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Abstract. Our current lack of understanding of the parti- 
tioning behavior of Sc, Y and the REE (rare-earth ele- 
ments) can be attributed directly to the lack of a suffi- 
ciently large or chemically diverse experimental data set. 
To address this problem, we conducted a series of experi- 
ments using several different natural composition lavas, 
doped with the elements of interest, as starting composi- 
tions. Microprobe analyses of orthopyroxene, pigeonite, 
olivine, magnetite, ilmenite and co-existing glasses in the 
experimental charges were used to calculate expressions 
that describe REE partitioning as a function of a variety 
of system parameters. Using expressions that represent 
mineral-melt reactions (versus element ratio distribution 
coefficients) it is possible to calculate terms that express 
low-Ca pyroxene-melt partitioning behavior and are in- 
dependent of both pyroxene and melt composition. 
Compositional variations suggest that Sc substitution 
in olivine involves either a paired substitution with A1 
or, more commonly, with vacancies. The partitioning of 
Sc is dependent both on melt composition and tempera- 
ture. Our experimentally determined olivine-melt REE 
Ds (partition coefficients) are similar to, but slightly high- 
er than those reported by McKay (1986) and support 
their conclusions that olivines are strongly LREE de- 
pleted. Y and REE mineral/melt partition coefficients 
for magnetite range from 0.003 for La to 0.02 for Lu. 
Ilmenite partition coefficients range from 0.007 for La 
to 0.029 for Lu. These experimental values are two orders 
of magnitude lower than many of the published values 
determined by phenocryst/matrix separation techniques. 

Introduction 

A set of parameters that describe the mineral-melt parti- 
tioning behavior of the elements of interest is common 
to all models of igneous differentiation. Whether these 
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expressions are partition coefficients, empirical parame- 
ters, or equilibrium constants, the applicability and accu- 
racy of any description of partitioning behavior is depen- 
dent upon the quality and quantity of the experimental 
data on which it is based. 

The experimental data base on the partitioning of 
the rare-earth elements (REE) between pigeonite, ortho- 
pyroxene, olivine, magnetite, ilmenite and natural terres- 
trial silicate melts is limited in its range of temperature 
and composition, and totally lacking for some systems. 
The existing data set is of high quality, but is largely 
restricted to lunar, meteoritic or synthetic systems. In 
addition, generally no distinction is made between ortho- 
pyroxene and pigeonite. 

The majority of the mineral-melt partitioning data 
that currently are being used by petrologists for model- 
ing mafic to intermediate composition systems were de- 
termined by phenocryst separation and analysis. This 
body of data exhibits many of the problems that are 
associated with that technique. In particular, because 
low-Ca pyroxene, olivine and oxide-melt partition coeffi- 
cients for Y and the REE are small for mafic systems, 
the phenocryst/matrix determinations are highly suscep- 
tible to contamination of the phenocryst separates by 
glass and trace phases (McKay 1986). Reported values 
for the partition coefficients for magnetite, cover a range 
of two orders of magnitude for individual REE in geo- 
chemically similar systems. For example, a DLa of 0.02 
was reported for basaltic liquids by Lemarchande et al. 
(1987), as opposed to a value of 3.0 reported by Schock 
(1979). Consequently, the relevance of any calculations 
made using those partition coefficients is suspect. 

This state of affairs exists in spite of the fact that 
the REE are one of the most commonly used groups 
of trace elements in petrology. The goal of this investiga- 
tion was to expand the experimental data base for terres- 
trial basaltic to dacitic systems, and to constrain the 
effect of phase composition and temperature on the par- 
titioning behavior of Y, Sc and the REE in common 
liquidus phases. We have included Y because of its simi- 
lar behavior to the heavy rare earths (HREE), and Sc 



b e c a u s e  it  is a n o t h e r  t r i v a l e n t  c a t i o n  o f  p o t e n t i a l  i m p o r -  
tance ,  t he  de ta i l s  o f  w h o s e  b e h a v i o r  is l a rge ly  u n k n o w n .  

Experimental and analytical procedures 

The starting compositions were selected on the basis of two criteria, 
first that they be natural lavas saturated near the liquidus at one 
atmosphere with olivine, pyroxene, and/or oxides, and second, that 
the liquids produced cover the widest possible range of composi- 
tion. The starting compositions range from hawaiian tholeiites to 
arc andesites (Table 1). The rocks that were the source of the start- 
ing compositions were powdered and doped with Sc, Y, and the 
REE as oxide powders at two different concentration levels (0.5 
and 2.0 wt%). Mixtures were ground as acetone slurries, using an 
alumina mortar and pestle, then fused in graphite crucibles in a 
controlled atmosphere set at the QFM (quartz-fayalite-magnetite) 
buffer. The compositions were then re-crushed and re-fused. Two 
separate groupings of trace elements, one with Sc, Y, and La, and 
the other with Sm, Gd, and Ho or Lu, were prepared to avoid 
overlapping X-ray lines (e.g., La and Sm L-lines). 

Charges of the doped glasses were suspended in a 1 atmosphere 
Deltech vertical quench, gas mixing furnace, using thin (0.003 inch) 
Pt wire loops in order to reduce Fe loss. Experimental charges 
were raised above their liquidi for 2-4 h to assure melt homogenei- 
ty, then cooled to run temperatures at a rate greater than 500 ~ C/h, 
held for 1-14 days, and water quenched. Temperatures were mea- 
sured using a P t -P t9oRhlo  thermocouple calibrated against the 
melting point of gold. Oxygen fugacities were monitored with an 
oxygen electrolyte cell (Williams and Mullins 1981) calibrated at 
the iron-wustite buffer. Mixtures of H 2 and CO2 buffered the oxy- 
gen fugacities at the Q F M  buffer. 

Major, minor, and trace elements were analyzed by electron 
microprobe (Cameca SX-50 at OSU) in two different ways, depend- 
ing on the concentration of the element. For  the major elements 
X-ray intensities were measured at 15 kV accelerating potential 
and 20 nA beam current. A defocused beam, (5-10 gm diameter) 
was used to minimize beam damage. Counting times (on-peak) 
were: 10 s for major and minor elements, 50 s for Sc, and 100 s 
for Y, Gd, Ho and Lu in pyroxene. Background counts wcrc taken 
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above and below the peak for 1/2 the on-peak counting time (e.g., 
25 s for Sc). Correction of X-ray intensities for deadtime, back- 
ground, and matrix effects was made using the Cameca PAP rou- 
tine. Most analyses for mineral-melt pairs were averaged from line 
traverses containing three to five analyzed points in each phase. 
In order better to assure an equilibrium mineral-melt pair, pyroxene 
and glass analyses were taken in close proximity to one another. 

Because of the general incompatibility of these elements in py- 
roxene, olivine and oxides, their concentration can be near the 
detection limits for the electron microprobe. In order to maximize 
the precision and accuracy of our analyses at low concentrations 
(<500 ppm), we adopted a variant of the technique of McKay 
(1986). X-ray intensities were measured at the peak wavelength 
for counting timnes of 1000 s then at 4 different background offsets 
on each side of the peak, again for 1000 s each. Beam current 
was increased to 100 nA. Net intensities (Ipeak--Ibackg . . . .  d) in total 
counts were calculated for mineral and glass. The ratio of the inten- 
sities, epx grass I n e t / I n e  t w a s  assumed to be the partition coefficient. Several 
analyses were made using this technique and, for comparison, 
others were made using the CAMECA PAP correction on charges 
with moderate levels of REE. Confirming the conclusions of Colson 
et al. (1988), we found that the error due to the lack of a matrix 
correction was smaller (2-4% relative) than the analytical precision. 

