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1. INTRODUCTION 

This summary emphasizes experimental partitioning, and 
mainly experimental data have been tabulated here, with few 
data inferred from natural systems (e.g., phenocryst/matrix 
partitioning) as such data may be difficult to interpret [e.g., 
1011. Further, whenever data on natural basaltic 
compositions are available, these will be given preference 
over experiments in synthetic systems. The data tabulated 
here will also tend to be more representative of basaltic (as 
opposed to granitic) systems. It should also be remembered 
that partition coefficients (D) and ratios of partition 
Coefficients (Ko) are Complex functions Of temperature, 
pressure, oxygen fugacity, and bulk chemical composition 
- not numbers to be looked up on a stone tablet. 
However, this compilation may serve as a guide to the most 
important intensive variables. For detailed modeling, it is 
recommended that methods such as those devised by Nielsen 
[109] and Colson et al. [23] be employed. The reader is also 
referred to the excellent earlier compilation by Irving [54]. 
Also, Ryerson and Hess [121] give a good summary of 
liquid/liquid partitioning in silicate systems. 

In addition, this compilation is generally lacking those 
partition coefficients based on beta track mapping [e.g., 
1041. At the time of most of those studies, it was not 
realized that each individual beta produces several “tracks” 
1631. Therefore, the number of events assumed by optical 
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track counters is seriously overestimated, and the counting 
statistics error bars are subsequently underestimated. 
Probably because of this confusion concerning counting 
statistics, there has been some serious questioning of the 
beta track results during the last decade [4,30]. Because of 
these uncertainties, I have chosen not to present beta track 
partition coefficients. 

1.1. Terminology 
The terminology used here will be that of [9]. Simple 

partition coefficients am either by weight 

where D is the partition coefficient of element M and C is 
the weight concentration of M in the crystal (xl) or 
coexisting liquid (liq), or by cation fraction 

DA”‘9 = f&z 
M* (2) 

where X is the cation fraction of species M. In addition, 
some partitioning data are presented as KJ-J, the exchange 
coefficient, where 

(3) 

KD’S are sometimes preferable to D’s because they are less 
sensitive to temperature and composition. Because of 
canceling terms, KD can be calculated in terms of either D 
or molar D. 

In the subsequent sections, D’s are often parameterized in 
terms of other D’s. Usually in these cases, the D of the 
trace element is regressed versus the D of a major element. 
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The slopes of these D vs. D correlations may be thought of 
as KD’s, as given by equation (3). Again, because many of 
the pressure, temperature, and compositional terms that are 
important to variation of D’s are canceled in the formula- 
tion of a Ko, D vs. D regressions are often quite useful in 
predicting D’s of trace elements when the exact pressures 
and temperatures of magmatic events are poorly constrained. 
Further, if one D is based on a major element, bulk 
chemical analyses, sometimes augmented by microprobe 
analyses, may be sufficient to approximately predict the D’s 
of minor and trace elements. 

1.2. Abbreviations 
For convenience, a number of abbreviations will be used 

in this review. These are given here alphabetically: 

an - anorthite 
apa - apatite 
auf3 - augite 
Ca-pv - calcium perovskite 
cab - carbonate liquid 
diop - diopsidic pyroxene 
gar - garnet 
ilm - ilmenite 
liq - silicate liquid 
lm - liquid metal/sulfide 
maj - majorite 
me1 - melilite 
Wepv - magnesian perovskite 
01 - olivine 
OPX - orthopyroxene, low-Ca pyroxene 
per - periclase 
pig - pigeonite 
plag - plagioclase 
pyx - pyroxene 
rut - mtile 
sm - solid metal 
sp- spine1 
zir - zircon 

1.3. Henry’s Law 
An important issue that has haunted the practitioners of 

experimental trace element partitioning is that of Henry’s 
law. Henry’s law is said to be obeyed if the partition 
coefficient does not depend upon the concentration of the 
tracer. There has been some question as to whether “trace” 
elements doped at the wt.% level, for the purposes of 
electron microprobe analysis, are truly in the Henry’s law 
region [49, 1031. The main challenge to percent-level 
doping came from beta track studies, which have sub- 
sequently been disputed, as noted above. It is the opinion of 

this reviewer that, in the majority of cases, percent-level 
doping falls within the Henry’s law region. Jones and 
Burnett [64] compared the results of three different experi- 
mental studies of Dfz’r4. When experiments of similar 
bulk composition were compared, Dtz’ris was found to be 
identical within error (wt.% level [451; 200 to 5000 ppm 
[ 1161; 50 ppm [64]). This issue has also been discussed in 
detail by [139], who arrived at the same conclusion using 
rather different arguments. With the advent of ion probe 
analysis, however, many of these issues may be settled by 
doping at truly trace concentrations [e.g., 41. 

