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ABSTRACT 

Pun and Smn have been measured for diopsidic pyroxene and whitlockite 

in the system Di-An-Ab (±. ca3(Po4) 2). Pun was determined by fission 

track radiography and Smn was determined on the same samples by beta 

radiography. The analytical ·difficulties encountered in using photographic 

emulsions to determine beta fluences have been studied in detail. These 

studies have resulted in a technique which should be generally applicable 

to the radiography of low energy beta emitters (Appendix I). 

Pun and Smn for clinopyroxene are 0.17 and 0.31, respectively, at 

about 12S0°C and Smn;Pun = 1.9. The addition of 1.4% P2o5 to the DiAnAb 

system lowers Smo and Pun by factors of 1.5 and 2.0, respectively; this 

PzOs addition raises the Smn;PuD ratio to 2.6. Pun and SmD for whitlockite 

are 3.8 and 6.4, respectively. 

The problem of approach to interfacial equilibrium is discussed in 

detail, and D values of crystals grown using various thermal histories 

are compared. Whitlockite D values appear to be independent of thermal 

history, implying a close approach to equilibrium at the crystal-liquid 

interface. Differences are seen between pyroxene D values for different 

thermal histories, and these variations are compared to the.results of a 

simple kinetic disequilibrium model. The result of this comparison 

suggests that interfacial equilibrium was closely approached and that 

variations in pyroxene D values are mainly due to the temperature 

dependence of partitioning. This appears to be true for both Sm and Pu, 

even though the partitioning of other elements (e.g. Al) may be influenced 

by kinetic disequilibrium. 
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The magnitudes of Smn and Pun and ( ~ 0.3) for clinopyroxene imply 

that Pu and the light REE's are difficult to fractionate during ordinary 

igneous processes. 244pu/238u ratio measurements of meteorites are reviewed 

in light of the results of this study and a 244pu/238u ratio of 0.005 + 

0.002 for the early solar system is favored. This is supportive of the 

244pu/238u ratio calculated by Marti et al.(1977) and suggests that the 

Podosek (1970a) value of 0.015 is invalid. 
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I. INTRODUCTION 

In low-energy (asymmetric) nuclear fission approximately 10% of all 

fission fragments decay to isotopes of xenon (Hyde, 1962). Because of 

this, Rowe and Kuroda (1966) suggested that the excess of heavy xenon 

isotopes in some meteorites was due to the contribution of fission products 

from 244 Pu (t 1; 2 = 82 m.y.). Subsequently, Cantelaube et al. (1967) found 

fossil fission tracks and Wasserburg et al. (1969a) found large concentra

tions of fission-type xenon in the whitlockite (Ca3(P04)2) of the St. 

Severin (116) chondrite. The fission tracks were too numerous and the 

fission Xe concentration was too high to be ascribed to the spontaneous 

fission of 238u. Additionally, the relative abundances of heavy xenon 

isotopes were not in the proportions known for either the spontaneous 

fission of 238u or the neutron-induced fission of 235u--indeed, no mixture 

of these two types of fission-xenon would result in a Xe whose isotopic 

proportions would match that found in the St. Severin phosphate. These 

data suggested that an unknown fissioning isotope was present in some 

meteorites or that such an isotope had once existed but subsequently 

decayed. The confirmation that this unknown nuclide was 244Pu came from 

Alexander et al. (1971) who found that the isotopic proportions of xenon 

in synthetic 244Pu were identical to the fission-xenon in the St. Severin 

phosphate. This confirmation legitimized earlier calculations on the 

time dependence of r-process nucleosynthesis in the galaxy which assumed the 

existence of 244Pu (Hohenberg, 1969; Wasserburg et al., 1969b) and opened 

up the possibility of a 244Pu chronology which could be used to 

assign relative formation times of meteorites. 

Unfortunately, however, these interesting aspects of 244Pu have proven 

difficult to exploit. Both the question of the initial 244Pu abundance in 
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the solar system and the meteorite 244pu chronometer have been plagued by 

the lack of a stable plutonium isotope. The chemical difference between 

isotopes of the same element is small for heavy elements such as plutonium. 

Thus, for an initially isotopically homogeneous solar system, the concen

tration of a radioactive isotope (R) in a rock could be affected by geo

logic processes, but the ratio (R/S) of a radioactive isotope to a stable 

isotope of the same element will only be changed by nuclear processes 

such as radioactive decay. Because Pu has no such stable isotope, meteor

itic 244pu abundances are not sufficient to determine either meteorite 

ages or the average solar system concentration of plutonium. 

Because of this difficulty, various chemical analogues of Pu have 

been proposed. Hohenberg (1969) and Wasserburg et al. (1969b) compared 

moderately detailed nucleosynthetic models to the St. Severin whitlockite 

244pu/238u ratio (0.035) and assumed that Pu and U would not chemically 

fractionate. This assumption was based on the constancy of the Th/U 

ratio of terrestrial rocks and meteorites which implied that Th and U do 

not fractionate in typical non-aqueous geological processes (Wasserburg 

et al., 1964). 

Doubt was placed upon this assumption by two experiments. First, 

Podosek (1970a) found correlations between xenon isotopes in neutron

irradiated samples of the St. Severin chondrite which suggested that the 

whole-rock 244pu/238u ratio (0.015) was different from that measured by 

Wasserburg et al. (1969a) for the whitlockite of the same meteorite 

(0.035)--implying Pu-U fractionation. Secondly, Crozaz (1974) showed 

that the Th/U ratio of the St. Severin whitlockite was 11 and that the 

Th/U ratio of St. Severin apatite (Ca5(P04)3Cl) was 2. These data 

indicated that Th and U could be internally fractionated from the 
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chondritic Th/U ratio of 3.8, thus invalidating the original assumption 

of no Pu-U fractionation. 

The experiments of Benjamin (1979) showed in some detail that U is 

not a good substitute for a stable Pu isotope. The partition coefficients 

(D's) of Pu and U were not found to be equal for any mineral studied. 

Since the crystal/liquid partition coefficient of an element M is defined 

to be: 

~ 
crystal 

concentration of Min crystal, 
concentration of M in liquid 

if Un is not equal to Pun then Pu and U can chemically fractionate. 

Lugmair and Marti (1977) and Wasserburg et al. (1977) suggested a 

solution to this dilemma by presenting data from Angra dos Reis (Ador) 

which implied that Pu and Nd do not fractionate and that neodynium was a 

reasonable pseudo-isotope of Pu. Additionally, Marti et al. (1977) 

found the 244pu/Nd ratio of several meteorites to be constant at about 

l.SXlo-4 (by weight). Pyroxene and whitlockite from Angra dos Reis, melilite 

from a coarse-grained inclusion in Allende, and a whole-rock analysis of 

Juvinas all gave approximately the same Pu/Nd ratio. This constancy of 

Pu/Nd in such a wide variety of materials led Marti et al. (1977) to 

calculate a 244pu/238u ratio for the solar system using the Pu/Nd they 

had measured and the solar system (i.e. chondrite) Nd/U ratio. Their cal-

culated 244pu/238u ratio was .004, a factor of four smaller than that 

measured by Podosek (1970a) in St. Severin. 

Jones and Burnett (1979) investigated the U distribution in St. 

Severin and concluded that 50-70% of the U was sited on grain boundaries 

and that if the Pu were similarly sited, as Podosek's data implied, then 

Podosek's method should give the correct 244pu/238u ratio. Jones and 
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Burnett did observe that the Podosek experiment required accurate knowledge 

of the thermal neutron fluence and that the KI neutron monitor used by 

Podosek could be less reliable than a U standard. But since this type of 

monitor gave acceptable results for Alexander et al. (1972), (see Appendix 

III), they concluded that 0.015 should be accepted as a valid 244pu/238u 

ratio for St. Severin. As a result, the discrepancy between St. Severin 

and the Pu/Nd data still stood. 

This thesis was undertaken as an effort to further test the chemical 

coherence of Pu and the light rare earths. Partition coefficients of Pu 

and Sm between silicate liquid and diopsidic pyroxene and whitlockite 

have been measured at known temperatures, pressures and oxygen fugacities. 

This study provides a data base which can be used to help evaluate the 

hypothesis of Marti et al. (1977). 
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II. EXPERIMENTAL PROCEDURE 

A. Sample Generation 

Four starting compositions were used in this study: Pul4 

(Diopside50 Anorthite25 Albite25, weight proportions), PulS (Pul4+ 25 

wt.% ca3(Po4) 2), Pul6 (Di6oAn20Ab20) and Pu 17 (Pul6 + 3 wt.% Ca3(P04)2). 

All starting compositions were prepared by melting mixtures of 

reagent grade oxides and carbonates (in Pt tubes) after an initial 

sintering and decarbonation step (Benjamin, 1979; Appendix I). The Pul4 

and Pul6 compositions were quenched to glass in liquid nitrogen, ground 

to a fine powder in a Spex ball mill, spiked with aqueous solutions to 

concentrations of ~SOppm 15lsm and ~8ppm 239pu, remelted at ~1400°C (above 

the liquidus) for ~12 hours, requenched to glass and reground. Splits of 

Pul4 and Pu 16 were then diluted with the proper amounts of Ca3(P04)2 to 

make PulS and Pul7. These compositions were then melted in the presence 

of Ni metal (to remove any H20), quenched and reground in the same manner 

as Pul4 and Pul6. Microprobe analyses of glasses indicate a starting 

composition homogeneity of better than 5%. The one exception to this is 

the P205 coµtent of Pul7 which shows a variation of 7%. Based upon 

the reproducibility of microprobe analyses (Champion et al., 1975), any 

variation above the 2% level is considered to be real. Representative 

microprobe analyses and liquidus temperatures of starting compositions 

are given in Table 1. Diopside is the liquidus phase of all compositions 

except PulS, whose liquidus phase is whitlockite. During Pul4 and Pul7 

experiments, the stability field of plagioclase is entered but plagioclase 

does not typically nucleate. In only one experiment was plagioclase 

nucleation observed. More details of starting material preparation and 
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Table 1 

Microprobe Analyses of Quenched Samples of Starting Compositions (wt.%) 

Pu 141 

Na 2o 2.85 + 0.04 4 

MgO 8.76 + 0.35 

Al203 13.65 + 0.66 

Si02 56.63 + 0.51 

eao 18.00 + 0.05 

P205 

Cl 

F 

Total 99.89 + 0.91 

liquidus T 1272 + 3°C 

8 analyses of 3 samples 

13 analyses of 2 samples 

9 analyses of 3 samples 

Pul52 Pul73 

2.11 + o. 06 2.39 + 0.03 

6.70 + 0.20 10.36 + 0.11 

10.50 + 0.29 11.69 + 0.16 

43.27 + 0.58 53.45 + 0.26 

26.80 + 0.47 20.09 + 0.14 

10.53 + 0.40 1.40 + 0.11 

0.0096 + 0.014 

0.058 + 0.078 

99.97 + 0.92 99.38 + 0.37 

1330 + 3°C 1286 + 3° c 

Errors are standard deviations of replicate analyses. 

5 

1 

2 

3 

4 

5 Pul7 P2o5 is slightly more inhomogeneous than other elements %v= 7% 
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microprobe analysis are contained in Appendices I and III of Benjamin 

(1979). 

Spiking methods for the two basic starting compositions (Pul4 and 

Pul6) differed slightly. The plagioclase component of Pul4 was an An50 

plagioclase glass containing 16ppm 239pu which was obtained from Los 

Alamos Scientific Laboratory. This glass was diluted (1:1) with synthetic 

diopside so that the resulting mixture contained 8ppm 239pu. The Pul4 

was then spiked with a SmCl3 solution (obtained from ICN, Inc.) to a con

centration of 50ppm 15lsm. It has been proposed that chlorine affects 

trace element partitioning (Harrison, 1977), and because some Cl remained 

after fusing, a second fusing in an open capsule (pinhole leak) was 

necessary to remove all Cl. Because of the difficulty of removing Cl 

from the system, both the Pu and Sm in Pul6 were added using nitrate 

solutions (obtained from New England Nuclear and ICN, respectively). 

Upon heating (after spiking) the nitrate decomposes to a lanthanide or 

actinide oxide, thereby eliminating the Cl problem. Although nominally 

identical in Pu and Sm, the Pul7 samples contain 1.5-2 times less Pu and 

Sm than Pul4. The reason for such a large discrepancy is unknown, although 

a major portion ("'60%) of the Pul6 material leaked from its container 

during melting following spiking and was rendered unusable. It may be 

that Pu and Sm homogenization was not complete at this point and that the 

"lost" material was ~zx enriched in Pu and Sm over Pul4. 

Individual sample runs (~Smg) consisted of growing crystals from 

melts contained in Pt capsules (Style A, Figure 2 of Benjamin, 1979) or 

in specpure graphite (United Carbon Products) capsules sealed in evacuated 

silica glass tubes. Samples were generated using a programmable Astro 

lOOOA furnace, and temperatures were monitored with a Pt-Pt,Rh (S-type) 
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thermocouple checked against a calibrated thermocouple at the CIW 

Geophysical Laboratory (Benjamin, 1979). The temperatures reported here 

are slightly higher (~10°C) than those of Benjamin (1979) because of better 

calibration of the strip-chart recorder used to monitor furnace temperature. 

To grow large (>~30µ) crystals and to help evaluate our approach to 

equilibrium, several thermal histories were used to nucleate and grow 

crystals: (1) 2-12 hours at ~10°C above the liquidus followed by a slow 

cooling (3-5°C/hr) to 55-65°C below the liquidus; (2) 2 hours at 10°C 

above the liquidus, drop to ~5°C below the liquidus for 12-15 hours 

followed by slow cooling to ~60°C below the liquidus; (3) ~2 hours at 

10°C above the liquidus, drop to ~60°C below the liquidus and hold for 2-14 

days. Schematics of these thermal histories are shown in Figure 1. The 

third method is sometimes complicated by plagioclase nucleation. Typical 

phase compositions are given in Table 2. Percent crystallization was 

determined by comparing the glass and mineral compositions after crys

tallization with the starting composition, using the method of Benjamin 

(1979). 

The oxygen fugacity of the experimental charges was typically con

trolled using a cobalt-cobalt oxide (Co-CoO) buffer. This buffers the 

fo2 at about 10-9 bar at the temperatures of these experiments (Myers and 

Gunter, 1979). When more oxidizing conditions were desired, either the 

Pt capsule was left unsealed (pinhole leak, f02 = 0.2 bar) or a hematite

magnetite buffer (HM) was used (fo2 ~ 10-2 bar; Heubner, 1971). For 

conditions more reducing than Co-Coo, samples were run in a graphite 

crucible inside a sealed and evacuated silica glass tube. The f02 of 

this low-pressure, graphite-containing system is ~10-22 bar. For more 

details on the oxygen fugacity of this system see Appendix II. Sealed, 
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Figure 1 

This figure shows the three thermal histories used to grow pyroxene 

and whitlockite crystals. In method (1) the sample is taken to a tem

perature (Ti) above the liquidus for 1-2 hours and slowly cooled (3-4°C/hr) 

to a temperature (TF) which yields a reasonable amount of crystallization. 

Method (2) is similar to method (1) except that an intermediate step is 

added in which the sample is abruptly lowered to a temperature (Tr) just 

below the liquidus for 10-15 hours in order to nucleate crystals. Method 

(3) is simply an abrupt drop from above the liquidus to the final temper

ature (TF). 
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unbuffered capsules typically yielded a Pun intermediate to those obtained 

with the Co-CoO and air buffers. Over the fo 2 range 0.2 to 10-9 there is 

a significant increase in Pu+3/pu+4 (Benjamin, 1979); consequently it 

appears that variable amounts of trace organic contaminants reduce the 

f02 of the sealed capsules below the f02 of air. 

In order to evaluate the effectiveness of the oxygen buffer, buffers 

of quenched samples are routinely mounted in epoxy and polished for petro

graphic examination. To maintain the f02 in equilibrium with Co-CoO 

requires the survival of both phases. For example, a leak in the Pt 

capsule will allow oxygen to enter the system and completely oxidize the 

Co metal. None of the samples used in this study show evidence of capsule 

leakage. However, in two long runs (15B-11Co and 15B-12Co) no Co metal was 

found; instead, all Co appears to have alloyed with Pt. At the temperatures 

of these experiments Co and Pt show complete solid solution, and during 

long runs Co from the buffer will alloy with the Pt container. Microprobe 

analysis of the Pt alloy associated with the Coo of 15B-12Co showed 

20 mole % Co in the Pt. This solid solution with an accompanying reduction 

in the activity of Co will increase the f02 of the system but the exact 

amount is not known. Fission track maps of 15B-11Co and -12Co showed 

very little contrast in track densities between crystal and glass, indi

cating that the Pu+4/Pu+3 ratio was sufficiently high to lower Punwhit" 

Consequently, Punwhit results for the longer method (2) thermal histories 

were not possible. 

Another complication in the buffering procedure is that the Co-Coo 

buffers of three runs (14A-11Co, 14A-13Co, and 14A-14Co) were accidentally 

wrapped in a nichrome foil instead of Pt or Pt95Au5. An X-ray spectrum of 

the foil showed that it contained Ni, Cr, Fe and Co. The abundances of 
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these elements in the foil are approximately in the order given. The 

main effect of this accident will be a tendency for the fOz to be below 

that of the Co-CoO buffer. Ni will remain in the reduced state but both 

Fe and Cr will oxidize and reduce Coo to Co. If all Coo was reduced, then 

the f02 for these samples is undetermined but was between the f02 of Co

CoO (~l0-9bar) and Cr-Cr 2o3 [~SxlO -lSbar (Robie et al., 1978)]. Because 

of the fragile condition of the buffer, epoxy encapsulation and polishing 

was not possible and the presence of CoO was not determined; SEM X-ray 

spectra showed that Crz03 was definitely present. This accident should not 

affect the results of these runs unless significant Pu+4 still exists at 

lo-9bar. Preliminary results from graphite capsule experiments indicate 

that very little Pu+4 still exists at fo 2 = 10-9 bar. 

A compilation of the thermal histories, percents of crystallization 

and oxygen buffers for all runs used in this study is given in Table 3. 

Nearly all Pul4 samples contain ~20% crystals. Exceptions are 14A-4D 

which crystallized plagioclase and 14A-11Co, -14A, -3D which simply con

tain more diopsidic pyroxene. The reason for increased crystallization 

in some samples is uncertain, since final temperatures (Tp) for these 

samples are similar to other samples with less crystallization. No 

evidence for quench crystals is observed. One possible explanation is 

that the amount of crystallization during fractional crystallization is 

different from that when equilibrium is maintained. Samples such as 

14A-11Co, -3D, which were rapidly cooled, may have nucleated and grown 

pyroxenes at lower temperatures than the average sample. If pyroxene 

nucleation occurred near the final temperature (Tp), the amount of 

crystallization may more closely approximate that of equilibrium 

crystallization rather than fractional crystallization. 
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B. Determination of Pu and Sm Partition Coefficients 

Partition coefficients are determined by measuring the ratio (crystal/ 

glass) of nuclear particle track densities produced by the element of in-

terest in some suitable detector. A fragment of glass, containing crys-

tals is mounted in epoxy and polished until crystals are exposed and the 

glass surface is flat and unpitted. In the case of Pu, a sheet of mica, 

which is used as a fission track detector, is placed on the sample and 

the mica and sample are irradiated with thermal neutrons in a nuclear 

reactor, fissioning the 239pu. Fission fragments from the top 10 microns 

of the sample recoil into the mica and produce trails of lattice damage 

(tracks) which can be chemically etched to be optically visible (Fleischer 

et al., 1975). These tracks can then be counted using either an optical 

or scanning electron microscope. The measured partition coefficient (Dm) 

is then, 

Dm= 
(tracks/cm2) crystal • 
(tracks/cm2) glass 

Corrections for differences in particle range (Section C, this chapter) 

and amounts of crystallization transform Dm into the "true" partition 

coefficient, D (Benjamin, 1979). In this study the Pu fission tracks 

were counted, from SEM photographs of the detector mica. Reactor irradi-

ations and mica etching followed Benjamin (1979). 

The Sm partition coefficients are measured using the same principle 

but a different technique (Mysen and Seitz, 1975; Benjamin et al., 1977; 

Holloway and Drake, 1977). Here the detected particle is a beta and the 

detector is photographic emulsion. A polished section of the 15lsm-

bearing sample is placed on a "nuclear emulsion" (Ilford, Ltd.; K5; 

25µ) which is sensitive to beta particles. A SOOg weight is placed on 

the sample to ensure good contact. The betas expose the photographic 
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plate which can then be developed. A typical exposure is shown in Figure 

2. The amount of reduced Ag in the photographic image is approximately 

proportional to the amount of 15lsm in the sample. In this case, therefore, 

SmDm = (concentration Ag) crystal 
(concentration Ag) glass 

The Ag content of the Sm image is measured by counting the Ag L X-rays 

generated by the electron bean of an SEM. A detailed description of this 

technique is given in Appendix I. The area scanned was typically (23µ)2 

for pyroxenes and (16µ)2 for whitlockites. For data reported here, emul-

sions were typically developed for five minutes in Ilford D-19. Temper-

ature was rather constant (typically 20-23°C). Figure 3 shows the changes 

in %Ag with development time. Percent Ag vs. development time is emulsion-

batch dependent and for this reason, the development time given above is 

shorter than those in Appendix I. Typical samples are exposed to give 

20-25% the count rate of Ag metal. Errors for individual analyses are 

based on statistical fluctuations in the beta fluence as determined by 

replicate analyses of a plate of the same emulsion batch exposed by a 

homogeneous 15lsm source to also give 20-25% the Ag metal count rate. 

More details of the procedure used to estimate the counting statistics 

standard deviation are given in Appendix I, but the data there are for a 

different emulsion batch. The precision (cr = 3-5%) of replicate analyses 

obtained in these exposures also sets an upper limit on the amount of 

variability in nuclear emulsion sensitivity from point to point on a 

given plate. The typical precision of replicate (five) glass analyses of 

crystallized samples (cr~5%) agrees with that obtained from of a homo-

geneous source. 

Partition coefficients of Sm were typically determined using two 
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Figure 2 

This figure shows reflected light photo of a polished Pul7 sample 

(A) with one large pyroxene crystal (bottom) and two small crystals (top). 