K20  was included in the analytical routine for the mineral 
phases. Because of potassium's incompatibility in any of the phases 
of interest at low pressure, it was used as an indicator of glass 
inclusions. Analyses were done only on crystals > 50 gm in diame- 
ter. In some of these charges, particularly Hakone old Sonoma, 
crystal size was generally less than 50 gm. In addition, because 
of a lack of 3D information, it is possible that there was some 
glass fluorescence in these analyses. Therefore, low distribution co- 
efficients (e.g., below ~0.001) should be considered maximum 
values, with the effect becoming more important as D becomes 
smaller. Mineral analyses containing K20>0.05  wt% were ex- 
cluded from the data set. 

Minor quench growth of olivine was detected optically in ap- 
proximately 20% of the run products. To avoid the concentration 
gradients associated with these quench olivines (Kring and McKay 
1984), analyses were restricted to minerals and glasses at least 
30 txm from any phase boundary. 

In the majority of experimental studies, some method of doping 

Table 1. Starting compositions 

H87-3 43152 3/83 KL77 E-1 GC-68 ML-176 TLW67 HOS 

SiO2 47.66 49.15 50.90 51.34 47.4 49.46 52. l I 51.00 55.83 
TiO2 2.42 3.76 3.01 3.69 2.2 4.28 2.09 3.49 0.61 
A120 3 12.35 11.27 14.29 13.65 11.5 14.09 13.81 13.85 17.75 
FezO 3 1.38 - 1.54 1.86 3.7 2.26 2.76 
FeO 10.04 18.66 10.08 10.55 8.8 12.47 11.03 10.21 6.01 
MnO 0.17 - 0.17 0.18 0.18 0.22 0.18 0.18 
MgO 11.44 4.21 6.04 5.28 13.0 4.62 6.68 5.54 3.90 
CaO 11.51 9.33 10.34 9.27 10.4 9.63 10.63 9.53 8.62 
Na20 2.18 2.48 2.59 2.82 2.0 3.03 2.40 2.74 2.98 
K / O  0.57 0.19 0.61 0.79 0.37 1.18 0.40 0.77 0.55 
P2Os 0.29 0.31 0.32 0.40 0.29 1.02 0.26 0.40 

Reference 3 1 4 2 5 6 7 8 9 

1. Galapagos ferrobasalt Melson (personal communication) 
2. Kilauea tholeiite - Moore et al. (1980) 
3. Mauna Kea ankaramite - Porter et al. (1987) 
4. Kilauea tholeiite - Neal et al. (1988) 
5. Uwekahuna Bluff picrite Casadevall and Dzurisin (1987) 
6. Mauna Loa tholeiite-electron microprobe analysis of fused glass beads - unpublished 
7. Mauna Loa tholeiite - Rhodes (1988) 
8. Kilauea tholeiite Wright and Fiske (1971) 
9. Hakone Old Sonoma augite-hypersthene andesite - Kuno (1950) 
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is used. The trace element of interest is added to the charge in 
sufficient concentration to facilitate electron microprobe analyses 
(Leeman 1974; Lindstrom 1976; Ray et al. 1983; Colson et al. 1988; 
McKay 1986; McKay et al. 1986a; Dunn 1987). Because these dop- 
ing levels are usually in the wt % range, several orders of magnitude 
higher than the concentration in natural systems, there is no guar- 
antee that the results of the experiments will be relevant to the 
modeling of natural systems. Watson (1985) and McKay (1986) 
present extensive arguments in support of the contention that ex- 
perimentally determined trace element partitioning is constant from 
natural concentration levels to doped levels (~ 1 3 wt%). No evi- 
dence of an upper limit to Henry's Law is apparent for most sys- 
tems. This has been confirmed for olivine and orthopyroxene-melt 
partition coefficients by ion-probe work performed by Beattie 
(1991). Nevertheless, the responsibility remains for the experimen- 
talist to show that partitioning behavior is independent of the do- 
pant levels in each study. 

To evaluate the dependence of pyroxene-melt partition coeffi- 
cients on elemental concentrations (possible Henry's Law viola- 
tion), a series of experiments on a single system were conducted 
at several different doping levels. The results, reported in Gallahan 
and Nielsen (in press), indicated consistent partitioning behavior 
over the concentration range of 0 .055 mol% REE in the melt. 
In addition, the partition coefficients derived from these experi- 
ments are comparable to published data for natural concentrations 
(e.g., Johnson 1989). From these results, and those of Beattie (1991), 
it can be inferred that the experiments were conducted within the 
Henry's Law limits and are applicable to systems at natural concen- 
trations. A detailed evaluation of the Hcnry's Law limit for Sc 
in olivine is presented in a later section. 

Results 

The experimental results and run conditions for this investigation 
(Tables 2 and 4) represent averages of at least three analyzed points 
on each phase in co-existing mineral-melt pairs. Standard deviation 
is presented in tables 2 and 4 the form of a 1 a sample standard 
deviation calculated from analyes of individual mincral-melt pairs. 
For major components (e.g., Mg, A1, Si, Ca, Fe), glass, olivine, 
magnetite and ilmenite are homogeneous within 3% relative. Low- 
Ca pyroxencs are homogeneous within approximately 5%. Trace- 
elcment precisions range from 3-5% for the HREE in pigeonite 
to >20% for La in orthopyroxene, olivine and the oxides. 

The liquid compositions cover a large range of natural magmas 
in equilibrium with low-Ca pyroxene at low pressure (Fig. 1). In- 
cluded for comparison are the liquid compositions from the experi- 
ments of Colson et al. (1988) and McKay et al. (1986a). Any rela- 
tionship that can be derived from this data set to describe the 
partitioning of these elements should be applicable to virtually all 
low-pressure models of lunar and terrestrial petrogenesis. 

Pyroxene 

The most commonly applied parameter to describe 
trace-element mineral-melt partitioning is the concentra- 
tion-ratio partition coefficient. Based upon their results 
on the Shergottite starting composition, McKay  et al. 
(1986) found a strong correlation between low-Ca pyrox- 
ene partition coefficients with the wollastonite content 

Table 2a. Experimentally determined pyroxene compositions. All concentrations are expressed in terms of cation normalized mole percents. 
(Cation normalized analysis of anorthite is 20 Ca, 40 A1 and 40 Si). Glasses in 2b correspond to pyroxenes in 24. 1 a standard deviation 
given in parentheses (e,g., 1.01(4) is 1.01 __+ 0.04) 

System T (C) 
H.O.S. 1090 
H.O.S. 1090 
H.O.S. 1090 
H.O.S. 1090 
H.O.S. 1080 
H.O.S. 1080 
H.O.S. 1080 
KL-77-5 1076 
E-1 1110 
E-1 1!05 
E-1 1100 
GC-68-5 1080 
ML-176 1090 
TLW-67 1100 
TLW-67 1120 
TLW-67 1120 