2. COMPATIBLE AND MODERATELY 
COMPATIBLE ELEMENTS - Mg, Fe, 
Mn, Ni, Co f (SC, Cr, V, Ge, Ga) 

2.1. Olivine and Subcalcic Pyroxene 
Linear relations have been established between D$$ and 

the molar D’s of other elements 18, 601. as shown by 
equation (4) for FeO. 

D$ = A D;$ + B e * (4) 

This relationship appears to hold over a wide range of temp- 
eratures and pressures. Figure 1 shows Dg: vs. D$$ for 
experiments up to 40 kbar. 

Because the great majority of the octahedral sites in olivine 
and subcalcic pyroxene are occupied by Fe and Mg, this type 
of linear relationship between DC? and D$$ allows 
D z’$, to be calculated directly from the bulk composition 
of a basalt [8, 60, 1311. Specifically, for olivine and 
subcalcic pyroxene: 

D$,$ = (F - B Xzt-,)/(A X;$, + X&) (5) 

where F is the cation fraction of octahedral sites available 
(i.e., for olivine F = 0.667, and for orthopyroxene F = 0.5); 
Xi is the cation fraction of i in the silicate liquid; and values 
for A and B for Fe0 may be looked up in Tables 1 and 2. 
This calculated value of D”s can then be substituted into 
similar linear D$lh v s . Dg$ equations for minor and 
trace elements to predict partition coefficients for these 
elements, using the regression coefficients from Tables 1 
and 2. Figure 2 shows that forsterite contents of experi- 
mental olivines, predicted in this way, appear reliable to 
pressures of 140 kbar. 

Equation (5) for calculating DMgO. nearly always gives very 
good agreement with experimentally determined DM~o*. 
Consequently, it appears that any discrepancy between 
predicted and measured D values is because the other 
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Figure 1. Experimental Dd&?vs. D “‘r?. 
“e 

The figure is from [60] and shows that D$ may be 
paramem-ized as a linear function of D&. . Different symbols refer to different experimental studies and are 
identified in [60]. Numbers beside some symbols refer to the pressure of the experiment in kbar; 
unnumbered symbols are l-bar experiments. The same types of regressions can also be made for 
orthopymxene. 

elements (i.e., Fe, Ni, Mn, etc.) do not behave in the 
simple way predicted by equation (4). Tables 1 and 2 are 
taken from [8]; see [8] for references to individual data sets. 
In addition, Table 3 gives Dz$? and DEL? for a variety 
of basalt compositions. It is important to remember, 
however, that the values tabulated in Table 3 do not imply 
that these liquids are actually in equilibrium with olivine 
and orthopyroxene, only that these are the predicted D’s if 
such equilibrium pertains. 

Occasionally, the magma composition of interest is so far 
removed from those used in the regressions that the 
systematics described above no longer apply. One well- 
documented case is that of lunar high-Ti basal& which have 
lower values of K&$‘j! than low-Ti basalts. Jones [61] 
has shown that, even in this case, the model may be 
modified to predict the correct Kc?-. For high-Ti 
basal& Ti and Fe act as though they form FeTi205 
complexes in the silicate liquid, leaving only a fraction of 

TABLE 1. Regression Parameters for Molar Olivine/Liquid Partition Coefficients 
Die = A ~SO+ + B 

Element A B 
Number of 

Experiments 
Correlation Coefficient cr 

r Di* 

Fe@ 0.298 0.027 898 0.93 0.13 
Mn 0.259 -0.049 204 0.91 0.23 
Ni 3.346 -3.665 148 0.92 2.0 
co 0.786 -0.385 68 0.96 0.23 
SC 0.063 -0.034 11 0.88 0.02 
Mg 1.00 0.00 898 0.168 

‘khrrected for Fe& in the liquid. see [8]. 
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the total Fe0 available for partitioning into olivine and 
lowering the K&$,*. KgcyM, in high-Ti systems may 
lx modeled as, 

