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Introduction: Mineraymelt partition coefficients (&) for trace elements in olivine (oliv) and 
orthopyroxene (opx) in experiments with the composition of chondrules are limited. Most experimental 
studies of partitioning focus on a few elements and a comprehensive set of equilibrium and kinetic K,,, derived 
from individual experiments, is nonexistent. Also, the variation of oliv and opx K,, with changing cooling rate 
is unknown for many elements, even though many chondrules cooled at rates (>lO"C/hr) that produce non 
equilibrium partitioning of major elements [I]. To rectify these deficits in our knowledge we have examined 
the partitioning of major elements, rare earth elements (REE) and 10 other trace elements (Ba, Hf, Sc, V, 
Sr, Y, Zr, Ge, Th and U) between oliv, opx and melt, in equilibrium and dynamic crystallization experiments 
on porphyritic pyroxene and barred olivine chondrules compositions. Experimental mixes were doped with 
REE at 50 to 450 x chondritic (ch) abundances. Experimental details can be found in [2,3]. Cooling rates 
were from 0 to 2000"C/hr. Trace element and Al, Ca and Ti abundances were measured with the PANURGE 
ion microprobe using the techniques and standards of [4]. Major element compositions were obtained by SEM 
analysis. 
Discussion of Results: A number of criteria must be satisfied before the measured K, can be considered 
correct: (1) the glass and adjacent crystals must be homogeneous, indicating that equilibrium or a steady state 
was attained, and (2) the crystals must be free of inclusions, and large enough for analysis. SEM and ion 
microprobe analysis shows the glass is homogeneous in all experiments, with the exception of two regions, (1) 
where quench crystals form and (2) in melt trapped in the crystalline region of the charge. For example, in 
the equilibrium oliv experiment the crystals form an aggregate that contains interstitial glass with a different 
composition to exterior glass, and we could not measure equilibrium &. We used the lWC/hr  K, as 
approximate equilibrium values. 

AU opx contain melt inclusions that are from < 1 pm to >300 pm in length. Back scattered electron 
imaging was used to locate regions near the edge of crystals that were free of melt inclusions. Figure 1, which 
typifies our results for all experiments, shows K,, for Si, Ca, Fe, Ba, Ce, Nd, Dy and Er measured in opx for 
a cooling rate of 1°C/hr. The K,, values and the shape of the & patterns of analyses B, C and D are typical 
of the majority of our measurements (8 similar, overlapping patterns are not shown) and we infer these 
represent equilibrium values. Minor variation of the K, of opx in a single experiment can be attributed to 
enrichment of incompatible elements in the melt during crystallization. Small amounts of trapped melt can 
dominate the measured & for incompatible elements in opx and oliv. Given an assumed concentration in 
pure opx or oliv we can calculate the apparent partition coefficient (I&*) resulting from incorporation of a 
given mass fraction of glass. Presumably, opx enriched in incompatible elements, such as pattern E of figure 
1, contain trapped melt. Incorporation of 0.2% melt into opx B, C or D produces pattern A, which matches 
pattern E. This shows that melt inclusions are responsible for the elevated I&* and subdued curvature of E. 
Opx K,,* patterns were obtained in the 1000 and 2000"C/hr cooling rate experiments. These K,,* are similar 
to pattern E and again can be quantitatively explained by entrapment of approximately 1% melt. 

In contrast to opx, we did not observe melt inclusions in oliv with the SEM, even at the maximum 
cooling rate of 2191°C/hr. Figure 2 shows that REE and Ba &* for oliv (open symbols) increase with 
increased cooling rate. For example, the La K,,* increases from &lo-' (pattern R) at lWC/hr to 0.01 at 
2191°C/hr (pattern P). Increasing the cooling rate from lWC/hr to 2191°C/hr enhances the K,* of 
incompatible elements, such as Ba and the LREE, by a factor of approximately I@. In contrast, the K,,* of 
compatible elements, such as Yb and Lu, is only enhanced by a factor of 2. Trapping of melt inclusions too 
small to be observed with the SEM and that have the composition of the bulk melt may explain the increase 
of K,,* with increased cooling rate. To test this hypothesis we calculated K,,* patterns, respectively S and T, 
that result from incorporation of 0.1% and 0.7% melt into olivine R. The similarity of S to Q, and T to P, 
shows that the additional material incorporated into the oliv in the 933OC/hr and 2191°C/hr experiments has 
the same composition as the melt. Our oliv data is consistent with incorporation of the REE and Ba by 
trapping very small finely dispersed melt inclusions. Alternatively, material with a similar trace element 
composition to the melt may be incorporated into the oliv crystal structure. However, since the incorporated 
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material has the composition of the melt the incorporation process must be independent of ionic charge, ionic 
radius and bonding for the elements we examined. Figure 3 shows representative K,, patterns for oliv and opx 
for the full set of elements analyzed. This data is from R in figure 2 and an opx analysis that is similar to B, 
C and D of figure 1, in a 100"C/hr experiment. We consider these patterns to be representative of equilibrium 
partitioning. Elements are grouped according to ionic charge and arranged from largest to smallest ionic 
radius within each charge group. For each group there is a K,, maximum for the element that is energetically 
most stable in either the octahedral or tetrahedral structural site of the mineral. Figure 3 also shows a 
remarkable similarity of oliv and opx K,,. 
Summary We have measured mineraUmelt K,, for 30 elements in opx and oliv in equilibrium and dynamic 
crystallization experiments on chondrule compositions. Our data, which contains elements not previously 
measured in experimental partitioning studies and values that are lower than most literature values, provide 
a self consistent set of K,, that can be used in thermodynamic models of equilibrium and kinetic partitioning 
between oliv, opx and melt. Our for Nd, Sm, Gd and Yb are similar to those of [5,6]. Use of this data 
will provide additional constraints oh models of partial melting and crystal fractionation in oliv- and opx-rich 
systems, such as chondrules, mantle peridotites, komatiitic and picritic lavas, and ultramafic intrusions. 
Additional experiments that will prdvide more precise Kd for U and Th are currently under way. 
References: [I] Lofgren and DeHar t  (1991) LPSXXII, 823; [2] Lofgren and Lanier (1990) CGA 54, 3537; [3] Lofgren and Russel (1986) 
GCA 50, 1715; (41 Kennedy et al. (1990) LPSXXI, 621; [5] McKay (1986) GCA 50,69; [6] Colson et al. (1988) GCA 52, 539. Supported 
by NAG 943 Contrib. 4%8 (752). 

Figure 1. Opxlmelt Kd (8, C and D) and Kd' (E) in expt 34.  
Pattern A shows Kdt for OPX incorporating 0.2% melt. 
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Figure 2. Olivlrnelt Kd (pattern R)  and Kd' (patterns P 
and Q) S and T show Kd' for opx incorporating 0.2% melt 
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Figure 3. Representat ive oliv and opx K, for all elements in 1 0 0 O ~ l h r  cooling rate e x p e r i m e n t s .  
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