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ABSTRACT 

Partition coefficients in the Fe-Ni-S-P system measured utilizing "static" 

equilibration experiments cannot be reconciled with the results of "dynamic" experiments 

which mimic fractional crystallization. New tests of the "static" experiments demonstrate 

that they yield reliable equilibrium Ni, P and Ge partition coefficients. Partition 

coefficients in the Fe-Ni-S-P system are well matched by interpolation between the 

Fe-Ni-S and Fe-Ni-P subsystems. 

The crystal / liquid partitioning of Ga and Ge has been measured experimentally 

between forsterite, diopside, anorthite and spinel and melts in the forsterite-diopside-

anorthite system. The coefficients for the exchange of Ga and A1 and the exchange of Ge 

and Si between minerals and melts are within a factor of two of unity. Application of 

these results to the interpretation of natural basaltic samples demonstrates that Ga/Al and 

Ge/Si ratios can be used to discriminate between different mantle source regions. 
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INTRODUCTION 

The utility of trace element chemistry in addressing diverse petrologic problems 

has been demonstrated amply in recent years. The advent of increasingly sensitive 

analytical techniques for measuring trace element composition in natural and synthetic 

samples, and the development of analytical equations and models with which to evaluate 

petrologic processes, has emphasized the need for more experimental data on the 

equilibrium partitioning behavior of the elements between different minerals and between 

minerals and melts. 

The work reported in this thesis concentrates on the measurement of experimental 

partition coefficients. It is logically divided into two parts: one focussing on metallic 

systems with application to the formation of magmatic iron meteorites, presumably the 

cores of now-disrupted asteroids; the second focussing on silicate systems with 

application to the generation of magmas from planetary mantles. 

The partitioning of the siderophile elements Ni, P, and Ge has been studied in 

metallic systems as a means for addressing problems associated with the formation of iron 

meteorites. Much of the experimental work in the metallic system was designed to 

evaluate the ability of the technique of "static" equilibration of solid metal and metallic 

liquid to produce equilibrium in an experimental charge. This effort was motivated by the 

fundamental disagreement concerning the values for Ni, P and Ge partition coefficients 

between the results of Jones and Drake (1983) and the results of "dynamic" crystallization 

experiments conducted by Sellamuthu and Goldstein (1984,1985a, 1985b). 

1 



2 

In a silicate dominated system the partitioning of Ga and Ge between forsterite, 

diopside, anorthite, and spinel and synthetic basaltic melts has been investigated in order 

to address problems related to the petrologic processes which obtain in planetary mantles 

and crusts, specifically the common igneous processes of partial melting and fractional 

crystallization. In settings where metal is not present, Ga and Ge behave as lithophile 

elements and readily substitute for A1 and Si respectively in silicate and oxide minerals. 



EXPERIMENTAL INVESTIGATION OF ELEMENTAL PARTITIONING IN THE 
SYSTEM Fe-Ni-S-P 

Iron meteorites can be assigned to distinct chemical groupings (e.g., Wasson 

1974). Ten of the thirteeen groups of iron meteorites are believed to have formed by the 

fractional crystallization of metallic magmas—liquids which may have been the cores of 

planetoids (Scott, 1972). During fractional crystallization, major and trace siderophile 

elements partition between the newly formed solid metal and the remaining liquid metal in 

accordance with the magnitude of the partition coefficient for each element. Ignoring the 

possible solubility of moderately siderophile elements in non-metallic phases, the 

equilibrium partition coefficient of an element X, D(X), is defined as 

D(X) = SCX / JCX 

where SCX is the concentration of element X in solid metal and ^Cx is the concentration of 

element X in liquid metal in equilibrium with the solid. Reconstruction of the history of 

iron meteorite groups is critically dependent on knowing the correct values of partition 

coefficients appropriate to iron meteorite genesis. While some elemental trends in an 

individual group of iron meteorites are quasi-linear (e.g., log Ir vs. log Ni) and may be 

reproduced using constant Ir and Ni partition coefficients, other elemental trends exhibit 

strong curvature (e.g., log Ge vs. log Ni) and seem to require changing values of 

partition coefficients as crystallization proceeds. 

It is now recognized that large concentrations of nonmetals (S, P, C) in metallic 

(Fe-Ni) systems can dramatically affect the partitioning behavior of many siderophile trace 

elements contained in iron meteorites. Thus, sensible understanding of the trace element 

systematics of iron meteorites requires detailed knowledge of the precise effects of 

nonmetals on the equilibrium partition coefficients of the trace elements of interest. A 

3' 
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number of papers (Narayan and Goldstein, 1982; Willis and Goldstein, 1982; Jones and 

Drake, 1983; Sellamuthu and Goldstein, 1983,1984,1985a,b) and abstracts (Malvin et 

al., 1984, 1985) have reported the dependence of partition coefficients on the 

concentrations of S, P and C in the liquid and/or solid metal phase. Of particular interest 

is the report of Sellamuthu and Goldstein (1985a) that their partition coefficients for Ge at 

high S (and low P) concentrations allow the reproduction of the highly nonlinear log Ge 

vs. log Ni trends for the IIAB and IIIAB iron meteorite groups. 

At present there is agreement neither on which partition coefficient values are 

most appropriate in modeling iron meteorite petrogenesis nor on which experimental 

technique reliably permits for the measurement of equilibrium values of partition 

coefficients. In general, results of isothermal "static" experiments simulating equilibrium 

crystallization [i.e., the experiments of Narayan and Goldstein (1982); Willis and 

Goldstein (1982); Jones and Drake (1983); and Malvin etal. (1984, 1985)] are in good 

agreement, while those of "dynamic" crystallization experiments, in which the solid metal 

is pulled from the furnace in a temperature gradient in order to simulate fractional 

crystallization [i.e., the experiments of Sellamuthu and Goldstein (1983,1984,1985a,b)] 

are discordant with the "static" equilibrium experiments. Compared to equilibrium 

experiments, the dynamic experiments predict higher values of partition coefficients for P 

and lower values for Ge; values for D(Ni) are usually in fair agreement. Consequently, 

any modeling of iron meteorite trace element systematics using experimentally determined 

partition coefficients must be regarded as controversial, since the correct partition 

coefficients are not agreed upon. 

The experiments described herein relate to two basic issues of the study and 

interpretation of magmatic iron meteorites. (1) How does one establish which 

experiments, the "static" or "dynamic", yield reliable, verifiable partition coefficients? (2) 
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How is elemental partitioning in complex, multicomponent systems most easily modeled? 

Unlike the earlier experiments of Jones and Drake (1983) which concentrated on the 

effects of S on trace element partitioning, this study will explore the effects of P and, 

more importantly, the combined effects of S and P. 

In earlier work Jones and Drake (1983) followed the lead of Willis and 

Goldstein (1982) and modeled the complex system Fe-Ni-S-P-X by extrapolation from 

the simpler Fe-Ni-S-X and Fe-Ni-P-X systems assuming the effects of S and P on 

partitioning to be additive. The recent work of Sellamuthu and Goldstein (1983, 1984, 

1985a,b) has forced a reevaluation both of the extrapolations from simple systems and the 

"static" experimental techniques. The equations of Sellamuthu and Goldstein (1985a) 

which relate partition coefficients to the concentrations of nonmetals in Fe-Ni systems are 

often far different than the equations of Jones and Drake (1983) and, in some cases, the 

two sets of equations differ even as to whether an element will behave compatibly (D>1) 

or incompatibly (D<1). A possible solution to this dilemma is to postulate that the Jones 

and Drake (1983) and Sellamuthu and Goldstein (1985a) experiments are not directly 

comparable since the Sellamuthu and Goldstein experiments were carried out primarily in 

the complex system Fe-Ni-S-P, while the equations of Jones and Drake might only apply 

to simple systems with only one nonmetal. 

This investigation establishes that the isothermal "static" experiments 

simulating equilibrium crystallization do indeed yield reproducible partition coefficient 

values, in contrast to the "dynamic" experiments simulationg fractional crystallization. As 

we shall see below, detailed reanalysis of the static experimental technique reveals no 

major flaws and experiments which contain both S and P confirm the utility of additive 

extrapolation from simpler systems containing only S or only P. The validation of these 

methods forces the conclusion that the "dynamic" experiments of Sellamuthu and 
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Goldstein (1983, 1984, 1985a,b), and the models of iron meteorite fractional 

crystallization drawn from them, must be regarded as unreliable. 

In discussing the experimental results, comparisons with the work of 

Sellamuthu and Goldstein (1983, 1984, 1985a,b) are unavoidable. The disagreements 

between the differing experimental techniques make such comparisons obligatory. The 

reader should be aware, however, that Sellamuthu and Goldstein have explicitly and 

retroactively limited the regions of Fe-Ni-S-P compositions where their predictions of 

partition coefficients are applicable. Conversely, this study takes the position that 

partition coefficients from the "simple" systems Fe-Ni-S and Fe-Ni-P may be used to 

predict partitioning behavior in the more complex system, Fe-Ni-S-P. Consequently, the 

predictions supported by this study must be valid for the liquidus surface of the entire 

Fe-rich corner of the Fe-Ni-S-P system in order to have utility. In subsequent 

discussions, those instances where Sellamuthu and Goldstein would claim any 

comparison between this work and theirs to be invalid will be assiduously pointed out. 

Comparisons with the Sellamuthu and Goldstein experiments also will be made where 

differences in liquid compositions are trivial. These comparisons will demonstrate that 

equilibrium partition coefficients cannot be extracted reliably from the "dynamic" 

experiments of Sellamuthu and Goldstein. 

Experimental Procedures 

The techniques used are essentially the same as those of Jones and Drake (1983). 

Starting materials consisted of pure metals (Ni and Fe), elemental (red) P, and natural 

pyrite as a source for S. Tracer elements were added at the 1 wt.% level for most 

experiments; Ni is always present at about 10 wt.%. Samples were placed in alumina 

crucibles which were sealed in evacuated silica glass tubes and raised to superliquidus 

temperatures prior to being held at the temperature of interest for a period of time 
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sufficient to achieve reversible equilibrium between solid and liquid metal (see below). 

Temperature was monitored with Pt-PtgoRh^ (S-type) themocouples calibrated against 

the melting point of Au, and reported run temperatures should be accurate to within a few 

degrees. The experimental charges were equilibrated at temperatures corresponding to 

low degrees of crystallization (<40% solid). Samples were analyzed by electron 

microprobe using standard techniques and ZAF corrections. 

Most experiments are self-buffered at the iron-wiistite (IW) oxygen fugacity, but 

several experiments included a second crucible bearing a quartz tube containing iron 

metal. This second crucible was placed below the sample crucible in the evacuated silica 

glass tube to provide an oxygen buffer near quartz-fayalite-iron (QFI), which is 

approximately one-half of a log unit below IW at the temperatures employed in our 

experiments. An additional set of experiments was attempted using open crucibles in a 

reducing atmosphere of Ar-H2. 

Experimental Results 

Because the predictions of partition coefficients by Jones and Drake (1983) based 

on equations derived from the Fe-Ni-S and Fe-Ni-P ternary systems do not agree with 

those by Sellamuthu and Goldstein (1985a), the isothermal "static" equilibration 

procedure was tested in the quaternary Fe-Ni-S-P system, mainly using Ge as a tracer 

element. These experiments were designed to address the following specific points, in 

order to assess the ability of the isothermal "static" equilibration technique to provide 

reliable values for partition coefficients: (1) Henry's law behavior for Ge; (2) the 

influence of oxygen fugacity; (3) the effect of quenching rate; (4) the effect of 

experimental duration; (5) the possibility that the results are influenced by unrecognized 

liquid immiscibility; (6) the relative effects of nonmetals and temperature; and (7) 
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experimental tests of the predictions of Jones and Drake (1983) of the combined effects of 

S and P on trace element partitioning. In addition, one reversal experiment designed to 

evaluate further the approach to equilibrium was performed. In no instance was evidence 

found that the previous results were seriously compromised. Summaries of the new 

results are given in Table 1 for experiments in the Fe-Ni-S-P system and in Table 2 for 

experiments in the Fe-Ni-P system. For reference, equations for the calculation of solid 

metal/liquid metal partition coefficients are given in Appendix A. 

Henry's law 

A series of isothermal (1250°C) experiments with approximately the same liquid 

composition (76.5 wt.% Fe, 9.5 wt.% Ni, 12 wt.% S, 2 wt.% P) was used for the 

Henry's law experiments. Henry's law behavior for Ge is verified between 0.1 and 0.9 

weight percent Ge in the liquid (Fig. 1). The liquid compositions of the run products are 

very similar but not identical and this, along with the analytical uncertainty, may account 

for the small departures from linearity in the data. The slope = 2 line is for reference 

only, but is similar to the value of 1.6 predicted by the equations of Jones and Drake 

(1983). The predicted value of Sellamuthu and Goldstein (1985a) for this liquid 

composition is 0.4 and clearly is inconsistent with the experimental results—illustrating 

either the danger of applying the D(Ge) expression of Sellamuthu and Goldstein (1985a) 

outside its limited region of applicability, or the inadequacy of this same expression. 

Although the possibility that small (~20%) deviations from Henry's law occur in the 

present experiments cannot be ruled out, none of the measured values for the Ge partition 

coefficient approaches 0.4. Therefore the extrapolation from simple ternary systems of 

Jones and Drake (1983) is adequate to predict the Ge partition coefficient for this 

composition, and deviations from Henry's law are inadequate to explain the differences 

between the "static" and "dynamic" experiments. For other elements, such as P and Ni, 



TABLE 1. SUMMARY OF EXPERIMENTS IN THE Fe-Ni-S-P-X SYSTEM. 