K d/liq * = K dhq 
DPd)lMgO Dk,,,,,,(Ti-f~)[@Fd - xTi/2)/xFeOl (6) 

where K $$&, (Ti-free) is the KD that would be calculated 
by assuming that Ti had no effect on KD, using equations 
(4) and (5), and the X’s are cation fractions in the silicate 
liquid. The model may be further refined by regressing the 
measured KD versus the model KD*. For lunar basalts this 
results in 

K dhq 
DFcO/MP = 0.866 K&zMfl* + 0.079. (7) 

It should be emphasized that, although this type of formula- 
tion appears to work well for FeO, the effect of Ti on other 
elements such as Ni is unknown. 

Other moderately compatible elements of interest are Cr 
and V. However, these elements exist in multiple valence 
states and generalizations are difficult. Even so, at low 
oxygen fugacity (-lW) Dzr4 = -1 and De’iq = -2 [e.g., 
1271. Similarly, Dt’r4 = -1 and Dp’r4 = -3 [118]. At 
terrestrial f%‘s D$‘r4 is probably about 0.3 [32] and D$lh 
= -0.8 and D?/14 = -2-3 [84]. This similarity in Dzliq 

PREDICTED vs. MEASURED 
OLIVINE COMPOSITIONS 

88 90 92 94 96 98 

MEASURED OLIVlNE COMPOSITION (Fo) 

Figure 2. Predicted vs. measured major element composi- 
tions of high-pressure experimental olivines. Data are from 
[1321 and 11301. Predictions are based on the regression of 
Jones [60]. Numbers beside symbols indicate the pressure 
of the experiment in kbar. The regression of Figure 1 was 
used to predict the Fo content of high pressure experimental 
olivines. The regression, which was determined using 
experiments I 40 kbar, appears to have robust predictive 
powers for pressures up to 140 kbar. 

between low and high f@ environments may be somewhat 
misleading, see [124]. It should also be remembered that 
these elements are highly compatible in spine1 and the 
various Fe-Ti oxide minerals. For a detailed analysis of Cr 
partitioning among orthopyroxene, spinel, and liquid, see 
[31. 

Capobianco and Watson [19] and Malvin and Drake [871 
have shown that Dzliq is about unity. 

2.2. Garnet, Augite and Plagioclase 
Transition elements such as Ni and Co are not compatible 

in plagioclase, but Ga and Ge are weakly incompatible, 
DE/:/‘iJ and D;h are 0.86 and 0.51, respectively [87]. No 
information such as that in Tables 1 and 2 is available for 
garnet, augite or plagioclase. However, on the basis of the 
compilation of [54], it is believed that garnet can 
concentrate Co, Ni, SC and Cr, at least in a hydrous dacitic 
system (950°C 30 kbar). For augite, there is also no 
detailed study of transition element partitioning. The 
experimental study of [82] for diopside/liquid partitioning is 
probably still the best comprehensive data set available for 
transition element partitioning into calcic pyroxene. The l- 
bar study of Gallahan and Nielsen [41] on natural basaltic 
compositions indicates that Dz”” varies from -2-5; 
Dz’liq = -4-5 at fw = QFM [84]. 

2.3. Ultra-High Pressure Phases 
Recent advances in high pressure technology have allowed 

Log D = - 4.56 + 0.219 REW 

-5 
Lace Nd Sm Gd HO Ybl u 

Figure 3. LogDgq vs. element. Data are mainly from 
[93]. A range D values (bar) from [23] are also shown. 
The data are consistent with the regression LogD = -4.56 + 
0.29 REE#. Symbols for La and Ce are upper limits and 
are not included in the regression. 
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TABLE 2. Regression Parameters for Molar Subcalcic Pyroxene Partition Coefficients 
Di* = A D~so* + B 

Element A B 
Number of 

Experiments 
Correlation Coefficient cr 

r Die 

FeO# 0.129 0.264 146 0.91 0.26 
Mn 0.352 -0.025 108 0.91 0.24 
Ni 1.206 -0.263 10 0.87 0.239 
co 0.467 0.14 7 0.98 0.02 
SC 0.522 -0.66 8 0.95 0.16 
Mg 1.00 0.00 167 - 0.154 

#Corrected for Fe203 in the liquid, see [S]. 