The pyroxenes have the highest reflectivity, the glass is darker and the 

scratched area is epoxy. Immediately below is a beta map (B) of the 

sample. The beta map is a mirror image of the sample. The dark areas 

(glass) of the beta map indicate high 15lsm concentrations. The lighter 

areas (crystals) indicate less 15lsm. Sample size is - lmm diameter. 
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Figure 3 

This figure shows the change in Ag counting rate with developing 

time for Ilford KS; 25µ emulsions. The emulsions of this study were 

typically developed for 5 minutes in Ilford D-19 developer. The scatter 

in the Ag counting rates, relative to any smooth trend, primarily reflects 

plate-to-plate variability in the Ag counting rate for constant exposure 

and development conditions. The data shown here come from a different 

emulsion batch than was used for most partition coefficient determinations. 
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exposures (one for crystal and one for glass). Exposure times were 

adjusted so that the crystal of one exposure gives approximately the 

same Ag count as the glass of the second exposure. In this case, 

Sm (concentration Ag) crystal 
D= (exposure time) crystal I 

(concentration Ag) glass 
(exposure time) glass 

If the two exposures are timed such that the concentrations of Ag in the 

crystal and glass exposures are equal, then 

Sm (exposure time) glass 
D= (exposure time) crystal 

A comparison of one-exposure and two-exposure Smn's typically give good 

agreement and differences are not systematic (see Table 4), suggesting 

that the nonlinearities in emulsion response described in Appendix I are 

usually not significant. Using the maximum observed low %Ag nonlinearity 

(Appendix I), one-exposure D's could be low by up to 40%, but the results 

from the two exposure technique should be correct. Typical exposure 

times are 5 hrs-crystal and 2 hrs-glass (diopside) and 45 min-crystal 

and 6 hrs-glass (whitlockite). Using the two exposure technique with 

equal (- 20% Ag metal) Ag counting rates for both crystals and glass, 

the expected counting statistics standard deviation for a D value based 

on a single crystal measurement and five glass analyses with a 5% stan-

<lard deviation for each analysis is 6%. Comparison of D values from 

exposures of the same sample on two different emulsion plates is compli-

cated because the same crystals show complex zoning (discussed in detail 

in results section) and because there may be small differences (+ 20 

microns) in the locations analyzed in the two plates. Nevertheless, as 

shown in Table 5, reasonable agreement is obtained in such comparisons. 

All D values in Table 5 are from the two exposure method. For variations 
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due entirely to counting statistics the average difference in two measure

ments should be l.2cr , whereas l.4cr is observed for the average of eight 

pairs of measurements. However, individual differences of 3cr are observed, 

and the possibility cannot be ruled out that the overall analytical error 

in Smn is underestimated by a factor of ~ 1.5. 
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Table 4 

Comparison of Smn's Using One and Two Exposures 

Sample 

14A-13Co 

CPXl-B 

1-E 

CPXl-A 

CPX2-A 

2-B 

14A-14Co 

CPXl-A 

1-B 

One Exposure 

0.336 + 0.043 

0.346 + 0.044 

0.304 + 0.039 

0.300 + 0.038 

0.339 + 0.043 

0.278 + 0.035 

0.273 + 0.035 

Two Exposure 

0.270 + 0.019 

0.309 + 0.022 

0.309 + 0.022 

0.268 + 0.019 

0.343 + 0.024 

0.259 + 0.018 

0.298 + 0.021 
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Table 5 

Comparison of Sm Analyses from Different Emulsions 

Smncpx 

ti* 
Sample Emulsion 1fl Emulsion 112 cr 

14A-14Co 

CPXl-A 0.259 + 0.019 0.322 + 0.024 2.63 

CPXl-B 0.298 + 0.022 0.287 + 0.021 0.52 

CPX2-B 0.382 + 0.029 0.378 + 0.028 0.14 

CPX3 0.292 + 0.022 0.382 + 0.029 3.10 

14A-2HM 

CPXl-B 0.403 + 0.030 0.370 + 0.028 1.14 

CPX2-A 0.293 + 0.022 0.360 + 0.027 2.48 

CPX2-B 0.311 + 0.023 0.331 + 0.025 0.8 

CPX3 0.487 + 0.037 0.462 + 0.035 o. 71 

* ti / Smn/11 - Smnll2 I ; cr counting statistics standard deviation 

ti 
Average cr 1.4 
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C. Spatial Resolution and Particle Ranges 

The spatial resolution of these two particle mapping techniques is 

reasonably good. The "average" fission fragment range is about 3.5 mg/cm2 

(Northcliffe and Schilling, 1970) for an assumed total kinetic energy of 

200Mev. In typical silicates this corresponds to a range (and resolution) 

of about ten microns. 

The range-energy relations for beta particles are not so straight-

forward. Betas have a definite maximum range (Rmax), but their attenu-

ation in a thick absorber is approximately exponential so that, unlike 

fission fragments, few betas actually penetrate as far as their maximum 

energy would indicate. The mean range (R) of a monoenergetic electron is 

given by: 

R = 0.412En ; n = 1.265 - 0.0954 ln E (0.01 < E < 3Mev). 

(Katz and Penfold, 1952). Hence, for E = 0.076 Mev (Emax, 15lsm), an 

R - 8.39 mg/cm2 is calculated. -max - However, since betas have a broad 

energy spectrum a more useful quantity is d 1/2, the absorber thick-

ness necessary to stop 50% of the betas. In a typical silicate mineral, 

this corresponds to about eight microns (Evans, 1955). More details on 

the spatial resolution expected from 15lsm betas are given in Appendix 

IV. In general only crystals >~ 30µ are considered usable. The 

smallest crystal on which data are reported is a 22µ wide whitlockite. 

No dependence of Smn upon crystal size has been observed. This is 

shown in Figure 4 for whitlockite. It is also true for clinopyroxene. 

Range corrections for fission fragments are made using the method of 

Benjamin (1979). This range correction is only applied to whitlockites 

since the pyroxene correction is very small (~ 1%). In the absence of 

detailed electron ranges for absorbers of different atomic number, the 
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Figure 4 

This figure shows a plot of Smn vs. crystal width (smallest dimen

sion) for Pul5 whitlockites. One crystal is only 22 microns wide, but 

most crystals are > 30 microns wide. No obvious correlation of Smn 

with crystal size is observed. 
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semi-empirical calculations of Nelms (1956) were used to estimate differ

ences in 15lsm S ranges between minerals and glasses. Since calculated 

range differences for crystal-glass pairs were always ~ 1%, no range 

corrections are made on the Sm data. 
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D. Nucleation 

Although not considered to be a problem in the DiAnAb system (see, 

for example, Lindstrom and Weill, 1978), there have been difficulties at 

various times during this study in nucleating diopside. Some difficulties 

have been encountered with whitlockite as well. Three samples closely 

approximating the Pul4 (cpx) composition (one Pul3 and two Smut 32's from 

the study of Benjamin, 1979) were held 20°C above the liquidus for 20-24 

hrs. before slow cooling was initiated to grow pyroxenes. These three 

samples were supercooled -45°C below the liquidus without pyroxene 

nucleation. The only experimental difference between these samples and 

those with crystals appeared to be time above liquidus. In addition, two 

Pul5 (whit) samples were held -17-20°C above the liquidus for 40-50 hours 

before slow cooling. The crystals from these runs were dendritic in 

texture, implying that there was a large amount of supercooling before 

nucleation followed by very rapid crystal growth. Infrared spectroscopic 

analysis of one of the Smut 32 samples showed negligible (-0.005%) water 

to lower the liquidus. Nucleation can be aided by reducing the super

liquidus temperature of the samples. One Smut 32 experiment grew pyro

xenes after 24 hours at 8-10°C above the liquidus and one Pul5 grew non

dendritic whitlockites after 40 hours at -10°C above the liquidus. Both 

of these experiments used a method (1) thermal history (Figure 1). 

Nucleation was also a problem in graphite capsule experiments (see 

also Appendix II). In this case, however, only 2 hours at -25°C above 

the liquidus was sufficient to inhibit nucleation in two experiments, 

even at temperatures 70°C subliquidus. During this study, nucleation in 

graphite capsules has only been accomplished through "seeding" - either 

with Pt95An5 foil or with a diopside crystal; in 40% (2 of 5) of the Pt-
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seeded experiments even this was not sufficient for nucleation. 

Cooling method (2) was designed to insure that severe undercooling 

was not a problem in the normal (Pt container) experiments. It was found 

that 12-15 hours at -5°C below the liquidus was sufficient to nucleate 

diopside in 3 out of 3 attempts for both Pul4 and Pul7 compositions. A 

single experiment with the PulS composition showed that this method was 

also adequate to nucleate whitlockite. Once diopside or whitlockite has 

been nucleated, larger crystals can be grown by slow cooling. 

The observation that a Pt seed is often sufficient for nucleation in 

the graphite capsule experiments indicates heterogeneous nucleation. In 

the graphite-Pt-seed runs that did nucleate diopside, all crystals appear 

to originate at the Pt-silicate liquid interface. Under highly reducing 

conditions the Pt at this interface is actually a molten Pt-Si alloy 

(see Appendix II). Thus, the relationship of Pt to the nucleation of 

diopside in the higher f02 experiments (where Pt exists as solid Pt metal) 

is unclear. 

Prior to the graphite experiments, the possibility was considered 

that destruction of homogeneous nucleation sites and/or rearrangements of 

the silicate liquid structure were responsible for the inability to grow 

diopside. The correlation of no nucleation with time above the liquidus 

supported this view. In an effort to check this, IR absorbtion spectra 

of several samples were taken to see if changes (in shape, intensity or 

position) of the 1000 cm-1 silicate band were correlated with thermal 

history. These experiments were inconclusive since the shape and inten

sity of the 1000 cm-1 feature are extremely dependent upon the particle 

size of the silicate glass. Repetitive grindings in a SiC mortar and 

pestle continued to produce changes in both peak shape and intensity 
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without ever, apparently, coming to steady state. 
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III. EXPERIMENTAL RESULTS 

A. Interfacial Equilibrium 

Because of the sluggish nature of intracrystalline diffusion (e.g. 

see McCallister et al., 1979), diffusive crystal-liquid equilibrium is 

not possible during the time scale of the experiments reported here 

(~ 1 day). The assumption behind the experiments of this study is that 

equilibrium will always be closely approached at the crystal-liquid 

interface, with no diffusive equilibrium within the crystal (i.e. fractional 

crystallization). Crystals grown by pure fractional crystallization will 

have compositional gradients that are predictable. The change in the 

chemical composition of the liquid from which the crystals grew is also 

predictable. In the case where Mnxl<l the concentration of trace element 

M in the first crystal is less than the concentration of M in the melt. 

Additional crystallization will further concentrate M in the melt and 

more M will enter into the crystal (at the interface, Mcxl = Mcliq). 

Thus, crystals will be zoned with the concentration of M increasing from 

core to rim. Conversely, if Mnxl)l, M will be concentrated in the crystal, 

depleting the melt and causing the concentration of M in crystals to 

decrease from core to rim. The equations describing the concentration of 

elements in crystals and melt during fractional crystallization are given 

by Albarede and Bottinga (1972). 

In order to attain interf acial equilibrium, homogenization of the 

liquid (by diffusion and convection) must be rapid with respect to crystal 

growth. If crystal growth is too rapid, incompatible elements (MDxl(l) 

will be concentrated at the crystal-liquid interface and compatible 

elements (MD>l) will become depleted. In this situation a boundary layer, 
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depleted in compatibles and enriched in incompatibles, will form around 

the crystal and measured partition coefficients for such a crystal will 

be artificially high for incompatible elements and artificially low for 

compatible elements. During extremely rapid growth irregularities on 

the crystal surface which are closer to the outer edge of the boundary 

layer will grow preferentially and the crystal will become dendritic. 

The only sample used in this study which contained dendritic crystals was 

14A-11Co which was cooled at a rate of 750°C/hr. 

The assumptions of interfacial equilibrium and fractional crystall

ization have support from the study of Benjamin (1979). Benjamin showed 

that the variability of Pu and minor element (Na, Al) D values for pyro

xenes grown at 20kbar was adequately explained by fractional crystalli

zation. Because of complications in the experiments reported here, the 

assumption of interfacial equilibrium will be discussed further during 

presentation of the experimental results. 

One means of documenting approach to equilibrium is through reversal 

experiments. To reverse the experiments of this thesis would require 

that a crystal, spiked with Pu and Sm above equilibrium concentrations, 

equilibrate with a melt at a subliquidus temperature. McKay (1977) suc

cessfully reversed the partitioning of Sr and Ce between plagioclase and 

liquid in 580 hours. Drake (1972), however, was not able to completely 

equilibrate Ca in plagioclase, even after 800 hours. Lindstrom and Weill 

(1978) attempted to reverse Ni partitioning into diopside. Lindstrom and 

Weill found "equilibrated" rims on their pyroxenes whose thickness did 

not increase with time (run duration up to 11 days), apparently ruling 

out diffusive equilibration. They interpreted these rims as equilibration 

by dissolution and reprecipitation of unequilibrated crystals. 
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Samples which are raised to a subliquidus temperature but never 

totally molten can be identified by the presence of a large number of 

small (~ 10µ) crystals. The results of Lindstrom and Weill (1978) sug

gested that a reversal experiment could be performed if small crystals 

highly concentrated in Sm would dissolve and reprecipitate on 

larger crystals, minimizing the surface free energy of the system. The 

reprecipitated rims should be a nearly ideal test of equilibrium since 

their growth rate should be very slow (i.e. the dissolution rate of the 

smaller crystals). Consequently, 14A-5D was raised to a temperature of 

1229°C and held for two weeks. Unfortunately, even after two weeks no 

obvious increase in crystal size occurred. The largest pyroxene crystal 

was about 15µ -too small for either Pu or Sm analysis. Thus, equilibria 

in the experiments discussed here have not been confirmed by reversals. 
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B. Pyroxenes 

1. Samarium and Aluminum 

The measured Sm partition coefficients for Pul4 diopside pyroxenes 

are shown in Figure 5. As shown by Table 3, the samples in Figure 5 

have similar final temperatures (Tf) and D's should be comparable. 

Error bars have been assigned based on the statistical fluctuations in 

the beta fluence (see preceding chapter and Appendix I). All Pul4 Sm 

analyses were made using two exposures (one for glass and one for crystal) 

on the same emulsion so that the Ag counting rates (~ 20% Ag metal) 

from glass and crystal would be comparable. The mean Smnm from all 

cooling methods [(l), (2), and (3) - see preceding chapter] is 0.347 + 

0.009 (error of mean). The variation in the data is 2-3 times that 

expected from the analytical uncertainty of the Sm measurements, if only 

statistical errors governed the spread. The mean of the method (2) Sm 

analyses is about 8% lower than the method (1) mean and 24% lower than the 

mean of the method (3) sample. The 0.462 datum has been excluded from 

the method (1) average since it lies 18cr from the mean. Because dis

equilibrium crystal growth will result in larger Smn 1 s (see Section A, 

this chapter) and because nucleation problems should be better controlled 

using method (2) (see preceding chapter), the discussion will first focus 

on the method (2) samples. 

There is a..± 20% spread in the method (2) Sm data which is not 

entirely due to analytical imprecision. Figure 6 shows that pyroxenes 

with larger Smn also tend to have larger Aln. Some scatter is introduced 

because the crystals are zoned (see Figure 7) and because the quality of 

the optical microscope of the microprobe makes it difficult to obtain a 

microprobe analysis on the same spot analyzed for Sm. This positional 
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Figure 5 

This figure shows a breakdown of the Pul4 Sm data by sample and by 

crystal. Analyses labeled A, B, C, etc. refer to different areas on the 

same crystal. Samples generated by cooling methods (1), (2), and (3) 

are distinguished and the mean Smncpx for each method is given (associated 

error is error of mean). Error bars are assigned based on the repro

ducibility of analyses of a homogeneous 15lsm glass which was exposed to 

give the same Ag counting rate as the samples shown here. The precision 

of each analysis is + 6%. Sample Pul4A-8A was not slow cooled but only 

held below the liquidus long enough to nucleate crystals. These crystals 

are small (~ 40µ)and the Smn values reported are probably upper limits. 

Sample 14A-14A is included with method (1) runs because the time at Tr 

(- 2 hrs.) was found to be insufficient for nucleation. Bracketed 

analyses of 14A-13Co, -14Co are replicate analyses of the same emulsion, 

taken on different days. The mean for the method (1) samples does not 

include the 14A-2HM-CPX-3A analysis (see text). 
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Figure 6 

This figure shows point-by-point Smnm vs. Alnm data for the method 

(2) Pul4 pyroxenes. Box symbols are for 14A-14Co pyroxenes; others are 

14A-13Co. Sm error bars (6%) are the same as Figure 5; Al error bars 

(~ 1%) are assigned from microprobe counting statistics. Because of 

zoning, positional uncertainties are probably larger than the uncertainty 

due to counting statistics (see text). Typical positional errors in Aln 

are estimated at 2-5%. Although there is some scatter, the crystals 

with larger Smnm 1 s tend to have larger Alnm•s as well. The line 

shows the range in D values expected during 20% fractional crystallization 

(Aln = 0.18 and Smn = 0.35). 
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uncertainty is estimated to be worth 2-5% for Alu, which is larger 

than the microprobe counting statistics error (~ 1%). An extreme case 

of positional uncertainty is the set of two analyses marked by an arrow. 

Two other Al analyses in the same general area yield Alu of 0.147 and 

0.170. Only one other analysis (box symbol in upper left of Figure 6) 

deviates greatly from a correlation trend of Smnm and Alnm. A second 

Smu analysis of this pyroxene on the same emulsion (plotted directly 

beneath the discrepant point) yielded a much lower Smnm, in agreement 

with the correlation. 14A-5HM, another two-stage sample, was not included, 

since the oxygen fugacity of the hematite-magnetite buffer differs from 

the reducing conditions of meteorite formation. 

Presumably the same factors which cause Alu to increase also affect 

Smu. One possible cause for changes in Dm's is fractional crystallization. 

Given the amount of crystallization and assuming that Smu and Alu are 

known, the amount of change in Dm's during fractional crystallization may 

be calculated (Albarede and Bottinga, 1972). 'Ille bar in Figure 6 was 

calculated assuming Smu = 0.35 and Alu = 0.18 (~ the largest values from 

Figure 6; during fractional crystallization, the last crystals to grow 

have the highest U) and shows the maximum amount of change in Dm's after 

20% fractional crystallization. 'Ille range in Dm's is larger than can be 

accounted for by fractional crystallization, although the extreme values 

still presumably correspond to the first and last formed crystals. 'Ille 

inadequacy of fractional crystallization in explaining Al zonation is 

shown in more detail by Figure 7, which compares the Al profile of a 

pyroxene grain with a calculated profile assuming fractional crystalli

zation and Alu= 0.19 (the largest value from Figure 6). 'Ille measured 

Al profile is steeper than the model would predict. A similar Al profile 



41 

Figure 7 

This figure shows part of a microprobe Al traverse across cpx-1 of 

14A-13Co. The Al data are contrasted to the calculated profile produced 

by Aln = 0.19 during 20% fractional crystallization. Error bars are based 

on the microprobe counting statistics. Microprobe beam size was ~ 2 

microns. The poor fit of the calculated curve to the data indicates 

either an increase in Aln with decreasing temperature or a departure from 

equilibrium. The interior points of the traverse are equivalent to ~ 2 

wt.% Al2o3 • 
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was also seen by Benjamin (1979) for 20kbar pyroxenes. The calculated 

profile in Figure 7 would not be noticeably changed if AlD were assumed 

to be either 0.30 or 0.10 rather than 0.19. Sm zoning is more difficult 

to document (two typical Sm analyses would cover the traverse in Figure 7), 

but SmD and AlD appear to be correlated (Figure 6) and, in general, pyro

xene cores yield lower SmDm than do rims. The discrepancy between the 

observed and calculated Al profiles in Figure 7 indicates either a depar

ture from equilibrium or an increase in AlD with decreasing temperature. 

Because of the importance and the difficulty of documenting the approach 

to equilibrium, the possibility of disequilibrium will be discussed in 

more detail. 

The simplest means of generating a correlation between SmDm and AlDm 

by a disequilibrium process is rapid crystal growth. If a crystal grows 

faster than elements in the melt can diffuse, a boundary layer enriched 

in incompatible elements is produced. Since the concentration of an 

element in a crystal is proportional to the concentration of that element 

in the liquid from which that crystal grew, abnormally high D's can be 

produced in this manner (Albarede and Bottinga, 1972). 

Tests of the,importance of this type of kinetic disequilibrium are 

(1) to grow crystals at different cooling rates and (2) to search for 

compositional gradients in the liquid from which the crystal grew. Benjamin 

(1979), using the same cooling rates as this study (~ 3°C/hr.), was unable 

to observe gradients in the Pu concentration of his lbar glasses; nor was 

he able to observe differences in the D's of phosphates grown at < 20°C/hr. 

In growing pyroxenes at 20kbar, cooling rates of 70°C/hr. were necessary 

to produce ~ 50% effects in elements (U and Th) with D's as low as 0.002 

(Benjamin, 1979). This cooling rate is~ 20X more rapid than the 
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experiments of this study. Although these results are not applicable 

to Sm per se, the lower D's and larger atomic weights (possibly indicating 

slower diffusion relative to Sm) of these elements would be expected a 

priori to accentuate the effects of kinetic disequilibrium. 

As an additional check, Pu 14A-13Co (a method (2) sample) was quenched 

immediately after termination of cooling (within 5 minutes) and compos

itional gradients in Al were searched for near a crystal-glass interface 

using the electron microprobe. Although not as direct as searching for 

Pu or Sm gradients, the Al data have the advantage of better spatial 

resolution(~ 2µ). 

Figures 8, 9, and 10 show the results of two Al traverses across 

cpx-1 of 14A-13Co, which appears to be a composite of ~4 individual pyroxene 

crystals. One side of the crystal (AA') shows essentially no Al gradient 

within 10µ of the crystal, but the opposite side (BB') shows a definite 

gradient with Al concentration increasing as the crystal is approached. 

'Th.is boundary layer is at least 10µ wide and indicates that crystal 

growth was rapid compared to the diffusion of Al in the melt. Even on 

the "no gradient" side the Al concentration of the glass is variable and 

may represent an "old" boundary layer that has not completely remixed 

with the main mass of melt. Quantitative microprobe analyses (30µ 

spot) of the 14A-13Co glass show variable Al203 with a range from 15.0 

to 18.4% Al203. 'Th.is is not seen in samples which set at the final tem

perature for times on the order of hours before quenching. Consequently, 

it appears that liquid Al compositional inhomogeneities are removed on 

an hour time scale at 1200°C. Within the crystal the Al traverses are 

complex and the "gradient" side shows evidence of oscillatory zoning. 

Whether this is further evidence of rapid crystal growth or normally 
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Figure 8 

This figure shows cpx-1 of 14A-13Co, a composite crystal composed of 

several (~ 4) pyroxenes. The line AB designates the Al traverse of Figure 

9. The line A'B' is the Al traverse of Figure 10. 
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Figure 9 

This figure shows Al analyses from microprobe traverse #l(A-B) across 

cpx-1 of 14A-13Co. Representative error bars are shown on two points. 

High Al points within crystal are small glass inclusions. 'Ihe glass near 

point B is ~ 14% enriched in Al over the point a class and decreases with 

distance from the crystal. 'Ihis indicates that the B side crystal growth 

was rapid compared to Al diffusion in the melt. Note change of scale on 

vertical axis. 



x 
a. 
u 

0 ~ 
u OJ 
t<) (f) 

L 
OJ 
> 

<! 0 
~ ~ 
- J-

ro 
d 

.. " 
•" e 

e e e • 

<.O ¢ N . 
0 

. 
0 d 

48 

¢ 
0 . 
0 

I : .. . . .. .. . 
.. .. 

