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ABSTRACT 

Fission and alpha track radiography techniques have been used to 

measure partition coefficients (D) at trace (ppm) concentration levels 

for the actinide elements Th, U, and Pu between synthetic diopsidic 

clinopyroxene, whitlockite (B-Ca
3

(P0
4

)
2
), apatite, and coexisting 

"haplobasaltic" silicate liquid at 1 bar and 20 kilobars 

pressure at oxygen fugacities from 10-8 •6 to 10-0 •7 bars. 

Equilibrium (Rayleigh) partitioning at the crystal-liquid interface is 

assumed and corrections for actinide zoning and relative alpha and 

fission fragment ranges have been applied to the measured D values. 

Reproducibility for both actinide and minor element D values is care­

fully examined as a criterion for crystal-liquid interface equilibrium. 

The data are mostly compatible with interface equilibrium except at 

high cooling rates (~30 deg/hr). 

Pu is much more readily incorporated into crystalline phases than 

is U or Th, under reducing conditions (fo
2
=10-8 •6), because Pu is most 

likely trivalent whereas U and Th are tetravalent. The effect of 

changing pressure and liquidus temperature is small where direct com­

parisons can be made. Definitive valence state assignments cannot be 

made, but our best estimates of corrected partition coefficients for 

Pu+3 , Pu+4 , Th+4 , u+4 , and u+6 are, for whitlockite: 3.6 / 0.58 / 

1.2 / 0.5 / 0.002; for chloro-oxy-apatites: -- / -- / 1.22 / 1.69 / --; 

and for diopsidic clinopyroxene: 0.06 / -- / 0.002 /0.002 / --

respectively in P-bearing systems. 

Strong compositional effects are seen on the addition of P and, 

to a lesser extent, U. The D for Th and U are a factor of 10, and 
cpx 
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+3 D for Pu a factor of three higher in P-free systems relative to cpx 

P-bearing systems. This is interpreted as a result of actinide stabili­

-3 zation in the melt, possibly by complex formation with P0
4 

groups. 

Actinide substitution in these phases is most likely into the Ca 

site as this site is the largest in each phase and the magnitude of 

the relative D values, between phases, corresponds to the relative range 

of Ca site sizes. However experiments run with percent concentrations 

of uo
2 

added to the whitlockite-producing compositions suggest that 

substitution of uo~4 
for P0~

3 
is a possibility. 

Preliminary results on Sm partitioning at 1 bar pressure 

and published lanthanide partition coefficients place the partitioning 

+3 behavior of Pu amongst the light rare earth elements with Nd having 

a factor of two greater D h. than Pu+3 . These results support the use 
wit 

of Pu/Nd chronology for meteorites provided chemical fractionation 

effects, which could result in a 60 m.y. error, are assessed. 

These results have application in evaluating actinide-actinide and 

actinide-lanthanide fractionations in natural materials utilized in 

addressing problems in geochronology, cosmochronology, and petro­

genesis. Additionally, these data define a 'bracketing theorem' for 

selection of unfractionated materials for use in the aforementioned 

disciplines. This bracketing theorem, based on the sequence of relative 

crystal/liquid partition eoefficients: DNd>DPu>DTh~DU, predicts that a 

sample with unfractionated (relative to solar-system abundances) 

lanthanide and Th-U abundances will also have a solar-system Pu abundance. 

Further use of this type of experimentation has clear application to 

the current problem of radioactive waste disposal. 
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I. INTRODUCTION 

The discovery of a xenon component in meteorites having a fissio-

genie distribution of isotopes, yet unlike the xenon isotopic spectrum 

of any known spontaneous fission nuclide (Rowe and Kuroda, 1965) sug­

gested the presence of a, now extinct, spontaneously fissioning nuclide 

at some time prior to the formation of that meteorite, and by infer­

ence, prior to the formation of the solar system. This curious and ex­

citing result was given much greater significance by the proof that the 

fissioning transuranic isotope had decayed in situ (Cantalaube et al., 

1967.; Wasserburg et al., 1969a). The work of Alexander et al. (1971) 

demonstrated, conclusively, that the xenon spectrum was that of spon­

taneously fissioning 
244

Pu (t½= 82 m.y.). The record provided by the 

xenon could now be given time significance, both in terms of cosmo­

chronology and geochronology, rather than merely recording a product 

of an ancient, but unexplained, nucleosynthetic event. 

244 
The discovery of in situ decaying Pu not only added another 

geologic clock to the well known 87Rb, 
232

Th, 
235u, 238u, 4

°K, and 

129 I (Reynolds, 1960) clocks, but also ~ncouraged research into other 

26 extinct radionuclides, such as Al (Gray and Compston, 1974; Lee and 

Papanstassiou, 1974; Lee et al., 1976), and motivated searches for 

general isotopic anomalies. 

Th h d b h f 244P . 1 . . e ent usiasm generate y t e prospect o u uti ization 

was tempered by the lack of a stable or even longer-lived isotope of 

244 
Pu for normalization of the observed Pu abundances. By default, 

another element must be chosen for normalization. A 

reasonable choice would be U, and this was originally used. 

However, in fact, one of the light lanthanides may be a better choice 
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(Lugmair and Marti, 1977; Wasserburg et al., 1977; Boynton, 1978). The 

following sections present some of the current problems that benefit 

from application of experimentally determined actinide-actinide and 

actinide-lanthanide fractionation factors. 

Areas of Application of Experimental Actinide-Lanthanide Fractionation 

Factors 

A. Meteorite/Lunar Chronology 

The ability to determine the age of formation, metamorphism, or, 

more specifically, the time of 'freezing in' of the elemental and 

isotopic composition of a particular sample is essential in deciphering 

the origin, evolution, and relationships of materials of geologic 

interest. The standard chronometers, Rb-Sr, U-Th-Pb, K-Ar, and Sm-Nd, are 

based on measurements of the present isotopic abundances which are 

corrected for non-radiogenic components and then extrapolated back in 

time, under model assumptions, until all of the radiogenic daughter(s) 

are accounted for by decay of the radioactive parent nuclide over that 

time interval. The absolute age errors must increase as the extrap­

olation is extended back in time. 

The formal errors (precision) in ages for meteorites 

and lunar rocks, have been reduced to 5-50 m.y. for 4600 m.y. 

age dates (Wetherill, 1975). For many, if not most applications, an 

error of this magnitude can be tolerated; however, a more precise 

measurement of relative ages of ancient materials can, in principle, be 

obtained from a comparison of the normalized abundance of 
244

Pu in a 

sample to that of a reference sample. Any difference can, ideally, be -

244 ascribed solely to the decay of Pu. The short half-life, geologi-
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cally, (t1 =82 m.y.) would permit '. Comparatively fine resolution of 
~ 

relative ages. 

244 
If Pu abundances are normalized to 

238u, then the time interval between the sample of interest and the 

reference object is given by: 

where tr is the relative age, \ 238 and \
244 

are the decay constants of 

238u and 
244

Pu • 1 ( / ) respective y, N
244 

N238 sis the ratio of the number of 

atoms of 
244

Pu and 
238u in the sample, and (N /N ) is the corre-

244 238 r 

sponding ratio for the reference object. 

If 
244

Pu is normalized to a stable nuclide then the equation is, 

using the above definition of terms: 

The useful interval for Pu chronometry is 0-600 m.y. starting at 4600 

m.y. ago. 

The assumptions that are made in the above are: l) there is no 

chemical fractionation between Pu and the reference nuclide during the 

processes that formed both the sample and reference object, and 2) the 

reservoirs from which the objects of interest were formed (and presum­

ably the entire solar system) were isotopically homogeneous. Unfortu­

nately neither of these assumptions is rigorously true. (The problem 

of inaccurate Pu abundances due to loss of fissiogenic Xe may be im­

portant, but will not be discussed here). 
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Clear-cut evidence for initial isotopic heterogeneities in 

refractory elements in early solar system materials now exists, (see, 

for example, McCulloch and Wasserburg, 1978 a, b; Papanastas 5 iou and 

Wasserburg, 1978; Lugmair et al., 1978; and references therein). The 

observed variations are, percentagewise, small (parts in 104) and may 

not invalidate the assumption, for all practical purposes, of uniform 

• • t. 1 • • b d • d d h h 1 244P /238 ini ia isotopic a un ances, provi e tat t e soar system u U 

-2 
is of the order of 10 (Podosek, 1972; Ganapathy and Grossman, 1976; 

Drozd et al., 1977; Jones and Burnett, 1979). A similar conclusion can 

be drawn from reported U isotopic variations (Unruh et al., 1979) al-

though larger U inhomogeneities were observed by Arden (1977). 

The U isotopic composition measurements require further documentation 

to confidently assess their precise effect on the geochronological use 

244 of Pu abundances. 

Evidence of large chemical fractionation effects between the 

actinides has been obtained from meteorites. Wasserburg et al. (1969) 

. 244 238 measured a relatively high Pu/ U value of 0.03 in a separate of 

whitlockite (S-Ca
3

(P0
4

)
2

) from the St. Severin chondrite compared to 

the whole rock St. Severin 244Pu/ 238u value of 0.015 reported by 

Podosek (1970a, b, 1972). Additionally, Crozaz (1974) obtained a Th/U 

value of 10 for a St. Severin whitlockite separate, a value clearly 

distinct and anomalous from the well known, impressively constant, solar-

system Th/U value of 3.8 (Morgan and Lovering, 1968; Toksoz and 

Johnston, 1977). Exploratory experimental work of Seitz et al. (1974) 

demonstrated large actinide fractionations, expecially for Pu. 

Based on semi-theoretical arguments, Boynton (1978) proposed 

normalization of Pu abundances to the lanthanide Pr. This suggestion 
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has received empirical support with the measurement of near constant 

244Pu/Nd values in meteorites (Lugmair and Marti, 1977; Wasserburg et 

al., 1977). These measurements reveal that the clinopyroxene and 

whitlockite from Angra dos Reis have the same Pu/Nd value suggesting 

a chemical coherence between Pu and the light lanthanides, a result 

with obvious attractiveness for geochronology. Marti et al. (1977) 

also obtained the same Pu/Nd value for Juvinas (whole rock) and for 

mellilite from an Allende coarse-grained inclusion. 

The concurrence of the Pu/Nd values between different objects and 

different minerals in a single object does not prove a lack of chemical 

fractionation although this is a simple and therefore attractive idea. 

For example, the alternative of a relatively constant ratio of frac­

tionation factors for Pu and Nd must be considered. Thus, the problem, 

experimentally, shifts from actinide-actinide to actinide-lanthanide 

fractionation. 

244 Clearly, for Pu abundances to be used successfully to calculate 

precise relative ages, the magnitude and conditions of actinide frac-

tionation must be quantitatively understood for the phases pertinent to 

meteorites and lunar samples. Because Pu no longer exists in nature at readily 

measureable levels, the only choice is to follow the lead of Seitz et 

al. (1974) in applying the techniques of experimental petrology to 

address and hopefully solve the problem of chemical fractionation of 

the actinides during geologic processes. 

Given a solution to the actinide fractionation problem, the pre­

cise relative ages obtained will not only yield temporal relationships 

between related samples of a particular rock suite, but also may pro­

vide insights to and resolution of problems currently encountered with 
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different radiometric techniques yielding distinct and inconsistent 

relative ages of ancient objects (Gray et al., 1973; Wetherill, 1975). 

As discussed in Gray ~al. (1973), the initial 87 sr/86sr conden­

sation time scale represented by the interval from BAB! to ALL is 8-15 

m.y. and is extended to 80 m.y. when equilibrated chondrites are 

included. 129 127 . 
In contrast, the I/ I time scale, including equili-

brated chondrites, is 14 m. y. (Podosek, 1970 a) . This "sharp isochro­

nism" does not include the basaltic achondrites which, at least for 

Petersburg, appear by this chronometer to be 27 m.y. younger (relative 

to Bjurbole) (Wetherill, 1975). Wetherill (1975) also tabulates 

244P /238U 1 h "f • d 1 1 f u va ues tat i interprete so e y as time, not ractionation, 

differences yield a spread of 350 m.y. from BAB! to ALL (although the 

Allende inclusion mixture studied by Podosek and Lewis (1972) is very 

likely chemically enhanced in Pu relative to U). As a further example, 

the data presented by Huneke~ al. (1977) on four basalt clasts from 

39 40 • 
Kapoeta show widely varying Ar- Ar and Rb-Sr ages and inconsistent 

. f 129x d f" . . 136x concentrations o e an issiogenic e. The models that attempt 

to order this data in terms of retentive sites, thermal metamorphism, 

and cooling rates can be further constrained by the Pu data provided 

the geochemical behavior of Pu can be quantified. 

B. Cosmochronology 

The time dependence of r-process nucleosynthesis is constrained by 

the relative abundances of the r-process nuclides: 244Pu/238u;235u;. 
232Th/129r;127r at the time of solar system isolation (see, for example, 

Schramm and Wasserburg, 1970). The discovery of 
26

Al 

107 (Lee et al., 1976) and probably Pd (Kelly and Wasserburg, 1978) 
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as in situ decaying nuclides has changed the nucleosynthesis picture. 

At stake are the questions of whether or not the solar-system origi­

nated from the products of continuous nucleosynthesis or whether there 

were one or more spikes of nucleosynthetic material injected just prior 

to, or even initiating, the collapse of the proto-stellar nebula, and 

the question of the time scale between the beginning of nebular 

collapse (and isolation from further nucleosynthetic reservoirs) and 

the fonnation of 'cold' solid objects. 

The simplest interpretation seems to be one of assigning the 

aforementioned radionuclides to two discrete nucleosynthetic periods. 

The earlier period, to which the Pu,U,Th, and perhaps part of the 

1291 • d ld 107 • d • are assigne , wou occur> years prior to con ensation. 

Whether or not this period contained a spike in addition to contri­

butions from uniform nucleosynthesis is discussed further below. The 

recently postulated second period is probably an event (spike) that is 

responsible for the 26Al, 107Pd, and at least some (possible all) of 

the 1291 (Kelly and Wasserburg, 1978), and occurred within 3xl0
6 

years 

prior to formation of Allende white inclusions. 

The necessity of postulating at least two distinct nucleosynthetic 

periods follows from the relative abundances and half-lives of these 

nuclides. Briefly, 244Pu (t1 =82 m.y.) has an abundance, relative to 
Yi 

238u, of approximately 0.01 whereas 
26

Al (t1 =0.72 m.y.) has an 
~ . 

27 -5 abundance, relative to Al, of about 5xl0 (see, for example, Esat 

et al., 1979 and references therein), 
107

Pd (ti,=6.5 m.y.) relative to 
'2 

110 -5 129 Pd is about 2xl0 (Kelly and Wasserburg, 1978), and 1 (t1 =17 
~ 

127 . -4 m.y.) relative to 1 is about lxl0 (Hohenberg et al., 1967). The 

short half-lives of 26Al and 107Pd require a nucleosynthetic event 
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8 much closer in time to condensation than the 2xl0 yr. previously 

244 129 calculated from the Pu and I data (Schrannn and Wasserburg, 

1970). If the factor of 104 to 105 dilution for Pd or I, as discussed 

by Kelly and Wasserburg (1978), applies to Pu and U, this excludes 

reconciliation of the 
244

Pu/
238u abundance ratio with this shortened 

(3xl06 yr.) free decay time scale because this would require that the 

244P /238U d • • b h d f • u r-process pro uction ratio e more tan an or er o magni-

tude greater than the production ratio calculated by Seeger and 

Schramm (1970) who demonstrated the constancy of the actinide produc­

tion ratios over a wide range of nucleosynthesis conditions. The 
129

1 

can be correlated with either, or both, periods as discussed by Kelly 

and Wasserburg (1978). 

The question of heterogeneities in the initial isotopic composi­

tions must also be considered. Large U 

heterogeneities were reported by Arden (1977) (>300% enrichments 

• 235U/238U f "d d "d ) in or aci treate resi ues . Effects of this magnitude 

were not substantiated by Chen and Tilton (1979) or Unruh et al. 

(1979), although 
235 238 . U/ U enrichments of up to 1% cannot be ex-

eluded. These enrichments could invalidate the assumption of 

an overall uniform set of 244Pu/
238u;235u' 232

Th abundances for the solar 

system. The observed 'unknown nuclear' isotopic anomalies in Sm, Nd, 

Ba, Sr, and Ca (McCulloch and Wasserburg, 1978a,b; Lee et al., 1977; 

Lee et al., 1978; Papanastassiou and Wasserburg, 1978) and, probably, 

. 26 27 in Al/ Al (Esat et al., 1979) for a special Allende white inclusion, 

may suggest that the distribution of nucleosynthetic products from the 

most recent event is quite 'granular'. This 'granularity' may 

seriously complicate the interpretations of these short lived, low 
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abundance radionuclides. However, the large body of data indicating 

uniform isotopic compositions for most solar system materials suggests 

that any granularity from anyolder period of nucleosynthesis has been 

mixed away, and to the extent that the great bulk of the solar system 

actinides refer to that older period also, it is still reasonable 

to assume uniform solar system actinide abundances. 

The work done in this study has no bearing on the second, more 

recent, nucleosynthetic event; only on the time scale of the first, 

earlier period. Unlike the chronological application of 244Pu dis-

cussed in the previous section, the choice of the nuclide used to 

normalize 
244

Pu abundances for cosmochronological applications is 

limited to the actinides. This is a result of the necessity of calcu­

lating theoretical nucleosynthetic production ratios. The actinide 

production ratios follow directly from the decay scheme in the 

actinide region and are very insensitive to variations in nucleo-

synthesis conditions (Seeger and Schramm, 1970). Normalization of 

244
Pu to one of the lanthanides is very imprecise because the actinide­

lanthanide production ratios are not correlated as are the actinide­

actinide production ratios. 

Although 232Th is the most favorable nuclide for normalization of 

244
Pu abundances because of the long 

232
Th half-life (as pointed out 

in Schramm and Wasserburg, 1970), 238u will be used for this discussion 

as virtually all published measurements are of the form 244Pu/ 238u. 

Calculations on the time scale of galactic nucleosynthesis 

(Hohenberg, 1969; Wasserburg et al., 1969b; Fowler, 1971) require a 

late stage injection of r-process elements iIIU11ediately prior to the 

formation of the solar-system if the solar-system 
244

Pu/
238u value is 
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as high as 0.03, the value measured for a St. Severin whitlockite 

(Wasserburg et al., 1969a). Certainly the value 244Pu/ 238u=0.087 

(Podosek and Lewis, 1972) for a mixture of Allende Ca-rich inclusions 

would require an r-process spike. The whole rock St. Severin ratio of 

0.015 (Podosek, 1972) leaves the question unresolved (Fowler, 1977). 

Based on the hypothesis of no Pu/Nd fractionation, Marti et al. (1977) 

244 238 propose that a solar system Pu/ U va.lue of 0. 004 be adopted where 

this ratio is calculated as the product of the measured Angra dos Reis 

Pu/Nd value and a chondritic Nd/U value. The relationship between this 

result and the 
244

Pu/
238

u value (0.015) of Podosek (1972) for St. 

Severin is unclear. Assuming analytical uncertainties are negligible 

(see Jones and Burnett, 1979 for a discussion of possible complications 

in the interpretation of the Podosek data), this difference must be due 

to either Pu/Nd fractionation or time differences making the Angra dos 

Reis Pu/Nd lower than St. Severin. The data in this thesis are 

relevant to this question and whether or not the magnitudes of chemi­

cal fractionation are large enough to obviate the late stager-process 

injection. 

C. Petrogenesis 

Although there is an impressive constancy of Th/U=3.8 for meteor­

ites, lunar, and terrestrial materials (Morgan and Lovering, 1968; 

Toksoz and Johnston, 1977), many samples show deviations from this ratio 

(Mattinson et al., 1977; Laul and Fruchter, 1976; Tatsumoto, 1978). 

It may be that Th/U fractionation is a signature of only a few specific 

types of differentiation processes, making Th/U ratios different from 

3.8 uniquely interpretable. 
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Experimental determination of actinide fractionations under 

various, controlled, conditions of temperature, pressure, f0
2

, and 

composition are essential in defining and constraining the petro­

genetic models of melting and crystallization in exactly the manner of 

the well known and studied lanthanides. 

An example of the application of this type of data and the 

significance of the phases, phosphates and clinopyroxene, chosen for 

this experimental study is given by Beswick and Carmichael (1978). As 

discussed by these authors, the magnitudes of the partition coefficients 

are critical in producing models that quantitatively explain both the 

major and minor element abundances in natural rocks and in quantita­

tively predicting the range of variation in a rock suite. The variables 

of pressure, temperature, and composition (especially P
2
o

5 
content) are 

referred to, although the effect of f0
2 

and valence states of the multi­

valent ions are not considered. One limitation of the Beswick­

Carmichael approach is the use of crystal-liquid partition coefficients, 

from natural samples. These may be too high due to assuming bulk 

equilibrium when a Rayleigh type equilibrium may be closer to the truth. 

The experimental determinations in this study demonstrate the signifi­

cant effect these variables can have on petrogenetic models. 

D. Radioactive Waste Disposal 

The problems with disposal of radioactive wastes produced from 

research and commercial reactors are real and demand urgent attention 

until progress on energy alternatives relegates nuclear power to 

specific scientific applications. The problems with current disposal 

programs have been clearly presented by Ringwood (1978) along with his 
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proposal for a safer waste material storage, Synroc. The use of 

natural analogues for synthetically concentrating and permanently 

trapping radioactive wastes can be enhanced with knowledge of the 

chemical fractionation of radioisotopes, of which the actinides are the 

longest-lived subset and therefore determine the required time scale 

for stable storage conditions. Not only can the most efficient condi­

tions of incorporation (P, T, f0
2

, cooling rate) of radioisotopes in 

minerals be experimentally determined, but the mechanisms and most 

suitable concentration ranges can also be explored. This may be the 

most important application of experimental work on the partitioning of 

radioisotopes in minerals. 

Research Scope 

244 . 244 Because Pu no longer exists in nature and, because Pu 

abundances in meteorites and lunar rocks depend on time as well as 

chemistry, an understanding of the geochemistry of Pu must depend on 

laboratory studies more than the other actinides and lanthanides of 

interest. This research initiates experimental investigation of 

actinide-actinide fractionations via 

determination of crystal-liuqid equilibrium partition coefficients. 

The overall experimental objectives are: 1) to determine the condi­

tions under which the actinides fractionate and the magnitude of the 

fractionation; 2) to understand the significance of the constancy of 

Th/U=3.8 to Pu/U fractionation; and 3) to estimate the magnitude of 

actinide/lanthanide fractionation. 

The techniques of trace element radiography (Fleischer et al., 

1975), conventional electron microprobe minor and major element 
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analysis, and experimental petrology have been combined to yield in 

situ equilibrium partition coefficients for the elements Pu-U-Th 

between the phases whitlockite, chloro-oxy apatites, and 

diopsidic clinopyroxene and silicate melts with variable phosphorous 

content. Pressure, cooling rate, and fo
2 

have been varied from 1 

atmosphere to 20 kilobars, 1. 7 to 71 

-0 7 10 • atmospheres, respectively. 

-8 6 degrees C/hour, and 10 • to 

Trace element radiography is ideally suited, or nearly so, to 

determining partition coefficients, experimentally, because a crystal 

can be examined in situ, the radioisotopic concentrations can be held 

at natural (ppm) levels, higher concentrations can be investigated with 

the addition of non-radioactive ('cold') isotopes of the trace element 

with microprobe and track analyses as an internal check, the trace 

element is not depleted nor is the sample destroyed during analysis, 

and several different elements may be incorporated into a single experi­

ment yet analyzed separately (provided isotopes with differing decay 

characteristics are used). The sole drawbacks are the problems of safe 

handling of radioisotopes, the lower limit to crystal size that can be 

analyzed due to the finite range of the particles detected by this 

technique (10-15 microns in silicates) the relatively long time (5 

days) to produce and analyze a sample, and the limited number of useful 

isotopes. 

The choice of elements has been dis.cussed in the preceeding 

sections and the choice of phases being constrained, for this initial 

study, to the phases observed to be the primary reservoirs or sources 

of concentration of the actinides and lanthanides in meteorites and 

lunar rocks, with Pu as the focus. These phases all have Ca as a 
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major element in their stoichiometric structures. A priori, the 

actinides are assumed to substitute for Ca as do the lanthanides in 

phosphates. Thus there are Ca sites in each phase which differ in size 

and coordination that should result in a systematic correspondence of 

the partition coefficients for each phase (Matsui et al., 1977). 

The variations in pressure, cooling rate, f0
2

, and composition 

yield data that permit discussion of some of the possible parameters 

that could affect the absolute and relative magnitudes of the experi­

mentally determined partition coefficients and therefore constrain the 

application of these data to real world environments and processes. 
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II. EXPERIMENTAL DESCRIPTION 

Synthesis 

A. Starting Materials 

The compositions used, for the most part, are historically 

related to the compositions initially used by Seitz et al. (1974); 

in fact, three of the Pu -spiked starting materials used were acquired 

from M. G. Seitz. Due to the exploratory nature of that early study, 

a simple base composition was chosen. This 'haplobasalt', composed of 

diopside-albite-anorthite (Figure 1), was combined with ca
3

(P0
4

)
2 

to 

form two starting materials, one with whitlockite (10) on the liquidus 

(at 20 kilobars pressure) and the second with clinopyroxene (12) on 

the liquidus. The remaining starting materials were prepared as 

described in Appendix I. (See Appendix III-4 for actual compositions). 

Although clinopyroxene is the · liquidus phase from the phosphorous 

free 'haplobasaltic' composition, Seitz wished to synthesize clino­

pyroxenes from a liquid close to the composition from which the 

whitlockite was grown to minimize the effects of differing bulk compo­

sition; consequently 15 wt. % ca
3

(P0
4

)
2 

was added to make the 12 com­

position. A 3rd composition with apatite on the liquidus (11) was also 
prepared. 

Under the actual 20 kilobar run conditions the whitlockite compo-

sition had clinopyroxene present as a nearly co-liquidus phase (as did 

the apatite composition) and chloroapatite was frequently present in 

small quantities due to Cl contamination; a problem specifically dis-

cussed in Appendix I. The chloroapatite appears to 

crystallize until nearly all the contaminant Cl is removed from the 

melt whereupon whitlockite begins to crystallize. 
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FIGURE 1 

Pseudoternary liquidus surface phase diagram, with isotherms, determined 

by Bowen (1915). This diagram shows the 'haplobasalt' used in this 

study. The plotted point (X) marks the actual composition used prior 

to the addition of the phosphates, and thus is also the projection, 

of the pseudoquaternary system enclosing the starting 

material bulk compositions. 
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DIOPSIDE 

1250 

WEIGHT PERCENT ANORTHITE 

COMPOSITION AT X 
Atomic % Weight i. 

Di 53.7 48.1 
Ab 21.6 23.4 
An 24.7 28.5 
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At 1 bar, whitlockite is the liquidus phase for both the 

25 and 15 weight percent ca
3

(P0
4

)
2 

starting materials; clinopyroxene 

does not appear. At this pressure, a trial. composition with 10 weight 

percent Ca
3

(P0
4

)
2 

crystallized equal amounts of whitlockite and clino­

pyroxene as well as abundant plagioclase. 

B. Radioisotope Spiking 

All 239Pu spiked starting materials (Appendix I) were 

239 prepared with a feldspar glass that contained 20 ppm Pu so that the 

final 
239

Pu concentrations are 7.4 ppm for the 25 weight percent phos­

phate compositions (.10, 11, 15) and 8.4 ppm for the 15 weight percent 

phosphate composition (12, 14). All 3 original (10,11,12) preparations 

were also spiked with approximately 200 ppm of 'cold' 232Th so that, if 

necessary, both Pu and Th could be analyzed on the same sample. To date, 

232 
no Th data have been acquired from these samples. 

Chloride solutions of 
235u and 230Th were used for spiking the 

other starting materials used in this study (Appendix 

I). Final concentrations of approximately 20 ppm 235u and 50 ppm 

230 
Th were used in these materials. 

A third isotope, 151sm, was also added to the later U+Th spiked 

materials at a concentration of 2 ppm. This turned out to be too 

little, resulting in imprecise Sm partition coefficients due to large 

background corrections. More recent preparations (14, 15) containing 

lo 
151 s i dd • • 239P d d h • ld. h S ppm m, n a ition to u, pro uce t e runs yie ing t e m 

data discussed in later sections. 

Because of Cl contamination problems in some of the starting 

materials, Cl removal steps have been added to the preparation proce-
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dures. Several methods have been attempted, but as given in Appendix 

I, the best method appears to be simple melting in an open crucible to 

outgas the Cl. A drawback to this is the possibility of Na and, more 

importantly, Ploss. Switching to nitrate solutions of the radio­

isotopes seems to be an alternative worth pursuing in the future. 

All spiking, crushing, fusion, and capsule loading steps require 

strict isolation of Pu from U+Th. 235 230 
U and Th can be detected 

separately by alpha particle tracks (230Th) and by thermal neutron 

induced fission tracks c235u). Cross contamination with Pu has a much 

greater effect on U+Th analyses than the converse, as Pu partition co­

efficients are much larger than analogous U or Th partition coefficients. 

This contamination with Pu would be difficult to detect via track 

counting techniques as 
239

Pu is both an alpha emitter (as is 230Th) and 

is thermal neutron fissionable (as is 
235

u). The prerequisite separa­

tion of Pu from U+Th (and all radioisotopes separated from the experi­

menter) was achieved by using separate glove boxes, tools, crucibles 

f h 'k d • 1 h b • • • lSlS • etc. or t e spi e materia s. Te eta emitting isotope, mis 

less of a problem in terms of contaminating the actinide results. 

C. 1 Bar Synthesis 

The annealed sample capsule (Appendix I) is loaded in a glove 

box with about 10 mg of crushed glass starting material. The capsule 

is then squeezed near the middle maki~g a wasp waist (Figure 2A) 

forming a ledge on which the prepackaged and dried buffer materials are 

placed. To insure dryness the capsule is crimped nearly shut and placed 

in a drying oven (T=l30+ °C) for at least 12 hours. Just prior to 

placing the Pt capsule onto the thin wire suspension assembly, the 
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FIGURE 2 

Schematic diagram of the experimental charge configuration in Pt 

capsules. The solid £0 2 buffer mixtures of Co~Co0, Ni-Ni0, Fe-Fe0, or 

Fe 2o
3
-Fe

3
o

4 
are wrapped in a separate Pt foil packet and placed above 

the sample (A). A double Pt capsule arrangement which could be used 

with graphite buffers to contain the overpressure produced by oxidation 

of solid graphite is also shown (B). A third type uses the double 

capsule technique to minimize the possibility of contamination of the 

sample charge with the solid buffer (C). Essentially all results 

reported were obtained with configuration A. Recent runs (UTh 20A-5Co 

and 6Co) have successfully used configuration C. 



A) 

B) 

Crushed 
glass starting 

aaterial 
(~10 mg) 

Crushed 
glass starting 

aaterial 

21 

0.001" Pt or Pt 95 Au 5 foil 

0.100" O.D. Pt tubing (0.008" wall) 
crillped and welded with carbon arc 
at both ends. 

C) 

AS IN A 

AS IN B 

AS IN A 

,__ AS IN A 

Crushed 
glass 

fo
2 

Buffer 

0.150" O.D. Pt tubing (0.008" wall) 
crimped and welded with carbon arc at 
both ends. 
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capsule is welded shut (except for air runs where a pinhole may be left). 

The 1 bar pressure synthesis runs were conducted at Caltech 

with an Astra 1000A ultra-high temperature furnace equipped with a 

Eurotherm linear programmer and Leeds-Northrup controller. This furnace 

is a water cooled, graphite insulated, graphite resistance heater type 

that is used vertically with a 1-3/4 inch I.D. Al
2
o

3 
muffle tube. A 

continuous flow of N2 is maintained over the interior to prevent oxida­

tion of the graphite components. The muffle tube is isolated from the 

rest of the furnace on 0-rings and is open to air. At either end 

baffles placed in the muffle tube minimize 0-ring heating and heat loss. 

Argon, or better yet, He, must be u~ed in place of N
2 

at temperatures 

above 1650°C, which is also the maximum useful temperature that the 

muffle tube can be retained. Above this temperature, the furnace must 

be run without the muffle tube and must have 0-ring sealed graphite 

baffles put in its place. The hot zone is constant to 1°C over a one 

inch interval, dropping 10°C at one inch from either end of the con-

stant T interval (Astro claims a six inch hot zone). The Pt capsules 

(Figure 2) were suspended from thin (0.004') Pt wire adjacent to the 

S-type (Pt vs. Pt
90

Rh
10

) temperature monitoring thermocouple and then 

slid down an alignment collar into the hot zone. Alignments were 

always checked visually for centering. Quenching was achieved by 

electrically fusing the thin suspension wire thereby dropping the charge 

into a beaker of water (Donaldson et al., 1975). Quench crystal formation 

does not occur with our bulk compositions even when quenched in air. 