Na M~ A1 S i Ca Ti Cr Mn Fe 
0.06(3) 33.9(3) 1.1(1)48.7(4) 2.0(2) 0.17(3) 0.02(0)0.38(5) 13.4(2) 
0.15(8) 34.0(2) 2.1(5)47.9(9) 2.4(3) 0.23(4) 0.04(1)0.35(4) 12.5(1) 
0.07(4) 34.6(6) 1.7(2)48.5(6) 1.8(2)  0.17(3) 0.04(1)0.35(4) 12.5(6) 
0.12(6) 33.5(4) 1.9(2)48.3(4) 2.5(1) 0.21(4) 0.02(0)0.37(4) 12.7(3) 
0.06(3) 32.0(5) 2.5(3)47.7(8) 2.5(3) 0.32(6) 0.00(0)0.36(4) 14.2(2) 
0.11(6) 32.6(2) 1.6(2)47.8(4) 2.2(2) 0.18(3) 0.04(1)0.39(5) 14.8(4) 
0.17(9) 32.4(6) 2.5(4)47.4(3) 2.4(3) 0.25(5) 0.05(1)0.26(3) 14.4(2) 
0.07(4) 30.7(4) 0.7(1)49.3(1) 3.9(5) 0.36(6) 0.01(0)0.28(3) 14.5(2) 
0.22(4) 35.7(7) 1.6(2)48.1(5) 4.8(6) 0.42(8) 0.29(6)0.27(3) 8.1(4) 
0.30(6) 33.3(2) 1.9(2)48.4(9) 6.6(8) 0.43(8) 0.31(6)0.26(3) 8.1(1) 
0.07(1) 34.3(9) 1.3(3)47.6(7) 4.5(5) 0.63(11) 0.08(2) 0.24(3) 11.2(4) 
0.25(5) 29.9(1) 1.0(1)48.8(5) 6.8(8) 0.67(12) 0.00(0) 0.34(4) 12.1(2) 
0.14(3) 30.4(2) 1.5(2)48.3(3) 5.5(7) 0.45(8) 0.06(1)0.29(3) 13.1(2) 
0.21(4) 29.6(9) 2.0(2)48.4(4) 8.6(2) 0.63(11) 0.07(1) 0.22(3) 9.9(1) 
0.26(5) 29.9(1) 1.2(1)48.7(2) 10.9(3) 0.53(10) 0.12(2) 0.22(3) 8.0(1) 
0.27(5) 27.5(9) 1.3(3)49.0(5) 13.6(6) 0.56(10) 0.07(1) 0.25(3) 7.3(2) 

Sm C~ Ho Lu 
0.04(1) 0.06(1) 0.15(3) 0.00(0) 
0.07(2) 0.10(2) 0.24(5) 0.00(0) 
0.04(1) 0.06(1) 0.19(4) 0.00(0) 
0.05(1) 0.08(2) 0.23(5) 0.00(0) 
0.06(1) 0.11(2) 0.20(4) 0.00(0) 
0.05(1) 0.07(1) 0.20(4) 0.00(0) 
0.05(1) 0.09(2) 0.19(4) 0.00(0) 
0.03(1) 0.03(1) 0.00(0) 0.07(2) 
0.08(2) 0.12(2) 0.26(5) 0.00(0) 
0.12(2) 0.14(3) 0.27(5) 0.00(0) 
0.02(1) 0.02(1) 0.05(1) 0.00(0) 
0.04(1) 0.05(1) 0.09(2) 0.00(0) 
0.06(1) 0.09(2) 0.18(4) 0.00(0) 
0.10(2) 0.10(2) 0.00(0) 0.21(4) 
0.03(1) 0.03(1) 0.00(0) 0.06(1) 
0.03(1) 0.05(1) 0.00t0 ) 0.07(1) 

S),stem 
43152 
43152 
43152 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
3/83KE2 
KL-77-5 
KL-77-5 
GC-68-5 

T(C~ 
1050 
1100 
1080 
1090 
1090 
i080 
1080 
1080 
1105 
1105 
1110 
1110 
1100 
1090 
1090 
1100 

Na M~ A1 Si Ca Ti Cr Mn Fe 
0.88(9) 15.7(1) 3.0(3)48.3(3) 6.9(8) 0.59(6) 0.00(0)0.54(3) 21.0(3) 
0.30(3) 24.9(2) 2.1(2) 48.3(4) 7.9(9) 0.59(11) 0.00(0) 0.37(4) 14.8(4) 
0.46(5) 24.8(1) 2.0(2)48.5(8) 5.4(7) 0.34(6) 0.00(0)0.43(5) 16.1(2) 
0.48(5) 30.2(4) 4.4(5)47.8(5) 3.0(4) 0.32(6) 0.03(3)0.31(1) 11.5(5) 
0.28(3) 32.2(2) 2.4(3)48.2(4) 2.5(3) 0.21(4) 0.04(1)0.34(4) 12.4(2) 
0.15(2) 29.3(2) 3.0(3) 47.4(1) 2.8(3) 0.07(1) 0.05(3) 0.28(3) 15.4(1) 
0.14(1) 30.9(2) 1.9(2) 48.2(2) 2.9(1) 0.02(1) 0.04(2) 0.34(4) 14.5(3) 
0.17(2) 30.7(3) 2.3(3) 47.9(1) 2.5(3) 0.03(1) 0.04(2) 0.31(1) 14.7(2) 
0.28(3) 32.1(2) 3.5(4) 47.1(9) 2.7(2) 0.19(3) 0.05(1) 0.36(4) 11.8(4) 
0.27(3) 32.0(2) 3.0(3) 47.9(3) 2.3(2) 0.21(4) 0.08(2) 0.31(3) 12.1(1) 
0.18(2) 33.4(5) 2.5(3) 47.5(4) 2.2(3) 0.18(3) 0.07(1) 0.30(5) 12.1(2) 
0.19(2) 33.4(2) 2.6(3) 47.6(5) 1.9(2) 0.18(3) 0.06(1) 0.33(2) 12.2(1) 
0.16(2) 31.0(2) 1.0(1)49.1(1) 3.6(4) 0.37(7) 0.00(0)0.27(3) 14.0(2) 
0.75(8) 25.0(4) 3.9(4)47.0(4) 7.8(2) 0.64(8) 0.00(0)0.23(1) 11.6(1) 
0.95(6) 24.4(1) 3.3(4) 46.8(3)10.0(3) 0.71(3) 0.05(3) 0.21(4) 10.2(3) 
0.20/2 ) 33.5(2) 1.8(2)48.4(4) 4.0(5) 0.58(2) 0.12(2)0.19(2) 10.5(1)! 

Sc Y La 
3.05(6) 0.00(0) 0,030(3) 
0.71(4) 0.04(1) 0,003(1) 

1.84(17) 0.05(1) 0.002(1) 
1.98(11) 0.24(5) 0.030(2) 

1.33(7) 0.15(3) 0.030(4) 
1.46(9) 0.13(3) 0.020(4) 
1.00(2) 0.09(2) 0.007(1) 
1.10(2) 0.08(2) 0.030(1) 
2.20(4) 0.21(4) 0.020(2) 
1.73(5) 0.13(3) 0.001(1) 
1.46(9) 0.13(3) 0.010(1) 
1.43(9) 0.11(2) 0.010(1) 
0.41(8) 0.02(1) 0.008(1) 
2.90(8) 0.24(5) 0.010(2) 
2.89(8) 0.30(6) 0.020(2) 
0.68(4) 0.09(2) 0.000(0) 
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Table 2b. Ex )erimcntal glass compositions. All are in terms of cation normalized mole percent 

H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S. 
H.O.S, 
H.O.S. 
KL=77-5 
E-I 
E-I 
E-I 
GC-68-5 
ML-176 
TLW-67 
TLW-67 
TLW-67 