Tabulated data are for experimental run conditions, measured liquid compositions, and measured and calculated 
solid metal/metallic liquid partition coefficients using the equations of Jones and Drake (1983) and of 
Sellamuthu and Goldstein (1985a). 

Liquid Composition Cwt.%1 Measured Predicted J & D Predicted S& G 

EXBL fa2 Pur. TfG & M £ DIM} DIE) EXft) DfNi-1 D(P  ̂ PfGet PCNfl PfPl EXGel 

40A IW 3d 1250 21.1 8.64 0.46 0.58 1.22 0.44 4.22 1.27 0.57 4.59 1.14 1.31 3.65 
40B IW 3d 1250 11.1 9.70 2.14 0.91 0.99 0.14 1.71 1.00 0.13 1.61 0.94 0.29 0.32 
40C IW 3d 1250 4.55 12.2 4.53 1.35 0.93 0.10 1.32 0.95 0.10 1.32 0.91 0.14 0.02 

40D IW 3d 1250 2.70 11.9 4.80 1.48 0.94 0.12 1.25 0.93 0.10 1.33 0.90 0.11 0.01 
41B QFI 5d 1250 12.4 9.70 2.15 0.10 1.05 0.15 2.84 1.02 0.13 1.70 0.96 0.31 0.36 

43A QFI 5d 1250 11.1 9.17 2.10 0.70 0.97 0.15 1.84 0.99 0.13 1.56 0.94 0.29 0.35 
43B QFI 5d 1250 12.4 8.60 1.90 0.12 1.04 0.18 2.59 1.01 0.13 1.67 0.95 0.33 0.46 
43C QH 5d 1250 12.2 9.69 1.90 0.08 0.98 0.16 2.36 1.01 0.13 1.64 0.95 0.32 0.44 
43D+ QFI 7d 1250 12.6 9.91 1.70 0.36 0.98 0.19 2.16 1.01 0.13 1.65 0.95 0.35 0.56 
43E* QFI 7d 1250 12.0 9.89 2.00 0.34 1.00 0.16 2.11 1.01 0.13 1.64 0.95 0.31 0.39 
43G QFI 21 d 1250 13.5 9.34 1.70 0.48 1.40 0.19 2.08 1.02 0.13 1.75 0.97 0.37 0.60 
47A IW 5 h 1250 12.9 9.76 2.00 0.37 1.01 0.19 2.07 1.02 0.13 1.73 0.96 0.33 0.43 
47B QFI 5 h 1250 15.8 9.06 1.50 0.37 1.11 0.23 2.44 1.08 0.16 2.16 1.02 0.44 0.88 
47C QFI 3d 1250 10.8 9.81 2.00 0.19 0.98 0.18 2.18 1.00 0.13 1.52 0.94 0.29 0.36 
48B IW 10 h 1400 6.2 7.78 0.65 1.18 0.93 0.11 0.85 0.93 0.11 0.99 0.91 0.31 0.79 
50A IW 2d 1290 1.4 10.5 4.4 0.78 0.91 0.12 1.11 0.91 0.095 1.10 0.90 0.092 0.016 
50B IW 2d 1330 1.1 10.7 4.6 0.69 0.88 0.095 1.10 0.91 0.094 1.11 0.90 0.089 0.014 
55B IW 8d 1250 17.8 10.3 1.2 0.19 1.10 0.27 3.35 1.16 0.25 2.90 1.07 0.57 1.40 
55A2 IW 13 d 1250 17.7 10.3 1.1 0.32 1.05 0.24 3.01 1.15 0.24 2.84 1.06 0.56 1.40 
55A1 IW 12 d 1250 11.6 10.6 1.6 0.82 0.98 0.18 1.79 1.01 0.13 1.55 0.94 0.11 0.55 
57A IW 13 d 1150 28.8 9.04 0.16 — 1.51 1.66 noGe 1.56 6.27 — 1.22 5.93 
57C IW l i d  1150 27.1 7.96 0.14 — 1.53 1.57 noGe 1.49 3.44 — 1.34 6.05 
59A IW 4d 1350 15.5 6.87 0.55 — 1.07 0.18 no Ge 0.99 0.13 — 0.94 0.62 
59B IW 8d 1350 10.7 7.46 0.45 — 0.99 0.15 ** 0.97 0.12 — 0.92 0.54 
59C IW 13 d 1350 13.6 8.15 0.44 0.38 0.95 0.14 1.57 1.01 0.13 1.59 0.95 0.79 1.88 

+ LN^ quench * air quench ** D(Au) = 0.45 
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TABLE 2. EXPERIMENTAL CONDITIONS, LIQUID COMPOSITIONS, AND 

MEASURED SOLID METAL / METALLIC LIQUID PARTITION COEFFICIENTS FOR 

EXPERIMENTS RUN IN THE Fe-Ni-P-X SYSTEM. 

Expt. Dur. T(°Q wt.% Ni wt.% P Tracer=X DfX) 
23C 12 d 1250 8.4 6.5 IT 4.67 
23E 12 d 1250 10.4 6.5 Ge 1.33 
23G 12 d 1250 9.5 6.0 Au 0.66 
23B 6d 1350 10.6 4.4 Ir 2.79 
23D 6d 1350 10.2 4.2 Ge 1.02 
23F 6d 1350 9.8 4.4 Au 0.60 
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T = 1250°C 
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HGURE 1. THE CONCENTRATION OF Ge IN SOLID METAL VERSUS 
LIQUID METAL FOR A SERIES OF ISOTHERMAL EXPERIMENTS. 

Open circles are for experiments at IW; all others at QFI oxygen fugacity. 
Henry's law is closely approximated between 0.1 and 0.9 wt.% Ge in the liquid. 
The reference line of D(Ge) = 2 is much closer to the prediction of Jones and 
Drake (1983) of a value of 1.6 than to the prediction of Sellamuthu and Goldstein 
(1985a) of a value of 0.4. 
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Henry's law is not really an issue, because the P and Ni contents of these experiments are 

similar to the concentrations expected in the iron meteorite parent magmas. 

As an aside, it is doubtful that the large discrepancy between the prediction of 

D(Ge) by Sellamuthu and Goldstein (1985a) and the value measured in this study is due 

simply to improper extrapolation of the Sellamuthu and Goldstein equation. One of the 

Henry's law experiments (47B) deviated significantly from the average liquid 

composition and contained more S (15.8 wt.%) and less P (1.5 wt.%), bringing it close 

to the liquid trend of the Sellamuthu and Goldstein (1985a) Ge experiment (alloy 2). On 

the trend of alloy 2 at 15.8 wt.% S Sellamuthu and Goldstein predict a D(Ge) of 1.2—a 

factor of two lower than the measured value of 2.4. If the Sellamuthu and Goldstein 

equation for D(Ge) is used to correct for the difference in P concentrations between the 

alloy 2 trend and 47B (1.2 wt.% vs. 1.5 wt.%, respectively), the prediction of 

Sellamuthu and Goldstein drops to 0.9. Again, it is very unlikely that a few tenths of a 

weight percent change in the concentration of P is the main cause of a factor of two to 

three discrepancy in D(Ge). 

« 

Oxygen fugacity 

Oxygen fugacity does not appear to influence the measured partition coefficients 

for Ni, P, and Ge for oxygen fugacities between iron-wiistite (IW) and 

quartz-fayalite-iron (QFI) (Table 1). However, oxygen fugacity does appear to have a 

significant effect on the position of the liquid immiscibility solvus in the Fe-S-P system. 

In an earlier report, Jones and Drake (1983) speculated that their failure to observe 

immiscible liquids in some of their experiments might be due to the effects of Ni. As a 

consequence of trying to perform partitioning experiments at very low oxygen fugacity 

(Ar-H2), it has been discovered that experimental compositions which had previously 

shown no signs of immiscibility suddenly produced immiscible liquids under the 
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influence of the Ar-H^ atmosphere. Since Ni was present in all experimental charges 

(both those with immiscible liquids and those without), one conclusion is that it is not Ni, 

but the small, finite solubility of oxygen in S-bearing metallic liquids (~1 wt.%, Naldrett, 

1969) which moderates the immiscibility of sulfide-phosphide liquids. This is consistent 

with the observation of Vogel and Fulling (1948) that sufficient addititon of S to the 

Fe-FeO system eliminates liquid immiscibility. These low oxygen fugacity experiments 

(Table 3) also show substantial S loss. Solid metal was formed in each experiment and, 

by mass balance, the concentration of S in the liquid metal of the quenched charge should 

be greater than the initial S content in the bulk sample. Thus, even though the S content 

of the system decreased during the course of the low oxygen fugacity experiments, liquid 

immiscibility could still not be avoided. 

Figure 2 shows a comparison between data from this study and those of Narayan 

and Goldstein (1982) and Willis and Goldstein (1982) (all "static" experiments) for the 

Fe-Ni-P-X systems. The present experiments are summarized in Table 2. The methods 

for the control of oxygen fugacity differ substantially between the three sets of 

experiments (as, presumably, do the oxygen fugacities themselves) but the agreement 

between the data sets is quite good. Agreement between the Willis and Goldstein (1982) 

and Jones and Drake (1983) experiments in the Fe-Ni-S-X systems has previously been 

described (Jones and Drake, 1983). Again, it should be emphasized that "static" 

experiments from both laboratories are in very good agreement. Although oxygen 

fugacity can substantially affect phase boundaries in the Fe-Ni-S-P system, there is no 

evidence that the disagreement between the "static" and "dynamic" experiments can be 

explained by differences in the oxygen content of the metallic liquid. 

Quench rate 

Metallic liquids are quenched to glasses only with great difficulty and, therefore, 
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FIGURE 2. PARTITION COEFFICIENTS FOR Ir, Ge, AND Au 
VERSUS P IN THE LIQUID. 

The partition coefficients increase with increasing P concentration in a S-free liquid. 
Solid data points are from this laboratory; open data points are from Willis and 
Goldstein (1982) (Ir and Au) and Narayan and Goldstein (1982) (Ge). The 
agreement between the two laboratories for all isothermal "static" experiments is 
evident. Differences in temperature and oxygen fugacity between the experiments 
of different laboratories appear to be inconsequential. 



15 

TABLE 3. DEMONSTEIATION OF SULFUR LOSS IN EXPERIMENTS RUN 
IN OPEN CRUCIBLES IN A FLOWING Ar-I^ ATMOSPHERE. 

Expt. Pur. T(°Q bulkS § in liquid 

48C 12 h 1400 3.2 wt.% 2.8 wt.% 

48D 11 h 1390 3.7 wt.% 3.2 wt.% 

53A 12 h 1200 4.1 wt.% 0.18 wt.% 
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more typically form dendritic structures upon quenching from high temperature 

(Flemings, 1974). Different samples of the same composition were quenched in liquid 

nitrogen, air, and water (water quenching is the standard procedure) to investigate 

whether the composition of the liquid is preserved, or whether segregation in the liquid 

and overgrowth on the solid phase during the quench are significant enough to alter the 

partition coefficient as measured by electron microprobe. The slowest quench, in air, did 

produce a coarsely dendritic liquid, yet the same values of partition coefficients were 

measured without altering the standard electron microprobe operating conditions such as 

choice of spot size or sampling intervals. The quenching rates appear to be adequate to 

prevent large-scale inhomogeneity in the metallic liquid and are not capable of explaining 

the discrepancy between the "static" and "dynamic" techniques. 

Experiment duration 

Figure 3 summarizes our P and Ge partition coefficients as a function of run 

duration. Systematic changes in partition coefficient with time are not observed for either 

element. Apparently equilibrium is achieved on a very short timescale. The predictions 

of Jones and Drake (1983), D(Ge) =1.6 and D(P) = 0.13, are reasonably close to the 

measured values. The predictions of Sellamuthu and Goldstein (1985a), D(Ge) = 0.44 

and D(P) = 0.32, differ substantially from the measured values. This is possibly because 

the liquid compositions of these experiments lie outside of the very narrow predictive 

range accepted by Sellamuthu and Goldstein (1985a), although, as mentioned above, one 

of these experiments (47B) lies rather close to the trend of the Sellamuthu and Goldstein 

Ge experiment. In addition, attempts were made to find "sinks" for the tracer within the 

sealed quartz vials which could affect the experimental results. The surfaces of the QFI 

oxygen buffer and of the coldest area of the experimental container, the topmost portion 

of the silica tube, were analyzed for P, Ni and Ge. Phosphorus, Ni and Ge were not 
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FIGURE 3. D(Ge) AND D(P) VERSUS EXPERIMENT DURATION. 

Partition coefficients for Ge and P are nearly constant for isothermal "static" 
experiments varying in duration from 5 hours to 21 days. Open circles are for 
experiments at IW — all others at QH. The vertical bars are representative of one 
standard deviation of the measured partition coefficient Experiments quenched 
in liquid nitrogen and in air agree with the water-quenched experiments. Points 
connected by a tie-line are replicate analyses of the same experiment. The partition 
coefficients predicted for this composititon by the equations of Sellamuthu and 
Goldstein (1985a) are D(Ge) = 0.4 and D(P) = 0.3; by the equations of Jones 
and Drake (1983) they are D(Ge) = 1.6 and D(P) = 0.13. 
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found on the silica tube, but Ge was found in the iron metal of the oxygen buffer. At the 

temperature of these particular experiments (1250°C), Ge is volatile and measurable Ge 

concentrations are found in the buffer after only five hours at temperature. 

