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Abstract 

Several scenarios set forth to explain the siderophile element abundance patterns 

in the mantles of the Earth and the Moon involve the segregation of Ni-rich metal to the 

cores of those bodies under oxidizing conditions. To test these models, the partition 

coefficients of Ni, Co, Mo, W, P, and Ga between basaltic liquid, Ni-rich metal, and Ni

rich sulfide were experimentally determined under a wide range of oxygen fugacities. 

The partition coefficients are then used in mass balance calculations to test these 

scenarios involving oxidizing conditions during the formation of both the Earth's and the 

Moon's cores. The results show that the siderophile element pattern in the Earth's mantle 

is consistent with a late stage segregation of a small fraction of metal that consists of 

approximately 70% Ni at low degrees of partial melting of the silicates. This result is not 

consistent with the early Earth being substantially molten as the result of a giant impact to 

form the Moon. The results for the Moon show that the siderophile element pattern in the 

lunar mantle is consistent with the segregation of a small Ni-rich core at high degrees of 

melting of the silicates if some elements are initially depleted by some other process-

presumably volatility during a giant impact. The high degree of partial melting of 

silicates is consistent with the postulated magma ocean on the Moon. 



Chapter 1 

Introduction 
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In the late 1800's the first proposals that the Earth may have a large Fe-Ni core 

were made based on the high density of the Earth and the existence of iron meteorites, 

and in the early 20th century, seismic studies proved the existence of a large metallic core 

(see review by Brett [1976] and references therein). The next significant advance in the 

study of the core occurred with that recognition that the core was composed not entirely 

of Fe and Ni, but also contained about 15% of a light element [Birch, 1952, MacDonald 

and Knopoff, 1958] The exact identity of this light element remains elusive, but the 

currently favored candidates are 0 and S [Newsom and Sims, 1991]. In the past, Si has 

also been a serious contender [MacDonald and Knopoff, 1958, Ringwood, 1966, Wanke, 

1981]. Of course, the light element could actually be a combination of all these elements. 

From the beginning, theories about the formation and composition (i.e., identity of 

the light element) of the core have been intertwined with theories about the accretion of 

the Earth. Most of the earliest work concentrated on whether the Earth accreted 

heterogeneously [for example Turekian and Clark 1969] or homogeneously and in 

homogeneous accretion scenarios whether the Earth accreted hot [for example Murthy 

and Hall, 1970,and Ringwood, 1966] or cold [for example, Urey, 1952]. It should be 

noted that in the context of these early models the distinction between homogeneous and 

heterogeneous accretion is different from the distinction in these same terms used today. 

In the early models, homogeneous accretion generally refers to accumulation of the earth 

from pure chondritic material with fine grains of metal interspersed uniformly throughout 

or in one case [Ringwood, 1966] pure chondritic material with no free metal with 
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reduction of oxidized Fe to metal occurring after accretion. In cool scenarios, the Earth 

accretes slowly. After accretion, heat eventually builds up from radioactive decay, and 

the core segregates. In hot scenarios, accretion of the Earth is rapid and energetic 

providing heat for melting which allows the metal to coalesce and sink to form the core. 

In the early heterogeneous models, the metallic core of the earth accretes first condensing 

directly from the nebula. Silicates then accrete around the core. Although there are 

numerous problems with the heterogeneous or layered accretion models, one significant 

one is that there is no way for a light element to enter the core because metal that 

condenses directly from the nebula will necessarily be pure Fe, Ni and Co [Grossman and 

Larimer, 1974] Thus, homogeneous accretion models became favored over 

heterogeneous models, and hot homogeneous accretions models became favored over 

cool models with the realization that core formation had to occur early in the history of 

the Earth. Oversby and Ringwood [1971] showed that Pb would fractionate into a 

metallic phase preferentially over U. They conclude that the age of the Earth dated by U

Pb systematics is actually the time of core formation, and this fractionation must have 

occurred shortly after the accretion of the Earth. This implies that the Earth must have 

been hot enough for iron to quickly coalesce and descend to the center of the Earth. 

Newsom et al. [1986] have shown that core formation was essentially complete soon after 

the accretion of the Earth and does not continue today. 

With the idea accepted that accretion was relatively hot with core formation 

occurring early, modern work has concentrated on the apparent disequilibrium between 

the mantle and the core first emphasized by Ringwood [1966]. He noted that the high 

abundance of trivalent Fe in the mantle was not consistent with eqUilibrium with metal 

and that Ni, Co, and Cu were not as depleted as expected if the mantle had been in 

equilibrium with metal. The siderophile element pattern in the Earth's mantle has now 
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been well characterized [Jagoutz et aI., 1979; Newsom, 1990]. In Figure 1.1, the 

siderophile element pattern of the Earth's mantle and the abundances of siderophile 

elements expected from simple equilibrium between segregating Fe metal and mantle 

silicates at near surface pressures and temperatures are illustrated. Most siderophile 

elements are over abundant, although some less siderophile elements are actually under 

abundant. Although a misnomer, this apparent disequilibrium pattern of siderophile 

elements has been termed the "excess siderophile element problem". 

Several models have been proposed to account for this apparent disequilibrium. 

Among these models are inefficient core formation [Jones and Drake, 1986], 

heterogeneous accretion scenarios [Jones and Drake, 1986; O'Neill, 1991b; Wanke, 1981; 

Wanke and Dreibus, 1988], homogeneous accretion with continuous core formation 

[Azbel et at., 1993], high pressure equilibrium between oxygen saturated metal and 

silicates [e.g. Ringwood, 1990], and simple high temperature (3000-4000 K) equilibrium 

between metal and silicate liquid in a magma ocean [Murthy, 1991]. As pointed out in 

the following paragraphs, these models are either untestable due to the lack of appropriate 

partition coefficients or simple tests have shown they are unable to account for the 

siderophile element pattern in the Earth's mantle in detail [see also reviews by Jones and 

Drake, 1986 and Newsom and Sims, 1991]. Thus, the origin of the "excess siderophile 

element problem" remains elusive. 

It has been shown that high pressures do indeed increase the solubility of oxygen 

in Fe metal [Kato and Ringwood, 1989]. However, the partition coefficients for 

siderophile elements between silicates and metal with substantial oxygen dissolved in it 

have not yet been measured. Thus at this time, this core formation scenario cannot be 

rigorously evaluated. 

Murthy's suggestion that simple equilibrium in the high temperature environment 

of a magma ocean has merit. However, in his attempt to test this hypothesis he 
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Figure 1.1. Observed mantle abundances of siderophile elements compared to 
abundances expected from simple equilibrium. The filled circles are observed mantle 
abundances corrected for volatility from Newsom [1990]. The X's indicate mantle 
abundances expected from simple equilibrium between metal and silicate. Figure is from 
Capobianco et al. [1993]. 
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extrapolated partition coefficients that were measured near 1300 °C to 3500 K. His 

method of extrapolation was seriously flawed as pointed out by several authors 

[Capobianco et aI., 1993; Jones et aI., 1991; Jones et al., 1992; O'Neill, 1992]. These 

authors also concluded that long range extrapolations are at best unreliable because the 

chemistry occurring at high temperatures and pressures may not be the same as that 

occurring at the low temperatures and pressures where partition coefficients have been 

determined. Thus testing of this model awaits direct measurement of partition 

coefficients at appropriate temperatures. Work on such measurements has just begun and 

the early results do not indicate that simple high temperature equilibrium can account for 

siderophile element abundances in the Earth's mantle [Hillgren et aI., 1993, Walker et al., 

1993]. 

In the inefficient core formation model of Jones and Drake, equilibrium is 

established between solid metal, a sulfur bearing metallic liquid, silicate liquid and solid 

silicates. After equilibration, most of the metal segregates to form the core. However, a 

small amount of metal is left behind and later oxidized, and thus sets the siderophile 

element abundance pattern in the Earth's mantle. This model is testable with the available 

partitioning data. The biggest drawback to this model is that it results in excessively high 

S concentrations in the mantle [Jones and Drake, 1986]. 

In the homogeneous accretion scenario with continuous core formation of Azbel 

et. al. "homogeneous" means that the material accreting to the Earth does not change 

oxidation state through time (in contrast to the heterogeneous accretion scenarios 

described below), but it does not imply that each accreting planetesimal is 

undifferentiated. In their model, core formation is divided into two stages. The first 

occurs concurrently with accretion. During this stage, different portions of the mantle 

undergo a melting and metal segregation event. The metal depleted silicate portion is 

then quickly mixed back into the mantle, rehomogenizing the mantle. At the end of this 
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stage, the siderophile elements are all nearly equally depleted to a level of approximately 

0.15 x CI. The second stage is post-accretionary and involves the segregation of a tiny 

fraction of metal remaining in the mantle. Although Azbel et al. are able to reproduce the 

observed depletions of several siderophile elements, the depletions they calculate for Mo 

and Ni are too large. 

The classic heterogeneous accretion scenario set forth by Wanke [Wanke, 1981; 

Wanke and Dreibus, 1988] is based on the step-like pattern observed in mantle 

siderophile element abundances (Figure 1.1). The moderately siderophile elements are 

present in approximately chondritic relative abundances to one another, but are depleted 

to a level of approximately 0.1 to 0.2 x CI. The highly siderophile elements are present in 

chondritic relative abundances to one another, but are depleted to a much greater degree 

than the moderately siderophile elements. Wanke explains this pattern by a change of 

oxidation state of accreting material. The first material accreting to form the Earth is 

highly reduced, and all Fe and other siderophile elements are metallic and, thus, separate 

to form the core. The last 10-20% of material is progressively more oxidized allowing 

moderately siderophile elements to remain in the mantle. The final 1 % of material is so 

oxidized that metallic Fe is unstable, and therefore, the noble siderophile elements from 

this portion remain in the mantle. The progressively more oxidized material implies a 

progressively more Ni-rich metal phase (i.e., Fe is more readily oxidized than Ni). Thus, 

to test the heterogeneous accretion hypothesis one needs to know the partitioning 

behavior of siderophile elements between silicates and Ni-rich metal. 

A variant on the heterogeneous accretion scenario that includes a giant impact to 

form the Moon was proposed by O'Neill [1991a and 1991b]. In this model, the proto

Earth, which is an extremely reduced body approximately 90% of its current size in 

which prior core formation has stripped the mantle of all siderophile elements, is struck 

by an extremely oxidized, undifferentiated, chondritic Mars-sized impactor. The 
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impactor material added to the Earth (16% of the present mantle) provides the mantle 

with the moderately siderophile elements, which are then slightly depleted by separation 

of a small amount of Ni-rich sulfur bearing metallic liquid.. A later 1 % chondritic veneer 

provides the Earth's mantle with highly siderophile elements. In order to test this model, 

the partitioning behavior of moderately siderophile elements between silicates and Ni

rich sulfides needs to be known. 

O'Neill's heterogeneous accretion scenario was designed not only to explain the 

composition of the Earth, but also to account for the formation of the Moon and explain 

how the Moon's composition may relate to the composition of the Earth. The origin of 

the Moon has long been an enigma, but recently the giant impact origin has gained much 

favor over the competing hypotheses [for example see the papers presented in Hartmann 

et ai., 1986]. The giant impact is able to not only account for the high angular 

momentum of the Earth-Moon system, but it can also explain why the Moon has a 

composition that is tantalizingly close to Earth mantle composition but still distinctly 

different [again see papers in Hartmann et al. 1986 and also Newsom and Taylor, 1989]. 

Thus formation of the Moon via a giant impact in O'Neill's model is not unreasonable. In 

his particular model, the Moon condensed under oxidizing conditions from approximately 

27% impactor material and 73% proto-Earth material that was placed in Earth orbit by the 

impact. The 1 % veneer that is added to the Earth is equivalent to a 4% veneer added to 

the Moon. This last 4% of material is more reduced than the lunar mantle, and triggers 

the formation of a small metal core in the Moon, which O'Neill argues contains 45 wt. % 

Ni., and this sets the siderophile element abundance pattern in the lunar mantle. Seifert et 

al.· [1988] have also shown that a small lunar core may contain 40% Ni. Again, in order 

to test the viability of O'Neill's model and the plausibility of a Ni-rich core in the Moon, 

the partitioning behavior of siderophile elements between silicates and Ni-rich metal must 

be known. 
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Several of the models outlined above invoked oxidizing conditions to explain the 

siderophile element patterns found in the mantles of the Earth and Moon. As was pointed 

out, the oxidizing conditions imply that the metal involved in these core formation events 

(whether in the Earth or the Moon) was Ni-rich. Thus to evaluate whether these models 

are viable, partitioning data for siderophile elements between silicates and Ni-rich metal 

are required. Therefore, I have experimentally determined the partition coefficients for 

Ni, Co, Mo, W, P, and Ga between metal and silicate in systems containing a basaltic 

silicate liquid, solid Ni-rich metal, and Ni-rich sulfur bearing metallic liquid. I then use 

the experimental results coupled with simple mass balance to test the feasibility of 

heterogeneous accretion of the Earth and O'Neill's scenario for the formation of the Moon 

and subsequent lunar core formation. 
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Chapter 2 

Experimental and Analytic Procedures 

Composition and Synthesis of Starting Materials 

One hundred gram batches of a synthetic eucritic basalt mixture similar to that 

used previously in this laboratory [ e.g., Jones and Drake, 1986; Newsom and Drake, 

1982] were prepared by mixing oxides in the following proportions: 50 wt. % Si02, 19 

wt. % FeO, 13 wt .% A1203, 11 wt. % CaO, and 7 wt. % MgO. Because FeO is not 

actually available as a reagent, Fe203 was added keeping the number of moles of Fe 

equivalent to the number of moles in the desired quantity of FeO. The Fe203, MgO and 

CaO were dried over night at 8000 C before use. In some cases CaO was produced by 

decomposing CaC03 at 9000 C. This mixture was then ground under acetone for 15 

minutes with an agate mortar and pestle. Ten gram portions of the mixture were then 

doped with either 1.5 wt. % CoO or 1.5 wt. % each of Mo03 and W03 or 1.5 wt. % of 

Ga203 or 3.0 wt. % of Durango Apatite for P. 

"NiS" was precipitated from NiC12.6H20 and (NH4hS. Most of the liquid was 

removed from the precipitant with an aspirator. The precipitant was then dried in a 1500 

C oven over night. Next, batches of the dried precipitant were placed in silica glass tubes 

that were hooked up to a vacuum pump. They were then heated with a torch to just 

melting to remove excess volatiles. The "NiS" was never analyzed for its exact 

composition. This added a measure of trial and error to the experiments to determine the 

proper amount to add to stabilize both a solid metal phase and a sulfur bearing metallic 

liquid. 
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To perform reversal experiments for Co, Mo, and W, alloys of Ni with Co, Fe 

-:-with Co, Ni with Mo and W, and Fe with Mo and W were synthesized. Iron or Ni was 

placed in an alumina crucible with either approximately 2 wt. % Co metal or 

approximately 1.5 wt. % each of Mo and W metals. The crucibles were suspended in a 

vertical muffle furnace with a controlled atmosphere of N2 and H2. The oxygen fugacity 

was not monitored, but simply kept at a very reducing level. The samples were taken to 

above the melting point of Fe or Ni, and left there for several hours. Then the 

temperature was lowered to 1300 °C, and the samples were left overnight. This was to 

assure that the resulting alloy was fairly uniform. 