T/C) 
1090 
1090 
1090 
1090 
1080 
1080 
1080 
1076 
1100 
1100 
1100 
1080 
1090 
1100 
1120 
1120 

Na Mg AI 
4.0(2) 5.1(3) 14.5(1) 56.4(3) 0.09(3) 1.4(2) 6.0(1) 1.13(11) 0.12(2) 7.8(2) 
4.0(2) 5.2(3) 14.3(2) 55.6(5) 0.18(4) 1.3(1) 6.2(2) 1.15(12) 0.17(3) 8.1(4) 
4.1(2) 5.0(2) 14.2(3) 56.2(4) 0.18(4) 1.3(1) 6.1(1) 1.08(13) 0.17(3) 8.1(2) 
3.7(1) 5.0(3) 14.4(2) 56.7(4) 0.13(3) 1.4(1) 6.0(3) 1.14(17) 0.21(4) 8.1(3) 
3.2(2) 4.6(2) 14.1(2) 57.2(3) 0.19(6) 1.4(2) 6.1(1) 1.19(12) 0.19(4) 8.4(2) 
3.4(1) 4.8(2) 13.7(1) 55.8(6) 0.25(5) 1.3(1) 6.2(3) 1.24(16) 0.17(3) 9.3(2) 
3.3(2) 4.8(2) 14.5(1) 55.8(4) 0.23(5) 1.3(1) 6.3(3) 1.16(12) 0.14(4) 9.0(5) 
4.2(2) 6.1(3) 11.5(2) 47.3(3) 0.65(8) 1.4(1) 8.7(2) 4.07(11) 0.20(2) 13.0(3) 
4.5(2) 8.5(4) 12.6(1) 48.7(3) 0.30(6) 0.8(1) 8.1(2) 3.81(18) 0.12(2) 6.9(1) 
4.9(2) 8.0(4) 13.0(2) 49.5(1) 0.23(5) 0.8(1) 8.0(2) 3.20(12) 0.12(2) 7.4(1) 
5.1(3) 6.8(3) 14.1(1) 49.8(2) 0.55(9) 1.7(2) 8.3(1) 4.21(12) 0.14(4) 7.9(2) 
5.3(3) 4.6(3) 15.3(2) 53.6(3) 0.92(5) 3.2(3) 6.2(3) 2.74(17) 0.15(2) 7.5(1) 
3.7(2) 6.7(3) 11.9(1) 48.2(4) 0.39(8) 0.8(1) 9.1(2) 3.01(20) 0.16(3) 11.9(2) 
4.1(2) 7.5(4) 13.4(2) 47.4(3) 0.44(9) 1.1(1) 9.2(1) 3.34(13) 0.15(2) 11.1(5) 
5.3(3) 7.7(4) 14.7(1) 49.6(5) 0.37(3) 1.0(2) 8.9(2) 2.99(10) 0.15(2) 8.7(2) 
5.3(3) 7.7(4) 14.7(1) 49.6(3) 0.37(7) 1.0(1) 8.9(2) 2.99(12) 0.15(1) 8.7(2) 

S i P K Ca Ti Mn Fe S m Gd Ho Lu 
1.06(6) 1.12(3) 1.28(5) 0.0(0) 
1.11(5) 1.20(3) 1.42(7) 0.0(0) 
1.09(2) 1.13(7) 1.34(5) 0.0(0) 
1.04(7) 1.04(5) 1.25(4) 0.0(0) 
1.10(9) 1.11(3) 1.23(2) 0.0(0) 
1.24(7) 1.27(2) 1.33(9) 0.0(0) 
1.13(2) 1.15(8) 1.24(8) 0.0(0) 
0.97(3) 0.90(2) 0.0(0) 0.95(5) 
1.77(7) 1.78(8) 2.02(3) 0.0(0) 
1.49(4) 1.54(5) 1.76(4) 0.0(0) 
0.43(5) 0.43(2) 0.46(1) 0.0(0) 
0.60(2) 0.63(5) 0.61(6) 0.0(0) 
1.27(5) 1.29(3) 1.50(2) 0.0(0) 
0.84(8) 0.76(5) 0.0(0) 0.83(3) 
0.19(5) 0.22(4) 0.0(0) 0.21(5) 
0.2245 ) 0.23~21 O.O/O ) 0.24/3 ) 

T IC) Na M~ A1 Si P K Ca Ti Mn Fe 
43152 1050 4.6(2) 3.4(5) 10.9(1) 49.4(3) 0.86(4) 0.9(1) 7.2(4) 2.47(11) 0.29(3) 17.3(2) 
43152 1100 4.8(3) 6.4(3) 12.3(3) 46.6(4) 0.39(8) 0.3(1) 9.7(5) 3.05(9) 0.28(4) 15.4(3) 
43152 1080 4.4(2) 6.2(4) 11.2(2) 45.4(3) 0.36(7) 0.3(1) 8.6(4) 3.36(11) 0.26(6) 16.6(3) 
tt.O.S. 1090 4.7(3) 4.7(2)14.4(3)57.1(6)0.16(3) 1.5(2) 6.3(3) 1.23(9)0.16(4) 6.8(1) 
H.O.S. 1090 3.8(2) 4.8(1) 14.3(1) 57.6(2) 0.19(4) 1.6(2) 6.4(3) 1.26(13) 0.16(6) 6.8(1) 
H.O.S. 1080 3.6(2) 4.4(2) 13.7(1) 56.7(3) 0.27(5) 1.5(1) 6.3(5) 1.34(12) 0.23(2) 8.0(2) 
H.O.S. 1080 3.6(1) 4.4(1) 13.7(1) 56.7(3) 0.27(5) 1.5(1) 6.3(3) 1.34(17) 0.23(2) 8.0(2) 
H.O.S. 1080 3.4(2) 4.5(2) 14.2(2) 57.1(4) 0.20(4) 1.6(2) 6.4(3) 1.32(6) 0.18(1) 8.1(1) 
tt.O.S. 1105 3.3(1) 6.5(3)14.3(1)55.4(3)0.13(3) 1.3(1) 6.5(2) 1.02(3)0.15(5) 8.1(2) 
H.O.S. 1105 3.8(1) 5.6(2)14.7(2)55.4(2)0.14(3) 1.4(1) 6.5(3) 1.11(6)0.15(5) 8.0(3) 
H.O.S. 1110 3.9(2) 5.6(3) 15.1(1) 55.1(3) 0.16(3) 1.3(1) 6.7(1) 0.95(4) 0.14(4) 7.7(2) 
H.O.S. 1110 3.9(3) 5.0(2) 15.8(1) 55.8(1) 0.12(2) 1.4(1) 6.5(3) 0.92(9) 0.15(5) 7.5(1) 
3/83KE2 1100 4.4(2) 7.1(4) 12.6(2) 47.2(3) 0.46(9) 1.0(1) 9.2(5) 4.16(8) 0.16(1) 12.4(3) 
KL-77-5 1090 4.7(2) 8.0(2) 13.1(1) 47:0(6) 0.30(6) 1.2(1) 8.5(4) 2.72(17) 0.12(2) 10.6(2) 
KL-77-5 1090 4.5(2) 7.2(4) 12.8(2) 46.6(3) 0.50(8) 1.2(1) 8.1(4) 3.58(10) 0.15(5) 11.5(3) 
GC-68-5 1100 4.9(1) 7.7(3)13.7(1)47.6(4)0.90(9) 1.5(1) 8.6(4)4.43(14)0.12(2) 8.2(1) 

Sc Y La 
1.73(2) 0.0(0) 0.99(1) 
0.41(3) 0.16(0) 0.13(0) 
1.93(9) 0.72(1) 0.72(5) 
0.90(7) 0.96(4) 1.11(8) 
0.89(3) 1.01(3) 1.17(8) 
1.72(5) 1.04(2) 1.33(9) 
1.72(5) 1.04(2) 1.33(9) 
0.96(3) 0.82(1) 1.26(9) 
1.01(5) 1.28(6) 0.95(7) 
1.01(3) 1.32(5) 0.98(7) 
1.08(7) 1.31(2) 0.92(6) 
0.96(8) 1.18(1) 0.80(6) 
0.59(2) 0.39(3) 0.31(2) 
1.96(2) 1.08(4) 0.64(4) 
1.74(2) 1.40(6) 0.90(6) 
0.67(3) 1.03/9 ) 0.72/5 ) 

of the pyroxene  (Fig. 2). One characterist ic that  is appar-  
ent f rom a combined  da ta  set is that  in general the D 
increases as a funct ion of Ca content  in the pyroxene,  
however  there is no single trend. In order  to distinguish 
o r thopyroxene  from pigeonite, thin sections were made  
of the exper imental  charges f rom this s tudy so that  they 
could be distinguished optically. As one might  predict,  
the dis tr ibut ion at low Ca are o r thopyroxene-mel t  pairs, 
and those at higher Ca are pigeonite-melt  pairs. The  
pyroxene  types in the Colson et al. (1988) and M c K a y  
et al. (1986a) da ta  sets were not  determined,  however  
one can infer that  the Colson et al. (1988) pyroxenes  were 

�9 o r thopyroxene ,  and the M c K a y  et al. (1986a) data  were 
pigeonite. We shall assume this in terpre ta t ion for the 
following discussion. 