TABLE 3. Typical DM~o* Values for Planetary Basalts 

D~go* Komatiiten 
Alkali 

Olivine Basalt MORB# Andesite 
Lunar 

Mare Basalt Eucrite Shergottite# 

Olivine 1.8 
Grthopyroxene 1.3 
#Fez% taken to be 10% of Fe0 total. 

4.2 4.8 8.4 2.6 4.6 3.8 
3.2 3.3 6.6 2.0 3.8 2.9 

TABLE 4. K~(xl/liq) of Phases from Ultra-High Pressure Experiments 

Phase 
0-P) 

Conditions* Kmmg KDMMMg KDN~g Kh/Mg Reference 

Olivine (1900, 16) 0.38 0.27 0.61 u121 
(1800,7.5) 0.34 0.29 1.0 0.56 WI 
(2080,lO) 0.33 0.67 0.53 @91 

P-spine1 (2200,20) 0.39 0.35 - 1561 
(2260, 16.5) 1.25 0.83 1.7 1.7 WI 

Majorite Garnet** (2200,20) 0.31 0.54 - - 1561 
(1900,16) 0.48 0.73-1.17 0.21 - u121 

(2260, 16.5) 0.33 - 0.22 0.33 [901 
(2225, 16) 0.38 - 0.25 0.38 1901 
wm 20) 0.34 1.27 - 0.59 u491 
(2100,25) 0.41 - - - u111 
(2050,26) 0.4 1 - - 111 

Mg-Perovskite (2400,25) 0.5 1.0 - - 1911 
(-2400,25) 0.31 - - [561 

Magnesiowiistite (<2400,25) 1.5 0.9 - r911 
(2225,16) 0.75 - 1.7 1.3 [901 
(2050,26) 3.6 2.4 5.2 - PI 

*T in ‘C and pressure in GPa 
**Because of the large scatter in the Km*a data, no majorite data from [73] are reported. 
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TABLE 5. Partitioning of Cr, SC, Ge and Ga at Ultra-High Pressures 

Phase us)* Dcr DSC DCk DG~ Reference 

p-spine1 (2260,16.5) 0.8 0.2 1.2 0.6 PO1 

Majorite (2260,16.5) 1.5 1.5 
(2100, 16) 1.7 
(1950, 16) 2.33 1.64 
(2250,16) 1.4 1.5 
mn 20) 1.0 

Magnesiowiistite (2225, 16) 
(2050,26) 

2.2 0.1 0.63 PO1 
1.3 - VI 

- 0.8 PO1 
- [731 

- - [1121 
- 0.7 PO1 
- u491 

*In “C and GPa 

exploration of (P,T) space that has previously been 
inaccessible. Partitioning studies involving p -spinel, 
majorite garnet, (Mg,Fe)-perovskite, Ca-perovskite, and 
magnesiowiistite have begun. However, comparison 
between different experiments from different laboratories is 
difficult because of differences in experimental conditions. 
Here I will confine myself to tabulating &‘s for 
compatible and moderately compatible elements (Table 4), 
which may not be strong functions of temperature and 
pressure. As can be seen, there is substantial agreement for 
some elements and substantial disagreement for others. 
Clearly, more work is needed. In the future, compilations 
of D vs. D relationships, such as equation (2). may be 
recognized for phases such as majorite garnet. At the 
present time, however, the complexity of Al partitioning 
with pressure precludes such a simple functional form [51]. 

Data for other moderately compatible elements are 
summarized in Table 5. In addition, Yurimoto and Ohtani 
[149] report a D?.@‘* of 1.1-2.5. 

3. RARE EARTH ELEMENTS (REE) AND 
Sr (E&+) IN MAJOR ROCK-FORMING 
MINERALS 

3.1. Olivine/Liquid 
The difficulty of measuring the small partition coefficients 

of REE in olivine has limited the number of good studies. 
The data used here are from [23, 93, 1101. The data are 
presented in Figure 3 which shows the variation of 1ogD vs. 
atomic number. The individual data points are from [931 
and the averages of [llO]. The vertical line shows the 
variation in D$h observed by [23]. Clearly, variations of 
a factor of two are easily possible. The best fit line is a 
regression of 1ogD vs. REE#, where La = 1 and Lu = 15. 