The Experimental Procedure 

One hundred mg aliquots of the doped basalt mixtures were placed in alumina 

crucibles along with approximately 50 mg of metal and 20 to 30 mg of NiS. The metal 

was either pure Ni powder or pure Fe powder or mixtures of the two in varying 

proportions. The charges were then placed in a 150°C drying oven overnight. After 

drying, the charges were placed in a silica tube that was then evacuated and sealed. The 

tubes were either suspended in a cold Deltech vertical muffle furnace or slowly lowered 

into a 800°C furnace, which was then brought up to 1260 °C. Temperature was 

monitored with a S-type thermocouple which was calibrated against a reference 

thermocouple. The temperature is known to within ± 2°C. The runs were kept at 1260 

°C for 3-5 days to ensure equilibrium. They were then quenched in air or water. Reversal 

experiments were performed in the same manner. The only difference is that reversal 

experiments contained undoped basalt, and the alloys described in the previous section 

were used to provide the metal. In addition, a series of experiments for Ga partitioning 

that did not contain a sulfide were also performed (The reason for this will be discussed 

in the following chapter). These experiments were run in the same manner as those 

described above, except no sulfide was added. 
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Each run contained at least three phases: silicate liquid, solid metal, and an 

unquenchable sulfur-bearing metallic liquid. Several of the runs with pure Ni metal also 

contained olivine. Figure 2.1 shows a typical run. 

Oxygen Fugacity Calibration Experiments 

Because the experiments were conducted in closed silica glass tubes, the oxygen 

fugacity (j02) could not be monitored directly, and thus would be calculated based on the 

FeD content of the silicate liquid and the Fe content the metal (the details of the 

calculation will be described in the next chapter). Past workers have found that there is 

an offset between calculated /02'S and measured/Ois [see for example Schmitt et aI., 

1989]. This was particularly of concern in this study because the calculation assumes that 

all the Fe in the silicate liquid is present as FeD, and the conditions of some of the 

experiments in this study were so much more oxidizing than previously attempted that it 

would be likely that a considerable fraction of the Fe in the silicate melt would be in the 

+3 state. Thus, it did not seem justified to make the normal assumption. Therefore, a 

series of experiments with just solid metal and silicate liquid were performed in a gas 

mixing furnace to compare measured and calculated/Ois. 

In these experiments, undoped synthetic basalt was placed in alumina crucibles 

along with Fe and Ni metal powder. The charges were suspended in a vertical Deltech 

muffle furnace. CO-C02 or H2-C02 gas mixtures were used to control the /02. The /02 

was monitored with a solid state zirconia fugacity probe. The run temperature was 

monitored with an S-type thermocouple which turned out to not have thermally 

compensated leads. This was not discovered until the last couple of runs. However, 

switching to thermally compensated leads revealed a fairly consistent offset of 15 DC. 

Thus, these calibration runs were performed at 1275 DC instead of 1260 DC. They were 

left at temperature for 1 to 2 days and then quenched in air. 
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Figure 2.1. Photograph of run number 46 in reflected light. The sample is approximately 
3/8 of an inch across. Basaltic liquid, solid metal, and dendritic metallic liquid are all 
present. Note the spinel reaction tind between the basaltic liquid and the alumina 
crucible. 
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These runs were done after the main suite of experiments had been completed. 

The metal compositions and calculated fOis from those experiments were used to chose 

metal compositions and f02's for the calibration experiments. This was done so that the 

compositions andf02's of the calibration experiments would mimic those of the primary 

set of experiments as closely as possible. 

Microprobe Analysis 

The charges were analyzed with a Cameca SX50 electron microprobe. Five to ten 

analyses were taken of the silicate glass, solid metal, and the olivine with an 

approximately 1 micron beam size. Because the sulfur-bearing metallic liquid quenched 

to a dendritic intergrowth of metal and sulfide, the beam was rastered over an area 

approximately 30 J..lm on a side. Thirty to sixty analyses were taken, and then averaged 

together to determine the composition of the metallic liquid. For major elements in a 

phase, a beam current of 30 nano-amps and a counting time of 15 seconds were used. For 

elements with low concentrations in a phase, normally a beam current of 125 nano-amps 

and a counting time of 180 seconds were used. However, in some cases where an 

element was present in an extremely low concentration, beam currents as high as 250 

nano-amps and a counting times as along as 600 seconds were used 

An element was considered within the detection limits of the microprobe if the 

number of counts that the peak was over the background was at least two standard 

deviations. The standard deviation, 0", is equal to the square root of the number of counts 

in the background. Sometimes elements were in such low concentrations in a phase that 

they were not detectable by the microprobe. Thus a theoretical detection limit for such 

elements was determined so that an upper or lower limit of the partition coefficient could 

be calculated. 
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The background and peak counts from a sample where the element of interest was 

easily detectable and had been probed with the beam current and counting time of interest 

were used to calculate the theoretical detection limit with the following simple equation: 

(P - B) Known _ (P - B)Theo 

C Kno"TI CTheo 

(2.1) 

Where (P-B}Known is the peak minus background counts from the sample with a known 

concentration, and Cknown is the concentration in that sample. It was assumed that the 

smallest reliably detectable peak would be 20' above the background. Thus, the 

theoretical peak minus background counts, (P-B }Tlleo. is 20'. Given the other three 

quantities, the theoretical lowest concentration that the microprobe could detect could be 

solved for. 

Because the composition of the sulfide was determined by averaging many 

analyses, and an element could be below detection in one analysis but detectable in the 

next, it was felt that the concentration of the element should be above detection in all of 

the analyses to give a reliable average composition. It was found that this was generally 

true when the average concentration corresponded to a peak that would have been 50' 

over background. Thus, for the sulfides the theoretical detection limit was taken to be 

50'. The detection limits are presented in Table 2.1. 

The compositions of each phase from all runs (both the main suite of experiments 

and the calibration runs) are presented in Appendix A along with the error. The 

compositions are the average of the all the analyses of that phase. The error is the 

standard deviation, 0', among the analyses. In the case of the sulfide, the error is: 

C1 
C1 ---;:::::== 

sul- .IN-l (2.2) 



Table 2.1. Detection Limits Determined for Calculation of 
Partition Coefficients. Beam currents are in nano-amps; counting 
times are in seconds, and detection limits are in weight percents. 
Glass and metal detection limits are two sigma, and sulfide 
detection limits are five sigma. Tungsten analyses at 250 nano
amps were done only for run #42 to ensure that W was above 
detection in the sulfide phase (in run #42 the concentration of W in 
the sulfide is 0.010). 

Beam Counting Detection 
Element Phase Current Time Limit 

Mo Glass 290 420 0.006 

W Metal 125 180 0.006 

W Sulfide 125 180 0.014 

W Metal 250 300 0.003 

W Sulfide 250 300 0.008 

P Metal 125 180 0.002 

P Sulfide 125 180 0.006 

23 
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which is the standard deviation of the analyses divided by the square root of the number 

of analysis minus one, or the standard deviation of a population of means. This standard 

deviation was used because at run conditions the sulfide was a single phase. However, a 

single rastered analysis is not representative of the composition of the sulfide at these 

conditions. The composition of this single phase is represented by the average of a large 

number of rastered analyses. The simple standard deviation about the average would, 

therefore, not be indicative of the true error. 



Chapter 3 

Experimental Results 

Calculation of Partition Coefficients 
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The partition coefficient, D X, of an element between phases i and j is simply: 

c. 
D - I 

i/--
/J c. 

1 

(3.1) 

where C; and Cj are the concentration of the element in phases i andj, respectively. The 

partition coefficients for Ni, Co, Mo, W, Ga, and P between the solid metal and the liquid 

silicate, and between the sulfur bearing metallic liquid and the liquid silicate have been 

calculated and are found in Appendix B along with the associated error. The error in the 

partition coefficient, Dx, is calculated with the following expression: 

±Dx =Dx ( X
a,, .. J2 + ( xa

11
·• ]2 (3.2) 

Where Xi and Xj are simply the concentration of the element of interest in phases i and j, 

and a; and aj are the standard deviations of the concentration of the element of interest 

in phase i or j among the analyses taken. 

Determination of the Oxygen Fugacity 

As was stated in the previous chapter, these experiments were conducted in sealed 

silica glass tubes, so the oxygen fugacity (J02) could not be measured directly. Thus the 
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102 was calculated based on the composition of the charge, and then a correction factor 

was applied based on the results of the calibration runs. 

Thel02 calculation is based on the simple oxidation of Fe metal to wiistite: 

(3.3) 

The free energy of formation of this reaction is simply: 

(3.4) 

D'Neill [1988] calibrated the iron-wiistite buffer, and found that: 

J10
l 

= -551,159 + 269.404T -16.9484In T (3.5) 

Combining equations 3.4 and 3.5, rearranging, and replacing natural logarithms with base 

10 logarithms gives: 

log 10
2 

= - 28784.064 + 14.07 - 2.0410g T + 2.0 log aFeO 

T an 
(3.6) 

where T is the temperature in kelvins, and aFeO and aFe are the activities of FeD in the 
, 

silicate liquid and Fe in the metal, respectively. The activity of the FeD in the silicate 

liquid is estimated by assuming that all the Fe in the silicate liquid is present as FeD, and 

that it behaves ideally. Thus, the activity is simply the mole fraction of the FeD. The 

activity of the Fe in the metal is calculated based on the mole fraction of Fe in the metal 

and using the activity coefficients of Rammensee and Fraser [1981] 
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Table 3.1 compares the calculated and measured values of the /02 for the 

calibration experiments. These results are plotted in Figure 3.1. At low /02'S the offset is 

a fairly constant 0.27 log units. At higher /02'S, the offset increases steadily with 

increasing/02. A line with the following equation was fit to the more oxidizing data: 

~log/02 = 3.515 + 0.31610g/02 Calc (3.7) 

where /02 Calc is the calculated oxygen fugacity. Thus to determine the /02 of a particular 

experiment, first the calculation based on the composition was performed. Then if the 

calculated logf02 was below -10.26, 0.27 log units was added. If it was greater than 

-10.26, equation 3.7 was used to calculate the amount of offset. 

The sense of the offset in /02 derived from the calibration experiments is the 

opposite from what is expected if the sole source of the offset is the presence of trivalent 

iron. If some of the Fe in the silicate liquid is present in the +3 valence state, then the 

activity of FeO in the silicate would be lower than that estimated assuming that all the Fe 

is in the +2 state, and simple examination of equation 3.7 shows that would result in a 

lower /02. The most obvious explanation for this is that FeO does not behave in an ideal 

sense. This would require an activity coefficient on the order of 1.4 at low /02'S where 

the offset is steady, and it may also be safe to assume that all the Fe is divalent. The 

highest/02 would require an activity coefficient of 2.6 if all the Fe is divalent, and even 

higher if significant trivalent Fe is present. As it turns out, a recent study by Snyder and 

Carmichael [1992] report activity coefficients for FeO in basic liquids between 1.6 and 

5.1. Thus, the activity coefficients required to bring the calculated /02'S and the 

measured/02's into agreement are not unreasonable. 
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Table 3.1. Comparison of calculated and 
measured f02'S for calibration runs (in log 
units). 
Run # f 0 2 Calc f02Meas 6f0 2 

86 -9.07 -8.41 0.66 

90 -10.63 -10.37 0.26 

93 -8.47 -7.63 0.84 

94 -8.46 -7.63 0.83 

97 -11.56 -11.28 0.28 

98 -11.56 -11.28 0.28 

99 -9.79 -9.38 0.41 

100 -9.80 -9.38 0.42 

101 -12.21 -12.01 0.20 

102 -12.28 -12.01 0.27 
6f02 is measured minus calculated. 
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Figure 3.1 Plot of the difference between the measured and calculated oxygen fugacities 
versus the calculated oxygen fugacities. 
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However, it is not obvious why the activity coefficient should be constant at lower 

oxygen fugacities and begin to steadily rise as the f02 increases. It could be related to an 

increase in trivalent Fe in the melt. Such an increase would be likely to change the 

structure of the melt because divalent and trivalent Fe probably play different structural 

roles in the melt [Mysen, 1988]. To assess this assumption would probably require a 

detailed experimental study. Because the exact cause of the offset between measured and 

calculated f02's has not been determined, the calibration curve derived here is probably 

not applicable in systems of vastly different composition. 

Dependence of Partition Coefficients on Oxygen Fugacity 

It is logical to assume that partitioning between metals and silicates involves 

simple oxidation and reduction of the element of interest. If this is so, then the metal

silicate partition coefficients should show a strong dependence on oxygen fugacity, and 

this dependence on oxygen fugacity should yield information about the valence state of 

the cation. This is shown by the following analysis. 

If the partition reaction for cation M with a valence of 2X is represented by: 

(3.8) 

then the free energy of formation of this reaction, AGo, is simply: 

(3.9) 

Where R is the gas constant; T is the temperature in K; Qi is the activity of component i, 

andf02 is the oxygen fugacity. The activity is: 
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(3.10) 

Where r, the activity coefficient of component i, and Xj is the mole fraction of component 

i. Substituting expression 3.10 into 3.9 and performing some simple algebra gives: 

!l.GO X 
- =log-M-+log~+flogf02 

2.303RT XMOx r MO
x 

(3.11) 

Recalling that the partition coefficient, D, is simply the ratio of the concentration of 

element M in each phase, then: 

log :M = log DMt'/siI + log k 
MOx 

(3.12) 

where k is a factor used to convert from mole fractions to weight concentrations (which 

incidentally is nearly equal to 1). Equation 3.12 can be substituted back into Equation 

3.11, and if temperature is constant and Henry's law obeyed (i.e., ris a constant), then 

constant terms can be gathered into a single constant and the expression can be 

rearranged to give: 

(3.13) 

The slope of this line, A, is simply ¥2. If the valence of M is 2X, then 4 times the slope of 

the line gives the apparent valence of M in the silicate liquid. 

In Figures 3.2 to 3.4 the solid metal-liquid silicate and liquid metal-liquid silicate 

partition coefficients with their errors are plotted versus the log of the oxygen fugacity. 

In most cases the error bars are smaller than the symbol size. Upper and lower limits of 
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Figure 3.2 Nickel and Co partition coefficients with one sigma error bars plotted against 
oxygen fugacity with best fit line. a) Solid Metal-Liquid Silicate. b) Liquid Metal
Liquid Silicate. 
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Figure 3.3. Molybdenum and W partition coefficients with one sigma error bars plotted 
against oxygen fugacity with best fit lines. a) Solid Metal-Liquid Silicate. There are 
three Mo points that plot nearly on top of one another that are all lower limits. There is 
only one arrow indicating lower limits for all three of these points to avoid making the 
plot too busy. b) Liquid Metal-Liquid Silicate. Note that a W upper limit plots directly 
on top of a Mo point 
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Figure 3.4. Gallium and P partition coefficients with one sigma error bars plotted against 
oxygen fugacity with best fit lines. The Ga points that fall off the lines are not lower 
limits. See the text for further discussion. a) Solid Metal-Liquid Silicate. b) Liquid 
Metal-Liquid Silicate. 
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partition coefficients are indicated by arrows. In general, lines of the form of Equation 

3.13 can be easily fit to the data There are two exceptions. In the case of both the solid 

metal-liquid silicate and the liquid metal-liquid silicate data for Ga, the partition 

coefficients become nearly constant as the oxygen fugacity decreases. Lines have been 

fit to only to the more oxidized data. The reasons for only fitting a line to part of the data 

and the possible reasons for the nearly constant partition coefficient at reducing 

conditions will be discussed in more detail later. For the P liquid metal-liquid silicate 

data the line was fit to the three actual partition coefficients and one of the upper limits. 

If this upper limit was not included in the fit, the line passed above it, and the upper limit 

acts as a constraint that the line must pass below it. Thus the slope determined from this 

line is a lower limit (it is probably steeper), and thus only a lower limit for an apparent 

valence is derived. The coefficients A and B for the lines that have been fit to the data 

are shown in Table 3.2 along with the apparent valences implied by the slopes of these 

lines. 

Discussion and Comparison with the Work of Others 

In the following text the data presented above are discussed and compared with 

other partition coefficients measured at similar temperatures and in similar compositional 

systems (Figures 3.5 to 3.10). All the plots show the best fit line to the data form this 

work. The only other lines on these plots represent the data of Schmitt et al. [1989] and 

these lines are always heavier lines than the lines fit to my data. 