In spite of the presence of two different distr ibutions 
in the data,  bo th  have consistent linear relationships with 
the Ca content  of the pyroxene.  The distr ibution of pi- 
geonite and sub-calcic augite Ds for the da ta  of M c K a y  
et al. (19864) is lower at a given Ca content  than the 
results of this study. This could be due to differences 
in a number  of parameters  such as tempera ture  (McKay  
et al. 1986a at 1140-70 ~ C), melt compos i t ion  (Fig. 2) 
or in ter - labora tory  analytical  differences. Fo r  Lu and 
Yb, all da ta  f rom bo th  elements are shown. This is based 
on the assumpt ion  that  these two cont iguous elements 
will have virtually identical par t i t ioning behavior.  

An a t tempt  to reduce the composi t ional  effects on 
par t i t ioning behavior  was made  by applying the two- 
lattice melt  componen t  activity model  of Nielsen (1985) 
to the data.  This model,  based upon  a modif icat ion of 
the melt model  of Bot t inga and Weill (1972), assumes 
that  the melt  consists of two quasi-lattices, the ne twork  
formers and the ne twork  modifiers. If one assumes that  
cations mix ideally within each of these quasi-lattices, 
with no mixing between quasi-lattices, the activity of 
a componen t  can be calculated as the mole  fract ion of 
the componen t  in the quasi-lattice. Appl icat ion of this 
model  has significantly reduced the composi t ional  de- 
pendence of mineral-melt  expressions in several o ther  
systems (Nielsen 1988). 

The results f rom this application,  expressed in terms 
of compensa ted  par t i t ion coefficients (d*) are not  greatly 
different f rom the distr ibution of Ds (Fig. 3). However ,  
the differences between the da ta  f rom the data  of M c K a y  
et al. (1986a) and that  of this s tudy are less. Nevertheless 
the existence of a s trong dependence on the Ca content  
of the pyroxene  remains. 

According to the basic principles of equi l ibr ium ther- 
modynamics ,  the equil ibr ium constant  for a react ion is 
not  dependent  on the concent ra t ion  of any component .  
A prerequisi te of the formula t ion  and appl icat ion of such 
a react ion to mul t i componen t  natural  systems is some 
me thod  for calculating the activities of the mineral  and 
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REEOI.s(1) + FMO(1) + A101.5(1) + SiO2(1) 

= REEFMA1SiO 6 (cpx) (1) 

where FM represents Fe and Mg. 

cpx cpx K_ [ aRE]E ][ aFM ] 
- -  h'..liquid "t s  ~ ga] iqui~l  I ~ I 

Ll, t*REEOl.s]kt*AlOl.slt, t~SiO2 t J  L~FMO J 
(2) 

melt components, and knowledge of how the elements 
of interest are incorporated in the mineral phase. In their 
study of the partitioning of trivalent cations in low-Ca 
pyroxenes, Colson et al. (1989) demonstrated that the 
most likely substitution mechanism for Sc and the REE 
in pyroxene is in paired substitution with A1. This was 
confirmed for high-Ca pyroxene (cpx) by Gallahan and 
Nielsen (in press). This information was used to construct 
an expression that approximated an equilibrium con- 
stant (K) by combining terms for the A1 and Si melt 
components: 

Rewriting equation 2, assuming a constant ratio of the 
activities of Fe and Mg at any temperature: 

liquid cpx 

= ~  I ~ = r ,  liquid \ f ~ d  ~r liquld~l 
L OFM J L~.aRgEOl.~)[aAlO1.sJ[aSi'i~2 I_l 

(3) 

In making this assumption, we imply that the Fe/Mg 
exchange is constant at any temperature. This does not 
assume that the Fe/Me ratio of the individual phases 
is constant. We do however recognize that the Fe/Mg 
exchange may vary as a function of composition and 
that this simplifying assumption may be inaccurate in 
either Mg- or Fe-rich systems. 

Values of K* were calculated from the experimental 
data and correlated with temperature and a variety of 
mineral and melt parameters. For pyroxenes with wol- 
lastonite contents greater than 30% (0.15 mole fraction 
Ca), the dependence of K* on Ca content is small (Galla- 
han and Nielsen, in press). In contrast, the correlation 
with Ca content for low-Ca pyroxenes (Fig. 4) is strong, 
confirming the interpretation of McKay et al. (1986a). 
This would suggest that K* is not an accurate means 
of estimating REE mineral-melt equilibria over the full 
range of pyroxene composition. In spite of the strong 
dependence on Ca, the trends represented by the ortho- 
pyroxcnes and pigeonites are now co-linear. This allows 
us to calculate a single expression that describes the par- 
titioning behavior of these elements relevant to both py- 
roxenes. However, application of these expressions re- 
quire knowledge of the major-element composition of 
the pyroxene. 

In studies of the partitioning of REE between ortho- 
pyroxene and melt, McKay et al. (1986a) and Colson 
et al. (1988) found a dependence of REE partitioning 
of the Fe/Mg ratio. Such a correlation is not evident 
from a combined data set (Fig. 1). This may be due to 
a variety of factors including the wider range of composi- 
tion represented in the combined data set. The lack of 
a clear relationship complicates the search for parame- 
ters that can be used for constructing relevant equilibri- 
um expressions, but insures that, once found, expressions 
will be applicable to a wide range of systems. To incor- 
porate all of the possible compositional dependencies, 
we derived a set of expressions that include the Fe/Mg 
exchange together with the demonstrated Ca-REE de- 
pendence. One well tested method of deriving composi- 
tionally independent mineral-melt expressions is by the 
use of exchange reactions. Temperature and composi- 
tional dependencies will cancel out if the dependencies of 
the component reactions are proportional to one another 
(e.g., Fe and Mg in olivine - Roeder and Emslie 1970). 

Several attempts were made to derive an expression 
that was both realistic and was based upon our present 
understanding of the exchange mechanism in pyroxene. 
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The model that produced the data set with the best pre- 
cision involves an exchange reaction between diopside 
and a R E E - F e - A 1  pyroxene component. 

CaMgSi206 + REEO,.5(1) + FeO(1) + A101.5(1) 

= REEFeA1SiO6 + CaO(1) + MgO(1) + SiO2(1) (4) 

Since the goal of the investigation is to derive a set of 
expressions that are accessible to the general petrologic 
community, and given the lack of evidence for a strong 
Fe/Mg dependence, we have assumed that the Fe/Mg 
ratio in the M sites is proportional to and independent 
of the Fe/Mg ratio of the pyroxene at constant tempera- 
ture. 

