-
ference-free from both the absence of computer-gen-
erated interferences and high-resolution scans, in-
tensity data obtained at high resolution for m/e: 48
and low resolution for m/e : 47 for a range of oli-
vines did not fall on a single line passing through

Ol iv rne
73-76

47 46 4550 49 4B
Fig. l. Low resolution mass scan oftitanium isotopes in73-76

olivine (Fo 94,TiO2 = 30 ppm, Na2O : 120 ppm) from garnet
lherzolite. Isotopes at n/e : 50, 49, 48, and 46 clearly have large
interferences because m/e: 47 is very weak. Insets show high
mass resolution scans illustrating that even m/e : 47 has an
interference thought to be NaMg*.

zero (Fig. 2). The simplest explanation was that some
samples have an interference at m/e : 47, and in-
deed high-resolution scans on samples with excess
counts at m/e : 47 on Figure 2 showed a doublet
(Fig. l ) .  The only plausible interference was
"Na2oMg* and indeed the Na content of olivine cor-
relates qualitatively with the excess low-resolution
signal at m/e : 47 on Figure 2, as indicated by the
dashed line for samples with Na > 25 ppm. This in-
terference could have been overlooked quite easily
because Na is absent at the 40 ppm (2o) detection
level of the electron microprobe in most olivines
crystallized at low pressure (<-10 kbar), and only
olivines from the deep-seated peridotites display Na
substitution consistently. The "Na2oMg* interference
is significant because of the very high yield of sec-
ondary ions involving alkali metals. Titanium analy-
ses must be obtained at high mass resolution for Na-
bearing olivines. For Na-free olivines, low resolution
analysis zt m/e: 47 gives a higher sensitivity than
high resolution at m/e : 48.

Whether the analytical technique uses high mass
resolution or energy filtering to suppress inter-
ferences, it is necessary to first identify the magnitude
of the interference. Table 4 summarizes the system-
atic examination of interesting elements represented
in the spectra of (Mg,Fe) silicates. Undoubtedly
other elements can be detected. Some general fea-
tures are: (l) for elements with Z < 12, interferences
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Table 3. Interferences for Ti isotopes from mafic silicate

can result only from multiply charged species. Pos-
sible interferences at m/e : 6 and 7 for Mg*o and
Si*o, respectively, are not detectable, and H, Li, B, F
and Na can be measured at low mass resolution. (2)
For elements between Z :20 arrd Z:30 (Ca-Zn),
molecular interferences, usually singly-charged
oxides or metal diners, are intense for the major iso-
topes. In Table 4, the interference intensity, ex-
pressed as cts/sec, can be used to approximately cal-
culate ratios of interference to analyical peaks. For
example, 500 ppm Ca would give an intensity of ap-
proximately 3750 cts/sec (500 X 6.5 cts/sec) while
the MgO interference would give -1500-5000 cts/sec
for a ratio between l:4 and l:1.3.

Major-element systematics

The variation of major-element SI signals with
composition should provide tests of postulated cor-
rection procedures and theories of interactions which
occur during sputtering and ionization. Although the
same information can be obtained from minor ele-
ments, major-element data are much easier to use be-
cause of high count rates, negtgible interferences
and well-known composition either from stoichio-
metry or electron-probe analysis.

The simplest presentation is a plot of raw count
rate against the atomic concentration as in Figure 3a,
b where Mg*, Fe* and Si* are plotted against mole%o
forsterite or enstatite (mg: Mg/(Me + Fe) for oli-
vine and pyroxene, respectively. Although the atomic
fraction of silicon is near-constant for all olivines. the
SI yield changes drastically with a minimum near mg
: 0.65 and a greater yield for the Mg than for the Fe
end member. Whereas Fe count rates show a mono-

tonic but non-linear decrease from Fe-rich to Fe-
poor compositions, for Mg there is a maximum SI
yield near mg : 0.8 and a decrease in intensity for
higher mg. A second set of nearly identical data for
these same samples was given by Steele and Hut-
cheon (1979). Data for low-Ca pyroxenes (Fig. 3b)
are more difficult to interpret because of higher levels
of minor elements and substitution of Al for Si. How-
ever, if the SI count rate for Si is normalized to the Si
content from electron probe determination, the
simple plot of normalized count rates vs. Si content
shows considerable scatter but with a minimum
value near mg : 0.60 as for olivine. Iron shows an
apparent linear relation with Fe atomic content. In
contrast to olivine, Mg SI intensities do not show a
clear maximum, but show considerable scatter about
a line.