No corrections were made to the 102'S of the data sets used for comparison based 

on the calibration curve reported above. In fact, in all but two cases the oxygen fugacity 

was monitored with a fugacity probe making adjustments unnecessary. The Jones and 

Drake experiments were self-buffered, and their oxygen fugacities were calculated. 

However, no correction was applied to their calculated oxygen fugacities because they 

used the iron-wiistite calibration of Myers and Eugster [1983] which is only about 0.2 log 
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Table 3.2. The coefficients A and B for the lines of the form of 
Equation 3.13 fit to the experimental data and the apparent 
valences implied by the slopes of these lines. 

Element Phases A B Valence 

Ni SMILS 0.47 -2.22 1.9 

Ni LMILS 0.47 -2.20 1.9 

Co SMILS 0.48 -3.64 1.9 

Co LMILS 0.47 -3.83 1.9 

Mo SMILS 1.00 -9.11 4.0 

Mo LMILS 1.11 -10.59 4.4 

W SMILS 1.39 -16.19 5.6 

W LM/LS 1.50 -18.32 6.0 

P SMILS 0.93 -12.04 3.7 

P LMILS (0.52) ( -6.47) >2.1 

Ga SMILS 0.60 -5.85 2.4 

Ga LMILS 0.64 -6.52 2.6 
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units more oxidizing than that of O'Neill [1988] which I used. Recall that at reducing 

conditions the f02 correction from my calibration was approximately +0.3 log units. 

Therefore, a correction factor was deemed unnecessary. The f02's of the data set of 

Lodders and Palme [1991] were also calculated However, no correction factor was 

applied. 

Of particular interest in the comparison plots are the data of Jones and Drake 

[Jones and Drake, 1986]. The experiments of Jones and Drake are a natural extension of 

the data set presented here. They used the same techniques and similar compositions 

except that the metal added was pure Fe and the sulfide was pyrite. The run temperature 

of the Jones and Drake experiments was also 1260 DC. Thus the data of Jones and Drake 

extend the oxygen fugacity range of the current study. 

Nickel .and Cobalt 

The Ni and Co data are presented in Figure 3.2, and in Figures 3.5 and 3.6 the Ni 

and Co data are compared with that of Jones and Drake [1986] and Schmitt et al. [1989]. 

The best fit lines to both the solid metal-liquid silicate and liquid metal-liquid silicate data 

for Ni and the Co all yield valences of 1.9 (Table 3.2) which is in good agreement with 

the expected valence of 2. As can be seen from the comparison plots, the Jones and 

Drake [1986] data essentially fall on the lines fit to the data from this work. 

Earlier, I reported a valence for Co of 2.7 [Hillgren, 1991]. This high valence (or 

excessively steep slope on the 10gD versus logf02 plot) resulted from inappropriately set 

backgrounds during microprobe analysis. Although the spectrum around the Co Ka line 

is relatively clean, there is an Fe K~ line 800 LIF units away. The background was set on 

the tail of this peak resulting in artificially low Co concentrations in the silicate glass at 

the lowest oxygen fugacities, and thus elevated metal-silicate partition coefficients at 

these f02's. The analyses were redone with the backgrounds set in closer to the Co Ka 

peak. The placement of the backgrounds was critical only for very low concentrations of 
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Figure 3.5. Comparison of the Ni data to that of Jones and Drake [1986] (1260 ·c), and 
Schmitt et al. [1989] (1300 ·c). a) Solid Metal-Liquid Silicate. b) Liquid Metal-Liquid 
Silicate. 
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Figure 3.6. Comparison of the Co data to that of Jones and Drake [1986] (1260 OC), and 
Schmitt et al. [1989] (1300 OC). a) Solid Metal-Liquid Silicate. Schmitt et al. fit two 
different lines to their data. One fit, the heavy solid line, included all their data, and the 
other one, the heavy dashed line, excluded one outlier. b) Liquid Metal-Liquid Silicate. 
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Co (about 200 ppm or less). At higher concentrations, the standard deviation among 

analyses was larger than the error introduced by setting the background on the tail of the 

Fe KJ3 peak. Thus, the re-analysis of the samples resulted in lower metal-silicate partition 

coefficients at the lowest oxygen fugacities, but did not change the partition coefficients 

at higher oxygen fugacities. Consequently, the slope of the line on the 10gD versus logf02 

plot was decreased so that it yields a more reasonable +2 valence for Co. 

The agreement with the Jones and Drake data is quite satisfactory. The 

comparison with the Schmitt et al. 1300 DC data, however, is less so. Although there is 

overlap between my data and those of Schmitt et al. , the data of Schmitt et al have a 

much shallower slope. Their slopes yield valences of approximately +1. Schmitt et al. 

attributed these shallow slopes to a variation of the Ni and Co activity coefficients with 

changing composition of the silicate liquid. Their silicate liquids do indeed undergo a 

vast change in composition from oxidizing to reducing conditions, particularly the FeO 

content which ranges from 4 wt. % at reducing conditions to 45 wt. % at oxidizing 

conditions. The Fe contents of the silicate liquids in this study range from 11 wt. % at 

oxidizing conditions to 21 wt. % at reducing conditions (the trend is the opposite of that 

expected, i.e. higher Fe contents in the silicate at oxidizing conditions, because Fe was 

added to the system to reduce it, and therefore there is higher total Fe at lower oxygen 

fugacities). The compositional change in my silicate liquids is less drastic than the 

change in those of Schmitt et. al. Thus, the different silicate liquid compositions could 

account for the difference in the apparent valences between the two data sets. 

Recently, two groups have reported the possible existence of zero valent Ni and 

Co in silicate liquids and claim this can explain the slope of the Schmitt et al data 

[Colson, 1992, Ehlers, et al., 1992]. In the Ehlers et al. work the evidence for neutral Ni 

and Co comes from a drop in the olivine-melt partition coefficients at low oxygen 

fugacities--about the iron wiistite buffer for Ni and around 1.5 to 2.0 log units below the 
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iron-wiistite buffer for Co. Colson's evidence comes from Ni partitioning experiments 

between CaO-MgO-AI203-Si02 (hereafter CAMS) liquids and Ni metal or Ni alloys that 

show a leveling off of the Ni metal-silicate partition coefficient at oxygen fugacities near 

the iron-wiistite buffer. Both Colson and Ehlers et al. attribute these changes in partition 

coefficient to a finite solubility of neutral Ni (and Co) in the silicate melts. This solubility 

would be independent of oxygen fugacity at a constant activity of Ni (or Co) in the metal. 

The solubility should also increase with increasing temperature. Colson presents 

evidence that the solubility is indeed independent of oxygen fugacity and does increase 

with temperature. Thus the Schmitt et al. data could be explained by zero valent Ni 

becoming the dominant Ni species in the melt. 

Contrary to the results of Ehlers et al. and Colson, Holzheid et al. [1993] 

conducted experiments measuring the solubility of Ni and Co in CAMS liquids at 1400 

DC and oxygen fugacities ranging from about one log unit above the iron-wiistite buffer to 

two log units below, and they found evidence for the presence of only divalent Ni and Co 

in the silicate melt. Furthermore, Capobianco and Amelin [1993] carried out a series of 

experiments examining the partitioning behavior of Ni and Co between platinum metal 

and CAMS liquids. Their results also indicated that Ni and Co were present only in the 

divalent state in the silicate liquid. However, Capobianco and Amelin did find evidence 

for higher than expected abundances of Ni and Co in the silicate melt at low oxygen 

fugacities in experiments where H2-C02 gas mixtures were used to control the oxygen 

fugacity. They postulate that the increased activity of H20 in the melt at low oxygen 

fugacities resulting from the H2-C02 gas mixture could stabilize sites for divalent Ni and 

Co in the silicate melt. If this is true, it could also serve as a possible explanation for the 

shallow slope of the Schmitt et al. data as they also used H2-C02 gas mixtures to control 

oxygen fugacity. 
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In sum, the question of whether zero valent Ni and Co can dissolve in significant 

amounts in a silicate melt is unresolved. However, the experiments presented here show 

no evidence of it. Thus, if the explanation for the shallow slope of the Schmitt et at data 

is the presence of neutral Ni and Co in the melt, then there is a lack of agreement between 

the two studies. On the other hand, it is possible that the shallow slopes of the Schmitt et 

at. data may arise from the silicate melt composition, either the changing FeO content or 

the possible presence of H20 (or both). Although this does not bring the two sets of data 

into agreement, it provides an explanation for the differences that does not involve a 

phenomenon observed in one data set but not the other. 

Molybdenum 

In Figure 3.3 the partition coefficients for Mo are plotted versus oxygen fugacity, 

and in figure 3.7 the Mo data is compared to that of Schmitt et al. [1989] and that of 

Lodders and Palme [1991]. Molybdenum is expected to be present in either the +6 or the 

+4 state. The slope of the line fit to the solid metal-liquid silicate data yields a valence of 

+4, and the slope of the line fit to the liquid metal-liquid silicate data yields a valence of 

+4.4. This indicates that Mo is present dominantly in the tetra-valent state in the silicate 

liquids. Figure 3.7a shows two different fits to Schmitt et al. 's data. The solid heavy line 

is a fit to all their data points and yields a valence of +3.6, close to the +4 found here. 

The heavy dashed line represents a fit that excludes three "deviating" points. This line 

yields a valence of +5.8, which is reasonable since Mo03 is a stable oxide species of Mo. 

However, after examining their criteria for excluding the three points, I feel they were 

only justified in throwing out one of those points. Two of the points they excluded are 

partition coefficients that agree well with one another and are from experiments that were 

reversals of one another. Only excluding the single point would not significantly change 

the slope of the line from that of the fit that includes all the points and would thus be 

consistent with Mo in the tetra-valent state in the silicate liquid--indicating good 
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Figure 3.7 Comparison of the Mo data to that of Schmitt et al. f, 1989 #44~ (1300 ·c) 
and Lodders and Palme [1991] (1200 ·c and 1300 ·c). a) Solid Metal. Schmitt et al. fit 
two different lines to their data. One fit, the heavy solid line, included all their data, and 
the other one, the heavy dashed line, excluded three points. b) Liquid Metal-Liquid 
Silicate. 
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agreement with this data set. The solubility experiments of Holzheid et al. [1993] , 

however, indicate that possibly Mo is present in the +6 state under conditions more 

oxidizing than the iron-wiistite buffer and in the +4 state at oxygen fugacities lower than 

the iron-wiistite buffer. They feel, though, that they cannot rule out the possibly of a 

change in activity coefficient of Mo in the melt at this time. 

Lodders and Palme [1991] examined the partitioning of Mo and W between 

basaltic liquids and Fe-S liquids with a wide range of composition. Only their partition 

coefficients for metal saturated sulfides are used for comparison. The data of Lodders 

and Palme plotted in Figure 3.7b show general agreement with the liquid metal-liquid 

silicate partition coefficients found in this study. Their 1300 DC datum plots on my 1260 

DC line, and their 1200 DC data plot to the left of my data as would be expected for 

partition coefficients obtained at a lower temperature. 

Tungsten 

In Figure 3.3 the partition coefficients for Ware plotted versus oxygen fugacity, 

and in Figure 3.8 the W data is compared to that of Jones and Drake [1986] , Schmitt et 

al. [1989], Newsom and Drake [1982] , and Lodders and Palme [1991]. The Jones and 

Drake data show good agreement with the data from this study. Like Mo, W is expected 

to exist in either the +4 or +6 valence state. The slopes of the lines fit to the W solid 

metal-liquid silicate and liquid metal-liquid silicate data yield apparent valences of +5.6 

and +6.0, respectively. This suggests that W is present in +6 state in the silicate liquid. 

Schmitt et al. extract an apparent valence of +6.6 which, although somewhat high, is 

consistent with the presence of W03 in the silicate liquid. The solid metal-liquid silicate 

data of Newsom and Drake are also consistent with the data presented here. Those 

partition coefficients were measured at a single oxygen fugacity at 1190 DC, and they plot 

to the left of my W data as would be expected of partition coefficients measured at a 
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Figure 3.8 Comparison of W data with that of Jones and Drake [1986] (1260 ·c), 
Schmitt et. al. [1989] (1300 ·c), Newsom and Drake [1982] (1190 ·c), and Ladders and 
Palme [1991] (1200 ·c). a) Solid Metal-Liquid Silicate. b) Liquid Metal-Liquid 
Silicate. 
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lower temperature. The Lodders and Palme sulfide-silicate partition coefficients are also 

consistent with the liquid metal-liquid silicate partition coefficients of this study, again 

plotting to the left of my data as expected of lower temperature data. 

Phosphorous 

In Figure 3.4 the partition coefficients for P are plotted versus oxygen fugacity, 

and in Figure 3.9 the P data is compared to that of Jones and Drake [1986] , Newsom and 

Drake [1983], and Schmitt et al. [1989]. The lines fit to the data yield valences of +3.7 

and >2.1. Both of these valences are significantly lower than the expected +5. Schmitt et 

al. extract an apparent valence of +4.6 which is closer to the expected +5. Examination 

of Figure 3.9 shows that the data of Jones and Drake lie above the lines fit to both the 

solid metal-liquid silicate and liquid metal-liquid silicate data of this study. As was stated 

earlier, good agreement between the Jones and Drake data and the data from this work is 

expected and is seen for all other elements. If the data of Jones and Drake are included in 

the lines fit to the data, the solid metal-liquid silicate line yields a valence of +4.8--much 

closer to the expected +5. In addition, this line would also more closely parallel the data 

of Newsom and Drake. Note also that this line would fall between the 1190 DC and 1300 

DC data of Newsom and Drake as is expected. Inclusion of the Jones and Drake point in 

the liquid metal-liquid silicate line results in a line that passes below both upper limits 

and yields an apparent valence of +3.5 which is still much lower than the expected +5. 

This may indicate that the partitioning reaction for P between the metallic liquid and 

silicate liquid is not a simple oxidation-reduction reaction. At this point there are not 

enough data to draw a finn conclusion. 

Gallium 

In Figure 3.4 the partition coefficients for Ga are plotted versus oxygen fugacity, 

and in Figure 3.10 the Ga data is compared to that of Jones and Drake [1986] , Drake et 

al. [1984], and Schmitt et at. [1989]. The Ga data from this work also include 
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Figure 3.9. Comparison of P data with that of Jones and Drake [1986] (1260 DC), Schmitt 
et. al. [1989] (1300 DC), and Newsom and Drake [1983] (1190 DC and 1300 DC). a) Solid 
Metal-Liquid Silicate. b) Liquid Metal-Liquid Silicate. 
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Figure 3.10 Comparison of Ga data with that of Jones and Drake [1986] (1260 °C), 
Schmitt et. al. [1989] (1300 °C), and Drake et. al. [1984] (1190 °C and 1300 °C). a) 
Solid Metal.-Liquid Silicate. b) Liquid Metal-Liquid Silicate. 
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experiments performed by Jessie DeAro, an undergraduate who I supervised in the 

laboratory. As was stated earlier, lines were only fit to part of the Ga data (see below for 

explanation). The slopes of these lines yield valences of +2.4 and +2.6 for the solid 

metal-liquid silicate and liquid metal-liquid silicate data, respectively. The expected 

valence is +3, so these valences are somewhat low. The Schmitt et al. data yield a 

valence of 3.1. 

The $64,000 question is, of course, why do the Ga partition coefficients become 

nearly constant at low oxygen fugacities? It should be noted that this problem was 

addressed initially before the oxygen fugacity corrections had been applied to the data 

(note that the 102 correction shifts the data more oxidizing or to the right). Before this 

correction was applied the Schmitt et al. data plotted slightly to right of my data as would 

be expected of data taken at a slightly higher temperature. The Schmitt et at. data were 

taken in the range of oxygen fugacities where I see the flattening of the slope of my data. 