·= •z8 

ft') 

0 
d 

•• .. 
. . ... . . . . . 

a•• . : 
*• 
I· .. 

··a· 
••• z 

I .. .. . 
•••• 
I 

• .. . 
·i 

. . ... ... 

.. .. 

.. 

. .. .. 

8 • .. • s 

~~·· I~ 
·1 . . 

I .. • 

••• 

N 
0 
d 

0 
d 

11-'1CJ1-N3JNOJ 1'1 3/\1.l \113CJ 

CD 

0 
0 (.[) 
ft') z 

0 
0::: 
u 
~ 

0 
z 

0 w N u z 
~ 
(.[) 

0 
0 
0 



49 

Figure 10 

This figure shows a second Al traverse (A'B') across cpx-1 of 

14A-13Co. Oscillatory zoning is pronounced and a steep Al gradient in 

the glass is observed at B'. Note change of scale on the vertical axis. 
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zoned crystals which have grown together is uncertain. The important 

conclusion from the 14A-13Co Al profiles is that even early nucleation 

of crystals is not sufficient to prevent supercooling and rapid crystal 

growth in this system. 

It is not clear to what extent Sm partitioning has been affected by 

the rapid crystal growth demonstrated by the Al results of 14A-13Co. With 

10µ spatial resolution, a 10µ boundary layer enriched in Sm by 10% would 

be difficult to detect considering the precision of a typical analysis 

(+ 5%). However, a set of six Sm glass analyses taken in approximately 

the same locations as the variable (15.0 - 18.4%) quantitative Al analyses 

do not show the same variability. Beam sizes for the Sm and Al analyses 

were similar (20-30µ). The glass areas showing high Alz03 gave average 

or below average Sm concentrations. The standard deviation of the six 

Sm analyses was.±: 5% (the same as expected from counting statistics) -

and better than the standard deviation of the Al analyses (.±: 8%). This 

suggests that Sm diffusion may have been rapid enough to keep pace with 

crystal growth while Al diffusion was not. As discussed previously for 

Figure 6, this suggestion is compromised by the inability to take Sm and 

Al analyses on exactly the same spot. Additionally, a significant amount 

of Sm variability could exist within the precision of the analyses (.±: 5%). 

2. Na-Al Correlations 

A different argument against kinetic control of Smn in diopside 

comes from the Na partitioning data. If one assumes that the highest 

Aln 1 s and Smn 1 s in Figure 6 are the result of rapid crystal growth, then 

the boundary layers must have been enriched in Al, Sm, and Na and depleted 

in Ca and Mg. If Na substitution is primarily as jadeite, then Na should 
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be important in maintaining charge balance during Al substitution and the 

Na concentration should proportionally increase with Sm and Al. Figure 

11 shows a plot of NaD vs. AlD for method (2) (two stage) pyroxenes. 

NaD/AlD is not constant and decreases with increasing AlD, the opposite 

of what would be expected during kinetic disequilibrium, if Na and Al 

diffuse at similar rates in the liquid. Figure 12 shows that the crystals 

with the highest Al content have a smaller percentage of the Al in the 

form of jadeite (NaAlSi206)• In other words, as the pyroxene Al content 

increases, the Na/Al ratio decreases. The trend in Figure 12 is not 

easily understood in terms of kinetic disequilibrium and argues that the 

observed variations in D's do not simply reflect the influence of boundary 

layers. Searching for Na boundary layers faces the same difficulty as Sm 

in that large beam sizes (20-30µ) are necessary (to avoid Na volitilization) 

and result in poor spatial resolution. The validity of this argument for 

equilibrium is questionable if Na diffusion is much more rapid than Al. 

Although relative diffusion coefficients for Na and Al are not well known, 

recent data by Powell et al. (1980) suggest that Na diffuses at about 

half the rate of Al in basaltic melts. The variations in Na and Al 

partitioning presented in Figures 11 and 12 are therefore best interpreted 

as primarily due to differences in temperature of nucleation and/or growth 

of the analyzed pyroxenes. However, the Al profiles of Figures 9 and 10 

show that some contribution from kinetic effects must still be present. 

A decrease in Aln with increasing temperature can be inferred from the 

one bar data of Hyt~nen and Yoder (1961) who observed an increase in 

the solubility of Ca-tschermakite (CaAlzSi06) in diopside with decreasing 

temperature in the system diopside-Ca-tschermakite. Additionally, Benjamin 
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Figure 11 

This figure shows a plot of NaDm vs. AlDm for 14A-13Co, -14Co pyroxene 

analyses. Errors are microprobe counting statistics. Although Nan 

and Aln correlate, the Nan;Aln ratio changes from~ 0.35 to 0.3. This 

is the opposite sense to that expected if Nan and Aln were controlled 

by kinetic disequilibrium. Triangles represent 14A-13Co analyses. 
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Figure 12 

This figure shows the fraction of Al in method (2) pyroxenes that 

exists as jadeite solid solution. Errors (5-6%) are from the pyroxene 

Na counting statistics. The Al is assumed to exist only as jadeite 

(NaA1Si206) and Ca-tschermakite (CaA12Si206)• As %Al in the pyroxene 

increases the percentage of jadeite decreases. This is the opposite of 

what would be expected if the D's of this study were controlled by kinetic 

disequilibrium. 
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(1979) noted that the Al zoning of his 20kbar pyroxenes was too large to be 

explained by fractional crystallization, although Na zoning agreed well 

with a fractional crystallization model. Benjamin's Al data could also 

be explained by increasing Aln with decreasing temperature. 

If Aln and Nan are primarily influenced by temperature rather than 

kinetic disequilibrium, then the Smn-Aln correlation of Figure 6 should 

also be due to temperature. (The range of the data in Figure 6 was too 

large to be explained by fractional crystallization.) This is also the 

most reasonable interpretation of the difference between the method (1) 

(one-stage) and method (2) (two-stage) Smn data (Figure 5). The average 

method (2) Smn value is slightly lower and, moreover, the standard 

deviation of the method (2) D values is ~ 2.SX that of the method (1) 

pyroxenes. If nucleation occurred at a lower temperature for the method 

(1) samples (due to greater supercooling), then crystals would grow at a 

lower temperature and over a smaller temperature range. If Smn increases 

with decreasing temperature in the same manner as Aln, then the method 

(1) pyroxenes should have a larger average Smn with less spread. This 

interpretation is consistent with Drake and Holloway (1977), who noted 

that Smncpx increased with decreasing temperature, but does not preclude 

kinetic disequilibrium effects. 

3. Experiments of Extended Duration 

As a further effort to check the approach to equilibrium of the 

method (2) samples, several samples (14A-l-4D) were generated using method 

(3) (rapid drop and hold) but were left at final temperature for one to 

two weeks to see if there was any tendency for equilibration either by 

crystal dissolution and reprecipitation or by diffusion. In either case, 
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if the crystals grown by a sudden drop in temperature are not in equili

brium with the co-existing melt, then equilibrated rims should form. 

'Ille thickness of the rims would be determined either by the volume of 

crystal which dissolved and reprecipitated or by the rates of diffusion 

in pyroxene. None of these samples was buffered because of the large 

loss of Co to the Pt container over these time periods (see preceding 

chapter). 14A-1D and 14A-2D were hung side by side during a single 

furnace run and are nominally identical. 14A-1D was irradiated to mea

sure Pun and 14A-2D was used for Sm analysis. 'Ille Pu track map of 

14A-1D showed no rim but the low fission track densities of the pyroxenes 

(~ 5 X l06/cm2) would make the recognition of a rim difficult. 'Ille 

beta map of 14A-2D, however, did show rimmed pyroxenes - or at least 

showed reverse zoning of Sm. As illustrated in Figure 13, cores of 

14A-2D pyroxenes yielded Smn values of 0.36-0.39; rim Smn values 

ranged between 0.21-0.25 - the lowest Smncpx values measured for Pul4 

pyroxenes. Figure 14 shows that Al concentrations in 14A-2D; cpx-1 are 

up to ~ 30% lower near crystal-glass contacts than in the crystal core. 

14A-1D the companion sample to 14A-2D also showed low-Al rims; Alnm 

values for cores ranged from 0.13-0.17 (within the rage of method (2) 

runs) while Aln from rims averaged 0.11-0.12, consistent with the 14A-

2D data. 14A-3D, an independent method (3) sample, is also reverse zoned 

in Sm (rimmed?) but Smnm values range from 0.32 (rim) to 0.43 (core), 

overlapping but slightly higher than the method (2) samples. 

14A-4D differs from the other 1-2 week runs in that plagioclase 

nucleation occurred. 'Ille Smnm cpx values for this run range from 0.24-

0 .32. 'Ille presence of plagioclase and the large amount of crystallization 

in this run (~ 50%) complicate the interpretation of the measured D's. 
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Figure 13 

This figure shows Alnm and Smnm data for two samples which were 

stepcooled from above the liquidus to ~ 1200°C. Error bars are standard 

deviations of six and four analyses of cores and rims, respectively. 

Sm and Al data do not come from exactly the same location and are meant 

to illustrate differences between cores and rims. A field encompassing 

the method (2) pyroxene data is shown for comparison. The core data plot 

slightly higher than the method (2) field. The rim data fall on an 

extention of the method (2) trend. 
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Figure 14 

This figure shows a microprobe Al traverse across cpx-1 of 14A-2D. 

Note change of scale on the vertical axis. The crystal is reversed zoned 

in Al with a high Al core. Note the large differences (~ 25%) in Al 

concentration between opposite sides of glass inclusions. Error bars are 

shown on 2 points. The highest core Al concentrations correspond to AlJYv0.17. 

Inset shows the crystal traverse. 



62 

I 
>< a.. 
u 

~I ...... 
0 co 
C\J 

I 
<( 
tj"" 

~\\\\\\\\\\l\\\\\\,\'\\·\\'',i\,·,··,·,\,'\,•\\i.\'1\\\\\\\\\~ gt 

r0 
0 
d 

l 

(\j 
0 
d 

~w 

~l]J 

0 
d 

<( 

.N011\1d1N3JNOJ 1\1 3/\11\113d 



63 

No low-Sm rims are observed, but the significance of this is uncertain, 

because of the complex crystallization sequence. Crystallization apparently 

occurred in the following manner: (1) temperature is dropped and diopside 

is crystallized (20-30%); (2) eventually plagioclase nucleates and the 

composition of the liquid moves back to the Di-An-Ab cotectic; (3) more 

diopside and plagioclase crystallize until the sample is ~ 50% crystalline 

- 10% plagioclase and 40% diopside. 'Illis extra crystallization will 

raise the Sm concentration in the liquid and will artif ically lower the 

Smnm 1 s (see preceding section) unless the pyroxenes measured were the last 

pyroxenes to crystallize. 'Illis is difficult to determine since these 

two pyroxene populations have not been distinguished petrographically. 

'Ille first observation from these experiments is that zoning of Sm 

and Al still persists after 2 weeks and that total equilibration did not 

occur. Are the low-Sm, low-Al rims equilibrated with the liquid? Figure 

14 would seem to indicate that the answer is no. If measurable equili

bration has occurred then pyroxene Al concentrations should be very 

similar near all glass contacts. Except possibly for the first 2µ into 

the crystal from the glass boundary, this is not true (compare A,C,D,E,F). 

The concentration of Al in area D is 25% higher than area C. Similarly 

the Al concentration in area F is 23% higher than area E. The Al pro

file also places constraints on Sm. Since Sm diffusion within diopside 

should be dependent on Ca, Al, and Si diffusion (to maintain charge 

balance), diffusive equilibration of Sm and Al could not have produced a 

sharply-bounded 10µ rim such as A or C. Rimming by dissolution and repre

cipitation of smaller pyroxenes faces the same problems as diffusion, in 

that pyroxene Al concentrations at crystal-glass interfaces are variable. 

For this model to be viable, areas A and C must have formed under quite 
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different conditions. Specifically, area C would have to have grown 

either at a higher temperature (i.e. lower Alu) or from an Al-depleted 

melt relative to A. Additionally, the "precipitation" model would probably 

also require that areas such as D be dissolving (or remaining unchanged) 

while precipitation occurs elsewhere on the same crystal (e.g. area E). 

An alternative explanation for the Al profile of Figure 14 is that 

the low-Al areas (e.g. A and C) were the first portions to crystallize. 

Originally, the crystal would have been extremely skeletal (or several 

unconnected crystals) which filled in (or connected) during subsequent 

crystallization, with area B being the last to form. 'lhis model gives a 

natural explanation to the Al discontinuity at B, which is otherwise 

difficult to understand. Such a crystal would be reverse zoned (e.g. 

Al increasing from A to B) with the "rims" yielding the lowest Smu and 

Alu values. 

'Illus, these experiments have failed to demonstrate appreciable 

equilibration of diopsidic clinopyroxene when held at 1218°C for ~ 2 weeks. 

'lhis is consistent with the conclusions of Lindstrom and Weill (1978) who 

saw no measurable diffusion of Ni in diopside after 11 days at 1286°C. 

This is also consistent with the results of McCallister et al. (1979) who 

(with poor resolution) saw no Ca diffusion in diopside after 56 days at 

1200°C. Additionally, Huebner et al. (1975) attempted to measure Ca and 

Mg diffusion constants by making microprobe traverses across grains of an 

augite-orthopyroxene mixture. Even after 26 days at 1266°C, these authors 

saw no diffusion on a scale larger than 3µ. 

In summary, no appreciable equilibration of diopsidic pyroxene has 

been observed in the long-duration experiments. 'Ille reverse zoning of 

Sm and Al is best explained by early skeletal crystal growth and 
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subsequent filling of the interiors of the skeletal crystals by further 

crystallization. 'Ihe low Sm, Al rims are interpreted as early, high 

temperature growth. 'Ihe suddenness of the temperature drop makes this 

scenario seem unlikely, but the thermal relaxation time of the furnace 

(~ 2 minutes) does not preclude this possibility. 'Ihe other alternative 

is that all other samples (with higher Smn and Aln) are further out of 

equilibrium than 14A-1D, -2D. 'Ihis seems unlikely since other samples' 

cooling rates (and presumably crystal growth rates) were much slower. 

'Ihe crystal cores are interpreted as having crystallized at lower 

temperatures (Tf?) Since the range in Smn and Aln (core-rim) is too 

large to be explained by fractional crystallization, the cores could 

represent disequilibrium growth although the core D values (Figure 13) 

are close to those measured with lower cooling rates. 

4. Summary and Interpretation of Variations in D Values 

In summary, two points concerning equilibrium must be reemphasized: 

(1) prolonged (1-2 week) experiments show little evidence of pyroxene

melt equilibration and (2) crystal growth in 14A-13Co was sufficiently 

rapid to prevent interfacial equilibrium of Al (and probably Na as well) 

at the 10-20% level. 'Ihe Sm homogeneity (+ 5%) of the 14A-13Co glass 

indicates that Al equilibration may be more difficult than for Sm. 

Overall, the range in Smn and Alu is larger than can be accounted 

for by fractional crystallization but is qualitatively consistent with 

Alncpx and Smncpx increases (with decreasing temperature) observed by 

HytBnen and Yoder (1961) and Drake and Holloway (1977), respectively. 

'Ihe preceding data do not define the degree to which Smncpx has been 

affected by kinetic disequilibrium, but the Pu-Sm partitioning systematics 
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indicate that disequilibrium effects are not large (see following 

section). The preferred Dcpx values in the 1210-1270°C temperature range 

follow the correlation of Figure 6, with (Smn, Alo) ranging from (0.28, 

0.142) to (0.34, 0.180) and the highest values interpreted as representing 

the lowest temperature. 

5. Comparison with Literature Sm Partition Coefficients 

Of the REE partitioning studies in the literature, the experimental 

conditions of Grutzeck et al. (1974) are the most comparable to those 

reported here. For two compositions in the DiAnAb system at 1265°C, 

Grutzeck et al. reported Smncpx values of 0.26 + 0.03 and 0.32 + 0.17 

(errors are standard deviations), in agreement with Smncpx values reported 

here. The major difference between this study and that of Grutzeck et 

al. is the amount of Sm added to the Di-An-Ab system (50 ppm 15lsm vs. 1-

2 wt.% "cold" Sm). The agreement in Smn values between these two studies 

supports the Grutzeck et al. (1974) contention that their partition 

coefficients are applicable at the lower REE concentrations (~ ppm) more 

typical of geological systems. Other experimental Smncpx studies are 

those of Tanaka and Nishizawa (1975) Drake and Holloway (1977), Mysen 

(1977), and Nicholls and Harris (1980). 

The experimental conditions and results of these studies are summarized 

in Table 6. Also summarized in Table 6 are phenocryst-matrix partition 

coeffic'ients determined on natural samples ( Schnetzler and Philpotts, 

1970). The Smncpx results reported here are lower than or approximately 

equal to the values reported from other experimental studies and fall 

within the large range of values from natural samples. 
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Grutzeck et al. (1974) 

Tanaka and Nishizawa (1975) 

Drake and Holloway (1977) 

Mysen (1977) 

Nicholls and Harris (1980) 

Schnetzler and Philpotts 
(1970) 
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Table 6 

Smncpx 

0.26-0.32 

0 .51-0. 77 

0.35-2.68 

0.75 

0.3 -1.l 

0 .09-1.81 

Experimental Conditions 

DiAnAb; 1265°C; 1 bar 

'llloleilite; 1200°C; 20 kbar 

DiAnAb;Fe-free and natural 
andesite; 900-1070°C; 2-12 
kbar ( I1I o) 

2 

Plag.-fosterite-silica; 20 kbar 
(IlI 0); 950°C 

2 

Hydrous and anhydrous basalt and 
andesite; 15-30 kbar; 1000-
13800C 

Natural samples· phenocryst
matrix 
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6. Plutonium 

Following analysis of Sm by beta radiography, the two-stage samples 

14A-13Co and 14A-14Co and the rapidly cooled [method (3)] sample 14A-11Co 

were irradiated with neutrons (see Chapter II). 'Th.e resulting fission 

track maps on affixed mica detectors were used to determine Pun. Pyro

xene Pu analyses were taken as close to the areas analyzed for Sm as 

possible. 'Th.e positional correspondence of the Sm and Pu analyses is 

much better than that of the Sm and Al determinations. 'Th.is primarily 

reflects the greater difficulty in finding exact locations using the 

microprobe than with the SEM. Areas of Pu analyses (for pyroxenes) 

are ~ 6X larger than the Sm analyses, in order to have enough tracks for 

·adequate precision (< ±. 10%). 

Pu differs from Sm in that multiple valence states are present in 

silicate melts. Sm exists as Sm +3, but Pu can exist as Pu+2, Pu+3, 

and Pu+4. Although Pu+2 is thought to be relatively unimportant in 

silicate melts (see Benjamin, 1979; Appendix VI), the presence of both 

Pu+3 and Pu+4 makes Pun dependent upon fo2• Although these samples 

were generated in the presence of nichrome and were probably at a lower 

f02 than the Co-Coo buffer (see Chapter II), the agreement in Pun 

between these samples, the 1 bar Co-CoO buffered samples of Benjamin 

(1979) and preliminary results for pyroxenes grown at f02 ~ l0-22 

implies that negligible Pu+4 exists at oxygen fugacities less than lo-9. 

Figure 15 shows a plot of Smnm vs. Punm for method (2) pyroxenes. A 

better correlation is observed between Smnm and Punm than between Smnm 

and Alnm. 'Th.is may reflect either that the Pu analyses had a smaller 

positional error than the Al analyses or that Pu and Sm have more similar 

properties. An averaging of the Pu data yields a mean Punm of 0.167 
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Figure 15 

This figure shows the correlation between Punm and Smnm for method 

(2) pyroxenes. Sm error bars are errors of the mean for replicate Sm 

analyses (same emulsion) and Pu error bars are Pu track-counting statistics. 

Box symbols are 14A-13Co pyroxenes; circles are 14A-14Co pyroxenes. 

Because of the limited number of Pu tracks, the areas of the Pu analyses 

are larger than for the Sm analyses but Pu and Sm analyses are as close 

together as possible. Note the good correlation between Punm and Smnm 

with Smn 2 Pun. 'Ille heavy bar shows the amount of change expected 

during 20% fractional crystallization for Smn = 0.35 and Pun = 0.20. 
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with a standard deviation of 14.7%, somewhat larger than expected from 

analytical uncertainty (8-10%). As in the case of Sm, no Pu inhomo

geneity is observed in the 14A-13Co glass, an argument for a close 

approach to equilibrium. Three Pu analyses from the glass region of 

14A-13Co which showed high Alz03 contents and three Pu analyses from a 

glass region that showed the lowest Al concentrations, were identical 

within counting statistics (_± 5%). The spread in the partition coeffi

cients of Figure 15 is too large to be attributible to fractional crys

tallization alone and is interpreted as the effect of temperature, fol

lowing the discussion in Section 4. Figure 16 is the same as Figure 15 

but analyses from 14A-11Co (the most rapidly cooled sample) have been 

added to extend the range of the data. Even over ~ a range of a factor 

of two in Smnm, the correlation of Smu/Pun persists. This is surprising 

since the 14A-11Co sample would not be expected to represent a close 

approach to equilibrium. Although dendritic crystals do exist in 14A-

11Co, these were too small to analyze. The 14A-11Co crystals analyzed 

and shown in Figure 16 may represent the last-grown crystals. If so, 

these crystals could have grown the least rapidly and at the lowest 

temperature. They show the highest D's as would be predicted from a low 

temperature of growth. 

Figure 16 suggests that the Sm and Pu partition coefficients are not 

controlled by kinetic disequilibrium (see section A, this chapter). 

For example, if the "true" partition coefficients of Sm and Pu were 0.28 

and 0.15, respectively, then the higher Dm values in Figure 16 could be 

interpreted as the artifacts of rapid crystal growth. In this case, the 

larger the Dm values, the more rapid the growth; a scenario that is con

sistent with 14A-11Co [a method (3) sample] having the largest Dm's. 
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Figure 16 

This figure is the same as Figure 15 with the addition of 14A-11Co 

pyroxenes [method (3)] to extend the range of Pu and Sm data. Box symbols 

represent 14A-13Co pyroxenes, circles are 14A-14Co pyroxenes and diamond 

symbols represent 14A-11Co pyroxenes. The solid line (slope = 1.9) is 

drawn through the origin and 14A-13Co; cpx-2B, and fits the data well. 

The dashed line shows the path predicted if the D values were controlled 

by kinetic disequilibrium (see text). Surprisingly, the method (3) 

(drop and hold) pyroxenes show a close approach to equilibrium, although 

the higher (on the average) D values imply lower crystallization temper

atures as would be expected. The relation Smn ~zPun appears to hold 

over a range in Smn of nearly a factor of two. 
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The dashed line in Figure 16 is an attempt to model rapid crystal 

growth. Burton et al. (1953) have shown that, at steady state with 

infinite liquid, the relationship between the apparent (measured) parti-

tion coefficient Mnm for element M and the true partition coefficient 

Mn is given by: 

Mnm = ....,M,_n_+_(l-- Mn) e LS VO/Jm 

where '!_ is the crystal growth rate, Jm is the diffusion coefficient of M 

in the melt and i is the width of the boundary layer. Smnm and Punm have 

been calculated for crystal growth rates sufficient to produce the observed 

change in Smn (~= 0-0.77) and are shown by the dashed line. Jsm and JPu 

are assumed to be equal. Although this model is certainly oversimplified, 

it demonstrates the important general point that, as kinetic disequili-

brium increases, the slope of the Smn vs. Pun trend should approach unity. 