This result was surprising since it had previously been shown that, in the Fe-Ni 

system, Ge was not lost on a timescale of days from an open capsule at 1500°C (Jones 

and Drake, 1983). Apparently the activity coefficient of Ge is so sensitive to the S 

content of the system that the vapor pressure of Ge at 1250°C in a S-bearing system can 

be greater than the Ge vapor pressure at 1500°C in the S-free system. In any event Ge 

loss to the buffer is not an issue in the discussion of the quality of the partition 

coefficients in this study because the values of the Ge partition coefficient do not change 

with time (i.e., duration of exposure to the buffer) and are indistinguishable between the 

buffered and unbuffered experiments. In the longest buffered experiment (21 days), the 

Ge concentration of the outer surface of the metal buffer actually approached that of the 

metal in the experiment. In other words, the partition coefficient for Ge was reproduced 

by the equilibration of solid metal and liquid metal via vapor transport. 

Liquid immiscibility 

If the experimental charges contain unrecognized, intimate mixtures of immiscible 

metallic liquids, the liquid analyses and partition coefficients could be seriously in error. 

In addition to the unintentional production of immiscible liquids discussed above, 

immiscible liquids were generated purposely in some experiments to ascertain that 

immiscibility can be recognized if it occurs and to investigate the partitioning behavior of 

Ni, P, Ge, Au and Cu between the S-rich and P-rich liquids. In all cases the petrographic 

identification of immiscible liquids was simple; the quenched samples showed clear 

separation of the two liquids; no observation was made of any tendency for the liquids to 
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mix in any way that might complicate their recognition. 

The distribution of elements between several pairs of immiscible liquids is 

reported as the ratio of the concentration of element X in the P-rich liquid to the 

concentration of element X in the S-rich liquid (Table 4). If three-phase-equilibria among 

the two liquids and a fictitious solid metal is assumed, then the above ratio may be related 

to the partition coefficients between each liquid and solid as follows: 

xD(P-liquid/S-liquid) = [X(solid) / X(S-liquid)] / [X(solid) / X(P-liquid)] 

The two terms in square brackets are simply the partition coefficients for (solid metal / 

S-rich liquid) and (solid metal / P-rich liquid), respectively. Thus, the immiscible liquids 

provide another test of the "dynamic" and "static" experiments. The same equations 

which are used to predict solid/liquid partition coefficients may, in principle, also be used 

to predict P-liquid/S-liquid partitioning, given the demonstration of Henry's law behavior 

(Fig. 1). The equations of Sellamuthu and Goldstein (1985a) and Jones and Drake 

(1983) both qualitatively predict the behavor of Ni and P, but only the Jones and Drake 

(1983) equations predict the correct magnitude of the value of D(Ge). The Jones and 

Drake (1983) formulation also qualitatively predicts the behavior of Au. These 

observations are taken as a secondary confirmation of the "static" experimental technique. 

The effect of temperature 

It has been assumed implicitly that the effect of temperature on partitioning in the 

Fe-Ni-S-P system is small compared to the effects of S and P. The basis for this 

assumption lies in the comparison of the present results with those of Willis and 

Goldstein (1982) and Narayan and Goldstein (1982). Even though differing in 

temperature by 50°C, experiments with similar concentrations of nonmetals yield similar 

partition coefficients. However, most of the experiments in this study were run at 

temperatures above 1250°C, while the experiments of Sellamuthu and Goldstein (1985a) 
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TABLE 4. RESULTS OF EXPERIMENTS WHICH PRODUCED IMMISCIBLE 
METAL LIQUIDS. 

ExqL fO-2 Dm ICQ Wt, %S# wt. %P# DfP-liquid/S-liquid) 

Ni P Ge Au Cu 

DM01 IW 5 d 1250 2.2 7.8 2.2 53 90 2.9 0.09 

29.0 0.12 

J&D* 1.7 36 30 2.2 n.a 

S&G** 1.6 85 11200 n.a 0.007 

JJ22H QFI 5 d 1250 5.7 2.9 1.7 35 n.a 4.3 n.a 

28.5 0.16 

J&D* 1.6 52 n.a 3.5 n.a 

S&G** 1.7 33 n.a n.a n.a 

DM03B IW 3d 1200 4.0 5.4 1.8 19 n.a 5.4 n.a 

28.2 0.29 

J&D* 1.7 49 n.a 3.3 n.a 

S&G** 1.9 24 n.a n.a n.a 

# Upper line gives the nonmetal concentrations of the P-rich liquid; the bottom line gives 

non- metal concentrations of the S-rich liquid. 

* Predicted values of Jones and Drake (1983) 

** Predicted values of Sellamuthu and Goldstein (1985a) 
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must eventually reach the temperature of the Fe-FeS eutectic (900-1000°C, depending on 

the the oxygen content of the system). Thus differences in temperature might account for 

the disagreement between "static" and "dynamic" experiments. Consequently, two 

experiments at 1150°C (57A,C; Table 1) were performed in order to evaluate the effect of 

temperature. Germanium was not added to these experiments because of the difficulty of 

measuring large partition coefficients. The results indicate that the partition coefficient of 

P does not increase as rapidly with S content of the metallic liquid as had been predicted 

previously (Jones and Drake, 1983) but the revision of their equation for the prediction of 

P partition coefficients (Eqn. 8, Appendix A) is only important at very high S contents 

and is in the wrong direction to produce better agreement with Sellamuthu and Goldstein. 

The Ni partition coefficient behaves as predicted by Eqns. 1 and 2 (Appendix A). Thus, 

the parameterization of partition coefficients using an additive relationship between the S 

and P concentrations of the metallic liquid (Jones and Drake, 1983) appears to account for 

possible effects of temperature. 

The two low-temperature experiments have served not only to revise the D(P) 

regression, but also to provide a direct comparison to the D(P) and D(Ni) experiments of 

Sellamuthu and Goldstein (1985a). Replicate experiments (57A,C) produced liquids 

which fall on or near the path of the liquid of Sellamuthu and Goldstein's alloy 3 (a D(P) 

and D(Ni) experiment). The measured values of D(P) are a factor of four lower than the 

predictions of Sellamuthu and Goldstein (1985a). It also appears that, for the first time, 

the predictions of D(Ni) by Sellamuthu and Goldstein (1985a) are significantly different 

from the measured values. Thus, the low-temperature investigations have failed to bring 

about better agreement between the static and dynamic experiments. 

Experimental reversal of partition coefficients 

A sample of solid and liquid metal was equilibrated and quenched, and the 
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partition coefficient for Ge was measured in the usual manner. However, an aliquant of 

the solid metal was separated from the metallic liquid and replaced in the furnace with a 

second metallic liquid and raised to the equilibration temperature. This second liquid was 

of the same composition as the original liquid except that it was Ge-free. The "reversed" 

experiment (55A2; Table 1) closely approximated the partition coefficients for Ni, P and, 

most importantly, Ge that were originally measured in the "forward" synthesis experiment 

(55B; Table 1). This experiment is confirmation that partition coefficients obtained for Ge 

using isothermal "static" experiments do indeed represent reversible equilibrium. 

Discussion 

Prediction of partition coefficients in the complex system Fe-Ni-S-P 

The experiments discussed in the preceding section have established that the 

isothermal "static" technique yields partition coefficients which closely approximate 

equilibrium values. The discussion now proceeds to test the assumption of Willis and 

Goldstein (1982) and Jones and Drake (1983) concerning the additivity of the effects of 

nonmetals on trace element partitioning. Accordingly, Ge partitioning experiments were 

conducted near the liquid immiscibility solvus of the Fe-Ni-S-P system. It is near this 

phase boundary that activities of S and P will be largest and where one would expect the 

poorest agreement between the predictions of the model and the experiments themselves. 

Liquid immiscibility was not observed in any of the experiments, even though the liquid 

compositions of the experimental charges were nominally within the region of 

immiscibility. The moderating influence of oxygen apparently prevented the unmixing of 

the S, P-rich liquid. 

Table 1 summarizes the results of four experiments (40A,B,C,D) conducted near 

the solvus. Measured partition coefficients for Ni, P and Ge are presented in Fig. 4 as 
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FIGURE 4. DEVIATIONS OF PREDICTED PARTITION COEFFICIENTS FROM 
MEASURED PARTITION COEFFICIENTS. 

Using the equations of both Jones and Drake (1983) (solid circles) and Sellamuthu and 
Goldstein (1985a) (open circles) the deviations are plotted for four isothermal experiments 
(40A-D) having differing P (top axis) and S (bottom axis) concentrations in the liquid. The 
equations of Sellamuthu and Goldstein (1985a) fail to match adequately either the Ge or the 
P partition coefficient for all compositions. 
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absolute percent deviation (A) from the predictions of Jones and Drake (1983) and 

Sellamuthu and Goldstein (1985a). In all but one case, the agreement of the measured 

partition coefficients with the predictions of Jones and Drake (1983) is better than with the 

predictions of Sellamuthu and Goldstein (1985a). Both sets of equations adequately 

predict the behavior of Ni, but only the equations of Jones and Drake (1983) closely 

approximate the partition coefficients for Ge and P. The predictions of the P partition 

coefficient are the poorest, with differences between the measured values and the 

predictions of Jones and Drake (1983) sometimes being as high as 30%. Still, this level 

of agreement may be adequate for many purposes, and is clearly superior to the 

predictions of Sellamuthu and Goldstein (1985a) which sometimes differ from the 

measured values by almost 200%. Sellamuthu and Goldstein (1985a) explicitly restrict 

the composition range applicable to their equations, but, ironically, experiment 40A which 

is closest to the Sellamuthu and Goldstein (1985a) region of applicability for D(P) shows 

the greatest discrepancy between measured D(P) and Sellamuthu and Goldstein's 

predicted D(P). If one uses the revised D(P) vs. %S regression which incorporates the 

low-T (1150°C) data from this work with the original Jones and'Drake (1983) data to 

predict the D(P) values of the 40-series (Eqn. 8, Appendix A), the predictions become 

even better. The assumption of additivity of the effects of nonmetals is apparently a good 

one, even near the liquid immiscibility solvus where the activities of S and P are both high 

and interactions between the two nonmetals must be frequent. 

It is peculiar that Sellamuthu and Goldstein (1985a) restrict the usage of their 

equations for partition coefficients since in this study there is good agreement between the 

predictions of the simple systems Fe-Ni-S and Fe-Ni-P throughout the Fe-rich corner of 

the Fe-Ni-S-P system (Table 1). The previous comparisons made between the 

predictions of Jones and Drake (1983) and Sellamuthu and Goldstein (1985a) have been 
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mostly for liquid compositions which are richer in P than the compositions for which 

Sellamuthu and Goldstein claim their equations are valid. Considering now in more detail 

several of the present experiments which are comparable to the liquid compositions of 

Sellamuthu and Goldstein (1985a), substantial discrepancies remain. Figure 5 is a 

projection of liquid S and P compositions for several of the present experiments onto 

which are plotted the liquid evolution paths given by Sellamuthu and Goldstein (1985a) 

for their alloys 2 and 3. Sellamuthu and Goldstein (1985a) limited the use of their 

expression for D(Ge) to the vicinity of the path of alloy 2 and the use of D(P) and D(Ni) 

to the vicinity of the liquid path of alloy 3. It is evident that the liquid compositions of 

several experiments from the present study (40A, 47B, 48B, 55A2&B, 57C, and 

59ABC) are coincident or nearly so with the experiments of Sellamuthu and Goldstein 

(1985a). Inspection of Table 1 demonstrates that the predictions of Sellamuthu and 

Goldstein (1985a) do not provide good matches to the measured partition coefficients, in 

contrast with the predictions of Jones and Drake (1983). The most substantial differences 

concern the values of D(P)-an issue of importance because the concentration of P in the 

liquid has been shown to influence the partitioning behavior of Ir, Au, Ga and other 

elements germane to the deciphering of the history of iron meteorites (Willis and 

Goldstein, 1982; Jones and Drake, 1983). If the present experiments represent close 

approaches to equilibrium, as was argued above, then the techniques used by Sellamuthu 

and Goldstein (1985a) do not allow the reconstruction of equilibrium partition coefficients 

in the Fe-Ni-S-P system. 

It is necessary to stress at this point that the main disagreement between this 

study and Sellamuthu and Goldstein (1985a) is not in their procedures for the regression 

of their data, but in their experiments. These are two separate issues and should be 

decoupled. With the new confidence gained from the latest verifications of the "static" 
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FIGURE 5. WEIGHT % P VERSUS WT.% S IN THE LIQUID FOR ALL 
EXPERIMENTS. 

Liquid P and S compositions from experiments of this study are shown for 
comparison with the liquid evolution paths estimated by Sellamuthu and 
Goldstein (1985a) for their alloys 2 and 3. Several of the experimental 
compositions from this study lie in the vicinity of their alloys and allow for 
direct comparison of partition coefficients (Table 1) determined by the "static" 
and the "dynamic" techniques. 



27 

experimental technique, the Jones and Drake (1983) partition coefficient equations and the 

Sellamuthu and Goldstein (1985a) starting compositions have been used to try and 

reproduce the bends of liquid composition reported by Sellamuthu and Goldstein (1984, 

1985b). These attempts have been unsuccessful. If the predictions based on this work 

and on Jones and Drake (1983) of partitioning in the Fe-Ni-S-P system are valid, then it 

appears that the experiments of Sellamuthu and Goldstein (1983, 1984, 1985a,b) must 

violate one or more of the assumptions of fractional crystallization. 