These variations of Mg, Si and Fe intensities
clearly indicate the presence of complex interactions
which affect the SI yields. Two important implica-
tions for any data reduction procedure are: (l) nor-
malization of intensities to the SI count rate for sili-
con (Shimint, 1978; Shimizu et al., 1978) will
introduce a systematic deviation from linearity unless
both intensities show identical compositional depen-
dence. For some compositional systems (Shimizu et
al.,1978),linear plots of atomic ratio (N^n/N",) vs. in-
tensity ratio (I*n/I.,) were found. However the data in
Figures 3a and 3b do not give linear plots, and the
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Fig. 2. Comparison ofsecondary ion count rates for aETi at high
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fitted by eye between the data for sanples with Na > 25 ppm.
Because it does not pass through the origin, an interference is
implied at m/e = 47.
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compositional dependence of IMlIsi is affected by the
complex form of the Si yield vs. composition curve.
Although the Fe SI data appear near-linear with the
atom fraction of Fe for both olivines and low-Ca py-
roxenes, I../I* would be distinctly non-linear. (2)
LIse of"relative sensitivity factor" data for derivation
of atomic ratios (Meyer, 1978; Storms et al., 1977)
has severe limitations because of compositional de-
pendence. For the data of Figure 3a, the sensitivity
factor of Mg in olivine ranges (Fig. a) from about 3
for forsterite to I I at Fo 60; for Fe, the sensitivity fac-
tor ranges from 8 to 4.Data in Meyer (1978) show at
least 2-fold variations for Li, Be, F, Fe, Zr and Rb,
depending on the standard. Although such diagrams
are useful for illustration of wide sensitivity ranges,
errors in deriving atomic ratios therefrom are large.

A simple relation is obtained between the observed
Mg*/(Mg* * Fe*) SI ratio and the Mg/(Mg + Fe)
atomic ratio (Fig. 5, center), but not for the corre-
sponding Mg/(Mg + Si) plot (Fig. 5, upper left).
Smooth trends occur for the Mgl(Mg * Fe) plot, but
with slightly different trends for olivine and low-Ca
pyroxene. Three reference curves with K : 1.0, 0.6
and 0.4 are drawn for the following analytical form:

K: Img (t - mS*)l/IQ - mg) mg*l

where mB: atomic Mg/(Mg + Fe) and mg* : SI ra-
tio Mg*/(Mg* + Fe*). The data for low-Ca pyroxene
(squares) lie close to a curve with K : 0.52, and the
scatter of about +l atomic Vo irt mg is comparable to
that for routine electron microprobe analyses. The
data for six olivines have stayed consistent during
several tests over two years, and yield K: 0.42. A
larger suite of olivines with specimens of inter-
mediate zg is needed to provide a more rigorous test.
The advantage of using Figure 5 for mg determina-
tion is that only one standard is needed to confirm
the value of K, and the analytical function is easy to
handle.

The shape of the reference curves in Figure 5 in-
dicates a constant distribution between Mg and Fe
secondary ions to Mg and Fe atoms in the target, and
is the same as that used for ideal solution models of
site populations (e.9., Saxena, 1973). Perhaps this
regularity results from the similarity of chemical
properties of Mg'z* and Fe2* ions, and can be ex-
ploited in the theory of sputtering.

Minor snd trace elements

In order to evaluate the experimental accuracy and
the matrix influence, analyses of minor and trace ele-

ments by electron and ion microprobes are now com-
pared. Although every effort was made to atalyze
identical areas with the two techniques, it must be
emphasized that the ion probe uses SI sputtered from
the surface whereas the electron probe uses X-rays
excited fron a light-bulb-shaped region with mean
depth about 7 to 2 Fm below the surface Tiny in-
clusions and exsolution lamellae, especially of Ca-
rich pyroxene, are particularly troublesome in low-
Ca pyroxene, and the pyroxene specimens repre-
sented in the figures are separated into groups for
which electron probe analyses showed variable or
near-constant analyses of Ca (Howie and Smith,
1966). Data from Tables I and 2 are now shown
graphically and discussed.