All runs were heated to superliquidus temperatures for 0.2 to 41.0 

hours followed by linear cooling (1.6 to 16.8°C/hour) in regular 

increments of less than 0.5°C. The final temperature was held from 0 
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to 62.1 hours prior to quenching. The temperature control thermocouple 

was a boron boron-graphite type produced by Astro Industries. The 

temperature derivative of the emf output of this thermocouple is roughly 

four times that of the S-type monitoring thermocouple giving very good 

control sensitivity. A continuous chart recording (Leeds-Northrup 

Speedomax W chart recorder) of the S-type thermocouple, for periods of 

days, records routine stability of 0.5°C. The Speedomax W chart 

recorder was calibrated against a Leeds-Northrup 8686 potentiometer. 

The S-type thermocouple was not calibrated with melting point standards; 

however, the thermocouple used for the 1 bar runs (unlike the 20 

kilobar runs, a new thermocouple is not made for each experimental run) 

agreed with a thermocouple that was checked against a calibrated 

thermocouple at the Geophysical Lab. The experimental conditions for 

the samples analyzed are tabulated in Table 1. 

D. 20 Kilobar Synthesis 

The crystal synthesis experiments were made in a½ inch single­

stage piston-cylinder appartus (designed by D. Lindsley). All runs 

were pressurized to ~25 Kbar at :SS00°C, heated to superliquidus tempera­

tures followed immediately by pressure reduction to ~20 Kbar (piston-

out runs). Pressure determinations were based on area ratioing of the 

4 inch hydraulic ram pressure (as measured on a Heise gauge) to the½ 

inch piston. Manual pressure adjustments were made as required. No 

friction correction has been applied. Temperatures were measured with 

W3%Re vs. W25%Re thermocouples. 

A graphite capsule containing ~10 mg powdered starting material 

(dried >24 hr. at 120°C) was sealed in a Pt capsule (Figure 3). The 
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Pt capsule was placed inside a graphite heater cylinder with a plug of 

crushable alumina below and a tube of crushable alumina above the Pt 

capsule. This assembly was placed inside a Pyrex sleeve which in turn 

was placed inside a tube of talc. This furnace assembly was wrapped in 

Pb foil and lubricated with a connnercial molybendum sulfide lubricant 

just prior to placing in the piston cylinder apparatus. A graphite 

plug was placed beneath the furnace assembly, above the piston and a 

bored, pyrophllite insulated, 'base' plug was placed on top. A four­

bore (997) Al2o
3 

ceramic tube containing the thermocouple was fed 

through the base plug, down the crushable alumina tube with the thermo­

couple junction touching the Pt of the sample assembly. Upon pressuri­

zation the thermocouple becomes embedded in the Pt. 

An initial study by Seitz et al., (1974) used boron nitride 

sleeves instead of Pyrex and did not seal the sample in Pt; however 

this assembly permitted the entrance of H
2
o into the experimental 

charge (from dehydration of talc). The sealed Pt/graphite assembly not 

only prevents H
2
o contamination but also permits the solid graphite to 

act as a f0 2 buffer. The Pyrex also serves as an H
2
o getter (as well 

as being cheaper than boron nitride); however, the Pyrex must be 

softened (heated) prior to pressurization. The temperature of ~800°C 

was chosen so as to soften the Pyrex but not to promote sub-solidus 

recrystallization or partial melting of the experimental charge on the 

time-scale required for final pressurization and heating (~10 min.). 

Temperature settings were regulated by a power controller which 

senses the output of a Hewlett-Packard null meter (set at lOOµV full 

scale) monitoring the emf difference between the W3%Re vs. W25%Re (ice 

cold-junction compensated) and a Leeds-Northrup 8691-2 potentiometer. 
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FIGURE 3 

Cross-section of the furnace assembly used for the 20 kilobar 

experimental synthesis runs; modified after Figure 1 of Bell and 

England (1967). 
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Control stability routinely fell within ±5µV~0.3°C. Linear cooling 

was achieved by mechanical attachment of a Slo-Syn DC driving motor to 

the thumb wheel of the LN potentiometer. The motor was activated by 

pulses from a variable frequency pulse generator. Each pulse results 

in a 0.08°C decrease so the cooling is effectively continuous. (See 

Figure 4 for schematic layout). 

Quenching was achieved by cutting power to the internal graphite 

heater resulting in ~1000°C of cooling in ~5 sec. Quench crystal 

formation was not a problem with the 'haplobasaltic' compositions used 

in these experiments. 

The experimental conditions for the samples analyzed are tabulated 

in Table 2. The thermal history of each run consisted of heating to 

an initial superliquidus temperature Ti for a time ti, followed by 

linear cooling (dT/dt, °C/hr) to a final temperature Tf which was held 

from 0-21 hr. (tf) prior to quenching. 

E. Solid f0
2 

Buffers 

Maintenance and control of the oxygen fugacity is essential when 

conducting experiments on multivalent cations such as U and Pu in this 

study or Eu, Ce, Fe, Mn, and Cr in other studies (Morris and Haskin, 

1974; Johnston, 1965; Schreiber, 1977; Schreiber~ al., 1978). The 

choice of s~lid f0
2
buffers is limited in piston-cylinder experimenta­

tion (the 20 kilobar experiments in this study). The buffer must be 

either the sample capsule (graphite, Ni, Fe, etc.) or contained in an 

inert sample capsule (Pto2 or oxalates in Pt capsules). The buffer is 

ideally non-reactive with the charge, but this is not always possible. 

Experiments at 1 bar are not so restrictive in that gas mixing 
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FIGURE 4 

Schematic layout of temperature control, monitoring, and linear 

cooling assembly used for the 20 kilobar experiments at the Carnegie 

Geophysical Laboratory. 



CO
N

TR
O

LL
ER

 
(G

eo
p

h
y

si
ca

l 
L

ab
 

d
aa

ia
n

) 

H
EW

LE
TT

-P
AC

K
.U

D 
41

9A
 

N
U

U
 M

!T
ER

 

., 

TR
AN

SF
OR

M
ER

 

~
 

LE
ED

S-
N

O
RT

H
RU

P 
8

6
9

1
-2

 
PO

TE
N

TI
O

M
ET

ER
 

DC
 

S
lo

-S
y

n
 
~
 

ST
EP

PI
N

G
 M

OT
OR

 

.... 

SI
N

G
LE

 
ST

A
G

E 
PI

ST
O

N
 

CY
LI

N
D

ER
 P

R
ES

S 

-_
J.

J 

FU
RN

AC
E 

dl
5T

 ASS
EM

BL
Y 

rtm
 

11 
4 
~
 

TH
ER

M
OC

OU
PL

E 
LE

A
D

S 
co

w
 

JU
N

C
TI

O
N

 

M
OT

OR
 

D
R

IV
ER

 

V
A

RI
A

BL
E 

FR
EQ

U
EN

CY
 

PU
LS

E 
GE

NE
RA

TO
R 

w
 

N
 



33 

techniques (Huebner, 1975; Sato, 1970; Williams and Mullins, 1976) as 

well as solid buffers can be used. 

The majority of 20 kilobar runs used the graphite buffer, 

producing a reducing environment without detectable interaction with 

the silicate charge. A few runs were made with Fe or Ni metal 

capsules. The buffer curves given in Appendix II are taken from 

Huebner (1971) and Myers and Gunter (1979). 

Solid fo
2 

buffers were also used for the lbar runs. The 

sealed capsules minimized loss of Na and P. A mixture of Co and CoO 

was the principal buffer although Ni-NiO, Fe-FeO, and Fe
2

o
3
-Fe

3
o

4 

were also used. The Co-CoO buffer maintains an fo
2 

at the 1 bar 

conditions near the fo
2 

maintained by graphite buffers at 20 kilobars 

(Appendix II). Capsule and buffer configurations for the 1 bar 

runs are shown in Figure 2. Pt capsules with pinholes or sealed in 

air were used in lbar experiments to attain high fo
2 

conditions. 

As discussed in Section III-I, the runs sealed in air seem to have been 

partially reduced by a contaminant, probably carbonaceous material. 

Buffer equilibration requires serious consideration. Not only 

must the buffer equilibrate with the vapor phase but the multivalent 

cations in the silicate melt must also equilibrate. Schreiber et al. 

(1978) state that times on the order of 8-12 hours are needed to 

equilibrate the multivalent ions in their experiments. Morris et al. 

(1974) demonstrate Eu+2/Eu+3 equilibration after only one hour. Myers 

and Gunter (1979) report that the Co-CoO buffers equilibrate with the 

vapor phase in minutes at the temperature used in experimental studies. 

The only buffer colill!lonly used which takes significant time, hours, to 

equilibrate is Fe-FeO. This is because wustite is non-stoichiometric 
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and must change Fe-0 ratio, in bulk, to change the f0
2

, unlike the 

Co-CoO buffer which merely oxidizes or reduces the number of atoms 

required (Myers and Gunter, 1979). 

Buffer equilibration should be attained in this study in that the 

runs are generally much longer than eight hours; however, except 

possibly for some experiments sealed in air (in contrast to unsealed 

air runs), the results are consistent at each of the different desired 

fugacities. This would not be the case if a well-d~fined and constant 

fo
2 

did not maintain a fixed valence state (ratio) of the multivalent 

cation (Section III-G). 

Trace Element Detection 

A. Sample Mounting and Irradiation Assembly 

Polished thick sections were made of a portion (usually about½) 

of the synthesis products by placing the fragment in a 'cup', made by 

epoxying a one inch nylon ring (3/16" deep) to glassine weighing paper, 

and filling with Techkit 's type E-7 epoxy. Curing took about 15 

minutes in the drying oven . . After cooling, the paper is easily scraped 

off and any excess epoxy on the outer edge of the now solid ring is 

removed with 'side-cutter' pliers. Brief application of the sample 

side of the disc to 600 grit grinding paper suffices to expose the 

sample. A Buehler Mini-met polisher is used for the final series of 

1 micron and 0.3 Al
2

o
3 

micron polishings. An ultrasonic cleaner is 

used between polishing steps and separate bowls (a feature of the 

inexpensive Mini-met) are used for each polishing compound grit size 

as well as each isotope. 

Only runs which produced sufficiently large (>50 microns) crystals 
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were subjected to detailed study. (As discussed in a later section, 

crystal sizes are required which are larger than the range of the 

fission fragments or alpha particles being detected). 

Three holes are drilled around the rim of the sample disc for 

assembly with the appropriate detector: muscovite mica (fission 

fragments) for 
235u or 239Pu and Kodak-Pathe CA80-15 cellulose nitrate 

(alpha particles) for 230Th. 

Obtaining flush contact between sample surface and the mica or 

plastic (cellulose nitrate) detector is extremely important in 

measuring low (<0.1) crystal/liquid partition coefficients because any 

gap between sample and detector can lead to interfering _tracks from 

the high actinide glass regions into the area of the detector 

corresponding to the crystals. In order to get satisfactory results 

it is necessary to use nylon plugs to provide strong axial compression 

(Figure 5) on the region of the epoxy mount containing the sample. 

This was necessitated by a tendency of the epoxy to deform slightly 

during thermal neutron irradiation. A layer of DuPont RTV rubber can 

also be placed in the center of the assembly to give gentle pressure 

on the detectors (Figure 5). This RTV can be safely used as it is 

thermally stable enough to be used for making molds for lead castings 

(Johnson, 1969). 

B. Irradiation Conditions 

For 235u and 239Pu, the irradiation assembly was exposed to thermal 

neutrons in the UCLA Nuclear Energy Laboratory reactor (fluences, 

15 15 12 2 =7xl0 for U and 2x10 for Pu at a flux of 2xl0 n/cm -sec.). 

fluences resulted in fission track densities of 0.5 to 2xl0
8

/cm
2 

-2 cm 

These 

over 
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FIGURE 5 

The sample irradiation assembly consists of a pair of discs containing 

polished experimental charges, the appropriate detector (mica or 

cellulose nitrate), and (optionally) RTV rubber compressed together 

with nylon screws and end plates with a small nylon plug for strong 

axial compression. An additional layer to this 'sandwich' is added 

when a double polished standard glass is desired. 
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the detector area corresponding to glass, permitting good counting 

statistics to be obtained over small areas for most crystal/liquid 

partition coefficients c~o.os). 
230 The Th exposures use the same assembly as does the above; 

however, no reactor irradiation is required because the alpha 

particles are from spontaneous decay of the 
230

Th. To measure low 

partition coefficients, two exposures are made: a short (2 to 4 days) 

exposure to measure track densities for the glass (typical densities 

7 2 of 2xl0 /cm) and a long (30 days for the case of clinopyroxenes) 

exposure to increase the counting statistics for the crystals. Both 

detectors must be etched simultaneously (see next section). Only a 

single, short, exposure is required for partition coefficients near 

or greater than unity. 

C. Detector Etching 

After irradiation, the muscovite detectors were etched in 48% HF 

at room temperature. As discussed in the next section, scanning 

electron microscope (SEM) photomosaics were made for track counting of 

the crystalline phases. To avoid excessively large numbers of photo­

graphs, two stages of etching were employed when partition coefficients 

much less than 1 were measured. Because of the highly anisotropic 

etching rate of muscovite, the width of the fission tracks can be 

varied without affecting the other geometrical properties (Fleischer 

et al., 1975); that is, the tracks become wider without changing the 

track density. Of course over-etching will result in a lowered track 

density as the tracks become overlapping; so careful etching is required. 

For clinopyroxenes, track densities corresponding to the coexisting 
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glass were measured after six to eight minutes of etching at 10 K 

magnification, then the mica detectors were re-etched (20 to 60 minutes 

total) and photomosaics of the crystals were taken at 1 to 3 K magni­

fication thereby reducing the number of photographs by one or two 

orders of magnitude. Using track µensities of 5xl05/cm2 to avoid over­

lapping tracks, test measurements at 3% counting statistics showed 

that, over the range of etching times used, the fission track etching 

and counting efficiencies were independent of etching time. 

The cellulose nitrate plastic (Kodak-Pathe) decectors used for 

the 
230

Th alpha particle analyses are more sensitive to etching condi­

tions than the muscovite fission track detectors. The 230Th alpha 

particle energy is 4.6 MeV, but because the samples are infinitely 

thick compared to the alpha particle range, a continuous spectrum of 

energies (0 to 4.6 MeV) enter the plastic detectors. Careful 

registration experiments by Mascettelli and Woolum (private communica­

tion) using monoenergetic alpha particles from an accelerator have 

shown that, for the etching conditions used in this study, tracks for 

alpha particles of energies greater than 4 MeV would not be etched 

sufficiently to be reliably counted. Consequently, for a given set of 

observation techniques, the track density will depend on etching time 

(see Figures 2 and 3 in Woolum et al., 1979 for registration character­

istics of a cellulose nitrate plastic similar to the plastic used in 

this study). Because of this, two different exposure times (as 

mentioned previously)were used instead of two different etching times 

(as for the mica) to improve counting statistics over crystals 

with low partition coefficients. Plastic detectors from both 

exposures were etched together (6.25 N NaOH, 60 to 120 minutes at 40°C) 
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to avoid any variations in etching efficiency. 

D. Track Counting 

All track counting was done on SEM photographs of the gold-coated 

mica and plastic detectors using an ISI Super II instrument. This 

permitted the optimization of track counting statistics by increasing 

resolution, relative to counting with an optical microscope, so that 

high track densities (10
8

/cm
2

) could be utilized. The fission track 

counting on the mica detector was straightforward, the diamond shapes 

are distinctive even when several tracks partially overlap, and the 

track sizes are all nearly equal. 

Alpha track counting in plastic is not nearly as easy. To avoid 

counting biases introduced by the highly variable width and shape of 

the alpha tracks, track counting for the glass and the crystal~ was 

done at constant SEM magnifications. Reproducible track densities for 

a given sample can be obtained over at least a factor of two in 

magnification (Table 3). 

Track counting was done from the SEM photographs by the same 

person for both crystals and glass to minimize differences due to 

personal biases (Table 4), Unless there is a high proportion of over­

lapping tracks, recounts of the same photographs by an individual are 

reproduced within expected statistical limits; however, for two 

different individuals, even with experience, systematic differences 

of 5% can occur in the derived partition coefficients. Alpha 

particle track counting is more difficult, requiring experience (Table 

5). In general, the track counting errors -set a minimum error of about 

5% (standard deviation) on a measured partition coefficient. This 
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TABLE 3 

Reproducibility of alpha track counting at two differeng 
nominal magnifications** 

3K 2K 
A* A 

129 276 
116 293 
131 282 
134 
122 
139 
128 

Average 128±8 

2K/3K 
2.21 

284±9 

Expected 
2.25 

Designates the individual doing the track counting in this 
and following tables. 

Each entry represents the number of tracks on separate SEM 
photographs of a plastic detecter exposed to a homogeneous, 
infinitely thick source of 230 Th alphas. The 2K and 3K 
pictures are of the same area; consequently essentially the 
same tracks are contained in both sets of photographs. 
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TABLE 4 

Reproducibility of fission track counting on the 
same Polaroid photographs by different individuals 

Sample 1 

Photograph A B C 

a 178 180 180 
b 177 185 182 
C 179 181 187 
d 166 186 182 

Average 175±6 183±3 183±3 

Sample 2 

Photograph A B C 

e 64 67 65 
f 66 67 71 
g 70 70 71 
h 49 50 48 

Average 62±9 64±9 64±11 

Sample 1/2 

2.81 2.88 2,87 



43 

TABLE 5 
Reproducibility of alpha track counting on the same Polaroid 

photographs by different individuals, experienced and inexperienced 
Sample l* 

Photograph A B C 

a 319 339 296 
b 328 337 287 
C 322 324 298 

average 323±5 333±8 294±6 

Sample l 
A B C 

d 173 185 188 
e 205 209 216 
f 182 195 189 

average 187±17 196±12 198±16 

Sample 3+ 

A B C 

g 432 484 533 
h 410 435 511 
i 428 433 523 

average 423±12 451±29 522±11 

Sample 1/2 

1,73 1,70 1.49 

Sample 3/2 

2.27 2.30 2.64 

* Sample 1 has a very high background of what appears to be small 
alpha tracks which require visual discrimination during counting. 
Individual Chas had no previous alpha counting experience. 

# Sample 2 has both a low background as well as a moderate track 
density which is easily counted with little experience. Note that 
the two (A and B) experienced alpha counters remain relatively 
consistent throughout. 

+ Sample 3 has a high track density that produces many overlaps of 
the somewhat irregular alpha tracks although the background of small 
tracks is low. 
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precision could probably be improved but is adequate for applications 

at present. Periodic measurements with two SEM calibration grids and 

by comparing measured spacings between pairs of fission tracks showed 

that the relative SEM magnifications corresponded to those given by the 

manufacturer and were constant with time to better than 2%. The 

absolute magnifications, at the working distance utilized throughout 

the SEM work, were determined to be 53.8% of the nominal, indicated, 

magnifications. 

Occasionally the Au coat must be removed so that the detectors 

can be re-etched. A simple method to do this and one that does not 

irmnediately destroy the cellulose nitrate plastic (the mica is un­

touched by most reagents) is to swirl, for a minute or two, the Au 

coated detector in a bromine water solution. The solution is easily 

made by adding household liquid bleach to an aqueous solution of 

NaBr, followed by mild acidification with dilute HCl (this must be done 

in a fume hood). 

Microprobe Analysis 

A. Major and Minor Elements 

Nearly all samples used for track density measurements were 

analyzed for major and minor elements by a computer controlled MAC-5 

SA3 electron microprobe x-ray analyzer at 0.05 microamps (on brass) and 

15 KeV using a 30 micron spot where possible. On line corrections were 

performed by the method of Bence and Albee (1968). Slight variations 

in both software and hardware occurred over the years in which the data 

were taken. The changes primarily had the effect of increasing precision 

of the minor elements by automated beam current regulation and increas-
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ing counting times (achieved by lowering the peak to background 

discriminator cutoff). 

B. Uranium 

U-rich whitlockites were synthesized from the basic 25 weight 

percent ca
3

(P0
4

)
2 

starting material to which 3.4 and 3.9 weight percent 

of isotopically depleted uo2 were added using the standard preparation 

procedures (Appendix I). At these concentrations, U partition coeffi­

cients can be determined using the electron microprobe, but the initial 

U microprobe analyses were very poor due to the low count rate and peak 

to background ratio using the standard LiF crystal spectrometer (M
8
). 

Precision was markedly improved by switching to the PET crystal spec­

trometer (M) because of the greater efficiency of PET relative to LiF 
a 

and the ability to monitor a more intense x-ray line (M
8
=0.7Ma). The 

U peak occurs near the end of the useful range of the PET crystal. 

Background at shorter wavelengths rapidly increases; thus the conven­

tional taking of background on either side of the peak and the inter­

polating was ruled out. Fortunately the U peak lies on the linear 

portion of the long wavelength background range of PET, as determined 

by stepping through this region on a U-free sample with the same 

composition. The rapid background increase begins just to the short 

wavelength side of the peak. This permitted calculation of the back­

ground beneath the U peak from background taken only on the long wave­

length side of the peak. The microprobe program was modified so that 

the measured, long wavelength, background was multiplied by 1.098 

(obtained from the U-free sample) prior to subtraction from the U peak. 

The total background correction amounts to roughly ten percent for the 
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U analyses of the glass and thirty percent for the whitlockite crystals; 

therefore the error in the 1.098 value should have negligible effect on 

the final results. These results are presented and discussed in 

Section III-I. 
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III. RESULTS 

A. Data Reduction 

Three techniques of acquiring data from tracks corresponding to 

the actinide concentrations in the synthetic crystals can be used. In 

order of complexity of acquisition and increasing precision, they are: 

1) counting only over the center of the crystal, 2) counting across 

the crystal from edge to center to edge forming a 'profile', and 3) 

counting the entire interior area of the crystal. These techniques are 

applied based on the size of the crystal, the magnitude of the parti­

tion coefficient (D), and the extent of crystallization. For the track 

densities utilized, large crystals require excessive numbers of SEM 

photographs unless the D values are low which may permit longer etching 

times and thus lower SEM magnifications. Low D values require large 

areas to be counted for accumulation of counting statistics, whereas 

high D values give adequate counting statistics over small areas. 

Small amounts of crystallization require the least correction due to 

zoning (Section III-C). Proper utilization (Appendix V, eqn. 2) of 

method 1 requires very large crystals (hundreds of microns in all 

dimensions); consequently all data reported, even for partition co­

efficients 50.1, are based on methods 2 and 3. 

i. Contouring Track Densities 

As an example, the treatment of a typical sample detector is 

presented. Figure 6 is a transmitted light photomicrograph of a mica 

detector containing a fission track image of a medium-sized clino­

pyroxene crystal synthesized from Pu-spiked starting materials. The 
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figure shows the mica after a long etch which makes measurement of the 

crystal track density easier. The contrasting track densities between 

the clinopyroxene and surrounding glass dramatically illustrate the 

strong partitioning of the actinides into the melt relative to the 

clinopyroxene. The rim of the crystal cannot be analyzed (counted) 

because tracks from the glass extend into the mica region corresponding 

to the crystal rim, forming a steep track gradient. The distance over 

which interference is important is set by the fission fragment (~10 

micron) or alpha particle (15 micron for 230Th) ranges and by the 

subsurface boundary geometry. In order to assess objectively when the 

measured crystal track density is free from interference from the glass 

while maximizing statistical precision (by counting as many tracks as 

possible), a 'contouring' technique as illustrated in Figure 7 is used. 

A high magnification SEM mosaic of the track distribution (correspond­

ing to the low magnification image shown in Figure 5) is subdivided 

into squares, usually chosen to contain no more than ~10 tracks (for 

optimum resolution), forming a 'digitized' track map. An initial 

(outer) contour is drawn corresponding to the actual crystal/glass 

boundary. This is easy for the high track density contrast samples 

such as shown in Figure 6, but for D values close to unity the location 

of the boundary is less easily placed by simple visual inspection. In 

the latter cases the initial contour is drawn on the track image based 

on the size, shape, orientation and location of the crystal. The latter 

two quantities are determined by reference to clearly identified (high 

contrast) features in the track image (pyroxene grains, glass/epoxy 

boundary, etc.). After the ·initial contour is placed, a second contour · 

is drawn by uniformly i~crementing inward, either ~10 micron (average 
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FIGURE 6 

239P f" • k Optical transmitted light photomicrograph of a u ission trac 

image of a 100 by 150 micron sized clinopyroxene grain surrounded by 

quenched liquid (glass). The individual tracks are clearly resolved 

in the interior. Pu contents are proportional to track density. The 

track density is much higher in regions corresponding to the glass, 

reflecting a much higher Pu content. Quantitative track density 

measurements for the glass are done by track counting of SEM photo­

graphs at much higher magnification and with less etching of the mica 

detector than is shown in this figure. A 15 micron wide bit of graphite 

is present on the left edge of the crystal. The upper and lower right 

corners correspond to epoxy. 
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FIGURE 7 

This figure illustrates how the crystal shown in Figure 6 was sub­

divided ('contoured') in order to obtain an objective assigrunent of 

tracks to the crystal and glass. This is necessary because there is a 

gradient of tracks into the crystal from the surrounding glass due to 

the finite range of the fission fragments. An initial contour is 

drawn corresponding to the apparent glass-crystal boundary. 

Successive inner contours are drawn by incrementing the initial 

contour inward by ~10 microns. The successive contour lines define 

intervals (Roman numerals) in which track counts are made. A 'good' 

track profile is indicated by constant track densities in adjacent 

interior intervals. 
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fission fragment range) or by an amount designed to leave at ieast 

50-100 tracks in the interval between two contour lines. (Each 

interval is designated by a Roman numeral in Figure 7). This process 

is repeated until a statistically insignificant number of tracks is 

left in the crystal interior. As illustrated in Figure 8, a plot of 

track density against contour interval can be used to assess when a 

relatively constant interior track density has been obtained. (The 

effect of actinide zoning must be allowed for, as discussed below). A 

'well-behaved' track density profile (like Figure 8) is a criterion 

for an acceptable actinide concentration determination for a given 

crystal. Figure 9 shows the actinide track density as observed in a 

thin pyroxene crystal and provides an example of a non-converging 'soft' 

profile. Even the most central point in the profile through the 

crystal (Figure 9) is 40 times the track density corresponding to the 

actinide concentration. 'Soft' profiles can also be produced by inward­

sloping (i.e., towards crystal center) subsurface crystal/glass 

contacts or by grains that are not thicker than the range of the 

particle detected. However, with track densities per contour interval 

determined to only a ten percent standard deviation, interpretation of 

profile slopes is sometimes ambiguous and we have therefore tried to 

analyze at least 2-3 grains per synthesis experiment if possible. In 

the case of large whitlockite crystals for which the number of tracks 

is large, contouring is not necessary; measurement of track densities 

versus distance from the crystal/glass interface (profiles) are suffi­

cient to determine the crystal interior track density. Measured D 

values, D , are calculated as the ratio of the crystal interior track 
m 

density to that of the glass. 
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FIGURE 8 

This figure shows the Pu fission track density for the clinopyroxene 

contour intervals from Figure 7. The higher track densities for the 

outer contour interval, V, result from tracks that originated in the 

glass surrounding the crystal. The glass track density would plot at 

48 on the ordinate scale. The track densities of the inner four 

contours are equal within statistical errors and zoning, as seen in 

comparison with the calculated zoning profile (constrained to pass 

through the contour I data point). The ratio of the average track 

density for intervals I-IV to that of the surrounding glass is the 

measured crystal/liquid partition coefficient, D . Slight zoning is m 

difficult to observe in this crystal, given the relatively large 

statistical errors on the inner contour intervals. 
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FIGURE 9 

2 J 5u f • • k d • f • f d • f 11 1ss1on trac ensity as a unction o istance ram a sma 

(16xl00 micron) clinopyroxene grain synthesized at 20 kilobars. The 

data points are the number of tracks in a strip 6 microns wide (3 

microns divisions in the crystal) and parallel to the 100 long micron 

edge of the crystal. This sample was quenched immediately upon 

reaching the final temperature at the end of the linear cooling stage 

in the thermal history (Table 2). There is no gradient in the glass 

track density in the direction away from the crystal/glass interface 

except that due to the finite fission fragment range, supporting the 

assumption that actinide diffusion in the liquid is fast compared to 

crystal growth. This is typical of many such profiles 

The track density in the crystal drops sharply from the glass inter­

face, however. This type of profile is described as 'soft' in that a 

constant interior track density is never reached (because the grain 

width is not large compared to the fission fragment range). The lowest 

track density measured in the crystal (~.08 of the glass) is still much 

higher (factor of 40) than that obtained in larger crystals (0.002 of 

the glass track density). 
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ii. Track Range Corrections 

The mean mass/unit area (i.e., mg/cm2) traversed by an alpha 

particle or fission fragment is by definition the 'range' of that 

particle. The measured track densities are proportional to the 

detected particles range as well as the actinide concentration. For 

materials of different compositions, such as the clinopyroxene, 

whitlockite, apatite, and coexisting glass produced in this study, the 

various ranges of a given particle in each phase will result in 

slightly differing volumes (and thus, differing numbers of atoms) 

contributing to the tracks observed in the detectors. 

For the fission fragments, a small correction (maximum 6%, 

Appendix IV) has been applied to the partition coefficients based on 

the empirical (Mory et al., 1970) proportionality between range in 
l 

pure elements and Z~, where Z is the atomic number. This relationship 

is consistent with the heavy ion ranges calculated by Northcliffe and 

Schilling (1970). Little difference results if the exponent is varied, 

based on Northcliffe and Schilling, from 0.4 to 0.6. An error corres­

ponding to this variation in exponent is propagated into the tabulated, 

final errors (Tables 8, 9, 10, 11, and 12). 

The alpha particle ranges and corresponding partition coefficient 

corrections were calculated from the alpha particle ranges in pure 

elements (Northcliffe and Schilling, 1970; Friedlander et al., 1964; 

Appendix IV). 
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iii. Microprobe Data 

As an example, phase compositions for a 20 kilobar experiment with 

a relatively high degree of crystallization (44%) are given in Table 6. 

(Starting material compositions are given in Appendix III and are 

discussed in Section III-E). The observed minor constituents are typi­

cal for these minerals, except that a small amount of Pis consistently 

seen in the diopsidic clinopyroxene. (The tabulated compositions are 

an average of two sets of microprobe data taken six months apart, which 

slightly increases the observed standard deviations relative to a single 

data set). P-bearing clinopyroxenes have also been reported by Mcsween 

(1976) for a lunar soil fragment. In this study, the Pin the clino­

pyroxene may have been incorporated into the crystal structure as a 

consequence of growth in a very P-rich melt. Alternatively, some 

trapped liquid could be present within the pyroxene crystals; this is 

discussed further below. A reasonable pyroxene structural formula, 

NaMgPSi0
6

, can be postulated as an end member component. 

The presence of chloroapatite reflects a small amount of Cl 

contamination in one of the starting materials, probably from incomplete 

volatilization of the chloride spiking solution. The apatite is of a 

very unusual composition, being halogen deficient and silica rich. 

Because of the anhydrous conditions from which the apatite was 

synthesized, it is unlikely that the remainder of the halogen sites 

unfilled by Cl are instead OH groups. The possibility of natural oxy­

apatites as well as oxyapatite synthesis (Ito, 1968) has been discussed 

in the literature (Portnov ~ al., 1970; Young and Munson, 1966; 

McConnell and Hey, 1969) and the synthetic apatites may actually be 

chloro-oxy-apatites. Since the apatites are a minor part of this 
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TABLE 6 

Microprobe Phase Analyses for a Single 20 Kilobar 
Synthesis Run (UTh20-266). Relative Atomic Proportions 

(x lOO)(e) 

Whitlockite Diopside Apatite 
(14) (b) (17) (5) 

Na 1.37±0.10 1. 90±0.16 0.91±0.14 
Mg 4.84±0.23 20.62±0.87 1.27±0.05 
Al 0.15±0.08 7.49±0.81 0.54±0.06 
Si 0.35±0.07 46.87±0.58 4. 77±0. 29 
Ca 54.02±0.94 22.92±0.80 58.52±0.76 
Fe BDL(a) BDL BDL 
p 39.19±0.63 0.12±0.07 33.91±0.43 
F BDL BDL BDL 
Cl BDL BDL 3.37±0.39(e) 
Wt. % Total(c) 99 .18±1. 61 100. 72±0. 91 98.61±0.56 

(a) Below Detection Limit: standard deviation ~100% 
(b) Number of points analyzed 
(c) <0.03 atomic percent: Y, Ce, La, Nd 

Glass 
(11) 

6.03±0.32 
5.41±0.14 

17.11±0.46 
45.40±0.40 
21. 74±0.89 

0.07±0.05 
4.23±0.10 

BDL 
0.03±0.02 

98. 91±1. 76 

(d) Errors are 1 standard deviation estimated from the spread in the 
individual analyses and reflect the extent of variations due to 
zoning 

(e) Cations total to 100%, halogens are in relative atomic proportions 
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study, further characterization has not been attempted (see Section 111-J). 

The synthetic whitlockites are enriched in Na and Si relative to 

natural whitlockites, but fit within the compositional range of 

phosphate end members defined by Dowty (1977). From the ca
3

(P0
4

)
2

-

Mg3 (P04) 2 phase diagram of Ando (1957a,b) and powder x-ray analysis, 

the synthetic whitlockite is the 8-polymorph, which is also the 

natural polymorph found in meteorites and lunar samples (Dowty, 1977). 