The Drake et at. data also fall in this f02 range, yet their data are consistent with a line 

that would give a valence of +3. However, the Jones and Drake data agree well with the 

data from this study. The most obvious difference between my experiments and Jones 

and Drake's and those of Schmitt et at. and Drake et al. is the presence of a sulfur-bearing 

metallic liquid. Thus, a series of runs without sulfur was performed to see if the presence 

of sulfur caused the flattening of the slope. These sulfur-free runs are indistinguishable 

from the runs with sulfur. Thus the presence of sulfur is not the cause of the anomalous 

behavior of Ga. 

The next hypothesis was that Henry's Law was being violated. The slope of the 

10gD versus logf02 line flattened out at low oxygen fugacities where the Ga abundance in 

the metal should be increasing. Therefore, I postulated that the low oxygen fugacity 

experiments were outside of the Henry's Law region, i.e. that the partition coefficient was 

now composition dependent. The experiments of Schmitt et al. provided support for this 
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hypothesis. They did not observe this behavior, but their experiments were only doped at 

the ppm level. Thus, I assumed that partition coefficients in the more oxidizing region 

where the concentration of Ga in the metal was lower and where a line with a reasonable 

slope could be fit to the data were real (i.e., had not violated Henry's Law). In fact, before 

adjusting the oxygen fugacity the slope of the line fit to those points yielded a valence of 

+3, and the line from the Schmitt et al. data fell just to the right of this line as would be 

expected from data taken at a higher temperature. Thus, I assumed that the line I had fit 

to part of the data was the true Henrian behavior of Ga, and the points at lower oxygen 

fugacity that fell off the line were simply a violation of Henry's Law. This assumed 

behavior of Ga was used in the calculations presented in subsequent chapters. 

Since the calibration of the oxygen fugacity that shifted the data to the right, 

another possible explanation has emerged. Note in figure 3. lOa that after adjustment of 

the oxygen fugacities most of the data from this work fall to the right of Schmitt et al and 

the 1300 DC data of Drake et. al. This is the opposite of what is expected. The data taken 

at lower temperature should fall to the left of the data taken at a higher temperature. Note 

however that the Jones and Drake datum and run #78 from this work (which is the most 

reducing point and contained no Ni) fall to the left of the Schmitt et al. line and the 1300 

DC data of Drake et al. The metal in the Schmitt et al. and Drake et. al. experiments did 

not contain any Ni. In sum, all the data from experiments where the metal was pure Fe 

seems to be self consistent. The partition coefficients at the high Ni end of the spectrum 

are higher than those indicated by simple extrapolation of data taken in systems where the 

metal was pure Fe. This could indicate that Ga is the one element studied here that has a 

significant preference for either Fe or Ni. Ga could have vastly different activity 

coefficients in the two metals. Thus the partition coefficients measured here could denote 

the true behavior of Ga in a system with changing Ni content in the metal. This would 
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suggest that the partitioning behavior of Ga is a competition between the reducing 

conditions and the composition of the metal. 

From the data available from this study, it is not possible to assess whether the Ga 

behavior observed in these experiments is a result of a preference of Ga for Ni or a result 

of the Ga concentrations in the metal being outside the Henry's Law region. However, a 

simple set of experiments could be performed to hopefully distinguish which of these 

possibilities is more likely. A silicate could be doped at two or more different levels with 

Ga. These doped silicates could be combined with either pure Fe or pure Ni metal. The 

ideal silicate for this study would be one into which Fe does not readily partition, but that 

Ga does. One such silicate would be a feldspar. The various mixtures of feldspar and 

metal could be heated to the same temperature at the same oxygen fugacity. Then one 

could examine how the Ga metal-feldspar partition coefficients vary with type of metal 

and level of doping. This should give insight as to whether the partitioning behavior of 

Ga observed in this study is the consequence of non-Henrian behavior or due to vastly 

different activity coefficients for Ga in Ni and Fe metals. 
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The partition coefficients reported in the previous chapter can be used with simple 

mass balance to test various models of core formation in the Earth and the Moon. Mass 

balance merely states that: 

C~UlK = XC~/L + (1- x)C~Ef (4.1) 

where C; is the concentration of element i in phase j, x is the mass fraction of silicate, 

and the subscripts SIL and MET refer to the bulk silicate and the bulk metal, respectively. 

C~/Land C~ET are: 

C~/L = pC~ + (1- P )C~s (4.2) 

(4.3) 

where p is the degree of partial melting of the silicates; m is the fraction of metal that is 

molten, and the subscripts LS, SS, LM, and SM stand for, respectively, liquid silicate, 

solid silicate, liquid metal, and solid metal. Simple algebraic rearrangement of Equations 

4.2 and 4.3 gives: 

(4.4) 
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(4.5) 

Where DJ/k = CJ / C! is the partition coefficient of element i between phases j and k. 

If an initial or bulk abundance is assumed, Equations 4.4 and 4.5 can be substituted 

back into Equation 4.1 to solve for the concentration of an element in the liquid silicate. 

This value can then be substituted into Equation 4.4 to give a concentration in the bulk 

silicate portion of the body or in other words, the concentration in the Earth's primitive 

mantle or the lunar mantle. These model values can then be compared to the observed 

values to test the viability of models for the formation of the Earth and Moon and the 

formation of their cores. 

Temperature and Degree of Melting of Silicates 

At 1260 DC, the temperature at which the partition coefficients in this study were 

measured, peridotite compositions are approximately 30% melted. One of the variables 

to be investigated in the models presented in the following two chapters is the degree of 

melting of the silicates. Thus, the temperatures at which various degrees of silicate 

partial melting occurred was determined using the following formulation by McKenzie 

and Bickle [1988]: 

x - 0.5 = T' + (T,2 - 0.25)(0.4256 + 2.988T') (4.6) 

Where X is the degree of partial melting, andT' is a dimensionless temperature defined 

by: 

T' = _(T_-_(T....::.:so~1 +--..:7;.=;q_) '_2_) 
TUq -Tsol 

(4.7) 
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Reasonable 1 bar solidus and liquidus temperatures of 1100 °C and 1736 °C were 

adopted. The temperature and degree of partial melting pairs used in the calculations in 

subsequent chapters are presented in Table 4.1. 

Extrapolation of Metal/Silicate Partition Coefficients 

The partition coefficients were only measured at 1260°C, and therefore they needed 

to be extrapolated to lower and higher temperatures for the model calculations. It was 

shown in Chapter 3 that it is reasonable to assume that the partitioning reaction is a 

simple oxidation-reduction reaction. Thus, writing this reaction: 

(4.8) 

and then applying the standard definition of the free energy of formation and 

algebraically rearranging it to derive the following expression: 

-AGO y 
---=-log(rM/rMo )-logDMEf'SIL --logj0 2 +logj (4.9) 
2.303RT y 2 

where R is the gas constant; T is the temperature in K; r is the activity coefficient; 

DMEf/SIL is the metal/silicate partition coefficient, and j is a factor for conversion from 

molar to weight ratios that is approximately 1 (and thus the log{ term is 0). Given this 

expression, and knowing a DMEf/SIL at a given temperature andj02, and taking the free 

energy of formation from Robie et al. [1978] the value of the log(r M I r MO ) for that 
y 

temperature and oxygen fugacity can be calculated. 

The value of log(r M I r MO ) can be extrapolated to the temperature of interest 
y 

based on regular solution theory. Regular solutions are a class of binary symmetric 



Table 4.1. Temperature and degree 
of partial melting pairs used in model 
calculations. 

T DC % Melt 
1140 10 
1210 25 
1260 30 
1560 50 
1670 75 
1736 100 
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solutions in which the shape of the excess free energy of formation curve when plotted 

against composition is parabolic, and the excess entropy of mixing and the excess volume 

change of mixing are zero [see Ganguly and Saxena, 1987]. The regular solution model 

can be applied here because we are only interested in a small compositional range, and in 

that range the excess free energy curve can be approximated as parabolic. In regular 

solutions: 

. . 2 
RTlnrt = l-W(l-X) (4.10) 

where r! is the activity coefficient of element i in phase j; W;i is the interaction 

parameter of element i in phase j, and Xi is simply the mole fraction of element i. In the 

case of trace elements, Xi is small, and 1- Xi can be approximated as 1 so that: 

RTlnr! = Wi , , (4.11) 

Therefore: 

MEr 
RTln~ = RTlnr~Er - RTlnr~IL = WMEr _ WS1L 

rf1L , ", 
(4.12) 

Rearrangement of equation 4.12 gives: 

In-'-=-' , r~IL 1 (WMEr _ WS1L ) 

r~Er T R 
(4.13) 
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WMET _ W S1L 
If the value of I I calculated from the log(r M I r MO ) obtained using Equation 

R y 

4.9 is assumed to be constant, then value of the log(r M I r MO ) at the new temperature can 
y 

be easily calculated. In a true regular solution interaction parameters are independent of 

temperature and pressure. In reality, however, interaction parameters for materials of 

geologic interest that have been measured do vary with temperature [for example, Seifert 

and O'Neill, 1987]. However, over short temperature ranges this variation should not be 

great. 

Once the log(rM1rMo) term at the temperature of interest has been evaluated, the 
y 

value can be used in equation 4.9 along with the L\GO at that temperature and the oxygen 

fugacity to calculate a DMET/SIL for that temperature. The new L\GO is known from Robie 

et ai. [1978] or extrapolated over a short temperature range. The oxygen fugacity is not 

the same numerical value as used initially, but the same relative to the iron-wiistite buffer. 

This method of extrapolation was tested with the Ga data of Schmitt et al. [1989] 

Schmitt et ai measured the metal-silicate partition coefficients of several siderophile 

elements at 1300 DC and 1600 DC. However, Ga is the only element for which they 

acquire a reasonable and identical valence for both temperatures. Using this method to 

extrapolate from Schmitt et ai's 1300 DC data for Ga to 1600 DC yields a result within a 

factor of 4 of their measured 1600 DC value for the partition coefficient of Ga. 

In Table 4.2 the results of extrapolations of solid metal/liquid silicate partition 

coefficients for Ni, Co, Mo, W, and Ga at the iron-wiistite buffer have been compiled to 

give an example of the results of the extrapolation technique. The direction of the change 

of the partition coefficients for Ni, Co, and W (i.e., Ni and Co decrease with increasing 

temperature and the W partition coefficient increases with increasing temperature) has 

been confirmed by preliminary results of high pressure and high temperature metal

silicate partitioning experiments [Hillgren et ai., 1993]. The partition coefficients for Pin 
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Table 4.2. An example of the results of the technique used to extrapolate the partition 
coefficients in the calculations. These are solid metal/liquid silicate partition coefficients 
0.2 log units below the iron-wiistite buffer. 

Element 1140 DC 1260 DC 1560°C 1670 DC 1736 bC 
Ni 2719. 1841. 843. 680. 605. 
Co 99. 77. 47. 41. 38. 
Mo 326. 298. 237. 227. 222. 
W 0.45 0.79 2.2 3.0 3.6 
Ga 8.0 13. 31. 41. 48. 
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the calculations presented in the next two chapters were not extrapolated because the 

experimental data did not yield a reasonable valence. In other words, the data did not 

yield a valence that implied that P was present as an oxide with a known free energy of 

formation. 

Solid SilicatelLiquid Silicate Partition Coefficients 

In the calculations presented in the following chapters, Mo, W, P, and Ga are 

assumed to be incompatible in mantle mineral phases. The solid silicate/liquid silicate 

partition coefficient for these elements is assigned a value of 0.01. 

Nickel and Co, on the other hand, are compatible elements, and an extensive 

literature on their partitioning behavior between olivine and silicate liquids exists. For 

these calculations, the olivine/melt data for Ni and Co compiled in Irving [1978] were 

used to determine appropriate solid silicate/liquid silicate partition coefficients. The 

olivine/melt partition coefficients for Ni and Co show a strong temperature dependence as 

illustrated in Figure 4.1 [Figures 1 and 3 of Irving, 1978]. To determine the appropriate 

partition coefficient for a given temperature for these calculations, a best fit line was 

simply drawn by eye through the data as shown in Figure 4.1 and an equation derived for 

dependence of the partition coefficient on temperature. Lines were also drawn 

enveloping the data to provide equations for upper and lower limits. However, these 

upper and lower limits made no significant difference to the conclusions drawn from later 

calculations. 

In addition to the temperature dependence documented in Irving's compilation, 

Ehlers et al. [1992] have found a dependence of Dol/melt on 102 for Ni and Co. This 

oxygen fugacity dependence is not taken into account in the calculations in the following 

chapters. One reason for not including the oxygen fugacity dependence is the 

controversy surrounding these results (see Chapter 3 for a discussion). However, the 

main reason is that Ehlers et al. 's partition coefficients plot on the lower edge of the range 
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displayed in figure 4.1. Thus, they plot in the range of values taken as lower limits, and 

as previously stated, upper and lower limits of the Ni and Co solid silicatelliquid silicate 

partition coefficients did not significantly effect the outcome of the calculations. 

Oxygen Fugacity and Composition of the Metal 

For the calculations presented in the next two chapters, metal compositions needed 

to be converted to oxygen fugacities. Thus, the mole fraction of Fe in the metal of my 

experiments is converted to an activity using the activity coefficients of Rammensee and 

Fraser [1981] and plotted against the oxygen fugacity (Figure 4.2). As is expected there 

is a good linear correlation: 

log aFe = -5.99 - 0.49 log 102 (4.14) 

Thus a metal composition cast in terms of activity of Fe can be easily converted to an 

oxygen fugacity. 

In the following two chapters, I use the method outlined in this chapter to test 

models of core formation in the Earth and the Moon, and explore the implications of 

these models for the formation of these bodies. 
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Chapter 5 

Formation of the Moon and Lunar Core Formation 

Introduction 

Early work by Newsom [Newsom, 1984; Newsom, 1986] showed that the 

abundances of siderophile elements in the lunar mantle could be accounted for by the 

formation of a small core at low degrees of partial melting of the silicate mantle. This 

result, however, is inconsistent with the existence of a lunar magma ocean and with the 

thesis that high degrees of silicate partial melting are necessary for the segregation of 

small amounts of metal [Stevenson, 1990, Taylor, 1992] However, several assumptions 

made in this earlier work may have contributed to this paradox. For example, it was 

assumed that the lunar core is composed entirely of Fe and that metal segregation 

occurred at very low oxygen fugacities (i.e., 2 log units below the iron-wiistite buffer). 

Recent work, however, suggests that the lunar core may be Ni-rich and may have formed 

at higher oxygen fugacities [O'Neill, 1991a; Seifert et at., 1988]. In addition, Newsom 

assumed that the initial abundances of siderophile elements in the lunar mantle were 

either chondritic or identical to the abundances in the Earth's mantle. However, the giant 

impact theory implies that the initial abundances of the siderophile elements in the lunar 

mantle can be a combination of the siderophile element abundances in the terrestrial 

mantle and in the mantle of the impactor implying that they do not need to be either 

strictly chondritic or identical to the terrestrial values. In a recent version of the giant 

impact hypothesis by O'Neill [1991a] the initial abundances of the siderophile elements in 

the lunar mantle were established not only by combining impactor material and proto

Earth material, but also by adding a late reduced veneer. O'Neill also appeals to the 
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possible volatilities of some elements (i.e., Mo and W) under conditions of lunar 

accretion after a giant impact, and required the segregation of a small Ni-rich metallic 

core. In this chapter I present the results of calculations testing O'Neill's giant impact 

model from the perspective of lunar core formation. An earlier set of calculations was 

presented in Hillgren [1991]. 