The melt-component activities incorporated in calcu- 
lations of the equilibrium constant ( K J  for the REE 
exchange reaction: 

cpx cpx liquid lilquid liquid I~ - [  x . ~ x ~ o  (.c.o )(aM~o )(a~io2 ) ] (5) 
ex I cpx epx liquid liquid liquid 

LXc, XMg (aAlo,.,)(aR~,~o~.,)(aFeo)J 
were determined assuming the two-lattice melt model. 
The activity of the mineral components were calculated 
as the product of the mole fraction of the components 
in their sites. All REE and Ca were assumed exclusively 
to occupy the M2 site. The mole fraction of Fe and 
Mg in the M1 site was assumed to be proportional to 
the Fe/mg ratio as noted above. Therefore, given these 
assumptions, the mole fraction of REE, Ca, Fe or Mg 

in the M1 site is simply four times the mole fraction 
of the cations in the pyroxene. 

To evaluate the effectiveness of K~x at predicting the 
dependence of REE partitioning on the Ca content of 
the pyroxene, values for Kex were calculated for the data 
and plotted versus Ca (Fig. 5). The results show that 
the dependence is removed for all three data sets, with 
similar values for orthopyroxene, pigeonite and sub-cal- 
cic augite. In addition, the experiments cover a range 
of temperature from 1050-1400 ~ C. The correlation of 
the Colson data (1400 ~ C) with data from 1080-1170 ~ C 
(McKay 1989 and this study) suggests that the tempera- 
ture dependence is small. A simple measure of K~x may 
then be calculated as an average of all Kex values in 
the data sets. These averages (Table 3), calculated from 
different data sets produce results that are consistent 
both in continuity between elements and for values cal- 
culated from different data sets for the same elements. 
For example, the averages for Kex for Sm are 0.107 and 
0.115 for this study and McKay et al. (1986a) respective- 
ly and agree within analytical error. In addition, the 
value for Yb calculated from McKay et al. (1986a) is 
0.276 whereas the value calculated from this study for 
Ho is 0.325 and for Lu is 0.254. The values for La are 
0.033 and 0.012 for this study and McKay et al. (1986a) 
respectively. The difference in values may be related to 
the fact that the average crystal sizes in the experiments 
described here are smaller than those reported by 
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McKay et al. (1986a), increasing the average amount of 
glass fluorescence. Alternatively, the difference may sim- 
ply be related to the larger analytical error at the concen- 
tration levels represented in the experiments, or to the 
effect of temperature. 

Table 3. Calculated equilibrium constants for reaction 4. Expres- 
sions were calculated based on data reported in this paper, and 
from data reported by McKay  et al. 1986a. Error is expressed in 
terms of 1 ~r standard deviations 

This study McKay et al. 

Average Error Average Error 

La 0.033 0.01 0.012 0.015 
Ce 0.022 0.018 
Nd 0.077 0.024 
Sm 0.107 0.013 0.115 0.011 
Gd 0.144 0.017 
Ho 0.325 0.035 
Yb 0.276 0.019 
Lu 0.252 0.013 
Y 0.294 0.031 
Sc 3.248 0.406 

Olivine 

In a study of Sc partitioning in olivine in a synthetic 
system, Colson et al. (1989) suggested two possible mech- 
anisms for incorporating Sc into the olivine structure. 
The first was a paired substitution with A1, replacing 
a Mg and a Si. The other was a paired substitution 
of two Sc atoms and a vacancy for three Mg atoms 
in octahedral sites. To discriminate between these hy- 
potheses, he plotted the Sc and A1 mole fractions in 
the olivine against one another. A correlation with a 
slope of one would suggest a paired substitution with 
A1. A slope greater than one would suggest a substitution 
with a vacancy. We have combined our data set (Table 4) 
with that of Colson et al. (1988) (Fig. 6) and looked for 
the same correlation. The results indicate a strong prefer- 
ence in both data sets for a substitution involving two 
Sc and a vacancy, particularly at high Sc concentrations. 
This is consistent with the idea that with increasing addi- 
tion of Sc and vacancies, the lattice becomes increasingly 
distorted, allowing more Sc and vacancies to be accom- 
modated. Analysis of melt inclusions, or the fluorescence 
of surrounding glass would have the effect of increasing 

Table 4. Experimentally determined olivine and glass compositions. All concentrations are expressed in terms of cation normalized mole 
percent 

s}~stems 
H87-3 

H87-3 

H87-3 

H87-3 

H87-3 

H87-3 

H87-3 

H87-3 

H87-3 

H87-3 

E-1 

E-1 

E-1 

E-1 

E-1 

TLW67 

2MH00~ 

2MH00," 

2MH00,' 