Ca

Figures 6a and 6b compare ion and electron mi-
croprobe analyses for low-Ca pyroxene and otvine,
respectively. If the inhomogeneous samples 4, 12 and
16 are ignored, there is a linear correlation within
1107o absolute of the electron-probe values (dashed
lines), especially for samples with constant Ca
(square symbols). Furthermore there is no systematic
bias with Mg/Fe about the visually-drawn central
lines. The Ca level in olivine is much lower than in
pyroxene, and multiple analyses were made with a
narrow electron beam in the electron probe to test
sample homogeneity in the area analyzed with the
ion probe (Fig. 6b). Analyses were also made on the
same spots on two separate days (open and filled cir-
cles). Samples 5 and 6 yielded a range in electron
probe analyses considerably greater than the statisti-
cal error ofthe electron probe. There is considerable
scatter about the visually-fitted linear averages and
deviations tend to be the same for the two days, as
particularly displayed by specimens 2 and 6 which
have the largest deviations. Because Mg-rich speci-
mens 2 and 3 lie above the lines and Mg-poor speci-
mens 6 and 7 (marginally) lie below the lines, while
specimens 4 and 5 are near the line, it appears that
the SI yield for Ca may be higher for Mg-rich than
Mg-poor olivines. Such a matrix effect must be con-
firmed by measurement of more specirnens before it
can be justified. A scatter of similar size was found
for Mg determinations in plagioclase (Steele el a/.,
1977b), but absence of a correlation with Na/Ca ra-
tio indicated that there was no matrix effect. These
two studies indicate the need for caution in assuming
a linear dependence for ion probe analyses of minor
elements in a mineral group with large compositional
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F A  \ i l I' "2" ' "4 IOO Mgl(Mg.Fe) MgrSiOo FeSiO. IOO Mql(M9-Fe) MqSiO.

Fig. 3(a) Variation of secondary ion count rates for Si* , Mg+ and Fe+ in olivine as a function of forsterite content. (b) Variation of
secondary ion count rates for Si+, Mg+ and Fe* in low-Ca pyroxene as a function of enstatite content. Curves for Mg* and Fe* are
possibly linear while Si+ is not. Lines fitted by eye.

variation of major elements. For a caunca ion mi-
croprobe, Shimizu et al. (1978) found that the Ca
yield for ferromagnesian minerals was en-hanced in
Fe-rich samples. Detailed measurements of the same
samples with carrlsce and AEI ion microprobes are
needed to test whether the apparent difference in ma-
trix effects results from instrumental parameters (e.9.,
degree of energy pelection of the secondary ions) or
from choice of normalization (Shimizu et al. normal-
ized SI intensities to those of Si).

Figure 7 demoristrates that there is a nearly linear
correlation between electron and ion probe analyses
of Ca in olivines for which the range of zg is small
enough (0.85-0.94) for matrix effects to be low. All
the samples are from peridotite nodules in kimber-
lites. The electron microprobe analyses were ob-
tained on thin sections whereas the ion probe analy-
ses were made on grain mounts. Much of the scatter
lies within the 20 counting precision of the electron
probe analyses, and a small amount can be ascribed
to mineral inhomogeneity detected in the electron
probe analyses. Even if all the scatter were attributed
to the ion probe (for which the counting precision is
trivial), most analyses would lie within a +l0%o
range.

Data taken in one analyical session (Fig. 8) dem-
onstrate that the SI yield for low-Ca pyroxenes is
about one-third higher than for olivines, as also was
found for Mn (see below).