Assumptions 

In O'Neill's [1991a] model the Moon is formed when a very reduced proto-Earth is 

struck by an extremely oxidized, undifferentiated, chondritic Mars-sized impactor. The 

Moon condenses under oxidizing conditions from approximately 27% impactor material 

and 73% proto-Earth material. The proto-Earth material is devoid of siderophile elements 

because an earlier core forming event in the proto-Earth stripped all the siderophile 

elements from the mantle of the proto-Earth. Later a reduced veneer with a composition 

like H-chondrites constituting 4% of the mass of the Moon is added. This addition 

triggers the formation of a small metallic core containing 45 wt. % Ni in the Moon, and 

establishes the siderophile element abundance pattern in the lunar mantle. Specifically, 

O'Neill states that a 1 wt. % metallic core separates in the Moon. This event occurs at an 

oxygen fugacity 0.8 log units below the iron-wtistite buffer. O'Neill calculates that the 

metal at this 102 contains 45 wt. % Ni, but may vary between 35 and 55 wt. % Ni [see 

also Seifert et ai., 1988] .. 

A word is in order as to the plausibility of O'Neill's model. Probably the largest 

objection that most people would have to the model is that it certainly seems unlikely that 

a body the size of Mars could be completely undifferentiated, and I concur on this 

objection. However, the model is tested because it attempts to provide a coherent 

scenario for the formation of the Earth-Moon system and the subsequent differentiation of 

those bodies. Close examination of the model through calculations such as those 

presented here will shed light as to whether the model is simply implausible or whether 
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the model can be adjusted into a more palatable form. The results of the calculations 

presented below do show that O'Neill's model is not rigidly constrained to the 

compositions he postulated. A further reason for testing O'Neill's model is that even if 

the model is not correct in it's entirety, certain aspects may have merit and provide 

explanations for some of the chemical peculiarities of the Earth or Moon. An example of 

one such aspect is the idea that some siderophile elements in the Moon may be depleted 

due to volatility under the unique conditions that may have prevailed during the accretion 

of the Moon. 

The initial or bulk abundances of non-volatile siderophile elements in the Moon in 

O'Neill's model are derived from approximately 27 wt. % volatile free CI material (the 

impactor material) plus 4 wt. % H group chondrites which corresponds to abundances of 

approximately 0.45 x CI material [see O'Neill's Table I and Anders and Grevesse, 1989]). 

Thus, Ni and Co starting abundances of 0.45 x CI were adopted. The initial abundances 

of the volatile siderophile elements are derived solely from the 4% H-chondrite reduced 

veneer. The resulting initial abundances for Ga and Pare 0.024 x CI and 0.035 x CI 

respectively. Molybdenum, which is normally refractory, is volatile under the conditions 

of lunar accretion in O'Neill's model, and he assigns an initial or bulk abundance for Mo 

abundance of 0.073 x CI (i.e., the amount of Mo that would be derived from the 4 wt. % 

reduced veneer). O'Neill further argues that W which is also normally refractory could be 

volatile under these same conditions. If it is not, its starting abundance is 0.45 x CI. If W 

is volatile, its starting abundance is .097 x CI (see O'Neill's Table 7). In the calculations 

presented here, W was assumed to be volatile. Tungsten is actually fairly lithophile in the 

range of oxygen fugacities being examined here. Thus, it would be unlikely that 

segregating a small amount of metal could deplete W from an abundance level of 0.45 x 

CI to its observed abundance level of 0.05 to 0.2 x CI (see below). The results of the 

calculations presented below show that this assumption is justified. 
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I performed calculations in which between 1 and 5 wt. % metal was segregated to 

form a core. It is unlikely that a lunar core is much larger than this [see for example 

Jones and Hood, 1990]. The metal contained between 0.25 and 0.55 mole fraction Ni. 

The composition of the metal was transformed into an oxygen fugacity using the 

correlation between composition and oxygen fugacity from Chapter 4. Table 5.1 shows 

the corresponding metal compositions and oxygen fugacities. The degree of partial 

melting of the silicates was varied between 10 and 100 %. 

Results 

In Figures 5.1 to 5.3 the calculated abundance patterns of Ni, Co, Mo, W, P, and 

Ga are compared to their inferred abundances in the lunar mantle. For current lunar 

mantle abundances of Ni and Co, I adopted the values of Delano [1986]. Nickel and Co 

fall within a narrow abundance range and constrain the lunar mantle Ni to Co ratio to 0.2 

to 0.3 x CI. Estimating lunar mantle abundances of Mo, W, and P is more complex. 

Their abundances are usually reported as a ratio with a refractory lithophile element that 

behaves geochemically similarly. Molybdenum is ratioed with Nd, W with either U or 

La, and P with Nd. I have simply assumed that the refractory lithophile elements are 

present in the Moon at abundances of 1.3-3.0 CI, and then used the values of Mo/Nd, 

WlLa, and P/Nd reported by Newsom [1984] to arrive at lunar abundances ofMo, W, and 

P relative to CI. The resulting abundance ranges for Mo, W, and P are quite generous. 

The lunar mantle Ga abundances are based on Drake et al.'s [1984] assessment that Ga 

was depleted by a factor of 20 to 40 relative to CI chondrites. 

In Figure 5.1 results for the calculations in which a 1 wt. % core was segregated 

are presented. In general, Wand P are very lithophile and are hardly depleted from their 

starting abundances. Gallium falls outside its accepted abundance range in all cases, and 

will be discussed in more detail later. The best match for all the elements other than Ga is 

found for a core with a mole fraction of Ni of 0.25 and 75 % partial melting of the 



Table 5.1. Metal composition and 
corresponding oxygen fugacities 
relative to the iron-wiistite buffer. 

XNi in AIW 
Metal 

0.25 -0.81 

0.35 -0.54 

0.45 -0.37 

0.55 -0.13 
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Figure 5.1 Comparison of calculated abundances to inferred lunar mantle abundances. 
Heavy dark lines represent the range of accepted abundances (see text for sources). 
These are the results for calculations where a 1 wt. % core was segregated. a) Mole 
fraction ofNi in the metal equals 0.25. b) Mole fraction ofNi in the metal equals 0.35. 
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Figure 5.1 (continued) c) Mole fraction of Ni in the metal equals 0.45. d) Mole fraction 
of Ni in the metal equals 0.55. 
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silicates. The Ni and Co abundances are somewhat elevated, but they are in the correct 

proportion to one another (i.e., NifCo falls between 0.2 and 0.3 x CI). In the cases where 

cores with a higher fraction of Ni (more oxidizing conditions) are segregated, the same 

general pattern is observed for 75 % melting of the silicates, but the calculated 

abundances of Ni and Co are shifted upwards. It seems logical that simply lowering the 

starting abundances of Ni and Co would cause the calculated pattern to fall within the 

observed pattern. However, starting abundances of elements that are refractory should 

not end up lower than the starting abundances of elements presumed to behave in a 

volatile fashion. A simple way to check this is to calculate what starting abundances are 

needed to make Ni and Co fall into their observed ranges. This calculation shows that the 

required starting abundances for Ni and Co would be approximately 0.2 to 0.3 X CI 

which is still greater than the assumed starting abundances of the volatile elements Mo, 

W, P and Ga. Casting this in terms of the giant impact model, this means that the Moon 

would inherit more proto-Earth material and less impactor material. Thus, segregation of 

a 1 wt. % core with a mole fraction of Ni ranging from 0.25 to 0.55 can produce the 

observed pattern of siderophile elements in the lunar mantle at 75 % partial melting of the 

silicates. However, as the oxygen fugacity increases, the material contributed by the 

impactor must decrease. 

In Figure 5.2 results for the calculations in which a 3 wt. % core was segregated 

are presented. Again Wand P are very lithophile and barely depleted from their starting 

abundances, and the calculated Ga abundances fall outside the accepted range. The best 

matches, excluding Ga, are for segregating metal with a mole fraction of Ni ranging from 

0.45 to 0.55 at 50 % partial melting of the silicates. At lower mole fractions of Ni, Mo 

becomes over depleted. It would seem that simply starting with a higher abundance of 

Mo would result in a calculated abundance that falls within the observed range. 

However, Mo is supposed to be a volatile element, and so its starting abundance cannot 
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Figure 5.2. Comparison of calculated abundances to inferred lunar mantle abundances. 
Heavy dark lines represent the range of accepted abundances (see text for sources). 
These are the results for calculations where a 3 wt. % core was segregated. a) Mole 
fraction of Ni in the metal equals 0.25. b) Mole fraction of Ni in the metal equals 0.35. 
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Figure 5.2 (continued) c) Mole fraction of Ni in the metal equals 0.45. d) Mole fraction 
of Ni in the metal equals 0.55. 
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become greater than the starting abundance of any more refractory element (i.e., Ni and 

Co). Another constraint on acceptable starting abundances for Mo is provided by W. 

Tungsten is not depleted by metal segregation in these calculations, so therefore the 

highest possible starting abundance that would allow it to still fall within the observed 

pattern is its maximum observed abundance (approximately 0.2 x CI). Molybdenum is 

more likely to be volatile than W (see O'Neill's Appendix 2), or in other words, W is 

more refractory than Mo. Thus, the starting abundance of Mo should not become greater 

than that of W. A calculation of what starting abundance would allow Mo to fall within 

its accepted range for the segregation of a 0.35 mole fraction Ni core at 50% partial 

melting yields 0.21 x CI--just at the limits of the criteria out lined above. A core with a 

lower Ni content would require an unacceptably high Mo starting abundance. Starting 

abundances of Mo and W as high as 0.2 x CI would imply that they were not solely 

derived from the late veneer but some portion was partially condensed from the impactor 

material. In sum segregation of 3 wt. % core with between 0.35 and 0.55 mole % Ni at 

50 % partial melting can produce the observed abundance pattern of siderophile elements 

in the lunar mantle. At the lower Ni contents in the metal, though, Mo and W would only 

be partially volatile. 

In Figure 5.3 results for the calculations in which a 5 wt. % core was segregated 

are presented. The best match excluding Ga is found for a core with a mole fraction of Ni 

of 0.55 and 50 % partial melting of the silicates. Molybdenum is slightly over depleted, 

but a higher initial abundance for Mo that meets the criteria described above would result 

in a calculated Mo abundance that falls within the accepted range. However, Ni contents 

of 0.45 and less call for unacceptably high Mo starting abundances. Thus, a 5 wt. % core 

must have a high Ni content, and Mo and W can be only partially volatile. 
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Figure 5.3 Comparison of calculated abundances to inferred lunar mantle abundances. 
Heavy dark lines represent the range of accepted abundances (see text for sources). 
These are the results for calculations where a 5 wt. % core was segregated. a) Mole 
fraction of Ni in the metal equals 0.25. b) Mole fraction of Ni in the metal equals 0.35. 
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Figure 5.3 (continued) c) Mole fraction of Ni in the metal equals 0.45. d) Mole fraction 
of Ni in the metal equals 0.55. 
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Discussion 

In all cases, the calculated abundances of Ga fell below the observed abundance. 

As Ga normally behaves in a volatile fashion, O'Neill has assumed its bulk lunar 

abundance was derived entirely from the 4% H-chondrite reduced veneer. The starting 

abundance that O'Neill assigns to Ga based on that criterion falls on the lower edge of the 

observed abundance. However, he also states that it is possible that under the conditions 

that he has proposed the Moon accretes, that Ga could become somewhat refractory. 

Thus, the lunar bulk abundance of Ga could consist of the 4% veneer plus some fraction 

that could have accreted from the impactor plus proto-mantle. It is also interesting to 

note that Wulf and Palme [1991] found that Ga becomes more refractory with increasing 

oxygen fugacity in a series of heating experiments that they performed on Allende. These 

experiments were done at atmospheric pressure, and thus the results may not reflect what 

happens under nebular conditions or the conditions under which the Moon may have 

formed. The result is nonetheless intriguing. O'Neill estimates that during the formation 

of the Moon as much as 25% of the Ga from the impactor component might have 

condensed. If this is so, then the problems fitting the observed Ga abundance could be 

alleviated. 

Other than the difficulties with Ga, O'Neill's model does seem to be able to 

account for the siderophile element abundance pattern in the lunar mantle. In general, 

smaller cores can form under more reducing conditions than larger cores. Forming a 

smaller core requires a lower ratio of impactor material to proto-Earth material than 

assumed by O'Neill. The formation of a larger cores necessitates that Mo and W behave 

in a less volatile fashion than postulated by O'Neill. Finally, smaller cores require 

somewhat higher degrees of partial melting of the silicates than larger cores. However, 

the high degrees of partial melting (50 to 75%) required for all core sizes is consistent 
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with the inferred magma ocean that formed the Moon's feldspathic crust, and also with 

the segregation of small amounts of metal [Stevenson, 1990, Taylor, 1992]. 
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Heterogeneous Accretion in the Earth 

78 

In this chapter the results of calculations testing heterogeneous accretion scenarios 

for the Earth are presented. In the classic heterogeneous accretion scenario set forth by 

Wanke [Wanke, 1981, Wanke and Dreibus, 1988], the first material accreting to form the 

Earth is highly reduced, and all Fe and other siderophile elements are metallic and, thus, 

separate to form the core. The last 10-20% of material is progressively more oxidized 

allowing moderately siderophile elements to remain in the mantle. The final 1 % of 

material is so oxidized that metallic Fe is unstable, and therefore, the noble siderophile 

elements from this portion remain in the mantle. O'Neill [1991a and 1991b] set forth a 

variant on the normal heterogeneous accretion model. In his model, the last 20% of 

material is simply added all at once in the form of a giant impact that triggers the 

formation of the Moon. Also, he postulates that a small amount of sulfide liquid, not 

metal, segregated to the core after the impact event to set the abundance patterns of the 

moderately siderophile elements in the Earth's primitive mantle. 

Assumptions 

In both Wanke's and O'Neill's models core formation can be simply treated as 

occurring in two discrete events. The first event occurs after the initial 80% of the Earth 

accretes. This material is so reduced that all siderophile elements go into the core. The 

second core forming event occurs after the last 20% of material has accreted, and all 

siderophile elements are present in the mantle in 0.2 x CI abundances. Thus, the starting 

abundance for these calculations is 0.2 x CI. 
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Here I present results for calculations in which the metal in the second segregation 

event contained 1.0, 0.7, and 0.5 mole fraction of Ni. In an Fe-Ni alloy the mole fractions 

will be very close to the weight percents, so the metal can thought of as roughly 100, 70, 

and 50 wt. % Ni. For these calculations it is assumed that the material added prior to the 

second core forming event is chondritic in composition nominally consisting of 70% 

silicates and 30% Fe-Ni metal. The metal is assumed to be 90% Fe and 10% Ni. Thus, 

if the incoming chondritic material were so oxidized that only Ni were metallic, then the 

material is actually 97% silicates and 3% metallic Ni, and because this material is only 

20% of the mantle, the fraction of metal being segregated is only 0.006. Thus, only very 

small fractions of metal are segregated in the second core forming event. The 

composition of metal was transformed into an oxygen fugacity using the correlation 

between composition and oxygen fugacity from Chapter 4. Table 6.1 shows the 

corresponding metal compositions, oxygen fugacity relative to the iron-wiistite buffer, 

and fractions of metal segregated in the second core forming event. For each metal 

composition, the degree of partial melting of the silicates was varied between 10 and 

100%. 

Calculations were also performed for the segregation of sulfur-bearing metallic 

liquids that would be in equilibrium with the above metal compositions. These 

calculations were to assess if a sulfide phase was important and to determine if the 

degree of melting of the metal was critical. The fraction of sulfide separated was the 

same as that of the corresponding equilibrium metal composition. 