Dowty proposes that lunar and meteoritic, H-free, s-ca
3

(P0
4

)
2 

be 

called merrillite as distinct from terrestrial, H-bearing, whitlockite. 

The distinction in H content is not proven although there is a distinct, 

small, structural difference. The more connnon name, whitlockite, will 

be used throughout this study. 

The synthetic phases grown at 1 bar (Table 7) contain less 

Na, Al, and Si substitution as is expected from the well-known 

behavior of natural and synthetic phases crystallized under differing 

pressure conditions. 

B. Mode Calculations 

The last four columns of Tables 1 and 2 give the modes and their 

standard deviations (percent) for each run as calculated from micro­

probe data via the least squares routine of Reid et al. (1973) using 

the average atomic proportions of each phase. These calculated modes 

are required for the zoning corrections discussed in the next section 

because crystal settling problems prevent conventional point counts from 

being used. The presence of apatite in the (20 composition) 8.4 P 

cation percent (25 weight percent Ca
3

(P0
4

)
2

) U+Th 20 kilobar runs 

probably reflects Cl contamination from spike solutions. For each run, 
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TABLE 7 

Microprobe Phase Analyses for Two 1 Bar Synthesis Run 
Relative Atomic Proportions (x l00)(e) 

14A-4A 15A-1Co 
(28 % crystals) (8 % crystals) 

Diopside Glass Whitlockite 
(4)(b) (4) (4) 

Na 0.3l±0.04(d) 6.66±0.20 0.50±0.07 
Mg 23.92±0.17 7.54±0.12 5.32±0.09 
Al 3.50±0.25 19.12±0.20 BDL 
Si 49.09±0.17 51. 74±0.33 0.28±0.04 
Ca 23.14±0.21 14.93±0.12 55.11±0.14 
p BDL BDL 38.75±0.32 
F BDL(a) BDL BDL 
Cl BDL 0.89±0.01 BDL 

Wt. % Total(c) 101.84±0.32 102.33±0.55 97.76±0.94 

(a) Below Detection Limit: standard deviation ~100% 
(b) Number of points analyzed 
(c) <0.03 atomic percent: Fe, Ni, U, Co 

Glass 
(6) 

3.99±0.08 
10.00±0.12 
12.94±0.14 
42.71±0.27 
24.74±0.13 
5.59±0.16 

BDL 
0.06±0 . 01 

97.39±0.46 

(d) Errors are 1 standard deviation estimated from the spread in the 
individual analyses and reflect the extent of variations due to 
zoning 

(e) Cations total to 100%, halogens are in relative atomic proportions 
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all combinations of five crystalline phases (whitlockite, apatite, 

clinopyroxene, olivine, and plagioclase) were tried in the mode calcu­

lation. Only the best fit result is given in Tables 1 and 2. 

Runs 12-267 and 30-269 are special cases in that, for 12-267, a 

series of power failures resulted in several unintentional quenches and 

restarts, and therefore 12-267 has a complicated thermal history. Run 

30~269 temperature determinations are uncertain due to spurious emf 

produced by leakage of . H2o into the cold junction assembly. 

There is variability in the amounts of crystallization shown in 

Table 2 which does not simply reflect variations in Tf. There are two 

reasons for this: (a) a new batch of thermocouple wire was used for 

runs after number 20-306. According to Mao et al. (1971) calibration 

errors in W3%Re vs. W25%Re thermocouples could amount to 1.5%,equivalent 

to 20°C at 1375°C. This can account for the much larger amount of 

crystallization for sample 20-326 compared to 20-288 although both have 

Tf = 1390°C. (b) The thermocouple was sheared off in disassembling the 

press; consequently a new portion of the thermocouple wire was used for 

each run. For the same batch of wire, Mao et al. estimate that 

variability could be as high as 1%. This can account for smaller 

differences in crystallization, e.g., between 20-211 and 20-266. 

The problems of precise reproduction of temperature in experi­

mental synthesis runs at high pressure are not confined to W3%Re/ 

W25%Re type thermocouples. According to Mao et al. (1971), at 20 

kilobars, the standard S-type(Pt/Pt10%Rh) thermocouple precision 

errors can be twice that of the W3%Re/W25%Re type as well as exhibiting 

substantial emf drift at high, sustained, temperatures. However, at 1 

bar the S-type thermocouple is a factor of two better and is 



64 

much easier to use than is the W3%Re/W25%Re type used for the 20 

kilobar experiments. 

Sample 10-293 has two distinct modes (Table 2) for the two sample 

mounts, whereas all other samples with two or more mounts yield only a 

single mode. The two modes for 10-293 indicate that different parts 

crystallized the same phases but to a different extent. This is most 

easily explained as a result of a thermal gradient (10-15°C) over the 

sample during the piston-cylinder run due to a small displacement of 

the sample from the ceRter of the furnace assembly. This sample was 

quenched immediately after reaching the final temperature so the final 

liquids could not homogenize. 

The experimental run conditions and modes at 1 bar are 

tabulated in Table 1. At 1 bar, the modes should be in better 

agreement with the final temperatures than is the case of the 20 kilo­

bar data (Table 2) discussed above. The S-type thermocouple is also 

used repeatedly without replacement at 1 bar whereas the 20 

kilobar experiments require a new junction for each run. Reproduci­

bility of the furnace temperature at initial furnace power settings 

indicates that S-type thermocouple drift is negligible. However, 

additional complications come into play at 1 bar which affect 

the extent of crystallization: 1) Occasionally a run will be contam­

inated by the buffer as is the case for UTh20A-2Co, the blue color is 

from the cobalt buffer which has the effect of lowering the liquidus 

(analogous to Fe). Otherwise, the modes for samples 20A-1Co and 

20A-2Co, which have the same Tf, agree well. 2) Olivine crystalliza-
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tion may be indicated by the mode calculation (but not observed in any 

run nor indicated for any 20 kilobar run). This is not unexpected in 

that olivine frequently forms metastably in these types of experiments 

(Walker et al., 1978). 3) Plagioclase, which is present in two (31 

composition) runs and is calculated to be present in several more, is 

well known to resist nucleation even at large (200°C) undercoolings 

(opposite the behavior of olivine)(Kirkpatrick, 1974; Kirkpatrick et al., 

1976). This may have an effect on the appearance and abundance of other 

phases (see 31-lA vs. 31-lOCo, Table 1). 4) The higher viscosity at 

1 bar (Kushiro, 1976; Kushiro et al., 1978) may result in more 

liquid heterogeneity (see Section III-E). Fortunately the presence (or 

absence) of a few percent of olivine or plagioclase does not induce 

inordinate errors in the corrections nor in the modes of the principle 

phases, whitlockite and clinopyroxene. More importantly, zoning cor­

rections are small for the 1 bar runs because the amounts of 

crystallization are small, therefore the necessity for knowing precise 

modes is removed. 

C. Zoning Corrections 

Experiments reported by Seitz (1973) indicate that, for any 

practical laboratory time scale, actinide diffusion in the crystalline 

phases is negligible. Thus, the bulk actinide concentrations in the 

crystals and glass are not equilibrated in the traditional sense; 

nevertheless, if crystal growth is not too rapid, and diffusion in the 

melt is sufficiently rapid to maintain a homogeneous melt during 

crystal growth, it is reasonable to expect equilibrium partitioning at 

the crystal/melt interface with a well-defined partition coefficient 
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(D). For D significantly different from 1, the melt actinide concen­

tration will systematically change with the amount of crystallization 

which will in turn lead to actinide zoning in the crystalline phases. 

The observed zoning may also, in part, be due to the linear cooling 

utilized in our synthesis experiments as partition coefficients are 

generally temperature and composition dependent. Additionally, the 

zoning profiles may be altered by the appearance of subsequent, sub­

liquidus, phases as temperature is decreased although, in this study, 

it is assumed that all phases crystallize simultaneously in constant, 

modal, proportions. The assumption of modal co-crystallization 

(Appendix V) can be checked using the calculated modes from the 20 

composition, 20 kilobar, experiments. Figure 10 supports this assump­

tion in that clinopyroxene is about 1.67 times as abundant as the sum 

of whitlockite and apatite. This assumption is made to simplify the 

zoning correction calculations (Appendix V). In many cases for small 

amounts of crystallization, which is the case for the example shown in 

Figure 8, the zoning is expected to be small and, for small values of D, 

it is difficult to detect with the statistical errors applicable to 

the different contour intervals. However, distinct zoning is observed 

for the minor elements, as illustrated in Figure 11. This figure shows 

the results of averaging microprobe analyses at different points (~200 

points total) within the contour intervals shown in Figure 7. As 

pyroxene crystallization proceeds, the concentrations of Na, Al, and P 

in the melt increase (only 0.5% whitlockite crystallized in this experi­

ment). The concept of a well-defined partition coefficient implies 

that the concentrations of these elements at any point in the crystal 

are proportional to the concentrations in the liquid at the time when 



67 

FIGURE 10 

The assumption of modal co-crystallization is checked by plotting the 

calculated modal abundances of the phases present in the 20 composition, 

20 kilobar experiments. The plot of whitlockite plus apatite versus 

clinopyroxene results in a roughly linear array that appears to be 

constrained to pass near the origin, in essential agreement with the 

zoning correction model assumption of modal co-crystallization. 
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FIGURE 11 

Average minor element contents for the contour intervals illustrated 

in Figure 7. The data were obtained from about 200 total points within 

the grain imaged in Figure 6 and have good statistical precision even 

for the P2o
5

, which is present in very low levels. The bulk partition 

coefficients for all three elements are less than one, so concentra­

tions increasing from core (I) to rim (V) are expected, if diffusion 

in the crystal (which would flatten the profiles) and if the effects of 

changing temperature, and melt compositions are negligible. The Na
2
o zoning 

profile agrees well from what would be expected (Hollister, 1966) for 

the amount of crystallization of this sample. The amount of A1
2
o

3 

zoning is larger than expected, reflecting either a strong dependence 

of DAl (cpx) with temperature, or melt composition. The P
2
o

5 
zoning 

is anomalous, it probably reflects a marked temperature dependence of 

Dp(cpx) or the effect of changing melt composition. 
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that point was on the crystal-liquid bmmdary, thus concentrations of 

these elements are expected to increase from core to rim. However, 

the P2o
5 

concentrations, if anything, decrease from core to rim. 

This may be due to a decreasing D value for P with decreasing 

temperature during crystal growth. The effect of ~1% submicroscopical­

ly-dispersed glass in the grain core could also cause the relatively 

high P content of the crystal core although no glass is observed. This 

amount of dispersed glass would cause an ~20% increase in the core Pu 

content and, although this is not inconsistent with the Pu track pro­

file (Figure 8), the increase is not statistically significant. The 

low P
2
o

5 
concentration for interval V shows that glass contributions 

to the measured Na
2
o and A12o

3 
concentrations in this interval are 

negligible. The Na
2
o zoning profile is close to that calculated 

(compare Hollister, 1966) for a uniformly growing single crystal which 

nucleated on the liquidus; however, the Al
2
o

3 
profile is steeper, 

suggesting that DA
1

(cpx) increases with decreasing temperature. 

Secondary x-ray fluorescence from Al in the glass adjacent to the 

crystal cannot account for the magnitude of the observed increase 

(Wittry, 1959; Reed and Long, 1963). 

The distinct minor element zoning strongly argues that actinide 

zoning is also present. Thus, a correction is required to the measured 

actinide partition coefficient, D . D is defined as the average track 
m m 

density of the fraction of the crystal interior which was analyzed 

divided by the glass track density. D differs from the interface 
m 

(true) D because of the zoning. An exact correction is not possible 

because it is not known at what point the grain nucleated during the 

slow cooling and because the location and orientation of the section 
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plane through the crystal is not known. In Benjamin et al., (1978) an 

approximate correction was made assuming that the interior track densi­

ty represented the average of the crystal (using Equation 14 in 

Albarede and Bottinga, 1972); however, as discussed in Benjamin~ al. 

(1978), this approximation will tend to undercorrect for zoning. An 

alternative approach is used here in which the approximations made in 

deriving the correction factor lead to an over correction (Appendix V), 

thus bracketing the true D between the measured D and the over 
m 

corrected or limiting value, n
1

. One simple approach is to assume that 

the measured crystal track density corresponds to the core and correct 

according to a calculated (rim/core) zoning ratio, since the true D = 
rim /glass. However, for some runs this is a large correction (up to 

60%); consequently, in order to put tighter constraints in D, a more 

complicated calculation of n
1 

has been adopted. This calculation 

assumes: (1) the analyzed crystal nucleated on the liquidus and grew 

uniformly (i.e., same shape at all stages of growth) until the final 

temperature (Tf). (2) The section analyzed is a central section which 

includes the initial crystal nucleus. (3) The area analyzed has the 

same shape as the crystal outline in the section. (This latter 

assumption will not be exactly true for the "incremented contour" 

method of analysis described above (Figure 7); consider a long thin 

rectangular crystal to see this easily). Although none of these 

simplifying assumptions is valid, the errors all make the derived 

correction factor too large. For these assumptions the relationship 

between the analyzed area A, and the associated amount of crystalliza­

tion, Xis: A/Af = (X/xf//3 where Af is the total crystal area and 

Xf is the total amount of crystallization. The measured D and over 
m 
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corrected D1 are related in Equation (1) (see Appendix V for deriva­

tions): 

(1) 
q' D . [1-X ] (Db -l) 

ffiJ f 

where Db is the bulk partition coefficient: 

where the sum is over all crystalline phases and X. is the mode of 
1. 

phase i. The subscript j is added to Equation (1) to emphasize that 

Dm and D
1 

apply to a specific phase. q is the fractional crystal area 

integrated from Oto q', where q' is the fraction of the total area 

included in the track analysis (i.e., q' = 1 if analysis could be 

carried out right up to the crystal-glass boundary). Equation (1) 

applies to the case of a contour analysis as illustrated in Figure 7. 

For those cases where D was calculated from a "one-dimensional" 
m 

profile through a large crystal, a modified (one-dimensional instead 

3/2 of two) version of Equation (1) applies in which the factor q in 

· 3 
the integral becomes q , and q' = the fraction of the strip used to 

calculate a crystal interior track density. In practice Equation (1) 

is solved by first approximating D. = D ., calculating DbK, solving 
1. m1. 

Equation (1) for D
1 

and then iterating. The values of Xf and Xi are 

calculated from microprobe analyses of all phases in a given experiment 

(Tables 1 and 2). Values of Dm and D
1 

for the experiments listed in 

Tables 1 and 2 are shown on Tables 8, 9, 10, 11, and 12. The direction 

of the correction depends on Db: if Db$l, D1 is an upper limit and Dm 



74 

is a lower limit; if Db~l, n
1 

is a lower limit and Dm is an upper limit. 

In Tables 8, 9, 10, 11 and 12, D and D are averages over all crystals 
m 1 

giving usable track profiles for a given experiment, although n
1 

was 

calculated for each crystal. Ideally, at least two crystals for each 

experiment are analyzed, but this was not possible in all cases. 

D. Data 

From the above discussion Dm and n
1 

bracket the true D; conse­

quently, the best estimate of Dis the mean of Dm and n
1

, as shown in 

Tables 8, 9, 10, 11, and 12. The quoted error on Dis 1/2[Dm-D
1

] or 

the error in D , whichever is larger. In general D values from 
m 

different 20 kilobar experiments agree well except for D(cpx) for U and 

Th. These are discussed systematically below. The 1 ·bar D 

values are not only in good internal agreement, but also agree well 

with the 20 kilobar data (at the same f0
2 

conditions). 

One complication that tends to get lost in the assigned errors in 

Dis that there is better agreement between the uncorrected D values 
m 

for U and Th in the 20 kilobar whitlockite than for the D values after 

correction (Figure 12). In other words, the D values should decrease 
m 

with increasing amounts of crystallization, whereas they appear to 

remain constant. Since the factor D
1

/Dm is the maximum correction, it 

is possible that in all cases the crystals analyzed require much less 

correction than was applied, (i.e., coincidental violations of the 

model assumptions) but this seems statistically unreasonable. However, 

the minor element data discussed in a later section indicate that the 

correction techniques are valid; consequently, at present, the agree­

ment and error bars in DTh and DU(whit)are accepted at face value, 
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TABLE 12 

Clinopyroxene Crystal/Liquid Partition Coefficients 
(1 Bar) 

Experiment Percent 
Number Cryst. D 

m 

14A-2HM** 20xx 0.016±3 

14A-SA. t 20 <0.043±9 

14A-1Cox 20xx 0.162±8 

14A-7Co 
X 

13 0.142±20 

x Co-Coo oxygen buffer 
xx Assume 20% crystallization 

t Capsule open to air 
** Hematite-magnetite oxygen buffer 

Plutonium 
Dl D 

0.020 0.018±3 

0.053 <0.048±9 

0.195 0.179±16 

0.160 0.151±20 
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FIGURE 12 

The uncorrected (D) partition coefficients for U and Th in whitlockite 
m 

at 20 kilobars are in better agreement than the corrected (D
1

) values 

although the converse is expected to be true for the model of modal 

co-crystallization and Rayleigh (trace element) partitioning. An 

example of the expected trend is given by the line passing through the 

DTh and DU(whit) values with the least amount of crystallization. The 

Th data are offset horizontally to aid visibility. Note the difference 

in scale. At present this difference is unresolved and awaits future 

experiments for elucidation. 
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although future work must re-examine the effect of crystallization on 

these partition coefficients. Conceivably, variations of D with 

changes in temperature and melt composition are roughly cancelling the 

effects of zoning. 

E. Equilibrium 

The partition coefficients discussed above are valid if equilibrium 

partitioning at the crystal/melt interface has been maintained, but this 

is an assumption which should be tested. The problems of possible 

metastable olivine crystallization and supercooling with respect to 

plagioclase crystallization in the 1 bar runs indicate a lack of 

total phase equilibrium; however, the question of interface equilibrium 

partitioning is not constrained by nucleation problems with these 

phases, and may be treated as a separate equilibrium problem. 

Four tests, necessary but not sufficient to prove equilibrium 

partitioning, have been used in evaluating the experimental runs and 

the partitioning data acquired from them. These tests are based on the 

hypothesis that most disequilibrium effects would not be reproducible 

from crystal to crystal, from experiment to experiment, or upon varia­

tion of experimental conditions. The degree to which the data represent 

equilibrium are evaluated on: 1) absence of actinide zoning in the 

coexisting glass; 2) independence of the results on experimental 

conditions, especially cooling rate; 3) reproducible actinide partition 

coefficients; and 4) reproducible partition coefficients for the minor 

elements, allowing for zoning. 

i. Glass Homogeneity 
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The mode calculation required for the zoning corrections to be 

made on the minor and trace elements in a particular phase from any 

given run assumes that the glass starting material is homogeneous and 

that the coexisting silicate liquid remains homogeneous during the 

synthesis run. This latter assumption is also important to the 

general question of interface equilibrium. As previously mentioned, 

the initial Pu spiked starting materials (compositions 10, 11, and 12) 

contained relict crystals, so in a comparison of different runs, 

homogeneity may not be obtained. However, the superliquidus times 

and temperatures were chosen to melt these relict crystals, and the 

compositions given in Appendix III show little variation outside that 

expected from typical microprobe errors (Champion~ al., 1974). Al 

and P show the largest magnitudes of inhomogeneity in the quench 

glasses although Ca inhomogeneity, relative to the very low expected 

(0.1 to 0.4%, counting statistics) standard deviations, is common. 

These starting material heterogeneities are acceptable, though far from 

ideal, and, excluding the previously mentioned 10, 11, and 12 composi­

tions, are probably the result of insufficient numbers of grinding and 

fusing cycles ,(Hofmann and Margaritz, 1977). 

Microprobe analyses o.f glass taken both near (20-30 microns) and far 

(up to mm) from crysta,ls show that no significant heterogeneities exist 

at 20 kilobars, but small heterogeneities, especially in Al and P (stan­

dard deviations=4 to 6 times counting statistics~, do occur over a mm 

scale in the lbar runs. This may be the result of incomplete dif­

fusive/convective re-equilibration of these elements in the liquid during 

crystal growth or it may be inherited from the starting materials. The 

inhomogeneity seen in sample 293 (Table 2) 
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is unusual and, as discussed earlier (Section III-B), does not yield a 

unique mode. 

The difference in homogeneity between synthesis runs at the two 

pressures is probably the result of the factor of ten lower viscosity 

at the higher pressure and correspondingly higher temperature (Kushiro, 

1976; Kushiro ~ al., 1976). Diffusion coefficients are (approximately) 

inversely proportional to viscosity (Donaldson, 1975) as are convection 

rates. Any initial heterogeneities in the starting materials appear to 

be well homogenized during the 20 kilobar synthesis runs, whereas the 

higher viscosity of the 1 bar runs hinders the homogenization 

of both the inherited and crystallization induced inhomogeneities, 

although the data in Appendix III suggest that the 1 bar 

heterogeneities are mainly due to crystallization. The diffusion co­

efficients of Hofmann and Margaritz (1977) are 10-6 to 10-7 cm2-sec-l 

for divalent cations in an olivine tholeiite melt at 1 bar 

pressure and 1450°C (the initial temperature of the 20 kilobar runs). 

Taking the higher diffusion coefficient for the 20 kilobar runs and the 

factor of ten lower value for the 1 bar runs; then in 24 hours (roughly the 

duration of a synthesis experiment) divalent cations at 20 kilobars 
l 

will diffuse a characteristic distance of 3 nnn = (Dt)~, the scale of 

the experimental charge, whereas the characteristic distance at 1 

bar is only 1 nnn. Of course convection affects this problem in 

aiding mixing of the liquid thereby reducing heterogeneities. 

An important distinction to be made is that the divalent cations 

in the experimental charges are generally homogeneous; it is the Al and 

P that are most often heterogeneous. The divalent cations are consid­

ered 'network modifiers' in contrast to 'network formers', Al, Si, and 



86 

P (Bottinga and Weill, 1972). It is likely that the diffusion co­

efficients are significantly lower for the ions involved in the 

extended 'network' relative to the ions that terminate or exist in­

dependently from 'network' chains. This appears to be the case for 

the samples in this study. Si appears more homogeneous than Al and P, 

probably because the greater abundance of Si minimizes the percentage 

change during crystallization. The clinopyroxenes do not markedly 

disturb the local Si concentrations (DSi(cpx) = 1), and the Si is 

involved in several components of the starting materials (Appendix I) 

and is therefore more homogeneous initially. 

In the liquid phase the actinides must be nearly homogeneous at 

all times in order for accurate measurement and correction of the trace 

element partition coefficients to be made. The large, highly charged, 

actinides are likely to be 'network modifiers' rather than 'network 

formers', so the above discussion of divalent cation behavior should 

apply. Seitz (1974) showed that for cooling rates of about 600°/hour, 

thorium diffusion in the liquid is slow compared to crystal growth 

rates and "halos" of high Th concentration were observed in the glass 

surrounding the crystals. This result has dictated the type of thermal 

history and the choice of cooling rates used in the synthesis experi­

ments. In general, the glass actinide contents are homogeneous for a 

given experiment with one standard deviation counting statistic per 

point analyzed (typically 10-20 microns in dimension) of 5-15%. Care­

ful checks for gradients in the glass track density around crystals 

were made, examples of which are shown in . Figure 9 (20 kilobars) 

and Figure 13 . (1 bar). These samples were chosen because they 

were quenched at the end of the slow cooling cycle (tf ~ 0) before any 
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FIGURE 13 

239p f. • k d • f • f d. f 1 u 1ss1on trac ensity as a unction o istance ram a arge 

(150 micron wide) clinopyroxene grain synthesized at 1 bar. 

The data points are the number of tracks in a strip 4.6 microns wide 

and parallel to the long edge of the crystal. This sample was quenched 

0.7 hours after reaching the final temperature at the end of the linear 

cooling stage in the thermal history (Table 1). There is no gradient 

in the glass track density in the direction away from the crystal/glass 

interface except that due to the finite fission fragment range, sup­

porting the assumption that actinide diffusion in the liquid is fast 

compared to crystal growth. The average glass track density given in 

this figure agrees with the glass track density obtained from several 

random areas of the glass in this run. The track density in the crystal 

drops sharply from the glass interface and, although the data in this 

figure are not extended into the interior of the crystal, forms a good, 

sharp, profile. 
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gradients in the glass could diffuse away. As can be seen in Figures 

9 and 13, the glass track densities do not increase, within counting 

statistics, right up to the crystal-glass boundaries, demonstrating 

actinide melt homogenization. 

It is concluded that, overall, the actinides are well homogenized 

and that the assumptions made in measuring and correcting the actinide 

partition coefficients are justified, and that the heterogeneities in 

major elements in the starting materials and the 1 bar runs are 

unimportant although not ideal. 

ii. Reproducibility of Actinide Partition Coefficients at Variable 

Cooling Rates 

Figures 14, 15, and 16 are crystal by crystal displays of the un­

corrected D values plotted versus cooling rate for the 20 kilobar 
m 

(Figure 14) and 1 bar experiments (Figures 15 and 16). The 

error bars, one standard deviation track counting statistics, vary 

considerably depending on the value of D and on crystal size; the 

standards for reproducibility vary accordingly. 

The 20 kilobar crystal by crystal data areshown on Figure 14. The 

whitlockite D values agree reasonably well for all cooling rates except 

possibly for Pu. It is conceivable that some intrasample variations 

can be explained by zoning effects (e.g., the plane of the crystal 

analyzed corresponds to the surface of the crystal rather than a cross­

section through the interior of the crystal) and some intersample 

variations result from differing degrees of crystallization. The 

averages of the whitlockite data from each of these runs are given in 

Table 8 for comparison. 
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FIGURE 14 

This is a crystal-by-crystal display of uncorrect 20 kilobar D 
m 

values plotted versus cooling rate. Grains from the same sample have 

been displaced horizontally to aid visibility. The errors shown are 

standard deviations from counting statistics which range from the size 

of the plotted point to about 80 percent of the D value depending on m 

the magnitude of the partition coefficients and on crystal size. At 

low cooling rates, the D values obtained in duplicate experiments 

usually agree but at higher ~ooling rates there is more scatter and, 

in clinopyroxene, the D values appear systematically higher, which 

probably means that equilibrium at the crystal melt interface was not 

obtained in the high cooling rate experiments. 
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FIGURE 15 

This is a crystal-by-crystal display of uncorrected 1 bar 

whitlockite D values plotted versus cooling rate. Grains from the 
m 

same sample have been displaced horizontally to aid visibility. 

Points plotted as upper limits are discussed in the text. 
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FIGURE 16 

This is a crystal-by-crystal display of uncorrected 1 bar 

clinopyroxene D values plotted versus cooling rate. Grains from the 
m 

same sample have been displaced horizontally to aid visibility. 

Points plotted as upper limits are discussed in the text. 
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The D (cpx) in Figure 14 show more scatter, in part reflecting the 
m 

larger errors for smaller Dm values. The high DPu(cpx) values at high 

cooling rates are for small grains and should be regarded as upper 

limits due to 'soft' profiles. These data are not tabulated in Table 

9. However, as discussed below, disequilibrium at high cooling rates 

is also likely. The measured DPu(cpx) value of 0.066 for sample 293 

(Table 9) is from an experiment using the 25% ca
3

(P0
4

)
2 

starting 

material which had co-crystallizing whitlockite and a bulk partition 

coefficient greater than one, resulting in a zoning correction opposite 

that of the other runs. Table 9 shows that zoning can account for the 

differences in D between 293 and the other samples that the D (cpx) 
m m 

results for Pu are consistent with this equilibrium criterion. 

The very low D (cpx) for U and Th result in relatively few tracks/ m 

grain; nevertheless the high cooling rate crystals appear to have 

systematically higher D , particularly for Th. Also compare 30-231 
m 

(71°C/hour) and 30-269 (1.8°C/hour) U and Th partition coefficients in 

Table 9. Thus our D(cpx) result for U and Th may not represent 

equilibrium partitioning. Since most types of disequilibrium (glass 

cores, defect substitution) and analytical error (imperfect detector 

contact) will deviate D toward unity, our measured D(cpx) for U and Th 
m 

should be regarded as upper limits; however the values (---0.002) are 

already so low that they can be considered to be zero for the purposes 

of petrogenetic analyses. 

The apatite U partition coefficients (Table 10) are reproducible 

within errors although the general applicability of the data is 

questionable given their unusual composition. The synthetic apatite 

composition will be discussed separately in Section III-J. 
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The 1 bar crystal-by-crystal versus cooling rate data 

shown in Figures 15 and 16 are less extensive in terms of both the 

number of analyses and the range of cooling rates than the correspond­

ing 20 kilobar data (Figure 14). It is also necessary to plot the data 

at different fo
2 

conditions separately, except for Th. No significant 

variations in the partition coefficients are seen with respect to 

cooling rate; however, note that some extreme D values are plotted as 

upper limits. -8 5 
Two upper limit DU(whit, fo

2
=10 • ) data points are 

from runs 30A-6Co and 30A-8Co that were irradiated in an early sample 

arrangement that resulted in poor detector contact in many cases. Since 

the two values agree, it is unclear as to whether their relatively high 

DU(whit) values are a product of a compositional difference (30 versus 

20) or a coincidental agreement resulting from poor detector contact. 

Re-irradiation of these two runs as well as new 30 composition runs 

is needed. 

As discussed in Section III-I, there is a problem of maintain-

ing a well-defined f0
2 

for runs nominally done in air (capsules welded 

shut in air). Some of the data in Tables 11 and 12 probably reflect this 

variability in oxidizing conditions. (See Tables 1 and 2 for oxidizing 

run conditions, welded or open to air). However, the upper limits for 

DU(whit, f0
2
=air) and DPu(cpx, fo

2
=10-

2
•
3
)(Figs. 15 and 16) are due to the 

small number of tracks present for such low D values combined with small 

crystals. The lowest values are probably more nearly correct than the 

assigned upper limit values although the consistency of the DU(whit, f0 2 

=air) upper limit values suggest the need for additional experiments. 

For most practical purposes, even the upper limit D values are 

effectively 0. 
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Overall, reproducible results are obtained at low cooling rates 

(<30°C/hour) but, at least for DU(cpx) and DTh(cpx) at 20 kilobars, 

variations are seen at cooling rates far below the 600 °c/hour rate at 

which Seitz (1974) observed large deviations from interface 

equilibrium. The 600°C/hour upper limit was based on a large 

disequilibrium effect in the melt that could be seen visually in the 

track image. Seitz (1974) reported no observable disequilibrium 

effects at the order of magnitude lower cooling rates used in part of 

this study. The cause of observed deviations at cooling rates ~30°/hr 

is not known. Possibilities include: 1) equilibrium partition-

ing at the crystal-liquid interface, but small gradients existing in 

the liquid that are obscured by the track ranges or too close to the 

crystal for reliable microprobe analyses, 2) disequilibrium uptake of 

elements that may be a result of rapid growth of the crystal surface, 

even though diffusion in the liquid may be sufficiently rapid to main­

tain liquid homogeneity, 3) uptake of submicroscopic bits of liquid 

(skeletal crystals are cotmnon in anhydrous experiments) a very serious 

effect when low D values are being measured, or 4) analytical problems 

with aquiring data on small crystals that frequently are the product 

of the greater nucleation rate at higher cooling rates (and under­

coolings). (Large crystals were grown in 30-231, but these are an 

exception.) 

iii. Reproducibility of Minor Elements 

In addition to the following discussion of minor element partition­

ing as an equilibrium argument for the trace element partitioning, 

minor elements are important for characterizing the specific phases 
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under study and can also be used as partition coefficients in 

interpreting minor element abundances in rocks (e.g., P contents of 

lunar pyroxenes). 

As illustrated by Figure 11, these elements are zoned, and this 

must be allowed for in a quantitative interpretation. With the better 

spatial resolution of the microprobe analyses with respect to track 

analyses, an attempt to measure the minor element concentrations on 

either side of the crystal/glass boundary can be made. However, this 

has not been done because: (!)given the low D values in some cases, 

analyses must be sufficiently within the crystal to avoid thin crystal 

edges that may exist at the boundary and to avoid interference by x-ray 

fluorescence from the adjacent glass, (2) the concentration gradient 

is steepest near the crystal rim and (3), most importantly, to test the 

effect of zoning correction procedures similar to those used for the 

actinides. Consequently, measurements are usually made at a point 

approximately half-way between core and rim on small crystals. Larger 

crystals are analyzed at several points, core to rim, with the average 

obtained being corrected by the same method as the smaller crystals. 

The average D values obtained in this way, for all crystals in a given 
m 

run, are tabulated in Tables 13 and 14. Analyzing a spot several times 

on the same day, and the Durango apatite microprobe standard over a 

period of months, demonstrated reproduction of the analyses to approxi­

mately the precision given by counting statistics (Appendix III). 

Similarly, analyses of the (20 kilobar) coexisting glass at several 

different locations for a given sample generally are also reproducible 

(293 is the exception), but intercrystal variations with the same 

sample show standard deviations that are typically 2-3 times those due 
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to counting statistics (Tables 13 and 14) as a result of zoning in the 

crystals and thus the 'half-way' point analyzed, or the several 

averaged points, will not necessarily correspond to the same degree of 

crystallization for different crystals. Figures 17 and 18 contain both 

uncorrected and zoning-corrected 20 kilobar n
1 

values for minor elements 

in whitlockite and clinopyroxene, respectively, plotted as a function 

of the total amount of crystallization in the experiments. The data 

points are the average of all crystals analyzed and the error bars 

reflect the larger of the tabulated errors in Table13. The 20 kilobar 

data are chosen because of the greater range in crystallization which 

requires much more correcting than the corresponding 1 bar data and 

are therefore a better test of the correction procedure. 

