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Abstract—The use of the ion microprobe for quantitative analysis of Sr, Y, Zr, La, Sm, and Yb in melilite
and pyroxene is evaluated. Three trace element-doped synthetic glasses of composition Akyg, Akgo, and
Di,AbAn were analyzed by ion microprobe (IMP) using ion yields determined from Corning glass stan-
dards. IMP-determined oxide concentrations in the Di;AbAn glass agree well with electron microprobe
(EMP) analyses (to within 6%), but IMP analyses of the melilite glasses deviate from EMP averages by
up to 19%. The deviations are due to erroneous SiO; estimates caused by suppression of Si ion intensities
by the enhanced concentrations of Ca and Al in the melilite glasses compared to the standards. Thus, in
order to determine compositions of melilite, diopside, and glass from subliquidus experiments on each
of the three starting compositions, we adopted a new set of ion yields such that IMP analyses of the three
starting glasses reproduce the EMP average compositions. Further IMP and EMP comparisons of the
subliquidus assemblages show that quantitative analyses of melilite, diopside, and glass can be obtained
by IMP that are within 10% of the concentrations obtained by EMP, when ion yields determined from
glass starting compositions are used. EMP-IMP comparison of crystal and glass analyses also suggests
that a structural matrix effect may result in overestimation of SrQ (10-12%) in melilite by IMP.
Comparison of our data for Ak;, and Ake melilite compositions with literature results shows that
melilite/liquid D-values for REE** determined by IMP decrease with increasing Xay (Akgo: Dy, = 0.038,
Dsm = 0.032, Dyp, = 0.0086; Aky,: 0.67, 0.75, 0.25, respectively) while that for Sr (=Eu®*) changes only
slightly (0.99 to 0.78, respectively). Since X, increases with decreasing temperature for all melilite with
Xax < 0.7, a progressively larger positive Eu anomaly is predicted for melilite as it crystallizes with falling
temperature. Our diopside/liquid data are characterized by a large degree of scatter on most interelement
correlation plots of apparent partition coefficients. The data cannot be understood in terms of simple
models of boundary layer formation but require a complex surface partitioning explanation. Nevertheless,
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estimates of diopside/liquid D-values are in excellent agreement with literature data.

INTRODUCTION

EQUILIBRIUM PARTITIONING of trace elements between crys-
tals and coexisting liquids has been used extensively to model
the chemical evolution of a magma brought about by crystal
fractionation processes. In favorable circumstances, differ-
ences in whole-rock trace element concentrations between
samples from a given magmatic center can be assessed in
terms of fractionation of liquidus phase assemblages. Results
of these studies may indicate, for example, a history of high
pressure crystal fractionation of phases for which there may
be no petrographic evidence (SHERATON et al., 1984), or pro-
vide evidence for complex partial melting and magma cham-
ber processes (LANGMUIR et al., 1977; PANKHURST, 1977).

Experimental studies by STOLPER (1982) and STOLPER
and PAQUE (1986) show that some Ca-, Al-rich inclusions
(CAISs) in carbonaceous chondrites represent closed-system,
essentially total-crystallization products of partially molten
droplets. With such presumably simple magmatic systems,
studying the trace element evolution of the liquid during CAI
solidification should permit a sophisticated level of under-
standing of the igneous processes. Alternatively, Type B CAls
originating by processes other than igneous crystallization
may also be identifiable. Unlike terrestrial differentiation
studies, however, separate aliquots of bulk material produced
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during successive stages of crystallization inside single Type
B inclusions are not available for analysis. The progressive
change in liquid composition must instead be inferred by
examining trace element zoning profiles within the crystal-
lizing phases of the inclusion. In this case, it is necessary not
only to understand quantitatively how trace elements are
partitioned between crystals and liquid, as in terrestrial stud-
ies, but it is also necessary to be able to obtain accurate anal-
yses of trace elements at ppm concentrations from ‘spot’ lo-
cations in single crystals. The purpose of this paper is to eval-
uate the use of the ion microprobe in obtaining quantitative
analyses of trace elements from the dominant phases in Type
B CAIs, melilite and clinopyroxene. We also have utilized
our results to investigate the partitioning behavior of selected
elements between these phases and coexisting liquid.
Application of the ion microprobe to quantitative analysis
of major and trace elements in geological samples has been
evaluated in several studies, e.g. SHIMIZU et al. (1978), STEELE
et al. (1981), RAY et al. (1983), and ZINNER and CROZAZ
(1986). Routine quantitative chemical analyses by ion mi-
croprobe have been hindered by the poorly defined roles of
structural and chemical matrix effects on ion yields and by
molecular ion interferences with analytical peaks of elemental
ions. To evaluate these factors for eventual analysis of melilite
and clinopyroxene in natural Type B inclusions, we have
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undertaken a combined electron probe-ion probe study of
these phases produced from synthetic CMAS and NaCMAS
liquids doped with Sr, Zr, Y, La, Sm, and Yb at 0.30-1.3
oxide wi% levels. At these concentrations, crystals and glass
can be characterized initially by electron microprobe analysis
(EMP). Subsequent ion microprobe analyses (IMP) of the
synthetic products can then be compared to results obtained
by EMP and variables affecting the ion probe determinations
adjusted, if necessary, to reproduce the compositions obtained
by electron probe. In principle, identical spots can be analyzed
by both techniques, eliminating possible problems associated
with sample heterogeneity. The synthetic melilite and cli-
nopyroxene sampies can then be used as standards for ion
probe analyses of the same phases in natural CAls in which
concentrations of these elements are too low for accurate
analysis by the electron microprobe. Preliminary results of
this study were reported by KUEHNER et al. (1988).

EXPERIMENTAL
Synthesis

Synthetic melilite crystals were grown from two starting compo-
sitions, Akqy and Akg (molar), and diopside was grown from a
Di,AbAn (molar) composition. Minor elements were added to syn-
thetic oxide mixes of each starting composition by means of a nitric
acid solution and the mixtures dried in open Pt tubes at 1000°C. To
ensure chemical homogeneity in the starting mixes, the dried powders
were fused in sealed Pt tubes at 1310°C and finely ground in a ball
mill. The fusion and grinding process was then repeated. Experiments
were performed in a | atm furnace. In order to reduce the number
of crystal nuclei in the charge and provide for growth of fewer but
larger crystals more suited for IMP analysis, the general synthesis
procedure (see footnotes to Table 4 for details) was first to hold the
sample at a temperature slightly above the liquidus for 1-2 h. The
temperature was then reduced such that the charge rapidly entered
the melilite + liquid or diopside + liquid phase field. Following a 5-
28 h period, the charge was quenched. This type of thermal history
is not optimum for partition coefficient studies due to the possibility
of boundary layer development during rapid crystal growth when
the charge enters the temperature regime of the two-phase field. Nev-
ertheless, samples suitable for electron probe/ion probe comparison
were produced. In a synthesis more suitable for partition coefficient
measurements (JONES and BURNETT, 1987), the temperature in one
diopside synthesis experiment, 35-5B, was dropped about 10 C° from

a slightly superliquidus temperature in order to produce seed crystals,
then reduced slowly to a temperature 65°C below the liquidus.

Electron microprobe methods

Because the quality of the ion probe analyses of the synthetic run
products depends on the quality of electron probe analyses, consid-
erable care was taken in the setup procedures of the latter instrument.
All samples and standards were analyzed using wavelength dispersive
techniques on an automated CAMECA SX-50 electron microprobe
at the University of Chicago. Operating conditions were 15 kV, 25
nA and 30 sec peak and background counting times for major ele-
ments (Na, Mg, Al, Si, Ca) and 25 kV, 200 nA and 120-360 sec for
minor elements (Table 1). The beam diameter was fixed at 5 gm for
each routine. Step-scans of count rates were collected up to 1200 sin
6 units on either side of the peak position and background offsets
were placed symmetrically about the peak at positions free of inter-
fering spectral lines. It was not possible to locate Sr Lo, background
positions by this method due to interference with a Si K satellite
peak on the low sin 8 side of the Sr peak. Background counts for Sr
Lo, were obtained by collecting counts at the high sin @ position and
assuming a flat background under the peak. The soundness of this
approach was verified by analysis of Sr-free standards.