Finally, to asses how critical the amount of metal segregated was, some 

calculations were done in which the fraction of metal was varied but the degree of partial 

melting of the silicates and the composition of the metal was held constant. The metal in 

these calculations had a mole fraction of Ni of 0.7, and the silicates were either 10 or 30% 
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Table 6.1. Input parameters for calculations and the post-core formation Ni to Co ratios 
in the mantle. SM indicates that solid metal was segregated, and LM indicates that a 
sulfur bearing metallic liquid was segregated. !J.IW is the oxygen fugacity relative to the 
iron-wiistite buffer. 

XNiin !J.IW Metal % Melting NifCo NifCo 
Metal Fraction of Silicates (SM) (LM) 

Sesresated 

10 1.00 1.00 

30 1.00 1.00 

1.0 +3.86 0.006 50 0.99 0.99 

75 0.98 0.98 

100 0.95 0.96 

10 0.98 0.98 

30 0.93 0.92 

0.7 +0.43 0.0086 50 0.65 0.65 

75 0.45 0.46 

100 0.29 0.30 

10 0.94 0.93 

30 0.82 0.82 

0.5 -0.24 0.012 50 0.43 0.42 

75 0.26 0.26 

100 0.15 0.15 
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melted. These particular parameters were chosen based on the results of the other 

calculations. 

The Earth is a large planet with pressures at the core-mantle boundary reaching 

1.4 Mbars. Thus some justification for using low pressure partition coefficients for these 

calculations is required. One reason is, of course, the fact that measurements of high 

pressure and temperature metal-silicate partition coefficients are only just now being 

undertaken [e.g., Hillgren et al., 1993; Walker et al., 1993], but the use of low pressure 

partition coefficients can also be justified on the grounds that these calculations deal with 

material that was added late in the accretion of the Earth to the outside of the planet. It is 

thus conceivable that chemical equilibrium was achieved near the surface of the Earth at 

modest temperatures and pressures. If the metal then quickly passed through the mantle, 

it may not have had the chance to re-equilibrate at greater depths. There is also some 

evidence that pressure may not strongly affect partitioning behavior within metallic 

phases [Jones and Walker, 1991]. However, temperature does have a significant effect on 

partition coefficients, and an effort was made to take that into account by extrapolating 

partition coefficients to appropriate temperatures. I have only extrapolated the partition 

coefficients to the liquidus temperature of peridotite, and temperatures could have been 

much higher. However, there does not appear to be any reliable extrapolation technique 

to predict partition coefficients at very high temperatures (refer back to Chapter 1). The 

results from the calculations presented here, though, may give hints as to whether very 

high temperatures are necessary. 

Results 

In Figures 6.1 to 6.5 the calculated abundance patterns of Ni, Co, Mo, W, Ga, and 

P are compared to their abundances observed in the earth's mantle. The observed mantle 

abundances are taken from Newsom [1990]. For Ga and P, Newsom's volatility corrected 

abundances are used so that depletions only due to siderophile behavior can be examined. 
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Figure 6.1. Comparison of calculated abundance pattern to observed abundance pattern. 
Heavy Dark lines represent the range of accepted abundances for elements. Observed 
abundances are from Newsom [1990], and Ga and P abundances are volatility corrected. 
These are the results for calculations involving 10% partial melting of the silicates. (a) 
Results for the segregation of solid metal. (b) Results for the segregation of sulfur 
bearing metallic liquid. 
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Figure 6.2. Comparison of calculated abundance pattern to observed abundance pattern. 
Heavy Dark lines represent the range of accepted abundances for elements. Observed 
abundances are from Newsom [1990], and Ga and P abundances are volatility corrected. 
These are the results for calculations involving 30% partial melting of the silicates. (a) 
Results for the segregation of solid metal. (b) Results for the segregation of sulfur 
bearing metallic liquid. 
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Figure 6.3. Comparison of calculated abundance pattern to observed abundance pattern. 
Heavy Dark lines represent the range of accepted abundances for elements. Observed 
abundances are from Newsom [1990], and Ga and P abundances are volatility corrected. 
These are the results for calculations involving 50% partial melting of the silicates. (a) 
Results for the segregation of solid metal. (b) Results for the segregation of sulfur 
bearing metallic liquid. 
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Figure 6.4. Comparison of calculated abundance pattern to observed abundance pattern. 
Heavy Dark lines represent the range of accepted abundances for elements. Observed 
abundances are from Newsom [1990]. and Ga and P abundances are volatility corrected. 
These are the results for calculations involving 75% partial melting of the silicates. (a) 
Results for the segregation of solid metal. (b) Results for the segregation of sulfur 
bearing metallic liquid. 
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Figure 6.5. Comparison of calculated abundance pattern to observed abundance pattern. 
Heavy Dark lines represent the range of accepted abundances for elements. Observed 
abundances are from Newsom [1990], and Ga and P abundances are volatility corrected. 
These are the results for calculations involving 100% melting of the silicates. (a) Results 
for the segregation of solid metal. (b) Results for the segregation of sulfur bearing 
metallic liquid. 
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Note that there is a range of accepted abundances for Mo, W, Ga, and P. The abundances 

of Ni and Co, however, are very precisely known, and one of the criteria for a good match 

is a Ni to Co ratio that is 0.9 to 1.0 x CI. Table 6.1 gives the NilCo ratios resulting from 

the calculations. Except for Ga, good matches to observed abundances are found when 

the mole fraction of Ni of the segregating metal is equal to 0.7, and the degree of partial 

melting of the silicates is 10 to 30%. The metal composition corresponds to an oxygen 

fugacity that is 0.43 log units above the iron-wiistite buffer. Good matches are also found 

for the sulfide liquid that would be in eqUilibrium with this metal also at 10 and 30% 

melting of the silicate. Thus, it is not critical what fraction of the metal is liquid. 

Although the fraction of metal segregated needs to be small, it does not need to be 

exactly 0.0086. Figure 6.6 and Table 6.2 give the results of calculations where the metal 

contains 70 mole % Ni and the silicates are melted either 10 or 30%, and the fraction of 

metal segregated is varied from 0.005 to 0.03. For 10% partial melting of silicates the 

fraction of metal segregated can not be larger than 0.0086, or Mo will be over depleted. 

However, the fraction of metal could be less than 0.005 and not over deplete Mo. For 

30% melting of the silicates, if the fraction of metal is too much less than 0.005, then Mo 

will not be depleted enough. At a metal fraction of about 0.015, Mo lies at its lower 

observed limit, and the value of the Ni to Co ratio is beginning to fall below the accepted 

range of 0.9 to 1.0 x CI. Therefore, for 30% partial melting of the silicates the fraction of 

metal segregated can be between 0.005 to 0.015. Thus, for larger degrees of partial 

melting, slightly larger fractions of metal can be segregated. 

Tungsten, Ga and P are very lithophile at oxygen fugacities appropriate to the 

model and do not segregate into the core. This makes Ni, Co and Mo the crucial elements 

to fit in these calculations. Nickel and Co need to maintain a nearly chondritic ratio to 

one another (0.9-1.0), while Mo only needs to be depleted by the correct amount. The 

key to fitting Ni and Co is the combined effect of low degrees of silicate partial melting 
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Figure 6.6. Comparison of calculated abundance pattern to observed abundance pattern. 
Heavy Dark lines represent the range of accepted abundances for elements. Observed 
abundances are from Newsom [1990], and Ga and P abundances are volatility corrected. 
These calculations are for the segregation of metal that has a mole fraction of Ni of 0.7. 
(a) Results for 10% partial melting of the silicates. (b) Results for 30% partial melting of 
the silicates. 



Table 6.2. Input parameters for calculations investigating 
the role of metal fraction segregated and the post-core 
formation Ni to Co ratios in the mantle. 

% Melting Metal 
of Silicates Fraction NilCo 

Se~re~ated 

0.005 0.99 

0.0086 0.98 

10 0.015 0.96 

0.02 0.95 

0.03 0.93 

0.005 0.96 

0.0086 0.93 

30 0.015 0.88 

0.02 0.85 

0.03 0.80 
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and segregating small fractions of metal. The low degrees of silicate partial melting 

prevent Ni and Co from being strongly fractionated from one another. Both of these 

elements are compatible, but Ni is both more compatible and more siderophile than Co. 

Thus, the stronger tendency of Ni than Co to go into the metal is offset by the presence of 

olivine into which it also fractionates more strongly than Co. However, if the fraction of 

metal being segregated becomes too large, then despite the availability of olivine for Ni to 

fractionate into, Ni will become over depleted causing the Ni to Co ratio to fall below 0.9. 

Probably the chief factor controlling the abundance of Mo is the oxygen fugacity or 

composition of the metal. When the metal is 100% Ni, Mo is fairly lithophile and does 

not fractionate into the metal phase. As conditions become more reducing, Mo begins to 

fractionate more into the metal. When the metal is only half Ni, Mo tends to become over 

depleted. This over depletion is not seen in cases with high degrees of partial melting of 

the silicates, but then Ni is over depleted relative to Co. The other controlling factor for 

Mo abundance is the fraction of metal segregated, as was discussed in the preceding 

paragraph. 

Under the conditions explored W is very lithophile and is not depleted from a 

starting abundance which falls in the range of accepted mantle abundances for W. 

Phosphorous is also very lithophile under these conditions and is not depleted from its 

starting abundance which falls well within its volatility corrected abundance, not its 

observed abundance. This observation suggests that depletion of P in the Earth's mantle 

during the late stages of accretion is only due to volatility. Recall that the partition 

coefficients for P were not extrapolated with respect to temperature. Only the 1260 °C 

values for the partition coefficients at the appropriate oxygen fugacity were used. 

However, P is very lithophile at these conditions, and that behavior should not change 

dramatically with temperature. It also turns out that the best matches are found for Ni, 
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Co, and Mo at degrees of melting of the silicates that correspond to temperatures at and 

near 1260 ·C. 

The abundance of Ga is problematic. Part of the problem lies in the fact that the 

starting abundance assumed here is smaller than the volatility corrected abundance. In 

fact, the starting abundance is even smaller than the actual observed abundance of Ga 

which is from 0.28 to 0.6 x CI [Newsom, 1990]. Gallium is not strongly depleted by the 

fractionation of small amounts of metal under the oxidizing conditions of these 

calculations. Thus, if Ga were not completely stripped from the mantle in the first core 

forming event, the observed abundance of Ga could be explained as the 0.2 x CI starting 

abundance used here plus the Ga remaining after the first core forming event. One way to 

prevent all of the Ga from going into the core in the first stage is the presence of a mantle 

phase in which Ga is strongly compatible, possibly a high pressure phase. So far there is 

no evidence for this. For example, McFarlane et al. [1990] report a value of 0.6 for a 

partition coefficient for Ga between beta spinel and melt, and 0.8 between majorite garnet 

and melt. The abundance of Ga in the mantle cannot be explained by heterogeneous 

accretion with our current understanding of Ga's partitioning behavior. 

Discussion 

Although the inability to fit Ga should not be dismissed, if it is ignored for the 

moment, the calculations presented here show that a heterogeneous accretion scenario 

could account for the abundance pattern of siderophile elements in the Earth's mantle. 

One possible problem is that the required oxygen fugacity is lower than that observed in 

the mantle today. Good matches with the observed abundances of Ni, Co, Mo, Wand P 

occurred at an oxygen fugacity that was 0.43 log units above the iron-wtistite buffer. The 

oxygen fugacity of the Earth's mantle is believed to be near the quartz-fayalite-magnetite 

buffer which at 1260 ·C is 4 log units more oxidizing than the iron-wtistite buffer 

[O'Neill and Wall, 1987, Wood and Virgo, 1989]. However, the upper mantle could 
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possibly have become progressively more oxidized through time by the subduction of 

volatiles. 

These calculations also indicate that the last bit of metal must have been 

segregated at low degrees of partial melting which would not be consistent with a 

substantial magma ocean for the early Earth. One problem with the lack of a terrestrial 

magma ocean is that if the Moon is formed by a giant impact as in O'Neill's scenario, the 

Earth would certainly have been substantially melted. There is a possible explanation. 

Recall that segregation of small amounts of sulfur bearing metallic liquids could also give 

good matches to the observed pattern of Ni, Co, Mo, W, and P in the mantle. It turns out 

that S is fairly soluble in basaltic melts [Haughton et al., 1974, Wendlandt, 1982]. Thus, 

the Earth could be molten, and sulfides could be stored in the melt. As the Earth cooled, 

the sulfides would exsolve and segregate to the core. The degree of partial melting of the 

silicates found in the above calculations could simply be indicating at what point the 

sulfide exsolved out of the melt and segregated. One caveat with this explanation is that 

the sulfides in the above calculations were metal saturated sulfides. The sulfides that 

exsolve from the molten silicates could in fact be metal undersaturated. In order to test 

the sulfide segregation hypothesis more thoroughly, the partitioning behavior of the 

siderophile elements between silicates and a large range of sulfide compositions would 

have to be studied. 

If sulfides exsolving from molten silicates did indeed set the siderophile element 

pattern of the Earth's mantle, then the siderophile element pattern in Earth's mantle tells 

us little about the early thermal state of the Earth. The pattern would then only tell us that 

the Earth was at least partially molten at one time, and not that the Earth was never 

substantially molten. 

Azbel et al. [1993] have recently presented a model of core formation in a 

homogenous accretion scenario. In this model, core formation is also divided into two 
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stages. The first occurs concurrently with accretion. During this stage, different portions 

of the mantle undergo a melting and metal segregation event. The metal depleted silicate 

portion is then quickly mixed back into the mantle, rehomogenizing the mantle. At the 

end of this stage, the siderophile elements are all nearly equally depleted to a level of 

approximately 0.15 x CI. Their second stage is post-accretionary and involves the 

segregation of a tiny fraction of metal remaining in the mantle. Their resulting 

siderophile element abundance pattern over depletes Ni and Mo. The partition 

coefficients they chose to use were those of Jones and Drake [1986] which are 

appropriate to rather reducing conditions (more than one log unit below the iron-wiistite 

buffer). As shown in the calculations above, over depletion of Ni and Mo can be avoided 

by segregating the last small bit of metal under more oxidizing conditions. Thus, the 

calculations in this chapter show that the model of Azbel et at. is viable if the metal 

segregated in their second post-accretionary stage is Ni-rich. 

In general the calculations presented in this chapter show that any core formation 

model that culminates in the segregation of a small amount of metal once the Earth has 

evolved to a stage where siderophile elements have a uniform abundance of 

approximately 0.2 x CI is viable provided that last fraction of metal is Ni-rich. Thus the 

heterogeneous accretion scenarios of Wanke and O'Neill and the continuous core 

formation model of Azbel et al. can not be distinguished from one another on the basis of 

the abundances of moderately siderophile elements. Some other criteria will need to be 

devised to distinguish between the models. 
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The results of model calculations presented in this dissertation are compatible 

with a self-consistent formation scenario for the Earth-Moon system. Certainly they 

show that the abundance patterns of moderately siderophile elements (excluding Ga) in 

the mantles of the Earth and Moon can be produced by the segregation of small amounts 

of metal under fairly oxidizing conditions. The results for the Moon are consistent with 

the presence of a magma ocean, and they imply that several elements would have to be 

initially depleted due to volatility. Both of these results are compatible with the 

formation of the Moon in a giant impact. In the case of the Earth, the results of the model 

calculations indicate that Earth was only 10 to 30 % melted in the final stages of core 

formation. At face value, this does not appear to be consistent with a magma ocean and 

thus a giant impact origin for the Moon. However, it is possible that this 10 to 30 % 

partial melting represents a point in the cooling of a magma ocean when a sulfide 

exsolved and segregated to the core. If this is the case, then the results of the model 

calculations for the Earth and Moon presented here are not contradictory. 