Prediction of Ni partition coefficients in the Fe-Ni-S system 

Because published (solid metal / liquid metal) partition coefficients have 

originated almost exclusively in either the Arizona laboratory or that of the Lehigh group, 

it is difficult to find other, undisputed data sets which allow an independent evaluation of 

these experiments and those of Sellamuthu and Goldstein. A possible exception is the 

Fe-Ni-S system, which has been studied in detail and whose liquidus phase diagram is 

known. 

Sellamuthu and Goldstein (1984) conclude thatNi partition coefficients remain 

constant or decrease with degree of crystallization in both the Fe-Ni-S and Fe-Ni-P 

systems—in direct contrast with the results of Willis and Goldstein (1982) and Jones and 

Drake (1983). Consequently, those experiments which do show increases in D(Ni) with 

degree of crystallization in the Fe-Ni-S-P system are interpreted as indicating the 

importance of S-P interactions (Sellamuthu and Goldstein, 1984). As has been argued 

above, the S-P interactions in the metallic liquid are likely to be minimal—at least in the 

sense of cooperative behavior to produce effects which are unobserved in the endmember 

ternary Fe-Ni-S and Fe-Ni-P systems. 

Two separate lines of evidence imply that the Ni partition coefficient increases 

with S concentration, contrary to the conclusion of Sellamuthu and Goldstein (1984). 



The first has already been stated. Two independent research groups (Willis and 

Goldstein, 1982; Jones and Drake, 1983) found that increasing the S content of the 

system also caused D(Ni) to increase. The second is inferential rather than absolute. 

Kullerud (1963) shows tie lines between coexisting solid metal and metallic liquid at 

1100°C in the Fe-Ni-S system. In all cases the tie lines indicate that by 1100°C the 

partition coefficient for Ni is significantly greater than unity. Since the Ni partition 

coefficient is approximately 0.9 in the S-free Fe-Ni system, the immediate conclusion is 

that increasing the S-concentration of the liquid causes a corresponding increase in the Ni 

partition coefficient. Unfortunately, Kullerud's tie lines were not measured, but were 

inferred from the topology of phase relations in the Fe-Ni-S system. Kullerud has 

recently reexamined his analysis of the 1100°C isothermal section and doubts that D(Ni) 

could drop significantly below unity (Kullerud, pers. written commun.), but only a 

chemical analysis would be definitive. The situation is clear. The present experiments and 

those of several previous investigations predict an increase in the Ni partition coefficient 

with increasing S-content and the experiments of Sellamuthu and Goldstein (1984) do 

not. 

Contrasts between the "static" and "dynamic" experiments 

This study has established that isothermal "static" experiments in the Fe-Ni-S-X 

and Fe-Ni-P-X systems designed to simulate equilibrium crystallization indeed yield 

equilibrium partition coefficients and permit prediction of partition coefficients in more 

complex systems. As a corollary, equilibrium partition coefficients have not been reliably 

extracted from the results of the "dynamic" experiments of Sellamuthu and Goldstein 

(1983, 1984, 1985a,b). As a generality for S-rich systems, the "dynamic" experiments 

yield values of D(P) which are too large and values of D(Ge) which are too small. 

However, the reason for the disagreement between the "static" and "dynamic" 
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experiments is not clear. The arguments advanced by the Lehigh group in favor of the 

"dynamic" experiments are persuasive. The slow crystal growth rate employed in the 

"dynamic" experiments is much slower than diffusion in the metallic liquid so that 

equilibrium should be maintained. What, then, is the mechanism which causes the failure 

of the "dynamic" experiments? The tests of mass balance, diffusion in the solid, and 

homogeneity of the starting liquid reported by Sellamuthu and Goldstein (1983) appear to 

preclude most simple explanations. The problems associated with the "dynamic" 

experiments are likely to be subtle. 

A possible explanation for the failure of the "dynamic" experiments is suggested 

by the observation of Sellamuthu (pers. written commun.) that values of the P partition 

coefficient reported in Fig. 4 and in Jones and Drake (1983) would be in substantial 

agreement with the predictions of Sellamuthu and Goldstein (1985a) if it were assumed 

that the concentration of P in the solid metal samples was identical to the concentration of 

P in solid metal in equilibrium with an Fe-Ni-P liquid at the appropriate temperature. In 

other words, at constant temperature: 

[^C(solid metal) in the Fe-Ni-P system] / [^C(liquid metal) from Jones and Drake and 

Malvin et al. experiments] = D(P) predicted by Sellamuthu and Goldstein. 

The motivation which prompted this calculation is uncertain, since one immediate 

implication of constant P concentration in solid metal at constant temperature is that the 

accepted topology of the Fe-S-P phase diagram (Schurmann and Neubert, 1980) is 

incorrect. In any event, one is compelled to agree with the results of Sellamuthu's 

calculation, and it is possible that the liquid present at the solid / liquid interface of the 

"dynamic" experiments may have had a P concentration which approached the P 

concentration of liquid metal in equilibrium with solid metal at the same temperature in the 

Fe-Ni-P system. Why this should be true is not clear, but a single speculation for 
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consideration is presented. 

The average temperature gradient in the Sellamuthu and Goldstein experimental 

furnace is approximately 200°C / cm. The exact value of the temperature gradient at the 

solid / liquid interface is unknown, but could be higher than the average gradient, 

especially since the metallic liquid should be well-stirred (Sellamuthu and Goldstein, 

1983). Such a steep temperature gradient is an ideal environment to set up a Soret 

(thermal diffusion) concentration gradient and that the liquid composition immediately 

adjacent to the crystallizing solid may not be the same as that of the bulk liquid. This 

conclusion could be true even if the liquid is well-stirred, since the finite viscosity of the 

metallic liquid will produce a stagnant, unstirred boundary layer at the solid / liquid 

interface (Feynman et al., 1964). The maintenance of a Soret gradient in this stagnant 

layer would require that the thermal gradient be steep and that diffusion be rapid compared 

to crystal growth-critical features of the Sellamuthu and Goldstein experiments. A stable 

Soret gradient would also be expected to have denser P-rich liquid at the cold end of the 

thermal gradient and less dense S-rich liquid at the hotter end—as predicted by our 

interpretation of the Sellamuthu and Goldstein data. Small (10-15%) Soret effects in 

Sn-Pb partitioning experiments have been observed by Verhoeven et al. (1972). The 

Verhoeven et al. experiments are qualitatively similar to those of Sellamuthu and 

Goldstein in terms of their thermal gradient / cooling rate ratio, but further extrapolation to 

the Fe-S-P system is difficult because the appropriate Soret diffusivities are unknown. 

The correctness of the speculations on the effects of Soret diffusion during 

"dynamic" experiments is by no means established, but the scenario that is described is 

illustrative of two important points: (1) "Dynamic" experiments are more difficult; more 

variables must be controlled and the end product of crystallization is less subject to the 

normal tests of experimental technique; (2) The "dynamic" experiments are critically 
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dependent on the assumption of fractional crystallization. Since it is only in the later 

stages of "dynamic" crystallization that S and P concentrations become large (and values 

of partition coefficients significantly change), small deviations from perfect fractional 

crystallization can become magnified by the end of the experiment and may seriously 

influence the calculation of partition coefficients. If a process such as Soret diffusion 

were significant in the Sellamuthu and Goldstein experiments, there would be no way to 

tell a posteriori. The failure, described above, of the Jones and Drake (1983) partition 

coefficient equations to reproduce the "fractional crystallization" trends of the Sellamuthu 

and Goldstein experiments argues that deviations from perfect fractional crystallization did 

occur in the "dynamic" experiments. 

Conclusions 

The conclusion of Scott (1972) is accepted, that fractional crystallization appears 

to be the most probable means of producing the log X vs. log Ni trends observed in many 

groups of iron meteorites, but interesting and, possibly, important details remain obscure. 

Jones and Drake (1983) were unable to reproduce trace element systematics such as the 

curved log Ge vs. log Ni trends in groups IIAB and IIIAB iron meteorites, and the new 

experiments leave this result unchanged. In view of the preceding discussion, the ability 

of Sellamuthu and Goldstein (1985a) to model such trends is fortuitous. In addition, both 

sets of authors were unable to account for the final 20-25% of liquid when modeling 

groups IIIAB and IVA iron meteorites, and group IIAB meteorites presented much greater 

problems. 

This investigation has concentrated on establishing equilibrium values of solid 

metal / liquid metal partition coefficients and has demonstrated that isothermal "static" 

experiments reliably yield equilibrium values. These experiments also permit reliable 
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prediction of partition coefficients in the quaternary system Fe-Ni-S-P. We are now in a 

position to ask what must be happening in the iron meteorite parent bodies to produce the 

observed trace element systematics. Possibly the same, unknown deviations from 

fractional crystallization, which allowed mathematical extrapolations of the results of the 

Sellamuthu and Goldstein experiments to reproduce certain aspects of compositional 

variation in magmatic iron meteorites, will be important to our future understanding of the 

crystallization of planetesimal cores. 



EXPERIMENTAL DETERMINATION OF CRYSTAL / MELT PARTITIONING OF Ga 
AND Ge IN THE SYSTEM FORSTERITE-ANORTHITE-DIOPSIDE 

Gallium and Ge are important elements in planetary sciences, being used to 

identify iron meteorite groups (Scott and Wasson, 1975), to model basalt generation in 

planets (De Argollo and Schilling, 1978a), to model core formation in the terrestrial 

planets (Jones and Drake, 1986; Treiman et al., 1986), and to address the question of the 

origin of the Moon (Drake, 1983; Dickinson and Newsom, 1985). Both Ga and Ge are 

siderophile elements, but in the absence of a metallic phase they are lithophile owing to 

their substitutions for Al and Si in silicate minerals. The interpretation of Ga and Ge 

abundances in differentiated planetary materials requires a knowledge of interphase 

partition coefficients. 

The values of metal/silicate partition coefficients are reasonably well established 

(Jones and Drake, 1986; Drake et al., 1984) but, with the exception of an experimental 

study by Capobianco and Watson (1982), relatively little is known about silicate 

mineral/melt partition coefficients. This investigation focuses on the experimental 

determination of the partitioning of Ga and Ge between synthetic basaltic melt and the 

common minerals olivine, clinopyroxene, plagioclase, and spinel. The results of this 

study show that Ga and Ge can help serve as indicators of mantle melting and 

crystallization processes in the Earth, Moon and meteorite parent bodies and, in addition, 

provide a means of tracing heterogeneity in the source regions of planetary basalts. 

Experimental Methods 

Sample preparation 

The pseudo-ternary system forsterite-anorthite-diopside was chosen as the basis 

33 
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for this study because of its utility as an analogue for natural basaltic rocks (Presnall et 

al., 1978). Two starting bulk compositions were chosen in each of the primary phase 

fields of the endmember phases (Fig. 6). The starting materials were prepared from 

reagent grade oxides (SiOz, A1203, MgO and CaO) which also contributed minor and 

trace elements to the starting compositions, most notably Na and Fe. The oxides were 

dried in air at 200°C, weighed together and mixed, and then subjected to repeated fusions 

in Pt crucibles in air followed by crushing and grinding of the resulting glass under 

acetone in a synthetic sapphire mortar. During the preparation procedures, the oxides of 

Ga and Ge were added to the starting mixtures at roughly the one percent level in order to 

permit subsequent analysis with the electron microprobe. The starting mixtures for the 

Ga series of experiments were prepared as acetone slurries and lightly sintered onto loops 

made of 0.5 mm diameter Pt wire using an oxy-acetylene torch. Because Ge is more 

volatile in air than Ga, the Ge-bearing samples were packed into 3 mm diameter Pt tubes 

which were crimped and welded shut. Sample masses ranged from approximately 20 to 

100 mg. 

Run conditions 

Sample charges were suspended in a vertical muffle tube furnace in air at 1 

atmosphere ambient pressure. Temperature was monitored by a Pt-PtgQRhjQ (S-type) 

thermocouple calibrated against the melting point of Au and the temperatures should be 

accurate to ± 3°C. Partitioning was accomplished by direct crystallization of supercooled 

melts. The samples were held at superliquidus temperatures for one to 20 hours, then 

cooled to the run temperature at variable rates. For most experiments the final run 

temperature was 1300°C, and experiments were run isothermally for variable durations. 

About half of the experiments were cooled between the superliquidus and run 

temperatures by lowering the temperature in steps over several hours. Table 5 documents 
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FIGURE 6. STARTING COMPOSITIONS IN THE FO-DI-AN SYSTEM. 

The approximate locations of the six starting compositions are plotted in the 
pseudo-ternary system forsterite-anorthite-diopside (after Presnallefa/., 1978). 
Actual compositions contain less than one weight percent each of Na and Fe, and 
percent levels of Ga or Ge. The 1300°C and 1500°C isotherms are indicated by 
the dashed curves. 



36 

TABLE 5. SUMMARY OF Ga AND Ge .EXPERIMENTS IN THE FO-DI-AN 
SYSTEM. 