Amelia albite and synthetic glass standards were used in calibration
of the analyzed elements (Table 1). With the exception of Na, a
calibration was not accepted until analysis of the standard, as an
unknown, reproduced the calibration count rate to within 1%. Because
of the mobility of Na under electron bombardment, up to a 2% dif-
ference in count rates was accepted for this element. Sodium migration
under the electron beam was not specifically evaluated, but was min-
imized by putting Na first in the analysis routine and by using a §
pum wide beam. Oxide totals from Na-bearing samples and standards
rule out large amounts of Na loss under these analytical conditions.
The possibility of minor element mobility under the 25 kV, 200 nA
conditions was only examined through replicate analysis of several
spots. No consistent or significant variation in minor element con-
centrations was observed.

Superliquidus quench glasses of each starting composition were
analyzed in two stages with the electron microprobe, Each sample
was first analyzed for major elements, and the coordinates of each
point recorded. Operating conditions were then adjusted for minor
element analyses and the previously stored points relocated. All other
samples were analyzed using an automatic two-condition analysis
routine in which major elements were determined, the current and
accelerating voltage were changed, and minor elements were deter-
mined before moving to the next spot. Each analytical routine au-
tomatically checks, and updates if necessary, the beam current to the
desired run conditions at the onset of each analysis. Beam currents

TABLE 1 Operating Conditions for the Electron Microprobe

& ar Beancard Crystal

Counting Backg! Aini D i Unc.t
Cone. (wh %) Time {sec) Offsets# Limit#é (wt %) {20}
Na,O Amelia Albite 11.87 TAP 30 600 - 0.02
MgQ Diopside Glass 18.682 TAP 30 1000 - 0.08
AloQs Amelia Albite 19.42 TAP 30 1000 - 0.15
8i0y Amelia Albite 68.71 TAP/PET 30 900 - 0.15
Ca0 Diopside Glass 25.90 PET 30 500 0.24
80 X-Glass 0.804 PET 120 400** 0.004 0.010
Yo0a REE3 4.076 PET 120 400 0.008 0010
2rOg X-Glass 0.784 PET 120 500 0.004 0.018
LagO3 REE 3 4.280 LIF 180 800 0.006 0.013
Smp03 REE 2 4.256 uF 180 450 0.008 0.008
Y03 REE 2 4.259 LF 360 550 0.001 5.004

*  Amslia Albite - natural; ref: Smith and Ribbe {1968).
Diopside G Y

lass -~ by J. Boyd, G

P Y s prop physi .
X-Glass -- synthetic: made by Corning Glass and distributed by A, Chodos at Cal Tech.

REE 2, REE 3 -- synthetic glassas; ref: Drake and Weill (1972).

** Background counted only on 1 side of peak, peak counts determined by assuming a fiat background.

# 105Sine

## Calculated following Reed (1973); valuas apply to all analyzed samples.

1 Typical analytical uncertainty for meliiite and diopside samples based on counting statistics for a single analysis,
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during a time period equivalent to one analysis (18 min) were found
to be within 1% of the nominal value.

Ton probe methods

Ion probe analyses were obtained with a modified AEI IM-20 in-
strument at the University of Chicago, using a mass filtered 50~
primary beam and an accelerating voltage of 20 kV (HINTON et al.,
1988). A sample current of 20 nA, which produced an elliptical beam
spot of ~20 X 30 um, was used in analyses of the quenched starting
glasses. Because of the increased spatial resolution required for crystal/
glass samples, the primary beam current was reduced to 10 nA for
these analyses, making a spot size of 10 X 15 um. All samples and
standards were carbon coated.

A critical condition for quantitative ion probe analyses at low mass
resolution (300-500) is the elimination of molecular ion interferences
at the nominal masses of elemental ions. Secondary molecular ions
produced from silicate matrices possess, in general, less kinetic energy
than monatomic ions (SHIMIZU et al., 1978) and, consequently, mo-
lecular interferences can in most cases be suppressed by making mea-
surements at high ion energies. Instrument settings for this study, in
which the composition of the samples was known (Table 2), were
determined by first making a preliminary computer controlled mass
scan from mass 200 through mass 7 on glass sample 35-1, counting
at each mass for one second. This scan identified all elements in the
sample, as well as many molecular interferences. A second mass scan
was then obtained using energy filtering. This resulted in the suppres-
sion of molecular ion intensities by factors of 275-1000, while the
intensity of monatomic ions was reduced only by factors of 20-100.
On the Chicago instrument, energy filtering is produced by adjusting
the voltage across a small wire located close to the beam spot. The
absolute energy of transmitted ions cannot be determined by this
device, but HINTON et al. (1988) estimate that it is ~30 eV. The
efficiency of energy filtering in eliminating molecular interferences
was evaluated by comparing the ratio of count rates of different iso-
topes of a particular element to the known ratio of their isotopic
abundances. Of 28 isotopic ratios measured with energy filtering for
7 elements, 22 ratios were within 10% of their expected values. Of
the latter, 20 ratios were within 2¢ counting uncertainties of their
expected values. Each of the six isotopes whose ratios differed by
more than 10% was of low abundance, accounting for no more than
6% of the total natural abundance of the element. These isotopes

were not used for quantitative analyses. This comparison shows that
the analytical technique used in this study was successful in reducing
molecular interferences to acceptable levels. Thus, using the most
intense peaks for analysis, any contribution from molecular inter-
ferences is insignificant. The mono-isotopic elements Na, Al, and Y
were assumed to be interference-free.

During quantitative analyses, intensities were measured at the fol-
lowing masses: 174172y}, 154152Gy, 19] 5 949291907, 89y 8887865,
0Ca, 3058, 7Al, Mg, *Na. Each scan cycled from mass 200 to
mass 7 with two-second counts at each of the nominal mass positions
of interest. Each analysis is the result of summing the counts collected
from 5-10 scans through the mass spectrum. Background and dead-
time were negligible. Uncertainties in IMP data due to counting sta-
tistics are <2%, except for Zr in melilite where they reach a maximum
of 5%.

Absolute intensities of an element in a given matrix can be highly
variable, on a day-to-day basis, due to subtle differences in instrument
tuning, Therefore, the intensities of secondary ions are typically nor-
malized to a single element. As the number of Ca cations in the
structural formula of melilite is constant throughout the gehlenite-
akermanite solid solution series (2.000), we assumed the Ca concen-
tration in melilite analyses and normalized our intensity data to “’Ca.
For glass analyses, intensity data were normalized to *“Ca but no
assumption of Ca content was made. All analyses were re-normalized
to 100%. Relative ion yields for Ca, Al, Mg, Si, and La used in analysis
of the quenched starting glasses (Table 3) were determined from
Corning V-, W-, and X-glasses. lon yields used in analysis of Sm and
Yb were estimated from the ion yield of La (HINTON et al., 1988);
the ion yield of Na was extrapolated from the values of Rb and K as
determined from the Corning X- and V-glasses, respectively. Although
adjustments to the values of the ion yields were subsequently made
for analyses of crystal-bearing samples, the Corning glass standards
were analyzed at the beginning of each day to check for consistency
in instrument tuning: relative ion yields obtained from the standard
glasses changed by <5% on a day-to-day basis.

RESULTS
Glasses

The range and mean concentration of each element oxide
in the superliquidus glasses made from each starting mix as

TABLE 2 Starting Compositions Determined by Electron Microprobe Analyses of Synthetic

Glasses®
—
35-1° Akgp-1°* Akgg-1°°
Avg Range Avg Range Avg Range
ot 20) (20)
Si102 524 (51.5-54.6) 28 8 (28.1-29 8) 39 0 (38.3-39 5)
(8 (8) (6)
AlR03 1352 (13.31-14.30) 2108 (20.79-21 20) 711 (7.00-7 21)
(19) (.21} (10)
Mgo 8.87 (8.73-9.56) 579 (5.65-5 90) 1131 (11 17-11 44)
(.13) (12) (1)
Ca0 17.93 (17.72-18.14) 3945 (38.78-39.83) 39.24 (39 06-39 38)
(.19) (49) (19)
Nag0 3.04 (2.22-3.29) - -
(.33)
S0 701 (684-712) 674 (.646-.689) 599 (577- 620)
(014) (018) (.018)
Y203 334 (.305-.361) 341 (:319-.363) 27 (250-.284)
(.026) (.020) (018)
20z 133 (1.21-1.46) 132 (1.27-135) 101 (.960-1 04)
(13) (.04) (04
Laz03 .958 (.932- 984) 945 (928- 964) 770 ( 756-.789)
{.024) (-018) (019
Smp03 944 (921- 968) 924 { 909-.939) 741 (.727- 755)
(022) (014) (012)
Ybp03 915 (.897- 936) .880 (.870- 892) 697 (.690- 704)
(022) (010) (.008)
TOT 100 94 100.15 100.75
N 35 45 30
Run Conditions.