For the analysis of a single point midway between crystal core and 

rim the equation relating the measured Dm and the over-corrected D
1

, 

equivalent to equationl (Section III-C) 

Appendix V for deviations): 

for a contour, is (see 

(2) = D 
m (1-xJ\-l 

Where Db is the bulk partition coefficient as defined for equation 

1, Xf is the total amount of crystallization and¾ is the amount of 

crystallization corresponding to the core-rim midpoint. Assume: l)l nu­

cleation on the· liquid us (i.e., at X=O), 2) uniform crystal growth, and 

3) the plane of the section analyzed is a central section passing 

through the initial nuclei. Then for r=l/2r , in a direction where the 
0 

center-rim dimension is r , it follows that 
0 
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FIGURE 17 

Plot of 20 Kbar minor element Din whitlockite as a function of the total 

(phosphate+ clinopyroxene) amount of crystallization. The different 

symbols illustrate the effect of approximately correcting for crystal 

zoning according to methods given in the text . If equilibrium at the 

crystal/melt interface is maintained, a well-defined corrected D value, 

independent of percent crystallization, would result. The Na and Mg 

data provide a good test of the correction method (and underlying 

assumptions), giving consistent results. One (high cooling rate) 

sample has anomalously high and variable Dsi· The dotted lines are 

constructed to pass through the corrected D value of the sample with 

the least amount of crystallization. 
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FIGURE 18 

Minor elemen4 20 Kbar, D values in clinopyroxene plotted against fraction 

crystallized for a given run, analogous to Figure 17. As in Figure 

17, if crystal/liquid interface equilibrium is maintained, the zoning­

corrected D values should be independent of percent crystallized. The 

data are consistent with this expectation as well as demonstrating that 

DAl and DNa depend on the initial P2o5 content. The dotted lines are 

constructed to pass through the corrected D value of the sample with 

the least amount of crystallization. Note the relatively anomalous 

10-293B data. The P values given are the bulk concentrations in cation 

percent. 
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(r/r )3 = (~/Xf) = (½)3 
0 

which can be used to calculate X1 • As for equation (1), none of the 
~ 

above assumptions are exactly correct; however, the effect of the 

errors is an over-corrected D
1 

(Appendix V). The whitlockite Mg and 

Si were treated somewhat differently because the measured variation in 

these elements with crystallization is mainly due to the change in melt 

composition reflecting pyroxene crystallization, for which Mg and Si 

are stoichiometric constituents. Therefore, for these elements we used 

equation 10 (Appendix V) which is derived assuming that Mg and Si were 

stoichiometric constituents in pyroxene and that whitlockite incorpora­

ted these elements by Rayleigh-type (trace element) partitioning. 

The trends in Figure 17 for the measured D values for Na and Mg 
m 

in whitlockite agree well with those expected with increasing amounts of 

crystallization and the zoning-corrected values (D
1

) show good agree­

ment, supporting the assumption of equilibrium interface partitioning. 

The measured DSi(whit) in Figure 17 show little variation since Db(Si) 

';; 1 (0.7); however, the whitlockites from the experiment (211) with 35% 

crystallization show high and variable Si contents. This sample was 

grown with a high cooling rate (Table 2). Because of these results and 

because of the systematically higher D(cpx) for U and Th (Section III-Eii, 

Table 9, and Figure 14), we have not used any of the data from the high 

cooling rate experiments in our final evaluation of actinide D values 

although, as Figure 14, 15, and 16 show, many results at high and low 

cooling rates are similar. 

Figure 18 is more complex in that there appears to be a systematic 

difference for Na and Al in clinopyroxene, depending on the initial P 
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concentration in the melt, with lower D values for the lower P con­

tents. In particular, the high P point at ~17% crystallization, 

relative to all low P points, requires this interpretation. Phosphorus 

content has been found to be very important in partitioning between 

iunniscible silicate liquids (Ryerson and Hess, 1978; Watson, 1978) and 

also affects actinide partitioning into clinopyroxene, as discussed 

below. Consequently, the interpretation that Na and Al partitioning 

also depends on the P concentration of the melt is reasonable. However, 

it is also possible to interpret Figure 18 as showing that there is a 

large scatter in the measured clinopyroxene Na and Al contents with no 

consistent trend with percent crystallization, e.g., suggestive of 

diffusive re-equilibration of Na and Al. However, Figure 11 shows that 

Na and Al are distinctly zoned in the clinopyroxenes making this 

alternative unlikely. The apparently undercorrected data (Figure 18) 

for the anomalous (Table 2) 10-293-B sample has no ready explanation 

but the overall distinction between the high P and low P clinopyroxene 

data persists. With the interpretation that different D values apply 

to the low and high P systems, Figure 18 shows that the zoning corrected 

D values are reasonably consistent, supporting the validity of the 

trace element corrections (as does Figure 17). Note that the composi­

tional dependence of the Al minor element data is approximately twice 

that of Na; the relative partition coefficients of Na and Al are not 

independent of composition (Table 15). 

TablelS suunnarizes our best estimates of the 20 kilobar minor 

element D values. In addition to the elements presented in detail on 

Figures 17 and 18, rough D values for Al in whitlockite and Pin clino­

pyroxene are given (see Tablel3 ). Although definitely present, these 
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elements have poor counting statistics during routine microprobe 

analysis. The apparently distinct P partitioning of the uncorrected 

clinopyroxene data for the two compositions are brought into agreement 

by the correction procedure; a further indication that the proper 

approach to correct for zoning has been taken . 

In contrast to the 20 kilobar data, the 1 bar data require 

little correction due to the smaller amounts of crystallization. The 

1 bar whitlockite data given in Table 14 are corrected and 

tabulated in Table 16. The corrections are the rim/core (Equation 2, 

Appendix V) and the Albarede-Bottinga correction (Equation 4, Appendix 

V). The rim/core correction is an overcorrection (Appendix V) that, 

for these small amounts of crystallization (10%), is negligibly 

different (higher) than the correction used for the 20 kilobar minor 

element data (Equation 2, Section IIIE)and Equation 10, Appendix V). 

The Albarede-Bottinga correction assumes knowledge of the average 

compositions of the crystalline phases, resulting in a correction of 

roughly one-half that of the core/rim correction. Because of the small 

amounts of crystallization, the difference between these correction 

procedures is insignificant. 

Table 16 includes data from the 15~ 20, and 40 compositions, 

which are nominally the same; however, there are differences in detail 

(Appendix III). The average values for the 20 and combined 23-23' 

compositions are also given in Table 16. Although there may be somewhat 

more intersample variability than expected from the estimated errors 

in some cases (e.g. Si in the 23 samples), the overall agreement is 

good. Table 17 summarizes the best estimates of the 1 bar 

minor element D values. 
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In sunnnary, except for three of the systems studied, the data 

meet the four criteria for equilibrium interface partitioning, and it 

is reasonable to adopt the low cooling rate values as equilibrium D. 

values. At 20 kilobars, U(cpx), Th(cpx) and perhaps Pu(cpx) appear to 

0 have different D values at cooling rates greater than 30 C/hr. compared 

to the results at 1-2 °c/hr. Future work will check the D values 

at cooling rates intermediate to those used in this work. 

Tables 18 and 19 sunnnarize the best D values for the 

systems investigated. Range and zoning corrections have been applied 

and corrected averages of the low cooling rate measurements are 

tabulated. The differences in DU(cpx) and DTh(cpx) between the 

8.4 and 5.3 cation percent P compositions are probably not significant 

because smaller clinopyroxene crystals were obtained from high P 

starting materials. 

The P-free clinopyroxene U and Th data were obtained from a 

single run (32-321) that grew large (hundreds of microns) crystals. 

This sample has been reanalyzed • to check the validity of the 

relatively large D values. The P-free Pu(cpx) data (Table 19) were 

obtained from a pair of 1 bar runs. 

F. Effects of Pressure and Temperature on Partitioning 

The trace element partition coefficients (Tables18 andl9 .) do not 

appear to be particularly sensitive to the differences between the 20 

kilobar and 1 bar experirients. The pressure effect of the 

trace element substitution into the crystalline phases is expected to be 

small because the proportion of the trace element component (i.e., 

p +3 . u MgA1Si0
6

) is so small that, thermodynamically, the 

~V part of the P~V term is negligible. Similarily, the effect of the 
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TABLE 18 

Summary of Adopted Partition Coefficients a) b) 

(20 kilobar; 1375-1390°C; f02 = 10-8 •6) 

(Range and Zoning Corrected) 

Whitlockite 

Clinopyroxene 

Apatite 

Initial p 

(Cation%) 

8.4 

8.4 
5.3 

0 

8.4 

DTh 

1.15±6 

0.0032±4 
0.0019±2 
0.029±2 

1.22±14 

a) Errors refer to last significant figure. 

DU 

0.58±3 

0.0028±5 
0.0019±2 
0.018±1 

1.69±8 

DPu 

3.5±2 

0.064±9 
0.053±3 

b) The measured track densities are proportional to the detected 
particles range (in mg/cm2 ) as well as the actinide concentration. 
Therefore a small range correction (maximum 6%) has been applied 
to the partition coefficients to correct for the differences 
between the crystals and coexisting glass based on the empirical 
(Mory et al., 1970) proportionality between range in pure elements 
and Z½~where Z is the atomic number. This relationship is 
consistent with the heavy ion ranges calculated by Northcliffe 
and Schilling (1970). Little difference results if the exponent 
on Z is varied from 0.4 to 0.6; an error corresponding to this 
variation in exponent is propagated into the tabulated errors. 
(Appendix IV) . 
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trace element T~S and ~Hof mixing contributions should be negligible, so a 

marked temperature sensitivity of the crystalline phases is not expected. 

In general, thermal expansion of the crystal lattice will not 

necessarily ease the trace element substitutions (e.g., thermal expan-

sion in diopside is principally along the longest Ca-0 bond in the 

distorted M2 site; the minimum expansion is along the shortest Ca-0 

bond; Finger and Ohashi, 1976). This asynunetric thermal expansion that 

increases the distortion of the M2 site in diopside does not ease the 

+2 
substitution of ions that are either larger or smaller than Ca ; 

qualitatively, the shortest bond length constrains the maximum ac­

ceptable ionic radius whereas the maximum bond length constrains the 

minimum acceptable ionic radius for the substituting species. 

The most likely cause of any variations in the partition coeffi­

cients, in response to variations in pressure and temperature, lies with 

the liquid, not the crystalline phase. The viscosity, and probably the 

degree of polymerization, decreases markedly with the change from 1 

bar to 20 kilobar conditions (Kushiro ~ al., 1976; Kushiro, 

1976; see Section III-F) . The more 'basic' (i.e., dissociated) nature 

of the melts at high pressure favors incompatible elements relative to 

the more polymerized liquids (Watson, 1976; Ryerson and Hess, 1978). 

The prediction would be for the partition coefficients to be lower at 

high pressure (the actinides being retained to a greater degree in the 

melt) than at 1 bar. Although the effect is small (13%), thf s 

appears to be true for DTh (whit) (Tables 18 and 19); however no further 

simple comparisons can be made due to compositional effects seen for 

the pyroxenes (Table 18-) and a lack of 1 bar Th ·· data for clino-

pyroxene (Table 19). The effects of temperature and pressure (melt 
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structure) on the valence state distribution complicate the discussion 

for the multiple valent actinides (Pu and U) (as is discussed in the 

next section, III-G). 

Of course, it is possible that the 20 kilobar pressure difference 

is just offset by the 130°C temperature difference. More precise 

measurements are required to resolve this beyond the apparent 13% 

difference between the Th-whitlockite data from the two pressures 

(Tables 18 and 19). 

The minor elements show distinct partitioning differences with 

changes in pressure and temperature (Tables 16 and 17). At some point, 

the changes to the minor element content of the phases under considera­

tion would probably affect the trace elements although, in this study, 

the only compositional changes that produced a marked effect were U 

and Pin the melt. These are discussed in the later sections. 

G. Effects of Multiple Valence States 

As mentioned previously, the measured partition coefficients 

(Tables 18 and 19) are sensitive to the fo
2 

conditions of experiments 

containing multivalent cations (U and Pu). The large differences 

between the fo
2 

= 10-8 •6 and f0
2 

= 0.209 (air) partition coefficients 

for U and Pu in whitlockite and for Pu in clinopyroxene are certainly 

+3 +4 
due to the stabilization of reduced valence states (Pu and U ) at 

the lower fo
2 

(see Appendix VI and Benjamin~ al., 1978 for further 

discussion of these valence assignments). The actual proportions of 

B ¾ ~ Pu and U as well as the other possible valence states, Pu and 

Pu+4 , and u+3 , u+5 , and u+6 are important in quantifying the individual 

partition coefficients for these ions. The marked differences in D 



118 

values for the individual actinide valence species is a result of both 

ionic radius and charge. The ionic radius controls the site 

into which the trace element can substitute whether the site is a 

regular crystal lattice position or a defect in the crystalline 

structure. The charge of the cation determines the difficulty in 

charge balance and the resultant complexity of the coupled substitution 

mechanism. These coupled substitutions are addressed, for the case of 

U at high concentrations, in a later section (III-I). 

The redox calculations presented in Appendix yr can be used to 

estimate the partition coefficients, D., for each valence state of the 
1 

actinides. The limiting cases, where ideality is assumed or where all 

the individual valence state partition coefficients but one are 

sequentially set to zero with the observed D value ascribed solely to 

the remaining valence state, have been discussed in Benjamin~ al. 

(1978). The following calculated partition coefficients (D.) are rough 
1 

estimates in that the calculations incorporate a parameter, k, 

assumed to be constant for all the actinide valence states, which results 

in a strong preference for reduced valence states compared with the k=l 

(ideal) calculation. Factor of two variations ink will have little 

effect (5% absolute) for the cases where 1 valence is ~80% of all ions 

of that element; however larger effects may be seen for the less abun­

dant valence states. The parameter, k, is based on 1 atmosphere optical 

spectroscopic U valence state distributions (Calas, 1979). In the 20 

kilobar experiments . this parameter · may not have the same value, as the 

structures of melts change with pressure (Section III-F). As shown in 

Appendix VI, the value of k~
6 

fer equilibria between u+4 and u+6 (2x!05), 

which forms the basis of this discussion, appears to be nearly independent of 
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composition and f0
2 

over the range of simple compositions that were 

investigated by Calas (1979) although, the Eu valence state data of 

Morris and Haskin (1974) and Morris et al. (1974) indicate that Eu is 

much more reduced in acidic compositions than in basic compositions and 

that k:; is fo
2 

dependent. Consequently k may only be an order of 

magnitude estimate. Recently these Eu data have been disputed by Mysen 

1 (1978) b h bl d +2 b •• b et!!....· ecause t ey were una e to etect any Eu , y Moss auer 

spectroscopy, in experiments designed to encompass the compositions and 

f0
2 

conditions used by Morris and Haskin (1974) and Morris et al. 

(1974). This disagreement is yet to be resolved. 

The Th partition coefficients are predicted to be independent of 

f0
2 

as Th+4 is the only known stable valence state, a prediction borne 

out by the data in Tables 18 and 19. 

The measured Pu partition coefficients are the sum of the concen­

tration (C.) weighted contributions of Pu+2 , Pu+3 , and Pu+4 partition 
1 

coefficients. The equation for Pu partitioning at the temperature of 

the 20 kilobar experiments is given below (the coefficients are the 

calculated proportions of the individual valence states; Table VI-6, 

Appendix VI). 

1) DPu = 0.01 n;~ + 0.81 n;! + 0.18 n;~ T=1380°C· fO =lo-8 •6 
' 2 

At 1 bar, two f02 conditions result in two similar equations: 

<.01 
+2 . D+3 +4 fO =lo-8 •6 2) DPu = DPu + 0.55 + 0.45 DPu T-1250°C; Pu 2 

3) DPu = <<. 01 +2 
DPu + 0.01 

+3 
DPu + o.99 n;~ T=l250°C; f02=0.209 

For the 1 bar data the contribution from Pu+2 is negligible 

unless an unrealistically high n;~ is chosen. Using DPu tabulated in 

Tables 18 and19, solving Equations 2) and 3) for D+4 results in a value 
Pu 
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of 0.52 for whitlockite and 0.015 for clinopyroxene; solving for n;~ 

results in a value of 6.30 for whitlockite and 0.30 for clinopyroxene. 

Assuming k~~=2xl0
5 

at 20 kilobars,Equation 1 can be used to test these 

+3 +4 
values of DPu and DPu· The result is a calculated DPu(whit) value of 

5.1 and a DPu(cpx) value of 0.25. These values are much higher than 

the measured values. Also, eqns. 1 and 2 imply that Pu+4 is still 

. -8.6 5 important at f0
2
=10 , and the effect of assuming k=2x10 at both 

pressures is that the temperature difference results in a factor of 4 

difference in the calculated c
4
;c

3 
values (Equations 1 and 2); however, 

the measured DPu(whit) values are very similar (3.5±0.2 at 20 kilobars 

and 3.7±0.3 at 1 bar pressure). 

The calculated difference in CJ.c
3 

directly reflects the tempera-

i • f h G0 f h P +3 "d • • (E • ture var ation o t e 6 o t e u oxi ation reaction quation v, 

Table VI-1, Appendix VI). Thus, for the measured DPu(whit) values at 

the two pressures to agree, there must be some effect that cancels the 

130°C temperature difference,if Equations 1 and 2 are accurate. The Eu 

data (discussed in Appendix VI) show a factor of two decrease in kEu 
23 

over temperature intervals of this magnitude. The U data show no change 

(Calas, 1979), whereas a decrease of an order of magnitude is required 

,, in k . • The possibility of a temperature dependence of DPu cancelling 

the change in c
4
;c

3 
is not supported by the DTh(whit) data which 

decrease from 1.30±0.03 at 1 bar to 1.15±0.06 at 20 kilobars. 

Alternatively, the k value appropriate to all Pu valence states may be 

5 larger than 2x10 . This would make c
4
/c

3 
small and less sensitive to 

temperature variations. 
. +3 

In order to yield equal proportions of Pu 

at both 

Pu Pu 
k2Tk34' 

Pu 7 temperatures, k
34 

must be about 10 . However, assuming 

a problem arises in that even at a kPu of 106 , the proportion 
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f P +2 b • • f • h h . h d • h o u ecomes s1gn1 icant at t e 1g er temperature an , since t e o
2 

value is probably comparable to, or greater than, the o
3 

value, the 

expectation would be that the observed D values at the two temperatures 

may not converge. If the concept of k values remaining roughly constant 

(of the same order of magnitude) for different valence state pairs of 

4 6 the same element is incorrect (e.g., for Pu, k
23

=10 and k
34

=10 ), then the 

concentration .of Pu+2 is negligible. In this case, a small c
4
;c

3 
ratio at 

the lower temperature would remain small, although different, at the 

higher temperature so that the measured DPu values would be similar; 

reflecting the partition coefficient of Pu+J exclusively . This simple 

explanation requires no accidental cancellation of factors but does 

require very different solute-solvent interactions among the three Pu 

valence states and the same silicate liquid. 

A third possible explanation for the lack of a temperature varia­

tion in DPu(whit) is the effect of pressure on the structure of melts, 

as discussed in the previous section. If the 20 kilobar melt is more 

oxidizing than the corresponding 1 atmosphere melt, then a lower k value 

would apply to the 20 kilobar data. To reconcile the observed 

whitlockite partitioning data with the redox calculations (Appendix VI 

and Equations 1 and 2 in this section), the 20 kilobar kPu must be 

4 l.Sxl0. That is, with this k value, the c4/c3 
in Equation 1 would 

equal that given in Equation 2. This value of k also explains the 

clinopyroxene data provided the factor of 3 difference between the DPu 

(cpx) values for phosphorus free and phosphorus containing compositions 

(Tables 18 and 19; next section) is taken into account. 

Which of the last two alternatives, presented above, is a better 

description of the Pu valence state distribution in silicate melts can 
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be determined experimentally. At 1250°C (1 atmosphere), the graphite 

buffer will maintain an f0
2
=10-14 (Appendix II). The first of the two 

possibilities predicts that, because the c
4
/c

3 
value is low at f0

2
=10-8 •6 

and the partitioning is dominated by Pu+3 , the observed DPu(whit) at 

f02=10-
14 

will remain at approximately 3.7. The second alternative 

predicts that the DPu(whit) 

because this model has only 

-14 
at f02=10 will be approximately 6 

+3 -8.6 . 55% Pu at fo
2
=10 (Equation 2). 

The corresponding equations for u, under the same T and f02 

conditions, are: 

4) DU 
+3 + 0.96 

+4 
+ 0.03 

+5 
T=1380°C, f0 =lo-8 •6 = 0.01 DU DU DU 2 

5) DU <.01 D+3 + 0.97 
+4 

+ 0.02 D+5 T=1250°C, fO =lo-8 •6 
= DU u u 2 

6) Du= <.01 n;
3 

+ 0.06 D;
4 

+ 0.14 D;
5 

+ o.80 D;
6 

T=1250°C, f0
2
=0.209 

From the data presented in Tables 18 and 19, as well as the high 

concentration U data (Table 21 , the u+6 partition coefficient for both 

whitlockite and clinopyroxene must be nearly O. From the magnitudes of 

the measured partition coefficients and Equations 5 and 6, it is clear 

the u+4 dominates and the partition coefficient of u+5 must also be near 

O. The difference between the 20 kilobar (0.58±0.03) and 1 bar (0.48± 

0.02) whitlockite data could be due to u+3 , if D;3~10, not a totally 

unreasonable value considering the uncertainty of the u+3 abundance 

+3 +3 4 
(double the amount of U halves the required DU). Use of k=l.5xl0 

for Equation 4 (as for Pu, Equation 1) produces a negligible shift 

toward the more oxidized U species and therefore cannot resolve between 

the alternative models of Pu valence state distributions presented 

above. 
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Many more experiments on the reductive capacity of melts under 

differing conditions as well as more trace element partitioning data 

are needed to further understand and quantify the partitioning of 

multi-valent ions. 

H. Effects of Phosphorus on Partitioning 

Throughout this study, phosphorus has been observed to have a 

major effect on the partitioning of the trace and minor elements (Figure 

18, Tables 13, 15, 18, and 19) between the synthetic clinopyroxenes 

and liquids of variable P content (0, 5.3, and 8 . 4 cation percent). The 

actinide D values show an order of magnitude decrease for Th and u · and a 

factor of 3 for Pu between a P-free liquid and a P-rich liquid (Tables 

18 and 19). In contrast, the Na and Al partition coefficients increase 

with increasing P content (Figure 18, Table 15). The data of Watson 

(1976) on innniscible silicate liquids,show that P (and incompatible 

elements) favor a basic (less polymerized) liquid over an acidic (more 

polymerized) liquid. This implies that Pis not simply a 'network 

forming' species, but in some respects a 'network modifier' in the 

terminology of Bottinga and Weill (1972). Thus P will tend to make 

silicate melts more basic and the P-bearing silicate liquid will retain 

incompatible elements relative to P-free liquids. This conclusion is 

consistent with the clinopyroxene data acquired in this study. 

results are in essential agreement with the recent work of Mysen 

(1980) on the structural role of phosphorus in aluminous 

These 

et al. 

silicate melts. Both Na and Al increasingly favor the crystalline 

phases as the P content of the liquid is increased. The Al prefers 

polymerized structures (Ryerson and Hess,- 197r8) and appears to override 

the preference of Na for depolymerized structures in order to maintain 

charge balance. 
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I. Henry's Law and Uranium Substitution Mechanisms 

Table 20 is a comparison of the minimum and maximum dimensions of 

the Ca (and Mg) sites for clinopyroxene, whitlockite, and apatite with 

the ionic radii (Shannon, 1976) of the various actinide ions. The 

diopside data were acquired at 700°C (Finger and Ohashi, 1976). The 

fassaite (Al+Ti clinopyroxene) data from the meteorite Angra dos Reis 

(Hazen and Finger, 1977) are included because the synthetic clino­

pyroxenes are Al-rich. The whitlockite data were acquired at liquid N
2 

temperatures, but Calvo and Gopal (1975) found no significant difference 

between these low temperature data and comparison data taken at room 

temperature. There is little difference between these data and the 

site dimensions for Angra dos Reis whitlockite (Dowty, 1977). The data 

tabulated were obtained by subtracting 1.40 A from the published Ca-0 and Mg-0 

bond distances for easier comparison with the ionic radii of Shannon 

(1976) which are based on this value (1.40 A) for the ionic radius of 

-2 
0 . The apatite data (Kreidler and Hummel, 1970) are the minimum and 

maximum ionic radii of cations that, when totally substituted for Ca, 

form a synthetic . phase with the apatite structure. The ionic radii 

given are from Ahrens (1952) CN=VI. Since these radii are also based 

0 -2 -
a 1. 40 A O radius, they are compatible (not identical-)· with the 

Shannon (1976) 'radTi. 

The important point to be made from Table 20 is that the +3 and +4 

+2 . actinide ions are quite close to Ca in size and that the Ca sites in 

all three phases should accommodate the actinides. No obvious predic­

tion as to which actinide will be favored can be made. The relative 

values of the partition coefficients, Tables 18 and 1~, do correspond 

to the ranges of acceptable ionic radii that the phases will acconnno-
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date; that is, the magnitudes of the actinide partition coefficients 

are greater for whitlockite than for diopside. 

The +5 and +6 U ions are too small, as well as too highly charged, 

for easy substitution into the Ca sites (CN = XI and VIII). The Mg 

sites (CN = VI) in diopside and whitlockite (Dowty, 1977) are probably 

too small for favorable substitution of these highly charged ions even 

if the charge could be compensated by a coupled substitution. 

Substitution of the actinides for tetrahedrally coordinated (CN = 4) 

P+
5 

is~ priori unreasonable because of the great difference in ionic 

radii although McConnell (1973) considers u+6 substitution a possibility 

because of the known Si+4 and Al+3 substitutions and the occurrence of 

U+6 ' h h • in p osp orites. 

In order to assess the validity of the hypothesis that the actinide 

elements substitute for Ca in the structures of the phases synthesized 

in this study, an attempt was made to observe a correlation between 

concentrations of U and the other elements in whitlockite for 1 

bar experimental charges spiked with bulk quantities of U 

III, Compositions 23 and 23'). These experiments, buffered 

(Appendix 

at fO =lo-8 •5 
2 

and sealed in air, can also be used as a check on the track counting and 

correcting procedures used for the data previously presented, as the U 

partition coefficients for the 23 and 23' composition samples are 

obtained by two methods: track counting and microprobe (Table 21). On 

this count, the two methods agree remarkably well. 

Furthermore, these high concentration (microprobe detection levels) 

experiments are important in addressing the current debate over Henry's 

Law partitioning and the necessity of using trace element concentrations 

in laboratory measurements of partition coefficients 
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TABLE 20 

Comparison Between Substituting Cation Radii and Ca-site 

Radii* for Clinopyroxene, Whitlockite and Apatite 

Ca-site Radii (A) 

Diopside 
(Finger and Ohashi, 1976) 
Site M2, CNt = VIII 

Bassaite (Al+Ti cpx) 
(Hazen and Finger, 1977) 
Site M2, cNt = VIII 

Whitlockite 
(Calvo and Gopal, 1975) 
Site Ca(IIBl), cNt = IX 

Ca(fIB2), CN = VIII 
Ca(IB) , CN = VIII 
Ca(IIA'), CN = VI 

Fluorapatite 
(Kreidler and Hummel, 1970) 
Site Ca, CNt = VII and IX 

Chlorapatite 
(Kreidler and Hummel, 1970) 
Site Ca, CNt = VII and IX 

Min. 

0.975 

0.949 

0.913 
0.971 
0.978 
1.136 

0.95 

0.80 

Max. 

1.395 

1.287 

1.372 
1.238 
1.528 
1.322 

1.35** 

1.35** 

Ionic Rad ii ( Shannon , 

CN Ca+2 Sm+3 Th+4 u+3 u+4 U+5 
VI 1.00 0.958 0.94 1.025 0.89 0.76 
VII 1.06 1.02 0.95 0.84 
VIII 1.12 1.079 1.05 1.00 
IX 1.18 1.132 1.09 1.05 

P+5 Si+4 Al+3 

IV 0.17 0.26 0.39 

t CN = Coordination Number 

Mean 

1.144 

1.089 

1.079 
1.070 
1.136 
1.229 

1976) 
u+6 

0.73 
0.81 
0.86 

u+6 
0.52 

Mg-site Radii (A) 

Mean 

Pu+3 

1.00 

CN=VI 
0.723 

CN=VI 
0.683 

Pu+4 

0.86 

0.96 

* Tabulated radii calculated by subtracting 1.40 A (the ionic radius of 
o-2) from published bond lengths to conform to the convention used by 
Shannon (1976). 

**Data based on ionic radii (Ahrens, 1952) of elements that can be com­
pletely substituted for Ca while maintaining the apatite structure. 
Assumed CN = VI and with the ionic radius of o-2 = 1.40 A· 
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(Mysen, 1978; Harrison, 1977; Lindstrom and Weill, 1978). In this 

context Henry's Law is regarded as a relationship in which the concentra­

tion of an element in a crystalline phase is proportional to the 

concentration of that element in the coexisting liquid (Dis independent 

of concentration). This relationship is expected to be valid at 

relatively low concentrations. The basis of the debate is the word 

'relatively'. One extreme viewpoint is that differing mechanisms of 

incorporation of an element in a crystalline phase dominate partitioning 

at distinct concentration ranges and that partition coefficients must be 

measured over these concentrations, typically ~1000 ppm (Mysen, 1978). 

The other extreme maintains that the partitioning observed at concentra­

tions detectable with a microprobe (10000 ppm, more or less) are validly 

extrapolated to the low ppm levels that more closely match the concen­

trations extant in nature (Lindstrom and Weill, 1978). The high 

concentration analytical techniques are more fully developed and under­

stood (and accessible) than are the trace element techniques. The 

measurements (via trace level S-radiography techniques) of several 

partition coefficients, each valid over only a distinct concentration 

range (Mysen, 1978), have been questioned (Lindstrom and Weill, 1978). 

The high U experiments conducted in this study do not support the 

extrapolation of percent concentration based partition coefficients to 

trace levels, at least for U in whitlockite at fo
2
=10-8 •5 . The trace 

(20 ppm) level DU(whit) = 0.48±0.02 (Table 19) under conditions 

identical (except for the U concentration) to those giving DU(whit) = 

0.31±0.02 at high U concentrations (Table 21). This result may be due 

to either: 1) the nature of the substitution mechanism being different 
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TABLE 21 

Whitlockite Partition Coefficients at Percent Level 

uo2 Concentrations 

fO = 10-8 ' 5 
2 

uo
2 (wt.%) D D m 

3.38% 7Co 0.303 ± .017 (a) 0.326 
Seo 0.293 ± .011 0.313 
Seo T 0.299 ± .027 0.311 

3. 92% 3Co 0.293 ± .009 0.315 
3Co T 0.302 ± .018 0.316 
4Co 0.300 ± .010 0.303 

Ave o. 314 ± .009 

Sealed in air** 

SA 0.354 ± .022 0.384 
6A 0.379 ± .014 0.403 

3A 0.343 ± .016 0.373 

Ave 0.387 ± .015 

Errors are standard deviations 
from counting statistics. Each value tabulated 
is the average of all crystals from a given run. Zoning 
corrections are small, as all data tabulated are for 
runs with ~10% crystallization. 

Partition coefficients obtained by fission track counting. 
Observed (range corrected) and final zoning corrected values 
are tabulated. All others from microprobe U analyses. 

Appear to be reduced by a contaminant; a follow-up open air 
run produced whitlockite crystals with U contents below the 
detection limit of the microprobe (<0.005 cation% U). 
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between these extremes in U concentration, 2) the liquid structure being 

significantly affected by the addition approximately one cation percent 

of U, or 3) the ratio of the U solute-solute activity coefficients 

whitlockite/liquid being increased by a factor of 1.5 (or some combination 

of these possibilities). A small change in the ratio of the activity 

coefficients is very plausible; however, evidence (presented below) 

exists for the U induced structural change in the melt and, possibly, for 

an unusual U substitution mechanism, at least at high U concentrations. 