This is because the concentration of M in the boundary layer will be 

higher for elements with low Mn and, as crystal growth rate increases, 

the concentration of Min the boundary layer, Me0 , approaches (Me1;Mn), 

where Me1 is the concentration of M in the liquid beyond the boundary 

layer. At the lowest D values the kinetic disequilibrium trend fits the 

data well. However, at larger D values the kinetic disequilibrium trend 

clearly diverges from the slope = 2 line and begins to approach unity. 

The critical assumption of this model is the assignment of Jsm = JPu• 

If Jsm > JPu then the kinetic disequilibrium trend will diverge from 

the slope = 2 line earlier. If Jsm < JPu the kinetic disequilibrium 

model might fit the data quite well for a certain value of Jsm/JPu• 

but for lower ratios the trend will diverge in the opposite sense to that 

shown on Figure 16. The case of JSm < JPu is more unlikely; since Pu+3 
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is both larger (slightly) and heavier than sm+3, it is expected that 

Jsm ~ JPu• but relative diffusion coefficients of Pu and Sm are not 

available. This assumption is consistent with the alkaline earth 

diffusion data of Hofmann and Magaritz (1977) for a basaltic melt. 

These authors saw a monotonic decrease in J with atomic number (i.e. 

mass and size) for Ca, Sr, and Ba. Thus, unless Jsm is less than Jpu 

by exactly the right amount, (the direction necessary for the disequi-

librium curve to better fit the data) kinetic disequilibrium does not 

appear to have affected Pun and Smn values during pyroxene growth. 

The most reasonable interpretation of the Smn vs. Pun trend, as well 

as the Aln-Smn trend discussed earlier, therefore, is that it is due 

to the combined effects of fractional crystallization and temperature. 

Since fractional crystallization cannot be responsible for more than 

half the spread in the data (see Figure 15), temperature appears to be 

the dominant effect. Since Smn ~ zPun, this requires that 

d Smncpx 
-dT--

~Puncpx 
2 dT 

This is an interesting result and implies that the molar enthalpies of 

the Sm and Pu substitution reactions are nearly equal, i.e. 

~H0 Sm;cpx ~ ~ H0 Pu;cpx. 

This similarity in ~H0 of substitution probably indicates similar sub-

stitution mechanisms. This is expected since Pu+3 and sm+3 have similar 

ionic sizes [l.00 and 0.96 A , respectively (Shannon, 1976)]. The sub-

stitution mechanism as given by Grutzeck et al.(1974) is 

+3 +3 +2 +4 
CaMgSiz06(s) + X(l) + Al(i) + XMgA1Si06(s) + Ca(l) + Si(l) 
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where X = Pu or Sm. 

This is a simple reaction which both preserves charge balance and allows 

Pu and Sm to substitute into a crystal site of similar size to their own 

ionic radii. 

7. Effect of Phosphorus 

Benjamin (1979) showed that the addition of Ca3(P04)2 to the Di-An-Ab 

system greatly lowered Dcpx values for the actinide elements (Th and U). 

For Th and U, the addition of 15 or 25 wt.% Ca3 (P04)2 (~ 5 and 8 wt.% P205) 

lowered Th,Uncpx by an order of magnitude. No direct evaluation of the 

effect of P205 on Pu partitioning is possible from the Benjamin (1979) 

data. However, pyroxenes grown from P-bearing melts at 20kbar yielded a 

Pun which was 3-4X smaller than that of pyroxenes grown in a P-freemelt 

at one bar. 

Because of the significant effect of P at the 5-8% P205 level on 

actinide partitioning, experiments were undertaken to see whether a 

smaller amount of P205 would also significantly affect actinide D's and 

to check whether the Smncpx ~ 2 Puncpx correlation was composition 

invariant (see preceding section). Because Mysen et al. (1981) saw 

changes in the Raman spectra of silicate glasses when ~ 1 wt.% P205 

was introduced, this was considered to be enough P205 to affect trace 

element partitioning but not enough that whitlockite would become a 

liquidus phase. Consequently, 3 wt.% Ca3(P04)2 was added to a Pul6 
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composition (Di6o An20 Ab20) to make Pul7, which contained 1.4 

wt.% P205 but whose liquidus phase was still clinopyroxene. Fortuitously, 

the Pul7 liquidus is only ~ 10°C higher than that of Pul4. Because of 

this, there is a great deal of overlap in the thermal histories of Pul4 

and Pul7, and, consequently, differences between the two systems should 

primarily depend upon composition rather than 'temperature. 

'Ihe Sm and Al data show a great deal of overlap with the data of the 

P-free system. Figure 17 shows a comparison of the Pul4 and Pul7 Smn and 

Aln data. 'Ihe Aln values are essentially unchanged, although there is a 

tendency for the Smn values to be smaller in the P-bearing system. Figure 

18, a plot of Smn vs. Pun, better shows that this is indeed the case. 

The P-bearing Pul7 data show a trend which differs significantly from the 

P-free system. 'Ihe slope of csmu;Pun) cpx has changed from 1.9 to 2.6 

(~ 30% difference) with the addition of ~ 1.5 wt.% P2o5 , and PuDcpx has 

been lowered by about a factor of two. 'Ihis large change in Pun with a 

much smaller change in Smn;Pun implies that Smn has also been lowered by 

~ l.5x. 'Ihis comparison between the Pul4 and Pul7 (Figure 18) should not 

be affected by percent crystallization. Although the Pul7 (P-bearing) 

samples in general contain more crystallization that the Pul4 samples 

(~ 30% as opposed to 20%), 14A-11Co, which was used to extend the range 

of the Pul4 data, is also ~ 30% crystalline. 

'Ihe mechanism by which these changes occur is not certain but may 

represent a complexation of Pu and Sm by phosphate groups in the liquid. 

In this model Pu must be more tightly bound to the complexing ligands 

than Sm and, therefore, less available for partitioning into pyroxene. 

'Ihis would be consistent with the greater spatial extent of the Pu Sf 

orbitals (as compared to the Sm 4f orbitals) which would facilitate 
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Figure 17 

This figure is the same as Figure 6 but Pul7 pyroxene data have been 

added for comparison. ()= 14A-13Co; []= 14A-14Co; e = 17A-6Co; 

= 17A-7Co; = 17A-8Co. Data points represent individual crystals and 

errors are assigned as in Figure 6. Note the difference in error bars 

for the 17A-7Co;-8Co Smn analyses. The errors for these samples are 

larger because the one exposure method was used to determine Smn. Although 

little change is seen in Aln, Smn has decreased by~ l.Sx (see text). 
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Figure 18 

This figure is the same as Figure 16 with the addition of the Pul7-

6Co ,-7Co data (dark symbols); += 17A-6Co, • = 17A-7Co. The Pul7-7Co Sm 

error bar is an error of the mean of two analyses of the same exposure. 

17A-6Co Sm errors are as in Figure 17. Pu errors are counting statistics. 

Open symbols represent Pul4 samples, as in Figure 16. 

Although there is a large overlap of Smn values, there is little or no 

overlap of the Pu data between Pul4 and Pul7. A least-squares line 

through the P-bearing data passes close to the origin and has a steeper 

slope than the P-free data, such that for Pul7 pyroxenes Smn = 2.6 Pun. 
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complexing (Cotton and Wilkinson, 1962). Since U and 'Ill are also greatly 

affected by P205 (Benjamin, 1979), it may be that the actinides in gen

eral are more susceptible to complexing agents than the lanthanides. 

'Illis is at least true in aqueous solution where the actinides readily 

form complexes while the lanthanides do not. 

Another alternative for the change in PuD/SmD is that Pu behaves 

like a REE and that the REE pattern of diopside has been significantly 

changed by the addition of P205 to the melt. Although the shape of the 

REE pattern of a given mineral is generally considered to be rather 

similar (even though absolute D values may change), the REE phenocryst

matrix partition coefficient patterns of natural clinopyroxenes are 

not constant and can show changes in REE partition coefficient ratios of 

a factor of two (Schnetzler and Philpotts, 1970). More data would be 

required to support this speculation, however. 

8. Summary of Pyroxene Data 

Table 7 gives a summary of the adopted Pul4 and Pul7 partition 

coefficients. 'Ille lowest D values (when corrected for fractional cry

stallization) are assumed to be representative of the first crystals to 

nucleate and grow. 'Ille first order results from these data are as 

follows: (1) in the Di-An-Ab system, an analogue of natural basalts, 

SmDcpx - 2PuDcpx; (2) the addition of P2o5 to the Di-An-Ab system increases 

the difference in D's such that SmDcpx = 2.6 PuDcpx; (3) if Pu+3 diffuses 

at the same rate as (or slower than) sm+3, then kinetic disequilibrium 

does not appear to have been important in these experiments and the spread 

in the data may be reasonably interpreted as primarily due to the combined 
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effects of temperature and fractional crystallization; and (4) Al (and 

perhaps other elements) shows the effects of kinetic disequilibrium during 

crystal growth. 

1he· Sm data for the P-free system are in good agreement with the 

Smncpx values reported by Grutzeck et al. (1974). 1he interpretation of 

the temperature dependence of Alncpx and Smncpx are qualitatively supported 

by the work of Hyt6nen and Yoder (1961) and Drake and Holloway (1977). 

1he most probable cause of the change in Smocpx/PuDcpx between the P-free 

and P-bearing systems is the greater tendency for the actinides to form 

complexes. 



C. Whitlockite 

1. Samarium 
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A grain by grain display of Smnm 1 s for PulS whitlockites is given in 

Figure 19. Examples from both method (1) and method (2) cooling histories 

are shown. In this case, where Smn > 1, deviations from equilibrium due 

to rapid growth and formation of boundary layers will cause partition 

coefficients to be too low (see Section A, this chapter). As in the case 

of pyroxenes, Sm analyses were made using the two-exposure method. 

Exposures were made such that the Ag count rate was ~ 20% that of Ag 

metal. Analyses are slightly less precise because smaller areas were 

used for whitlockite analyses-(16µ)2. No difference is observed between 

method (1) and method (2) crystals, suggesting a close approach to equi

librium using method (1). The mean of all Smu analyses is 7.81 + 0.16 

(error of mean). The analyses have a poorer precision (~ l.9cr) than 

that expected from fluctuations in the beta fluence (see Appendix I 

and Chapter II). The only sample which shows consistent differences 

from the mean is 15B-6Co, whose analyses are all lower than 7.0. 

15B-6Co does not differ significantly in % crystallization or cooling 

rate from the other samples, but was held above the liquidus much longer 

than usual (see Table 3). If this extended superliquidus time inhibited 

nucleation (see Chapter II), the 15B-6Co Smn 1 s may have been affected 

by rapid crystal growth. Alternatively, those 15B-6Co crystals which 

were analyzed may have grown later than average and were less affected by 

fractional crystallization (see Section A, this chapter). In any event, 

the Smnm 1 s of the method (2) whitlockites do not have a higher average 

Smu than the method (1) whitlockites as would be expected if nucleation 

problems and kinetic disequilibrium were important during whitlockite 
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Figure 19 

This figure shows a grain-by-grain summary of all whitlockite Sm 

partition coefficients. Error bars for all samples but 15B-2Co and 

15B~6Co were assigned in exactly the same manner as for the Pul4 and 

Pul7 analyses and are+ 6.5%. Because 15B-2Co and 15B-6Co were analyzed 

using a different emulsion batch, errors were based on the precision of 

multiple analyses of the 15B-2Co and -6Co glasses. For those two samples 

errors are + 10%. Method (2) whitlockites do not have larger Smnm 1 s 

than method (1) whitlockites, implying that nucleation and kinetic dis

equilibrium problems were not significant. All samples have~ 10% 

crystallization. 
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crystallization. This is especially true if 15B-6Co is excluded. Without 

the 15B-6Co crystals the method (1) average becomes 8.4 + 0.22 (error of 

mean). 

Unlike the pyroxenes of the last section, the range of Smn values 

for Pul5 whitlockites is not larger than that permitted by fractional 

crystallization. If the average Smnm were 8 after 10% fractional crystal

lization, then the true Smnwhit would be 6 with a range in Smnm from 

6(rim to 10.2(core). This model is very close to what is actually 

observed; however, because crystal size does not increase linearly with % 

crystallization, the Smnm values are more representative of the crystal 

core than a crystal average. If Smnm = 7.81 + 0.16 is taken to be repre

sentative of the crystal core, the corrected Smn becomes 5.08 + 0.07. 

Because the SEM beam may be larger than the crystal core, this calculation 

is an overcorrection and gives a firm lower limit· to Smnwhit. 

The minor elements, Mg and Si, do not appear to be as straight

forward as Sm. Figure 20 shows Mgnm and Sinm for four method (1) and two 

method (2) samples. No difference between the two sets of samples is 

seen, but the scatter of the data makes interpretation difficult. The Mg 

data are relatively precise (Mgnm = 0.498 + 0.006, a mean = 1.3%) but the 

Si data are more variable (Sinm = 0.00493 2: 0.00011, a mean= 2.2%). In 

both cases there is more variation than can be explained by fractional 

crystallization. (For comparison, the dashed line in Figure 20 shows the 

range of Dm 1 s expected during 10% fractional crystallization with 

Sin 0.0057 and Mgn = 0.52.) If kinetic disequilibrium were responsible 

for the Mg and Si scatter and for the low Smn values of 15B-6Co (see 

Figure 19), then the 15B-6Co Sin and Mgn might be higher than average. 

A priori it might be expected that the method (2) samples would be 
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Figure 20 

This figure shows a plot of Sinm vs. Mgnm for Pul5 whitlockites. 'Ihe 

amount of scatter is large compared to the counting statistics errors of 

the microprobe, but no difference can be seen between the method (1) and 

method (2) whitlockites. 'Ihe dashed line shows the amount of change in 

Dm's expected during 10% fractional crystallization. Unlike the Sm data, 

Si and Mg show more variability than can be accounted for by fractional 

crystallization. 
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less subject to kinetic disequilibrium; however, this is not supported by 

Figure 20. Sio which should be the most susceptible to kinetic effects 

(lOOX smaller than MgD) is perhaps slightly lower for the method (1) 

whitlockites. Sio [method (l)] averages 0.00470 + 0.00012 (error of 

mean) while the average method (2) Sio is 0.00506 + 0.00015. 

Thus, the cause of the scatter in Figure 20 is not clear, and a plot 

of Smo vs. Mgo (Figure 21) does not help clarify the situation. The Si 

and Mg data are complex and may result from several processes (fractional 

crystallization, change of D's with temperature, and kinetic disequil

ibrium) none of which dominates. 
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Figure 21 

This figure shows a plot of Smnm and Mgnm for Pul5 whitlockites. 

Smn errors are assigned as in Figure 19 and Mgn errors are microprobe 

counting statistics. An exception is whit-1 of 15B-7Co whose errors are 

the standard deviations of two Sm analyses and four Mg analyses. No real 

trend is observable. 'Ille line through the data shows the amount of change 

expected in Dm's during 10% fractional crystallization, assuming Smn = 6 

and Mgn = 0.5. 
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2. Plutonium 

Pu fission track maps were used to determine Punwhit. As in the 

case of pyroxenes, care was taken to analyze the same areas as were used 

to determine Smnwhit. Figure 22 shows a plot of Smnm vs. Punm. No 

method (2) Pu data are included because of the ineffectiveness of the Co

CoO buffers (see Chapter II). Assuming that Pu behaves similarly to Sm, 

the similarity of Smnm between the method (1) and method (2) (two-stage) 

samples implies that nucleation and kinetic disequilibrium problems are 

not significant for the whitlockite system, and that the method (1) 

samples should yield a valid Punwhit. 'Th.e average of all Punm is 4.56 + 

0 .• 13 (CT mean= 2.8%). As in the case of Sm, assuming this value to be 

representative of the whitlockite core will result in PuDwhit = 3.50 + 

0.08. 'Th.e solid curve in Figure 22 shows the apparent change in Pun and 

Smn expected during 10% fractional crystallization assuming Smnwhit = 

5.08 and Punwhit = 3.50. 'Th.e dashed line shows the amount of change 

during 10% fractional crystallization if Smn = 5.9 and Pun= 3.9. 'Th.e 

slope of either curve is consistent with the trend of the data. 'Th.e 

solid line fails to cover the entire range of the data, indicating that 

the D values may have been slightly (~ 10%) overcorrected for fractional 

crystallization. Because of this uncertainty, the preferred values for 

Smu and Punm are 6.4 .± 0.7 and 4.0 .± 0.4, respectively. 'Th.ese are the 

averages of the corrected (core-rim) D's (overcorrected) and the average 

Dm's (uncorrected) (see Benjamin et al, 1980). 

As in the case of pyroxenes, whitlockite fractionates Pu and Sm. 

When corrected for fractional crystallization and fission fragment ranges, 

the Pu data from Figure 22 yield a Punwhit of 3.8 .± 0.4, in agreement 

with the 20kbar value of Benjamin (1979). Taking Smnwhit as 6.4, 
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Figure 22 

This figure shows a plot of Smnm vs. Punm for Pul5 whitlockites. Sm 

error bars for 15B-2Co and -6Co are errors of the mean for multiple anal

yses of a given crystal; all other error bars are based on the counting 

statistics of individual analyses and the errors assigned to points in 

Figure 19. Data are from method (1) samples only - • = 15B-2Co; 

111111 = 15B-6Co; + = 15B-7Co. The solid line shows the amount of apparent 

change in D's possible during 10% fractional crystallization with 

Punwhit = 3.5 and Smnwhit = 5.08. The dashed curve is the same model 

with Smu = 5.9 and Pun = 3.9. Variations in the data are consistent with 

fractional crystallization, and show a much better correlation than either 

Smu vs. Mgn or Sin vs. Mgn. 
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(Smn/PuD)whit is found to be 1.7, slightly lower than the (Smn;Pun) 

ratios found for pyroxenes. 
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N. DIS CUSS ION 

A. Pu-Light Rare Earth Fractionation in Geologic Systems 

As discussed in the Introduction, the results of Marti et al. (1977) 

were the major impetus for starting this thesis. 'Ille data of Marti et al. 

indicated that Pu and Nd do not fractionate during normal igneous or 

solar nebula processess. A diverse suite of samples gave 244Pu/Nd ratios 

of 6-8 X lo-S(by atom). 'Illis study has indicated that Pu and Sm do 

fractionate during igneous processes and, therefore, the chemical coherence 

of Pu and the light rare earths requires further discussion. 

Although the absolute magnitude of REE partition coefficients may be 

quite variable with changes in temperature, pressure and chemical compos

ition, the relative D's for REE's tend to be less variable [see for 

example the review by Irving (1978)]. 'Illis assumption is particularly 

true for Sm and Nd which differ by only two in atomic number. 'Th.us, 

because Smn/Ndn is rather constant for a given mineral, Pun/Ndn 

may be calculated from the experimental data, i.e., 

Table 8 shows that Pun/Ndn is not unity for any of the experiments in 

this study and that for both clinopyroxene and whitlockite Pun/Ndn is 

close to 0.6(0.5-0.71). 'Illis permits Pu-Nd fractionation during partial 

melting or fractional crystallization, yet the data of Marti et al. still 

stand. In order to see if these two observations can be reconciled, let 

us now examine the samples analyzed by Marti et al. individually. 
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1. Basaltic achondrites (eucrites) 

This class of meteorites grossly resembles terrestrial basalts in 

their texture and chemistry (whence the name) and were probably produced 

by low pressure partial melting of a pyroxene-olivine-plagioclase mixture 

(Stolper, 1977) which, although not chondritic, may have had unfrac-

tionated (relative to chondrites) refractory LIL (large-ion-lithophile) 

element abundances. During partial melting (after the disappearance of 

any trace minerals which concentrate actinides and lanthanides) it is 

assumed that the only major reservoir of Pu and Nd in the solid residuum 

will be clinopyroxene. Because both Pun and Ndn are small, equilibrium 

partial melting will produce a liquid that is essentially unfractionated 

in Pu and Nd relative to its source region. By mass balance, 

(Pu/Nd)liq =(Pu/Nd)source Xliq + NdDcpx fcpx (1-Xliq) 
Xliq + Ptincpx fcpx (1-Xliq) 

where Xliq is the mass fraction of partial melting and fcpx is the f rac-

tion of clinopyroxene in the solid residuum. If for Juvinas 0.15 ~ Xliq 

and fcpx ~ 0.5 (Stolper, 1977) and Ndncpx = 0.24 and Puncpx = 0.17, then 

1 ~ (Pu/Nd)liq I (Pu/Nd)source ~ 1.16 

If the laboratory D values are higher than the D values applicable during 

eucrite genesis, the maximum fractionation is less than given here. If 

the laboratory D's are low by as much as a factor of two, the amount of 

Pu-Nd fractionation is still less than 25% (relative to the source) for 

Xliq = 0.15. Since refractory LIL elements are not easily volatilized 

and are difficult to fractionate in partial melting events (as in the 

case of Pu and Nd), the chance of the eucrite parent body having unfrac-

tionated relative abundances of these elements is good. This is 
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presumably the reason that many eucrites (including Juvinas which was 

analyzed by Marti et al.) have flat REE patterns when normalized to 

chondrites (Schnetzler and Philpotts, 1969) and Th/U ratios of 3.8 (Morgan 

and Lovering, 1973; Tatsumoto et al., 1973). Thus, on the basis of 

partition coefficients and simple assumptions about the eucrite parent 

body, Juvinas should (neglecting 244pu decay) have a (Pu/Nd) ratio 

within 20% that of chondrites, even though Pun;Ndn # 1. 

Additionally, the bracketing theorem of Benjamin et al. (1978) argues 

that since, in general, Un~ Thn < Pun < Smn or Ndn, if a meteorite has a 

flat REE pattern, chondritic Sm/U and Th/U = 3.8, then the Pu/Nd or Pu/U 

ratio should be unfractionated as well. Those basaltic achondrites 

which meet these criteria appear to be reasonable choices for Pu/Nd or 

Pu/U determinations unless they are substantially younger than chondrites. 

This does not appear to be the case. 206pb-207pb ages of eucrites 

are indistinguishable from chondrites (Tatsumoto et al., 1973); initial 

87sr/86sr ratios of eucrites actually tend to be lower than chondrites 

(Papanastassiou and Wasserburg, 1969; Sanz and Wasserburg, 1969), al

though the ( 87sr/ 86sr) 1 of St. Severin is nearly the same as BABI 

(Manhes et al., 1978); and the Nd isotopic systematics of Juvinas indicate 

that its age is unresolvable from those of chondrites, although with poor 

(.±, 100 m.y.) resolution (Jacobsen and Wasserburg, 1980). It is concluded, 

therefore, that eucrites such as Juvinas should yield reasonable estimates 

of the 244pu/238u and the 244pu/Nd ratio of the solar system. 