*35-1 1.3 hr @ 1318 °C, ar quench
t Two standard deviations of an indviduat analysis.

**Akgo-1 1 hr @ 1526 °C, water quench. *"*Akgp-1:1 25 hr @ 1417 °C, water quench
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TABLE 3 Comparison of secondary ion yields {relative to Cs)t
d from el probe P lilons of the starting
glasses with ion yields determined from Corning glass standards.

Element Corning Glasses” DioAbAn Akag Akag
Ca 1.00 1.00 1.00 1.00
Mg 1.05 1.04 .994 953
Si 480 .484 415 .388
Al 117 1.19 1.20 1. 18
Na 420 .375
Sr 343 .348 349 ‘374
Y 418 401 .392 .363
b3 273 .266 .249 .239
La 213 220 .230 231
Sm .260 247 .283 285
Yb 183 .189 .200 .193

1 (—I(c‘:/%!c)a—) where | is the ion probe count rate, C is the concentration determined by

electron microprobe and X is an element other than Ca.
* lon yields for Sr, Y, Zr determined from X-glass; La from W-glass; Ca, Mg, Si, Al are
averages from V w- and X-glasses; see text for Na, Sm, Yb.

determined by EMP analyses are listed in Table 2 (see foot-
notes to Table 2 for synthesis details). EMP data from each
glass composition were collected from several automated
straight-line traverses, each containing 13-20 analysis points
spaced 10-100 um apart, depending on the size of the glass
chip. For most oxides, 2o standard deviations in each glass
composition are slightly greater than typical 2¢ uncertainties
expected from counting statistics given in Table 1. Neverthe-
less, because EMP precision depends upon additional factors,
all three glass compositions could be homogeneous in both
major and minor elements. Moreover, the coefficient of vari-
ation (¢cv = 100 X 2¢/X) is <4% for most oxides, which is
sufficient homogeneity for the purposes of this study. A com-
paratively wide variation in ZrO, concentrations (cv = 10%)
was obtained, however, in the Di,AbAn glass (35-1). Also,
in each sample, a systematic variation in SiO, was observed
as a function of time during typical microprobe sessions (2¢
=0.55-0.77, cv = 1.4-2.6%). Because Si counts were initially
collected using a PET crystal in order to optimize spectrom-
eter counting times, the range in concentration of SiO, is
probably an analytical artifact and not due to sample het-
erogeneity. This conclusion is based on the occurrence of the
Si peak position near the end of the range of spectrometer
motion for the PET crystal on the Cameca instrument. Con-
sequently, the Si peak position may not be routinely repro-
duced with as much precision on PET as on the more rou-
tinely used TAP crystal, where the spectral position of Si lies
nearer the center of the range of spectrometer motion. We
do, however, consider the range in ZrO, concentration in
35-1(0.25 wt%) a real chemical heterogeneity resulting from
sample preparation. During this process, minor elements were
introduced into the starting mix in the form of an acid so-
lution, but drying the resulting mixture at 1000°C may have
produced refractory Zr oxides which were slow to dissolve at
the superliquidus temperature of 35-1 (1318°C). A much
smaller range of ZrO, concentrations is observed in samples
Akyo-1 and Akgy-1, consistent with the higher superliquidus
run temperatures of these compositions (1526 and 1417°C,
respectively). A similar interpretation may apply to the Y,0;
analyses (cv = 6-8%). The variation in Na,O in sample 35-
1 (cv = 10%) is assumed to be due entirely to mobilization
under the electron beam.

The average composition of the glass starting mixes ob-
tained by IMP using ion yields determined from the Corning
glass standards are compared graphically with average elec-
tron probe analyses in Fig. 1. Very good agreement is observed
between the two analytical techniques in the analysis of the
Di,AbAn glass. The average concentration of each oxide de-
termined by ion probe, with the exception of Na,0, is within
6% of the average composition obtained by electron probe.
Even in the determination of Na,O, which is difficult by either
technique, there is only an ~10% difference in average con-
centration.

Ton probe analyses of the Akgy and Ak, glasses differ sig-
nificantly, however, from average electron probe analyses (Fig.
1). The differences are, moreover, systematic: Si, Y, and Zr
concentrations are underestimated by the ion probe in both
the Akgy and Aky, glass composition by 4-19%, while the
remaining elements are overestimated by 1-17%. These re-
sults imply that, when high accuracy is desired, ion yields
determined from Corning glass standards (and used success-
fully in analysis of the compositionally similar Di;AbAn glass)
are not applicable to the comparatively SiO,-poor and CaO-
rich melilite compositions.

It is a well-known problem in quantitative ion probe anal-
yses that the ionization probability of a particular element
may vary with the concentration of another element—this
has been termed the “matrix effect.”” The ion yields of Ca,
Mg, and Ni in the analysis of olivine and clino- and ortho-
pyroxene, for example, have been found to be functions of
the concentration of Fe (SHIMIZU et al., 1978; REED et al.,
1979; STEELE et al,, 1981), SHIMIZU (1986) made a systematic
study of the secondary ion emission of Si, Ca, Mg, and Al
by analyzing a variety of glass compositions from the systems
Ca0-Al,03-Si0; and Mg0O-Al,0;-Si0; . It was found that for
ion energies less than ~80 eV (which includes the analyses
in this study), Ca and Al suppress ionization of Si. Thus,
applying the Corning glass ion yields to the Ak4, composition
resulted in an underestimation of SiOQ, because Al,O; and
CaO are ~1.5 and 2.5X higher, respectively, in the melilite
composition. CaO has an equivalent concentration in the
Akgo glass as in the Aky composition, but ALO; is less in
the Akg, glass than in the Corning glass. Thus, from the study
of SHIMIZU (1986), the difference between ion probe and
electron probe determinations of SiO, in the Akg, glass should
not be as great as in the Aky, glass because only the higher
concentration of Ca is contributing to Si suppression. Our
results are consistent with this prediction, as SiQO, is under-
estimated in the Akgy composition by 13% compared to 19%
in Akyp.

Compared to electron probe analyses of the melilite glasses
(Fig. 1), most oxides were overestimated by ion probe, while
SiO, was underestimated. Because the ion probe analyses are
normalized to 100%, any analytical error in the concentration
of SiO, will have a large effect on the normalized concentra-
tions of the other oxides. If the electron probe-determined
SiO, concentrations are substituted for the ion probe values
in both the Akyy and Akg average analyses and the remaining
elements normalized to bring the resulting sum to 100%,
then the concentrations of all elements except Zr and Y in
Akgo-1 and Zr, Y, and Sr in Aky-1 are within 7% of the
average compositions obtained by electron probe. This cal-



Partition coefficients for melilite and diopside 3119

50 1.2
[ Ak80-1
w0 F g o . 10 g .
1 ¢
pe ¢ [l t ¢
= 30 f 3 5 os a toy ]
3 O g
w 4 b o
o 2 F e z o6 @ .
5 | °
o e o eMp
Oe
o L} L] T T °~2 L] T 1 L] T T
510, A1203 MgO0 Ca0 Sr vy 2Zr La Sm Yb
50 1.4
o
Ak40-1 . 2 F i
4 F (a] 1 .
oe ® 10 F .
e
£33} o ] g © o
w 08 F . 3
w * ® [a]
Q20 o ] = Q
= S o6 F 3
[ ] O eMp
10 O e 04 F IR e Mp ) 7
0 T T T — 0.2 T - T T . T
510, A1203 Mg0 Cal Sr vy Zr La Sm Yb
20 16
oe [ ]
60 1.4 ++
15 F 7 L i
0e ' o [!,‘ ] e 2
; * ] ; 10 r 0o® o 1
10 - w ¢ O
E g 50 I N .
> [ > o6 F ]
©s © O eMp
E Di,AbAN o o4 a. o IMP /) A
0 L T —— T T T 0.2 T T T T
Al,04 Ca0 510, Sr Y Zr La Sm Yb
Mgo Na,0

FiG. 1. Comparison of average EMP and IMP determinations of major and trace element concentrations in the
synthetic starting glasses. IMP analyses were obtained using ion yields calculated from Corning glass standards. Vertical
bars show the range in oxide concentrations for cases where the range is larger than the symbol. Note separate scale

for SiO, in the Di,AbAn plot.

culation suggests that variations in the ion yield of Si are the
major cause of the erroneous ion probe results for the melilite
glass compositions. We do not have an explanation for the
irregularities in Sr, Y, and Zr concentrations.