As always, though, the models are not perfect and leave unanswered questions 

and point to new avenues of research. One of the most glaring flaws in the calculations 

presented was the inability to fit Ga abundances for either the Earth or the Moon. This 

failure may indicate that the models tested here are incorrect, or may simply mean that we 

do understand the geochemical behavior of Ga well enough. One particular path to 

pursue may be the search for a mantle phase in which Ga may be strongly compatible. 
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The assumption for the lunar calculations that some elements are volatile under 

the conditions that may have prevailed during the accretion of the Moon after a giant 

impact points to another line of research: Experimental studies of how the volatilities of 

elements vary with oxygen fugacity. Same initial work along these lines has been 

undertaken by Wulf and Palme [1991], but it left some variables unexplored. For 

example, their experiments were performed at atmospheric pressure not at the low 

pressures that would be appropriate to the solar nebula or a possible lunar forming nebula 

produced by a giant impact into the Earth. 

There is also still the possibility that siderophile element signature in the Earth's 

mantle was set by high pressure and high temperature metal-silicate equilibrium deep 

within the Earth. High pressure and high temperature metal-silicate partitioning 

experiments are needed to asses the likelihood of this possibility. These experiments are 

just beginning to be undertaken by two different groups. [Hillgren et aI., 1993, Walker et 

ai., 1993] The early results do not indicate that the siderophile element signature was 

governed by high pressure and high temperature metal-silicate equilibrium alone. For 

example, the preliminary results show that although Ni and Co both become less 

siderophile, their partition coefficients are still not equal, and thus simple metal-silicate 

equilibrium at high temperatures and pressures does not explain the chondritic Ni to Co 

ratio observed in the mantle. Tungsten is also present in a nearly chondritic ratio with Ni 

and Co. However, the preliminary results of my high pressure and temperature 

experiments show that W becomes more siderophile which will cause it to fractionate 

from Ni and Co. Thus it does not appear that simple equilibrium between metal and 

silicate at high temperatures and pressures can explain the siderophile element abundance 

pattern of the Earth's mantle. However, the data obtained from high pressure and 

temperature experiments can be used for further refining and testing of other core 

formation and accretion models. 
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Finally, there is always the possibility that core formation in either the Earth or the 

Moon was not an equilibrium process. Perhaps the metal rained out too fast or in too 

large of bodies for it to equilibrate with the silicate, and thus equilibrium models would 

not apply. To assess this hypothesis, one needs to determine how long it takes for 

equilibrium to be achieved. Diffusion coefficients of siderophile elements could be used 

towards this end. Unfortunately, other than for Ni and Co [Morioka and Nagasawa, 

1991], diffusion data for siderophile elements in silicates is lacking. Thus, an 

experimental study of the diffusion behavior of siderophile elements would be useful to 

determine if disequilibrium may have played a role during core formation in both the 

Earth and Moon 

The current study has supplied clues about processes that may have been 

important in the formation of both the Earth and Moon and about the processes that may 

have operated during core formation in these bodies. Yet, there are still several possible 

areas of research that may yield further hints about processes that were important in the 

formation and early histories of the Earth and Moon. 
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The compositions of the run products for each experiment are presented in the 

following tables. For all tables, r indicated a reversal experiment, bd means an element 

was below detection; na means an element was not analyzed for, and np means an 

element was not present in the charge. 



Table A.l. Com(!osition of run (!roducts of ex(!eriments containing Co. 
Run 22 Run 27 Run 29 

Glass 
Si 22.834 ± 0.166 22.021 ± 0.154 19.288 ± 0.061 
Mg 3.164 ± 0.057 3.284 ± 0.032 3.028 ± 0.033 
Ca 5.856 ± 0.046 5.679 ± 0.011 4.825 ± 0.022 
AI 9.015 ± 0.038 9.301 ± 0.076 10.498 ± 0.040 
Fe 11.463 ± 0.161 11.672 ± 0.137 19.866 ± 0.200 
Ni 2.921 ± 0:085 2.696 ± 0.048 0.018 ± 0.001 
S 0.002 ± 0.002 0.002 ± 0.001 0.129 ±0.002 
Co 0.503 ± 0.012 0.509 ± 0.011 0.021 ± 0.002 
0 44.312 ± 0.200 43.679 ± 0.163 43.970 ± 0.117 

Total 100.070 98.844 101.641 

Metal 
Fe 1.566 ± 0.029 1.655 ± 0.037 51.694 ± 0.269 
Ni 96.347 ± 0.398 96.305 ± 0.173 47.371 ± 0.210 
S 0.047 ± 0.002 0.044 ± 0.003 0.047 ± 0.001 
Co 0.686 ± 0.012 0.727 ± 0.019 2.372 ± 0.029 

Total 98.646 98.730 101.484 

Sulfide 
Fe 0.819 ± 0.041 0.924 ± 0.047 
Ni 86.008 ± 0.646 85.555 ± 0.969 
S 10.814 ± 0.677 12.086 ± 1.007 
Co 0.441 ± 0.015 0.469 ± 0.020 

Total 98.082 99.033 

Run 39 

22.901 ± 0.102 
2.997 ± 0.041 
6.173 ± 0.050 
9.153 ± 0.089 

11.131 ± 0.146 
2.971 ± 0.066 
0.003 ± 0.001 
0.485 ± 0.008 

44.396 ± 0.167 
100.208 

1.560 ± 0.169 
98.475 ± 0.333 

0.044 ± 0.002 
0.661 ± 0.008 

100.740 

0.659 ± 0.055 
85.688 ± 0.891 
13.234 ± 0.963 
0.365 ± 0.019 

99.947 

Run 41 

18.951 ± 0.103 
3.041 ± 0.015 
4.836 ± 0.039 

10.006 ± 0.114 
20.326 ± 0.205 
0.091 ± 0.009 
0.040 ± 0.002 
0.064 ± 0.001 

43.259 ± 0.197 
100.614 

24.495 ± 0.278 
73.253 ± 0.283 

0.046 ± 0.001 
2.119 ± 0.029 

99.913 

19.223 ± 0.414 
66.181 ± 0.713 
12.747 ± 1.173 

1.478 ± 0.042 
99.629 

\0 
00 



Table A.l (continued). 
Run 44 Run 64r 

Glass 
Si 20.230 ± 0.118 20.084 ± 0.073 
Mg 3.351 ± 0.028 3.201 ± 0.020 
Ca 5.128 ± 0.050 5.007 ± 0.038 
Al 9.575 ± 0.088 9.970 ± 0.084 
Fe 17.099 ± 0.178 17.781 ±O.071 
Ni 0.856 ± 0.039 0.586 ± 0.028 
S (1.005 ± 0.001 0.006 ± 0.001 
Co 0.305 ± 0.003 0.190 ±O.006 
0 43.487 ± 0.164 43.714 ±O.145 

Total 100.035 lOO.538 

Metal 
Fe 5.999 ± 0.093 8.381 ± 0.282 
Ni 92.020 ± 0.906 90.656 ± 0.322 
S 0.046 ± 0.002 0.045 ± 0.002 
Co 1.298 ± 0.022 1.211 ± 0.027 

Total 99.363 100.293 

Sulfide 
Fe 3.226 ± 0.237 4.532 ± 0.186 
Ni 82.430 ± 0.827 81.316 ± 0.498 
S 12.624 ± 1.120 13.911 ± 0.678 
Co 0.783 ± 0.038 0.710 ± 0.020 

Total 99.064 100.469 

Run 69r 

19J)26 ± 0.026 
2.970 ± 0.021 
4.743 ± 0.024 

10.245 ± 0.022 
21.172 ± 0.195 
0.030 ± 0.004 
0.113 ± (tOOl 
0.025 ± 0'()02 

43.918 ± 0.077 
102.240 

43.092 ± 0.203 
55.862 ± 0.430 
0.044 ± 0.003 
1.942 ± 0.016 

100.940 

36.026 ± 0.324 
48.243 ± 0.962 
14.955 ± 1.228 
1.249 ± 0.047 

100.472 

Run 70r 

19.358 ± 0.490 
2.990 ± 0.098 
4.853 ± 0.169 

10.400 ± 0.381 
21.469 ± 0.230 
0.016 ± 0.002 
0.178 ± 0.003 
0.013 ± 0.002 

44.709 ± 0.947 
103.985 

57.680 ± 0.329 
41.499 ±0.185 

0.043 ± 0.002 
1.918 ± 0.020 

10 1.140 

47.237 ± 0.657 
30.266 ± 1.145 
21.568 ± 1.505 
0.907 ± 0.064 

99.978 

\0 
\0 



Table A.2. ComEosition of run Eroducts in eXEeriments containinB Mo and W. 
Run 28 Run 30 Run 34 Run 42 Run 46 

Glass 
Si 21.238 ± 0.176 18.293 ± 0.044 18.532 ± 0.147 18.912 ± 0.108 20.011 ± 0.048 
Mg 3.397 ± 0.031 2.869 ± 0.030 3.003 ± 0.033 2.961 ± 0.028 3.092 ± 0.034 
Ca 5.500 ± 0.026 4.672 ± 0.020 10.261 ± 0.094 10.103 ± 0.073 5.078 ± 0.026 
AI 8.881 ± 0.047 10.122 ± 0.052 4.831 ± 0.060 4.800 ± 0.018 10.072 ± 0.050 
Fe 11.515 ±0.113 20.553 ± 0.066 20.551 ± 0.221 19.649 ± 0.252 17.035 ± 0.091 
Ni 3.021 ±0.108 0.024 ± 0.017 0.008 ± 0.003 0.080 ± 0.006 0.770 ± 0.015 
S na na na na na 
Mo 1.031 ± 0.045 bd . bd 0.037 ± 0.003 0.401 ± 0.006 
W 1.083 ± 0.021 0.702 ± 0.039 0.457 ± 0.028 1.066 ± 0.034 1.071 ± 0.012 
0 43.096 ± 0.226 42.686 ± 0.050 43.162 ± 0.220 43.080 ± 0.236 43.674 ± 0.093 

Total 98.762 99.919 100.804 100.688 101.202 

Metal 
Fe 1.461 ± 0.037 48.772 ± 0.466 67.746 ± 0.546 23.815 ± 0.110 6.656 ± 0.107 
Ni 98.704 ± 0370 47.617 ±0.237 27.906 ± 0.193 73.393 ± 0.224 95.034 ± 0.242 
S na na na na na 
Mo 0.034 ± 0.013 2.246 ±0.020 2.384 ± 0.031 2.394 ±0.017 0.364 ± 0.014 
W bd 1.132 ± 0.052 2.119 ± 0.053 0.125 ± 0.004 bd 

Total 100.199 99.768 100.155 99.726 102.053 

Sulfide 
Fe 0.757 ± 0.068 41.522 ±·0.392 55.683 ± 0.814 18.215 ± 0.395 3.744 ± 0.300 
Ni 84.258 ± 1.230 38.726 ± 1.058 20.976 ± 0.770 64.497 ± 0.756 85.485 ± 0.961 
S 14.009 ± 1.255 17.445 ± 1.280 21.065 ± 1.417 15.603 ± 1.126 12.364 ± 1.283 . 
Mo 0.010 ± 0.003 1.661 ± 0.208 1.460 ± 0.069 1.329 ± 0.164 0.119 ± 0.017 
W bd 0.164 ± 0.020 0.209 ± 0.063 0.010 ± 0.002 bd 

Total 99.034 99.518 99.394 99.654 101.711 ,.... 
8 



Table A.2 (continued). 
Run 52 Run 53 Run 55 Run 63r Run 68r 

Glass 
Si 18.539 ± 0.164 19.252 ± 0.057 18.176 ± 0.055 19.890 ± 0.081 19.193 ± 0.076 
Mg 2.833 ± 0.009 2.747 ± 0.029 2.979 ± 0.017 3.120 ± 0.052 2.825 ± 0.020 
Ca 4.657 ± 0.106 4.807 ± 0.024 4.749 ±0.029 4.942 ± 0.032 4.824 ± 0.037 
Al 10.170 ± 0.043 10.523 ± 0.057· 9.978 ± 0.071 10.031 ± 0.122 10.714 ± 0.036 
Fe 20.057 ± 0.467 19.981 ± 0.087 21.212 ± 0.076 17.871 ± 0.199 19.633 ± 0.157 
Ni 0.014 ± 0.003 0.032 ± 0.002 0.043 ± 0.004 0.495 ± 0.027 0.024 ± 0.002 
S na na na na na 
Mo bd 0.010 ± 0.002 na 0.152 ± 0.005 bd 
W 0.603 ± 0.040 0.848 ± 0.019 0.934 ± 0.020 0.587 ± 0.011 0.395 ± 0.021 
0 42.828 ± 0.440 41.034 ± 0.110 42.864 ± 0.106 43.586 ± 0.132 43.867 ± 0.143 

Total 99.700 99.233 100.935 100.673 101.475 

Metal 
Fe 50.132 ± 0.196 38.087 ± 0.242 36.222 ±0.217 9.503 ±0.232 48.003 ± 0.161 
Ni 45.787 ± 0.163 59.935 ± 0.328 60.897 ± 0.255 90.789 ± 0.848 49.804 ± 0.298 
S na na na na na 
Mo 2.088 ± 0.026 2.224 ± 0.068 2.158 ± 0.066 0.474 ± 0.100 1.470 ± 0.015 
W 1.294 ± 0.057 0.521 ± 0.193 0.444 ± 0.014 bd 0.656 ± 0.023 

Total 99.301 100.767 99.721 100.766 99.933 

Sulfide 
Fe 44.058 ± 0.364 32.930 ± 0.207 5.298 ± 0.222 
Ni 39.474 ± 0.648 52.946 ± 0.688 81.116 ± 0.560 
S 14.583 ± 0.801 12.723 ± 0.858 13.267 ± 0.733 
Mo 1.408 ± 0.107 1.698 ± 0.147 0.124 ± 0.020 
W 0.239 ± 0.016 0.116 ± 0.009 bd 

Total 99.762 100.413 99.806 -0 -



Table A.3. ComEosition of run Eroducts in eXEeriments 'containing P. 
Run 45 Run 59 Run 60 Run 61 Run 62 

Glass 
Si 21.676 ± 0.115 19.106 ± 0.081 18.889 ± 0.093 18.934 ± 0.050 20.135 ± 0.066 
Mg 3.576 ± 0.039 2.860 ± 0.023 2.794 ± 0.023 2.841 ± 0.032 3.053 ± 0.045 
Ca 6.556 ± 0.044 5.862 ± 0.019. 5.767 ± 0.042 5.730 ± 0.028 6.251 ± 0.041 
Al 9.176 ± 0.059 11.074 ±0.064 10.766 ± 0.108 10.370 ± 0.065 10.088 ± 0.082 
Fe 10.801 ± 0.084 17.696 ± 0.218 18.087 ± 0.074 19.610 ±0.170 15.575 ± 0.180 
Ni 2.868 ± 0.025 0.068 ± 0.007 0.016 ± 0.006 0.012 ± 0.003 0.877 ± 0.056 
S 0.002 ± 0.001 0.038 ± 0.002 0.097 ± 0.002 0.169 ± 0.003 0.003 ± 0.002 
P 0.598 ± 0.006 0.473 ± 0.004 0.392 ± 0.006 0.371 ± 0.003 0.546 ± 0.003 
0 44.024 ± 0.213 . 44.129 ± 0.183 43.664 ± 0.185 44.115 ± 0.100 44.059 ± 0.082 

Total 99.276 101.305 100.471 102.153 100.587 

Metal 
Fe 1.500 ± 0.025 29.056 ± 0.285 47.454 ± 0.237 60.047 ± 0.535 5.759 ±0.072 
Ni 98.193 ± 0.286 71.575 ± 0.347 52.007 ± 0.259 38.790 ± 0.152 92.689 ± 0.774 
S 0.044 ± 0.001 0.044 ± 0.002 0.039 ± 0.002 0.037 ± 0.003 0.043 ± 0.001 
P bd 0.012 ± 0.002 0.041 ± 0.002 0.051 ± 0.002 bd 