2. Angra dos Reis (AdoR) 

AdoR is an unusual meteorite--an achondrite which is 90% fassaitic 

clinopyroxene and which exhibits a cumulate texture (Prinz et al., 1977). 
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AdoR is thus often modeled as a pyroxene cumulate of some extraterrestrial 

magma chamber (Ma et al.,1977). If this were strictly true and AdoR 

contained no trapped liquid, then for equilibrium crystallization, the 

Pu/Nd ratio of AdoR should be 0.7 that of its parent magma for up to 

50% crystallization (see Table 8). This model is difficult to reconcile 

with AdoR's high U concentration (~200 ppb) which, if Uncpx ~ 0.02 

(Benjamin, 1979), would imply that its residual magma had a U concentra-

tion of > lOppm which is ~so times greater than the U-rich Allende 

inclusions. 

A more reasonable model is that the pyroxene cumulate also contained 

trapped, interstitial liquid. This is consistent with AdoR's 

mineralogy and texture. In this case the Pu/Nd of the crystal-liquid 

mixture is given by 

(Pu/Nd)Ador = (Pu/Nd)liq (1-Xcum) + PuDcpx Xcum 
(1-Xcum) + Ndncpx Xcum 

where Xcum is the fraction of the cumulate that is pyroxene. The (Pu/Nd)liq 

is a function of the amount of crystallization and is given by 

(Pu/Nd)liq = (Pu/Nd)* 
Ndn f* + (1 - f*) 
Pun f* + (1 - £*) 

where (Pu/Nd)* is the (Pu/Nd) ratio of the parent liquid prior to pyroxene 

crystallization and f* is the mass fraction of pyroxene crystallized. 

Combining these with the partial melting equation given earlier yields, 

(Pu/Nd)AdoR I (Pu/Nd)source = 

Xliq + fcpx NdDcpx (1-Xliq) (1-Xcum) + PuDcpx Xcum (1-f*) + NdD f* 
Xliq + fcpx Ptincpx (1-Xliq) • (1-Xcum) + Ndncpx Xcum 

0

(1-f*) +-Pt.in f* 

Since almost nothing is known about the AdoR parent magma, any assignment 

of values to Xliq, fcpx, f*, and Xcum will be rather arbitrary. Since 

pyroxene did crystallize from the AdoR melt, pyroxene was presumably 
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in the AdoR melt's source region. Whether the refractory LIL elements 

of this source region were fractionated relative to chondrites is also 

unknown. Because of these difficulties no numerical solutions to the 

model given above are attempted here. 

Rather than explore model dependent solutions, it is perhaps more 

illustrative to consider the Ce/Nd ratio of Ador. Comparing the Puncpx 

of this study to the REE D's of Grutzeck et al. (1974), Cencpx < Puncpx 

< Ndncpx; implying that the Ce/Nd ratio may place a constraint on the 

amount of Pu/Nd fractionation. From the data of Schetzler and Philpotts 

(1969) and Nakamura (1974), (Ce/Nd)Ador / (Ce/Nd)chondrites = 0.77. 

Thus, as in the case of Juvinas, AdoR appears (somewhat fortuitously) to 

be a reasonable candidate for the solar system Pu/Nd ratio (within 20%), 

although its history is complex. The measured equality of the pyroxene 

and whitlockite (Pu/Nd) ratios (Marti et al., 1977) could still be explained 

since from Table 8, (Pun;Ndn)cpx = 1.1 (Pun;Ndn)whitlockite. This 

similarity between [(Pu/Nd)cpx I (Pu/Nd)whit]1ab and [(Pu/Nd)cpx I 

(Pu/Nd)whit]Ador would be difficult to achieve during fractional crys-

tallization unless pyroxene and whitlockite both crystallized at the 

same time (co-crystallization). A more reasonable interpretation is 

that the pyroxene and whitlockite have undergone extensive subsolidus 

equilibration of Nd and Pu, consistent with the lack of major element 

zoning in the Ador pyroxene (Prinz et al., 1977). As in the case of 

Juvinas, the 207pb - 206pb model age of Ador is indistinguishable from 

that of chondrites (Wasserburg et al., 1977; Tatsumoto et al., 1973). 

This model, as well as the eucrite model, has assumed that 

SmD Pu 7 cpx = 0.31 and Dcpx = 0.1 , the values measured in the laboratory. 

Since these compositions are much different from the eucrites or Ador, 
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one might ask how partition coefficients might be expected to change 

with bulk composition. Because of a lack of detailed data, this is a 

difficult question to answer quantitatively, since there are differences 

both in composition and liquidus temperature between the starting materials 

used in this study and AdoR or eucrites. The qualitative answer is that 

ln(SmDcpx) decreases linearly with increasing temperature (Drake and 

Holloway, 1977) and that, at constant temperature, a melt with lower 

viscosity [i.e. lower SiOz and Alz03 contents and (based on immiscible 

liquid partitioning) higher concentrations of network modifiers such as 

FeO and Na2o] should have a smaller SmDcpx (Ryerson and Hess, 1978). 

These effects are, to some degree, cancelling. For example, as FeO is 

added to an Fe-free system, REE D's should decrease (Ryerson and Hess, 

1978), but, because FeO addition lowers the liquidus in many geologically 

important systems, partitioning occurs at lower temperatures which should 

tend to increase D values. 

Perhaps the major difference between the models for eucrites and 

AdoR described here and the true petrogenesis of these rocks, is mineralogy. 

Although the liquidus phases of the AdoR parent magma are not well known, 

none is likely to have been diopside. Also, Stolper (1977) concluded 

that pigeonite was the pyroxene phase of the eucrite source region. 

Pigeonite (sub-calcic pyroxene) has much lower SmD and Ndn values than 

diopside. Based on phenocryst-matrix data on natural samples, Schnetzler 

and Philpotts (1970) give 0.049 and 0.100 for NdDpig and SmDpig, respec

tively. If no calcic pyroxene existed in the AdoR magma and eucrite 

source regions, then Pu and Nd partitioning should be controlled by 

pigeonite and plagioclase [which also has NdD ~ 0.1 (Drake, 1972)]. 

Because these minerals have lower D's, fractionation of Pu and Nd is 
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likely to be much more difficult during partial melting than if diopsidic 

pyroxene were stable. Similarly, the REE's of cumulates of sub-calcic 

pyroxene would be dominated by small amounts of trapped liquid, rather 

than by the cumulate phase itself. For these reasons the model described 

earlier for the eucrites appears to put reasonable limits on the amount 

of Pu-Nd fractionation that could have occurred during the formation of 

these rocks. TI:ie eucrites and perhaps even AdoR appear to be viable 

candidates for determining the Pu/Nd ratio of the 

solar system. 

3. Allende coarse-grained inclusions 

TI:ie Allende type A and B coarse-grained inclusions (Grossman, 1975) 

are very complex objects which are believed by some to be the first 

condensates from the solar nebula (Marvin et al., 1970). TI:iese inclu

sions have the lowest known 87sr/86sr ratios (Gray et al., 1973). Marti 

et al. (1977) measured melilite from an Allende type-B coarse-grained 

inclusion and found it to have a Pu/Nd ratio very similar to the values 

of AdoR and Juvinas, again implying chemical coherence of Pu and Nd. 

TI:iis result requires interpretation, however. TI:ie Sm-Nd isotopic system 

of this inclusion appears to have been disturbed (G. Lugmair, pers. 

comm.) raising the possibility of xenon loss which would produce a low 

Pu/Nd ratio. 

In summary, it appears that, although Pun does not in general equal 

Ndn, Pu and Nd are difficult to fractionate in ordinary igneous processes. 

TI:iis is because both Pun and Ndn are small (~<0.3) for common silicate 

minerals and because phosphates and other trace minerals containing Pu 

and Nd are generally assumed to be assimilated by the magma during the 
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early stages of partial melting (Carmichael et al., 1974). lhe differences 

between this laboratory study and the real world appear to be such as to 

further decrease Pun and Ndn, making fractionation even more difficult. 

Thus, of the samples analyzed by Marti et al., the eucrite Juvinas appears 

to be an excellent candidate for determining an early solar system Pu/Nd 

ratio, but both AdoR and the Allende melilite appear to have had a more 

complex origin. Since Juvinas appears to have an age comparable to that 

of chondrites (Lugmair et al., 1976), the discrepancy in Pu/U between 

the Marti et al. data and St. Severin still stands. In an effort to 

resolve this discrepancy, the next section will discuss other Pu/U deter

minations from the literature to see if any pattern emerges. 
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B. Other measurements of 244Pu/238u 

The conclusion of Podosek (1970a) was that Pu and U chemically frac

tionate, since his St. Severin whole-rock 244Pu/238u ratio of 0.015 was 

substantially different from the 0.035 value measured on whitlockite of 

the same meteorite by Wasserburg et al. (1969a). Since Pu and Nd were 

observed not to fractionate, Marti et al. (1977) reasoned that the 

244Pu/238u ratio of the early solar system could be calculated using 

their AdoR data, i.e. 

( 244Pu;238U) (244 I d) ( d/238 ) solar= Pu N AdoR N U chondrites• 

This method yielded a 244Pu/238u ratio of 0.004 which was a factor of 

four lower than the 0.015 value of Podosek (1970a, 1972). 

This discrepancy between 0.015, measured on a chondrite, and the 

0.004 value which purports to be "chondritic" is made more perplexing by 

the conclusion of the preceding section which claimed that the Juvinas 

Pu/Nd ratios (and perhaps the AdoR and Allende data as well) were essen-

tially unfractionated from chondritic. In an attempt to resolve this 

discrepancy, an evaluation of the available Pu/U data will now be made. 

Since the data of Marti et al. have been discussed in some detail in 

the preceding section and Introduction, emphasis will be placed on other 

sources. 

1. Eucrites 

The only eucrites for which 244Pu/238u data exist are Juvinas and 

Pasamonte. The Juvinas fission Xe concentrations of Marti et al. (1977) 

and the U data of Morgan and Lovering (1973) yield a 244Pu/238u ratio of 

0.004, in agreement with the calculated value of Marti et al. The 
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Pasamonte data of Hohenberg et al. (1967) and the U data of Unruh et al. 

(1977) give a ratio of 0.0047, in good agreement with Juvinas. Thus, 

although sampling errors may be large, these two eucrites appear to have 

rather low 244pu/238u ratios that are identical to the ratio calculated from 

Pu/Nd data. 

2. AdoR 

It was mainly the AdoR Pu/Nd data which were used to calculate the 

0.004 value of Marti et al., and it is of interest, therefore, to compare 

the results of this calculation to a measured 244pu/238u ratio on the 

same meteorite. The fission Xe data of Hohenberg (1970) and the U data 

of Tatsumoto et al. (1973) combine to yield a 244pu/238u ratio of 0.0065. 

This is somewhat higher than 0.004 but still significantly different 

from 0.015. The amount of Pu-U fractionation during the formation of Ador 

is unknown but, based on Ce/U, is likely to have been about 20%, assuming 

an unfractionated source. The AdoR U concentration of Tatsumoto et 

al. (1973) is in good agreement with the analyses of Morgan and Lovering 

(1973) and Bhandari et al. (1971) and is ~27% higher than the U analyses 

of Wasserburg et al. (1977). The fission Xe concentration of Hohenberg 

(1970) is in good agreement with that of Lugmair and Marti (1977). 

3. Allende coarse-grained inclusions 

Ganapathy and Grossman (1976) suggested that coarse-grained Allende 

inclusions (types A and B (Grossman, 1980)) should yield a valid initial 

244pu/238u ratio. They based their arguments on the primative nature of 

these objects (Gray et al., 1973) and their observation that refractory 

LIL elements in coarse-grained inclusions were unfractionated. Prior to 
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this Podosek and Lewis (1972) had measured a 244Pu/238u ratio of 0.087 on 

an uncharacterized mixture of Allende inclusions, but the most viable 

interpretation of this measurement appears to be that the sample contained 

a large number of fine-grained inclusions which are known to have f rac

tionated LIL abundances (Grossman and Ganapathy, 1976b; Ganapathy and 

Grossman, 1976) and fractionated 'Th./U ratios (Chen and Tilton, 1976; 

Tatsumoto et al., 1976). Additionally, Ganapathy and Grossman (1976) 

noted that the U content of the Podosek and Lewis (1972) sample was only 

~O.l that of most coarse-grained inclusions (Grossman and Ganapathy, 

1976a), implying that this sample was nonrepresentative. 

Drozd et al. (1979) measured the 244Pu/238u ratio of a large Type B 

inclusion. 'Th.eir value of 0.016 agreed remarkably well with the 0.015 

ratio of Podosek (1970a) and appeared to substantiate the views of 

Ganapathy and Grossman. However, Boynton (1978) pointed out that the 

'Th./U ratios of coarse-grained inclusions appeared to be shifted towards 

higher values than chondrites. His tabulation of 'Th./U ratios (Mason and 

Martin, 1974; Chen and Tilton, 1976; Tatsumoto et al., 1976) with an 

average 'Th./U = 7-8 was twice that of chondrites (Morgan and Lovering, 

1968). Boynton attributed this difference to the incomplete condensation 

of U (Boynton, 1978). Grossman (1980) disagreed with Boynton's inter

pretation and suggested that the inclusions with high 'Th./U ratios tabulated 

by Boynton were nonrepresentative. However, regardless of the mechanism 

of fractionation, additional data appear to substantiate Boynton's 

observation that the 'Th./U of coarse-grained Ca-Al-rich inclusions tends 

to be high. Figure 23 shows a histogram of Th/U ratios for coarse-grained 

inclusions. Data are either direct 'Th./U determinations or are inferred 

from 208Pb/206pb ratios (Chen and Wasserburg, 1980). The average 'Th./U 



110 

Figure 23 

This figure shows a histogram of Th/U ratios for Allende coarse

grained Ca-Al-rich inclusions. Data are from Mason and Martin (1974), 

Chen and Tilton (1976), Tatsumoto et al. (1976), Stapanian (1980) and 

Chen and Wasserburg (1981). The mean of all data is Th/U = 6.6 or 1.75 

X chondritic. Since Th and U are fractionated in these objects, they 

may not be good sources for 244Pu/238u ratios. 
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of 6.6 is 1.75 times that of Cl chondrites. If 'Ill and U are fractionated, 

Pu and U may be also. 'Illis makes interpretation of the Drozd et al. 

(1979) 244Pu/238u ratio difficult. 

4. Ille St. Severin chondrite 

Although the Podosek (1970a) ratio is the most often quoted, other 

St. Severin 244Pu/238u determinations exist as well. 'Ille Podosek method 

(1970b) has the following advantages: (1) no assumption about the trapped 

xenon composition is necessary; (2) no determinations of absolute concen

trations of xenon are required; and (3) the Pu and U are determined on 

the same sample. As Jones and Burnett (1979) have pointed out, these 

considerations appear to make the Podosek.method superior to more conven

tional techniques. However, unless errors are systematic, it is expected 

that whole-rock Xe analyses of unirradiated chondrites would, with poorer 

precision, yield 244Pu/238u ratios comparable to the Podosek technique. 

One possible systematic error is the assumption of AVCC (average 

carbonaceous chondrite) as the trapped xenon composition. If the trapped 

composition has a higher 136xe/132xe ratio than AVCC (e.g. air), then by 

choosing AVCC as a trapped composition, the calculated amount of fission 

136xe will be too high and the calculated 244Pu/238u ratio will be high 

as well. Conversely, if the actual trapped composition has a 136xe/132xe 

ratio less than AVCC, the calculated 244Pu/238u ratio will be too low. 

Since Alaerts et al. (1979) have presented evidence that the trapped 

xenon of LL-chondrites has a slightly lower 136xe/132xe ratio than 

AVCC, 244Pu/238u calculations involving "conventional" analyses will be 

be made (1) assuming AVCC to be the trapped composition and (2) assuming 

the trapped composition of Alaerts et al. 
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Five whole-rock xenon analyses of St. Severin exist in the literature: 

two by Wasserburg et al. (1969a), two by Marti et al. (1969), and one by 

Alaerts et al. (1979). Table 9 gives the xenon data and 244Pu/238u ratios 

of these samples. As would be expected, the data have a greater spread 

and are less precise than Podosek's, but somewhat unexpectedly the 

244Pu/238u ratios are much lower--regardless of the assumption of the 

trapped composition. Although the scatter is large, the tendency toward 

lower 244Pu/238u ratios is seen in all four St. Severin analyses from 

three laboratories. Taken at face value these data would suggest that 

the Podosek St. Severin ratio was high. 

Two other irradiated St. Severin samples have also been analyzed 

using the Podosek technique. An unpublished xenon analysis of an Alexander 

et al. (1972) St. Severin sample was kindly provided by S. Niemeyer. 

This St. Severin aliquot was most probably left over from an earlier 

whitlockite study (Lewis, 1975) and had its magnetic fraction removed 

during a Franz separation (S. Smith, pers. comm.; Zaikowski, 1980). Since 

many whitlockites are associated with metal and troilite (Jones and 

Burnett, 1979; Manhes et al., 1978), this St. Severin sample may be depleted 

in whitlockite. If whitlockite contained only a minor amount of the Pu 

in St. Severin [as it does U (Jones and Burnett, 1979)], any whitlockite 

removal should make only a very small (~10%) difference in the 244Pu/238u 

ratio. A least-squares extrapolation of the 1100, 1200, 1400, and 1500°C 

xenon releases (1300°C release was lost) yields a 244Pu/238u ratio of 

0.0065. The slope of the regression line is mainly determined by the 

1100 and· 1200°C releases; the 1400 and 1500°C releases are close enough 

to AVCC to be compatible with a range of 244Pu/238u ratios. If the 

regression line is required to pass through AVCC, the calculated 244Pu/238u 
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ratio is 0.0043. If the regression line is required to pass through the 

trapped component of Alaerts et al. (1979), a 244Pu/238u ratio of 0.0040 

is calculated--not significantly different from AVCC. 

This discussion is complicated by the recent observation of Hohenberg 

et al. (1981) that the trapped xenon of the dark lithology of St. Severin 

is neither AVCC nor the composition of Alaerts et al. (1979), but one 

which is slightly enriched in 129xe, 130xe, and 134xe relative to AVCC. 

In the case of the dark St. Severin Xe analyses of Hohenberg et al. (1981) 

(analyzed using the Podosek (1970) technique), assuming AVCC as the 

trapped component gives a 244Pu/238u ratio of 0.007. If the 1325°C 

release (the most precise, non-radiogenic release inconsistent with AVCC) 

is taken as the trapped component, the 244Pu/238u ratio is raised to 

0.014, in good agreement with Podosek (1972). If the Hohenberg et al. 

(1981) 1325°C release with a higher 136xe/132xc ratio than AVCC is the 

actual trapped component of the unirradiated samples, the 244Pu/238u 

ratios calculated for them are too high (see discussion at beginning of 

Section). Summarizing, two different analytical techniques for 244Pu/238u 

tend to give different results, even for the same meteorite. Five whole

rock analyses of unirradiated St. Severin average 0.005 + 2 and two 

step-wise thermal releases of irradiated samples give 244Pu/238u ratios 

of 0.014 - 0.015. A third irradiated sample which had its magnetic 

fraction removed gave an intermediate value (0.0065). 

Alaerts et al. (1979) noted that, within error, their total-rock 

concentration of 136xe fission in St. Severin could be accounted for by 

assuming that all the 244Pu resided in whitlockite and by prorating the 

whitlockite 136xe fission data of Lewis (1975). If this is true, then 
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the 244Pu/238u ratio of St. Severin my be calculated, 

(244Pu/238u) St. Severin 

where Uxwhit is the fraction of St. Severin's U residing in whitlockite. 

If Uxwhit = 0.115 (Jones and Burnett, 1979) and (244Pu/238u) whit = 0.046 

(Burnett et al., 1981), then (244Pu/238u) St. Severin is 0.0053. Thus, if 

the 244Pu/238u ratios of St. Severin is 0.005 from unirradiated samples are 

correct then all the Pu resided in whitlockite and was uncorrelated with U. 

If Pu was sited only in whitlockite, the Podosek method cannot easily yield 

the correct 244Pu/238u ratio. If this model is correct, then the 

1000-1200°C releases of the irradiated samples should contain most of 

the whitlockite fission Xe. This is consistent with the step-wise thermal 

release data of Lewis (1975), who found- that 30-75% of the whitlockite 

Xe was lost in this temperature range. This model also requires that 

enough U fission Xe is degassed during this temperature interval to 

lower the 244Pu/238u ratio of these releases from 0.046 (pure 

whitlockite) to 0.015. Plagioclase could possibly supply this U fission-

Xe. Plagioclase melts at ~1150°C and should contain fission Xe from 

grain-boundary U (Jones and Burnett, 1979). Whether or not plagioclase 

alone is sufficient to lower the 244Pu/238u ratio of the 1000-1200°C 

releases to 0.015 depends on the fraction of whitlockite which degasses 

in this interval. It is difficult to completely reconcile the model of 

of uncorrelated U and Pu with the Podosek Xe release data. For U and Pu 

in different mineralogical sites, the 130xe/132xe vs. 134xe/132xe plot 

for temperature fractions from an irradiated meteorite should be a 

scatter plot. This was not observed. Specifically a coincidental 

release of uncorrelated 235u and 244Pu fission Xe is required which gives 
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the same apparent 244Pu/238u for at least two temperature intervals, 

yielding a linear array having no physical significance. 

If most of the Pu resides in whitlockite, Sm (and the other LREE's) 

may be similarly sited. Table 10 shows a comparison of whole-rock REE 

concentrations calculated from the whitlockite data of Mason and Graham 

(1970) and whole-rock concentrations measured by Masuda et al. (1973). 

The calculated concentrations of the light rare earths agree with the 

measured concentrations to within 25%, which is reasonable considering 

sampling differences. Recent analyses by Jacobsen (pers. comm.) on St. 

Severin whitlockite (Nd = 140 ppm; Sm = 43 ppm) indicate that the anal

yses of Mason and Graham (1970) may be systematically low by ~ 30-40%. 

This would make for better agreement between the calculations of Table 

10 and the measurements of Masuda et al. (1973). In addition, the cal

culated Pu/Nd ratio of 12 X lo-5 for the St. Severin whitlockite (using 

the Jacobsen Nd concentration) is in fair agreement with but higher than 

the Pu/Nd ratios measured by Marti et al. (1977), supportive of the 

hypothesis that 75% (or more) of the Pu is retained in whitlockite. 

Jacobsen and Wasserburg (1980) have reported Sm-Nd data for light 

and dark portions of the St. Severin meteorite. Although the samples 

analyzed by Jacobsen and Wasserburg are not aliquots of the light and 

dark fragments analyzed for xenon by Wasserburg et al. (1969a), they do 

come from the same cut slab (S.B. Jacobsen and J.C. Huneke, pers. comm.). 