According to the study of SHIMIZU (1986), matrix effects
disappear in CMAS compositions when only those ions hav-
ing energies > 80 eV are analyzed. Although this is a preferred
analytical approach, it is not practical for the Chicago in-
strument because it would result in a significant loss of ion
intensity. Because the eventual purpose of our work is in
analyzing natural melilite and pyroxene and not in developing
analytical techniques for a wide variety of phases, we have
corrected for the differences in the analysis of the Di,AbAn
and melilite glasses simply by adopting one set of ion yields
for each of the three glasses such that ion probe analyses of
each glass composition will reproduce the electron probe-

determined averages. A listing of these ion yields is given in
Table 3. The new ion yields were used in the analysis of the
synthetic crystal/liquid systems. Although the Di,AbAn glass
is compositionally different from crystalline diopside, either
set of ion yields on Table 3 (Corning glass or Di,AbAn) would
give the same concentrations for crystalline diopside to within
10%. The melilite glass ion yields will give accurate analyses
of crystalline melilite.

Crystal/liquid systems

SEM examination of melilite crystals produced in sublig-
uidus runs from Akg, starting compositions shows that they
are ~150 X 200 um in size, they occur singly or in small
clusters, and have stout, blocky shapes (Fig. 2). Conical, or
sometimes dendritic, overgrowths, ~15 um long, have de-
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1AKBO-12A

FiG. 2. Backscattered electron image of synthetic melilite grains
and glass. Note the bright, trace element-rich boundary layer sur-
rounding each grain and the quench crystal growth on melilite corners.
Dark regions at lower right and lower left are epoxy.

veloped on all crystal corners which were in contact with the
liquid during quenching. Backscattered electron (BSE) im-
aging shows that, in addition, a bright fringe region in the
glass, ~2 um wide, borders the outer margin of each melilite
grain and grades outward into the adjacent glass. These fringe
regions are enriched in the trace elements that are incom-
patible in melilite (all except Sr), with concentrations up to
3X those in the homogeneous glass away from the crystals.
Electron probe traverses across individual melilite grains show
that they are Akg, in composition and homogeneous in major
elements and SrO. Profiles of minor elements (except Sr),
however, show U-shaped composition gradients across the
crystals, with progressive enrichment of trace elements toward
the rims. Two of these profiles are illustrated in Fig. 3. These
profiles cannot be due to contaminating X-rays from the ad-
jacent glass. The homogeneous major element concentrations
and possibly the euhedral form of the melilite grains indicate
that diffusion of major elements was rapid compared to crystal
growth and surface equilibrium was maintained. The fringe
regions in the glass, however, represent trace element-rich
boundary layers which developed in the liquid adjacent to
the growing melilite crystals. Assuming melilite crystal growth
occurred over a small fraction of the total run time, it is
surprising that such narrow boundary layers were not erased
by diffusion. A possible explanation is that precipitation of
submicron, incompatible element-rich phases took place in
the boundary layer. The fringe regions imply that incom-
patible element diffusion away from the crystal/liquid inter-
face was slower than crystal growth. This resulted in the reg-
ular increase of trace element concentrations in the melilite
rim in response to progressive enrichment of minor elements
in the adjacent boundary layer during crystallization. As seen
in Fig. 2, the boundary layers thin out and disappear around
the overgrowths on melilite crystal corners. This indicates
that formation of the overgrowths disrupted the boundary
layers. Thus, the overgrowths formed last, probably during
quenching, and the bright fringes are not quench features.

All melilite grains in the crystal/glass chips examined from
Akyp starting compositions are broken crystals. BSE exami-
nation of crystal fragments shows that trace element-rich
boundary layers also developed in these runs. Random EMP
analyses indicate that the melilite grains are Ak, in com-
position and homogeneous in major element content and in
SrO, and that enrichment of minor elements occurs toward
crystal margins.

BSE examination of diopside grains produced from
Di,AbAn starting compositions shows that prominent, trace
element-rich boundary layers did not form in these charges.
EMP analyses of glass adjacent to diopside grains produced
in both the isothermal (35-4A) and controlled cooling ex-
periments (35-5B) show that of all trace elements, only ZrO,
is enriched at the crystal/liquid interface relative to the glass
at about 100 um from the diopside grains, and only by 7%.
Even though there was not pronounced boundary layer de-
velopment in our Di;AbAn runs, there is a broad range of
trace element concentrations in diopside crystals produced
in both cooling histories, with individual trace elements
varying in concentration by 20-50%. These will be discussed
in detail later.

The 35-5B glass is relatively homogeneous, but does show
small (5-10%) correlated major element variations lying along
a diopside removal trend relative to the starting liquid com-
position. There are, however, large scale inhomogeneities in
the “isothermal” (i.e., rapidly-cooled) sample, 35-4A. In it,
the crystals are all localized in one portion of the charge.
Regions of glass 300-500 gm from the crystals have a major
element composition close to the starting composition but,
within about 50-100 um of the crystals, the glass composition
is within the range found for the slowly cooled sample,
35-5B.

Having characterized the crystal/glass samples through
detailed EMP and SEM evaluation, IMP analyses were then
obtained from these samples using the ion vields calculated
from the EMP averages of the starting glass compositions
(Table 3). Specifically, the Akgg glass was used as the standard
for sample Akgo-12, the Aky, glass for sample Aky-5A, and
the Di,AbAn glass for samples 35-4A and 35-5B. Because of
heterogeneity in the crystalline samples, the average and
composition range obtained by EMP and those obtained by
IMP are illustrated in Fig. 4 for both glass and crystals in
each of the crystal/glass samples. As there are very few cases
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in which the identical spot was analyzed by both techniques,
the average composition determined by IMP and the average
composition determined by EMP are listed for each sample
in Table 4.

The comparisons show very good agreement between the
averaged IMP and EMP analyses of Ak;, and Aky, melilite
crystals and their coexisting glasses. For all oxides, the average
IMP analysis of the Ak, melilite and coexisting glass agree
to within 6% of the EMP average, except for SrO in melilite,
which agrees to within 11%. Similarly, the major element
oxides in Akg melilite, and major and trace element oxides
in the coexisting glass agree to within 6% of the EMP average.
The average trace element oxide concentrations in the Akgg
melilite determined by IMP differ from the EMP average by
14% (SrO) to 56% (Yb,0;). The dissimilar results for trace
element oxides in Akyy melilite, which was analyzed by both
techniques concurrently with the coexisting glass, are very
likely due only to their low concentrations in this phase, which
approach the detection limits of the EMP. The 14% agreement
between techniques for SrO is close to the 11% measured in
the Ak, melilite, which also has a similar SrO concentration
(~0.6 wt%).

Similar conclusions to those drawn from the comparison
of average IMP and EMP melilite compositions result when
individual IMP and EMP analyses obtained from the same
spot on a melilite grain are examined. Listed on Table 5 are
two such comparisons of analyses obtained from spots on
Ak, and Aky melilite crystals. In this table, 20, the relative
uncertainty in the EMP analysis due only to counting statis-
tics, as well as R, the ratio of the relative difference between
IMP and EMP data to 20, are given for each oxide. Among
major element oxides, when 2¢ < 2%, R can be as large as
3-5. When 20 is 3-5%, R < 2. This indicates that real dis-
crepancies between IMP and EMP data may be present, but

only at the several percent level for major element oxides. It )

is seen that the same holds true for minor element oxides

when EMP counting statistics are good, as is the case for the -

relatively high concentrations found in Ak, melilite. When
EMP counting statistics for minor element oxides is poor, as
in Akgo, R < 1. For both melilite compositions, this indicates
excellent agreement between the two techniques for all oxides
except SrO, for which the difference between techniques is
many times the EMP uncertainty due to counting statistics,
although the actual difference is only 15%.