Ni

A less favorable peaklbackground ratio for the
electron probe, lower concentrations of Ni, and posi-
tive correlation of Ni and Mg in natural samples
make comparisons of Ni determinations more diffi-
cult than for Ca. Because ion and electron probe
analyses of Ni in low-Ca pyroxene (Table 2; filled
circles, Fig. 9a) correlated poorly, repeat determina-
tions were made with both the electron probe and ion
probe (open circles) for four out of the five samples
showing highest Ni. The relative position of each
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Fig. 4. Variation of Mg and Fe secondary ion "sensitivity
factor" 1: Mg+,/Si+ or Fe+/Si+) for olivine as a function of
forsterite cont€nt.
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Fig. 5. Variation of mg (: 100 Mgl(Mg + Fe) atomic) in targ€t
with secondary ion mg+ (: 100 Mg*/(Mg+ + Fe+)) for olivine
and low-Ca pyroxene. Dashed lines show variation of 100 Mg/
(Mg + Si) in target as a function 100 Mg+/(Mg* + Si+) of
secondary ion spectra. See text for discussion.

point is qualitatively the same for the two determina-
tions although the ion probe count rate is about 407o
lower for the second determination. The scatter
about any correlation line is large even if analytical
errors or zoning are considered. Following the obser-
vation by Reed et al. (1979) that the Ni yield is a
function of the Fe content of olivine. we tested the ef-
fect of the FelMg ratio of low-Ca pyroxene on the Ni
SI yield. Figure lOa shows x 11s41-lins4r correlation
between the Fe content expressed as mole%o ferrosi-
lite and the Ni yield (e):

e : (atomic FelNi) . (ion probe cts Ni/Fe)

If the Ni SI yield were independent of the FelMg ra-
tio, the points on Figure lOa would lie on a horizon-
tal line. The positive slope indicates that with in-
creasing Fe (thus decreasing Mg), the same atomic
concentration of Ni gives greater Ni SI yield.

Similar datl arc given on Figures 9b and lOb for
the four olivines for which Ni is detectable with the
electron probe. Again, an approximate linear depen-
dence of e with Fe expressed as moleTo fayalite is
present. Comparison with the results of Reed el a/.
(1979) is complicated because Reed et a/. obtained
both the Ni and Fe analyses at high resolution
whereas the present data for Fe were taken at low
resolution. Furthermore the extraction optical system
in the ant ion microprobe used by Reed et al. is rrot

the same as that at Chicago, and a diferent energy
band of the SI may be used. It appears from the dif-
ference of slopes of lines in Figure lOb that an empir-
ical matrix correction must be deterrrined for each
set of analytical conditions. In view of the non-lin-
earity of data in Figure 3a, it is possible that the
trends in Figures lOa and lOb would be found to be
slightly non-linear if further measurements of higher
precision were made.

Mn

This element shows a strong correlation with Fe,
as shown by the progression of sample numbers
along the band of data in Figures lla and llb for
low-Ca pyroxene and olivine. Because the data
points are randomly scattered about a straight line,
there is no evidence for a change of ionization effi-
ciency with Fe/Mg ratio, as was demonstrated for
Ni. However Figure 12 shows that the SI yield for
Mn in low-Ca pyroxene is about 25Vo greater than for
olivine. It should not be assumed that this difference
of "relative sensitivity factor" is constant from one
ion microprobe to another and from one set of oper-
31ing conditions to another.

A I

There is a good linear correlation (Figure 13) for
the four low-Ca pyroxenes (squares) listed as homo-
geneous by Howie and Smith (1966), and all but two
of the in-homogeneous specimens (filled circles) lie
close to the line. There is no evidence for a matrix ef-
fect dependent on the FelMg ratio.

Because the Al content of olivine is rarely much
greater than the detection level with the electron mi-
croprobe (70 ppm AlrO, at 2o), it was not possible to
make a rigorous calibration of ion probe analysis.
However. all olivines with Al detected with the elec-
tron microprobe show high count rates with the ion
probe.

Cr

Because of the rapid decrease of Cr with increase
of Fe in low-Ca pyroxene, only a few samples could
be used to test ion probe analysis. For these samples,
there is a linear relation (Fig. la) between electron
and ion probe analyses, with the scatter mostly
within the 2o counting error of the electron micro-
probe analyses. Only one otvine contained Cr at the
detection level of the electron microprobe, and it had
a substantial ion probe signal. Chromium occurs at
detectable levels in olivines from deep-seated perido-
tites, and there is a good correlation between electron
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Co/ 12 Ox. (electron probe)

o02
Co/12 Ox (electron probe)