The light fraction, which has a higher 244Pu concentration, also has 

higher Sm and Nd contents. If the quantitative retention of Pu and the 

LREE's in whitlockite is a viable hypothesis, then the Sm-Nd data can be 

used to calculate the abundance of whitlockite in both lithologies and 

both light and dark should have the same 244Pu/Nd ratio (i.e. that of 
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Table 10 

Comparison of Calculated and Measured REE's in St. Severin 

Element Eewhit (ppm) a Eewhole rock (Model) c Eaneas b Model/meas. 

La 64 0.32 0.39 0.82 

Ce 130 0.65 0.94 0.69 

Nd 100 0.50 0.66 0.76 

Sm 34 0.17 0.22 0.77 

Eu 2.5 0.012 0.085 0.14 

Gd 50 0.25 0.30 0.83 

Dy 49 0.24 0. 37 0.65 

Er 26 0.13 0.25 0.52 

Yb 25 0.12 0. 25 0.48 

a. Mason and Graham (1970) 

b. Masuda et al. (1973) 
E E 

c. Cwhole rock = Cwhit • Xwhit; 
Xwhit = mass fraction of whitlockite 0.005 



119 

whitlockite). Specifically by this model: 

(244Pu/Nd)rock = Ndxwhit (244Pu/Nd)whit = (244Pu/Nd)whit 

since Ndxwhit is the fraction of a sample's Nd that is contained in 

whitlockite and is assumed to be unity. 

Table 11 shows the calculated abundance of whitlockite in the light 

and dark lithologies. 'Ille independent Nd and Sm calculations agree 

within 10%. 'Ille 244Pu/Nd ratios, although 20-50% higher than that 

reported by Marti et al. (1977), agree within error (_± 20%). Although 

not a proof, these data are consistent with the hypothesis that most Pu 

is sited in whitlockite and that the 244Pu/238u ratio of St. Severin 

is 0.005 + 2. 

5. Other Chondrites 

In addition to St. Severin, other equilibrated ordinary chondrite 

Xe analyses exist in the literature. 'Ille data for four of these, 

Beardsly (HS), Richardton (HS), Holbrook (L6)and Bruderheim (16), are 

summarized by Reynolds et al. (1969); a fifth, Olivenza (LLS), is another 

of the meteorites studied by Alaerts et al. (1979). Figure 24 shows a 

plot of 244Pu/238u vs. [132xe]. The U data for samples other than St. 

Severin come from Morgan (1971). For Olivenza a U content of 12ppb was 

assumed. The precision of these data is not good but all calculated 

244Pu/238u ratios are lower than 0.015. 'Ille error in the 244Pu/238u 

ratio increases with increasing trapped Xe, showing the difficulty in 

measuring small fission effects when most of the Xe is non-fissiogenic. 

The trapped component is assumed to be AVCC. 'Ille light lithology St. 

Severin analysis of Wasserburg et al. (1969a) is a bit higher than the 
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Figure 24 

This figure shows a plot of 244Pu/238u vs. 132xe content for five 

ordinary chondrites and St. Severin. Trapped composition was taken as 

AVCC; spallation corrections are small. Constants used are as given in 

Table 9. All 244Pu/238u ratios are less than 0.01 and show no change 

with the amount of trapped Xe (132xe), implying that AVCC is a reasonable 

choice for a trapped Xe component. 
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other 244Pu/238u ratios and may indicate phosphate enrichments. 'Ille 

calculated phosphate abundance for this sample in Table 11 is twice 

the St. Severin average (Jones and Burnett, 1979). 

Figure 25 is the same as Figure 24 but the composition of Alaerts 

et al. (1979) was the assumed trapped component. Here there is a definite 

correlation of 244Pu/238u when compared with Figure 23. Because the 

data are the same in both figures, this correlation is independent of the 

error bars of the 244Pu/238u analyses and suggests that the Alaerts et al. 

trapped component undercorrects and yields anomalously high 244Pu/238u 

ratios. Because of this, AVCC is the preferred trapped composition for 

these data. As with the St. Severin data no 244Pu/238u ratios as high as 

0.015 are observed. In fact, the only sample in Figure 24 to have a 

ratio as high as 0.010 was apparently phosphate enriched (see St. Severin 

discussion, this section). 'Ille trapped composition of Hohenberg et al. 

(1981) is not of consequence in the discussion of unirradiated chondrites. 

If the Hohenberg et al. trapped composition (or air xenon) were the 

trapped component, the assumption of AVCC makes the resulting 244Pu/238u 

ratio too high, further increasing the difference in 244Pu/238u between 

irradiated and unirradiated samples. 

6. Conclusions 

In summary, it is noted that a large discrepancy in 244Pu/238u ratios 

exists. Three analyses (Podosek, 1970a; Drozd et al., 1977; Hohenberg 

et al. 1981) give ratios of 0.015 + 1 and five other analyses (Marti et al., 

1969; Wasserburg et al., 1969a; Hohenberg et al., 1967; Hohenberg, 1970) 

give ratios of 0.005 + 2. Four more indirect determinations (Marti 

et al. 1977) average between 0.003 and 0.004. Although the case is not 
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Figure 2 5 

This figure shows 244Pu/238u ratios vs. 132xe concentration for five 

ordinary chondrites and St. Severin. The only difference between Figures 

24 and 25 is the choice of trapped composition. Here the trapped Xe 

composition is assumed to be that of Alaerts et al. (1979). 'Ille increase 

in 244Pu/238u with trapped Xe (132xe) implies that using the Alaerts 

et al. composition leads to an undercorrection for trapped Xe. 
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clearcut, reasons have been presented for suspecting that the higher 

244pu/238u is not representative of most early solar system materials. 

Preference is given to the low 244pu/238u ratios because, although 

fission Xe concentrations based on total rock analyses are imprecise, 

it seems difficult for their average to be systematically wrong by a 

factor of three. Such a systematic error for St. Severin probably 

requires the existence of a trapped xenon component with a 136xe/132xe 

ratio of 0.275-0.300. Such a component has never been measured and is 

not considered to be a viable choice for a trapped component (Pepin and 

Phinney, 1981). This interpretation implies that there is, as yet, 

essentially no measurable difference in ages between chondrites, Allende 

coarse-grained inclusions, AdoR and some eucrites. As previously dis

cussed, this is consistent with most isotopic dating techniques, and is 

not inconsistent with. the Sm and Pu data presented here. The implications 

of a 244pu/238u ratio of 0.005 will be discussed further. 
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C. Pu/U, Supernovae and Isotopic Anomalies 

In the preceding sections the controversy concerning the 244Pu/238u 

ratio of our solar system has been discussed. Although uncertainties 

still exist, a low 244Pu/238u ratio (0.005 .±. 2) is favored. Since 

earlier discussions of nucleosynthesis in the galaxy have been primarily 

concerned with very high Pu/U ratios (---0.03) (Hohenberg, 1969; Wasserburg 

et al., 1969b), it seems appropriate to discuss the implications of a low 

Pu/U ratio. The discovery of the decay products of very short-lived 

nuclides such as 26 Al and l07 Pd (t1; 2 = 0.7 m.y. and 6.5 m.y. respectively) 

complicate such a discussion (Lee et al., 1977; Kelly and Wasserburg, 

1978). 

(1) Nuclides such as 244 Pu, 129 1 (t1; 2 = 15.7 m.y.) and perhaps 

235u (t1; 2 = 700 m.y.) give information about the delay time 6 

between the isolation of the solar system from nucleosynthetic 

sources in the galaxy and the formation of meteorites. Because 

of the large decay interval (6) calculated from these longer-

lived elements (~108 years), the 26Al and 107 Pd must be explained 

either as (a) very small amounts of freshly synthesized material or (b) 

the result of some solar system process (e.g. a solar proton irradiation). 

Since 26Al/27Al, 1291/1271 and 107pa/110pd are approximately constant 

(10-4 - 10-5) (Kelly and Wasserburg, 1978), the abundance of all short-

lived nuclides may only be indicative of a dilution factor and have 

little cosmochronological significance. 

Table 12 shows the 6's calculated for two different production 

models. 61 is the delay after continuous, uniform nucleosynthesis over 

a time T [YON! model of Wasserburg et al. (1969b)], and 62 is 

the delay after a period (T) of multiple, discreet production "spikes" 



Element 

235u/238u 

1291/127 I 

128 

Table 12 

Measured Ratio (4.5 AE) Al(m.y.) 

0.313 113 + 250 144 + 320 

0.005 140 + 45 222 + 70 

1.09 x 10-4 99 + 20 143 + 30 

Average A 117 + 21 170 + 45 

Errors to Al assigned using range of production 
ratios from Schramm and Wasserburg (1970) and 
Kelly and Wasserburg (1978). A2 errors are 
assigned assuming cr(A1)/A1 = a (A2)/A2· 
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of equal intensity [multi-spike model of Trivedi (1977)]. In this model 

fifty uniform spikes were used. For a T of 7xl09y, this corresponds 

to a recurrence interval of about 140 m.y. T is different for each 

model and is calculated from a Th/U ratio of 3.9 today. Production 

ratios, decay constants and abundance ratios (except for Pu) are 

basically those used by Schramm and Wasserburg (1970) and Kelly and 

Wasserburg (1978). The agreement between the U, I, and Pu data is 

acceptable. The means ~l = 117 ±. 21 and ~2 = 170 + 45 are 

essentially within the precision of the input parameters and the 

difference between ~l and ~2 is not large. Conversely, for the case 

of uniform production, if T and ~ are taken to be 6.9 X 109y and 1 X l08y, 

respectively, then at T +~ 235u/238u = 0.325, 129I/129I = 1.19 x 10-4 

and 244Pu/238u = 0.0086. The U and I are in good agreement with chondritic 

measurements but the 244Pu/238u is high compared to the assumed value of 

0 .005. If 6. is changed to make 244Pu/138 U = 0 .005, 235 U/ 238 U remains 

essentially unchanged but 129I/127I is lowered to 6xlo-6. For both 

models 6.Pu is larger than 6.r• If this discrepancy is not an artifact 

of inaccurate production ratios or of the model, it may indicate that 

the last event which added 26Al and 107pd to the solar nebula also added 

most of the 1291. If this event added negligible Pu and U (Kelly and 

Wasserburg, 1978; Chen and Wasserburg, 1980) and 244Pu/238u = 0.005, 

then the 26Al "spike" would have to have changed the nebular 

129I/127I ratio from 6 X lo-6 to 1.09 X lo-4. If this could be demon

strated, the widespread 129I/127r = 1.09 X lo-4 (Hohenberg et al., 1967) 

might imply that the entire solar system (rather that just Ca-Al-rich 

inclusions) contained significant 26AI. 
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D. Dating of Early Solar System Events by 244Pu Xenology 

As alluded to earlier, the only meteorite which shows a demonstrably 

different 244Pu/238u or 244Pu/Nd ratio is the meteorite Stannern (Marti 

et al., 1977), whose younger age (as compared to other eucrites) is sub

stantiated by other chronometers (Birck and Allegre, 1978). Still, there 

exists a factor of two spread in the data (0.005 .± 2) which at the 2cr 

level could conceal age differences of 160 m.y. (two half-lives). To 

investigate this possibility in detail will require 244Pu/238u measure

ments to much better precision than.± 0.001 out of 0.005. Because of 

the small amount of trapped xenon in eucrites, this precision in 244Pu/ 

238u measurements should be attainable. Ordinary chondrite 244Pu/238u 

measurements are more difficult because of the large trapped xenon com

ponent. However, if the Pu and Nd are entirely within phosphates, 

applying the Marti et al. (1977) technique to a phosphate separate should 

yield a valid 244Pu/238u ratio. 



131 

REFERENCES 

Alaerts L., Lewis R.S. and Anders E. (1979) Isotopic anomalies of noble 

gases in meteorites and their origins. Geochim. Cosmochim. Acta 

43, 1399-1416. 

Albarede F. and Bottinga Y. (1972) Kinetic disequilibrium in trace element 

partitioning between phenocrysts and host lava. Geochim. Cosmochim. 

Acta 2.§_, 141-156. 

Alexander E.C. Jr., Davis P.K. and Reynolds J.H. (1972) Rare gas analyses 

on neutron irradiated Apollo 12 samples. Proc. Third Lunar Sci. Conf., 

Geochim. Cosmochim. Acta Suppl. 2_, V. 2, pp 1787-1795. M.I.T. Press. 

Alexander E.C. Jr., Lewis R.S., Reynolds J.H. and Michel M.C. (1971) 

Plutonium-244: Confirmation as an extinct radioactivity. Science 172, 

837-840. 

Benjamin T.M. (1979) Experimental actinide element partitioning between 

whitlockite, apatite, diopsidic clinopyroxene, and anhydrous melt at 

one bar and 20 kilobars pressure. Ph.D. thesis, California Institute 

of Technology, Pasadena. 

Benjamin T.M., Arndt N.T. and Holloway J.R. (1977) Instrumental technique for 

S-track mapping. Carnegie Inst. Wash. Yearbk. Jj_, 658-660. 

Benjamin T., Heuser W.R. and Burnett D.S. (1978) Laboratory studies of 

partitioning revelant to 244pu chronometry. Proc. 9th Lunar and Plan. 

Sci. Conf. Geochim. Cosmochim. Acta Suppl. 10, v. 1, pp 1393-1406. 

Pergamon. 

Benjamin T.M., Heuser W.R., Burnett D.S. and Seitz M.G. (1980) Actinide 

crystal-liquid partitioning for clinopyroxene and Ca3(P04)2 Geochim. 

Cosmochim. Acta 44, 1251-1264. 

Bhandari N., Bhat S., Lal D., Rajagopalan G., Tamhane A.S. and 



132 

Venkatavaradan (1971) Fossil fission tracks in the meteorite Angra 

dos Reis: A predominantly fission origin. Nature 234, 540-543. 

Birck J.L. and Allegre C.J. (1978) Chronology and chemical history of the 

parent body of basaltic achondrites studied by the 87Rb-87sr method. 

Earth Planet. Sci. Lett. ~. 37-51. 

Boynton W.V. (1978) Fractionation in the solar nebular, II. Condensation 

of Th, U, Pu and Cm. Earth. Planet. Sci. Lett. 40, 63-70. 

Burnett D.S., Stapanian M.I. and Jones J.H. (1981) Meteorite actinide 

chemistry and cosmochronology. To appear in: W.A. Fowler 

birthday volume (ed C.A. Barnes, D.D. Clayton and D.N. Schramm). 

Cambridge U. Press, New York. 

Burton J.A., Prim R.C. and Slichter W.P. (1953) The distribution of solute 

in crystals grown from the melt. Part I. Theoretical. J. Chem. Phys. 

I.!_, 1987-1991. 

Cantelaube Y., Maurette M. and Pellas P. (1967) Traces d'ions lourds dans 

les mineraux de la chondrite de St. Severin. In Radioactive Dating 

and Methods~ Low Level Counting, pp 215-229. International Atomic 

Energy Agency, Vienna. 

Carmichael I.S.E., Turner F.J. and Verhoogen J. (1974) Igneous Petrology. 

McGraw-Hill, San Francisco. 

Champion D.E., Albee A.L. and Chodos A.A.(1975) Reproducibility and 

operator bias in a computer-controlled system for quantitative 

electron microprobe analysis. Proc. 10th Nat. Conf. Electron --- --- --- --- ----
Probe Assn. SSA. 

Chen J.H. and Tilton G.R. (1976) Isotopic lead investigations on the Allende 

carbonaceous chondrite. Geochim. Cosmochim. Acta. 40, 635-643. 



133 

Chen J.H. and Wasserburg G.J. (1980) A search for isotopic anomalies in 

uranium. Geophys. Res. Lett. ]_, 275-278. 

Chen J.H. and Wasserburg G.J. (1981) The isotopic composition of uranium and 

lead in Allende inclusions and meteoritic phosphates. Earth. Planet. 

Sci. Lett. ~. 1-15. 

Cotton F.A. and Wilkinson G. (1962) Advanced Inorganic Chemistry. Inter

science Publishers, New York. 

Crozaz G. (1974) U, Th and extinct 244pu in the phosphates of the St. Severin 

meteorite. Earth. Planet. Sci. Lett. ~. 164-169. 

Drake M.J. (1972) The distribution of major and trace elements between 

plagioclase feldspar and magmatic silicate liquid: An experimental 

study. Ph.D. thesis, University of Oregon, Eugene. 

Drake M.J. and Holloway J.R. (1977) Partitioning of samarium between plagio

clase, amphibole, and hydrous silicate liquid at high pressures: 

Preliminary results (Abstract). In Papers Presented_.!:£. the Interna

tional Conference on Experimental Trace Element Geochemistry. pp 21-23. 

Drozd R.J., Morgan C.J., Podosek F.A., Poupeau G., Shirck J.R. and Taylor 

G.J. (1977) 244pu in the early solar system? Ap. ~· 212, 567-580. 

Evans R.D. (1955) The Atomic Nucleus. McGraw-Hill, San Francisco. 

Fleischer R.L., Price P.B. and Walker R.M. (1975)" Nuclear Tracks in Solids. 

University of California Press, Los Angeles. 

Ganapathy R. and Grossman L. (1976) The case for an unfractionated 244pu/ 

238u ratio in high-temperature condensates. Earth. Planet. Sci. Lett. 

l!:_, 386-392. 

Gray C.M., Papanastassiou D.A. and Wasserburg G.J. (1973) The identification 

of early condensates from the solar nebula. Icarus 20, 213-239. 

Grossman L. (1975) Petrology and mineral chemistry of Ca-rich inclusions in 



134 

the Allende meteorite. Geochim. Cosmochim. Acta l2,, 433-454. 

Grossman L. (1980) Refractory inclusions in the Allende meteorite. In 

Ann. Rev. Earth. Planet. Sci. ~. 559-608. 

Grossman L. and Ganapathy R. (1976a) Trace elements in the Allende meteorite-

I. Coarse-grained, Ca-rich inclusions. Geochim. Comsmochim. Acta 40, 

331-344. 

Grossman L. and Ganapathy R. (1976b) Trace elements in the Allende meteorite-

II. Fine-grained, Ca-rich inclusions. Geochim. Cosmochim. Acta 40, 

967-977. 

Grutzeck M., Kreidelbaugh S. and Weill D. (1974) The distribution of Sr and 

REE between diopside and silicate liquid. Geophys. Res. Lett. _!., 273,275. 

Harrison W.J. (1977) An experimental study of the partitioning of samarium 

between garnet and liquid at high pressures (Abstract). In Papers 

Presented to the International Conference on Experimental Trace 

Element Geochemistry. pp 41-42. 

Hoffmann A.W. and Magaritz M. (1977) Diffusion of Ca, Sr, Ba and Co 

in a basalt melt: Implications for the geochemistry of the 

mantle. ~ Geophys. Res. 82, 5432-5440. 

Hohenberg C.M. (1969) Radioisotopes and the history of nucleosynthesis in 

the galaxy. Science 166, 212-215. 

Hohenberg C.M. (1970) Xenon from the Angra dos Reis meteorite. Geochim. 

Cosmochim. Acta~. 185-191. 

Hohenberg C.M., Hudson B., Kennedy B.M. and Podosek (1981) Noble gas reten-

tion chronologies for the St. Severin meteorite. Geochim. Cosmochim. 

Acta (submitted). 

Hohenberg C.M., Munk M.N. and Reynolds J.H. (1967) Spallation and fissio-

genie xenon and krypton from stepwise heating of the Pasamonte 



135 

achondrite; the case for extinct plutonium 244 in meteorites; relative 

ages of chondrites and achondrites. ::!.• Geophys. Res. 72, 3139-3177. 

Holloway J.R. and Drake M.J. (1977) Quantitative microautoradiography by 

X-ray emission micro-analysis. Geochim. Cosmochim. Acta 41, 1395-

1397. 

Huebner J.S. (1971) Buffering techniques for hydrostatic systems at elev-

ated pressures. In Research Techniques for High Pressure and 

High Temperature (ed. G.C. Ulmer), pp 123-177. Springer-Verlag, 

New York. 

Huebner J.S., Ross M. and Hickling N. (1975) Significance of exsolved 

pyroxenes from lunar breccia 77215. Proc. Lunar Sci. Conf. 6th, 

Geochim. Cosmochim. Acta Suppl. 2_, V. 1, 529-546. 

Hyde E.K. (1962) A Revised Version of a Review of Nuclear Fission, Part 

One - Fission Phenomena at Low Energy. UCRL-9036-Rev. University 

of California, Berkeley. 

Hyttlnen K. and Yoder H.S. (1961) The plane enstatite-anorthite-diopside 

and its relation to basalts. Carnegie Inst. of Wash. Yearbook 60, 

125-141. 

Irving A.J. (1978) A review of experimental studies of crystal/liquid 

trace element partitioning. Geochim. Cosmochim. Acta ~. 743-770. 

Jacobson S.B. and Wasserburg G.J. (1980) Sm-Nd isotopic evolution of 

chondrites. Earth Planet. Sci. Lett. 50, 139-155. 

Jones J.H. and Burnett D.S. (1979) The distribution of U and Pu in the 

St. Severin chondrite. Geochim. Cosmochim. Acta 43, 1895-1905. 

Jones J.H., Benjamin T.M., Heuser R. and Burnett D.S. (1980) Meteoritic 

actinide chemistry: Laboratory partitioning studies (Abstract). 

In Lunar and Planetary Science XI. pp 514-516. Lunar and Plane-



136 

tary Institute, Houston. 

Katz L. and Penfold A.S. (1952) Range-energy relations for electrons and 

the determination of beta-ray end-point energies by absorption. Rev. 

Mod. Phys. 24, 28-44. 

Kelly W.R. and Wasserburg G.J. (1978) Evidence for the existence of 

107pd in the early solar system. Geophys. Res. Lett. 2_, 1079-1082. 

Lee T., Papanastassiou D.A. and Wasserburg G.J. (1977) Aluminum-26 in 

the early solar system: Fossil or fuel? Ap • .:!_. 211, Ll07-Lll0. 

Lewis R.S. (1975) Rare gases in separated whitlockite from the St. 

Severin chondrite: Xenon and krypton from fission of extinct 244pu. 

Geochim. Cosmochim. Acta 22_, 417-432. 

Lindstrom D.J. and Weill D.F. (1978) Partitioning of transition metals 

between diopside and coexisting silicate liquids-I. nickel, cobalt 

and manganese. Geochim. Cosmochim. Acta~. 817-832. 

Lugmair G.W., Marti K., Kurtz J.P. and Scheinin N.B. (1976) History and 

genesis of lunar troctolite 76535 or: How old is old? Proc. Lunar 

Sci. Conf. 7th., Geochim. Cosmochim. Acta Suppl.]_, V. 2, 2009-2033. 

Lugmair G.W. and Marti K. (1977) Sm-Nd-Pu timepieces in the Angra dos Reis 

meteorite. Earth Planet. Sci. Lett. 12_, 273-284. 

Ma M.-s., Murali A.V. and Schmitt R.A. (1977) Genesis of the Angra dos Reis 

and other achondritic meteorites. Earth Planet. Sci. Lett. 12_, 

331-346. 

Manhes G., Minster J.F. and Allegre C.J. (1978) Comparative uranium

thorium-lead and rubidium-strontium study of the St. Severin ampho

terite: Consequences for early solar system chronology. Earth Planet. 