Microprobe analyses of the synthetic Ca-phosphates have been used 

to test the suitability of various U-bearing, coupled substitution, end 

~ -9 members. Only the data for fo
2 

= 10 have been considered. Table 22 

+4 . summarizes the U-free and U -bearing end members, all selected by 

analogy to the various crystallographic sites in Ca-phosphate following 

Dowty (1977). Using the constrained least-squares analysis calculations 

described by Reid et al. (1973), the best description of the U-free Ca­

phosphate compositions in terms of the end members on Table 22 is: 

C:9.6%; M:78.3%; N:2.5%; S:9.5%. A priori a plausible substitution for 

large ions is a substitution for Ca in the end member formulae. U 

charge balance can be maintained by an increase in the vacancy fraction 

of the IIA site (end member 2) or by a coupled Na, Si substitution (end 

member 3). The only analytically significant compositional change ac­

companying the addition of 0.25 cation fraction of U to the whitlockite 

is an increase of similar magnitude in the Si cation fraction. As 

discussed below, the Mg(whit) partition coefficients differ with U 

content; however, the difference is in the liquid composition, not the 

whitlockite. The increase in Si would favor substitutions represented 

by end members 1 or 3. However, combinations of either 1 or 3 with the 
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TABLE 22 

End Members Utilized in Solid Solution Modeling of 

Synthetic Ca-phosphates 

I. U-free end members (from Dowty, 1977) 

C. [Ca C ]Ca
18

ca
2

(P0
4

)
14 

M. [Ca C ]Ca
18

Mg
2

(Po
4

)
14 

N. [NaNa]ca
18

Mg 2(P0
4

)
14 

S. [NaCa] ca
18

Mg
2 

(SiO 
4

) (PO 
4

) 
13 

D = Site vacancy 

[ ] = IIA site (octahedral) 

II. Possible u+4-bearing end members considered 

1. [U O ]Ca18Mg2 (Si0
4

) 2 (P0
4

\ 2 

2. [ □ □ ]UCa17Mg 2(P04\ 4 

3. [Na □ ]UCa
17

Mg
2

(Si0
4

)(P0
4

)
13 

4. [NaCa] Ca
18

Mg
2 

(UO 
4

) (PO 
4

) 
13 

5. [Na □ ]UCa
17

Mg
2

(uo
4

) (P0
4

)
13 
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U-free end members do not give particularly good fits to the total 

phosphate composition. Reduced chi-squared (Bevington, 1969) values of 

7 to 9 are obtained for a typical analysis where values of 1-2 are 

expected for good fits. Somewhat surprisingly, the best fit (chi­

squared = 1.75) occurs for end member 4 with U substituting for P 

(C:13.4%; M:62.8%; N:0%; S:14.8%; 4:9.0%). For 10 U-rich whitlockite 

analyses, end member 4 gives best fit in 8 cases; end member 5 is the 

best fit for the other two cases. However, these substitutions are a 

priori implausible given the large ionic size difference between U and P; 

consequently additional checking is needed to determine that this result 

is not just an artifact of the microprobe or least squares analysis. 

Mysen ~ al. (in press) have demonstrated that (AlP0
4

) is a common 

species in P-bearing aluminous melts, so it is conceivable that, during 

+ crystal growth, a UP0
5

, UP0
4

, etc. structure is incorporated 

from the melt. A substitution utilizing end member four suggests that 

U partitioning may be fairly sensitive to melt Na content, a result 

which could be checked experimentally. In any case, the fact that the 

DU(whit) differs between 20 ppm and percent level U concentrations 

implies that the substitution occurring at percent levels may not be 

valid at trace levels. Alternatively, as discussed below, the overall 

whitlockite composition changes for U-rich systems may be interpreted 

in terms of melt structural changes. 

A possible indicator of a change in the melt structure with the 

addition of percent levels of U can be seen in the minor element data 

for whitlockite (Table 16) which do not appear, following the above 

discussion, to be involved in coupled substitutions with U. Although 

the Na partition coefficients are indistinguishable between the UTh20 
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and U23+U23' (which nominally differ only U content; Appendix III), the 

Mg and more noticably, Si, partition coefficients are higher for the U-rich 

compositions. For f0
2
=air, U is primarily +6 and U-free phosphates are 

formed (footnote Table 21). These _give a best fit: C:12.4%; M:69.5%; N:11.1%; 

S:7.0% which is very different from phosphates grown from low U systems, 
and further illustrates the differences 
due to percent levels of U. As discussed in Sections III-F, G, and H, 

an increase in the 'basic' nature of a melt due to addition of a network 

modifier element, will tend to increase the partition coefficients of 

the compatible elements while decreasing the incompatible (U, Th, Pu) 

element partition coefficients. Mg is different in that Watson (1976) 

found Mg to be slightly enriched in basic melts relative to coexisting, 

immiscible, acidic melts. Resolution of this observation with the Mg 

partitioning results (Table 16) requires more experimentation as the 

system studied by Watson (1976) was Fe-rich and the complex interactions 

of phosphorus in melts are just beginning to be elucidated (Mysen et al., 

1980). If the observed effects on the Mg, Si, and U partition co-

efficients are due to structural changes in the melt (instead of 

activity coefficient changes for U or coupled substitutions for Mg and 

Si), then U appears to behave as a network modifier. 

The sealed in air synthesis runs (Table 21) were attempts to com­

pare trace element (Du=0.002) and high U concentration partition co­

efficients for u+6 . The results are reproducible but higher than the 

d • 1 fo2--10-8 •5 . correspon ing resu ts at These runs, and other 1 

bar trace element runs (e.g., 20A-5A, Table 11), appear to be 

buffered by a contaminant more reducing than Co-Coo. The sooty material 

ubiquitous to the Caltech ventilation system is the most likely source. 

A follow-up high U run in a capsule left open to air produced whitlockite 
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crystals with U contents below the detection limit of the microprobe 

(<0.005 cation percent), confirming the low DU(whit) values obtained 

from the trace element experiments that were also run open to air 

(20A-9A and 20A-11A, Table 11). To avoid this problem, as well as the 

problem of volitilization of Na and P inherent to open air runs, an 

oxidizing buffer such as hematitie-magnetite (Appendix II) must be used 

(e.g., 14A-2HM, Table 12). 

J. Apatites 

Several of the 20 composition, 20 kilobar, runs produced needles of 

apatite in addition to the whitlockite and clinopyroxene (Table 2). 

Apatite crystallization was induced by the presence of Cl, the most 

likely source being the actinide chloride spike solution. The melt is 

nearly Cl free after apatite crystallization, which probably precedes 

whitlockite crystallization (Table 6), and all the Cl in the starting 

material (Appendix III-4) is accounted for by the apatite. Only three 

runs yielded apatite crystals sufficiently large for reliable trace 

element partition coefficients to be measured (Table 10). The U 

partition coefficients agree, within errors, for the three samples. 

The ratio of the synthetic apatite to whitlockite DU values (DU(ap)/ 

DU(whit)=3; Table 1~ is lower than the observed ratio of 6-25 between 

chlorapatite and whitlockite in chondrites (Crozaz, 1974; Fellas and 

Storzer, 1975; Jones and Burnett, 1979). However, the appliciability 

of these data is questionable because, although all three samples of cry­

stallized apatites have compositions nearly identical to that given in 

Table 6, the apatites are Si and Al rich and, more significantly, very 

halogen poor. The chlorapatite end member, ca
5

(P0
4

)
3
c1, contrasts 
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with the average synthetic apatite composition, (Ca
4

_
68

Mg
0

_
10

Na
0

_
08 

Si0.lOA10.04)(P04)2 . 72(Si04)0.28(00.33[ ]0.33Cl0.33). The Al substitu­

tion for Ca is documented (Fisher and McConnell, 1969) and the Si 

substitution is made by analogy to Al and with the known characteristics 

of apatites to substitute most of the periodic table into their 

structures (McConnell, 1973; Kreidler and Hunnnel, 1970). This exotic 

Si substitution is required because there is more Si+P than can be 

accommodated in the tetrahedral sites. The anhydrous conditions of the 

20 kilobar experiments should rule out the presence of an hydroxyapatite 

component replacing the o
0

_
33 

and vacancy ([ ]
0

_
33

) with the obviously 

more attractive OH
0

_
67

; however, without further characterization such 

as spectroscopically checking for the 0-H stretching mode, the 

possibility of H
2 

diffusion through the Pt capsule cannot be discarded. 

K. Summary 

Figures 19 and 20 summarize the magnitudes and relationships of the 

adopted partition coefficients (Tables 18 and 19). The valence state 

assignments are interpretive and are the best estimates, at present, 

of the dominant valence state under the conditions of the experi-

mental synthesis runs (Section III-G, Appendix VI). 

In addition to summarizing the actinide partition coefficients for 

clinopyroxene, Figure 19 is also a comparison with the lanthanide 

partition coefficients, as a function of ionic radii, for clinopyroxenes 

synthesized by Grutzeck et al. (1974) and for natural clinopyroxene 

+3 
phenocrysts analyzed by Schnetzler and Philpotts (1970). The Pu 

partition coefficients are similar to the equivalent lanthanide parti-

tion coefficients, whereas the tetravalent actinide partition coefficients 
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FIGURE 19 

The actinide (this work) and lanthanide (literature) partition coeffi­

cients for diopsidic clinopyroxene are compared as a function of ionic 

radius. The dashed line connects the lanthanide D values for synthetic 

diopsides as measured by Grutzeck et al. (1974). The solid lines 

connect two D patterns, representing the range of natural diopside 

phenocryst-matrix D values, as measured by Schnetzler and Philpotts 

(1970). The ionic radii (6-fold co-ordination) are taken from Shannon 

(1976). No appreciable relative differences would result for other 

choices of ionic or crystal radii, although 8-fold co-ordination radii 

would be appropriate for the M2 site in diopside (Table 20). Data 

points are plotted assuming trivalent Pu and tetravalent U and Th for 

-9 our measurements at f0
2
=10 . For reference the ionic radius locations 

of u+3 , Pu+4 and Ca+2 are indicated on the upper scale. Clinopyroxene 

shows a strong preference for partitioning trivalent, as opposed to 

tetravalent ions, presumably because of easier charge compensation. The 

strong dependence of P content for the +4 ions is clearly illustrated. 

The similarity in D values between Pu+3 and light lanthanides gives 

support to the use of Pu/Nd for chronology purposes. (See Tables 18 

and 19 for errors). 
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FIGURE 20 

E • 1 • "d 1/1" "d • • ff· • DXl/Liq xperimenta actini e crysta iqui partition coe icients, , 

are plotted in order of increasing atomic number. Data points are the 

best values from Tables 18 and 19. Data for both high phosphorus and 

phosphorus-free bulk composition experiments are plotted. In general 

the partition coefficients for whitlockite are much higher than those 

for diopsidic clinopyroxene. Valence state assignments for the various 

experimental conditions are indicated. The "+3" symbols for Pu imply 

only that the observed D value is dominated by the presence of Pu+3 . 

The measured D values at f0
2
=10-9 are strictly lower limits to the Pu+3 

partition coefficients. Similarly, the 1 bar n;!(whit) is an 

+4 
upper limit for the Pu partition coefficient (see Section III-G and 

Appendix VI). A relatively smooth "D-pattern" (solid line) for the 

tetravalent actinides is observed. However, for natural (low) fo 2 

conditions trivalent Pu will be important for f0
2
~l0-9, whereas U and 

Th will probably remain tetravalent. (See Tables 18 and 19 for errors). 
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are one to two orders of magnitude lower, depending on bulk composition 

(i.e., P content). The similarity between the DPu+3(cpx) and those for 

the light lanthanides gives support to the use of Pu/Nd for chronology 

purposes (Section I-A). 

Figure 20 stnnmarizes the actinide whitlockite and apatite parti­

tioning data along with the clinopyroxene data from Figure 19 as a 

function of increasing atomic number. For the +4 valence state, the 

partitioning patterns are similar in shape (but not magnitude) for 

whitlockite and clinopyroxene and for the different bulk compositions. 

The apatite data are incomplete and further experimentation is required 

to confirm the apparent difference between apatite and the other phases. 

Pressure has little effect on the partition coefficients. In contrast, 

fo
2 

is important. For meteoritic and lunar (low) f0
2 

conditions, tri­

valent Pu coexists with tetravalent U and Th; a condition where chemi­

cal fractionation of Pu from U and Th is likely to occur. 
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IV. APPLICATIONS AND CONCLUSIONS 

A. Pu/Sm Partitioning 

Laboratory measurements of crystal-liquid partition coefficients 

(D) for actinide elements (Pu, U, Th) and Sm for Ca-phosphate and 

diopsidic clinopyroxene permit a discussion of the possibility of 

relative age determinations for ancient objects utilizing the Pu/Nd 

ratio. As discussed in more detail below, from measured Sm partition 

coefficients (Benjamin et al., 1979), those for Nd can be estimated with 

the most significant result being that DPu(cpx)/DNd(cpx) ';; DPu(phos)/ 

DNd(phos) ~ 0 . 6 (Table 23) . Since DPu and DNd are not equal, the 

~ -9 possibility of Pu/Nd chemical fractionation exists at fo
2 

= 10 . At 

-12 
lower fo2 conditions (~10 ), the DPu/DNd values may be closer to 1 

(see Section III-G) for both whitlockite and clinopyroxene. For this 

case, Pu/Nd chemical fractionation would be negligible for most igneous 

differation models. 

The Sm partition coefficients were determined by 
151

sm beta­

radiography (Mysen and Seitz, 1975) by J. Jones. Nuclear emulsions 

(Ilford KS, 25 micron) were exposed to polished sections of the 

synthesis products (compositions 14 and 15, Appendix III-4, 50 ppm 

151sm). Partition coefficients were measured by counting (15 KeV) 

electron-induced Ag L-alpha x-rays using either an electron microprobe or a 

scanning electron microscope equipped with a semiconductor detector 

(Si(Li)) (Holloway and Drake, 1975; Benjamin et al., 1977). Both the 

Pu and Sm partition coefficients were measured on the same samples to 

avoid problems due to differing bulk compositions. The necessity of 

this can be seen in both the actinide and lanthanide data presented in 
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TABLE 23 

Pu/Sm Partitioning Summary 

fO = 10-8 'S 
2 

Clinopyroxene 
(Phosphorus=0) Whitlockite 

* 
DPu 0.17±0.01 3.7±0.3 

** 
DSm 0.36±0.03 6±1 

DSm/DNd 1.2st l.Ott 

DPu/DNd 0.59 0.62 

* Table 18 

** Benjamin et al. , 1974 

t Grutzeck et al., 1974 

tt Estimated from Irving, 1978 
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Figure 19. The natural phenocryst/matrix lanthanide partition 

coefficients vary by a factor of five but the relative values vary by 

less than a factor of two. The same relationships exist for the 

actinide data, the relative values are more constant than the absolute 

values between different bulk compositions. The most important 

quantity is the relative D values for Pu and Sm. 

As summarized in Table 23, the preliminary DSm values, under both 

reducing (£0
2 

';; 10-9) and oxidizing conditions, are 6±1 for whitlockite 

and 0.36±0.03 for clinopyroxene (Benjamin~ al., 1979). With these 

data, the DPu values from Table 19, and using DSm/DNd from Grutzeck 

et al. (1974), a DPu(cpx)/DNd(cpx) = 0.59 is inferred. There are no D 

patterns published for lanthanides in ca
3

(P0
4

)
2 

but, by analogy with 

data for apatites summarized by Irving (1978), we estimate DSm(phos) ~ 

DNd(phos) which gives DPu(phos)/DNd(phos) = 0.62, in good agreement 

with the equivalent ratio for clinopyroxene. 

The possibility of Pu/Nd chronology was proposed as a result of 

measurements on AdoR (Angra dos Reis) by Lugmair and Marti (1977) and 

Wasserburg et al. (1977), who found that the concentration ratio of 

244Pu to Nd was the same in clinopyroxene and ca
3

(P0
4

) 2 . The ratios of 

244Pu to either Th or U however, differed in the two phases. These 

results were interpreted as indicating that Pu and Nd tend not to 

fractionate, whereas considerable fractionation of Pu from Th or U can 

occur. Since relative D values for a set of chemically similar 

elements (lanthanides and trivalent Pu in this case) for a given 

mineral are expected to be comparatively insensitive to either bulk or 

phase chemical compositions, it is reasonable to assume - at least as a 

working hypothesis - that the laboratory DPu/DNd for a given phase applies 
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to AdoR, even though the absolute D values may not because of composi­

tional differences between the two systems, particularly in Fe and Ti. 

-12 This assumes that the lower f0
2 

(10 , Brett~ al., 1977) for AdoR 

would not significantly change DPu . It is equally (perhaps more) 

plausible to assume that the measured equality of DPu/DNd in clino-

pyroxene and whitlockite (Table 23) also applies to the AdoR system. 

The data in Tables 18 and 19 show, however, that constancy of relative 

D values as a function of composition is not maintained for elements 

in different valence states because the effect of adding 5.3 cation per­

cent phosphorus on D(cpx) was a factor of ten decrease for U and Th 

but only a factor of three decrease for Pu. 

In general, the fact that DPu and DNd are not equal permits 

fractionation of these elements in the crystallization of AdoR from 

its parent liquid. However, the degree of fractionation depends on the 

igneous differentiation model assumed. The petrographic observations 

of Prinz et al. (1977) convincingly establish AdoR as a cumulate rock; 

however, this conclusion is not sufficient in that additional assump­

tions must be made to interpret the actinide and lanthanide data. 

A simple model by which to compare the partitioning data with AdoR 

involves the additional assumption that clinopyroxene and whitlockite 

were co-crystallizing phases. Although consistent with the petrographic 

observations, this assumption is, a priori, relatively implausible. 

However, this is a useful model for discussion. With these assumptions, 

the measured Pu/Nd concentration ratio in any phase i is related to the 

crystal-liquid partition coefficients, D: 
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where (Pu/Nd) refers to the original liquid from which crystallization 
0 

has occured, and Xis the fraction crystallized. Depending on the form 

of the function f (e.g., D -D 
(1-X) Pu Nd for fractional crystallization or 

(l+X(DNd-1)) for equilibrium crystallization), Equation (1) is valid 

(l+X(DPu-1)) 

for all degrees of crystallization and for both equilibrium and frac-

tional crystallization. Alternatively, Equation (1) holds if Pu and Nd 

have re-equilibrated subsolidus, or if the clinopyroxene equilibrated 

with a late-stage liquid at the time of phosphate crystallization. The 

important point is that f is the same for all phases. Thus, for these 

models, the observed equality of Pu/Nd value in whitlockite and clino-

pyroxene requires only that the ratio of the partition coefficients for 

Pu and Nd be equal for these two phases but does not require DPu(i) = 

DNd(i) where i = clinopyroxene or whitlockite. The required equality of 

DPu/DNd for clinopyroxene and whitlockite is in quantitative accord 

with the meteorite measurements. Quantitatively, if our 

observed DPu/DNd = 0.6 value applies to AdoR, which is a reasonable 

assumption, then for f ~1 the Pu/Nd in AdoR is lower by a factor of 

about 1.7 than in the parent liquid, leading to an error in a Pu/Nd 

relative age of 60 m.y. If phosphate is not a major reservoir for Pu 

and Nd, this factor of two fractionation is approximately correct even 

for amounts of crystallization up to ~90%. The assumptions of this model 

can be challenged, but it points to a general conclusion that the AdoR 

(Pu/Nd) data do not require DPu = DNd' but can be understood in terms 

of a constancy of the ratio DPu/DNd for the relevant phases. This model 

calculation also illustrates another general point in that, because both 

DPu and DNd are less than one for clinopyroxene, solid residues from 

igneous differentiation, such as AdoR, can have significantly different 
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Pu/Nd ratios from the initial magma and are the least suitable materials 

for Pu/Nd chronology in that the largest fractionation corrections would 

be required. 

B. The Bracketing Theorem 

In Benjamin~ al. (1978) a 'bracketing theorem' was proposed based 

on the experimentally determined partition coefficients obtained during 

the course of this study. These results indicated that Pu was inter-

-9 mediate in its partitioning behavior (at least for fo
2
~10 ) between 

the tetravalent actinides, U and Th, and the middle lanthanides, Sm or 

Nd. That is, for clinopyroxene and whitlockite, a sequence is defined: 

Dsn?DPu>DTh~DU so Pu is bracketed between Sm (and therefore Nd, Grutzeck 

et al., 1974) and Th or U. Further experimentation is required to see 

if this relationship is valid for other minerals that are potentially 

significant reservoirs for the actinides. If generally valid, a 

consequence of this bracketing theorem is that any meteoritic/lunar 

sample which has an unfractionated whole-rock lanthanide-U-Th abundance, 

relative to Cl chondrites, would be expected to have both Pu/Nd and Pu/U 

ratios that could be interpreted chronologically. 

If the Pu+3 partition coefficents calculated in Section III-Gare 

-12 significant for lower fo
2 

values (e.g., fo
2 

= 10 for Angra dos Reis, 

Brett et al., 1977), then the bracketing theorem still applies 

essentially because Pu+3 behaves, geochemically, as a lanthanide. Even 

if u+3 is important under more reducing conditions, the above sequence 

should still hold. But under oxidizing conditions (all tetravalent 

actinides) the correlation with the lanthanides and therefore the 

bracketing theorem may not hold. 
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Few meteorites have Nd, Th, and U measured on the same specimen; 

however, it is likely that basaltic achondrites will satisfy the 

bracketing theorem. For the specific case of AdoR, it appears that, in 

addition to light rare earth depletion (Nd/La~ 1.8 chondritic), U and 

Th are also depleted relative to Nd. Determination of the exact 

depletion factor (on a whole rock basis) is complicated by variability 

in literature U and Th concentrations (compare Tatsumoto et al., 1973 

and Wasserburg et al., 1972) probably reflecting variable amounts of 

phosphate. However, accepting clinopyroxene as the major reservoir for 

U and Th in AdoR, and using the (>3.3) density fractions of Wasserburg 

~ al., the (U/Nd) for AdoR is estimated to be 0.SxCl. Consequently, 

the cumulative effects of all chemical fractionation, in the evolution 

of AdoR relative to average solar system material, would be expected to 

increase Pu/U and decrease Pu/Nd for AdoR,but by no more than a factor 

of two. Comparison with the previous discussion, based on DPu/DNd' 

indicates that this fractionation could have occurred in the final step 

of separation of AdoR from its parent liquid. This conclusion is 

unfortunately tentative because the deviations of the AdoR lithophile 

abundance patterns from Cl are not large (less than a factor of two) 

and the significance of the Cl pattern, particularly Nd/U, at this level 

requires further study. 

c. Application to Meteorite/Lunar Chronology 

The data presented in this study (Tables 18 and 19; Figures 19 and 

20) clearly demonstrate pronounced chemical fractionation of Pu from U 

or Th at fo 2 values (lo-
8

•5) representative of natural systems. If 

anything, these fractionations will probably be enhanced at lower fo
2 
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values characteristic of lunar rocks and most meteorites. Relative to 

the liquid, Th and U are also strongly fractionated by whitlockite and 

somewhat less fractionated by apatite and clinopyroxene. Interestingly, 

the Th/U fractionation factors (DTh/DU) are >1 for whitlockite and 

clinopyroxene and <1 for apatite. The unusual apatite composition 

(Section III-J) may be responsible for this difference, although Th/U 

ratios are higher in chondritic whitlockites relative to coexisting 

chlorapatites (Crozaz, 1974, 1978). The actinide partition coefficients 

are sensitive to bulk composition although the effects of Fe and Ti are 

unexplored. Fortunately, the correlated pressure and temperature 

changes do not appear to affect the partition coefficients greatly over 

the range studied (<1%/kilobar). 

These results reiterate the necessity of applying a chemical 

fractionation correction to measured Pu/U or Pu/Th values obtained on 

mineral separates for chronological purposes. The compositional 

dependence of the partition coefficients and the limited quantification 

of that dependence at this time prevents quantitative application of 

these experimental fractionation factors. Pu/Th/U fractionation due to 

major phases (of which clinopyroxene is the most important actinide 

reservoir) is likely to be small because the fractionation factor is 

near unity for Th and U (~1.6) and, more importantly, the partition co­

efficients are low (~0.17). Major changes in relative actinide 

abundances must either be due to extreme fractionation processes or, 

more likely, due to a minor phase (or phases) that combine a fractiona­

tion factor different than unity and relatively large partition co­

efficients. Based on these experiments, whitlockite would be much more 

efficient than apatite in Pu/Th/U fractionation because whitlockite has 
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greater fractionation factors and in particular DPu(whit) and DTh(whit) 

are >l while DU(whit) is <l. 

The chemical coherence of Pu and the lanthanides has been experi­

mentally demonstrated (Sections III-Kand IV-A). The extent of Pu/Nd 

fractionation is not only dependent on the fractionation model assumed 

b t 1 h fo f h • f P +4 • • 11 • £0 u a so on t e 
2 

o t e system i u is sti important at 
2 

= 

10-
8

•
5

. Although the foregoing discussion (Section IV A and B) has 

focussed on situations where Pu and Nd can be fractionated, it should 

be emphasized that, because the bulk D values for both Pu and Nd are 

small, in many igneous differentiation processes, this fractionation 

will not be large; consequently, overall, the results presented in this 

thesis support the hypothesis of Pu/Nd dating. 

Although quantitative discussions are premature, it is possible to 

evaluate the available meteoritic and lunar actinide (and lanthanide) 

data to determine which sample types are suitable for relative age 

measurements. Because many meteorites have essentially identical ages 

based on long-lived nuclei, those objects suitable for 
244

Pu geochrono­

logy are likely to also be suitable for the cosmochronologically im­

portant determination of the solar-system actinide abundances. 

The unequilibrated chondrites do not appear to be useful sources 

for whole rock Pu abundance determinations because of the high trapped 

gas content, particularly the anomalous heavy Xe component. This Xe may 

be of fission origin but not related to 244Pu (Lewis et al., 1975) which 

k h 
244P f • • X d • • t 1 d. ff. lt ma est e u ission e etermination ex reme y i icu . The 

classical source of cosmic abundances, the Cl and C2 chondrites, have 

very complex rare gas patterns (Pepin and Phinney, 1979; Frick and 

Moniot, 1977) and furthermore show relatively large variations in Th/U 
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(Morgan and Lovering, 1968; Stapanian et al . , 1978) . 

Th ·1 ·b t d h d · t 1 t 0 l 244P f 0 

• Xe e equi i ra e con ri es are vo a i e poor, so u ission 

can be measured, with difficulty , in whole rock samples. Using the 

bracketing theorem discussed in Section IV-B, the whole rock abundances 

of the actinides should be unfractionated provided that these objects 

have essentially solar-system (i.e., Cl) abundances for all lithophile 

refractory elements. A whole rock 'solar-system' 244Pu/ 238u value of 

0.015 was obtained from St. Severin (LL6, Podosek, 1972) which is in 

agreement with the 0.016 value obtained from an Allende coarse-grained 

inclusion (Drozd et al., 1977) . Mineral separates of phosphates 

(whitlockite and apatite) yield better Xe data (Wasserburg et al., 

1969a; Lewis, 1975; Kirsten~ al., 1977) but these phases have frac­

tionated Th/U values (Crozaz, 1974) and variable Pu/U between coexisting 

apatite and whitlockite (Fellas and Storzer, 1975, 1979). The measured 

244Pu/
238u values from whitlockites have recently been used for 

relative chronology (Pellas and Storzer, 1979). This assumes that the 

Pu/U fractionation factor for whitlockites are constant and that these 

meteorites are equilibrated with respect to the actinides. The whit­

lockite/apatite variability is assumed to be a function of the apatite; 

a reasonable assumption considering the known variability in natural and 

synthetic apatites (McConnell, 1973). However, actinide disequilibrium 

must still be considered a possibility (Jones and Burnett, 1979). 

The experimentally determined DU(ap)/DU(whit), solid-solid, 

partition coefficient value of ~3 differs greatly from the range of 

values (6-23) measured on coexisting phosphates from equilibrated 

chondrites (Pellas and Storzer, 1974). This difference may be due to: 

1) the lower temperatures (600-900°C) of meteorite equilibration 
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relative to the synthesis experiment, 2) difference in bulk composition 

or apatite composition, or 3) disequilibrium of the actinides between 

coexisting phosphates in meteorites, a real possibility in light of the 

spread in U concentrations between individual whitlockites and between 

individual apatites from a given chondrite (Fellas and Storzer, 1974). 

The achondrites are igneous rocks (breccias), therefore crystal­

liquid partition coefficients are directly applicable (see the discus­

sion of AdoR in the preceding sections). These rocks are volatile poor 

and refractory lithophile rich which permits whole rock fission Xe 

measurements. Although not measured on the same samples, these 

objects may obey the bracketing theorem because unfractionated 

lanthanide (Schnetzler and Philpotts, 1968) and Th/U (Tatsumoto et al., 

1973) values are observed. This implies that the low Pasamonte 244Pu/ 

238u value (0.008; Hohenberg et al., 1966) is a result of an 80 m.y. 

time difference relative to St. Severin (0.015) or the Allende coarse­

grained inclusion (0 . 016). The data presented in this thesis support 

the interpretation of the Pu/Nd variations between the basaltic 

achondrites (Marti et al., 1977) as age differences. 

The coarse-grained Allende inclusions are both very interesting 

and complicated (see Grossman, 1980). The question of the genesis of 

these inclusions, whether vapor-solid condensation, vapor-liquid-solid 

condensation and crystallization, or vapor-solid-liquid-solid condensa­

tion followed by remelting and crystallization, is unresolved. In any 

case, Grossman and Ganapathy (1976) have proposed that Type A and B, 

(Grossman, 1975) inclusions are the best source of solar system 

actinide abundances because, on the average, these inclusions show no 

relative fractionation of refractory lithophile elements. This con-
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clusion is probably valid as Boynton (1978) calculated that Pu is 

intermediate in volatility between Th and U during condensation. 

However, there is disagreement on the interpretation of the U and Th/U 

analytical data in terms of possible fractionation (Boynton, 1978). 

The experimentally determined bracketing theorem also supports the 

Grossman and Ganapathy conclusion. On other than a whole rock basis, 

the crystal-liquid (or crystal-crystal) partition coefficients are only 

of value if the inclusions crystallized from a melt or equilibrated 

subsolidus. The large intra and intercrystal U and Pu variabilities in 

clinopyroxenes and melilites from a single Type B inclusion argue 

against actinide equilibration (Shirck, 1974). 

The Th/U ratio in lunar rocks is relatively constant at the ac­

capted solar-system value of 3.8 (see e.g., Toksoz and Johnston, 1977). 

It would appear that Th and U have totally partitioned into the liquid 

phase and, only at the last instant of crystallization in mesostasis 

areas, has any fractionation occurred (Burnett et al., 1971). HoweveT, 

there are reported variations in Th/U ranging from 2 to 5, most 

spectacularly in adjoining depths in the 70008 core (Fruchter~ al., 

1975). Of particular interest are the low Th/U ratios observed in some 

Apollo 17 basalts, e.g., 71155 and 70255 (Keith et al., 1974; Laul and 

Fruchter, 1976). This problem was treated by Laul and Fruchter, but 

their conclusions are compromised because they guessed, incorrectly, at 

the relative partition coefficients required for their calculations. 

Because of the small fractionations and near zero partition coefficients 

of the major phases, which clinopyroxene should dominate, any Th/U 

variations are probably due to minor phases, the phosphates being 

likely candidates. 
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Evidence for 
244

Pu decay products in lunar samples is quite strong 

(Drozd et al., 1972; Marti et al., 1973; Hutcheon and Price, 1972; Haines 

et al., 1975; Braddy et al., 1975), and the latter four papers give evi-

9 dence of in situ Pu decay in rocks of 3.95xl0 year age. One line of 

interpretation for lunar Pu/U ratios is to compare with meteoritic 

ratios at some fixed reference time to see if evidence for Pu/U 

fractionation - perhaps in the formation of the moon - can be found 

(Hutcheon and Price, 1972). The precise relative ages between 

meteorites and lunar rocks, which are required for this application, 

are not known. Although the experimental partition coefficients would 

be applicable to the crystalline phases in these objects, their appli-

cation cannot solve this problem. 

244 An alternative approach to the interpretation of lunar Pu data -

as yet unused - is to assume no Pu/U fractionation for the moon as a 

whole, by analogy with the apparent lack of Th/U fractionation. (A 

complication is that it cannot be proven that the moon has an unfrac­

tionated lanthanide pattern). Then, knowing a meteorite Pu/U at some 

reference time (e.g., time of fission Xe retention in St. Severin) and 

assuming no chemical fractionation, ages for lunar samples relative to 

St. Severin or relative ages of lunar samples among themselves could be 

calculated fairly precisely. Such relative ages would be of great 

interest in assessing the time spread of the period of intense 

bombardment. The key problem, of course, is again to correct any Pu/U 

fractionation that may have occurred, and the experimental data would be 

directly relevant in this case. However, even given accurate knowledge 

of partition coefficients, there are serious problems with this 

approach, e.g., whole-rock Pu/U fractionation must be evaluated in terms 
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of a model for the formation of the sample in question. 

D. Application to Cosmochronology 

Chondrites are the closest approximation to solids of average solar 

system composition so, if possible, the solar-system Pu/U/Th abundances 

should be derived from these meteorites. The experimental partition 

coefficients show that Pu is chemically intermediate between Nd and U 

or Th in igneous processes, and the calculations of Boynton (1978) 

predict that Pu is also of intermediate volatility relative to these 

elements. Thus, the equilibrated chondrites should have unfractionated 

Pu/U/Th abundances provided they show the Cl Nd/Th/U relative abundances. 

The factor of two scatter in Nd/U/Th chondritic abundances may be due to 

analytical and sampling errors. If the Nd/U/Th abundances prove to be 

unfractionated then the whole rock 244Pu/ 238u value of 0.015 for St. 