Reported are the experiment number, the crystalline phases grown, superliquidus 
temperature and duration, duration for cooling to run temperature, final run temperature 
and duration, and measured Ga or Ge partition coefficient 

Run No. Phases HighT Dur. Cool Run T Dur. D(Ga) or 
( °C)  (hrs.) (hrs.) ( °C)  (hrs.) D(Ge) 

1.1F Di 1370 12 7 1300 215 0.14 
2A Fo 1460 2 0 1310 24 0.035 
2B Fo 1500 1 0 1310 24 0.03 
2C Fo 1500 2 0 1300 48 0.036 
2D Fo 1500 1 0 1330 14 0.024 
2E Fo 1450 1 15 1300 72 0.022 
2F Fo 1380 22 2 1310 96 0.018 
3D An 1385 2 6 1300 120 0.92 
3F An 1380 1 0 1280 160 0.96 
3G An 1370 9 6 1280 192 0.87 
4A Di 1355 20 2 1300 152 0.19 
4DE Di 1355 3 0 1300 72 0.24 
4Q Di 1370 4 0 1300 10 0.14 
5B Fo 1450 20 0 1300 20 0.017 
5DE Fo 1450 2 0 1300 72 0.012 
6A An; Sp 1400 18 0 1300 120 0.86; 4.8 
6B An; Sp 1430 5 3 1300 96 0.86; 4.9 
6C An; Sp 1430 9 6 1300 48 0.78; 4.5 
6D An; Sp 1430 1 0 1315 120 0.80; 4.3 
6M An; Sp 1430 19 4 1300 0 0.71; 3.8 
31AB Di 1360 12 6 1300 24 15 
31C Di 1350 24 0 1300 70 1.5 
32. IB Fo 1500 24 6 1300 39 0.64 
32CD Fo 1450 14 4 1300 24 0.65 
33B An 1400 8 1 1300 40 0.47 
33C An 1400 24 4 1300 96 0.49 
34AB Di 1450 2 4 1300 36 1.4 
34C Di 1350 24 0 1300 70 1.4 
35AB Fo 1430 7 4 1300 17 057 
35C Fo 1420 17 0 1300 24 0.60 
35N Fo 1450 3 6 1300 0 059 
36A An 1400 19 4 1300 96 056 
36B An 1400 24 4 1300 96 051 
36.1 A Sp 1420 16 0 1300 2 0.11 
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the variety of run conditions which were employed in order to explore the effects of 

differing superliquidus temperatures, cooling rates, run temperatures, and durations on 

the partitioning of Ga and Ge. Each experiment was terminated by removing the sample 

from the furnace and quenching it in water. No quench crystals were observed in any of 

the experiments, and in all experiments the volume fraction of crystals was less than 40% 

of the volume of the charge. Forsterite, diopside, and anorthite crystals typically 

displayed skeletal morphologies. Spinel crystals were idiomorphic. 

Analytical technique 

Analyses were performed on polished sections of the quenched charges with an 

ARL-SEMQ electron microprobe using a 15 kilovolt accelerating potential and a nominal 

specimen current of 30 nanoamperes. Beam diameter was fully focussed on crystals, 

and varied from fully focussed to roughly 30 micrometers in areas of quenched melt. 

Counting times varied depending on the minor element contents of the samples. The 

analyses were calibrated relative to natural and synthetic microprobe standards and 

corrected using the ZAF procedure. Olivine from the Marjalahti pallasite was used as a 

control standard for MgO and SiOzin order to correct the analyses of forsterite. 

Corundum was used as a control standard for correcting the A1203 content of spinel. At 

least six points were analysed in each phase of each sample, and the analytical uncertainty 

is taken as the standard deviation among sample points. 

Results 

Phase compositions and partition coefficients 

The measured phase compositions and partition coefficients for Ga and Ge are 

given in Tables 6 and 7 along with the compound partition coefficients for the exchange 

of Ga and A1 and for the exchange of Ge and Si. The partitioning of elements between 



TABLE 6. RESULTS OF THE Ga EXPERIMENTS IN THE FO-DI-AN SYSTEM. 

Measured compositions of minerals and melts for the Ga series of experiments along 
with the partition coefficient D(Ga) and the exchange coefficient for Ga-Al. All 
analyses in weight percent. Total iron is reported as FeO. Experiments 4Q and 6M 
were run to test for equilibrium and their results are not included in averages, 
n.d. - not determined. 

• PORSTERITE-

Run No. 2A 

so2 

a?-
MgO 
CaO N%0 
Ga^Oj 

SlOn 
AI,O3 
FeO 
MgO 
CaO 
NajO 
Gap, 

2B 2C 2F SB 5DE 1.1F 
DIOPSIDE-

4A 4DE (4Q) 

D(Ga) 

D(Ga) 
D(AI) 

Run No. 

SiO, 

MgO 
CaO 
NajO Ga^Oj 

SiO? 

MgO 
CaO NajO 
GsjOj 

D{Ga) 

D(Ga) 
D(A1) 

41.74 41.90 42.09 41.53 42.26 41.69 41.78 41.29 54.64 53.38 53.14 54.54 
0.33 0.33 0.27 0.25 0.25 0.30 0.10 0.11 1.26 2.22 3.07 1.31 
0.097 0.090 0.14 0.10 0.075 0.077 0.04 0.04 0.20 0.29 0.34 0.04 

56.29 57.33 57.00 57.38 56.56 56.89 56.44 57.88 19.27 18.84 18.56 20.53 
0.48 0.53 0.52 0.59 0.58 0.61 0.64 0.62 24.81 24.57 23.56 22.41 
n.d. 0.05 0.02 0.02 n.d. n.d. n.d. 0.02 0.11 0.06 0.04 0.04 
0.100 0.090 0.108 0.075 0.064 0.054 0.018 0.018 0.082 0.171 0.248 0.288 

99.04 100.3 100.1 99.95 99.79 99.62 99.02 99.98 100.4 99.5 99.0 99.2 

COEXISTING LIQUID 

43.94 44.56 44.50 44.24 44.81 44.50 51.03 49.51 49.64 50.25 49.62 54.87 
18.78 18.30 18.30 18.83 18.58 18.09 13.36 13.52 9.91 12.66 13.38 10.03 

0.39 0.33 0.57 0.41 0.27 0.28 0.16 0.18 0.50 0.58 0.52 0.12 
13.17 14.20 12.92 11.35 13.04 14.70 13.51 14.94 14.87 12.0 11.49 13.49 
17.66 17.44 17.94 18.91 17.71 17.14 20.76 20.19 22.38 22.81 21.88 18.72 

2.67 1.55 2.64 2.49 1.99 0.78 n.d. 0.78 2.61 0.43 0.49 0.15 
2.82 3.02 3.02 3.11 2.94 2.99 1.076 1.45 0:607 0.914 1.044 2.118 

99.43 99.40 99.88 99.33 99.35 98.48 99.90 100.6 100.5 99.6 98.4 99.5 

0.035 0.030 0.036 0.024 0.022 0.018 0.017 0.012 0.14 0.19 0.24 0.14 
±0.013 ±0.007 ±0.007 ±0.015 ±0.011 ±0.006 ±0.007 ±0.012 ±0.04 ±0.01 ±0.05 ±0.04 

2.0 1.7 2.4 1.8 1.6 1.1 2.2 1.6 1.1 1.1 1.0 1.0 

• ANORTHITE- - SPINEL-

>. 3D 3F 3G 6A 6B 6C 6D (6M) 6A 6B 6C 6D (6M) 

45.29 43.97 45.72 45.08 45.45 44.21 42.59 44.22 0.15 0.12 0.12 0.11 0.14 
34.61 34.67 34.43 35.77 35.57 35.20 35.59 35.49 67.62 67.66 67.96 68.44 69.22 

0.11 0.14 0.11 0.09 0.09 0.08 0.10 0.10 0.95 0.90 0.92 0.91 0.96 
0.03 0.30 n.d. 0.02 0.02 0.03 0.04 0.03 28.67 28.91 28.88 28.77 28.39 

19.41 20.16 18.82 19.70 19.34 19.60 19.96 19.85 0.04 n.d. n.d. 0.02 0.07 
0.37 0.19 0.75 0.43 0.54 0.38 0.21 0.21 n.d. n.d. n.d. n.d. n.d. 
0.867 0.95 0.84 0.509 0.535 0.464 0.466 0.370 2.847 3.010 2.675 2.506 2.006 

100.7 100.4 100.7 101.6 101.4 99.97 98.96 100.3 100.3 100.6 100.6 100.8 100.8 

COEXISTING LIQUID 

45.92 47.98 45.85 45.81 46.05 44.86 44.37 44.79 45.81 46.05 44.86 44.37 44.79 
21.87 17.09 21.22 19.78 20.18 20.01 22.24 22.60 19.78 20.18 20.01 22.24 22.60 
0.43 0.49 0.44 0.45 0.43 0.48 0.47 0.52 0.45 0.43 0.48 0.47 0.52 
8.18 12.09 8.64 14.58 14.12 14.29 13.27 13.82 14.58 14.12 14.29 13.27 13.82 

20.54 22.04 20.27 17.76 17.58 17.57 17.87 17.76 17.76 17.58 17.57 17.87 17.76 
2.74 0.35 2.96 0.96 0.83 0.61 0.58 0.46 0.96 0.83 0.61 0.58 0.46 
0.943 1.00 0.97 0.594 0.620 0.594 0.578 0.537 0.594 0.620 0.594 0.578 0.537 

100.6 101.0 100.3 99.93 99.92 98.41 99.38 100.5 99.93 99.92 98.41 99.38 100.5 

0.92 0.96 0.87 0.86 0.86 0.78 0.80 0.69 4.8 4.9 4.5 4.3 3.7 
±0.02 ±0.10 ±0.04 ±0.06 ±0.06 ±0.07 ±0.10 ±0.06 ±0.26 ±0.19 ±0.18 ±0.31 ±0.28 

0.58 0.4 0.54 0.47 0.49 0.44 0.50 0.44 1.4 1.4 1.3 1.4 1.2 



TABLE 7. RESULTS OF THE Ge EXPERIMENTS IN THE FO-DI-AN SYSTEM. 

Measured compositions of minerals and melts for the Ge series of experiments, along with the partition coefficient D(Ge) 
and the coefficient for the exchange Ge-Si. All analyses in weight percent. Total iron is reported as FeO. Experiment 
35N was run to test equilibrium and is not included in averages, n.d. - not determined. 

Si02 

&?> 
MgO 
CaO 
Na,0 
Ge02 

SiC>2 

MgO 
CaO 
Na^ 
GeOz 

TOTAL 

D(Ge) 

D(Ge) 
D(Si) 

DIOPSIDE FORSTERUE — ANORTMTE- SPINEL 

i. 31AB 31C 34 AB 34C 32.1B 32CD 35AB 35C (35N) 33B 33C 36A 36B 36.1 A 

53.52 53.67 53.70 54.02 41.74 41.89 41.85 41.98 42.60 44.96 45.13 44.79 44.13 0.25 
2.26 1.84 1.99 1.32 0.26 0.12 0.04 0.09 0.04 33.77 35.35 35.87 35.34 70.73 
0.05 0.05 0.05 0.03 0.05 0.03 0.02 n.d. 0.08 0.02 0.03 0.01 0.01 0.14 

19.98 20.06 19.87 20.08 56.86 57.01 56.91 56.76 56.71 0.58 0.35 0.40 0.33 27.76 
23.38 23.57 24.33 23.85 0.39 0.47 0.50 0.58 0.47 19.93 19.87 19.83 19.69 0.06 

0.02 0.01 0.01 0.03 n.d. n.d. 0.02 0.02 n.d. 0.04 0.04 0.05 0.03 0.01 
1.10 0.98 1.18 1.35 0.048 0.222 0.576 0.612 0.516 0.81 0.75 057 0.60 0.058 

100.3 100.2 101.1 100.7 99.3 99.78 99.93 100.1 100.4 100.1 101.5 100.5 100.1 99.00 

COEXISTING LIQUID 

50.87 51.70 53.47 53.61 48.78 47.05 51.43 51.70 51.75 52.26 51.67 51.84 50.04 48.54 
12.81 12.59 12.87 11.61 19.34 20.16 14.24 13.97 12.11 16.86 18.62 20.36 20.47 22.66 
0.13 0.15 0.09 0.09 0.18 0.31 0.10 0.10 0.30 0.08 0.09 0.14 0.08 0.08 

14.19 14.77 11.79 12.86 14.50 14.92 15.31 15.51 16.07 12.00 11.71 14.06 15.28 17.99 
21.14 21.30 21.66 21.73 16.77 18.10 18.65 19.10 17.93 17.44 17.86 14.22 14.23 11.40 

0.05 0.04 0.06 0.01 n.d. 0.15 0.10 0.03 0.08 0.04 0.03 0.05 0.02 0.05 
0.756 0.67 0.82 0.93 0.075 0.342 1.011 1.022 0.870 1.74 1.54 1.02 1.17 0.536 

99.89 101.2 100.8 100.8 99.67 101.0 100.8 101.4 99.1 100.4 101.5 101.7 101.3 101.2 

1.5 1.5 1.4 1.4 0.64 0.65 0.57 0.60 0.59 0.47 0.49 0.56 0.51 0.11 
±0.06 ±0.08 ±0.09 ±0.05 ±0.12 ±0.08 ±0.14 ±0.02 ±0.04 ±0.03 ±0.03 ±0.04 ±0.02 ±0.03 

1.4 1.4 1.4 1.4 0.75 0.73 0.70 0.74 0.72 0.54 0.56 0.65 0.58 21 
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minerals and melt is expressed by D, defined as the weight ratio of the element in the 

crystal phase to that in the melt. The exchange coefficients are ratios of the partition 

coefficients for the two elements. The uncertainties of the partition coefficients were 

calculated from the uncertainties on the means of the electron microprobe oxide analyses 

as (<rx
2/y2 + x2ay

2/y4)1/2 where x and y are the concentrations in the solid and liquid phases 

respectively. A summary of the mean values of all experiments for the partition and 

exchange coefficients between the mineral phases and melt is given in Table 8. 