Good agreement is also found between the IMP and EMP
average compositions of the glasses coexisting with diopside
in the Di,AbAn experiments (Fig. 4; Table 4). Excluding
Na,O, relative composition differences are <3% in the glass
analyses from the controlled cooling sample 35-5B. Relative
differences in glass analyses are slightly higher in the iso-
thermal sample (35-4A), but are <12% for all elements. The
largest difference (11%) is for MgO, the major element oxide
most affected by diopside crystallization. The next largest
deviation is for La, which has the lowest D-value among the
trace elements studied, thus requiring the largest amount of
rehomogenization following diopside crystallization. Even
though the diopside from both samples is chemically heter-
ogeneous, good agreement is found between the two analytical
techniques when average compositions are compared. For
both experimental conditions, agreement is within 16% for

all elements and generally within 10%. Given the sample
heterogeneities, these are upper limits to any systematic an-
alytical errors. When IMP and EMP analyses of the same
spot on a diopside crystal are compared (Table 5), only ZrO,,
Sm,0s, and Yb,0; differ by more than can be accounted for
by EMP counting statistics, but these differences are <8%.

One of our original reasons for characterizing the three
starting glass compositions by EMP was to use them as trace
element standards for IMP analyses of crystalline phases in
CAls. One aspect not yet discussed in this regard is the role
of structural matrix effects in modifying ion yields. RAY and
HART (1982), for example, showed that sputtering of major
and trace elements was enhanced by 10-40% in clinopyroxene
crystals compared to glasses of similar composition. Conse-
quently, using glass standards could result in erroneous anal-
yses of crystalline phases. In contrast, MUIR and BANCROFT
(1987), using a similar instrument but different analytical
conditions, found that ion intensities for most major and
trace elements varied by less than 10% between glass and
crystalline CaTiSiOs. Evaluation of IMP analyses of the mel-
ilite and diopside crystals produced in this study with regard
to structural matrix effects is somewhat complicated because
of the chemical zoning described above. Our results show,
however, that if glass standards are used to determine ion
vields and if average concentrations in the crystalline phases
are considered, SrO is overestimated by the IMP in both
melilite compositions compared to the EMP average by 10
and 12%. Thus, enhanced ionization of Sr in crystalline mel-
ilite relative to melilite glass may be indicated by our data.
Other elements in melilite, and SrO in coexisting glasses (an-
alyzed concurrently with the melilite crystals), show a much
closer correspondence between techniques.

In terms of average compositions (Table 4), there is no
indication from our data for structural matrix effects in the
analysis of diopside-bearing samples using the Di,AbAn glass
standard. A more critical comparison can be made based on
an individual IMP analysis and the corresponding point in
an EMP line scan of a large, relatively homogeneous (based
on EMP data) diopside crystal. Table 5 shows that, except
for La, the IMP concentrations are slightly higher, by 5-10%.
This is a good comparison, especially since the Di;AbAn glass
used for the ion probe standard differs significantly in com-
position from the crystalline diopside. Unless there have been
fortuitous cancellations, our data suggest that diopside glass
is an excellent IMP standard for crystalline diopside. The
RAY and HART (1982) results may mean that caution should
be used in generalizing this conclusion to all clinopyroxene
compositions.

We conclude that by employing ion yields calculated from
the average EMP analysis of the starting glass compositions,
quantitative determinations of major and trace elements in
melilite and diopside can be obtained by IMP techniques
that are typically within 10% of those obtained by EMP. As
this application of the modified ion yields resulted in quan-
titative determination of trace elements in synthetic melilite
crystals having compositions of Ak, and Akgg, no difficulty
is anticipated in using the ion yields for analysis of natural
melilite grains in CAls, which have a similar range in major
element composition (Akg~Akgo; GROSSMAN, 1980). As the
most abundant pyroxene in coarse-grained CAls is Ti-rich
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FIG. 4. (Continued)

fassaite, the diopside ion yields obtained here may be of lim-
ited usefulness for CAls.
Melilite/liquid D-values

The purpose of our synthesis experiments was to obtain
melilite crystals for IMP/EMP comparisons but, perhaps

somewhat surprisingly, reasonable crystal/liquid partition
coefficients were also obtained. Because of the U-shaped trace
element profiles in the melilite crystals, D-values were cal-
culated using the minor element concentrations obtained
from analyses of melilite cores, assuming that the cores crys-
tallized in equilibrium with a liquid which had the compo-
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TABLE 4 Comparison of Average* Electron Probe and lon Probe Analyses of Crystal/Glass Samples*
SAMPLE PHASE $i0z AlpO3 MgQ CaG Naz0 S0 Y203 Z0, La203  Smp0z  YopOs
Akgp
EMP 411 4.26 13.03 4147 — 594 G046 - 034 .030 514
e 40.8 4.04 12.85 4173 022 875 0042 601 029 024 2082
Akgg- 12A
EMP 38.0 838 10 21 38.50 - 556 391 1467 1008 1,069 1.027
IMP a7t 8.38 10.31 38 45 013 593 395 1479 1147 1105 1.051
Aki2
EMP 23.3 32.83 168  39.81 - 519 183 -~ 666 731 238
IMP 231 32.31 1.65 40 55 .003 576 153 .003 .681 743 238
Algr5A
EMP 30.2 19.03 659  38.99 - 690 354 1.478 958 920 963
MP 29.0 19.14 654 3968 016 722 359 1545  1.015 975 1010
Diopsige -
EMP 518 .70 1763 23.88 291 074 162 573 121 .448 425
521 493 1782 2280 348 072 ATt 658 127 500 480
35-58
Giass * "
EMP 513 15.96 684 1628 337 807 357 1427 1112 1008 954
MP 513 1579 867 1607 437 836 352 1457 1145 1.012 993
Diopside
EMP 51.9 5.28 17.63 23.87 .28 070 171 .665 123 461 442
MP 52.5 5.1% 1748 22.76 .28 D69 147 815 16 407 406
35-4A
Glass
EMP 518 1397 853 1749 295 721 345 1.321 981 934 506
MP 52.1 14.88 762 1675 334 754 326 1352 1.056 899 936
run conditions — + For EMP, 11-21 spots were averagsd for orystals; 19-21 for glasses
Akge-12A;  1hrat 1388°C, 185 hr at 1374°C For iMP, 5-8 spots wers averaged for aach sample.
Akgo-5A1 1 hral 1495°C, 26 hr at 1474°C.
3558 2 hr af 1270°C, 17 hr 3t 1260°C, oooled at 20y to 1184°C, held
8hr,
35-4A: 2 hrat 1270°C, 17 hr at 1260°C, 7-1/4 hr at $194°C

sition of the starting glass. The incompatible element partition
coeflicients are, strictly speaking, upper limits. In order to
minimize errors due to boundary layer effects and recognizing
that the plane of a section does not pass through the exact
center of each crystal therein, we searched for the melilite
grain with the lowest core concentrations of minor elements
in each section and used the latter concentrations for deter-
mination of D-values.