Severin should represent the true solar system ratio at the time of 

formation of St. Severin (Jones and Burnett, 1979). Taken at face 

244 238 value, Pu/ U values >0.015 require an increase in the rate of 

r-process nucleosynthesis just prior to the isolation of the solar 

system (Schrannn and Wasserburg, 1970; Fowler, 1977). Consequently, 

knowledge of the solar system Pu abundance to better than a factor of 

two is important. 

As noted in Section IV-C, the pronounced Pu/U fractionation, e.g., 

as measured in this thesis _ relative to a basaltic liquid (DPu/DU ~7 

for whitlockite, ~9 for clinopyroxene), implies that the interpretation 

of Pu/U from mineral separates, as opposed to whole rock values, is 

complex. Specifically, 244Pu/238u values (0.03-0.130) in whitlockite 

(Wasserburg et al., 1969a; Lewis, 1975; Kirsten et al., 1977) undoubtedly 
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reflect the preferential incorporation of trivalent Pu. 

The whitlockite partition coefficients presented in this study 

244 238 
(DPu>DTh>DU) suggest that the measured Pu/ U values from whitlockites 

are upper limits for the solar-system abundance ratio. The constancy 

of DPu/DTh/DU(whit) must be investigated, experimentally, for fo 2 and 

bulk compositions relevant to the chondrites. (Note that the ratios 

of the whitlockite partition coefficients are not constant between 

As discussed by Kelly and Wasserburg (1978), a recent nucleosynthet­

ic event, required by the discovery of in situ 
26

Al and (probably) 107Pd, 

complicates the chronology of earlier periods of nucleosynthesis. The 

relative abundances of these short lived nuclides are a few times 10-S 

that of a stable isotope of the corresponding element (Esat ~ al., 

1979; Kelly and Wasserburg, 1978). The 244Pu/238u abundance is 1.Sxl0-2 ; 

unless the most recent event had an anomalously high yield of 
244

Pu 

244 relative to the other nuclides from this event, then most of the Pu 

must be ascribed to an earlier period (event). The crux of the problem 

is 129I which has an abundance, relative to 
127

I, of 10-4 (Hohenberg 

et al., 1967). 
129 

If none of the I was produced in the most recent 

event, then the 129I;127 I data alone can set the order of magnitude 

8 
(2x10 years) of the interval between the 'next-to-last' event and 

condensation (Schramm and Wasserburg, 1970). It is possible that all 

129 h 26Al d 107 d l h • the I was produced int e an P nuc eosynt etic event, 

consequently the interval to the 'next-to-last' event could be rela-

tively long. An upper limit of Sx108 years is set by assuming that all 

of the solar 
244 232 system Pu and Th was produced by the 'next-to-last' 

event. However, as pointed out by Schrammmd Wasserburg (1970), if 
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129 
only ten percent of the I came from the earlier era, then the 

isolation interval between the 'next-to-last' event and meteorite 

8 formation would still be well-defined and increased by only 0.6xl0 

8 years, compared to the 2xl0 year value calculated by Schrannn and 

Wasserburg prior to the discovery of 26Al. 

E. Application to Petrogenesis 

The low and nearly equal U and Th partition coefficients for 

clinopyroxene, when applied to models of fractional crystallization and 

melting, will not produce significant fractionation of Th from U in 

most cases. Extreme degrees of fractionational melting or crystalliza­

tion or multistage combinations can result in clinopyroxene controlled 

Th/U fractionation; however, this fractionation is much more easily 

done by the minor phases. The whitlockite and the apatite synthesized 

in this study concentrate the actinides by one to two orders of magni­

tude relative to clinopyroxene so small modal proportions of these 

phases will control a significant part, if not nearly all, of the total 

amount of actinide in the system. Similar roles might be played by 

baddelyite, zircon or sphene. As discussed in Section IV-C, whitlockite 

should be very effective in fractionating Th from U because the parti­

tion coefficients are on opposite sides of unity. The apatite partition 

coefficients are both greater than unity so Th and U fractionation 

would be less easily achieved. 

In terms of the oceanic basalts (Tatsumoto, 1978) and Apollo 17 

basalts (Laul and Fruchter, 1976) that have Th/U values different (high­

er and lower) than the accepted value of 3.8, minor phases such as the 

phosphates or extremes in fractionation appear necessary. The major 
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phases (i.e., clinopyroxene) could not produce these fractionations 

unless the fractionation occurred at a very late stage in the evolution 

of the liquid (provided the range of clinopyroxene partition coeffi­

cients in natural systems is not an order of magnitude greater than that 

observed experimentally in the P-free systems). 

The problems of fo
2

, bulk composition, cooling rate, and 'trace 

element' concentration have all been presented and discussed in the 

text. The effects of these have been shown to be, at least potentially, 

significant. The creators of petrogenetic models based on trace elements 

as well as the experimental petrologists are forced to concern them­

selves with these aspects of partitioning. Further experimental work 

on natural compositions, if attention is given to the other important 

parameters, will determine the sensitivity and therefore the criticality 

in the selection and modelling of trace element data. 

F. Application to Radioactive Waste Disposal 

The parameters of f0
2

, bulk composition, cooling rate, and 'trace 

element' concentration have been demonstrated to have a significant 

influence on the partition coefficients for incompatible elements. 

Although the readily soluble phosphates are not good candidates for 

waste storage, the major effect of bulk composition and fo 2 (for multi­

valent cations) on clinopyroxene partitioning suggests that tailoring 

of synthesis conditions can increase the efficiency and economy of 

permanent storage of radioactive waste in stable crystalline structures. 

For example, the f0
2 

conditions could be used to regulate the 

valence state of multivalent elements. This would either enhance (as 

+3 · +4) d ( f u+6) h • • • • for Pu relative to Pu or ecrease as or t e partitioning in 
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a particular phase to yield synthetic crystals with the desired element 

at the desired activity (which must be regulated to insure stability of 

the crystalline phases over geologic time). +2 Reduction of Pu to Pu 

would make end member phase compositions such as PuHgs:s_o
6 

or PuA1
2
si

2
o

8 

easily possible. Bulk composition not only determines the phases that 

crystallize and the sequence of crystallization, but also affects the 

magnitudes of the partition coefficients of the trace and minor elements. 

The range of experimental compositions used in this work is not 

extensive, but the possibilities are clear. 

Cooling rate and initial 'trace element' concentrations have much 

smaller effects than the variables of f0
2 

and bulk composition; however, 

these smaller effects (for the elements and systems studied in this work) 

may be significant in incorporating very large, incompatible, elements 

l .k 137C 129I . bl 1 1 e s or in sta e crysta structures. 
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APPENDIX I 

Preparation of Starting Materials 

The following brief description concerns the starting material 

preparations of Seitz et al. (1974). The additional ones prepared in 

this study are augmented by a detailed 'recipe'. 

The original preparations of Seitz~ al. combined equal weights 

of a natural diopside (CaMgSi
2

o
6
-Di, Twin Lakes, Ca. and a 239Pu spiked 

feldspar glass. The unspiked feldspar glass was synthesized by 

I. Kushiro to have equimolar amounts of albite (NaA1Si
3

o
8

-Ab) and 

anorthite (CaA1
2
Si

2
o
8

-An). This mixture of approximately Di
2
AbAn was 

fused for one hour at 1260°C. This yielded the 'haplobasaltic' base 

composition (located in the pseudo-ternary Di:Ab:An, Figure 1) to which 

the phosphate components were subsequently added. 

Addition of 25 weight percent ca
3

(Po
4

)
2 

to th~ 'haplobasalt' was 

intended to result in the whitlockite as liquidus phase starting 

material (#10); however, this is the case only at 1 bar, at 20 

kilobars clinopyroxene also appears on or very near the liquidus 

(Figure 10). Similarly, the 25 weight percent natural fluorapatite 

(Cerro de Mercado, Durango, Mexico; ideally ca
5

(P0
4

)
3
F, Young et al., 

1969) starting material (fill) has apatite on the liquidus at 1 bar 

and also clinopyroxene at 20 kilobars. The 15 weight percent Ca
3

(Po
4

)
2 

starting material (#12) has clinopyroxene on the liquidus only at 20 

kilobars; at 1 bar, whitlockite is the sole liquidus phase. 

These compositions were fused in Pt crucibles for one-half hour at 

1260°C. The low fusion temperature (liquidus was later determined to 

be near 1330 °C) and short times did not completely homogenize these 
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preparations and a few relict diopside (and fluorapatite) crystals were 

subsequently observed. Care was taken during the actual synthesis runs 

to melt and homogenize the individual charges although slight run-to-run 

compositional differences are probable. 

Other than these three original starting materials, all prepara-

tions followed the procedures given below, using only oxides and carbonate 

reagents. (Excepting compositions 14 and 15 which used the 239Pu spiked 
feldspar glass). 
Oxide Preparation [Compositions 14, 15, 20, 23, 23', 30, 31, 32, 40] 

MgO 

Cao 

Dehydrate slowly on Bunsen burner; 

Follow with 1 hour at 1500°C. 

MgO dried l½ hour at 1400°C. 

Bunsen burner to red heat; 

follow with 1 hour at 1400°C. 

Caco
3 

dried 5 hours at 380°C; 

decarbonation in later step. 

Reagent ca
3

(P0
4

)
2 

dried 16 

hours at 340°C. 

Bluish cristobalite 

(Si0
2

) formed with a 

volume reduction; 

quartz treated in the 

same manner expands on 

heating, possibly 

rupturing Pt crucible. 

Slow heating required 

to prevent explosive 

evolution of H
2
o. 

Reagent hydrate has 

lower alkali content 

than commercial A1
2
o

3
. 

Simpler to use and 

store than Cao. 

Reagent may be mixture 

of Ca phosphates, con­

tains 7 weight% H
2
o. 
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Na2co
3 

dried 45 hours at 120°C. 

Decarbonation in later step. 

Simpler to use and 

store than Na
2
o. 

All materials must be ground in a ball mill and redried at 120°C 

(24 hours). Intermediate composition Di
2

An (2-CaMgSi
2

o
6 

+ CaA1
2
Si

2
o

8
) is 

prepared by sintering and decarbonating the appropriate weight 

proportions of the above, dried, materials at 960°C (24 hours) in a 

loosely-covered Pt crucible. Intermediate composition Na
2
si

2
o

5 
is 

prepared by sintering and decarbonating the appropriate weight propor­

tions of the above, dried, materials at 750°C (96 hours) in a loosely­

covered Pt crucible. 

The intermediate compositions are mixed with the oxides and 

ca
3

(P0
4

)
2 

and fused at 1440°C (2 hours) in Pt capsules formed from Pt 

tubing which has been annealed (100o+°C, 1+ hour) and cleaned (1 hour 

in boiling 6M HCl) prior to welding, filling, and sealing. Sealed Pt 

tubes minimize Na and Ploss in the initial fusion. 

The resultant glass is crushed and loaded into a fresh Pt capsule 

or crucible for addition of the radioisotope spikes. The present 

spikes are in chloride solutions which are added directly to the glass 

and brought to dryness at temperatures less than 60°C to prevent 

spattering followed by 24 hours at 120°C. In order to remove the Cl 

that remains after drying, the glass+ spike must be fused open to air 

at temperatures just above the liquidus (1330°C in this study) to 

minimize Na and Ploss while volatilizing the Cl. 

Future spikes will be nitrate solutions which will either decom­

pose, after drying, at 500°C or persist as does the Cl; however, the 

presence of a little additional Nin the system is unimportant, so all 

fusions may be done in sealed capsules. 
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APPENDIX II 

Figure 21 

T-P-fO Curves for Solid Buffers 
2 

The equations given below and plotted on Figure 21 are taken from 

either Huebner (1971) or Myers and Gunter (1979) and are labelled Hor 

MG respectively. Temperatures are given in degrees Kelvin and 

pressures in bars. Errors in the calculated fo2 values are on the 

order of 0.2 log units. The difference in fo2 units between bars and 

atmospheres is negligible (0.006 log units). 

1-H) Iron-Wustite: log f02 = 6.57-(27215/T)+o.OSS(P-l)/T 

1-MG) Iron-Wustite: log f02 = 7.184-(28040/T) 

2-H) Graphite log f02 = -0.044-(20586/T+log P 1-0.028(P-1)/T tota 

3-MG) Co-CoO log f02 = 7.936-(25070/T) 

4-H) Ni-NiO log f02 = 9.36-(24930/T)+o.046(P-l)/T 

4-MG) Ni-NiO log f02 = 9.346-(24920/T) 

5-H) Fe
2
o

3
-Fe

3
o

4 
log f02 = 13.996-(24634/T)+0.019(P-l)/T 

6) Air log f02 = -0.68 
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APPENDIX III 

Microprobe Analyses of Quench Glasses; 

Reproducibility and Homogeneity 

In order to assess the homogeneity of the starting materials and 

the quenched coexisting glasses from the experimental synthesis runs, 

a check on the reproducibility (precision) of Caltech's automated 

electron microprobe x-ray analyzer (PDP-SL on line to a MAC-5 SA3 

microprobe) was performed at three different time scales (Tables III-1, 

2, and 3). The work of Champion et al. (1974) defined the expected 

limits to microprobe precision. These authors showed that, over a 

period of one year, the precision on microprobe standards (assumed to 

be perfectly homogeneous) was 1½% (l½ times the counting statistics for 

the standard Caltech microprobe analysis conditions) for elements with 

abundances of one or more weight percent, calculated as the oxide. For 

less abundant elements the precision approaches three times the 

counting statistics (see footnote to Table III-1 for the equation used 

in determining the counting statistics errors). 

In the following tables (as well as all data given in the text, 

tables, and figures) the analyses and their standard deviations 

(defined in the Table III-1 footnotes) are based on atomic proportions. 

This convention was applied for three reasons: 1) partition coeffi­

cients, for minor elements should be based on relative numbers of atoms 

(mole fractions) in the compared phases, not on relative weights because 

these are sensitive to the mean atomic weights of the phases in question; 

2) formula proportions for the crystalline phases and formulation of 

hypothetical species in the melts can be taken directly from atomic 
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proportions; and 3) the standard deviations of analyses acquired on 

different days are reduced because varying weight percent totals, due 

to slight differences in day-to-day microprobe standardization, are 

normalized out. Normalization is reasonable because the synthetic 

systems are of known elemental compositions so no elements actually 

present will be missed in the analyses, although checks were made 

several times by adding Mn, Ti, K, S, Ba, Zr, and Cr to the standard 

element list of Na, Mg, Al, Si, Ca, Fe, P, F, Cl, and Ni, Co, U or Y, 

Ce, La, Nd. Additionally, a now routine part of the Caltech microprobe 

program consists of an across-the-board adjustment to a set of micro­

probe standard values to produce weight percent totals nearer to 100 

percent without affecting the relative atomic proportions. 

The simplest possible comparison (Table III-1) is between two 

consecutive analyses on a single spot without moving the position or 

refocussing (a significant source of error). The relatively large beam 

diameters used (30 microns on glass; 20 microns on crystals) minimize 

volatization of Na, P, F, and Cl. The small number of analyses (2) 

requires the multiplication of the observed standard deviations by 

1.837, the critical t-value (Joiner, 1969), in order to approximate the 

standard deviation that would be obtained from a large sampling. The 

adjusted standard deviations (Table III-1), in percent, are generally 

lower than the errors given by counting statistics. If the standard 

deviations were based on the weight proportions of the elements, then 

they would be a few tenths of one percent larger than those standard 

deviations based on atomic proportions (see weight percent total 

standard deviations, absolute and uncorrected for small sample size, to 

estimate this effect). 
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TABLE III-1 

Two Consecutive Analyses on a Single SEot, 

(not refocussed between analyses) 

20-30 micron spot; 0.05 microamp beam current on brass 

Atomic Proportions 

Glass, ll-328Fe, 2 Nov. 1977 Clinopyroxene, 20-288, 13 Feb. 
* % sd % cts % sd % cts 

Na 9.320 0.2 1.1 1.888 0.2 1. 7 

Mg 5.024 0.0 1.0 19.783 o.o 0.8 

Al 11.146 0.7 1.0 7.138 2.9 1.0 

Si 35.398 0.4 0.7 47.691 0.3 0.5 

Ca 18.291 0.7 0.4 23.193 0.3 0.2 

Fe 18.086 0.5 1.0 0.017 BDL BDL 

p 2.630 0.8 1.5 0.265 2.6 3.8 

F 1. 755 14.0 15.9 BDL 

Cl 0.170 5.3 6.4 BDL 

Ce 0.048 16.2 42.2 BDL 

La 0.040 23.0 41.6 BDL 

y BDLt BDL 

Nd BDL BDL 

Wt.% Total 100.186 ± 0.150 99.919 ± 0.053 

* % standard deviations from the spread in analyses using% sd = 
2 

100 1 [rx2 - o::) ] ; and in this table % sd has been multiplied by the 
n-1 

'critical t-value' = 1.837, (Joiner, 1969) to compensate for the small 

sample size. 

% counting statistics 

lOO✓cts k + ctsbk d1 

Eea g 
cts k - ctsbk d t pea g 

Below Detection Limit: 

from the microprobe using% cts = 

(all counts for equal times) 

% cts on% sd ~100% 

1978 
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Table III-2 is a typical comparison between the microprobe 

counting statistics with the standard deviations obtained during a 

single seven hour microprobe run. The precision is independent of 

standardization errors (which are present when analyses from different 

days are compared), but includes the errors due to refocussing, reloca­

ting the same analysis point (on zoned crystals), and any instrumental 

drift. The observed standard deviations have been multiplied by 1.321 

to compensate for the small sample size as discussed for Table III-1. 

The agreement between the two error estimates is generally good. 

Overall, long term precision is given in Table III-3. These data 

can be compared directly to the limits set by Champion et al. (1974), 

except for the difference between the atomic proportions used here and 

the weight proportions used by Champion et al. The standard deviations 

are not multiplied by the critical t-value (1.034) in this table. The 

elements with percent sd or percent cts over 100 percent have been 

retained, instead of being labelled BDL (except for Al which is truly 

BDL), to show the agreement between the two error estimates at the 

limits of detection; and because the errors, when taken as the error of 

the mean~suggest the presence of these elements although the actual 

abundances are questionable. The agreement is good not only between the 

error estimates, but the microprobe analyses also agree, within errors, 

with the analysis by wet chemistry (for the most part) tabulated by 

Young et al. (1969). 

The conclusion drawn from Tables III-1, 2, and 3 is that the pre­

cision limits set by Champion~ al. (1974) are met by the microprobe 

analyses obtained in this study. This conclusion permits discussion of 

the starting material analyses (Table III-4) in terms of homogeneity of 
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TABLE III-2 

Averages of Three Analyses From Nearly the Same Spot 

Taken Over a Seven Hour Period 

20-30 micron spot; 0.05 microamp beam current on brass 

Phase: Whitlockite (20-266) Clinopyroxene (20-266) 

Na 

Mg 

Al 

Si 

Ca 

Fe 

p 

F 

Cl 

Ce 

y 

La 

Nd 

1. 295 

4.750 

0.078 

0.396 

54. 928 

BDL 

38.475 

BDL 

0.010 

BDL 

BDL 

BDL 

BDL 

* % sd 

4.5 

0.3 

32.1 

4.6 

0.3 

0.0 

22.9 

Wt.% Total 101.529 ± 0.269 

* 

Atomic Proportions 

% cts 

6.4 

1.0 

50.5 

2.6 

0.2 

0.6 

62.8 

1.968 

20.337 

7.436 

46.383 

23.599 

BDL 

0.241 

BDL 

BDL 

BDL 

BDL 

BDL 

BDL 

% sd 

0.1 

1.6 

0.8 

0.8 

0.2 

9.2 

100.252 ± 0.238 

% cts 

1. 6 

0.8 

0.9 

0.5 

0.2 

4.1 

See footnotes on Table III-1; critical t-value = 1.321 for three 

analyses. 
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TABLE III-3 

Caltech Microprobe Standard: Durango Apatite, 

Average of fifteen analyses taken from ten different 

microprobe runs over a period of six months 

30 micron spot; 0.05 microamp beam current on brass 

Atomic Proportions 

0.403 

0.024 

BDL 

0.264 

62.834 

0.033 

0.004 

36 . 394 

12 . 429 

0.719 

0.016 

0.031 

% sd 

19.8 

107 . 6 

7.1 

0.7 

77.9 

162.0 

1.2 

10.0 

4.4 

94.2 

119.0 

% cts 

17.2 

108.8 

5.1 

0.4 

67.1 

168.9 

0.6 

4.0 

1. 7 

128.6 

85.5 

Major Constituents, Wet Chemistry 
(Young et al. , 1969) 

0.47 

* - Considered to be contaminant 

- Considered to be contaminant 

0.36 

61.40 

- Considered to be contaminant 

- Trace 

36.63 

11.85 

0.74 

- 0.001 Isotope dilution 

- Not analyzed 

Wt.% Total 98.004 ± 1.568 

* Notes are as given in Young et al. (1969) 
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these materials as well as the homogeneity of the synthesis charges 

which have been treated to superliquidus temperatures prior to the 

linear cooling and concommittant crystal growth. 

It is known from optical examination of the initial starting 

materials acquired from M. G. Seitz (compositions 10, 11, and 12) that 

relict crystals of apatite and diopside persisted after the initial 

(incomplete) fusion of these materials. Other starting materials spiked 

with U and Th acquired at this time were rejected; new compositions 

were relatively easy to prepare. The 10, 11, and 12 materials (all Pu 

spiked) were retained, but not remelted, because of the hazards involved 

• h • 1 • f P 239 "k d • 1 11 • wit manipu ation o u spi e materia s as we as excessive 

(compared to the initial 100-200 mg quantities acquired) losses in 

remelting and crushing. 

These initially inhomogeneous materials permit the examination of 

the homogenization effect of the superliquidus treatment given to a 

typical, random, 10 mg sampling quenched from the superliquidus 

temperature (prior to any cooling and crystal growth). The analyses of 

single quench runs of compositions 10 and 12 given in Table III-4 do not 

indicate homogeneity within the limits (standard deviations from one and 
~ 

one-half to three times counting statistics) set by Champion et al. 

(1974); however, except for Pin composition 10, the absolute in­

homogeneities are only of a few percent in magnitude. Given the gross 

initial inhomogeneity, the superliquidus heating was reasonably 

effective. For the synthesis runs using these starting materials, some 

bulk compositional differences could result from sampling such 

inhomogeneous materials. 

All the other starting materials were prepared from the oxides 
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(Appendix I) and are crystal free glasses. Quench runs from these 

glasses are also tabulated in Table III-4. For the most part (except 

Al in 40, Pin 31 and 23) the standard deviations are either as 

expected (relative to counting statistics) or the absolute errors are 

only a few percent but appear high due to the very low counting 

statistics. Overall, the starting materials are acceptably homogeneous 

though not ideal. Since many of the analyses in Table III-4 are 

averages over several quench runs (see footnotes) it is reasonable to 

conclude that the 10 mg random sampling of the starting material gives 

a representative, reproducible, aliquot which, with the additional 

superliquidus treatment (given to all synthesis ,runs), yields an 

adequately homogeneous melt from which the crystals studied in this 

work are grown. 
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APPENDIX IV 

Alpha Particle and Fission Fragment 

Range Correction Calculations 

230 The alpha particle relative ranges used to correct the Th 

partitioning data were calculated from the theoretically derived 

equation given in Friedlander et al. (1964) and from linear interpola­

tion of the experimental heavy ion range-energy data given in 

Northcliffe and Schilling (1970). The two methods yield very similar 

results. 

For all elements (Z) heavier than O (Z=8) in the bulk compositions 

used, the equation given in Friedlander et al. (1964) is, with the small 

correction suggested: 

1) Rz/R . = 0.90 + 0.0275Z + O.Ol(Z/z) + (0.06 - 0.0086Z) log E/M 
air 

and for 0: 

2) R
0

/R . = 1.00 + (0.06 - 0.0086Z) log E/M air 

where Z is the atomic number of the target element, z is the atomic 

number of the incident particle (alpha z=2), Eis the alpha energy 

(4.6875 MeV), and Mis the incident particle mass (4). 

235 
The fission fragment relative ranges used to correct the U and 

239Pu partitioning data were calculated from the empirical proportion­

ality relationship given in Mory et al. (1970): 



l 

3) R
2 

= constant•Z~ 
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which is in agreement with the relative ranges calculated from the 

monoenergetic heavy ion range tables of Northcliffe and Schilling (1970). 

From this table, for ions of comparable mass (A) and energy (E) relative 

to fission fragments, a plot of R
2 

as a function of A and E yields an 

n 
array that can be fit by Rz = constant•Z when n is allowed to vary 

from 0.4 to 0.6. The value of½ is used for the corrections but the 

spread induced by using 0.4 and 0.6 is quadratically included in the 

partition coefficient errors. 

The relative alpha and fission fragment ranges calculated from the 

above equations or taken from Northcliffe and Schilling (1970) are for 

pure elements; however a correction factor for compounds can easily be 

made using the relation (Friedlander et al., 1964): 

i 
4) 1/R = Ew /R 

compound zi zi 

where w is the weight fraction of element . Z. and R is the 
z. l. z. 

l. l. 

corresponding relative range calculated from Equation 3. 

Because the partition coefficients, D, are ratios of track 

densities recorded on a track detector for a crystalline phase 

(compound) relative to the track densities recorded for the coexisting 

glass, the range correction that must be applied is, conveniently, just 

the ratio of R d for the crystal and glass: compoun 

5) R /R crystal glass 
i i 

= (Ew /R ) /(Ew /R ) 
z. z . glass z. z . crystal 

l. l. l. l. 
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The ratio R /R is then divided into D to give the range crystal glass 

corrected partition coefficient which can subsequently be corrected 

for zoning. 

Alpha Corrections 

20 Kilobars 1 Bar 

Friedlander 
¾h/RGl ¾/RGl RAp/RGl ¾h/RGl ¾i/RGl 

1.040 1.001 1.052 1.038 1.011 
et al. (1964) --
Northcliffe and 

1.047 1.000 1.060 1.045 1.012 
Schilling (1970) 

Fission Fragment Corrections 

20 Kilobars 1 Bar 

Mory~ al. (1970) ¾h/RGl ¾/RGl RAp/RGl ¾h/RGl ¾i/RGl 

20.4 1.044 1.002 1.055 1.040 1.011 

Z0.5 1.051 1.000 1.064 1.049 1.014 

2
0.6 

1.060 1.000 1.076 1.058 1.016 
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APPENDIX V 

Trace and Minor Element Zoning 

Correction Calculations 

The various types of zoning correction calculations used in this 

study vary in precision and complexity but are all derived assuming a 

Rayleigh-type fractionation (that is, a finite liquid reservoir), 

negligible diffusion in the solid phases, equilibrium partitioning at 

the crystal-liquid interface at all times, and a gradient-free liquid 

at all times (i.e., rapid diffusion and/or convection in the liquid). 

Furthermore, it is assumed that the partition coefficients are insensi­

tive (variations are small compared to the errors) to variations in 

temperature (linear cooling), and bulk composition (as the crystalline 

phases nucleate and grow) for any particular synthesis experiment so 

that constant D values can be used in the calculations. 

For the purpose of correcting for zoning, the definition of a 

trace element is an element that partitions in the Rayleigh manner with 

a well-defined D for all phases, whereas a minor element is defined as 

an element that may behave as a trace element in one (or more) phases 

but is stoichiometrically controlled in at least one other crystalline 

phase in the same run (such as Si in whitlockite relative to Si in 

diopside). In this minor element case, the D value for the trace 

element phase is a constant, but the stoichiometric phase D value 

appears to vary because, although the concentration of the element is 

fixed in the crystalline phase, the concentration of that element in 

the liquid continuously changes as crystallization proceeds. Of course, 

any given phase may have what appears to be components of both 
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stoichiometric and Rayleigh partitioning (Al and Pin clinopyroxene) 

due to variations in partitioning with P, T, and composition, but the 

data generally appear to be dominated by one or the other. For the 

single phase experiments, the additional complications are not necessary. 

Because of their simpler functional form, trace element corrections 

will be presented first assuming only a single crystalline phase. 

Additional phases require introduction of Dbulk values; Dbulk=[XiDi/Xf 

that only complicate the following derivations. 

The basic Rayleigh fractionation equation as applied to geologic 

system is (Gast, 1968): 

1) Cl. iq 
= C (1-X) (D-l) 

0 

where c0 is the initial liquid concentration and Cliq is the concentra­

tion of a trace element in the coexisting liquid after X, fractional, 

amount of crystallization of a phase with a partition coefficient, D = 

C 
1 

. /c
1

. , where C 
1 

. is measured at the crystal-liquid crysta -rim iq crysta -rim 

interface. Let subscript i represent the various phases and let Xf be 

the final, fractional, amount of crystallization. The simplest zoning 

correction, for measured D values, D , which is always an overcorrection 
m 

(see discussion below), is the crystal-rim/core ratio calculation. 

Using Equation 1) and the definition of D: 

2) C /C = DC (1-X )(D-l) /DC (1-X )(D-l) = (1-Xf)(D-l); for xo=o. 
rim core O f O 0 

The measured crystal actinide concentration is taken to represent the 

core so the measured D = C /C .. Approximating D = D, the rim/ 
m core liq m 
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core ratio is calculated from Equation (2), multiplied times D , and 
m 

iterated through Equation (2) to constant value which yields the 

'corrected' D value (D
1

) at the crystal-liquid interface. Equation 2 

in Section III-Efollows directly from the above by substituting Xi for 
Yi 

The next level of complexity assumes that the D value is the 
m 

average of the concentration over the entire crystal, Cxl' divided by 

c1 . since any measured value includes a finite volume of the crystal. 
J.q 

and therefore: 

4) D =C 
1

Jc
1

. 
m X J.q 

= (1-(1-X >°) /X (1- X ) (D-l) 
f f f 

which is equation 14 in Albarede and Bottinga (1972). This can be re­

arranged to give: 

However, measurements of the trace elements cannot be made all the 

way to the crystal-rim (Xf) because of alpha particle and fission range 

considerations, nor is the assumption that the center of the plane of 

the crystal analyzed is the core (X
0

) necessarily true; furthermore, 

the assumption that the crystal nucleated on the liquidus (X
0 

= 0) may 

not be valid. Consequently Equation (3) must be generalized by setting 

the limits of integration at X" (for Xf) and X' (for x0) yielding: 
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6) n = c c1-x 
I 
l-c1-x")°); c cx"-x') c1-x ) cn-i)) 

m f 

which cannot be simply rearranged in the manner that produced 

Equation (5). Additionally, X' cannot be measured so setting X' = 0 is 

necessary. Also, xn is in units of percent crystallized whereas the 

measurements are over a fraction of the total exposed area (actually a 

finite volume, because of range considerations) of the crystal. There­

fore; for a cube with sides= af (a geometry resulting in overcorrection 

relative to other geometries), X'/Xf = (a"/af)
3 

and the fractional area 

analyzed, q", = (a"/af) 2
, so it follows that X"/Xf = q"(3/ 2) and thus 

X" = X "(3/2) fq • Substituting the above into Equation 3) and integra-

ting over q yields: 

and therefore: 

When Equation (8) is rearranged and generalized in tenns of Dbulk' the 

result is Equation (1) in Section III-C. 

The 3 assumptions (Section III-C, p. 72) used to derive Equation (8) 

can be seen to, individually, lead to overcorrection. The assumption 

of each crystal nucleating at the liquidus and growing uniformly and 

continuously during the linear cooling produces the maximum amount of 

zoning. A crystal that nucleates below the liquidus will not have the 
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complete range of zoning and therefore the observed average trace 

element composition will be greater than (for D<l) assumed by Equation 

8), leading to overcorrecting. This overcorrection also applies when 

D>l. The second assumption also assumes that the total zoning profile 

is measured, but if the section of the analyzed crystal does not pass 

through the initial nucleus, then the measured average composition is 

again too high as for the first assumption. The third assumption, as 

mentioned in Section III-C, can be best visualized by imagining a long 

thin crystal. Since the increments of the data contouring are of 

constant dimensions, in contrast to being proportional to the dimen­

sions of the crystal, the increment in the long direction will not 

include the same proportion of the zoning as will the increment in the 

shorter dimension, with the result that the Area, A" 2 , interior to the 

increment will have a higher average concentration than that portion of 

the crystal, also having area A112 but having the same shape as the 

crystal exterior, thus all three assumptions lead to the same result; 

the measured trace element composition will be higher than for the 

ideal case and will, when corrected for the ideal zoning, result in 

overcorrection. 

The correction equations for the minor elements are dominated by 

mass balance considerations. Mass balance requires, for the case of 

only stoichiometric partitioning, that: 

When both types of partitioning occur for a minor element in a run 

containing two (or more) crystalline phases, the effects, on c1 . iq 
is 
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not the sum of Equation (1) and (9), but must be derived from first 

principles of mass balance and the definition of partition coefficients 

to yield the proper interaction of the two partitioning modes. For the 

assumed model of modal co-crystallization, the relative modal abundances 

are constant. 

XS . h/Xf. toic 

Define this constant, Y = ~aleigh/Xf so (1-Y) = 

Thus: 

where C is the concentration of the element in the stoichiometric 
st 

phase, DR is the Rayleigh partition coefficient, and Xf is the total 

amount of crystallization. 