The mineral phases in Tables 6 and 7 are not pure stoichiometric endmember 

compositions. Forsterites typically contain small amounts of Fe and 0.5 weight percent 

of CaO. Diopsides contain 1 to 3 weight percent A1203 and anorthites contain minor 

MgO and Na20. All Fe has been calculated as FeO even though significant Fe203 is 

present at the ambient oxygen fugacity of the experiments. The minor element contents of 

the crystal phases mostly are within the ranges found in typical rock forming minerals 

(Deer et al., 1966) and so our results should be applicable to natural samples. The melt 

compositions cannot be mapped precisely onto the Fo-Di-An phase diagram because of a 

small deficit or surplus of Si02 in most samples and also because of the presence of 

minor amounts of Na^ and FeO. 

Tests for equilibrium 

All results are based on direct synthesis experiments, and equilibrium has not 

been demonstrated. However, in a given experiment, the crystalline phases showed both 

intergrain and intragrain homogeneity and the glass did not show compositional gradients. 

Zoning was not observed in any of the crystalline phases. Because the partition 

coefficients were reproduced based on analyses of different crystals within a single 

sample and also based on replicate experiments, it is likely that equilibrium was achieved 

in the experiments. In order to test for equilibrium we performed additional experiments 



TABLE 8. MEAN VALUES OF Ga AND Ge PARTITION AND 
EXCHANGE COEFFICIENTS. 

One standard deviation of the mean is given based on the results 
reported in Tables 6 and 7. 

Forsterite Diopside Anorthite Spinel 

D(Ga) 0.024±0.009 0.19±0.05 0.86±0.06 4.6±0.25 

D(Ga) 
D(A1) 
D(Ge) 

1.8±0.4 1.05±0.02 0.50±0.05 1.4+0.05 D(Ga) 
D(A1) 
D(Ge) 0.62±0.04 1.45+0.01 0.51+0.04 0.11±0.03 

D(Ge) 0.73±0.02 1.40±0.02 0.58±0.05 21±12 
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on three sample compositions. 

Two experiments were cooled from the superliquidus temperature to the run 

temperature of 1300°C and immediately quenched. These experiments (6M and 35N) 

were run in order to determine whether duration at the run temperature produced any 

effect on the measured partition coefficients. The values of D(Ga) between both 

anorthite/melt and spinel/melt in run number 6M (Table 6) are lower than in the other 

samples of the same starting composition, and these lower values may reflect a lack of 

equilibration in the immediately-quenched sample. Run number 35N produced a 

forsterite/melt partition coefficient for Ge which is in agreement with the results from the 

other samples. 

Another test of equilibrium was made by an attempt to reverse the partitioning of 

Ga between diopside and melt. Two samples of starting composition 4, one of which 

was undoped and the other doped with ~2% Ga203, were run from the superliquidus 

temperature to the run temperature of 1300°C and equilibrated for 4 hours. The resulting 

charges each contained a mixture of melt and diopside crystals. The analyses of the 

doped charge (4Q) is given in Table 6. The run products of the two charges were 

coarsely crushed and mixed in equal proportions, then re-introduced into the furnace at 

1300°C for 16 hours. The final run product consisted of a homogeneous glass containing 

~1% Ga203, crystal cores with no measureable Ga (residual crystals from the undoped 

charge), and crystals with cores containing ~0.27% Ga^g (residual crystals from the 

doped charge). Several of the residual crystals from the undoped charge had narrow rims 

containing from 0.04 to 0.09% Ga^j, and one residual crystal from the doped charge 

had a rim with 0.15% Ga203, indistinguishable from the value predicted by the results of 

the other diopside experiments. Diffusion gradients larger than about 2|j.m were not 

observed in detailed scans for Ga. Re-equilibration of diopside in this system apparently 
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is slow compared to the timescales of the experiment. The rim compositions which 

approach the predicted Ga value, both on doped and undoped residual crystals, may in 

fact be overgrowths on pre-existing crystals and not representative of partial diffusional 

re-equilibration of the crystals. Nevertheless, that they bracket the same partition 

coefficient as the unseeded direct synthesis experiments may be interpreted as indicating 

that the synthesis experiments closely approach equilibrium. 

Henry's law 

The partition coefficients in this study were measured at Ga and Ge 

concentrations which are greater than found in natural samples. Capobianco and Watson 

(1982) demonstrated that D(Ge) between forsterite and melt was constant over the range 

of 0.02 to 0.74 weight percent Ge02 in the melt, similar to the range in the present 

experiments. The electron microprobe measurements of Ge partitioning in sample 32. IB 

have been confirmed using the proton microprobe (PIXE) at Los Alamos National 

Laboratory (Malvin et al., 1986a). In addition there are preliminary PIXE results for one 

forsterite/melt pair (sample 22B) in which D(Ga) ~ 0.02 for 80 ppm Ga in the melt, two 

orders of magnitude lower than the Ga contents of the experiments reported here. On the 

basis of these observations, it is likely that Henry's law is obeyed for the partitioning of 

Ga and Ge between forsterite and melts. It is assumed that the present experimental 

partitioning results for each phase studied can be extrapolated reliably to the natural trace 

element levels for terrestrial rocks of approximately 2 ppm Ge and 20 ppm Ga (Prinz, 

1967; Burton et al., 1959; Bernstein, 1985). 

Substitution mechanisms 

The mechanism for Ga and Ge substitution in silicate minerals is presumed to be 

the direct replacement of Al and Si respectively in tetrahedral coordination. Gallium is 
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trivalent and has an ionic radius similar to A1 (Whittaker and Muntus, 1970), and Ge is 

similar to tetravalent Si. The Ga+3 ion is also similar to Fe+3 when in octahedral 

coordination, but the low Fe-contents of our experiments do not permit evaluation of the 

importance of this substitution. The substitution of Ga into both the olivine and 

clinopyroxene structures requires that charge balance occurs. Charge balance may be 

accomplished by site vacancies or by coupled substitutions. The addition of A1 to a 

diopside tetrahedral site may charge balance the incorporation of Ga. Within the melt we 

assume complete diadochy of Ga for A1 and Ge for Si. Gallium and Ge have been shown 

to replace A1 and Si in the structure of silicate melts of sodium alumino-silicate glasses 

(Matson and Sharma, 1985). The exchange coefficients summarized in Table 8 show 

that in the crystalline phases Ga and Ge are fractionated relative to A1 and Si, respectively, 

although the values for the exchange coefficients are approximately constant for each 

mineral/melt pair, and the values are within a factor of two of unity. 

Discussion 

Comparisons with previous work 

The measured partition coefficients strictly apply only to a limited range of 

"basaltic" compositions at high temperature. Despite this restriction, it is important to 

compare the present results with previous work where possible and to evaluate the factors 

which may influence the partitioning behavior of Ga and Ge. 

The only experimentally determined partition coefficients with which the present 

results can be compared are those for D(Ge) between forsterite and melt in the Fo-Di-An 

system (Capobianco and Watson, 1982). Their mean value for D(Ge) is 0.68+0.08, 

indistinguishable from the value of 0.62±0.08 from this study. Capobianco and Watson 

(1982) reported a mean value for the molar exchange coefficient of Ge for Si of 



0.93±0.11. The value of 0.73 from this study is reconciled with their result because their 

value is in fact the ratio of weight percent D(Ge) to molar percent D(Si) and not a full 

molar calculation as is implied in their paper (Capobianco, personal communication). 

The weight percent exchange coefficient (which is the same as the molar percent exchange 

coefficient) have been calculated from their data and the values are in the vicinity of 0.75, 

in agreement with the present experimental results. 

The remaining comparisons with previous work are all for partition coefficients 

measured in or inferred from natural samples. Harris (1954) measured the Ge content of 

whole rocks and individual phases of volcanic rocks. The partition coefficients for Ge 

have been calculated from those data. Most of the rocks in Harris (1954) are not basaltic 

in composition and have much more silica than the present experimental melts, but the 

sample with the most magnesian olivine (Fo73) has D(Ge)=0.67, which agrees with this 

study's experimental value. The value for D(Ge) between clinopyroxene and melt in that 

same sample is 1.49, and for plagioclase and melt is 0.50, both of which values are in 

agreement with the experimental data. 

Goodman (1972) measured the distribution of Ga in phenocrysts and 

groundmass in basic volcanic rocks. The values of D(Ga) for plagioclase/groundmass 

pairs vary from 0.84 to 1.27, for olivine/groundmass pairs from 0.04 to 0.05, and for 

pyroxene/groundmass pairs from 0.30 to 0.58 with a concentration of values around 

0.40. For the more anorthitic plagioclases in two samples of tholeiitic basalt from 

Iceland, the D(Ga) values are 1.0 and 0.95 with Ga-Al exchange coefficients of 0.52 and 

0.48. These findings are in excellent agreement with the present results. This study's 

value for D(Ga) between clinopyroxene and melt is a factor of two lower than the values 

determined by Goodman. This discrepancy is unresolved. However, it should be noted 

that Goodman also found a good positive correlation of Ga with Fe+3 in clinopyroxenes 



and this correlation may explain the higher value for the partitioning of Ga into 

clinopyroxene in the Fe-bearing natural samples. 

For the ultramafic rocks of the Ronda peridotite, which are interpreted as 

residues from the melting of an olivine rich source region, Frey et al. (1985) showed that 

Ga is linearly inversely correlated with MgO, and they inferred a bulk solid/liquid D(Ga) 

of 0.12. The result for D(Ga) between forsterite and melt from the present investigation 

is a factor of 4 lower, suggesting that an additional phase is exerting control on the 

distribution of Ga in the rocks of the Ronda peridotite. The Ronda rocks have roughly a 

percent or two of modal spinel, an amount that readily can account for the bulk rock 

D(Ga) value. 

Yurimoto and Sueno (1984) have measured by secondary ion mass spectrometry 

the amounts of Ga a plagioclase phenocryst (An79) and the groundmass of a quenched 

glass from a mid-ocean ridge basalt. They have reported D(Ga)=0.58, with an exchange 

coefficient for Ga-Al of 0.34, both of which values are lower than the present 

experimental results and the range measured by Goodman (1972). These lower values 

may be a result of the normalizations employed in the reduction of the SIMS data. 

Alternatively, these lower values may reflect the effect of bulk composition or temperature 

on the partitioning of Ga as discussed below. 

Paster et al. (1974) inferred values for Ga partitioning between plagioclase and 

residual liquid in the Skaergaard intrusion. Their method assumed fractional 

crystallization of a basaltic magma. Iterative calculations were performed to optimize fits 

to the measured concentrations of 16 elements in 6 rocks and 12 mineral separates, 

varying such parameters as bulk magma composition, zone size and mineralogy, relative 

proportions of cumulus to adcumulus material, and partition coefficients. Their mean 

value of D(Ga) between plagioclase and melt is 1.7 with a 50% relative uncertainty, a 
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result which is at best marginally in agreement with this study's value of 0.86. For 

magnetite/melt partitioning Paster et al. infer D(Ga)=2.0, where Ga+3 substitutes for Fe+3 

in the inverse spinel structure. The present investigation has found that Ga is compatible 

in spinel sensu strictu with a partition coefficient of 4.6. 

Harris (1954) and Hormann (1963) suggested that Ge crystal/melt partition 

coefficients increase in order of tecto-, phyllo-, ino- and nesosilicates as predicted by 

Wickman (1943), although there was some ambiguity in the relative behavior of 

nesosilicates and inosilicates. The new experimental results fail to corroborate the 

general prediction of Wickman (1943), since in this study D(Ge) for diopside/melt is 

1.45, which is greater than the forsterite/melt value of 0.62. This result is consistent, 

however, with Harris' (1954) mineral separate analyses for olivine and pyroxene. 

Effects of composition on partitioning 

The effect of composition on partitioning of Ga and Ge was investigated by the 

choice of two different bulk starting compositions for each crystal/liquid measurement 

(except for spinel). Inspection of Tables 6 and 7 shows that in general there is no 

resolvable effect of minor changes in melt composition on D(Ga) or on D(Ge) within the 

formal uncertainties of the analyses. Two exceptions are D(Ga) in diopside/melt and in 

anorthite/melt. The value of D(Ga) between diopside and melt varies sympathetically with 

the A1203 content of both the mineral and melt (Table 6), even though the exchange 

coefficient of Ga for Al remains nearly constant. In comparing experiments 3D, 3F, and 

3G there is a direct variation of D(Ga) between anorthite and melt with the A1203 content 

of both phases. Such a correlation seems reasonable on general geochemical grounds. In 

contrast, Vincent and Nightingale (1974) found in Skaergaard rocks no direct relationship 

between Al (anorthite) contents of plagioclase and their Ga contents. The increase in Ga 

in feldspars in later rocks from the intrusion was inferred to be a consequence of an 
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increase in the Ga/Al ratio of the magma. The value of D(Ga) between anorthite and melt 

varies from a low value of 0.78 in sample 6C to a high value of 0.96 in sample 3F. The 6 

series of experiments show lower D(Ga) values for anorthite than do the 3 series 

experiments, and this may be due to minor departures from equilibrium in the presence of 

spinel in the 6 series experiments since spinel concentrates Ga. 

In their experimental study, Capobianco and Watson (1982) demonstrated that 

D(Ge) between forsterite and melt is slightly inversely related to the mole fraction of Si02 

in the melt. A comparison of the melt compositions of the present study's experiment 

32CD with 35AB and 35C support this observation although the uncertainly in the present 

measurements is large. 

Although data from natural rocks and experimental samples provide conflicting 

evidence, it may be stated conservatively that small changes in melt composition should 

have a negligible affect on the numerical values of Ga and Ge partition coefficients. 