Tlln8 ~ olivine 
glass 

1180 olivine 
glass 

1150 olivine 
glass 

1150 olwine 
glass 

1150 olivine 
glass 

1150 olivine 
glass 

1150 olivine 
glass 

1150 olivine 
glass 

1150 olivine 
glass 

1150 olivine 
glass 

1100 olivine 
glass 

1100 olivine 
glass 

1100 olivine 
glass 

1100 olivine 
glass 

1100 olivine 
glass 

1100 olivine 
glass 

1120 olivine 
glass 

1090 olivine 
glass 

1090 olivine 
glass 

Na M~ A1 Si P K Ca Sc Ti Mn Fe 
0.0(0) 56.9(4) 0.1(0) 33.4(2) 0.0(0) 0.0(0) 0.4(0) 0.12(2) 0.0(0)0.16(3) 9.0(2) 
4.0(2) 11.1(1)15.8(2) 46.8(4) 0.5(1) 0.6(1)12.5(4) 0.54(8) 1.9(2)0.14(3) 5.9(1) 
0.0(0) 54.6(5) 0.2(0) 33.4(3) 0.0(0) 0.0(0) 0.4(0) 0.23(3) 0.0(0)0.15(3)10.9(2) 
3.9(1) 10.5(I)15.1(3) 45.1(4) 0.2(1) 0.7(1)12.8(4) 1.08(6) 1.9(2)0.13(3) 8.2(2) 
0.0(0) 48.3(4) 0.1(0) 33.3(2) 0.0(0) 0.0(0) 0.3(0) 0.40(6) 0.0(0)0.17(3)18.2(4) 
4.8(2) 9.9(1) 16.1(4) 45.3(4) 0.3(1) 0..8(1)11,9(4) 0.60(9) 2.2(3)0.14(3) 8.4(2) 
0.0(0) 50.1(3) 0.1(0) 33.1(3) 0.0(0) 0.0(0) 0.4(0) 0.23(3) 0.0(0)0.18(4)17.8(4) 
4.5(3) 9.2(3) 15.7(3) 45.6(4) 0.3(1) 1.0(1)11.8(4) 0.61(9) 2.3(3)0.19(4) 8.8(2) 
0.0(0) 53.3(6) 0.1(0) 33.5(4) 0.0(0) 0.0(0) 0.3(0) 0.40(6) 0.0(0)0.17(3)12.6(3) 
4.8(2) 9.9(1) 16.1(2) 45.3(4) 0.3(1) 0.8(1)12.0(4) 1.51(3) 2.1(2)0.15(3) 7.4(1) 
0.0(0) 52.1(3) 0.1(0) 33.1(2) 0.0(0) 0.0(0) 0.4(0) 0.23(3) 0.0(0)0.18(4)13.9(3) 
4.6(2) 9.1(3) 15.2(4) 45.8(4) 0.3(1) 1.0(1)11.3(3) 1.23(8) 2.4(3)0.16(3) 8.9(2) 
0.0(0) 52.0(2) 0.1(0) 32.9(5) 0.0(0) 0.0(0) 0.4(0) 0.24(4) 0.0(0)0.17(3)14.3(3) 
4.7(1) 9.1(1) 15.1(3) 45.7(4) 0.3(1) 1.0(1)11.3(3) 1.34(2) 2.4(3)0.14(3) 9.1(2) 
0.0(0) 53.7(4) 0.2(0) 33.6(2) 0.0(0) 0.0(0) 0.4(0) 0.45(7) 0.0(0)0.17(3)11.6(2) 
4.6(2) 9.8(2) 15.7(2) 44.1(4) 0.3(1) 0.8(1)11.5(3) 1.89(8) 2.0(2)0.13(3) 7.6(2) 
0.0(0) 54.0(5) 0.2(0) 32.9(3) 0.0(0) 0.0(0) 0.4(0) 0.51(8) 0.0(0)0.14(3)12.0(2) 
4.1(1) 9.8(1) 14.9(2) 44.0(4) 0.2(1) 0.7(1)12.3(4) 2.28(4) 1.9(2)0.12(2) 7.9(2) 
0.0(0) 52.7(3) 0.2(0) 33.4(3) 0.0(0) 0.0(0) 0.3(0) 1.20(8) 0.0(0)0.16(3)12.0(3) 
4.5(3) 9.5(2) 15.5(4) 43.0(4) 0.3(1) 0.9(1) 9.3(3) 4.12(6) 2.0(2)0.14(3) 8.5(2) 
0.0(0) 51.8(6) 0.1(0) 33.6(5) 0.0(0) 0.0(0) 0.2(0) 0.48(7) 0.0(0)0.19(4)13.6(3) 
4.9(5) 7.2(1) 14.0(2) 50.1(5) 0.7(2) 1.9(2) 7.3(2) 1.60(4) 2.4(3)0.11(2) 6.9(1) 
0.0(0) 50.1(5) 0.3(0) 33.3(3) 0.0(0) 0.0(0) 0.2(0) 0.50(8) 0.0(0)0.19(4)15.5(3) 
4.7(2) 7.6(2) 13.6(3) 49.6(4) 0.8(2) 1.7(1) 7.6(2) 1.67(5) 2.4(3)0.13(3) 7.6(2) 
0.0(0) 50.8(4) 0.2(0) 33.2(4) 0.0(0) 0.0(0) 0.2(0) 0.50(8) 0.0(0)0.21(4)14.8(3) 
5.1(3) 7.5(2) 13.9(2) 49.3(4) 0.6(2) 1.5(I) 7.4(2) 1.75(6) 2.4(3)0.10(2) 7.7(2) 
0.0(0) 51.3(5) 0.1(0) 33.0(2) 0.0(0) 0.0(0) 0.2(0) 0.71(7) 0.0(0)0.23(5)14.4(3) 
5.9(4) 7.3(1) 13.9(1) 50.5(5) 0,3(1) 1.0(I) 6.5(2) 2.03(6) 2.3(3)0.13(3) 7.2(1) 
0.0(0) 50.2(4) 0.2(0) 33.5(3) 0.0(0) 0.0(0) 0.3(0) 0.65(5) 0.0(0)0.21(4)15.0(3)i 
5.1(2) 7.3(3) 13.9(2) 50.0(5) 0.5(1) 1.2(1) 7.1(2) 1.63(4) 2.4(3)0.16(3) 7.5(1) 
0.0(0) 44.5(2) 0.1(0) 32.9(3) 0.0(0) 0.0(0) 0.2(0) 0.65(8) 0.0(0)0.22(4)21.4(4) 
4.3(3) 7.1(1) 12.9(3) 47.5(2) 0.3(1) 1.1(1) 8.1(2) 2.22(9) 3.2(4)0.18(4)11.0(2) 
0.0(0) 49.2(5) 0.2(0) 32.9(5) 0.0(0) 0.0(0) 0.3(0) 0.84(13) 0.0(0)0.25(5)16.2(3) 
5.3(2) 7.7(3) 15.8(2) 45.8(2) 0.6(2) 1.9(1) 8.0(2) 2.61(9) 1.6(2)0.16(3) 8.5(2) 
0.0(0) 45.4(2) 0.1(0) 32.9(3) 0.0(0) 0.0(0) 0.3(0) 0.69(8) 0.0(0)0.33(7)20.3(4) 
5.3(1) 6:0(2) 15.3(1) 46.5(5) 0.8(2) 2.3(2) 7.4(2) 2.05(3) 1.9(2)0.22(4) 9.6(2) 
0.0(0) 45.4(3) 0.2(0) 32.8(5) 0.0(0) 0.0(0) 0.3(0) 0.80(6) 0.0(0)0.33(7)20.2(4) 
5.4(2) 6.0(1) 15.3(3) 46.3(3) 0.8(2) 2.1(2) 7.5(2) 2.07(3) 2.0(2)0.19(4) 9.3(2) 

Y La 
0.0o(0) 0.00(0) 
0.00(0) 0.16(2) 
0.00(0) 0.00(0) 
0.01(0) 0.27(3) 
o.oo(o) 0.00(0) 
o.oo(o) o.o1(o) 
o.oo(o) 0.00(0) 
0.01(0) 0.42(5) 
o.oo(o) 0.00(0) 
0,00(0) 0.01(0) 
0.00(0) o.oo(o) 
0.01(0) 0.40(5) 
o.oo(o) o.oo(o) 
0.02(0) 0.36(4) 
o.oo(o) o.oo(o) 

1.06(17) 0.69(8) 
o.oo(o) o.oo(o) 

1.09(17) 0.62(7) 
o.oo(o) 0.00(0) 
0.00(0) 2.16(26) 
0.00(0) o.oo(o) 

2.21(35) 0.76(9) 
o.oo(o) 0.00(0) 

2.09(33) 0.73(9) 
o.oo(o) 0.00(0) 

2.03(32) 0.85(10) 
o.oo(o) 0.00(0) 

2.06(33) 0.95(11) 
o.oo(o) 0.00(0) 

2.30(37) 0.90(11) 
o.oo(o) 0.00(0) 

1.24(20) 0.68(8) 
o.oo(o) o.oo(o) 

1.24(20) 0.96(12) 
o.oo(o) o.oo(o) 

1.52(24) 1.28(15) 
02o(0) o.oo(o) 

1.55(25) 1.42(17) 



the A1 content at any fixed Sc content, and thereby mak- 
ing the correlation appear to be closer to 1 : 1. 

Utilizing this information, we can calculate an ap- 
proximate equilibrium constant (K') based on the reac- 
tion: 

2 Sc203 (liquid) + 3 SiO2 (liquid) = Sc4 zSi3012. (6) 

Determining the activity of the Sc olivine component  
is complicated by the effect of the vacancy on the olivine- 
component  activity. For  the purpose of these calcula- 
tions, the activity of the Sc olivine component is assumed 
equal to the mole fraction of Sc in the olivine. The activi- 
ty of melt components was calculated assuming the two- 
lattice melt model. The results of the calculations (Fig. 7) 
indicate both that there is a significant temperature effect 
and that the trends represented in the Colson et al. (1988) 
data are consistent with our new data on terrestrial com- 
positions. 

The results of our analyses of REE partitioning be- 
tween olivine and melt produced values for D~zE (Ta- 
ble 5) that were similar to, but slightly higher than those 
determined by McKay  (1986). This may be due to the 
effect of melt composition, or because of increased fluo- 
rescence of the surrounding glass related to a smaller 
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mean crystal size in our experiments. The characteristic 
low DLa and Dsm are still evident. Therefore the models 
based upon the partitioning data of McKay  (1986) are 
still valid (e.g. Keleman et al. 1990). By inference from 
the Sc partitioning data, we can expect that there is a 
significant effect of temperature and melt composition 
on REE partitioning. However, because of the extremely 
low concentrations of REE in these charges, analytical 
error is larger, and would mask any such dependence. 