If the change in c
1

. with increasing crystallization is desired, 
iq 

then in using Equation (10), care must be taken to correct D to the 
m 

true D value via Equation (10) in a manner analogous to Equation (2) in 

Section IIIE if area-volume relationship considerations are warranted. 
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APPENDIX VI 

Redox Limited Partition 

Coefficient Calculations 

The measured partition coefficients are expected and are observed 

to be functions of the f0
2 

conditions of the synthesis experiments 

because Pu and U have multiple, stable, valence states (Th is always 

tetravalent). The validity of assigning a particular valence state of 

Pu or U to a measured D at known fo
2 

can be addressed by estimating Di 

(where i is a particular valence) based on the experimental conditions, 

measured D values (after all corrections), and the thermodynamic data. 

For example, for element Z with multiple valences i and j (i<j) of 

concentration C. and C. in the melt, respectively, the oxidation-
l. J 

reduction (redox) equilibrium reaction can be written: 

(1) 

where all species are in the melt and the o-2 is a representation of 

the oxygen equilibria that is integral to the melt structure (see 

Morris and Haskin, 1974). Following Morris and Haskin, the equilibrium 

constant for this reaction in terms of mean ionic infinite-dilution 

activity coefficients (yj and yi in this Appendix) and mean solvent 

coefficients (r. and r. in this Appendix), is: 
J l. 

(2) K = 
eq (y.r.)½(i+2)C.f02¼(j-i) 

l. l. l. 
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Since element Z is a trace element, the ratio of the infinite-dilution 

activity coefficients will be (approximately) unity: 

r_½(j+2)C.(0-2)½(j-i) 
(3) K = 

eq r_½(i+2)DC.fo2¼(j-i) 
]. ]. 

For any particular solvent (melt) composition, z., z., f0
2

, temperature, 
]. J 

and pressure, the ratio of the solvent coefficients and the o-2 con-

centration are constants. The constant k .. is therefore defined as: 
l.J 

(4) k~~j-i)= r _½(j+2)( 0-2)½(j-i) 1 r ½(i+2) 
l.J J i 

Equation (3) can be rewritten to yield: 

(5) K = k~~j-i)C./C.f0
2
½;(j-i) 

eq l.J J l. 

- tiG0 /RT 
= e r 

The measured D values are the sum of the D. partition coefficients 
]. 

for the stable valence states of element Z weighted by the atomic 

proportions, X., of each valence state: 
]. 

(6) 
i 

D = [X.D. 
]. ]. 

The atomic proportions, X., can be calculated from the C. ratios 
]. ]. 

calculated from Equation (5) if the values of k .. are known. 
l.J 

Earlier experiments have shown that multivalent elements are 

greatly reduced in silicate melts relative to the ideal thermodynamics 

calculations (Johnston, 1965; Paul and Douglas, 1965) so k must be 

significantly greater than one. 
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Estimates of D., D., and k .. cannot be made from measured D values 
]. J J.J 

at three (for the case of only two stable valence states) distinct 

values of fo 2 because of the observed (but not understood) fo
2 

dependence of k .. (Morris~ al., 1974). The problem can be addressed 
J.J 

by estimating k . . or by setting limits on D. or D. (e.g., assume D. = 
J.J ]. J J 

0 at f02 = 10-8 •6) as was done by Benjamin~ al. (1978). In order to 

estimate k .. , data on the valence state ratio of a multivalent cation in 
J.J 

a silicate melt at a known f0
2 

are essential. Data for U have been 

obtained by spectroscopic means on several compositions and temperatures 

at several f02 values (Galas, 1979). For this specific case, Equations 

(1), (4), and (5) become, respectively: 

(7) 

(8) 

(9) K eq 

4 3 
This development assumes that the ratio (y

6
) /(y

4
) is approximately 

unity even though the U concentration used by Galas is of the order of 

a few weight percent. The Eu data of Morris and Haskin (1974) support 

this, at least to 0.10 weight percent. The discussion, in Section III-I, 

of the high U (3-4 weight percent) partitioning data obtained as part of 

this study infers that this activity coefficient ratio may vary 

(increase) by a factor of 1.5, a negligible difference compared with the 

probable errors associated with the further assumptions (see below) 

required for the general application of the Galas (1979) data to the 
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elements and partition coefficients presented in this work. Before 

utilizing the Calas data, the thermodynamic data . for the elements of 

interest in this study are presented (Table VI-1). The 6G 0 functions 

were calculated from the actinide oxide thermodynamic data of Ackermann 

and Chandrasekharaiah (1974) obtained at high temperature and 1 

atmosphere pressure. Reaction iii data were taken from two other 

sources, Katz and Rabinowich (1951) and Garrels and Christ (1965). 

(All 6G 0 values are in units of cal/mole actinide). 

In Table VI-2, the log f0 2 values in equilibrium with equal amounts 

of the oxidized and reduced actinide (oxide) species, if k=l (ideality) --- ' 
are calculated at temperatures representative of the 20 kilobar (1380°C) 

and 1 bar (1250°C) experiments (first pair of columns). The 

ratios of the oxidized to reduced actinide species for k=l, at the 

temperatures and f0
2 

values of the experiments are also calculated 

(second and third pair of columns). As mentioned previously, the value 

of k is greater than one so the calculated f0
2 

values are lower limits 

and the ratios at T and fo
2 

are upper limits. Taken literally, Table 

VI-2 would result in the prediction that the actinides are all in their 

most oxidized valence states under all of the experimental conditions 

used in this study. However, the value of k is not one, and, from the 

partition coefficients measured in this study, more than one valence 

state of Pu and U must be involved to produce the differences that are 

observed at different fo
2 

conditions (Section III-G). 

For the following applications it is assumed that k .. is approxi­
l.J 

mately constant over the range of temperature, pressure, bulk composi-

tion, and all actinide valence states used in this study. Although the 

-2 
individual solvent coefficients, r., and the 0 concentrationffi are 

1 
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TABLE VI-1 

All 6G 0 values are in units of cal/mole actinide; Tin degrees K 

(See Table VI-4) 

i) uo + ½;02 = uol. 5 
6G 0 = -65500 - T(-6.2) 

ii) uol. 5 + ½;o 2 
= uo2 

t;Go = -72600 T(-12.3) 

* iii) uo2 
+ ½;0 = uo3 

6G 0 = -30800 - T(+12.2) K&R 
2 

** 6G 0 = -21000 - T(+l9.3) G&C 

iv) PuO + ½;0 2 = Puol. 5 
6G 0 = -66300 - T(-9.8) 

v) PuOl. 5 + ½;o2 = Pu0
2 

6G 0 = -49200 - T(-10. 7) 

vi) Th+ o
2 

= Th02 
6G 0 = -292600 - T(-43. 7) 

* Katz and Rabinowich (1951) 

** Garrels and Christ (1965) 
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dependent on the experimental conditions (Morris and Haskin, 1974; 

Morris et al., 1974), it can be argued (from a limited data base) that 

the composite effect of the variations in experimental conditions 

results in a constant value fork ... For utilization of the Eu valence 
1.J 

distribution data in Morris and Haskin (1974) and Morris et al. (1974), 

substituting the appropriate values into Equation (4) k;~ can be 

calculated, which with the above assumption: 

(10) 

All further discussion of the validity of the foregoing assumption will 

be in terms of k. 

The spectroscopic data of Galas (1979) have been used to calculate 

u 
the value of k

46 
(Table VI-3) for reaction iii (Table VI-1) . For all 

compositions, temperatures, and fo
2 

conditions, the calculated value of 

U 5 k
46 

is nearly constant and is taken to be 2xl0 . This is the principal 

basis for the assumption of the constancy of k. The Eu data (referred 

to above) support the magnitude of k . .. In comparing the Eu data for 
1.J 

identical compositions but different temperatures (within 100-200°G), 

little change in occurs (about a factor of two lower at higher 

temperatures), so k
23 

appears to be insensitive to variations in 

temperature. Under conditions similar to those used by Galas, the Eu 

data show relatively small differences in the value of 

of 3) between a diopside (l.6-3.7xl04) and a grossular 

kEu (factor 
23 

(4.5 - 9. 0xl04) 

melt, except at f0 = 2 

than at lower (<10-5) 

melt structure (i.e.' 

air. 

f02 

0 
-2 

Eu 
In air, k

23 
is a factor of seven greater 

values. This not easily understood since 

concentration) should not strongly depend on 
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f0
2 

for the compositions (Fe, Ti-free) considered. No suggestion of 

this occurs in the Calas data which may imply that the difference is 

+2 +2 due to Eu since this ion is little different from Ca whereas 

reduced U is mainly tetravalent and is not like any common ion (e.g., 

it may form anion complexes). The k.. value for Eu in an 
iJ 

anorthite melt (3.2-5.8xl06 reducing f0
2

; 1.5xl0
7 

in air) is more than 

an order of magnitude larger than for the diopside or grossular melts. 

The bulk compositions used in this study (Appendix III) are basaltic so 

the general support for the magnitude of k 

Eu data. 

5 ~10 can be drawn from the 

E • • ,Y b 2 105 h +5 • • 1 stimating ~46 to e x , t e U proportions given in Ca as 

(1979) can be used to estimate the 6G 0 of reactions vii and viii in 

Tables VI-3 and VI-4. As an example, if k~ 6 equalled 104 or 10
6 

then 

the calculated 6G 0 values for reactions vii and viii (third and 

fourth column, Table VI-3) would be 5 kcal more positive or 3 kcal more 

negative, respectively. Note that uo
2

_
5 

is unstable with respect to 

uo
2 

and uo
3 

at low temperatures. 

The sum of reactions vii and viii yield a 6G 0 (est.) of reaction 

for reaction iii; 6G 0 = -40900 - T(+4.1) which is distinctly different 

from the K&R and G&C values although all three converge at about 1000°C. 

Table VI-5 is a recalculation of the valence ratio-fo2-T table 

5 U 
(VI-2) using the value of 2x10 for k46 and using the rough thermo-

dynamic data for the reactions involving u+5 From Table VI-5 the 

proportions of each valence state of each actinide can be calculated 

and are listed in Table VI-6. Note that Th is always 100% Th+4 , unless, 

hypothetically, Th+3 or other reduced Th species, for which no thermo­

dynamic data exist, is stabilized in silicate liquids. These 



Estimated t.G 0 

vii) uo
2 

+ ¼;o
2 

viii) uo2.s + ¼;02 
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TABLE VI-4 

values for reactions 

(See Table VI-1) 

= uo2.s t.Go = 

= uo
3 

t.Go = 

involving uo
2

_5 

+4400 T(+l7.5) 

-45300 T(-13.4) 



211 

actinide valence state proportions can be substituted directly into 

Equation (6) as is done in Section III-G. A factor of two variation in 

u 
k46 will result in a five percent absolute change in the relative 

proportions of the actinide ions. This is only negligible for the 

dominant species. 

The calculated values for the 1653°C conditions do not incorporate 

an allowance for a pressure effect on k ... Since k .. is a measure of 
l.J l.J 

the interaction of the melt with multivalent elements, the reduction in 

viscosity (see Section III-F) at higher pressures may decrease k; 

therefore the equilibria at 1653°C may be shifted in favor of the more 

oxidized species. 
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TABLE VI-6 

Valence State Distribution (in %) of the Actinide fork= 2xl0 5 

fO = 10-8•6 u+2 +3 u+4 u+5 u+6 Pu+2 Pu+3 Pu+4 
2 u 

T = 1653°K o.o 0.8 96.5 2.6 0.0 1.2 80.4 18 .3 

T = 1523°K 0.0 0.1 97.4 2.4 0.1 0.2 54.8 45.0 

f02 = 0.209 

T = 1653°K 0.0 0.0 12.3 32.2 55.5 0.0 4.4 95.6 

T = 1523°K o.o 0.0 6.1 14.3 79.6 o.o 1.3 98. 7 
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APPENDIX VII 

Instrumental technique for 8-track mapping; Benjamin, T.M., Arndt, 

N.T. and Holloway, J.R. (1977) Carnegie Inst. Wash., Year. 1..§_, 658-660. 
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fk<•f :1 111·gal.i\·1• :111vil l'fT1·<•f ( lkll :111.J 
. \l:10, l"nu· l?onk 1;.'J, I'll· lfiS · 1,0 1. 

l:--;;.;THl'\11·::\T.\L T1·:\ ·11:,;1,1L"F:s FOlt 
J]-T11,,·K \Lu·1•1:-,;c: 

T . . If. llr11j,1111i11, X. T . :lrn,//, n111/ 
J. /{. ll11/l,J1rn!f 

Thl' :1ppli<'aiiilit~· nf /3-trark radi1J­
grapl1\· t ,, p:i.rl 1t 1011i11J.!' 111 J.!'' ' lll"gir·:tl 
,-_\·;:t<•111,.: has lu ·1·11 rl1·1111,11st rat<"rl Ii _\· \l_\'~1·11 
:\llrl S1 · it ✓, ( l!J,:i,. Th1• 1·<11l(Tllll':lli(l1111i :1 
r;1rlic>1111clirl<- j,.: rl,·tr·r111i11<'d h\· !'ll\lllli11g 
J t r:t<"k" pn,d11r·1·d II llf'll a 1111!'l1·:1r 1·1111il­
:-in11 is <•:,,;p .. s1 ·d In ;1 ,.::1111pl1· ro11f:1i11i11g th,· 
r:1rli111111('lid< ·. (l1di1·:d r·111111ti11g is .,11lij1·cl 
to a 1111111IH'r 1,f li111it :1ti,111s, tlw pri11r·ip:tl 
011<' lwinl.! n·latr·d lo till' ,-i1,1• :i11d sh:1p<' llf 
i3 lr:H·b :111d tit!' li111itr ·cl !'f'soh·i11g p1,11·c·r 
llf tlw optif':d 111in11,-;1•11pt'. ~uhj('<'liv,, 
j11dgt11('11f, rn11,-;f IH' 111ad1• 1\·lw11 u,.:i11J,!' till' 
opt if':tl ('11u11t i11J.!' tcTl111iq1lt' . .-\1111! lll'r 
lin1it:1t in11 1,.: t lw n ·stricl<'d 1':111J.!'<' nf 
tr:11·k cl1•11sitil's that ran 11<' tn·atr·d n:-i11g 
< 111t if':il lllf'I l11Jrls ( \ I .1·,-; 1•11 a 11d ~<·it 7., I\),.-, \~ 
Tlt1• r,pt i1111l111 npl if' :tl 1·11t111t illl! rl1·11sit _\· i,.:. 
il',.:<- t h:111 .-,r·; (If t lw t<,t:tl n·1•11rdi11J! r :111g1• 
of :1 llll<"l1•:1r 1·111t1lsin11 . T11 nllf :ti11 •·l1·1111 ·1it 
p:1rt it i1,11i11J! data :r1111111g ph:1.~1•,.: 11 it It dif­
f1·1Ttil lr:11·<· c·l<·ll1<'llt 1·1111!'1•11lr:1tinns. t,,,, 
or 111111'\' <•:,,;pns11n•,: 1,f ditfrri11J,!' d11r:1t i1111 
u:-uall.1· :in• tT<Jltin·d f1ir P:tt'i1 ,-;11npk . 

Instn111H ' llt-al d-trark !'(lltllti11i;r is :111 
altl'rnntin' t1•cl111iqur that i<- not suli,i<·!'t 
to tit,, 1•rnlil<'llt!- inhl'l'C'llt in thr optical 
lt'r·lrniqttt' . TIH' l'll'clrn11 111innpr1,lw 11r :\II 

:111:d_,·t ir·:il ;:1•:11111i11g 1'11·<·! n,11 111irri '"''"JI'' 
t·:111 Ii,, 11;:1•d tn 1l<-t1·rn1i1ll' tlw rJ-lr:H'k 
eli-11;:it_,· h\· lll!':1s11ri11g t IH• :1111<11111I r,f 
;:ih·"r pr11d11r<'rl l1 .1· i111<-r:tdinn ,,r 11 p:1rt i­
<·i<-s ,1itlt tlH• nw-1<-:ir c· 11111b,in11s. 

TIH' i11stntllll'llt:-tl l<•<'lllliqllt' \\'as :111-
pli<'d in t lw i11,·<•;:t i(!:rti11n of tl1<• p:1rl i­
tiuning of 11if'ke•I IH•t1n·<'ll ,iliYitH' a11rl 
k11111atiitie liq11ids (Arndt. this i{c•p,,rt). 
Partition rodliril'nls 11·<'1'!' d<'tn111i1wd hi· 
hnth optiral and i11strt1111t·ntnl /3-tr:1<·k 
cn11nt i11g :111d Ii_\· ('flll\"i'lll i,111:tl e•l1•1·f r1111 
rnicrnprnlw :\11:tlysi;: . Ilf,,nl !,-,-, 1111!'!1·:ir 
emulsion!- (llford Ltd., Ilf11rd, F,-;:r•x. 

<. ,\ H :--; E (; I J·: I i\ ST IT l ; TIO'-' 

l·:11gl:111,I l 1'.1-r1 · t'\ J111.,1 ·cl t 11 J!i1·1· d -tr:v·k 
il,·1,,i1i,·" :-11il:il,lc• 1'11r 1tp!il':tl 1•r,1111ti11!.!: . 
'1' '1 1 • ,·,,11e· <·1 1I r.iti<111 ,.f sih·1 ·r 11:1s 11 1t ·:1'-'11r1·,I 
11·i1lt th,, e·l<·<'ln,1·1 111in1,prr,llf' u111.l<-r !lw 
r,t1l1111i11J.!' r·,,11diti1111,-: 1.-, k\' :1cr1·l<-rati11J! 
ped1·11fi:tl, .-ti) X 1u -9 ..\ J'l'l!,lli:i lr ·rl li('alll 
1·111T1·11I, (ill-.,1•1.· cr,111iti11J,!' t i11H' , '20-,illl spit! 
'-' il.1'. l\:1r·kl!r1,11111I,, 11·1·n• ltll' :1,11n·cl Ill! 1111-
,.,p,,:-, ·d :1ri·a, 1,f [II(' 1·1111tl,-i1111s . l11t1·l!r:1te•d 
('fl\l itl r:1 I("" 11f ,\g 1,n r:,rl i:1 f io11 \\'('I'(' I ,h-
1 :1 i I l<'d fn1111 :1n·:1s 11[ tlll' <' J11ul.,ir111 cu r­
i'f'"\l"l1di11J..?: Ir, olivi111• ;111,I J,!:l:iss '1lll' ltl'i1<'d 
fr11111 1·11<·\i;:f i11~ li<i11irl . Tlw part iti1111 r·11-
dl i1· i1·1 il, 111•ri· r·alr-11l:1f1•d as r:tl i, ,,.: "f [l1<• 
li :Jl'l,J!l'l •llllrl-< ·11rr• ·<·t,·d 1111·:111 1·: tl11,•,-; ,,1· :, 
111i11i11111111 ,,r fi\·1 · ;: 111·< ·1·., .,i\·1• a11:1h·;:< •" 1,f 
1·:wl1 pl1:t•-i'. TIH· pr1·l'i;:i1111 ,.f I ill' 1111 ·;1.,ttl'l'­
llll'III'-' j,-; l'llllljl:t!':Jiti<• f11 111:tf gi\"1'11 li,1· 
\l _, ·'-'c'11 :\lid :-:('itz (l!Ji'.-,t fr,r tlte• "Pt ic·a l 
t1·C'lt11iq11" . .-\s ~1·1·11 in FiJ!. JO:{ (Arndt, 
tl1is HqH•rt 1, 1111' l'l'"ttlts 11f l,nlh "Pti<":d 
:111rl i11 .,t rt1t1H ·11tal l1•c·li11iq111•., an· in :1gn'1'.­
l>ll'lll 11 ii It 111<• p:1rtit i,111 !'lldli<'i1·11ls 11h­
l:1itll'd l,1· r·1111\'l'llli1J11al c•lc·rtrnn rnicro­
pn,l 11• :111:d_1 ·s i.,. 

Tit,, r:111g1• 11!' sil1·1·r r·r11t<·1·1tl r:1ti1111s that 
r·:111 I,,, ll!l':1,11ri ·d 1,y i11,-tn1111< ·1it :tl t<•r·h-
11iq\ll •;: l!ri•:111,1- c•:,,; 1•1·1 ·,I,; fill' r:111[!1' r,f t1·:1<'k 
d, -11,iti, ·, tli:i!. 1·:111 ii<' r'<lltllt,·,I 1,ptic·:ill,,· 
( l; iJ..?: . 1.-,!ll . .\[1iltipl<' 1·xp,1.,11r1 ·s ,,f e·1111tl­
~iu11-; e·:111 tlt, ·r<'I•~· I,<, :t\·1,id<·d . U\·n the 
r:111!.!:1' r, f (lpli<'al e·,11111ti111! nf tr:id;: d ,: n­
s i I i1 ·;:, "i I \'l'f' r·1111r1 ·11I r:il io11 is prnport inn al 
{11 1'\ l11,,.:1tn' tillll', a~ .,ltnll'll !,_,· !I1Jl!n11·a .v 
a11cl Drnk,· ( l\Ji'i) :111cl in Fii;r. I.i(J. \\"hen 
i11,t rn111, ·11t:tl h•r.h11iqt1<'~ an' w;ed to 
1111·:1,11n• hrl!t' 11:1rtitiC111 r.ndliri1'11t-;, thr. 
1·,·~1ilt:11it lti! .. dt .~ih·n r,,1,r,·11lr:1ti,ms must. 
IIC' l'lt}'l't'f'li',I r11r s:1t11rati1111 l'fft•c[::; eaus1·J 
1>,\' Jl\ ' ('l'l '.\ JHt .,\11'('. 

'j',, 111.,11it11r tlll' ;::d11rati1111 <'IT1•1·t~. a 
si 11!.!:l1 · llf"rrl 1,-.-J c·1111tl,.:io11 l'.':ts 1•:,,; 1H >>'('d tn 
:1 '-'.l'llll1r•li1· 1-'<•,; ~t:111d:1rd 1·n11t:1i11i11µ; I<iOO 
1'11111 '··1 \i r .. r }ll' !' i111ls J':lllJ,!'illg fr11111 .'i 111i11 . 
!1, '.! -I ltr . :\11al_1·s<·s of sil\'l ·r c·n11t<'llts in 
t 111 · <·xp11sl'cl e·1111tlsi,111 an· 1dnttt'd in Fig. 
i.-,!l. The·!-<' data 11·1 ·n• oht:1i1H'd ,1·it.h the 
< :, •11ph1·:-i1·:tl L:rl111r:it11r_\' .J,•11I .JS\l-:3.'i 
.~1·:11111i11J.!' 1·l,·1·tr•111 111i<T(lpr"l11· 1·11uipp1·d 
11itli :i Trac'll!'-\'nrtllf'l'll T\'-l,00 111ulti­
l'hn111wl :111:ilyz<"r. Tlt1• r1111 ceJ11ditio11s 
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Laboratory studies of actinide partitioning 
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Abstract-In silu measurements of the crystal / liquid partitioning of Th. U and Pu among diopsidic 
elinopyroxene, whitlockite and liquid have been made by particle track radiography using actinide 
concentrations at trace levels. Measured partition cocflicicnts (D) arc corrected for actinide zoning to 
the crystal/liquid interface value. The D (whitlockite) satisfy criteria for equilibrium at the 
crystal/liquid interface, but the D(cpx) for U and Th may only be upper limits to the equilibrium 
values. The D(cpx) for U and Th are an order of magnitude higher for phosphate-free systems than 
those with 15-25% Ca 1(PO,) 2; however D(cpx) values for U and Th arc so low that these clements 
should be totally concentrated in the surface regions of any differentiating planet. At (20 Kbar, 
I 375°C) and ( I atm, I 270 °C), the measured D(whit) arc similar. The D(whit) for Th is unchanged 
between oxygen fugacitics of 10-• and air. D(whit) for U is only a factor of 1.8 lower in air than at 
fO 2 = Io-•. which is surprising since U should be hcx'avalent in air but tetravalent at fO 2 = Io-•. 
However , D(whit) for Pu is a factor of 7 lower in air, implying that trivalent Pu plays an important 
role in the partitioning at fO 2 = Io-• and. therefore. for lunar and most meteoritic conditions. Our 
data indicate that phosphates and, particularly, clinopyroxencs show a strong preference for trivalent 
over tetravalent ions, which can lead to Pu fractionation relative to U or Th. Assuming trivalent Pu, 
the D(cpx) values are similar to light lanthanide D values for the same ionic radius. The agreement 
provides some laboratory support for the proposed use of Pu / Nd for relative age measurements . Since 
Pu appears to be intermediate in its chemical fractionation properties between Th and Nd (at least 
for igneous processes) any sample with unfractionated U, Th. Nd abundances (relative to average 
solar system values) should be useful for Pu chronometry. 

INTRODUCTION 

Accurate geochronology is possible because time-dependent isotopic ratios are 
only slightly dependent on physical and chemical conditions. The fact that no Pu 
isotope except 244 Pu is known to be present in early solar system materials has 
complicated the use of its relatively rapid decay (t,,,, = 82 m.y.) for accurate 
relative age determinations. Any chronological application involves ratioing a 
measured 244 Pu abundance to that of another (reference) element, X, but if any 
chemical fractionation has cccurred between Pu and X, variations in the Pu/X 
ratios between two samples cannot be simply interpreted solely in terms of wpu 
decay. Early measurements of 244 Pu in meteorites were interpreted in terms of the 
ratio 244 Pu/ 238 U, assuming that, because of the expected close chemical coherence 
of actinide elements, no Pu/U fractionation would occur. The well-defined Th/U 
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ratio of 3.8 in most meteorites and lunar rocks (Morgan and Lovering, 1968: 
Toksoz and Johnston. 1977) made this assumption plausible. However Podosek 
( 1970) interpreted fission Xe data for the St. Severin chondrite as indicating that 
the total meteorite 244 Pu/ 238 U ratio (0.015) was less than that measured 
previously (0.03) in a whitlockite (Ca 1(PO 4)J separate (Wasserburg et al .. 
1969) . Crozaz ( 1974) found that Th was enriched relative to U in St. Severin 
whitlockite indicating that Pu/U fractionation was also likely. Fission track 
measurements on lunar minerals also suggest significant Pu/U fractionation (see 
e.g., Braddy et al., 1975). Wasserburg et al. ( 1977) show that neither the Pu/U 
nor the Pu/Th ratio is constant for coexisting whitlockite and fassaitic clinopy­
roxene from the Angra dos Reis meteorite; however, both these workers and 
Lugmair and Marti ( 1977) found that the ratio of Pu/Nd was the same for all 
minerals in Angra dos Reis. Marti et al. ( 1977) found that the Pu/Nd ratio for 
Angra dos Reis agreed with that for an Allende coarse-grained inclusion 
implying that Pu and Nd were chemically very coherent and that Pu/Nd might 
be utilized for chronological purposes. 

Since Pu no longer exists in nature and since its abundance in meteorites and 
lunar rocks varies because of radioactive decay as well as chemistry, laboratory 
studies are required for an understanding of the chemistry of Pu under meteoritic 
and lunar conditions. The general objectives of our laboratory studies of actinide 
partitioning are to define the conditions under which the actinides and light 
lanthanides fractionate and to then evaluate meteoritic and lunar data as to 
whether chronological interpretations are possible. A specific goal is to evaluate 
whether a constant Th/U ratio implies a constant Pu/U ratio. We believe it is 
possible to identify conditions and samples for which chronological information 
can be retrieved, although the possibility of determing applicable "chemical 
fractionation corrections" is still unclear. Some tentative conclusions are put 
forth in this paper, however, it should be recognized that the data are incomplete 
and many unanswered questions remain. 

EXPERJ MENTAL 

A more thorough discussion of our experimental techniques and their reliability will be published 
elsewhere (Benjamin et al ., 1978a) . Only a summary is given here. 

"Whitlockite" [i3-Ca 1(PO,)i for our synthesis conditions] and diopsidic clinopyroxcnc were 
synthesized from a "haplobasaltic" composition (2CaMgSi 2O6 + Na/\1Si 1Oa + CaAl2Si 2Oa, molar) 
plus 25% or 15% Ca 1(PO,)i by weight. The dried ( l 20°C, 24 hr) starting materials were mixed and 
fused in a scaled Pt capsule at ~1350°C for 1-4 hr. The resultant glasses were crushed, spiked with 
either ~ 1 O ppm mpu or (20 ppm mu + 50 ppm 21°Th) and refused . The resulting glass was 
powdered and used as starting material for the crystal-liquid synthesis runs. For future comparison 
rnsm was added to the U + Th starting material. Concentrations were chosen to be at trace clement 
levels, yet permit easy analysis by in situ particle track radiography techniques. Cellulose nitrate is 
used to detect the alpha particles from the 230Th decay. The mpu and mu are analyzed using thermal 
neutron induced fission tracks recorded in muscovite detectors fastened over polished sections of a 
synthesis run. 

Crystal-liquid synthesis runs on the same starting materials have been made at 1 atm and at 20 
Kbar. Liquidus temperatures will, of course, vary with pressure, but we have used different buffers to 
keep approximately the same oxygen fugacity at both pressures. Use of graphite crucibles in the 
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20 Kbar experiments sets the ox ygen fugacity at ~Io -• ( H uebncr. I 97 I) . The same oxygen fugacit y 
was achieved by the use of Co-CoO solid buffers for the I atm experiments (Robie and Waldbaum. 
1968) . The buffers and glass starting materials were scaled inside Pt capsules . (Inspection of the 
residual buffer after the experiments shows that neither Co nor CoO were depicted.) Earlier, unscaled 
runs of long duration ( Benjamin el al .. 1976) acquired H 1O in uncontrolled :imounts (I-I 0%), 
detectable by infrared spectrophotometry. Data from these experiments arc not being considered, as 
they represent ill-defined conditions. 

The thermal history of each run consists of heating to a super-liquidus temperature T, for time t 1 

followed by linear cooling to a subli4uidus temperature Ti for time t 1 followed by quenching. This 
thermal history was chosen to produce the relatively large (>50 micron) crystals required due to the 
finite range of the fission fragments (~IO microns) or alpha particles ( 15 microns) utilized for 
analysis. At 20 Kbar , T, varied between 1400 and l450 ° C fort,= 1-16 hr. : cooling rates from 
2-200 ° C / hr. were used: T i varied from I 375-l 390°C with t2 from 0-30 hr . At I atm, T, = I 285-
1320°C. t, = 2- 8 hr .. cooling rates= 2-l0° C / hr .. T 1 = I 255-1265 °C and t1 = 1-8 hr . A complete 
run-by-run tabu lation of the conditions will be given in a separate publication (Benjamin el al., 
1978a) . The starting compositions with 15% Ca,(PO,) 1 have diopsidic clinopyroxcne as the liquidus 
phase. The 25% Ca J( PO,)i compositions have clinopyroxcne and whitlockite as co-liquidus phases at 
20 Kbar and whitlockite alone at I atm. Small. but variable amounts (<:27n) of apatite (Cl-rich) arc 
observed in the 25% Ca 3(PO,)i U + Th experiments, due to the presence of variable amounts of Cl 
contamination . Although somewhat unrealistic for actual rocks, we have chosen to measure 
clinopyroxene D values from phosphate-rich systems in order to be able to compa re the clinopyroxene 
and whitlockitc crystal-liquid partition coe!Ticients from liquids of similar compositions. 

The exposed detectors contain a track image of the distribution of radioactive material among the 
phases in the exposed sample. Partition coe!Ticients (D) are calculated as the ratio of the mean track 
density over areas associated with mineral phases to the track density corresponding to the glass . In 
most cases contour maps of the crystal track density have been constructed using the actual grain 
dimensions and locations. From the contour maps. a more objective judgement can be made as to the 
interior track density of the crystal. In addition to RJaximizing the statistical precision for a given 
crystal, contouring is important because the finite range of the detected particles leads to track 
gradients at the crystal-melt boundries, and an objective, quantitative treatment of these gradients is 
necessary, particularly when the partition coefficient is small (<0 .1 ) . Also when D is close to I 
(0.5-1 .5) , there is no strong visual contrast between the crystal and glass images and an absol_ute 
system of locating the crystals is important. 

RESULTS 

Table I shows representative electron microprobe analyses of our synthetic 
whitlockite and clinopyroxene. There is significant substitution of Na, Mg and Si 
in the whitlockite and Na and Al in the clinopyroxene. 

If a run produced acceptable crystal sizes, at least two crystals (or two 
different regions of a single large crystal for some runs where only one large 
crystal was grown) were analyzed, with consistent results being obtained. The 
data points plotted on Fig. I correspond to the averages of all crystals analzyed 
from a given run. Table 2 gives our present best value for actinide partition 
coefficients (not always a simple average, as discussed below) for the different 
synthesis conditions investigated. 

Experiments by Seitz ( 1973; 1974) indicate that actinide diffusion is negligible 
in the crystalline phases for the time scales of our experiment, but that actinide 
diffusion in the melt should be fast compared to crystal growth rates for cooling 
rates Z600°C/hr. Consequently, actinide-zoned crystals are expected (and 
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Table I. Rcprc\cntativc electron mic roprnbc anal yses of sy nthetic crys tals. 