Petrologic Applications of Ga and Ge 

General principles 

Inspection of the mean values for partition and exchange coefficients (Table 8) 

leads to the following generalizations concerning the effects of mineral fractionation on 

the composition of basaltic melts. Plagioclase fractionation from a melt produces a small 

increase in the Ga concentration in the liquid and causes a larger increase in the Ga/Al 

ratio. Diopside and olivine fractionations cause the Ga content of the liquid to increase, 

with little effect on the ratio Ga/Al. Spinel fractionation causes Ga to decrease rapidly in 

the liquid and causes a decrease in the liquid Ga/Al ratio. 

For Ge, plagioclase and olivine fractionation from a melt produces an increase in 

the Ge content of the melt, with a concomitant increase in the Ge/Si ratio. Diopside 
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crystallization causes both the Ge content and the Ge/Si ratio of the melt to decrease. 

Spinel fractionation causes the Ge content of the melt to increase but, because of the small 

magnitudes of the Ge and Si partition coefficients, the Ge/Si ratio in the melt remains 

roughly constant in spite of the large value of the Ge-Si exchange coefficient. 

A more detailed interpretation of compositional data from natural samples must 

address the question of the composition of the magma source material during partial 

melting and also the question of changes in the composition of the magma itself by 

processes such as crystal fractionation. For example, the interpretation of the data in 

commonly used bivariate plots such as Ga vs. La , Ga vs. A1, Ge vs. La, or Ge vs. Si 

can be aided by examination of the trends which would be produced by fractional 

crystallization and partial melting of different minerals. Lanthanum is often chosen for 

comparison because it is an incompatible lithophile element whose behavior during silicate 

melting and crystallization is well understood. The trends for the compositional 

evolution of a melt during endmember mineral fractional crystallization are illustrated 

schematically in Figure 7. Figure 8 shows the change in melt composition during batch 

partial melting of the endmember minerals. 

The trends which olivine or diopside fractional crystallization exert on Ga vs. A1 

and on Ga vs. La are approximately of slope unity (Fig. 7). Anorthite fractionation 

produces trends with a shallow negative slope on the Ga vs. A1 plot and a shallow 

positive slope on the Ga vs. La plot. In contrast, the effect of spinel fractionation on Ga 

concentrations is large. 

Forsterite and anorthite fractional crystallization produce positive slopes on both 

Ge vs. La and Ge vs. Si diagrams, whereas diopside crystallization produces a nearly 

vertical decreasing trend versus Si and a negative slope versus La. Spinel crystallization 

produces slopes near unity on the Ge vs. La and Ge vs. Si diagrams. Bulk partition 
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FIGURE 7. EVOLUTION OF Ga, Al, Ge, AND Si DURING 
FRACTIONAL CRYSTALLIZATION. 

Schematic vector diagrams of Ga vs. Al, Ga vs. La, Ge vs. Si, and Ge vs. La 
showing the compositional evolution of a hypothetical magma during fractional 
crystallization of the individual mineral phases forsterite, diopside, anorthite, and 
spinel. Tick marks on the trends are for fraction crystallized = 0.5. Lanthanum 
partition coefficients are from Irving (1978). 
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FIGURE 8. EVOLUTION OF Ga, Al, Ge, AND Si DURING 
EQUILIBRIUM MELTING. 

Schematic diagrams of Ga vs. Al, Ga vs. La, Ge vs. Si, and Ge vs. La showing 
the compositional evolution of a hypothetical magma during equilibrium melting 
of the individual mineral phases forsterite, diopside, anorthite, and spinel. 
Lanthanum partition coefficients are from Irving (1978). 
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coefficients of order unity, such as inferred from natural systems, can be produced by a 

combination of crystallizing phases in the Ge vs. La and Ge vs. Si diagrams. 

The plots of melt evolution during equilibrium partial melting of the endmember 

minerals (Fig. 8) are complementary to the fractional crystallization trends (Fig. 7). 

Because the pure endmember slope for spinel fractional crystallization on the Ga plots is 

steep, a bulk mantle/basalt partition coefficient for Ga of near unity can be produced if the 

mole fraction of spinel in the source region is around 0.1 to 0.2. For Ge the melt does 

not depart far in Ge concentration relative to the initial solid composition except in the case 

of spinel partial melting. Even so, a bulk mantle/basalt Ge partition coefficient of near 

unity is readily obtainable. 

Mean mantle/magma partition coefficients for Ga and Ge can be estimated using 

the mineral/melt pairs of this study. Consider a spinel peridotite source region in which 

olivine and pyroxenes are the most abundant and spinel is the least abundant of the 

residual phases. A residual source region with 60% olivine, 30% clinopyroxene and 10% 

spinel would have mean mantle/magma partition coefficients of 0.80 for Ge and 0.53 for 

Ga. This result is fairly insensitive to the olivine/pyroxene ratio in the source region. A 

residual source region with 30% olivine, 60% clinopyroxene and 10% spinel has mean 

mantle/magma partition coefficients of 1.04 for Ge and 0.58 for Ga. Although the 

partitioning of Ga and Ge between orthopyroxene and melt has not been measured, 

crystal chemical considerations suggest that the Ga and Ge partition coefficients are likely 

to be included within the range of the diopside/melt and forsterite/melt partition 

coefficients. 

Given these general predictions for the behavior of Ga and Ge during igneous 

processes, the discussion now moves on to a broad interpretation of data from actual 

samples in the context of the present experimental results. The two principal phenomena 
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which will be considered are the mineralogic controls on the differentiation of several 

series of basic igneous rocks, and the differences in source region compositions for 

basalts from different localities and planetary bodies. Because there are relatively few 

literature data for Ge and because the range in Ge concentrations generally is small, most 

of the discussion will focus on Ga variations. 

Mean Mantle / Magma partitioning 

Elemental correlations such as La-Ga (Fig. 9) and La-Ge (Fig. 10) for basalts and 

ultramafic nodules from the Earth are consistent with mean mantle/magma partition 

coefficients of approximately 0.7 for Ge and 0.4 for Ga, if basalts are generally derived 

by equilibrium partial melting from the mantle. The overall slope for terrestrial basalts on 

the plot of Ga vs. La is very shallow and indicates that a phase in addition to olivine must 

be exerting control on the Ga vs. La trend. Fractionation or melting of spinel in 

conjunction with olivine can produce the low slope. The overall trend for Ge is consistent 

with the partition coefficients and the schematic trends illustrated in Figures 7 and 8. The 

fact that both the Ga/La and Ge/La ratios in the Earth are significantly lower than 

chondrites is a consequence of their siderophile behavior during core formation and/or of 

their relative volatility during planet formation (Drake, 1983; Treiman et al., 1986). 

Komatiites 

The komatiites from Alexo and Gorgona show a Ga-La slope of nearly unity 

(Fig. 9). This slope is consistent with control solely by olivine as has been inferred based 

on other element correlations (Briigmann, 1985). The Alexo komatiite Ga-La trend (Fig. 

9) is significantly lower in Ga than the general trends in the other terrestrial samples and 

probably represents a different source region composition or a different residual phase 

assemblage. 
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FIGURE 9. LOG Ga VERSUS LOG La FOR TERRESTRIAL PERIDOTITES 
AND BASALTS, BASALTS FROM THE SHERGOTTITE PARENT BODY, 
AND BASALTS FROM LUNAR MARIA. 

The reference line shows the ratio in CI chondrites. Unshaded regions represent 
different families of terrestrial basaltic samples. Heavy shading represents 
terrestrial ultramafic samples. Light shading represents lunar mare basalts. The 
Shergottite Parent Body samples are: A,B - EETA79001 lithologies A and B; 5 -
ALHA77005; S - Shergotty; Z - Zagami; N - Nakhla; C - Chassigny. Data 
sources are listed in Appendix B. 
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FIGURE 10. LOG Ge VERSUS LOG La FOR VARIOUS BASALTIC ROCKS 
AND PERTDOTITE t SAMPLES. 

The Ge depletion in Chassigny is much greater than can be explained by silicate 
mineral fractionations. Unshaded regions represent different families of terrestrial 
basaltic samples. Heavy shading represents terrestrial ultramafic samples. Light 
shading represents lunar mare basalts. The Shergottite Parent Body samples are: 
S - Shergotty; Z - Zagami; N - Nakhla; L - Lafayette; C - Chassigny. Data sources 
are listed in Appendix B. 
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Hawaiian basalts. 

Wasson and Baedecker (1970) determined in a series of Hawaiian rocks that the 

Ga content increased with degree of differentiation from 17 to 27 ppm while Ge remained 

constant at around 1.6 ppm. Figures 7 and 8 illustrate that significant Ga variation and 

lack of Ge variation can be explained if subequal amounts of olivine and clinopyroxene 

are the major fractionating phases in these lavas. 

Mid-ocean ridge basalts 

Seven samples of mid-ocean-ridge basalts (Hertogen et al., 1980) display slightly 

negative correlations of both Ge with La and Ge with Si (Figs. 10 and 11), although Ge 

concentrations in all seven samples are within 15% of the mean value of 1.5 ppm. The 

slight negative slope is consistent with cocrystallization of clinopyroxene, olivine, and 

plagioclase from a magma, with clinopyroxene being modally most abundant (Fig. 7). 

Such a crystallizing phase assemblage is consistent with phase equilibrium studies of 

mid-ocean ridge basalts (Walker et al., 1979). Our experimental results rule out direct 

derivation of these seven mid-ocean ridge basalts magmas from sources containing 

variable amounts of residual modal spinel. With respect to Ge, the mantle source regions 

of these seven samples appear homogenous. 

Columbia River basalts 

In general, terrestrial basalt data show an overall olivine differentiation trend of 

slope unity for Ga vs. Al (Fig. 12). However, individual suites of basalts show evidence 

of fine structure in the compositional trends. For example, eight of the ten Columbia 

River basalts (Basaltic Volcanism Study Project, 1981) correlate on the Ga-Al (Fig. 13) 

plot with a slope of -1.6, while the Ga-La trend is only slightly greater than unity. The 

endmember anorthite fractionation slopes are -0.2 for Ga-Al and 0.16 for Ga-La, similar 
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FIGURE 11. SEMILOG PLOT OF Ge VERSUS Si FOR VARIOUS 
BASALTIC ROCKS AND TERRESTRIAL PERIDOTITES. 

An inverse correlation exist for seven samples of mid-ocean-ridge basalt (Hertogen 
et al., 1980). Unshaded regions represent different families of terrestrial basaltic 
samples. Heavy shading represents terrestrial ultramafic samples. Light shading 
represents lunar mare basalts. The Shergottite Parent Body samples are: S -
Shergotty; Z - Zagami; N - Nakhla; C - Chassigny. Data sources are listed in 
Appendix B. 
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FIGURE 12. LOG Ga VERSUS LOG Al FOR VARIOUS BASALTIC 
ROCKS AND TERRESTRIAL PERIDOTITES. 

Unshaded regions represent different families of terrestrial basaltic samples. 
Heavy shading represents terrestrial ultramafic samples. Light shading 
represents lunar mare basalts. The Shergottite Parent Body samples are: 
A,B - EETA79001 lithologies A and B; 5 - ALHA77005; S - Shergotty; 
Z - Zagami; N - Nakhla; C - Chassigny. Data sources are listed in Appendix B. 
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FIGURE 13. LINEAR DETAIL OF Ga VERSUS Al. 

The fields or data points for various basalt samples are indicated. An estimate of 
the mean crustal abundance of Ga and Al (Taylor and McLennan, 1985) is 
indicated by ©. 



to but not exactly reproducing the observed Columbia River basalt trends. It appears as if 

plagioclase were controlling part of the Ga and A1 content of the basalt magmas. These 

samples are demonstrably not comagmatic and the hypothesis of plagioclase control is 

difficult to evaluate. These basalts are the only suite of rocks for which the Ga-Al 

systematics show a decrease in Ga relative to a gain in Al. An estimate of the mean 

crustal abundances of Ga and Al (Taylor and McLennan, 1985) plots near one end of the 

Columbia River basalt trend and is consistent with the postulate that some of these basalts 

are contaminated with a large crustal component (Carlson et al., 1981). 

Source region variations 

A review of the literature data shows that the ratio Ga/Al can be significantly 

different between different basalt provinces whereas the ratio Ge/Si does not show much 

variation. Because of the general coherence of Ga/Al and Ge/Si during igneous 

differentiation processes these ratios may be used in order to investigate the homogeneity 

of the source regions for various basaltic rock suites and also as a means of discriminating 

different residual source region compositions among basaltic rocks from different 

localities. 

De Argollo and Schilling (1978a) suggested that the ratio of Ge/Si in basalts 

might prove useful as an indicator of mantle sources and provide a measure of 

heterogeneity in the upper mantle. Differences in the Ga/Al and Ge/Si ratios between the 

mantle sources of basalts from Iceland and from the Reykjanes Ridge have been 

demonstrated (De Argollo and Schilling, 1978b). 

The four samples of continental flood basalt from Svartenhuk and three from 

Baffin Island (Clarke, 1970) each show linear correlations for log Ga versus log Al (Fig. 

13), presumably because olivine and/or clinopyroxene, or spinel are controlling the Ga 

differentiation. These two suites of basalts are different in their ratios of Ga/Al, again 
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demonstrating differences in the compositions of their parent magmas and, hence, source 

regions. The separation of the two trends is along the direction that reflects control by 

plagioclase. Lower still in Ga/Al ratio (Fig. 13) are ten of the twelve samples of island 

arc basalts. These island arc basalts are relatively high in A1 and, relative to other basalt 

provinces, may not be significantly depleted in Ga. The absence of Ge data for the same 

samples makes further analysis difficult, and emphasizes the importance of obtaining data 

for a large number of elements on the same suite of rocks. 