Fig. 6(a) Ca* secondary ion couot rate vs. Ca cations /12 oxygens in low-Ca pyroxene. Numbers adjacent to data points correspond to
analyses in Table 2 and higher sample numbers repres€nt samples richer in Fe. Square symbols are used for samples known to have
constant Ca and circles for those with variable Ca. Dashed lines represent l0% absolute errors from eye-estimated linear fit. (b) Ca+
secondary ion count rate vs. Ca cations/I2 oxyg€ili in olivine. Open and solid symbols repres€nt analyses made on different days.
Dashed lines represent tl0% absolute errors from eye-estimated linear fit. Sample numbers are shown.
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l ;OOO 2,OOO 3.OOO
4r\  ''Co- count/second

Fig.1. Ca+ secondary ion count rate vs. Ca ppm lbr olivines from peridotites. At these low concentrations, mole fraction is
proportional to weight fraction. Upper left inset shows electron probe wavelength scans for 390 and 45 ppmw CaO and lower right inset
shows ion probe mass scan at high resolution to s€parate MgO+ molecular interference from aoCa*. Error is based on counting statistics.
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and ion probe analyses; however, the small range of
FelMg in these samples precludes testing for a ma-
trix efect.

Ti

The ion probe signal at o'Ti has an unresolved o'Ca

interference even at high resolution, but the inter-
ference is small for low-Ca pyroxene (Fig. 15: circle,
uncorrected; dot, corrected) and trivial for olivine.
The correction was made by dividing the count rate
for *Ca by the accepted isotopic ratio of 97.0:0.18
for *Ca to n'Ca. Some of the scatter about the line on
Figure 15 can be assigned to counting error in the
electron probe analyses, and some may result from
inhomogeneity caused by exsolution of Ti-bearing
oxide. There is no evidence for a systematic bias with
FelMB ratio. For the olivine suite, Ti was detected
by electron probe analysis for only four out of the
seven samples, and the electron probe analyses corre-
lated linearly with the ion probe analyses within the
2o counting precision.

Na

Thorough analyses were made of Na in olivines
from mantle-derived peridotites (Fig. 16). Although

the concentrations are too low for accurate electron
probe analysis, there is a linear correlation with ion
probe analyses within the 2o counting error of the
electron probe. Because of the small range of Fe/Mg,
these samples do not allow testing of a possible ma-
trix effect.

For olivines of Table I only sample 2 from a wehr-

,/, a

Low-Co pvroxene.
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Fig. 8. Secondary ion yield for Ca+ in low-Ca pyroxene com-
pared to olivine. Data obtained during same analysis session. Ver-
tical bar shows reproducibility of secondary ion count rate for 73-
165 pyroxene during scssion.
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Fig.9(a). Ni* secondary ion count rat€ vs. Ni cations /12 oxygens for low-Ca pyroxene. Open and solid symbols repr€sent analyses
made on different days. (b) Ni+ secondary ion count rate vs. Ni cations /12 oxygens for olivine.
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analyses of carefully selected homogeneous stan-
dards; particularly difficult will be testing for matrix
effects. An approximate calibration can be obtained
using the relative SI yields for other materials for
which the concentrations of two elements are known.
For example, the three adjacent transition elements
Cr, V and Ti give approximately equal SI yields for
pure metal targets (Storms et al., 1977), and Cr in a
pyroxene standard could be used as a semi-quan-
titative reference standard for V in pyroxenes. This
assumes a similar relative yield in an oxide matrix.

Relative yield factors are a function of instrumen-
tal parameters as well as matrix. Because we have not
determined sensitivity factors for our instrument, we
rely on data of Meyer (1978), Storms et al. (1977),
and Gittins et al. (1972). The relative SI yields of
trace elements are now discussed and compared with
observed trends, especially for several pyroxenes for
which emission optical spectrographic analyses
(Table 5a) are available (Howie, 1955).

Assuming that the SI yields for Ti and V are equal
on an atomic basis, and not matrix dependent, 1550
cps for Ti* corresponds to 840 ppm Ti (Fig. 15) and
hence 860 ppmv. Thus I cps should correspond to
0.53 ppm. These estimates for five samples (Table
5b) are systematically low by -2.2. Yanadium was
detected in only two olivines in Table l, 4,nd the 2
cps for sample 2 would correspond to -l ppm if the
pyroxene calibration is applicable to olivine.