Given that the elements of interest have a valence 
of + 3, and the generally presumed reluctance of olivine 
to accommodate them in its structure, we paid particular 
attention to any observable dependence of partitioning 
on concentration (possible Henry's law violation). An 
ankaramite starting composition was doped with 5 dif- 
ferent levels of Sc. All were run for the same time period 
and temperature 1150~ at the Q F M  buffer and 
quenched in water (Fig. 8). There is a significant increase 
in both D and K' at concentrations above 2 cation nor- 
malized tool% Sc in the melt. We interpret this as a 
significant positive departure from Henry's Law behav- 
ior. This suggests that as more Sc is taken into the struc- 
ture of the olivine, the capability of the crystal structure 
to accommodate the element is enhanced. 

1 1:1 
0.012 �9 This study 

 c0009 t : + ' o /  
0.006 �9 "~ 

0.003 "l- �9 ~ a p p r o x ,  d i r e c t i o n  
I , ,g, f  of co-e~'sting melt 
IL~  composition 

0.000 Col'on et al " 

0.000 0.003 0.006 0.009 0.012 0.015 

AI 

Fig. 6. Correlation of Sc and AI mole fractions in olivine. 13he repre- 
sents a 1 : 1 relationship 

Table 5. Partition coefficients determined for olivine, magnetite and 
ilmenite by long-count-time analysis. Values represent averages of 
multiple analyses on several different samples. The number of sam- 
ples in the average is given in parentheses. 1 tr precisions are given 
in parentheses (0.0072(19) is 0.0072 +0.0019). These are calculated 
on the basis of multiple determinations 

Olivine (6) Magnetite (5) llmenite (4) 

La < 0.0001 0.0029(15) 0.0072(19) 
Sm 0.0011(5) 0.0072(15) 0.0091(11) 
Gd 0 . 0 0 2 9 ( 1 2 )  0.0055(12) 0.0077(13) 
Ho 0.013(5) 0.0079(17) 0.012(4) 
Lu 0.051(5) 0.023(4) 0.029(3) 
Y 0.0036(12) 0.0039(17) 0.0045(9) 

-1.5 

In K'(Sc) -2 

-2.5 

-3 
5.8 

Colson et al 

[] 

I I [ I i 

6 6.2 6.4 6.6 6.8 
10000/T(K) 

This study 

7.2 7.4 
Fig. 7. Correlation of the equilibrium 
constant for a Sc olivine crystallization 
reaction with reciprocal temperature 
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0.3 

0.25 

~, 0.2 

0.15 

0.1 

olivine-melt 

D(Se) 

3 
[] 

[] K'(Sc) 
[] 

I I 1 r , , I  I 

0 0.005 0.01 0.015 0,02 0.025 0.03 

mole frac Se in melt 

I I 

0.035 0.04 0.045 

Fig. 8. Olivine-melt partit ion coefficient 
and K'  (equilibrium constant) for Sc as a 
function of Sc concentration in the melt 

Magnetite and ilmenite 

Of the mineral phases considered in this study, the oxides 
have by far the least amount of published experimental 
partitioning information available. In the case of magne- 
tite we could find no experimentally determined values 
in the literature. For ilmenite, there is only one determi- 
nation, that by McKay et al. (1986b). The available ox- 
ide/matrix values for DREE have a range of 2-3 orders 
of magnitude (Fig. 9). Such a range of equilibrium values 
is not impossible, particularly given the range of experi- 
mental values for high-field-strength elements 
(Zr, Hf, Ta, Nb, V) magnetite-melt partition coefficients 
(Nielsen et al. 1990). Using a modified version of the 
technique of McKay (1986), five charges were analyzed 
for magnetite and four for ilmenite. The magnetites 
ranged in composition from high-A1 (--~ 8 wt% A1203) 
magnetite, to titanomagnetite to almost pure (Fe, Mg) 
magnetite. The relatively narrow range of partition coef- 
ficients (Table 5) show that there is relatively little effect 
of mineral composition on the partitioning behavior of 
REE for either magnetite or ilmenite. Again, because 
of the low concentration of REE in the mineral phases 
(50 300 ppm), analytical error is almost certainly larger 
than any compositional or temperature dependence. The 
ilmenite-melt value of McKay et al. (1986b) is within 
the range of values determined from the charges pro- 
duced for this study. The observed differences between 
the experimentally determined values of partition coeffi- 
cients and most phenocryst-matrix partition coefficients 
suggest that the phenocryst/matrix values are unreliable, 
probably because of inclusions in the separated minerals. 

Conclusions 

To describe better the partitioning behavior of the triva- 
lent cations Sc, Y and the REE we conducted a series 
of experiments on natural composition lavas. As re- 
ported by McKay et al. (1986a), there is a strong correla- 
tion between Y, Sc and REE partitioning and the Ca 
content in pyroxene. By defining a mineral-melt expres- 

10 

0.1 

RE 
0.01 

0.001 

0.0001 J l  I I I I I I I I I I I I I 

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

10 
T ilmenite pheno/matrix D's 

McKay et al. 1986b 

Experimental ilmenite D's 

/ ~ I This 
/ study 

0.001 I I I I I I I I I I I , I  I 

La Co Pr Nd Sm Eu Od Tb Dy Ho Er Tm Yb Lu 

Fig. 9. Comparison of published phenocryst/matrix parti t ion coeffi- 
dents  with experimental determinations from McKay et al. (1986b) 
and this study. Olivine-melt DRE E is an average of 4 determinations 
made in this study on results from H-87-3 at 1150 ~ C, E-1 at 
1100 ~ C, GC-68 at 1100~ C and 45321 at 1080 ~ C. Vertical bars 
represent the 1 a standard deviation on these multiple determina- 
tions. Magnetic phenocryst/matrix values are from Lemarchande 
et al. (1987), Villemant (1988), Worner  et al. (1983) and Schock 
(1979) 

1 

Dllm/melS.1 
REE 

0.01 

sion based on an exchange reaction, it is possible to 
calculate a compositionally independent term (Kex) that 
can be used to describe pyroxene-melt partitioning be- 
havior for a wide range of mineral and melt composition. 
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In  general ,  Sc subs t i tu tes  in to  ol ivine in a pa i r ed  sub- 
s t i tu t ion  of  two Sc a t o m s  and  a vacancy  for three  M g  
or  F e  a toms.  There  m a y  be an  add i t i ona l  effect of  m i n o r  
S c - A 1  pa i r ed  subs t i tu t ion .  The  pa r t i t i on ing  of  Sc is de- 
penden t  bo th  on  mel t  c o m p o s i t i o n  and  t empera tu re .  Ol-  
iv ine-mel t  R E E D s  are  s imi lar  to, bu t  s l ightly h igher  
than  the results  r epo r t ed  by  M c K a y  (1986). O u r  results  
suppor t  the conc lus ions  of  M c K a y  (1986) tha t  ol ivines 
are s t rong ly  L R E E  depleted.  

Y a n d  R E E  mine ra l /me l t  pa r t i t i on  coefficients for 
magne t i t e  range  f rom 0.003 for La  to 0.02 for Lu. I lmen-  
ite p a r t i t i o n  coefficients range  f rom 0.007 for La  to 0.029 
for Lu. These  expe r imen ta l  values are  two o rders  of  mag-  
n i tude  lower  than  m a n y  of  the  pub l i shed  values deter-  
mined  by  p h e n o c r y s t / m a t r i x  s epa ra t i on  techniques.  
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