Sci. Lett. 22_, 14-24. 

Marti K., Lugmair G.W. and Scheinin N.B. (1977) Sm-Nd-Pu systematics in the 



137 

early solar system (Abstract). In Lunar Science VIII, pp 619-621. 

The Lunar Science Institute, Houston. 

Marti K., Shedlovsky J.D., Lindstrom R.M., Arnold J.R. and Bhandari N.G. 

(1969) Cosmic ray produced radionuclides and rare gases near the 

surface of the St. Severin meteorite. In Meteorite Research (ed. 

P. Millman), pp 246-266. Springer-Verlag, New York. 

Marvin U.B., Wood J.A. and Dickey J.S., Jr. (1970) Ca-Al-rich phases in 

the Allende meteorite. Earth Planet. Sci. Lett. !_, 346-350. 

Mason B. and Graham A.L. (1970) Minor and trace elements in meteoritic 

minerals. Smithson. Cont. Earth Sci. 2_, 1-17. 

Mason B. and Martin P.M. (1974) Geochemical differences among components 

of the Allende meteorite. Smithson. Cont. Earth Sci. 12_, 84-95. 

Masuda A., Nakamura N. and Tanaka T. (1973) Fine structures of mutally 

normalized rare-earth patterns of chondrites. Geochim. Cosmochim. 

Mccallister R.H., Brady J.B. and Mysen B.O. (1979) Self-diffusion of Ca 

in diopside. Carnegie Inst. Wash. Yearbook~. 574-577. 

McKay G.A. (1977) Crystal/liquid equilibration in trace element partitioning 

experiments (Abstract). In Papers Submitted ~the International 

Conference on Experimental Trace Element Geochemistry, pp.81-82. 

Morgan J.W. (1971) Uranium (92). In Handbook of Elemental Abundances 

in Meteorites (B. Mason, ed.), Gordon and Breach Science Publishers, 

New York. pp. 529-548. 

Morgan J.W. and Lovering J.F. (1973) Uranium and thorium in achondrites. 

Geochim. Cosmochim. Acta 2.Z_, 1697-1707. 

Mueller R.F. and Saxena S.K. (1977) Chemical Petrology. Springer-Verlag, 

New York. 



138 

Myers J. and Gunter W.D. (1979) Measurement of the oxygen fugacity of 

the cobalt-cobalt oxide buffer assemblage. Am. Min. 64, 224-228. 

Mysen B.O. (1977) Experimental determination of cerium, samarium and 

thulium partitioning between hydrous liquid, garnet peridotite 

minerals and pargasite. Carnegie Inst. Wash. Yearbk. !!!_, 588-594. 

Mysen B.O., Ryerson F.J. and Virgo D. (1981) The structural role of 

phosphorus in silicate melts. Submitted to Am. Min. 

Mysen B.O. and Seitz M.G. (1975) Trace element partitioning determined by 

beta-track mapping--an experimental study using carbon and samarium 

as examples. ~ Geophys. Res. 80, 2627-2635. 

Nagasawa·H., Blanchard D.P., Jeffrey W.J., Brannon J.C., Philpotts J.A. 

and Onuma N. (1977) Trace element distribution in mineral separates 

of the Allende inclusions and their genetic implications. Geochim. 

Cosmochim. Acta~. 1587-1600. 

Nagasawa H., Schreiber H.D. and Blanchard D.P. (1976) Partition coef-

ficients of REE and Sc in perovskite, melilite and spinel and their 

implications for Allende inclusions(Abstract). In Lunar Science VII 

pp. 588-590. The Lunar Science Institute, Houston. 

Nakamura N. (1974) Determination of REE, Ba, Fe, Mg, Na and K in carbon-

aceous and ordinary chondrites. Geochim. Cosmochim. Acta~. 757-775. 

Nelms A.T. (1956) Energy loss and range of electrons and positrons. 

National Bureau of Standards Circular 577. U.S. Government Printing 

Office, Washington, D.C. 

Nicholls I.A. and Harris K.L. (1980) Experimental rare earth element 

partition cofficients for garnet, clinopyroxene and amphibole 

coexisting with andesitic and basaltic liquids. Geochim. Cosmochim. 

Acta 44, 287-308. 



139 

Northcliffe L.C. and Schilling R.F. (1970) Range and stopping-power tables 

for heavy ions. Nuclear Data Tables A7, 233-463. 

Papanastassiou D.A. and Wasserburg G.J. (1969) Initial strontium isotopic 

abundances and the resolution of small time differences in the 

formation of planetary objects. Earth Planet. Sci. Lett. 2_, 361-376. 

Pepin R.O. and Phinney D. (1981) Components of xenon in the solar system. 

To appear in: The Moon and Planets. -- --- -- ----
Podosek F.A. (1970a) The abundance of 244pu in the early solar system. 

Earth Planet. Sci. Lett.~. 183-187. 

Podosek F.A. (1970b) Dating of meteorites by the high temperature release 

of 129xe. Geochim. Cosmochim. Acta 34, 341-365. 

Podosek F.A. (1972) Gas retention chronology of Petersburg and other 

meteorites. Geochim. Cosmochim. Acta 1£., 755-772. 

Podosek F.A. and Lewis R.S. (1972) 129I and 244pu abundances in white 

inclusions of the Allende meteorite. Earth Planet. Sci. Lett. ]2_, 

101-109. 

Powell M.A., Walker D., Grove T.L. and Hays J.F. (1980) Cation diffusion 

in basaltic melts: measurements from crystal-liquid boundary layers 

in controlled cooling experiments (Abstract). ~·~·!· Abstracts 

with Programs, 502. 

Prinz M., Keil K., Hlava P.F., Berkley J.L., Gomes C.B. and Curvello W.S. 

(1977) Studies of Brazilian meteorites III. Origin and history of the 

Angra dos Reis achondrite. Earth Planet. Sci. Lett. l2_, 317-330. 

Reynolds M.A., Rao M.N., Meason J.L. and Kuroda P.K. (1969) Fissiogenic 

and radiogenic xenon in the chondrites Beardsley and Holbrook. 

~ Geo phys. Res. !!::_, 2711-2716. 

Robie R.A., Hemingway B.S. and Fisher J.R.(1978) Thermodynamic properties 



140 

of minerals and related substances at 298.15 K and 1 bar (105 Pascals) 

pressure and at higher temperatures. Geological Survey Bulletin 1452. 

U.S. Government Printing Office, Washington, D.C. 

Rowe M.W. and Kuroda P.K. (1965) Fissiogenic xenon from the Pasamonte 

achondrite. J. Geophys. Res. J..Q, 709-714. 

Ryerson F.J. and Hess P.C. (1978) Implications of liquid-liquid distri

bution cofficients to mineral-liquid partitioning. Geochim. 

Cosmochim. Acta 42, 921-932. 

Sanz H.G. and Wasserburg G.J. (1969) Determination of an internal 87Rb-87sr 

isochron for the Olivenza chondrite. Earth Planet. Sci. Lett. ~. 335-345. 

Schnetzler C.C. and Philpotts J.A. (1969) Genesis of the calcium-rich achond

rites in light of rare-earth and barium concentrations. In Meteorite 

Research (ed., P. Millman), pp. 206-216. Springer-Verlag, New York. 

Schnetzler C.C. and Philpotts J.A. (1970) Partition coefficients of 

rare-earth elements between igneous matrix material and rock

forming mineral phenocrysts-II. Geochim. Cosmochim. Acta 34, 

331-340. 

Schramm D.N. and Wasserburg G.J. (1970) Nucleochronologies and the 

mean age of the elements. Ap. ~ 162, 57-69. 

Shannnon R.D. (1976) Revised effective ionic radii and systematic 

studies of interatomic distances in halides and chalcogenides. 

Acta Cryst. A32, 751-767. 

Stapanian M.I. (1980) Induced fission track measurements of carbonaceous 

chondrite Th/U ratios and Th/U microdistributions in Allende inclusions 

Ph. D. thesis, California Institute of Technology, Pasadena. 

Stolper E.M. (1977) Experimental petrology of eucritic meteorites. 

Geochim. Cosmochim. Acta~. 587-611. 



141 

Tanaka T. and Nishizawa O. (1975) Partitioning of REE, Ba and Sr between 

crystal and liquid phases for a natural silicate system at 20kb 

pressure. Geochem. ~.2_, 161-166. 

Tatsumoto M., Knight R.J. and Allegre C.J. (1973) Time differences in 

the formation of meteorites as determined from the ratio of lead-

207 and lead-206. Science 180, 1279-1283. 

Tatsumoto M., Unruh D.M. and Desborough G.A. (1976) U-Th-Pb and Rb-Sr 

systematics of Allende and U-Th-Pb systematics of Orgueil. Geochim. 

Cosmochim. Acta 40, 617-634. 

Trivedi B.M.P. (1977) A new approach to nucleocosmochronology. Ap. ~ 

215, 877-884. 

Unruh D.M., Nakamura N. and Tatsumoto M. (1977) History of the Pasamonte 

achondrite: Relative susceptibility of the Sm-Nd, Rb-Sr, and U-Pb 

systems to metamorphic events. Earth Planet. Sci. Lett. 1Z_, 1-12. 

Wasserburg G.J., Huneke J.C. and Burnett D.S.(1969a) Correlation between 

fission tracks and fission type xenon in meteoritic whitlockite. 

~ Geophys. Res. !_!:_, 4221-4232. 

Wasserburg G.J., MacDonald G.J.F., Hoyle F. and Fowler W.A. (1964) 

Relative contributions of uranium, thorium and potassium to heat 

production in the earth. Science 143, 465-467. 

Wasserburg G.J., Schramm D.N. and Huneke J.C. (1969b) Nuclear chron

ologies for the galaxy. Ap. ~ 157, L91-L96. 

Wasserburg G.J., Tera F., Papanastassiou D.A. and Huneke J.C. (1977) 

Isotopic and chemical investigations on Angra dos Reis. Earth 

Planet. Sci. Lett. 22_, 294-316. 

Zaikowski A. (1980) I-Xe dating of Allende inclusions: Antiquity and 

fine structure. Earth Planet. Sci. Lett. ![!_, 211-222. 



142 

APPENDIX I 

Quantitative Radiography Using Ag X-rays 

John H. Jones and Donald S. Burnett 

Division of Geological and Planetary Sciences 
California Institute of Technology 

Pasadena, CA 91125 

To appear in: Nuclear Instruments and Methods 

Caltech Contribution Number 3488 



143 

ABSTRACT 

We have used an electron microprobe or scanning electron microscope 

to analyze the Ag produced by exposure of Ilford nuclear emulsions to 

15lsm beta particles. 'Ille low beam currents of the SEM yielded satisfactory 

results while the higher current density of the microprobe produced 

variable amounts of volatilization. Nonlinearities in Ag counting rate 

vs. exposure time curves were found at both high and low Ag concentrations. 

Two different types (mechanisms?) of emulsion fading were observed, one 

operating on a hour, the other on a day, time scale. 'Ille low-Ag 

nonlinearities are perhaps explained by either dose-dependent short time 

scale fading or by the requirement of multiple hits to render some AgBr 

grains developable. 
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INTRODUCTION 

Dosimetry measurements of ionizing radiation requiring high re

solution (1-10µ) are important for both the physical and biologi-

cal sciences. Accurate measurements of relative concentrations of 

radioactive tracers are often needed in diffusion studies[l], biological 

experiments using 14c or 3H labeled compounds[2], and trace element 

studies of geological systems[3]. Based on the original work of Holloway 

and Drake[4] and Benjamin~ a1.[5], we have systematically investigated 

the quantitative aspects of measuring Ag concentrations in nuclear 

emulsions exposed to radioactivity using a scanning electron microscope 

(SEM) or an electron microprobe. Such instruments are widely avail

able. The Ag-L x-rays are produced by a highly focussed electron beam 

and detected by a Si(Li) semiconductor detector. The counting rates 

are proportional to the amount of developed Ag in surface layers of the 

nuclear emulsion which, in turn, is approximately proportional to 

radiation dose, within a limited range of exposure. This technique is 

an alternative to optical micro-densitometry. The techniques reported 

here were developed to measure partition coefficients (D) of an ele

ment, e. g., Sm, between mineral crystals and the silicate liquids from 

which they were grown. These partition coefficients will be used later 

to illustrate our results and are defined as: 

concentration of Sm in crystal 
~D 

concentration of Sm in liquid 
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The sources we have studied are thick samples of synthetic silicate 

glasses and minerals, typically containing about 50 ppm 151 sm (T1; 2=93y, 

Emax=76 Kev), a nearly pure S-emitter (one 20 Kev gamma per hundred 

betas). 1he silicate materials, mm in total size, are encapsulated in 

epoxy and polished to yield a flat surface for exposure. Ilford KS and 

14 emulsion plates (usually 25 microns thickness) were developed typically 

for seven minutes in Ilford ID-19 developer with constant agitation. Room 

temperature was monitored during exposure and development, but was not 

strictly controlled. Temperatures ranged from 21°C to 26°C over a 

several month period, but with the range during an exposure being less 

than l°C. Since we are only interested in relative measurements on a 

given emulsion plate, this temperature variability is thought to be 

acceptable. Typical exposure times were 5-10 hrs. Relative humidity 

was not controlled but has been monitored during our more recent ex

posures. 

1he analyses were made with either the electron microprobe or the 

SEM. Both systems have solid-state Si(Li) detectors with associated 

multichannel analyzers. All microprobe (MAC-5-SA3) analyses were made 

with a regulated electron beam current (5nA sample current on brass). 

1he current remained stable to within 1%. Beam sizes used were 20-40µ. 

Our SEM (ISI Super II) does not have a beam regulation mode, but we 

find that the beam becomes stable after ~2 hr. warm-up time. 1he 

typical current used is 0.15nA on brass. After warm-up, the beam is 

stable to lxlo-3nA over several hours. Measurements are done at about 

2650X with a scanned area of 23x23 microns. All measurements on both 

the microprobe and SEM were made at 15 Kev accelerating voltage. 15 
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Kev corresponds to a 3µ penetration depth which seemed a reasonable 

choice in light of the low energy of the lSlsm beta and the shrinkage 

and collapse of the emulsion after developing, which can reduce the 

emulsion thickness as much as 60%. All emulsion plates were carbon 

coated to assure electrical conduction. For day-to-day and inter

sample counting rate comparisons, we calculate all counting rates for 

an exposed emulsion as a fraction of the counting rate measured from 

Ag meta1[S]. 'lhis method of expressing counting rates should facilitate 

interlaboratory comparison of data. 
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BACKGROUND CORRECTION 

Figure 1 shows a representative x-ray spectrum for an exposed 

emulsion. With our detector resolution (about 160 eV, FWHM) the Ag La 

and LS lines are only partially resolved. Other x-ray lines result 

from inorganic contaminants 'in the emulsion and by secondary fluores

cence from the glass which serves as the emulsion substrate. 

In the normal working range of 1-10% Ag metal counting rate, brems

strahlung from the organics of the developed emulsion contributes signif

icantly (~10%) to the counts in the Ag L x-ray region. 1hus, a de

tector with an energy window centered about the Ag L peaks (2.8-3.2 

Kev) would accumulate x-rays from three distinct sources: (1) Ag line 

x-rays, (2) bremsstrahlung from the organics of the emulsion and (3) 

bremsstrahlung from the Ag. 1he relative proportions of these compo

nents will vary with the Ag to gel ratio of the developed emulsion (i.e. 

the amount of exposure), but for the typical range of Ag concentrations 

the relative importance is in the order given. Figure 2 demonstrates 

the relative importance of the Ag and organic bremsstrahlung contri

butions for two energy intervals where the observed counting rate can 

be confidently ascribed to the continuous radiation. Increasing ex

posure to a 15lsm source will increase the relative amounts of Ag to 

gel in the developed emulsion; thus it is not clear that the resulting 

variation of Ag counting rate with exposure time should be linear, al

though an approximately linear trend is observed (Figure 2). Neverthe

less, the intercept in Figure 2 gives a maximum value to the contribu

tion of organic bremsstrahlung and the increase in counting rate for any 

exposure time, relative to an exposed emulsion is a lower limit to the Ag 

bremsstrahlung contribution. 1he relative Ag to organic bremsstrahlung 
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contribution appears to increase with increasing energy; and we esti

mate that in the region of the Ag L line x-rays the contribution of Ag 

bremsstrahlung is about comparable to that of the organic constituents 

for our typical sample exposures. 

Spectra taken on developed, but unexposed, low background emul

sions show that the background spectrum in the region of the Ag L lines 

is relatively flat. However, because of the presence of Ca and, occa

sionally, K and Cl K x-ray lines, it is not possible to find a clear 

energy range near to the Ag L region to use for a reliable background 

subtraction. Background correction by simple subtraction of an off

sample (unexposed) area of the emulsion may not be accurate because of 

differing Ag/gel ratio and, hence, the organic bremsstrahlung contri

bution will differ from the exposed area of the emulsion. We have 

utilized a background subtraction procedure which, although approxi

mate, appears to be sufficiently accurate for our purposes, but which 

is simpler than the use of least-squares spectral fitting routines. 

As illustrated in Figure 3, a spectral window of width 2~ is selected 

such that some Ag L line counts are exluded. "Background" counts, Cb, 

are calculated: 

where E1 and Eu are the lower and upper energies of the spectral window 

and C is the average counts per channel of 3 channels centered about E1 and 

Eu. Graphically, Cb corresponds to the area illustrated in Figure 3. A 

"corrected" Ag count, Ccorr• is calculated: Ccorr =Cm Cb, where Gin is 

the total measured number of counts within the window. 'Ihis difference 

method throws away many counts that are due to Ag; however to the extent 



149 

that the shape of the total Ag x-ray spectrum (line + bremsstrahlung) 

is independent of peak height and that the organic bremsstrahlung con

tribution can be approximated as linear in the selected spectral window, 

the resultant Ccorr is proportional to the Ag content of the emulsion. 

This same procedure may be used in unexposed areas of the emulsion to 

correct for background Ag. For our typical exposure conditions this 

correction is small. 

As a test of this method, we have generated synthetic spectra by 

adding a Ag metal x-ray spectrum to an idealized background spectrum 

(linear with a negative slope with respect to energy) in various pro

portions. 'Ille synthetic spectra were then corrected for background 

using our standard technique. 'Ille resulting Ccorr scaled exactly with 

the proportion of the Ag metal component over a two order of magnitude 

range in Ag/background ratio. 

Statistical Errors 

Our typical exposures correspond to Ccorr ~5-10% Ag metal with 

Ccorr/Cb ---0.5. Absolute counting rates are about 100 cps for 

the 34 channel window. With typical counting times of 100-300 sec, the 

expected error in Ccorr• based on equation (1) due to background 

correction is about 3-4% (standard deviation). 

However, a,larger source of statistical error arises because the 

Ag analyzed is not a uniform surface layer but, instead, is clumped 

into discrete tracks. 'Illus, the measured point-to-point variance of 

the Ag counting rate for a set of analyses will not depend on the 

duration of the analysis, (i.e., on the total number of counts per point 

analyzed). If a minimum number of counts are accumulated, the variance 

will depend instead on Ag counting rate, which is approximately propor-
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tional to the number of beta particles/cm2 that interacted with the 

emulsion during its exposure. For example, if an emulsion is exposed to 

a beta fluence of 1.6 x l06/cm2 and areas of (25µ)2 are analyzed, 

each of these analyses will be made on ~10 beta tracks. Thus, a 

point to point precision of 30% should be expected, almost independent 

of the total number of counts per point, even if other sources of error 

could be reduced to zero. Figure 4 shows the relation between exposure 

time and the percentage standard deviation (cr) of sets of five repli-

cate analyses. Error bars of the percent cr were calculated[6]: 

(Error) 2 == 
2(N-l) 

where N is the number of replicate analyses (5). The data are in 

reasonable agreement with a (l/T)l/2 relationship -- as is ex-

pected since 
1 1 
---
M KT 

where M is the number of particles that registered in the area analyzed 

and K is a constant. In theory, empirical curves like Figure 4 could 

be used to provide ~ priori estimates of the expected precision for any 

exposure. A complication is that we have observed a total spread of a 

factor of two in the Ag counting rates of different emulsion plates which 

were exposed and developed for the same amount of time, although exposures 

on the same plate appear to be reproducible. However, because of the 

(l/T)l/2 dependence, a factor of two in the total range would still 

yield error estimates accurate to ±20%, which should be precise enough 

to indicate other sources of variability (e.g. variability in the 

distribution of radioactivity in the source, chemical or physical 
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developing of the emulsion, etc.). lhe data plotted in Figure 4 

correspond to an effective beta track production rate of roughly 4x106/ 

cm2-hr-ppm 15lsm. lhis is an effective number because it only has sig

nificance for the calculation of the variability of the Ag counting 

rate (proportional to track density) and to the area analyzed. In these 

terms the data of Figure 4 correspond to (% o) :400/(RA)l/2 where R is 

the counting rate expressed as a percentage of Ag metal and A is the beam 

area in (microns)2. Replicate analyses of the same emulsion on differ

ent days have shown agreement well within these errors. Comparison of 

the above track production rates with optical microscope counts is 

difficult because of the low energy of the 15lsm betas; however, optical 

counts indicate a track production rate about ten times higher than the 

4x106 value given above. lhe exact origin of this difference is unknown, 

but, at least in part, reflects a tendency to count grains developed 

from a single beta as separate tracks. 
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Electron Beam Damage 

Figure 5 shows the effects of repetitive counting on a single spot 

on the emulsion using the SEM. It is always possible to observe a 

"burn" mark on the emulsion following our analysis and for the L-type 

emulsion, a definite pit is observed, even for the low current density 

of the SEM. For this reason analysis with a K-type emulsion seems 

preferrable. However, as shown in Figure 5, the actual effects on the 

Ag counting rate, due to volatilization of the organic constituent, are 

not large, a maximum of rv0.5% per min for the total counting rate of 

the L-type emulsions and even this vanishes, as expected when the 

background subtraction is made. Repetitive 15 second counts on the 

same spot using the microprobe also showed no variation. 

As a further test, a series of exposures of the same source on a 

KS emulsion (5 min - 3 hr) were analyzed on both the microprobe and 

SEM. 1he background corrected counts were normalized to the Ag metal 

counting rate of each instrument. Ideally, the Ag metal-normalized 

counting rate for each instrument should be the same, or at least the 

ratio of the Ag-normalized counting rates should be constant, independent 

of exposure time. Figure 6 shows that in actuality the SEM/microprobe 

counting rate ratio increases from 0.43 to 0.66 with increasing exposure. 

These results suggest that the microprobe volatilizes organic material, 

essentially instantaneously (much less than 15 seconds), concentrating 

the Ag in a residue, which gives an anomalously high counting rate. 

The approach to unity with increasing exposure (fig. 6) presumably 

reflects the ability of the Ag to conduct away heat, thereby minimizing 

volatilization of organic material. 1he cores of the pits left by the 

microprobe beam were anlayzed with the SEM and normalized to a second 
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analysis on nearby virgin emulsion. Counting rate ratios, (pit core)/ 

(virgin emulsion), were 0.67 and 0.81 for the 10 min and 1 hour exposures, 

respectively, qualitatively supporting the above interpretation. 