Cobalt ion yields can be expected to be close to
both Fe and Ni, but because high-resolution Fe data
were not obtained, reference will be to Ni. Using the
relative ion yields of Co to Ni as -1.75 for silicate
glass (Meyer, 1978) and Ni data for sample 6 of
Table 2 (544 cps Ni* equals 710 ppm Ni), I cps cor-
responds to 0.73 ppm Co. The resulting estimates
(Table 5b) are in the correct range but agree poorly
in detail with Howie's (1955) data in Table 5a. The
calculated Co values for samples with high mg are
low while those for samples with low mg Lte too
hig[ differential matrix effects might be responsible.

Scandium ion yields are about 1.5 times those of
Ti (Gittins et al.,1972), and I cps should correspond
with 3 ppm Sc. Calculated data in Table 5b appear
twice as high as values in Table 5a, but these latter
ones are all close to detection. If the pyroxene cali-
bration is carried over to olivine, the count rates in
Table I correspond to l.G-6.0 ppm. Scandium corre-
lates with Fe in low-Ca pyroxenes (Deer et al., 1978),
and such a correlation is also implied for olivine.

Potassium has a very high yield of SI, and Meyer
(1978) gives a yield about twice that of Na in feldspar

Y ' -O lo 20 30 40
Fo (mol %)

Fig. l0(a). Secondary ion yield factor for nickel (e) vs. ferrosilite
(Fs) content for Ni-rich, low-Ca pyroxenes, Symbols as in Fig. 9a.
The cause of the anomalous position of the dot for specimen 2 is
unknown. (b) Secondary ion yield factor for nickel (e) vs. fayalite
(Fa) content for Ni-rich olivines. Solid line is from Reed et a/.
(1979) adjusted to same interc€pt.

lite inclusion in basalt shows high (130 ppm) Na.
Other olivines, all from rocks formed under near-sur-
face conditions, have Na levels of near I ppm with a
restricted range. With the exception of sample I of
Table 2, electron probe analyses of low-Ca pyroxenes
have insufficient precision to test for matrix efects.
Assuming no matrix effects the ion probe count rates
in Table 2 show no clear trend with zg although the
highest values occur at intermediate mg as for several
other elements.

Other elements (Li, K, Sc, V, Co)

Although these elements can be measured readily
in most olivines and low-Ca pyroxenes by ion probe
analysis, they are too low in concentration for the
electron probe. A major effort will be needed to cali-
brate the ion-probe data by comparison with bulk

Low-Co Pyroxene uo-
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Fig. ll(a). Mn* secondary ion count rate ys. Mn cations /12 ox-
ygens for lo\ '-Ca pyroxenes. Most points lie within tl07o absolute
dashcd error limits about visual linear fit. (b) Mn+ secondary ion
count rate ys. Mn cations /12 oxygens for olivine.
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those of Howie (1955) but not by a constant factor.
Because the Li determinations of Howie are all near
his detection limit of 5 ppm, further comparison is
probably not warranted. Carrying over the calibra-
tion of 600 cps : I ppm to olivine yields 0.1-4 ppm
(Table l).

Discussion and prospects for ion microprobe analysis

Whereas the instrumentation for the ion probe is
much more complex than for the electron probe, and
sample preparation and analytical techniques are far
more stringent, the ability to measure many trace ele-
ments at chosen points encourages further develop-
ment of the ion probe. Even now, detection levels are
quite satisfactory for many geochemical problems,
and these levels can be improved at least l0-fold, and
probably 100-fold, by improved design. Unlike ele-
ments with Z > l0 in the electron microprobe, detec-
tion levels with the ion microprobe vary greatly from
element to element depending mainly on: (a) the SI
yield which varies by about 105; (b) the abundance of
the measured isotope, and (c) whether fiigh mass res-
olution is needed. The detection level can be esti-
mated from the count rate in col. 6 of Table 4. and
ranges from -0.01 ppm for alkali metals to -l ppm
for most transition metals. Even for Ni a detection
level better than l0 ppm can be obtained, in spite of
the weak yield of SI, and the need for high-resolution
analysis with a low-abundance isotope.