Total 99.737 100.688 99.541 98.925 98.491 

Sulfide 
Fe 0.692 ± 0.066 22.863 ± 0.535 39.275 ± 0.286 49.298 ±0.609 2.838 ± 0.179 
Ni 86.324 ± 1.157 64.109 ±0.701 44.251 ± 0.567 31.345 ± 0.737 82.878 ± 0.709 
S 12.738 ± 1.143 13.159 ± 1.102 15.331 ± 0.750 17.491 ± 1.038 14.099 ± 0.883 
P bd 0.122 ± 0.009 0.257 ± 0.005 0.231 ± 0.026 bd 

Total 99.753 100.254 99.113 98.365 99.815 

..... 
0 
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Tablc A.4. ComEosition of run Eroducts in eXEcriments containin~ Ga. 
Run2 Run 65 Run 66 

Glass 
Si 23.631 ± 0.204 21.346 ± 0.059 19.974 ± 0.094 
Mg 4.043 ± 0.104 3.077 ± 0.043 2.956 ± 0.036 
Ca 7.178 ± 0.147 5.375 ± 0.037 5.010 ± 0.038 
Al 9.636 ± 0.255 10.993 ± 0.053 11.128 ± 0.063 
Fc 8.677 ± 0.089 14.134 ±0.074 17.257 ± 0.143 
Ni 1.423 ± 0.071 0.451 ±0.016 0.064 ± 0.007 
S bd 0.004 ± 0.001 0.034 ± 0.002 
Ga 0.747 ± 0.038 0.464 ± 0.006 0.311 ±0.005 
0 44.633 ± 0.525 44.629 ± 0.075 44.191 ±0.171 

Total 99.967 100.472 100.926 

Metal 
Fc 2.291 ± 0.060 8.541 ±0.112 27.118 ± 0.185 
Ni 97.410 ± 0.691 92.235 ± 0.258 72.041 ± 0.467 
S 0.059 ± 0.019 0.042 ± 0.002 0.040 ± 0.002 
Ga 0.211 ± 0.027 0.445 ± 0.005 1.249 ± 0.013 

Total 99.971 101.263 100.448 

Sulfide 
Fc 1.115 ± 0.059 21.598 ± 0.226 
Ni 84.840 ± 0.631 64.427 ± 0.413 
S 13.459 ± 0.679 14.054 ± 0.600 
Ga 0.085 ± 0.005 0.676 ± 0.032 

Total 990499 100.756 

Run 71 

19.201 ±0.221 
2.808 ± 0.047 
4.890 ± 0.040 

10.470 ± 0.147 
19.122 ± 0.171 
0.021 ± 0.003 
0.111 ± 0.003 
0.295 ± 0.004 

43.479 ± 00408 
100.397 

46.244 ± 0.288 
52.516 ± 0.237 

0.040 ± 0.002 
1.368 ± 0.011 

100.167 

38.920 ± 0.200 
44.905 ± 0.438 
15.297 ± 0.558 
0.648 ± 0.026 

99.771 

Run 72 

19.824 ± 0.091 
2.944 ± 0.040 
4.864 ± 0.024 

10.656 ± 0.072 
18.603 ± 0.139 
0.012 ± 0.004 
0.150 ± 0.004 
0.292 ± 0.002 

44.264 ± 0.179 
101.610 

61.401 ±0.195 
37.427 ± 0.218 

0.038 ± 0.002 
1.484 ± 0.014 

100.348 

51.808 ± 0.380 
29.527 ± 00443 
17.298 ± 0.698 
0.508 ± 0.030 

99.141 

...... 
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Table A.4 (Continued). 
Run 73 Run 74 

Glass 
Si 20.616 ± 0.051 19.325 ± 0.065 
Mg 3.138 ± 0.029 2.921 ± 0.022 
Ca 5.172 ± 0.053 4.909 ± 0.027 
AI 10.039 ± 0.056 10.642 ± 0.067 
Fe 16.336 ± 0.166 18.837 ± 0.150 
Ni 0.602 ± 0.026 0.010 ±0.003 
S 0.005 ± 0.001 0.162 ± 0.003 
Ga 0.592 ± 0.005 0.332 ± 0.004 
0 43.940 ± 0.133 43.817 ± 0.114 

Total 100.439 100.954 

Metal 
Fe 7.654 ± 0.124 63.450 ± 0.264 
Ni 92.478 ± 0.452 34.417 ± 0.263 
S 0.043 ± 0.002 0.037 ± 0.003 
Ga 0.347 ± 0.004 1.593 ± 0.008 

Total 100.521 99.497 

Sulfide 
Fe 4.204 ± 0.142 54.052 ± 0.273 
Ni 82.536 ± 0.443 27.466 ± 0.325 
S 13.018 ± 0.555 16.943 ± 0.541 

Ga 0.177 ± 0.009 0.577 ± 0.027 
Total 99.934 99.039 

..... 
~ 



Table A.5. C()m~osilion of run ~roducls in ex~crill1enls conlainin~ Oa hut no S. 
Run 78 Run SO Run 82 

Glass 
Si 18.432 ± 0.074 18.580 ± 0.110 18.478 ±0.106 
Mg 2.926 ± 0.015 2.887 ± 0.037 2.957 ± 0'()27 
ea 4.737 ±0.018 4.822 ± 0.025 4.774 ± 0.043 
Al 10.101 ± 0.044 9.899 ± 0.082 10.177 ±0.050 
Fe 20.408 ± 0.136 20.814 ± 0.169 20.315 ± 0.177 
Ni np 0.062 ± 0.003 0.009 ± OJ)()3 
Oa 0.421 ± 0.004 0.411 ±0.006 0.216 ± 0.003 
0 42.734 ± 0.081 42.926 ± 0.193 42.792 ± 0.203 

Tolal 99.760 100.401 99.718 

Metal 
Fe 98.743 ± 0.569 28.851 ± 0.311 67.095 ± 3.761 
Ni np 70.344 ± 0.325 31.484 ± 3.504 
Oa 1.059 ± 0.013 1.172 ± OJ)1 1 1.000 ± 0.149 

Tolal 99.802 100.366 99.578 

Run 83 

18.744 ± 0.089 
2.984 ± 0.028 
4.868 ± 0.061 

10.348 ± 0.075 
19.428 ± 0.104 
0.027 ± 0.002 
0.199 ± 0.003 

42.920 ± 0.190 
99.517 

41.267 ±0.151 
56.445 ± 0.171 

0.855 ± 0.022 
98.567 

Run 84 

18.849 ± 0.053 
3.099 ± 0.033 
4.889 ± 0.043 
9.919 ± 0.051 

19.358 ±0.179 
0.198 ± 0.007 
0.381 ± 0.011 

42.804 ± 0.136 
99.496 

16.654 ± 0.173 
81.642 ± 0.433 

0.605 ± 0.018 
98.900 

...... 
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Tahle A.6. Composition of run products inj02 calihration experiments. 
Run 86 (+3) Run 90 (+3) Run 93 (+3) 

Glass 
Si 22.001 ± 0.087 21,(103 ± 0.091 21.086 ± 0.042 
Mg 3.834 ± 0.093 3.794 ± 0.103 3.745 ± 0.075 
Ca 5.741 ± 0.083 6.964 ± 0.057 7.110 ± 0.035 
Al 10.536 ± 0.237 1O.l 0 I ± 0.046 9.286 ± D.107 
Fe 12.036 ± 0.261 14.147 ± 0.290 12.546 ±0.177 
Ni 1.163 ± 0.039 0.147 ± 0.005 2.471 ± 0.032 
0 44.754 ±0.182 44.311 ± 0.120 43.635 ± 0.179 

Total 100.065 100.466 99.879 

Metal 
Fe 3.936 ± 0.082 17.440 ± 0.234 2.118 ± 0.086 
Ni 96.295 ± 0.357 83.361 ± 0.369 97.272 ± 0.568 

Total 100.231 IOD.801 99.390 

Run 94 (+3) 

21.298 ± 0.159 
3.551 ± 0.111 
7.163 ±0.107 
9.277 ± 0.248 

12.513 ± 0.585 
2.673 ± 0.152 

43.820 ± 0.158 
100.294 

2.033 ± 0.055 
98.693 ± 0.517 

100.726 

Run 97 (+3) 

18.297 ± 0.132 
3.023 ±0.018 
6.090 ± 0.075 

10.380 ± 0.047 
20.019 ±0.1l7 

0.031 ± 0.003 
43.111 ± 0.212 

100.951 

42.093 ± 0.414 
57.656 ± 0.285 
99.749 
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Table A.6 (continued). 
Run 98 (+3) Run 99 (+3) 

Glass 
Si 18.249 ± 0.068 18.857 ± 0.080 
Mg 2.964 ± 0.0 I 6 2.807 ± 0.020 
ea 6.109 ± 0.061 6.325 ± 0.028 
Al 10.184 ± 0.065 10.561 ± 0.051 
Fe 20.357 ± 0.264 19.082 ± 0.063 
Ni 0.027 ± 0.002 0.475 ± OJ)} 1 
0 42.994 ± 0.199 43.578 ± 0.135 

Total 100.883 101.686 

Metal 
Fe 42.860 ± 0.334 11.230 ± O. I 25 
Ni 57.221 ± 0.220 88.909 ± 0.3 J 5 

Total 100.080 100.139 

Run 100 (+2) Run 101(+2) 

18.837 ± 0.057 19.513 ± 0.053 
2.882 ± 0.008 2.691 ± 0.056 
6.270 ± 0.016 5.990 ± 0.070 

10.456 ± 0.031 11.982 ± 0.038 
19.154 ±0.107 16.612 ± 0.200 
0.463 ± 0.005 0.006 ± 0.002 

40.773 ± 0.062 41.811 ± 0.095 
98.834 98.605 

11.316 ± 0.145 67.467 ± 0.445 
88.297 ± 0.396 32.873 ± 0.415 
99.613 100.340 

Run 102(+2) 

19.529 ± 0.265 
2.824 ± 0.042 
6.159 ± 0.058 

11.882 ± 0.155 
16.189 ± 0.217 
0.007 ± 0.001 

41.773 ± 0.398 

70.151 ± 0.525 
29.171 ±0.486 
99.321 

...... 
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Appendix B 

Partition Coefficients 

108 

For all tables: r-reversal experiment, NP-phase not present, NA-phase not analyzed 

(normally the sulfide phase due to a bad polish), SM-solid metal, LM-liquid metal, LS 

-liquid silicate. Greater than and less than signs indicate lower and upper limits. 
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Table B.l Ni Partition Coefficients 

Run # 10 2 SMILS LMILS 

28 -7.71 33 ± 1.2 28 ± 1.1 
22 -7.86 33 ± 1.0 29 ±0.9 
45 -7.86 34 ±0.3 30 ±0.5 
27 -7.88 36 ±0.6 32 ±0.7 
39 -7.88 33 ±0.7 29 ±0.7 
44 -8.98 108 ±5.0 96 ±4.5 
62 -9.03 106 ±6.8 95 ±6.1 
73 -9.35 154 ±6.7 137 ±6.0 
64 -9.40 155 ±7.4 139 ±6.7 
63 -9.55 190 ±9.0 171 ±7.9 
65 -9.68 205 ±7.1 NA 
84 -10.38 412 ± 14 NP 
41 -10.91 804 ±76 726 ± 69 
80 -11.11 1132 ±60 NP 

66 -11.20 1122 ± 115 1004 ± 103 
59 -11.26 1057 ± 113 947 ± 101 
55 -11.43 1416 ± 137 NA 
53 -11.56 2066 ±503 1826 ±444 
69 -11.64 1894 ±226 1635 ± 197 
83 -11.66 2124 ± 166 NP 

37 -11.70 2038 ±258 1700 ± 217 
71 -11.81 2481 ±388 2122 ± 333 
68 -11.84 2075 ± 165 NA 
52 -11.86 3224 ±650 2780 ± 562 
60 -11.87 3334 ± 1340 2837 ± 1140 
29 -11.89 2493 ± 116 NA 
70 -11.95 2594 ±340 1892 ± 258 
76 r -12.01 2998 ±719 2426 ± 583 
46 -12.02 2720 ± 1158 NA 
61 -12.05 3311 ±859 2676 ±697 
82 -12.10 3498 ± 1166 NP 
72 -12.12 3119 ±913 2461 ±721 
34 -12.13 3721 ± 1428 2797 ± 1078 
74 -12.14 3623 ± 1117 2891 ±892 
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Table B.2. Co Partition Coefficients. 

Run# 10 2 SMILS LMILS 

22 -7.86 1.4 ±0.04 0.88 ±0.04 

27 -7.88 1.4 ±0.05 0.92 ±0.04 

39 -7.88 1.4 ±0.03 0.75 ±0.04 

44 -8.98 4.3 ±0.08 2.6 ±0.13 

64 -9.40 6.4 ±0.3 3.7 ±0.16 

41 -10.91 33 ±0.9 23 ±0.8 

69 -11.64 78 ±5.9 50 ±4.2 

29 -11.89 99 ±8.3 NA 

70 -11.95 153 ±23 73 ± 12 
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Table B.3. Mo Partition Coefficients. 

Run # 10 2 SMILS LMILS 

28 -7.71 0.03 ±0.01 0.01 ±0.003 

46 -9.07 0.9 ±0.01 0.30 ±0.04 

63 r -9.55 3.1 ±0.7 0.8 ±0.14 

42 -10.98 65 ±4.7 39 ±6.2 

53 -11.56 234 ±52 179 ±42 

30 -11.81 >374 >277 

68 r -11.84 >245 NA 

52 -11.86 >348 >235 

34 -12.13 >397 >243 
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Table B.4. W Partition Coefficients. 

Run # 10 2 SMILS LMILS 

28 -7.71 <0.006 <0.013 

46 -9.07 <0.006 <0.013 

63 r -9.55 <0.01 <0.024 

42 -10.98 0.12 ±0.005 0.010 ± 0.002 

55 -11.43 0.48 ±0.02 NA 

53 -11.56 0.76 ±0.28 0.17 ±0.02 

30 -11.81 1.6 ±0.12 0.23 ±0.03 

68 r -11.84 1.7 ±0.11 NA 

52 -11.86 2.2 ±0.17 0.40 ±0.04 

34 -12.13 4.6 ±0.31 0.46 ± 0.14 
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Table B.S. P Partition Coefficients 

Run# 10 2 SMfLS LMfLS 

45 -7.86 <0.003 <0.01 

62 -9.03 <0.004 <0.01 

59 -11.26 0.026 ± 0.005 0.26 ±0.02 

60 -11.87 0.11 ±0.OO6 0.66 ±0.02 

61 -12.05 0.14 ±0.OO6 0.62 ±0.07 



114 

Table B.6. Ga Partition Coefficients. Ga runs with a "j" in the 
designation were done by Jessie DeAro. 

Run # 10 2 SMILS LMILS 

j-3 -7.76 0.06 0.02 

j-27 -7.82 0.07 0.04 

j-29 -7.86 0.07 0.04 

2 -8.62 0.30 0.10 

73 -9.35 0.59 ±0.01 0.30 ±0.02 

j-33 -9.62 0.73 0.47 

65 -9.68 0.96 ±0.02 NA 

66 -11.20 4.0 ±0.08 2.2 ±0.11 

71 -11.81 4.6 ±0.04 2.2 ±0.09 

72 -12.12 5.1 ±0.06 1.7 ±0.1O 

74 -12.14 4.8 ±0.06 1.7 ±0.02 

84 -10.38 1.6 ±0.07 NP 

80 -11.11 2.9 ±0.05 NP 

83 -11.66 4.3 ±0.13 NP 

82 -12.10 4.6 ±0.69 NP 

78 -12.42 2.5 ±0.04 NP 
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