The D-values derived from EMP and IMP analyses of
melilite are listed in Table 6. As expected from the similarity
in trace element concentrations obtained for melilite by the
two techniques, IMP D-values are very close to EMP D-val-
ues. D-values obtained by the two methods agree to within
counting statistics, or 13%, for all elements except Yb, for

which they disagree by 45% in Akg. For clarity, only D-
values obtained by IMP are plotted in Fig. 5, except for Sr
in melilite (plotted in the position of Eu®*), where the EMP
value is considered a more reliable determination. The re-
sulting REE D-patterns for Ak;, and Akgy melilite compo-
sitions paraliel one another. Each is characterized by nearly
constant D-values for LREE and progressively decreasing D-
values for HREE. Our results show that REE** D-values de-
crease progressively with increasing akermanite content. As
the akermanite content of melilite itself increases with de-
creasing temperature, the effects of melilite composition and
temperature are inseparable in our experiments. The REE
pattern and absolute D-values of our Ak, melilite compo-
sition determined by IMP (and EMP) agree very well with

TABLE 5 Single Polnt EMP-IMP Comparison? for Crystalliine Melllite and Diopaide

Sample Akgo-12A Akqq-5A 35.58

Method P  EMP 00 e -g; M e 20 AL e e 2 Rel
S0z 40.7 415 0.4 55 23.0 23.2 0.7 .17 523 52.3 0.3 05
Al0g 4.5 4.41 340 47 3z.16 3281 046 5.0 489 4.81 312 05
MgO 12.81 13 06 0.69 28 1.70 1.66 542 04 17.65 17.68 051 18
Ca0d 416 a1.4 0.58 10 40.6 39.8 a0 3t 2286 23.62 102 32
Nap0 0.334 0.288 684 23
S0 0871 0.602 1.66 69 0.605 0.509 196 96 0.071 0.067 1493 0.4
Y203 0.0042  0.006 167 0.2 0172 0.471 585  0.10 0153 0.145 680 0.8
2r0p 0.0008 - - - 0.004 - - - 0.628 0575 313 30
Lag0z  oo28 0018 768 0.8 6757 o078 181 28 0.113 o113 118 0.0
Smp03  0.024 0026 30.8 03 0821 0808 088 15 0 448 G412 184 45
YugOz  6.0058 0.010  40.0 1.0 0.266  0.260 154 18 0.430 0.382 102 95
XAk 0.903 888 0121 0114

@ Analyses refer to same point on same crystal. IMP beam size ~ 10x15 um, EMP beam size ~ 5 um.

B 2eris the per cent uncenainty in the EMP analysis due to courting statistics alone.

©s -wc * 100, where C is the concentration of an oxide.
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TABLE 6 Experimental Melllite/Liquid Distribution Coefficlents

Akgo Akiz
EMP IMP EMP IMP
Zr - .0023 - 0010
La 038 .038 .64 87
Sm 035 .032 72 75
Sr 99 112 78 R:23
Y 015 .015 44 41
Yb 018 0086 25 25

INAA results of NAGASAWA et al. (1980), determined from
density separates of melilite (~Ak;s) and glass synthesized
from a similar starting composition as we have used. Also
shown in Fig. 5 are D-values determined by synchrotron ra-
diation XRF analysis by WOOLUM et al. {1988) for Ak, mel-
ilite synthesized from an Allende Type B CAI bulk compo-
sition. The general shape and intermediate absolute D-values
are consistent with D-values determined in this study.

BECKETT et al. (1988) also determined melilite/liquid par-
tition coefficients for several trace elements for a Type B CAI
composition, using a technique that allows determination of
D-values over a broad range of melilite compositions from
only a few experiments. Their results indicate a curvilinear
relationship between Dy, ce tm and Xay over the experimental
range of ~ Akjs—Akyo. Their fitted expression for Dy, agrees
well with our Akgg and Ak, data and with Dy, for Ak,s (0.475)
reported by NAGASAWA et al. (1980). Good agreement also
exists between Dyy, from our data, Dy, for Ak (0.080) from
WOOLUM et al. (1988), Dy, for Ak,s (0.222) from NAGASAWA
et al. (1980), and D, determined from the BECKETT et al.
(1988) relationship. The overall agreement shows that melilite
composition is more important than bulk composition in
determining melilite partitioning behavior in CMAS liquids
and also justifies our approach in which D-values were
calculated from samples that are strongly zoned in trace
elements. Although the general relationships between
Dggegs+ and X defined in the study of BECKETT et al. (1988)
may well be correct for melilite of intermediate composition,
the relationships cannot hold true for very low Xy (=Ak,o)
as the fitted expressions do not have Y-intercepts. Based on
a linear extrapolation of Dy, from our Ak, data and the Ak,
data of NAGASAWA et al. (1980), we estimate Dy, for Ak,
=~ 1.35, with La becoming incompatible in melilite (D, < 1)
at ~Akg. The only test of this extrapolation is provided by
the measurement of Dgq in Ak; by NAGASAWA et al. (1980).
Assuming Dgg = Dy,, expected from our Ak, data (Fig. 5),
this value (1.2) hies directly on the extrapolated line.

In addition to emphasizing the strong effect of melilite
composition on partitioning of REE*, our study of near
endmember Ak, and Akyy melilite, analyzed under identical
conditions, also reconciles the somewhat conflicting results
on the extent of Eu anomalies in melilite found in the data
of RINGWOOD (1975), NAGASAWA et al. (1980), and
WoOOLUM et al. (1988). Both RINGWOOD (1975) and
WOOLUM et al. (1988) conclude from the large Ds/Dgeps+
ratio of their respective Aky and Ak;, melilite compositions

that under reducing conditions melilite should show a large,
positive Eu anomaly (assuming Ds, = Dg;2+). NAGASAWA et
al. (1980) indicate, however, that only a slight positive Eu
anomaly should exist, based on analyses of ~Ak,s melilite,
In fact, all these results are consistent with one another, As
our results show, Dg, varies only slightly over a broad range
of Xax (Fig. 5), whereas Dggg>+ fall by factors of 18-28 from
Aky, to Akgg. As a result, Ds/Ds,, changes from ~1.04 at
Ak;s to ~31 at Akeo. Thus, it is expected that progressive
crystallization of melilite will lead to an increasingly larger
positive Eu anomaly when conditions are sufficiently reducing
that all Eu is divalent.

Diopside/liquid partitioning

Although the present experiments were carried out for the
purpose of IMP-EMP comparisons, the observed incompat-
ible element partitioning in diopside displays some surprising
features which, although not completely understood, deserve
discussion.

We have systematically examined the EMP data in terms
of interelement correlations of “apparent partition coeffi-
cients” (C/Cy, where C is the concentration of an element
at a given spot on a diopside crystal and G, is the initial liquid
concentration). The interelement variations of Sm, Y, and
Yb display good linear correlations and are consistent with
constant partition coefficient ratios: D(E)/D(Yb) = 1.00 and
1.05 for Sm and Y, respectively. All other interelement cor-
relation plots, however, are dominated by scatter {(e.g., Figs.
6 and 7). Our diopside synthesis experiments represent about
16% crystallization. If partition coefficients were constant,
this amount of fractional crystallization would correspond
to at most 16% variation in apparent partition coefficient for
the incompatible elements. As illustrated in Figs. 6 and 7,
however, all minor and trace elements show much larger
variations. These variations show no obvious correlation with
crystal location or with clinopyroxene major element com-
position {e.g., % Tschermak’s molecule).

Beyond the predictable effects of fractional crystallization,
there are several factors, both equilibrium and kinetic, which
can produce both intra- and inter-crystal variations. These
include (1) change of partition coefficients with temperature,
(2) change in partition coefficients due to the changes in liquid
composition that result from progressive crystallization, (3)
enhanced incompatible trace element concentrations in the
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FiG. 5. Melilite/liquid partition coefficients determined in this
study, compared to previous studies. Points for Ak;, and Akg, from
this study; line segments for Ak, from NAGAsAwa et al. (1980); line
segments for Aksp from WOOLUM et al. (1988).
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F1G. 6. Correlation plot of apparent diopside/liquid partition coef-
ficients for Yb and La. The error bars represent 2¢ uncertainties due
to counting statistics for the EMP analysis. The bar labelled fractional
crystallization indicates the spread of values expected for this process,
assuming constant partition coefficients. The observed variations are
much larger. Points from slow- and fast-cooled experiments are in-
distinguishable. Assuming that the REE partition coefficient pattern
does not change with temperature, the line of constant relative par-
tition coefficient, 4.1, can be interpreted as representing crystal regions
that grew at interface equilibrium. Points below and to the right of
this line could be interpreted as regions whose growth was affected
by boundary layers at the crystal-liquid interface. Each dashed line
is an illustrative calculation at constant temperature for a region
having a varying crystal growth rate. Because every point on the
interface equilibrium line is the origin of a boundary layer curve, a
scatter of points can be generated. The resultant classification of
equilibrium and non-equilibrium points breaks down, however, when
data for other elements are compared, casting doubt on boundary
layer formation as the origin of the observed scatter.