(Coe xis ting, 20 Kbar) 

Diopsidc \\'hitlockite \Vhitl ockite ( I bar) 

Wt.7o Cation % Wt.% Cation '7,, Wt. 7n Cati on 7o 

Na 2O 1.05 1.82 0 .68 I.JS 0 .32 0. 63 
MgO 15.40 20.42 3.07 4 .66 3.20 4.83 
i\1 2Oi 6.9 3 7, 27 0 .11 0. 14 13DL 
SiO2 52 .67 46 .87 0.48 0.49 0.25 0 .25 
CaO 24.63 23.48 49 .87 54 .53 50 .54 54 .82 
r-eo 13DL" llDL BDL 
P2O1 0. 16 0 . 12 44 ,8 7 38. 78 46 .01 J9 ,43 
F BDL 131.D 
Cl BDL <0.I 
Total 100.90' 100.00 99 .24 100.00 l 00.46 100 ,00 

*BDL = 13elow Detection Limit (<0.03 wt.%) . 
•oiffcrencc between sums and totals due to <0. 1 wt. % of (each) Y2O 3

, C..: 2O), La:OJ. Nd
2

O
1

. 

observed) in our experiments. but the assumption of equilibrium part1t1oning at 
the crystal-melt interface is expected to be valid ror our cooling rates (2-
200°C/hr) . The interface (true) parti~ion coefficient D can be obtained from an 
apparent partition coefficient, DA, defined as the ratio of the average track 
density for the crystal to that of the glass, using Eq. 14 of Albarede and Bottinga 
( I 972). Use of this equation requires knowledge of the fraction of the melt 
crystallized. This was obtained by a least squares material balance (Reid et al., 
1973) from microprobe analyses of the compositions of the phases crystallized, 
the coexisting glass and the starting materials (from supcr-liquidus quench runs) . 
For runs where both whitlockite and diopside crystals were obtained, modal 
co-crystallization was assumed . The presence of apatite was allowed for when 
present. 

A complication is that our interior track densities for the crystals give only an 
approximation to D,, (usually within I 0%), even when obtained by the contouring 
technique described above. This is because (I) the presence of track gradients 
from the surrounding glass (due to the finite range of the particles) prevents us 
from measuring right up to the crystal / glass interface (graphical extrapolation of 
the interior profiles to the interface is not accurate), (2) a 3-dimensional average 
of the track density is required for a rigorous calculation of D, and (3) the plane 
of the sample section wilt, in general, not pass through the center of the crystal. 
The errors associated with items ( I )-(3) will tend to cancel, although there will 
probably be a net tendency to undercorrect slightly . We have adopted an error in 
the corrected D value equal to ½ of the zoning correction. Although arbitrary, 
this should be a conservative error estimate. Errors from the microprobe analyses 
used to make the zoning correction are unimportant. Despite the uncertainties it 
should be emphasized that application of the zoning correction leads to more 



223 

Laboratory studies of actinide partitioning relevant to 2"Pu chronomctry 1397 

O'" 
_J 

--......... 
X 
0 

5.0 

1.0 ..._ 

0.5 -

20Kbor 
0. ,..._ ... 

• 
0.05 -

0.0 1-

t 
+3 

i~8 

t6 

6 

1otm 
Whitlockite 6 

Oiopside I +3 • 

0.005 I- ! .! 
!~ 

1 I I 0.00 
Th u Pu 

Fig . I . Experimental actinide crystal/liquid partition cocflicicnts. oxt 11 ' \ arc plotted 
in order of increasing atomic number. Data points arc the average of all crystals from a 
given synthesis run. Data for both high (200 °C/hr) and low cooling rate (.S3 °C/hr) 
experiments arc plotted . Except possibly for the highest D(cpx) for U and Th. no 
dilTcrenccs can be seen . In general, the partition cocflicicnts for whitlockitc arc much 
higher than tho~c for diopsidic clinopyroxenc. Tentative valence state assignments for 
the various experimental conditions (sec text) arc indicated . The "+3" symbols for Pu 
imply only that the observed D value is dominated by the presence of Pu•l. The 
measured D values at fO1 = 10-• arc only lower limits to the Pu +i partition coefficients. 
Similarly, the 1 atmosphere Dru(whit) is an upper limit for the Pu•• partition 
coefficient. t\ relatively smoot-h "D-pattcrn" (solid line) for the tetravalent actinides is 
observed. However, for natural (low) fO 2 conditions trivalent Pu will be important for 

fO 2 .s 10-•, whereas U and Th will probably remain tetravalent. 

-
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reliable D values . In most cases the internal variation in the corrected D values is 
smaller than for the uncorrected values. Moreover, if D is not large (>5) and if 
the amount of crystallization of the initial liquid is small, then the difference 
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Table 2. Actinide crystal-liquid partition cncl1icicnts (a). 

P = 20 Kbar p = I atm 

CO 2 = Io-• CO 2 = 10-• fO2 = Io-• fO2 = 10-' fO, = air 
cpx / liq cpx/liq whit/liq whit/liq whit / liq 

(P2O1) [6.9] [OJ [ 10.s J I 10.5 ] [ 10.5] 
Th $0.0019 0.027(b) 1.26 ± .04 U6 ± .05 1.40 ± .05 
u $0.0018 0.017(b) 0 .67 ± .07 0.50 ± .05 0.36 ± .03 

Pu 0.06 ± .01 4.3 ± 0.3 0 .59 ± .04 

(a) Entries arc corrected for actinide zoning (sec text) and represent our best values for the 
equilibrium interface crystal-liquid partition coeflicients . Small systematic corrections for the relative 
ranges of fission fragments in the various phases have not been applied . P,O1 contents (weight 
percent) arc those of the starting materials . 

(b) Preliminary values. uncorrected for zoning. 

between D" and the true part1t1on coefficient is small. In the one atmosphere 
whitlockite experiments, the zoning corrections arc only a few percent and a 
straight average of the corrected D values is tabulated in Table 2. For Th in 
whitlockitc, for which the D values are close to I, negligible zoning is expected, so 
Table 2 again just represents the average of the corrected, measured, Th­
whitlockite values. Many of the 20 Kba_r runs, in order to grow large crystals, 
have fairly large amounts of crystallization (up to 48%). In these cases, relatively 
large zoning corrections (up to 30%) lead to relatively large errors (Table 2). The 
D values differ slightly from those in Benjamin et al. ( 1978b), where the 
uncorrected values were given . 

The existence of equilibrium at the crystal-liquid interface is still essentially an 
assumption. However, it is quite likely that most disequilibrium cfTects would not 
be reproducible from crystal to crystal or from run to run or upon variation in 
experimental conditions. Consequently we have invested considerable time in 
evaluating our analytical errors in order that reproducibility can by quantitative­
ly assessed. We propose four consistency tests for equilibrium: (a) reproducibility 
of D values among crystals (ideally of different sizes) within a run and between 
runs, (b) reproducibility of minor element D values, (c) results independent of 
cooling rate, (d) no actinide zoning in glass. We feel that it is conceivable that the 
above are sufficient criteria for interface equilibration, although more work is 
needed to establish this conclusion. A complete comparison of our data with 
respect to these criteria will be given in Benjamin et al. ( 1978a). (A tabulation of 
our minor element partition data was included in Benjamin et al., 1978b.) We 
only summarize the conclusions here. Overall, our whitlockite data satisfy these 
criteria well, although one 200°C/hr. cooling rate experiment produced high and 
variable Si content in the whitlockite. Another high cooling rate experiment 
produced relatively high P 20 5 concentrations in clinopyroxene and also resulted 
in the highest clinopyroxene D(Th) and D(U) (shown in Fig . I). The D(Th) and 
D(U) for clinopyroxene are very sensitive to the presence of submicroscopic 

·------·----
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liquid inclusions; 0.2% glass in the interior of the crystals will double the 
measured D. Consequently, only results with cooling rates <5 °C/hr. have been 
utilized on constructing Table I, although for generality all runs have been 
plotted on Fig. I. The D(cpx) for U and Th are quite low and difficult to 
measure; nevertheless there is scatter well beyond our analytical error (compare 
Fig . 1 ), and we may not be measuring equilibrium partition coefficients for U 
and Th in clinopyroxene (i.e., criterion (a) above is not satisfied). Consideration 
of possible mechanisms for disequilibrium (some types of defect substitution. 
rapid crystal growth, etc.) as well as possible analytical sources for the variability 
indicates that our results should be regarded as upper limits. Consequently, our 
lowest measured results are given as upper limits in Table 2 for U and Th 
partitioning into clinopyroxene. However, these D values are so low that for any 
practical application, they can be considered to be zero. The similarity of DTh and 
Du in Table 2 for clinopyroxene is perhaps somewhat misleading in that we have 
always observed DTh > Du. The run tabulated in Table 2 happens to have the 
lowest DTh/ Du. f n strong contrast to U and Th, the Dp0( cpx) values are 30 times 
higher and satisfy the above equilibrium criteria. The value given in Table 2 is 
from our best run. Two other runs give values about 25% higher but with larger 
errors. 

Although it is not possible to vary pressure, temperature and amount of 
crystallization independently, Table I shows that for fO 2 = 10-9 the changes in 
conditions between the I atm and 20 Kbar experiments produced relatively small 
changes in Du (whitlockite) and DTh (whitlockite). The changes that are observed 
are small and only significant at the 1 .. a levels. Conceivably, pressure and 
temperature variations have approximately cancelled between the ( I atm, 
l 270°C) and (20 Kbar, I 375°C) experiments . However, it is more plausible to 
conclude that the D (whitlockite) are relatively insensitive to temperature and 
pressure over the range of our experimental conditions. 

As a test of the effect of liquid composition, particularly the large P2O 5 content 
in our melts, a measurement of D(cpx) for U and Th was made with a P2O 5-free 
composition with all other components having the same relative concentrations as 
our phosphate-rich compositions. The temperature range of crystallization was 
1515 to I 450 ° C. [n this case much larger D values were obtained, 0.027 = DTh 
and 0.017 = Du, an increase of slightly more than a factor of 10 from the 
phosphate-rich system. The presence of P2O 5 must stabilize the tetravalent 
actinides in the liquid, presumably by some form of complexing. Clinopyroxene 
crystallization from a low P2O 5 liquid is probably more realistic for comparison 
with actual rocks. However, despite the large change, the D values are still quite 
small and effectively zero for most petrological purposes. 

Only the tetravalent state of Th has appreciable stability; however Pu and U 
compounds in the +3, +4 and +6 valence states have been characterized. 
Consequently, the partitioning behavior of the actinides is expected to depend on 
oxygen fugacity. Free energy data indicate that the pure actinide oxides would be 
primarily tetravalent at fO 2 = 10-9 (Ackermann and Chandrasekharaiah, 1974), 
but that U should be oxidized to the +6 state in air. Thus, as expected, Table l 

---------- - ·----- -·· -- -- - ·-· . ----
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shows that DTh(whitlockitc) is the same in air as at fO: = I 0-9. Somewhat 
surprisingly, Du(whitlockite) is only slightly lower in air (presumably LJ+ 6

) than 
at fO 2 = I 0-9 (tetravalent U). Conceivably most of the U has remained tetrava­
lent even in air due to stabilization of lower valence states in the melt. 

The interesting result of our air runs is the DPu(whit), which is a factor of 7-8 
lower than the fO 2 = I 0-9 value at 20 Kbar . (The small changes seen for 
DTh(whit) and Du(whit) between 1 atmosphere and 20 Kbar show that it is fair to 
compare the Dru values at 20 Kbar and 1 atmosphere.) We interpret this large 
difference as due to the changes in the PuH/Pu+ 3 ratio such that the partitioning 
of Pu in whitlockite is dominated by the presence of Pu ' 1 at fO 2 = 10-9 (and 
lower). Our data do not permit rigorous calculation of trivalent and tetravalent 
Dru or of C 4/C 3 for any phase (where Ci is the concentration of Pu''). However, 
in general. the large change in DPu(whit) means either (I) the trivalent Pu 
partition coetTicient. D3(whit), is large or (2) C./C 3 in the liquid is low at 
fO 2 = 10-9. In either case the effect of Pu+ 3 has been to produce large differences 
in the partitioning of Pu relative to U or Th in our experiments at fO~ = 1 o-•i and 
similar large differences should be present at the lower oxygen fugacities 
characteristic of meteorites and lunar rocks. Quantitatively, our data do set the 
following limits : DJ(whit) .:;;0.6; D3(whit) > 4; D3 (cpx) ~0.06, where Di refers to 
the Pu+i partition coefficient. 

As an illustration of the qualitative statements made above, it is useful to 
consider the broad constraints which can be set by our present data. We assume 
that D4(Pu,cpx) .:;; DTh(cpx) :::::0.002, since the measured clinopyroxene partition 
coefficients tend to decrease in going from Th to U. Minimum values of CJ/C 3 in 
the liquid (fO 2 = 10-9

) of around 0 .02-0.05 can be set by the requirement that 
DJ(whit) ~0. (The range depends on assumptions about the temperature depen­
dence of the activity coefficients in the liquid) . Thus our data are compatible 
with Pu being predominantly trivalent in the liquid at fO 2 = 10-9

_ However, if 
D 3(whit) is very large, then C 4/CJ can be very large also, showing that our data 
do not require that Pu be primarily trivalent in the liquid at fO 2 = 1 o-9

• There 
are only a few reported values of trace element partition coellicients in the 
literature greater than about 15. If we take O 3(whit) .:;; 15, then C4/C.1 ,:;;3 in the 
liquid at fO 2 = 10-9 and D 3(cpx) .:;;0.2. If D 3(whit) is allowed to be arbitrarily 
large, then there are no constraints on C4/C3 or D3(cpx). However, extreme.ly 
large D 3 values (300 for whitlockite. 5 for clinopyroxene) are required for the 
assumption of ideal solution to be valid. Measurements for other oxygen 
fugacities can yield tighter constraints. Similar stabilization of trivalent relative 
to tetravalent Ce have been reported for glasses by Johnston ( 1965) and by Paul 
and Douglas ( 1965). 

Morris et al. ( 1974) show that oxygen equilibration between liquid and gas 
phases is relatively rapid. This argues against the possibility that the differences 
in our air and fO 2 = 10-9 experiments reflect disequilibrium between the melt 
and buffer oxygen fugacities. 

Tentative valence assignments have been entered on Fig. 1. The +3 symbols 
for Pu arc to be regarded as indicating that the observed (total) Op., value is 
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Fig. 2. The actinide (this work) and lanthanide (literature) partition coefficients for 
diopsidic clinopyroxcne arc compared as a function of ionic radius . The dashed line 
connects the lanthanide D values for synthetic diopsidcs as measured by Gru11.cck et al . 
( l 974). The solid lines connect two D pallcrns for natural diopside phcnocryst-matrix 

-sa mples by Schnctzler and Philpot ts ( l 970). The ionic radii ( 6-f old co-ordination) arc 
taken from Shannon. ( 1976) . No appreciable differences would result for other choices 
of ionic or crystal radii. although 8-fold coordination radii would be more appropriate 
for the M2 site in diopside. Data points arc plotted assuming trivalent Pu and 
tetravalent U and Th for our measurements at fO, = Io-•. For reference the ionic 
radius locations of u•i. Pu .. and Ca• 2 arc indicated on the upper scale . Clinopyroxcnc 
shows a strong preference for partitioning trivalent, as opposed to tetravalent ions, 
presumably because of easier charge compensation. The similarity in D values between 
Pu• 3 and light lanthanidcs gives support to the use of Pu /N d for chronology purposes. 

0.85 

dominated by the presence of Pu+J at fO 2 = 10-9
, We assume U and Th arc 

tetravalent under all conditions . The much larger Dru values at fO 2 = 10-9 for 
both clinopyroxcne and whitlockite compared to U and Th can now be under-
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stood as the effect of Pu+3. Even considering 0.6 to be only an upper limit for 
D4 (Pu. whit) a relatively smooth "partition coefficient pattern ' ' is suggested for 
the tetravalent actinides. However, it should be emphasized that the relevant 
pattern for either clinopyroxene or whitlockite relative to liquid in a meteorite or 
lunar rock (low fO 2) would have the large positive "Pu anomaly". By analogy 
with the large variations for Eu+ 2/Eu+ 3 in glasses reported by Morris and Haskin 
( 1974) the Pu+3 /Pu+4 ratio at a given fO 2 is expected to depend on melt 
composition. Nevertheless, since lunar and most meteoritic oxygen fugacities at 
similar temperatures were much lower than I 0-9

, it appears certain that trivalent 
Pu is important for meteoritic/lunar conditions, as was previously proposed by 
Boynton ( I 977) . 

Figure 2 compares our actinide clinopyroxene partition coefficients with those 
of the lanthanides when plotted as a function of ionic radius. When our results 
for fO 2 = 10-9 are plotted at the position of Pu+ 3 there is a reasonable 
correspondence with the lanthanide partition coefficient pattern, particularly 
wi th one of the two patterns obtained from natural phenocryst-matrix partition 
coefficients by Schnetzler and Philpotts ( 1970) for low-Fe, high-Ca pyroxenes. 
Diopsid ic clinopyroxene is seen to strongly exclude tetravalent ions in favor of 
trivalent ions even for the same ionic radius. The data shown in Fig . 2 provide 
some laboratory support for the proposed chemical coherence of Pu and light 
lanthanides. 

DISCUSSION 

Our results provide a plausible mechanism to explain the observed fract iona­
tions of Pu and U, as discussed in the introduction, a mechanism analogous to the 
well-known Eu anomaly in lunar rocks. If a significant fraction of the Pu is 
trivalent, whereas U and Th remain tetravalent under meteoritic/lunar condi­
tions, important trace element bearing phases such as clinopyroxene and phos­
phates are shown by our data to have a much greater tendency to accept 
trivalent, as opposed to tetravalent ions. This preference defines a potentially 
important fractionation mechanism, and may also apply to other forms of 
fractionation than crystal/liquid (e.g., metamorphic re-equilibration or gas­
solid). The possibility of trivalent U cannot be ruled out at present for 
fO 2 .::; 10-9• For samples with trivalent U, similar partitioning might be expected 
for Pu and U, but both Pu and U would be distinct from Th, which should be 
tetravalent under all conditions . Given the several documented examples of Pu/U 
fractionation in meteorites, significant amounts of trivalent U seem less likely. 

Despite the large difference in D values between Pu and U or Th, it should be 
emphasized that the D(cpx) values for the actinides are all quite low. Unless 
source regions for igneous rocks exist with P 2O 5 >0 .1 %, any reasonable degree of 
partial melting will almost quantitatively concentrate the actinides in the liquid 
phase, and no fractionation will result. In particular, unless future work (e .g., 
with Fe-bearing systems) produces much higher D(cpx) values for U and Th, it 
appears very difficult for these elements not to be quantitatively concentrated 
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near the surface of a differentiating planet. Consequently, our results provide an 
experimental basis for the commonly-made assumption that a planeta ry heat­
flow measurement can be equ a ted to the total U content of a planet (e.g., Keihm 
and Langseth, 1977. for the moon). 

It is unlikely that Pu+3 will show a factor of 10 increase in D(cpx) as was 
observed for U and Th in a phosphate-free, as compared to a phosphate-rich, 
system. However, if a large increase should be observed, then the possibility of 
Pu/U and Pu/Th fractionation during partial melting will have to be reconsid­
ered . A large increase would complicate Pu/Nd chronology. However, by 
analogy with our Th and U results on P20 5 free svstems, some increase in Dru 
(cpx) is expected for natural clinopyroxenes, and we tentatively adopt Dru (cpx) 
~0. 1 in the following discussion. 

Although liquids produced by partial melting of more than ~5 percent would 
be expected to show little actinide fractionation, the residual solid will be very 
depicted in U and Th compared to Pu. In particular, clinopyroxcne cumulates 
should have anomalously high Pu/U ratios. Any direct sampling of a residue 
from near-surface partial melting would yield very fractionated material with 
respect to Pu / U, but relatively unfractionated Th / U and Pu / Nd ratios . For such 
samples reasonably accurate relative D values are needed to calculate the 
fractionated ratios. A liquid produced by remelting of such residues will have 
relatively unfractionated abundances because the remelting tends to cancel the 
fractionations produced by the initial partial melting. 

Many examples of igneous rocks with fractionated Th/U ratios are known 
(including the lunar Apollo 17 high-Ti basalts) in spite of the difficulty indicated 
by our laboratory measurements. This appears to be most readily accomplished 
by the effect of phosphates or, conceivably, by other minerals not included in our 
present studies. Specifically, the model proposed by Laul and Fruchter ( 1976) for 
the origin of the fractionated Th/U ratios in Apollo 17 high-Ti mare basalts by 
partial melting of a residual cumulate from the initial lunar differentiation, 
appears unlikely to us because these authors assumed Du(cpx) > DTh(cpx) 
whereas our experiments ( Fig. 1) show DTh :;: Du for clinopyroxene and, for our 
phosphate-free composition, DTh/ Du ::a: 1.6 for clinopyroxene. 

It is worth emphasizing that partition coefficients depend on bulk composition 
and temperature and that we do not yet have a sufficient data base to evaluate 
the effects of those parameters. This makes development of quantitative models 
premature. Nevertheless, taking our present part ition coefficients as generally 
applicable, the best way to fractionate Pu from U and Th in igneous processes is 
by late-stage near-surface fractional crystallization processes, particularly if 
some phosphate has crystallized. Detailed discussion of models will not be given 
here. But, to consider an arbitrary example, if the last 3% of a magma is lost 
after 30% clinopyroxene, I% phosphate and 66% inert minerals have crystallized, 
the residual solid will have a Pu/U ratio higher than the initial magma by a 
factor of 2.6 . Assuming D(Nd)/D(Pu)=2 (Fig. 2) , the Pu/Nd ratio will be about 
82% of that in the initial magma, and an age calculated from the ratio would be 
low by about 30 m.y . This error would be acceptable in some, but not all, 
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chronologic applications. Further, D(Nd)/D(Pu) may be much closer to unity in 
many systems than our assumed value of 2, and (based on ionic radii. Fig . 2) Pr 
or Ce mJ.y be preferrable to Nd (Boynton, 1977). Regardless of whether we 
adopt D(Th) = D( U) for clinopyroxene, or D(Th) ::::: 1.6 D( U), as suggested by 
our phosphate-free measurement (Table 2), the (Th/U) ratio is increased in the 
residual solid by about a factor of l.5-2. In this example a fractionated (Th/U) 
would be a clue as to the presence of appreciable Pu/U fractionation. Mixing of 
this late-stage liquid with an unfractionated rock could lead to low (Pu/U) and 
low (Th/U) ratios. 

Our actinide partitioning results, coupled with literature D values for rare 
earths, indicate a simple criterion for assessing Pu fractionation. For clinopyrox­
ene a sequence of D values is defined, D(U)~D(Th)<D(Pu)~D(Nd), such that 
Pu is bracketed between Nd and the other actinides. The D(whit) for Gd of 
Green et al. (1971) suggest D(Nd)::::: D(Pu+ 3) for whitlockite so . that this 
"bracketing" relationship may be valid for all important minerals. More work is 
clearly neeaed to test this hypothesis; however, if true, then any sample with solar 
system relative abundances (i.e., unfractionated) of U, Th and Nd can be safely 
assumed to have an unfractionated whole rock Pu abundance, relative to any of 
these elements. Many achondritic meteorites, including Angra dos Reis (Wasser­
burg et al., 1977) appear to satisfy this criterion. In general, rare earth, U and Th 
measurements on the same specimen are needed for a good test. The bracketing 
criterion is, of course, plausible even without our measurements . For example, it 
has been used previously by Grossman and Ganapathy ( 1976). Our contribution 
has been to show that Pu is intermediate in its chemical properties compared to 
U, Th and Nd. The "bracketing theorem., would not be valid if this · 
were not so. 
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LABORATORY PARTITIONING STUDIES TESTING THE VALIDITY OF 244Pu-RARE 
EARTii CHRONOLOGY. T.M. Benjamin, J.H, Jones and D.S. Burnett, Div. of Geol. & 
Planet. Sci.; Calif. Inst. of Tech.; Pasadena, Calif. 91125 

It is well-established that age differences between most meteorites are, at 
best, barely resolvable with traditional geochronological techniques based on 
the decay of long-lived (:i:-109 yr) nuclei. However, relative age measurements 
with much higher time resolution are possible utilizing measurements of the 
decay products of short. lived (<::108 yr) nuclei (1). The nuclei 129 1 and 244 Pu 
are potentially most useful for this purpose because the decay products (Xe 
isotopes) are clearly reco~nized in a wide variety of meteorites. Relative 
ages from both 129 1 and 24 Pu are potentially complementary but may not be in­
ternally consistent at present (2). We are attempting to understand the chemi­
cal fractionations of Pu relative to other actinide and lanthanide elemencs 
because only 244Pu was present in meteorites, and relative ages between two 
meteorites must be calculated by assuming that differences in the ratio of 
244Pu to some other nuclide, e.g. 238u, reflect only the decay of 244Pu and 
not chemical fractionation. Several studies (3,4,5) show that significant 
fractionations of Pu, U and Th can occur; however actinide and lanthanide data 
on mineral separates from the Angra dos Reis achondrite (5,6) and from an Al­
lende coarse-grained white inclusion (7) indicated that the ratio Pu/Nd might 
be relatively invariant. Boynton (8) proposed that the coherence of Pu and 
light rare earths could be explained if Pu were trivalent under meteoritic 
redox conditions. The importance of trivalent Pu and similar partitioning 
properties of Pu and light rare earths are supported by our previous experi­
ment.al studies (4). Our present studies are focussed on a direct comparison 
of Pu and light rare earth (specifically Sm) partitioning on the same synthe­
tic crystal-melt systems. 

A starting composition of 25% Ab-25% An-50% Di (molar), to which about 7ppm 
23 9pu and SOppm 151 sm ( 151 Sm/Total Sm•0.97) were added, has diopsidic clino­
pyroxene as the liquidus phase. A second composition, made by adding 25% 
Ca3(P04)z by weight to the above, has Ca3(P04}z as the li11uidus phase. Pu and 
Sm crystal-liquid partition coefficients (D) can be measured for the same cry­
stal by fission track and 151 sm beta radiography, respectively. Crystals were 
grown at l atmosphere and f0 2•lo-9 or air by slow cooling from initial temper­
atures of (1276, 1330°C) to (1210, 1250°C) for (clinopyroxene, Ca3(P04)7) using 
cooling rates of 1.5-10 deg/hr. Microprobe analyses of the synthesis products 
show ~10% crystallization. Pu radiography is described in (4), Beta radio­
graphy (9) was done by microprobe counting of Ag L-alpha X-rays (10) on nu­
clear emulsions (Ilford KS, 25 micron) exposed to polished sections of our syn­
thesis products (lSkV; 5 nAmp current; semiconductor detector). Although most 
background appears t ·o arise from brehmstrahlung on the organic constituents of 
the emulsion, interpolated manual background corrections (20 to 50%) were made 
for each spectrum to allow for possible Ag brehmstrahlung contributions. A 
small (<5%) correction is made for 239Pu alpha background. For our 30 micron 
spot size and counting times (SO sec), volatilization of the emulsion organic 
constituents is not significant (:::;'1% increase in Ag counting rate). Exposure 
times are chosen to give Ag counting rates in a range (::::-15% Ag metal counting 
rates) where rates and 151 sm content were shown to be proportional. Emulsion 
"fading" during exposure (loss of Ag) was found to be ~6%/day and thus negli­
gible for our total exposure times (~ hr). Multiple extiosures for different 
times on the same slide are used to measure D values differing greatly from l . 
We have occasionally observed "radiationless" developing (i.e. Ag formed by 
chemical or physical mechanisms) which only occurs over regions of the emul­
sion exposed to our samples. Control of the clamping pressure . during exposure 
of the sample to emulsion appears to alleviate this effect, but it is a paten-
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tially serioua source of error. For this reason and also as a test of equili­
brium partitioning (4), we have gone to considerable lengths to demonstrate 
reproducibility of our results and to estimate our ststistical errors indepen­
dent of the scatter in the results. Statistical errors in the Ag X-ray count­
ing rates are not given by the number of observed counts but instead by fluc­
tuations in the number of beta tracks in the area anal vzed by the microprobe 
beam. Based on the measured spread in a large number (42) of anal yses of an 
exposure of a homogeneous 151 sm glass, we expect repeated analyses of a sample 
having a counting rate, R (expressed in r. of Ag metal counting rate ) , with a 
beam spot of diameterl d (in microns), to show a stan,· 1rd deviation (in r.) 
given by 2.2xl04/(R~L). To be acceptable, the scatt ~r in the observed data 
must be compatible with this error estimate. 

Figure l shows a point by point display of our Dsm(cpx) data with horizontal 
rows of points representing independent analyses of a given grain . The data 
represent both different points on a grain from a single exposure and the ana­
lysis of the same roint on different emulsion slides. Results for different 
synthesis runs are also distinguished. The expected standard deviation calcu­
lated from the above equation is shown at the top of the figure and does area­
sonably good job of describing the observed scatter. Consequently our Dsm 
(cpx) data appear quite reproducible ; corresponding to a value of 0 . 35±.02. 
Correction for zoning (4) would increase this to about 0.36. Our Dsm(cpx), at 
trace concentration levels, are slightly higher than 0.26 and 0.32 reported by 
Grutzeck et al. (11) for similar compositions using percent levels of Sm203, 
The differences are in the same sense, but smaller, than the "Henry's Law" de­
viations reported by Mysen (12) for Sm in orthopyroxene. However, our re~ults 
are preliminary. 

The Ag counting rates for Ca3(P04)2 crystals from 3 different synthesis runs 
show standard deviations ranging from 10 to 19%, consistently higher than the 
predicted 9%, although counting rates for co-existing glass were compatible 
with the expected range for only statistical errors. Also, the average values 
for the runs: 7.2±0.5, 9 . 8±1.0 and 6 . 2±0.5 do not agree well. Consequently, 
our Dsm(Ca3(P04)2) are not well determined at present. Nevertheless strong Sm 
partitioning into Ca3(P04) 2 is indicated with a measured D ~±2 which, when 
corrected for zoning (4) will reduce to about 6. This result is somewhat high­
er than the DGd of about 3. 5 measured for a diopside-Ca3(P04)2 com?osition by 
Green et al. (13) using percent levels of GJ20 3. 

In our previous study of actinide partitior.ing (4) we found Dpu(Ca ~(P04)2)• 
j ,4 for f02ml0- 9 and Dpu(Ca 3(P0 4) 2)•0.5 in air, reflectin~ the imp ortance of 
trivalent Pu under m0re reducing conditions. 7he Dpu(Ca 3(P0,) 2) in our rec ent 
samples have not been particularly repr•J<lucil.le, but sho"' values intermediate 
between 0.5 and 4, suggesting that we have not been achieving redox equilibrium 
in our recent runs. This interpretation can be checked in future work, but 
there was no evidence for this effect in the original results. Consequently, 
D~u(Ca3P04)•3.4 should still be a good value for reducing conditi ons. Al­
though possibly also affected by redox equilibration problem~, our best estimatec 
of Dpu(cpx) is 0.15 for f0 2aio-9 and (P,T)~(l at'.11, 1276°0. This is 3 times 
higher than the 0.05 result in (4), reflecting pri~arily the absence of P205 
... ,, uu ~ present pyroxene syn ~hesis runs. A si,:i f lar, but larger ( x!O), reduction 
in D(c px) for U and Th in P2o5-rich melts was observed previously (4). 

Table 1 s=rizes our best estimates of actinide and Sm nurtition coeffl­
cents at f02•lo- 9 base~ on t!,e results of (4) anJ the prese~t study. Possibl e 
tffects of variations in (P,T) between our l atmusphere and 20Kbar experiments 
have been neglected. Using the Dsm/DNd from (11) and assuming Dsm=DNd for 
Ca3(P0,) 2, we infer Dpµ/DNd~0.53 and 0.48 for clinoprroxene and whitlockite 
respectively. although our results suggest Pr or Ce mi gl•t be a be tter refer-
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ence element for 244Pu chronology, in practice, the differences in D values 
we have measured would result in relatively little fractionation for many 
plausible igneous fractionation processes (see (4) for some specific models). 
Thus our present results support the proposed use of 244Pu/Nd for early solar 
system chronology. From Pu/Nd chronology it thus appears, surprisingly, that 
the age differences between the formation of Allende coarse-grained inclusions 
and the highly-evolved igneous cumulate, Angra dos Reis was less than 25 m.y., 
in agreement with model age differences from initial 87Sr/ 86 sr (3,5). 

• • I 
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• . . • 

• •• .. •• 
••• • . . 
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Fig. l. Individual analyses of DsmCcpx) 
show a spread consistent with indepen­
dently calculated error estimates (o• 
0.05, see text, o mean•0.02). 
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Table 1. Best values for actinide-Sm crystal-liquid partition coefficients 

Th u Pu Sm 
D(cpx) 0.03 0.02 0.15 0.36 (25%Ab+25%An+50%Di) • R 
D(cpx) 0.002 0.002 0.05 85%H+l5%Ca3(P04)2 
D(Ca3 (P04) 2) 1.2 0.52 3.4 6 75%11+25%Ca3(P04)2 