The La and Ce data are upper limits and are not included in 
the regression. Although not shown, it is probable that this 
REE pattern will have a substantial negative Eu ano-maly at 
low f% [96]. Although not shown, the study of [53, using 
ion probe analysis, confirms the pattern of [93] and extends 
it to the light rare earths (LREE). The low Sr partition 
coefficient of Beattie [5]. 5 x 10-S to 1.1 x10-4, also 
confirms the presence of a Eu anomaly at low fw. confirms the presence of a Eu anomaly at low fw. 

. . 
A01 . , , , , , , , , , , , , , , , A01 . , , , , , , , , , , , , , , , -I 

La Ce Nd SmEuGd Dy Er Yb Lu 

Figure 4. DPW% vs. element. Typical high-Ca and low- 
Ca pyroxene D patterns are shown. Diopside pattern is 
from [45] and the pigeon& pattern is from [96]. Both ex- 
periments were performed at one bar. These patterns are 
appropriate for reducing conditions where most Eu exists as 
Eu2+. At high f@ where Eu2+ is destabilized, the patterns 
should be smooth. 
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Figure 5. (a). LogDE’h vs. LogDg”‘g. DE’riq corre- 
lates well with DE/l9 over a wide range of pyroxene 
compositions, although there is significant scatter. Data 
from [96] are for a shergottite composition, and the data 
from [ 1 lo] are for natural terrestrial compositions. High 
pressure pyroxenes appear to fall on the one-bar trend. 
Pyroxenes with low Dca are subcalcic and those with high 
Dca are augitic. Regressions of LogD vs. LogDg”@ may 
allow an estimation of DREE when the composition of the 
pyroxene is known but the &BE is not. (b). LogDK’lh 
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3.2. Pyroxene/Liquid 
Figure 4 shows typical low-Ca pyroxene and high-Ca 

pyroxene DREE patterns. Although the exact value of D 
depends on temperature, pressure and bulk composition, 
there is a good correlation of 1ogDRuu vs. logDc*. 
Presented below are l-bar pyroxene partitioning data from 
[5, 23, 41, 98, 1101 and unpublished data from McKay. 
These l-bar data are augmented by high-pressure data from 
122, 42, 1081. Figure 5a,b shows logDam and logDyt, vs. 
logDcp, illustrating the results of these experimental 
studies. Most of the studies presented here were performed 
on natural terrestrial basaltic compositions near QFM. The 
studies of [98] were performed on a shergottite composition, 
near QFM, at temperatures of 1140-l 17OOC. Most of the 
pyroxenes in this data set are pigeonites or augites, but 
some are orthopyroxenes. The CaO content of pyroxenes is 
clearly important in determining D&?t+ 

Regression parameters for pyroxene 1ogDREE vs. logDCa 
trends are tabulated in Table 6 below. Because there are 
more experiments for Sm and Yb than for other elements, 
the functional form, determined for Sm and Yb, has been 
used to parameter&e the other REE. In order to use this 
table, it is necessary to have a prior estimate of the Dr’riq 
values pertinent to the study. The scatter about the 
regression line is primarily real and quite significant. Even 
so, the scatter is rather less than the overall range of D 
values. 

Note the regU1a.r decrease in ~logDt&&ogDc, with 
increasing atomic number. This decrease is very regular 
within the scatter of the data and may be parameterized by 
REE#. The regression parameters of Table 6 have been 
plotted vs. atomic number in Figure 6. The slopes change 
linearly with REE## and the intercepts are a smooth function 
of REE#. This gives added confidence, for those elements 
for which there is minimal data, that the regression 
parameters are reasonable. Thus, it is possible to obtain 
partition coefficients for elements that have not been studied 
experimentally, e.g., promethium. To estimate a logDp, 
from a logDC,, simply calculate the slope of the regression 
by using REE# = 5 in the equation of Figure 6 and estimate 
an intercept by interpolating between the intercepts of Sm 
and Nd. Table 7 gives hypothetical values of logDca for 
pyroxenes from a variety of planetary basalts. Once again, 
these estimated partition coefficients are not meant to imply 
that these basalts always have these pyroxenes on their 
liquidi. The best technique is to use the Ca contents of 
actual crystal-liquid pairs. 

The negative Eu anomaly implied by the data of Table 6 is 
small (-lo-20%) but is only defined for the f@ region near 
QFM. As f@ decreases to near IW, the negative europium 

vs. LogDg’q. Dyt, appears to behave similarly to Ds,,,. anomaly will also increase. At lunar oxygen fugacities the 




















