Lunar samples 

In Apollo 15 olivine- and pigeonite-phyric mare basalts the abundance of Ge 

varies from 2 to 9 ppb and is not correlated significantly with either other siderophile or 

volatile elements (Wolf et al., 1979). The Ge abundance variation in seven Apollo 12 

mare basalts is from 0.7 to 6.5 ppb (Warren et al., 1986). This range in Ge contents 

(Figs. 10 and 11) is greater than that seen in individual suites of terrestrial basalt samples. 

The present experimental results suggest that extensive partial melting and/or 

crystallization are not capable of producing the relatively large range observed for Ge in 
% 

lunar basalts. The reduced oxidation state of lunar magmas may affect the partitioning of 

Ga and especially Ge, since metal is a stable sub-solidus phase in many lunar basalts. 

However, the lack of a good correlation of Ge with siderophile elements in the mare 

basalts seems to rule out variable sampling of metal as a cause for the range in Ge 

contents. The enrichment of Ge in some lunar glasses may be due to volatility enrichment 

from fumarolic volcanism (Chou et al., 1975), but such volatile elements are surface 

correlated on the glasses, leading us to doubt that the range in Ge concentrations in mare 

basalts is due to a similar cause. If the source of the surface-correlated volatiles is distinct 

from the magma source and contains Ge then it is possible that the mare basalts have been 

contaminated with variable amounts of Ge from this source. The range of Ge abundances 



may also reflect the variation of Ge in the mare basalt mantle source regions. This 

conclusion is important in that it supports the hypothesis that significant variations in Ge 

abundances in the lunar mantle are indicative of an incompletely molten initial state for the 

Moon (Dickinson and Newsom, 1985). An incompletely molten initial state for the Moon 

places constraints on the mechanisms of lunar assembly. In particular, if the Moon 

originated as a result of a giant impact of a Mars-sized object on the Earth, an increasingly 

popular although still unproven hypothesis (see Origin of the Moon, 1986), the initially 

molten or vaporized ejecta must have cooled to a sufficiently low temperature to preserve 

any heterogeneities in Ge concentrations created or not erased by the impact. 

SNC meteorites 

The shergottites, nakhlites, and Chassigny (collectively the SNC meteorites) may 

be samples of Mars (Bogard and Johnson, 1983). Chassigny, an olivine cumulate rock, 

and Nakhla, an augite cumulate, are each depleted in Ga relative to the shergottites, which 

are plagioclase and augite cumulates (Figs. 9 and 12). The lower Ga content of 

Chassigny reflects the fact that Ga does not partition into olivine and the depletion of Ga 

in Chassigny is similar to that seen in terrestrial ultramafic rocks. The SNC meteorites 

follow a trend which is similar to the terrestrial trend on the Ga vs. A1 plot (Fig. 12). The 

small enrichment of Ga in the sources of the SNC meteorites relative to the mantle sources 

of terrestrial basalts is in general consort with the enrichment of other volatile elements in 

those meteorites, and seems to represent a property of the parent planet (e.g., Treiman et 

al., 1986). 

On the plot of Ga vs. La (Fig. 9) we see that the two lithologies of shergottite 

EETA 79001 can be related by olivine fractionation or assimilation as has been suggested 

previously (McSween and Jarosewich, 1983). Chassigny and Nakhla are separated along 

a trend which also is consistent with olivine control. 
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An aluminous phase has been suggested to be residual in the Shergottite Parent 

Body mantle and garnet has been posited because of its ability to fractionate the rare earth 

elements. It should be noted that the Ga-La-Al systematics of the SNC meteorites (Figs.9 

and 12) are consistent with spinel being the aluminous residual phase, although in the 

absence of partitioning data the role of garnet we can not be evaluated. 

Germanium concentrations in the SNC meteorites span a much larger range than 

can be explained by silicate mineral/melt partitioning (Figs. 10 and 11). Relative to the 

Ge contents of the shergottites (Shergotty and Zagami), the two nakhlites (Nakhla and 

Lafayette) are enriched in Ge by a factor of 3.5, while Chassigny is depleted in Ge by a 

factor of 17. The high Ge content of the nakhlites is in the direction expected for 

pyroxene accumulation from a magma, while the low Ge content of Chassigny is in the 

•direction expected for olivine accumulation, but the magnitudes of the enrichments and 

depletion exceed those predicted on the basis of our experimental results. 

The large range of Ge concentrations is all the more suprising in the context of 

other siderophile and chalcophile elements. There is general agreement that siderophile 

and chalcophile elements in the shergottite parent body are homogeneously distributed 

(excepting Ge, of course). On the basis of element suites which did not include Ge, both 

Laul etal. (1986) and Treiman etal. (1986,1987) concluded that the Shergottite Parent 

Body accreted homogeneously, with siderophile and chalcophile element abundances 

being established by equilibrium with solid metal and/or S-bearing metallic liquid during 

core formation. In this context, the Ge data are a puzzle. 

There is not yet a convincing explanation for the spread in Ge abundances in the 

SNC meteorites, but it should be noted that the extremely low Ge content of Chassigny 

(Treiman etal., 1986) correlates with the lower concentrations of chalcophile elements 

(Se,Be,Cu, Ag) relative to the nakhlites and shergottites, but does not correlate well with 
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its contents of siderophile elements. It would be useful to have a replicate analysis of Ge 

for Chassigny. In terrestrial settings Ge is chalcophilic in the hydrothermal stage of 

magmatic processes, and is incorporated into sulfide minerals (Bernstein, 1985). The 

Chassigny parent magma was slightly hydrous (Floran et al., 1978), and the parent body 

of the SNC meteorites is known to be depleted in chalcophile elements (Wanke and 

Dreibus, 1984). Newsom (1980) and Newsom et al. (1987) have speculated that 

hydrothermal processes may have been active on Mars. The source region or parent 

magma of Chassigny may have lost Ge to a sulfur bearing phase in a spatially and 

temporally local event. 

Summary 

The partition coefficients for Ga and Ge between basaltic melts and the common 

silicate phases olivine, clinopyroxene, plagioclase, and spinel have been determined 

experimentally in the pseudoternaiy system forsterite-anorthite-diopside. As anticipated 

on crystal-chemical grounds, Ga is incompatible in the Al-poor phases olivine and 

clinopyroxene, is only slightly incompatible in plagioclase, and is strongly compatible in 

spinel (Table 8). Germanium is strongly incompatible in spinel, as anticipated by the 

absence of Si in that mineral. The mineral/melt partition coefficient for Ge is within a 

factor of two of unity for olivine, clinopyroxene, and plagioclase (Table 8). The 

exchange of Ga for Al and Ge for Si has also been measured. It has been shown that the 

coherence of these element pairs may be used to identify the principal fractionating phases 

responsible for geochemical diversity in magmas and residues, and may be used to 

discriminate between different mantle source compositions and modes from which 

magmas were derived. Application of these experimentally determined partition 

coefficients to natural samples suggests that komatiites sampled terrestrial source regions 

which were somewhat heterogeneous with respect to Ga. Mid-ocean ridge basalts are 
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consistent with derivation from a magma fractionating clinopyroxene, olivine, and 

plagioclase, but could not have been produced as primary magmas from a mantle source 

containing residual spinel. Given that D(Ge) is near unity for all mineral/melt pairs except 

spinel/melt, the variations in Ge contents of lunar mare basalts indicates that the mare 

basalt source regions differ in Ge content as the lunar mantle is unlikely to have large but 

variable modal quantities. of residual spinel. This observation may preclude the 

hypothesis that the Moon was ever homogeneously molten, and places constraints on 

hypotheses of lunar origin. The large range of Ge contents in the SNC meteorites is 

surprising in view of the apparent homogeneity of other siderophile and chalcophile 

elements, and one speculation is that its cause is related to some temporally and spatially 

local phenomenum such as hydrothermal activity. More detailed modeling of the SNC 

meteorites and natural samples will be justified when information concerning the possible 

dependencies of D(Ga) and D(Ge) on both temperature and melt bulk composition are 

available. Partitioning data for other phase pairs (e.g., garnet/melt) and for other 

elements are sorely needed, as are more high quality analytical data on natural samples, 

for example, Ge concentrations of lunar basalts from other landing sites. 



CONCLUDING REMARKS 

The two investigations which comprise this thesis have each added to the 

literature of experimentally determined partition coefficients for siderophile elements from 

which future investigations will be able to draw when considering petrogenetic models of 

planetary differentiation. 

In the Fe-Ni-S-P system this work has verified the utility of the "static" 

equilibration experimental technique for measuring equilibrium values of partition 

coefficients in metallic systems. In contrast, the partition coefficients inferred from the 

results of "dynamic" crystallization experiments have been repudiated. This study also 

has verified that partition coefficients in the Fe-Ni-S-P-X system can be interpolated from 

the results obtained in the simpler Fe-Ni-S-X and Fe-Ni-P-X systems. 

In the forsterite-anorthite-diopside system this work has produced the first 

internally consistent set of Ga and Ge partition coefficients between silicate minerals and 

basaltic melts. The application of the results to the interpretation of natural basaltic and 

mantle samples from the Earth, Moon, and Shergottite Parent Body has provided an 

augmentation to the tools available to future investigations of the differentiation of these 

planets. 

Future Directions 

The study of partitioning in metallic systems was motivated by the need to 

understand more fully the petrogenesis of iron meteorites. Given the demonstration of the 

reliability of the "static" experimental technique and the ability to model partition 

coefficients in the Fe-Ni-S-P system, there are three main areas open to future research. 

The first area concerns the parameterization of partition coefficients in metallic 
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systems. Progress recently has been made along this front by the development of a 

nonmetal-avoidance model for elemental partitioning in the Fe-Ni-S-P system (Jones and 

Malvin, 1986). 

The second area for futher investigation deals with modelling the formation of 

iron meteorites using the parameterizations of experimental partition coefficients. 

Although ten of the thirteen groups of iron meteorites probably formed by fractional 

crystallization of initially homogeneous cores, there are details of elemental fractionations 

which have not been solved concerning the simultaneous modeling of Ge and Ir. In 

addition, it is necessary to consider all of the groups of iron meteorites when modelling 

their formation (Malvin et. al., 1986b). 

The third area of investigation of metallic systems which should follow on this 

study concerns experimental determinations of partitioning for additional elements, such 

as Cr and W, and the investigation of more complex systems, for example by adding C to 

the metallic liquid or by equilibrating solid metal and metallic liquid with other phases 

such as silicates or oxides. 

In the silicate system studied in this thesis, the experiments on Ga and Ge » 

provide a groundwork in the techniques necessary for further study of the partitioning of 

highly siderophile elements such as Ir and Au between minerals and melts. Work along 

these lines has been initiated (Malvin et al., 1986a). The Ga and Ge experiments have 

also provided a basis for the evaluation of the utility of the relatively new analytical 

techniques of proton microprobe and synchrotron x-ray fluorescence microprobe as 

applied to experimental partitioning. Much of the future of experimentally determined 

partition coefficients will need to rely on these sensitive analytical techniques. 



APPENDIX A 

PARAMETERIZATIONS OF PARTITION COEFFICIENTS IN THE 

Fe-Ni-S-P SYSTEM. 

Equations for the calculation of partition coefficients from Jones and Drake 

(1983) and Sellamuthu and Goldstein (1985a). 

Jones and Drake (1983): 
(1) D(Ni) = 9.4 x 10'3 x ]CS + 0.00716 x sCNi + 0.826 !CS < 15% 

(2) D(Ni) = (0.035 x !CS + 0.505) + (0.826 + 0.00716 x sCNi) - 0.88 JCS > 15% 

(3) D(Ge) = 0.58 x EXP(0.068 x !CS + 0.039) 

+ 1.06 x !CP xD(P) JCS < 15% 

(4) D(Ge) = 0.58 x EXP(0.154 x ]CS - 1.247) 

+ 1.06 x !Cp x D(P) 15% < !CS< 25% 

(5) D(Ge) = 0.58 x EXP(0.523 x 'cs - 10.433) 

(8) D(P)*= 0.1 x EXP(0.0033 x ('Cs)2) 

* Revised D(P) which incorporates 1150°C experiments reported herein. This equation 

holds over the entire measured range of S concentrations in the liquid. 

Sellamuthu and Goldstein (1985a): 

(9) D(Ni) = 0.9 + EXP(0.23 x 'Cs x ('Cp)0-1 - 5.94) 

(10) D(Ge) = EXP(-0.2 + 0.99 x ]CS - 0.9 x *Cp) 

(11) D(P) = EXP(-3.0 + 0.8 x (1CS)0 4 / ('Cp)0 24) 

+ l.Oex'CpXD^) 

(6) D(P) = 3.3 x 10"3 x tg + 0.09 

(7) D(P) = EXP(6.3 x 10"3 x (]CS)2 - 3.39) 

lCs > 25% 
!CS < 15% 

'Cs > 15% 
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APPENDIX B 

SOURCES OF DATA USED IN CONSTRUCTING FIGURES 9,10,11,12 AND 13. 

Basaltic Volcanism Study Project (1981) 

Briigmann (1985) 

Clarke (1970) 

De Argollo and Schilling (1978a) 

De Argollo and Schilling (1978b) 

Frey etal.. (1985) 

Goodman (1972) 

Hertogen et al. (1980) 

MacDonald and Katsura (1964) 

Morgan et al. (1980) 

Schilling (1973) 

Schilling and Winchester (1969) 

Taylor and McLennan (1985) 

Treiman etal. (1986) 

Warren et al. (1986) 

Wasson and Baedecker (1970) 

Wolf et al. (1979) 
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