liquid boundary layer adjacent to the crystal, and (4) anom-
alous partitioning onto surface sites which do not re-equili-
brate once complete coordination is achieved. A special case
of (4) is sector zoning, where the surface partition coefficient
varies systematically in different crystallographic directions.
These mechanisms are not mutually exclusive and might
show combined effects, e.g., for (2) and (3). Since the equi-
librium liquid composition is itself a function of temperature,
we shall regard “temperature” effects to include both mech-
anisms (1) and (2). »

Allowing for the variation of partition coefficients with
temperature and assuming interface equilibrium, we expect
smooth covariations of apparent partition coefficients among
different minor and trace elements. In the special case where
the percentage changes in partition coefficient with temper-
ature are the same for a group of elements, straight line plots
with constant relative partition coefficient are obtained, as
we observe for Sm, Y, and Yb. We interpret the absence of
smooth trends as indicative of kinetic effects in partitioning,
although smooth interelement correlations do not guarantee
interface equilibrium. For example, even if boundary layer
effects were important in the partitioning of Sm, Y, and YD,
the observed linear correlations probably would have been
preserved, provided that both the partition and diffusion coef-
ficients of these elements are very similar.

Kinetic effects would not have been surprising in the rap-
idly cooled sample, but it was reasonable to expect that in-
terface equilibrium would be maintained in the slowly cooled
sample. Previous fractional crystallization studies have been
consistent with this expectation (BENJAMIN et al., 1980, 1983;
JONES and BURNETT, 1987; BECKETT et al., 1988).

The 100 micron scale variations in major element com-
position observed in the glasses of this study are typical for
the Di,AbAn system for the same thermal history (deg/hr
cooling rates) as used for sample 35-4A (JONES and BURNETT,
1987; JOHNSON and BURNETT, 1987). The chemical varia-
tions indicate that some boundary layer formation did occur
during diopside crystallization, although trace element-en-
riched boundary layers within ~ 10 um of the diopside crys-
tals were not observed. In the absence of strong composition
effects on partitioning, it is not obvious that boundary layers
have a major effect on trace element partitioning. As proposed
by LINDSTROM (1983), formation of such a boundary layer
will slow, possibly stop, crystal growth until the boundary
layer is at least partially removed by diffusion of major con-
stituents to the growing interface. Crystal growth and trace
element partitioning would then occur only when the
boundary layer disappears. Large scale (>100 micron) gra-
dients in glass composition could persist but, as we have ob-
served, there would be no obvious trace element-enriched
boundary layers in glass adjacent to crystals.

We now show that it is difficult to explain the observed
variability (Figs. 6 and 7) by the presence of boundary layers.
If all REE behaved coherently in our experiments, then con-
stant relative partition coeflicients would be observed. As
discussed above, this is true for Sm, Y, and Yb, but not true
(cf. Fig. 6) for La relative to any of the heavier REE; i.e.,
differences in the diopside REE pattern occur within a single
experiment. This incoherence also shows that slow cooling
does not guarantee interface equilibrium. Conversely, not atl
slow cooling experiments show interface disequilibrium. For
the same type of cooling history, for example, a linear Dp,-
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FI1G. 7. Correlation plot of apparent diopside/liquid partition coef-
ficients for Sm and Al, analogous to FIG. 6, except that, here, Al
partition coefficients are systematically higher for the rapidly cooled
sample. A boundary layer interpretation of this plot that would be
consistent with FIG. 6 is not possible, suggesting that the scatter in
all such correlation plots represents complex surface partitioning
processes.
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Dg, correlation was obtained by JONES and BURNETT (1987),
while the same data (JONES, 1981) show a respectable Da-
Dg,,, correlation, unlike that found here (Fig. 7).

One possible interpretation of the La data is that, because
the partition coefficient of La is significantly lower than any
heavy REE, it is much more susceptible to boundary layer
formation. Based on the theory of BURTON et al. (1953; cf.
JONES and BURNETT, 1987), the apparent partition coefficient
depends on the true partition coefficient (for interface equi-
librium) and a dimensionless parameter, DEL = vd/D*,
where v is the crystal growth rate, d is the boundary layer
thickness, and D* is the diffusion coefficient. The BURTON
et al. (1953) equations are not strictly applicable to these
experiments because they assume an infinite reservoir and a
steady state but should be adequate to illustrate qualitative
systematics. Values for DELs and true partition coeflicients
define a single point on a correlation plot such as Fig. 6. With
variations in crystal growth rate for constant true partition
and diffusion coeflicients, curved trends of the type illustrated
on Fig. 6 result. Recognizing, more realistically, that partition
and diffusion coeflicients, as well as crystal growth rates, vary
with temperature, we can explain a scatter of points, such as
that observed in Fig. 6. Predictions of systematics can be
made, however, which can be tested with other interelement
correlations. Thus, a plausible interpretation of Fig. 6 is that
those points which lie on the 4.1:1 correlation line correspond
to materials grown at interface equilibrium but at different
temperatures. According to this interpretation, those points
lying below and to the right of this line have been affected
by boundary layer formation.

For a correlation plot using any other pair of elements, an
analogous boundary layer interpretation can be developed.
The difficulty is that a consistent set of points representing
interface equilibrium and points affected by boundary layers
cannot be obtained for all elements, even taking liberties with
assumed absolute and relative diffusion coefficients. The value
of having high precision multielement partitioning data is
clear. As a specific example, many of the points defining the
4.1:1 line on Fig. 6 lie in the middle of the clustering of points
on Fig. 7. Thus, lack of systematics in the overall data set
casts doubt on boundary layers as a general interpretation of
the partitioning data presented herein.

We now consider the possibility that our data are domi-
nated by surface partitioning effects (mechanism (4) above).
One possible clue is the comparison of the results of the slow
(35-5B) and rapidly cooled (35-4A) experiment. Figure 7
shows that the apparent partition coefficients for Al are sys-
tematically higher for 35-4A than 35-5B, but those for Sm,
La, and Yb are approximately the same in the two experi-
ments (e.g., Fig. 6). Zr is the only other element measured
whose apparent partition coefficients are systematically higher
in 35-4A than in 35-5B. Of the elements studied, Zr and Al
have the highest values of z/r? (z = ionic charge, r = jonic
radius), the parameter proposed by DowTty (1976) and
SummMIZU (1981) to govern the chemical differences in sector
zoning. It is necessary to assume that systematically different
and, presumably, faster-growing sectors grew in the rapidly
cooled sample but that the range of local partition coefficients
was the same for all minor and trace elements other than Al
and Zr. Simple sector zoning models, however, in which a

different set of constant relative partition coefhicients is used
for each of two sectors (SHIMIZU, 1981), can be ruled out on
the basis of our data. Even if the anomalously high La point
on Fig. 6 is arbitrarily excluded, at least three separate constant
D(Yb)/D(La) lines would be required to account for the ob-~
served variations. If surface partitioning is regarded, however,
as a complex interplay between adsorption and desorption,
varying with local crystal-melt boundary conditions, then al-
most any scatter of points might result (SHIMIZU, 1983). We
have no better model at present. It is obvious, however, that
more appropriate experiments can be done to test these in-
terpretations.

Other workers have observed similar effects in experimental
diopside partitioning studies. In a detailed study of the ALO;
content of clinopyroxene in the DiAn system for a wide va-
riety of thermal histories TSUCHIYAMA (1985} demonstrated
large increases in Al partition coefficient with cooling rate,
qualitatively similar to what we observed. All of his results
are interpreted in terms of general “kinetic effects” on par-
titioning, rather than in terms of any specific mechanism,
Detailed EMP contouring of a large crystal showed no obvious
Al sector zoning. In contrast, clear sector zoning effects on
Al partitioning in diopsidic clinopyroxene grown in the sys-
tem CaMgSi,0¢-CaTiALL O were observed by KoucHr et al.
(1983).