Lower count rates result at high mass resolution
because of attenuation of the transmitted beam by
narrow slits. In the present AEI instrument, the in-
tensity drops about 20-fold in adjusting from low to
high resolution, mainly because of poor design of the
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matrix. For low-Ca pyroxene number l, Table 2,
0.15 vtrt.Vo NarO corresponds to 3.3 x l0' cps, and I
ppm K should correspond to 300 cps. The resulting
values of l-2 ppm for the five low-Ca samples in
Table 5 are -103 tirnes lower than the emission spec-
trographic analyses. This very large discrepancy is
best explained by impurities in the spectrographic
analyses. Carrying over this caHbration to olivine
gives values of 30 to 100 ppb for K count rates of
Table 1.

Lithium has a high SI yield about one-quarter that
for Na (Meyer, 1978). For a plagioclase with known
Li our instrument gives approximately 600 cps/ppm
Li which is somewhat higher than that calculated
from Meyer (1979). {Jsing our Li calibration, data for
5 low-Ca pyroxenes (Table 5) are high relative to
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Fig. 12. Mn+ Secondary ion yield for low-Ca pyroxene
compared to olivine. Data obtained during same analysis session.
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Fig. 13. Al+ secondary ion count rate vs. Al cations /12 oxygens for low-Ca pyroxene. Linear fit includes most samples within *107o

absolute error limits. Squares or circles, respectively, show samples found to be homogeneous or inhomogeneous by electron probe
analysis.
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dards. Currently there is no reliable quantitative the-
ory for secondary-ion analysis, though a general the-
ory (Andersen and Hinthorne, 1973) is valuable for
semi-quantitative purposes (within a factor of 2?).
Unfortunately it is at best tedious to assemble a set of
reference standards for ion microprobe analysis, and
at worst very difficult or even impossible for some
elements. Ion probe users should exchange material
to compare the response of the various instruments.

In spite of the problems, ion microprobe analysis
of trace elements has an important role in future re-
search in geochemistry, mineralogy, and petrology.
Calibration problens are least difficult for minerals
with near-identical or similar major-element chemis-
try, such as those from upper-mantle peridotites, and
many important problems can be tackled. Minerals
belonging to binary series can also be handled if
standards can be assembled to test possible matrix ef-
fects, and again there are many important problems
involving feldspars, olivines, and low-Ca pyroxenes.
Minerals with complex compositional ranges, e.8.,
garnets and amphiboles, will be difficult to handle
unless a quantitative theory of SI emission can be de-

SI extraction optics. After modification by a design
which should involve only a 3-fold decrease (De-
Ereve et al., 1979), the detection level for elements
measured at high resolution should improve.
Roughly speaking, the detection levels of most ele-
ments with Z > lO listed in Tables I and2 are over a
100-fold better with the ion microprobe than the
electron probe, especially for the alkali metals.

Now that the sensitivity problem has been solved,
the major problem is to obtain accurate calibrations.
The demonstration of a linear relation between SI
signal and atomic concentration for some elements
within one mineral type (e.g., for Mn in ortho-
pyroxene) is encouraging because it greatly simplifes
quantitative procedures. However, the dependence of
the SI yield of Ni on the FelMg ratio of olivine and
pyroxene provides a warning that a linear response
should not be assumed unless necessary because of
lack of appropriate standards. Furthermore the dif-
ference of catbration curves for olivine and pyrox-
ene, even for an element whose response appears to
be independent of Fe/Mg ratio (e.g., Mn, Fig. l2),
provides a second warning about casual use of stan-

Low - Co pyroxene
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I

l u /'/

Zf ,u 2r
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veloped. Development of ion microprobe techniques
for trace elements will be more diffi.cult than of elec-
tron microprobe techniques for major and minor ele-
ments, but sinultaneous use of both methods should

Table 5. Analyses oftrace elements in pyroxenes

a)  Emiss ion  spec t rograph ana lyses  (ppmw)  o f  low-Ca
p y r o x e n e s  ( H o w i e ,  I 9 5 5 ) .

Sample  * . l0 ' l t
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lead to major new results in geochemistry, mineral-
ogy and petrology.
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steady and skillful development of ion microprobe techniques
over a long period when publishable results were rare.
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