Alternatively, the general scatter in trace element corre-
lations that is unique to our work may be due to the high
concentrations of “trace” elements employed (about 4% by
weight in starting materials). Conceivably, small grains of
complex oxides of variable composition might precipitate in
association with boundary layer formation and be incorpo-
rated as inclusions with subsequent crystal growth., These
samples, however, have been well characterized by SEM ex-
amination and 1 micron grains of such high atomic number
should have been seen. Consequently, we prefer the sector
zoning interpretation, although additional experiments would
be required to rule out the oxide precipitation hypothesis
entirely.

If the qualitative considerations above are correct, we
should be able to select those analyses from these complex
samples that should best represent equilibrium partitioning
and that should be comparable with other diopside partition
coeflicient measurements in the literature, We now show that
this is possible, but the major point is the existence of the
kinetic effects, as discussed above.

Because the kinetic effects enhance apparent partition coef-
ficients, the lowest measured concentrations should come
from the slow-cooled sample and should vield the best esti-
mates of the partition coefficients at the higher temperature
end (1250-1265°C) of the slow cooling stage. An analysis
from the central region of a large euhedral crystal (“point
11”) gives the lowest concentrations of all elements, except
for Sr, whose concentration at point 11 is among the higher
measured values. In general, the trend of Sr concentration
variations seems to be opposite those of all other incompatible
clements. The Sr partition coefficient may be temperature
independent or actually decrease with decreasing temperature,
consistent with the data of RAY et al. (1983). Partition coef-
ficients based on point 11 and the initial glass composition
(Dmin) are shown on Fig. 8 and listed on Table 7.



3128 S. M. Kuehner et al.

An alternative approach is to use rim/glass concentration
ratios from the slow-cooled sample to represent partition
coefficients appropriate to the low temperature end of the
cooling cycle {(around 1200°C). The diopside analysis ob-
tained closest to any crystal edge (point 10, 10-15 um from
the crystal-glass interface) defines the partition coefficients
labelled “rim™ on Fig. 8 and Table 7. The rim partition coef-
ficients are higher than D, for most elements (Zr—65%,
REE--50%, Al—10%), but slightly lower than D, for Sr.
The principal cause of the rim-D,,;, differences is probably
the change in D with temperature, although kinetic effects
could also be present.

Qur bulk composition is intermediate in the DiAbAn ter-
nary system to the A and B compositions of GRUTZECK et
al. (1974), and, except for Sm, our Dy, for each REE is
intermediate between the partition coefficients for the A and
B compositions obtained by those authors at a similar tem-
perature. OQur D.,;»(Sm) is in reasonable accord with com-
parable D from RAY et al. (1983) and JONES and BURNETT
(1987) (as shown in Fig. 8, inset). Dyn{Zr) is within 4 and
20% of those of the similar compositions (C2 and C3, re-
spectively) of DUNN and McCCALLUM (1982) which were
synthesized at similar temperatures to ours.

Our Dpin(Al) is 70% higher than that of JONES and BUR-
NETT (1987). This may indicate that there are residual kinetic
effects on D, in our experiments and that these are more
important for Al than for REE. Alternatively, the difference
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F16. 8. Diopside partition coefficient patterns for the REE, Zr, and
Al The curve labelled D,,, is our best estimate of the equilibrium
partition coefficient pattern at 1250-1265°C. The curve labelled “rim”
is based on crystal rim/glass concentration ratios and is our estimate
of partition coefficients at around 1200°C. Except for comparison
with D,, from JONES and BURNETT (1987), there is reasonable agree-
ment between our partition coefficients and literature values for
comparable bulk compositions and temperatures. Two different
compositions from GRUTZECK et al. (1974) are shown. OQur com-
position is intermediate. The reported Dg,, of RAY et al. (1983) has
been corrected by a factor of 1.4 for IMP matrix effects, as recom-
mended by those authors. Dz, of DUNN and MCCALLUM (1982) is
from their compositions C2 and C3.

TABLE 7 Diopside/Liquid Partition Coefficients Estimated in this
Work

Dmin Brim
Temperature (°C} 1250-1265 1200
Al .28 .31
Sr 11 .10
Y .36 .53
Zr .27 .44
La 084 13
Sm .34 .53
Yb .34 .53

* Based on analysis of the point with lowest concentrations in the centrat
region of a euhedral crystal and the initial liquid composition.

** Based on analysis of the point closest to the edge of a crystal and the
coexisting glass.

in Dyi(Al) between the two studies may reflect a Henry’s
law deviation in the sense discussed by BENJAMIN et al. (1983).
When nominal trace elements, e.g. REE, are at per cent con-
centrations, as in the present experiments, the necessity of
charge balance associated with coupled substitution of the
REE MgAlISiO4 component requires that, in general, the par-
tition coefficients for both Al and REE cannot be the same
as when the REE are at ppm levels, as was the case in the
JONES and BURNETT (1987) experiments. It appears, in our
experiments, that Dp;,(Al) has increased, with Dy (Sm) re-
maining constant relative to the JONES and BURNETT (1987)
work.

SUMMARY AND OVERVIEW

The focus of this study has been to evaluate use of the
Chicago ion probe in obtaining quantitative analyses of minor
elements in the major phases that are present in natural CAls.
By examining three trace element-doped glasses whose com-
positions were determined by EMP analyses, we have found
that it is not possible to obtain precise quantitative analyses
by IMP if there are large differences in SiO, content between
the standards used to derive the ion yields and the unknowns.
Thus, ion yields determined from the three starting glass
compositions were used for analysis of synthetic diopside and
melilite/glass systems from which crystal/liquid D-values were
obtained for trace elements. With the exception of the trace
elements in Akgy melilite and SrO in Ak,, melilite, resulting
IMP analyses using the new ion yields agree with EMP anal-
yses of melilite and coexisting glasses to within 6%. The wider
disagreement for trace elements in Akgo melilite is probably
due to poor accuracy and precision in the EMP analyses at
the low trace element concentrations in this phase. SrO was
overestimated by IMP, compared to EMP, in both Ak,» and
Akgo compositions. This may be the result of a structural
matrix effect, as IMP analyses of glass coexisting with diopside
agreed to within 3% of the EMP analyses. The somewhat
larger deviation between techniques (2 to 16%) found for the
diopside analyses may be due to chemical inhomogeneity of
the synthetic pyroxene. Thus, IMP techniques used here can
be used to acquire quantitative major and trace element
analyses of melilite and diopside in natural CAls.
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Taking an extreme point of view, it can be argued that,
because the samples discussed herein were not produced at
equilibrium, the partitioning results should simply be dis-
carded. There are two questions that have to be answered to
evaluate this point of view. First, allowing for the fact that
most rocks are not isothermally equilibrated systems, are the
experimental conditions and compositions relevant {o natural
samples? Second, is there anything new in our results? Ad-
dressing the second point first, we regard the degree of in-
coherence between the lithophile trace elements in a slow-
cooled sample such as 35-5B as a surprising and interesting
result. The fact that we are able to select individual diopside
analyses that yield partition coefficients in accord with pre-
vious literature values, as shown on Fig. 8, is of lesser im-
portance than the scatter of points on Figs. 6 and 7. It would
not have been a particularly interesting result if we had ob-
served linear correlations with the same relative partition
coefficients as previously reported in the literature for diop-
side. The interesting point about the melilite results (Fig. 5)
is again not the partition coefficients per se, but that, using
common sense in data selection, even from relatively patho-
logical samples, quite reasonable partition coefficients can be
obtained relative to those reported in the literature for more-
appropriately synthesized sampies. It should be emphasized
that, in the absence of the literature data, we would have
been hesitant to report partition coefficients from these mel-
ilite data.

With respect to the first point, we believe that the incom-
patible element incoherence shown by our diopside quite
possibly indicates that significant kinetic effects on trace ele-
ment partitioning in clinopyroxene can occur at cooling rates
that are not excessively high compared to those for some
natural samples. For example, our data indicate that the cli-
nopyroxene REE partition coefficient pattern, as measured
by Yb/La, could vary by at least 30% due to kinetic effects.
Some qualification of this conclusion is required due to the
high levels of incompatible lithophile elements in these ex-
periments.

More generally, with the increasing availability of in situ
trace element microanalytical data, e.g., from ion probes,
there is an increasing need to worry about processes leading
to inter- and intracrystal variations of trace element contents,
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