Dependence of Ag counting rate on exposure time 

Figure 7 shows the dependence of Ag counting rate for exposures of 

different areas on a single emulsion plate to the same 15lsm source for 

varying lengths of time. The response curve shows deviations from 

linearity at both high and low doses, although, in the 1-2 hour exposure 

time range (10-20% Ag metal), the measured counting rates are proportional 

to exposure time. The deviations from linearity at long exposure times 

are expected because of depletion of Ag in the emulsion. The deviations 

from linearity at short exposure times are not easily explained. The 

short-time deviations shown in Figure 7 are not large (3-4 standard 

deviations); but qualitatively similar deviations have been 

consistently observed in three series of exposures. The magnitudes of 

the low exposure deviations appear to vary with different emulsion slides, 

and in some cases, within errors, a completely linear response is found. 

The deviations cannot be correlated with exposure or developing conditions 

such as temperature and humidity. Because our uncorrected counting 

rates also show low exposure non-linearity, it does not appear possible 

to ascribe the deviations in Ccorr shown on Figure 4 to errors in our 

background correction procedures. 

It may be possible to eliminate the effect by using a stronger 

source. A weaker source (11 ppm as opposed to the normal 177 ppm 15lsm) 

shows the low-Ag nonlinearities in two out of three exposures, but 

linear behavior was observed with a 1000 ppm 15lsm source exposed to 

two emulsions. 
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It appears possible to minimize the nonlinearity by using longer 

development times. Two series of exposures (on 2 different plates) 

showed no low-Ag nonlinearities when developed for 11 minutes instead 

of our standard 7 minutes, although a single set of exposures with a 

weak (11 ppm) source, also developed for 11 minutes, showed nonlinear 

response. In general, therefore, the use of strong sources (~20 

mCi/g) and longer development may give more linear responses, although 

more documentation would be required. 

Latent Image Fading 

We have observed two types (mechanisms?) of fading in Ilford KS; 

25µ emulsions: (a) long term fading - time scale on the order of 

days and (b) short term fading - time scale on the order of hours. (a) 

Figure 8 shows a series of 12 hour exposures made with an 11 ppm 15lsm 

standard on a single emulsion plate. The observed fading rate is 

6%/day, although the exact rate probably varies from plate to plate. 

(b) Figure 9 shows the results of two series of 15 minute exposures, 

each series on a single plate, using a 177 ppm 15lsm source. The 

short exposure-development time differences for both series indicates 

a fading rate of ~14%/hr. Figure 9 shows that this fading mechanism 

becomes unimportant within 2 hours of exposure, presumably either 

because a population of AgBr grains which are susceptible to rapid 

fading becomes depleted or because a fading agent (oxidant?) becomes 

exhausted. 

Figure 11 suggests (with much scatter) that there may be a 

correlation between the percentage of fading and the amount of exposure. 

If fading was more important for lower exposure, this would provide a 

means of understanding the nonlinearities in the dependence of Ag 
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counting rate on time (Fig. 7). 

A similar nonlinear response to what we have observed is well 

known for low energy photons, and can be understood in terms of the 

necessity for "multiple hits" to produce a developable grain[71. 

Conceivably, a similar multiple hit requirement is required by our 

observations. However, the correlation suggested by Figure 10 is 

difficult to understand simply in terms of multiple hits. What seems 

to be required is a relatively small population of grains that have a 

high probability of being rendered developable and are depleted by 

relatively low doses (~10% Ag) compared to the more stable grains, 

but this population is required to also be more prone to fading. 

Perhaps the outermost surface layer of the AgBr grains would have these 

properties, and it may be that the observed fading and nonlinear response 

that we have observed is accentuated by the use of infinitely thick 

sources which maximize the relative number of low energy electrons. 

Applications 

As indicated in the Introduction, we are utilizing the beta 

radiography technique described in previous sections to measure the 

relative amounts of 15lsm in synthetic minerals compared to the silicate 

melts from which they were grown. 

Overall we have obtained relatively consistent crystal-liquid 

partition coefficients (D), as long as we stay with one emulsion type. 

However, we have seen consistent differences between K and L type 

emulsions. For example, for 15lsm partitioning between the silicate 

mineral clinopyroxene and the quenched liquid, K emulsions consistently 

give us D = 0.35±.02, whereas measurements on the same crystal with 

L type emulsions give D = 0.45-0.50. 'llle values obtained with~ 
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emulsions seem preferable because the L emulsions are observed to be 

more easily damaged by the electron beam and, because of the smaller 

AgBr grain size, should be more susceptible to latent image fading[8]. 

Figure 12 shows a point by point display of our Smn(cpx) data with 

a horizontal row of points representing independent analyses of a given 

lSlsm-bearing clinopyroxene crystal. The data points in a given row 

represent both different areas on the same crystal or the same area on 

different emulsion slides. No systematic differences can be seen in 

either case. Results for different synthesis runs are also distinguished. 

The predicted standard deviation for the distribution of individual 

analyses, calculated by methods described above, is shown above the 

figure. The observed spread matches well with the calculated standard 

deviation, indicating that the observed spread is due to counting 

statistics and that we have obtained a relatively precise D value of 

0.35±0.02 (error of mean). 

D values have been measured in two different ways: A) directly, 

in a single exposure, by measuring the ratio of the Ag counting rate on 

the portion of the emulsion exposed to a crystal to the counting rate 

of a portion exposed to the glass, and B) indirectly, by making two 

exposures on a single slide, adjusting the time so that the Ag counting 

for the crystal was about equal to that for the glass in the other 

exposure. For method A) we have simply calculated D values as the 

ratio of the background corrected counting rates for the crystal and 

glass without trying to correct for the type of nonlinear response 

indicated by Figure 8. However, most of our exposures have resulted 

in Ag counting rate near the linear region of Figure 8. For method B) 

a D value is calculated as the ratio of the measured counting rates 
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divided by exposure time for the crystal and glass. Method B) has the 

advantage that even if the emulsion response to varying radiation dose 

is nonlinear, e.g. as shown in Figure 7, correct D values are obtained 

if the exposure times are adjusted to give the same Ag counting rate 

and if the relationship between Ag counting rate and dose (15lsm 

concentration times exposure time for our samples) is independent of 

source strength. Table 1 shows that consistent values are obtained for 

both methods. 1his gives us confidence that our measured D values are 

reliable. 

Our results may also have application to investigators who optically 

count S tracks. Because of the low number of tracks/cm2 required 

for optical counting (~1% Ag metal counting rate), exposures must of 

necessity be in the Ag content range where we observe nonlinearities, 

and these effects may need to be considered for quantitative measurement. 

This is especially true for thin emulsions (<30µ) such as ours 

where fading effects (based on track counting) have already been 

demonstrated[8]. 
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Table 1 

Comparison of I-Exposure (a) and 2-Exposure (b) Methods 

Sample 

Clinopyroxene #1 (a) 

Clinopyroxene #2 (a) 

Clinopyroxene #3 (b) 

(a) IA;25µ emulsion 

(b) K5;25µ emulsion 

2-Exposure 

0 .425±0 .021 

0.437±0.045 

0.365±0.050 

1-Exposure 

0.425±0.005 

0.425±0.040 

0 .353±0 .035 
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Figure Captions 

Figure 1 

X-ray spectrum of an Ilford K5;25µ emulsion. TI1e three large 

peaks are Si K, SK and Ag L (X-rays from left to right). nie two 

small peaks at low and high energy are Br L and Ca K X-rays 

respectively. Note the approximate linearity of the bremsstrahlung 

continuum in the Ag L region, even though it is not linear overall. 

This spectrum is atypical in that the Si peak is much larger than 

normal. See Figure 3 for a more detailed representation of the Ag 

peaks. 

Figure 2 

(a) Bremsstrahlung in the 2.52-2.59 Kev region as a function of 

exposure time. Note approximate linearity at short exposure times 

and saturation at long exposure times. Intercept value at c=O 

gives contribution from organics; values at other times reflect the 

contribution of Ag bremsstrahlung. 

(b) Same as (a) but for the 1.88-2.06 Kev region. nie same dependence 

on Ag is shown, but the initial slope is 2-3 times steeper, even 

though the percentage contribution of the Ag is smaller in this region. 

Figure 3 

Detailed blowup of the Ag L line region. nie window A B spans the 

energies E1 to Eu• where Eu-El = 2~. TI1e background subtraction Cb 

is made by averaging the counts in the windows C D and E F which are 

centered about E1 and Eu· Average counts for these two windows.are 

shown as I and 11
• Counts above the line I I' are retained and 

correspond to Ccorr (see text). 
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Figure 4 

Variation of percent standard deviation as a function of exposure time. 

Each point represents the stndard deviation of five analyses. Error 

bars are assigned following Hald6) (see text). Dashed line is con

strained to pass through the 15 minute point. The points show a 

reasonable fit to the (l/T)l/2 dependence as expected (see text). 

Figure 5 

Effect of electron beam damage on Ilford 14 and K5 emulsions. Top of 

figure shows uncorrected data from replicate analyses of the same spot 

on an 14 emulsion, illustrating volatile loss. Center of figure shows 

same data after background correction; no change in Ag content with 

time is seen. Bottom of figure shows uncorrected K5 data (notice 

change of scale) which show little or no change, even after 20 minutes. 

All points represent 200 sec. counts. Note suppressed zero. 

Figure 6 

Analyses of a series of exposures for different times on a single KS; 

25µ emulsion with a lSlsm standard (177 ppm) were made using both 

the electron microprobe and the SEM. The data from each instrument 

were normalized to that instrument's Ag metal count rate. The SEM and 

microprobe data were then ratioed. Instead of showing a flat pattern 

the SEM/microprobe ratios show a regular increase with exposure time. 

This presumably reflects volatilization of organics and concentration 

of Ag by the microprobe, which has a factor of 40 higher current 

density. 
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Figure 7 

Ag concentration as a function of exposure time on a single emulsion. 

Data are expressed as percentages of Ag metal counting rate. 'Ille 

data show approximate linearity at short exposure times but with some 

deviation (see inset; see text) for the very shortest exposures. As 

was seen in Figure 2, the data saturate at long exposure times, 

following the expected [1-exp(-A T)] relationship. Errors are 

standard deviations of five analyses. 

Figure 8 

Ag counting rate of a series of 12 hour exposures of 15lsm standard (11 

ppm) (made on the same emulsion) as a function of delay between 

exposure and development. Points are plotted at the midpoint of the 

exposure time internal. "Day" exposures ranged from 9:00 A.M. to 

9 :00 P.M. while for "night" exposures the reverse was true. 

Observed slope corresponds to a fading of 6%/day. 

Figure 9 

Ag content of 15 minute exposures of 15lsm standard (177 ppm) on two 

K5;25µ emulsions plotted vs. time lapsed between exposure and 

development. x's and o's delineate the two series of exposures. 

After ~1 hour of fading the Ag content has dropped by ~14% 

and remains essentially constant, even after 11 hours. Error bars 

are errors of the mean (lo). 

Figure 10 

Percent fading between two exposures on the same emulsion vs. percent 

Ag in the unfaded exposure. One exposure was made and allowed to fade 

for ;;. l .5 hr. ·A second identical exposure was made and the slide 

was then developed immediately. 'Ille data shown were taken on seven 



163 

different K5;25µ emulsions, using a strong (1000 ppm 15lsm) source. 

Different symbols indicate different exposure times. 1he data are 

consistent with an inverse relation between percent fading and 

percent Ag. 

Figure 11 

Individual analyses of Dsm(cpx) show a spread consistent with 

independently calculated error estimates (cr = 0.05, see text; 

cr mean= 0.02). 
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APPENDIX II 

LABORATORY STUDms OF ACTINIDE METAL-SILICATE FRACTIONATION 
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Printed in the United States of America 

Laboratory studies of actinide metal-silicate fractionation 

J. H. Jones and D.S. Burnett 

Division of Geological and Planetary Sciences, California Institute of Technology, 
Pasadena, California 91125 

Abstract-Actinide and Sm partition coefficients between silicate melt and several metallic phases 

have been measured. Under reducing conditions Si, Th, U and Pu can be reduced to metals from 

silicate melts and alloyed with a platinum-gold alloy (Pt95Au5). U and Pu enter a molten Pt-Si alloy 

with roughly equal affinity but U strongly partitions into the solid Pt. Th behaves qualitatively the 

same as Pu but is much less readily reduced than U, and Sm appears to remain unreduced. Experi

ments with Fe metal have shown that the partition coefficients of the actinides between Fe and silicate 

liquid are extremely low, suggesting a very low actinide concentration in planetary cores. Our ex

periments show that platinum metals can efficiently fractionate actinides and fractionate actinides 

from lanthanides and this process may be relevant to the condensation behavior of these elements 

from the solar nebula. Pt-metal grains in Allende Ca-Al-rich inclusions appear to be U-poor, although 

we predict that the sub-class of Zr-bearing Pt metals may have high U contents. 

INTRODUCTION 

The actinide elements have special importance because (a) they provide insight 
into the history of r-process nucleosynthesis in the galaxy, (b) they yield chron
ological information about events in our solar system, and (c) they act as heat 
sources for planets. It is our aim to understand the chemistries of the actinides 
in order to predict their behavior in solar system processes. As a part of this 
ongoing program, we have investigated the partitioning of the actinides into var
ious metallic phases. The data which are presented here are meant to be indicative 
of actinide behavior rather than quantitative simulations of specific processes, 
nevertheless the data do provide new insights into actinide chemistry in natural 

systems. 
Our previous studies of actinide and Sm partitioning between a silicate melt 

and diopsidic clinopyroxene or Ca-phosphate (Benjamin et al., 1978; Benjamin, 
1979; Benjamin et al., 1980; Jones et al., 1980) have documented the importance 
of redox conditions (see also Boynton, 1978a). Crystal-liquid partition coeffi

cients for Pu and U show large (order of magnitude) increases with decreases in 
oxygen fugacity (from 0.2 to I 0- 9 atm), reflecting the formation of reduced species 
(Pu+3 and UH) at the expense of higher valence states (Pu+4' LJ+ 5 and u+6). 
Conversely Th and Sm partition coefficients do not change because these ele
ments have only one stable valence state. Studies by Calas (1979) and Schreiber 
and Andrews (1980) indicate that U should be primarily tetravalent atf o., ~ 10-9 

995 



177 

996 J. H. Jones and D. S. Burnett 

atm; however, the presence of significant amounts of PuH in our Jo., = IO - 9 atm 
experiments could not be ruled out (see Benjamin et al., 1978 for limits). Because 
meteorites and lunar rocks are believed to have formed under more reducing 
conditions, experiments at lower J02 were required before applications of our data 
(e.g., DPu/D:-id) could be made. Experiments at lower Jo., could also test for the 
presence of trivalent U (Boynton, 1978a) or divalent Pu (Benjamin, 1979). 

EXPERIMENTS AND RESULTS 

I. Actinide partitioning into Pt metal systems 

Experiments were performed in graphite crucibles, sealed in evacuated Si02 

glass, containing about l 0 mg of actinide-spiked silicate glass powder (Di2AnAb ). 
Actinides and Sm were present in trace amounts ( <50 ppm) and microanalyses 
were made by particle track radiography. We utilized our standard thermal his
tory: 4-6 hours at 1280°C, slow cooling at 2-5° /hr. to grow crystals and quenching 
at l200-l210°C (Benjamin et al., 1978; Jones et al., 1980). In contrast to our 
previous experiments using Co-CoO buffers and sealed Pt capsules, the experi
ments in graphite crucibles did not grow clinopyroxene crystals even though 
temperatures were 65° below the liquidus. It appears that the Pt played an 
important role as a site of crystal nucleation in our previous experiments. Con
sequently, we inserted a Pt95Au5 sheet as a floor to the graphite crucible to 
promote crystal growth and in many, but not all, subsequent experiments crystals 
were obtained. However, we were surprised to find that the Pt sheet was now 
spherical, as if molten, although the experiments were performed -400° below 
the melting point of Pt95Au5 • Metallographic examination and X-ray spectra 
showed the existence of two phases in the metal sphere: unreacted Pt metal 
grains embedded in a Pt-Si liquid (Si = 2.5 wt. %). Except for gold no other 
element was present at levels 2::0. l %. As noted previously by Chen and Presnall 
(1975), Si loss to Pt containers by reduction can occur at low Jo., and the presence 
of Pt-Si-liquids in our experiments is reasonable given the low eutectic tempera
ture (-800°C) in the Pt-Si binary metal system (Hansen, 1958). 

The important result from these experiments is .that we observe significant 
reduction of the actinide elements and alloying with the Pt metal phases. Quali
tatively, we observe this for all three actinide elements but not for Sm. 

Subsequent to our initial discovery of this effect, simpler metal-silicate liquid 
partitioning experiments were carried out by holding samples at 1280 ± 5°C for 
12 hours, followed by rapid quenching. The results of such experiments, ex
pressed as metal/silicate-liquid partition coefficients (0), are given in Table I. 
Corrections have been applied to the observed actinide track densities for the 
difference in ranges between metal and silicate. The results given in Table I 
should be regarded as qualitative indicators of chemical behavior rather than 
quantitative measurements of partition coefficients because we probably have not 
completely attained equilibrium in these experiments. In particular the corroded 
edges of the Pt metal grains within the liquid Pt-Si metal are best interpreted as 
due to incomplete dissolution. Nevertheless. because of the lack of zoning in the 
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Pt-Si liquid, it should be possible to regard the partition coefficients in Table I 
as qualitative indicators of the relatil'e ease of reduction/alloying for the different 
elements and phases investigated. This is particularly true for the element pairs 
(Pu-Sm and U-Th) which are measured in the same experiment. However, it is 
possible that our Io., might vary from experiment to experiment by up to an order 
of magnitude and in this case D should be very sensitive tof o.,. Thus, it may only 
be possible to compare the order of magnitude of D between experiments (e.g., 
DPU and DTh or Dd even though the experimental conditions were nominally 
identical. 

As shown in Table 1, Pu and U are partitioned into both the Pt metal and the 
Pt-Si liquid, however, to different degrees. Pu partitions preferentially into the 
Pt-Si liquid, whereas U partitions preferentially into the solid Pt metal. Relative 
to the silicate liquid, Pu and U are approximately equally partitioned into the Pt
Si liquid. There are no obvious actinide concentration gradients in the Pt-Si 
liquids; consequently, the D for Pt-Si, particularly the relative values, may rep
resent equilibrium values. However the U in the Pt metal is highly zoned, in
creasing strongly towards the rims of the grains, demonstrating relatively slow 
diffusion of U in the Pt metal. In contrast Pu and Th show no obvious gradients 
in the Pt metal. The Du for Pt is given as a lower limit because the high track 
density at the rim of the grains could not be quantitatively measured. Neverthe
less, a large difference in the ability of U to partition into Pt metal compared to 
Pu and Th is clearly indicated. The effect of other noble metals (e.g., the 5% Au 
in our experiments) upon the actinide partitioning is not known and could change 
the magnitude of the D's somewhat relative to pure Pt. Although the partition 
coefficient for Th into PtSi is low and only an upper limit can be set for Pt, any 
reduction of Th is very remarkable in that the equilibrium .f o., for Th-Th0 2 is 
about 10-33 (Benjamin, 1979). None of our samples show evidence of Sm reduc
tion. 

H. Actinide partitioning into Fe metal systems 

Because of the reduction of actinides and alloying with Pt metal, and because of 
the possible role of the actinides as heat sources for planetary cores, we per
formed partitioning experiments between Fe liquid metals and silicate melts. 
Because of the success with Pt-Si liquid melts, and the presence of FeSi alloys 
in meteorites, we set out to investigate partitioning into Fe-Si liquids. Quench 

Table l. Metal/silicate partitioning. 

D (metal/silicate) 
Metal Pu u Th Sm 

Pt 0.05 >l.5 s2 x 10-3 s0.02 
Pt-Si 0.6 0.5 0.06 s0.02 
Fe-Si <2 x w-• <2 x rn-3 :£0.02 
Fe-C S4 X 10-4 <I x 10-s 
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experiments from 1280°C were performed with shavings of high purity Fe and our 
spiked silicate glasses enclosed in graphite capsules and sealed in evacuated Si02 

glass tubes. Rounded blobs of apparently molten Fe metal were obtained but, 
except for some Pt contamination in our U-spiked compositions, these contained 
no Si or other elements detectable with standard electron-induced X-ray tech
niques; however, analysis with an electron microprobe capable of light element 
analysis showed -1 wt.% C (T. Bunch, pers. comm.). The Fe-C liquid contains 
small, more-reflective crystals of higher Fe content. It was possible to form FeSi 
liquid metals by removing graphite from the system and repeating the above 
experiments in an Si02 glass crucible in the presence of Ti metal. Microprobe 
analyses of the alloys formed indicated a Si content of 8.5-11% Si (T. Bunch, 
pers. comm.). These Fe liquid metal alloys contained no detectable Pu or U, and 
rather low upper limits on D values can be set, as shown in Table 1. 

The oxygen fugacities for both the experiments containing graphite and Ti are 
not well known. At a total pressure of l atm and 1500° K the nominal C-CO-C02 

and Ti-Ti02 oxygen fugacities are -10-11 (French and Eugster, 1965) and -10-24 

atm respectively. Although .fco >> fco
2 

for our experiments, there is no direct 
control off co. CO is produced from residual H 20 from our samples and con
tainers and from residual 0 2 from the forepump vacuum during the sealing of the 
silica glass tubes. Our starting materials have <0.01% H20 by infrared spectro
scopy and all materials are baked and dessicated prior to loading and the whole 
assembly flamed until the graphite glows red during the sealing process. Taking 
0.01% H 20 from our starting materials gives a reasonable estimate of the maxi
mumfco of 10-1 atm or fo. -10-19 atm. If no H 20 is present, then the residual 
vacuum 0 2 in our samples would set a finalf o. -10-25 atm. Thus, we estimate 
f o. = 10-22

± 3 atm. In our experiments in the presence of Ti metal, the nominal 
oxygen fugacity of 10-24 atm was probably never reached, since the Si-Si02 buffer 
lies at a slightly higher fugacity (-10-22 atm) and we do observe some Si alloying 
with the Ti metal. If the activity coefficient of Si in Fe metal is -10-4 (Grossman 
et al., 1979) the Si concentrations in our FeSi liquid indicatef02 -10-18 atm. Our 
oxygen fugacity estimate for the Ti-bearing experiments is thus 10-21

±
3 atm. 

DISCUSSION 
The basic observation is that Pu, U and Th can be reduced to metals and alloyed 
with Pt or Pt-Si liquid at comparatively high oxygen fugacities. At 1500° K SiH, 
Th+\ UH and Pu+3 oxides are reduced to pure metals at oxygen fugacities of 5 
x 10-23 , -10-33, 3 x 10-29 and 5 x 10-3o respectively; thus the activity coefficients 
of these elements in Pt solution must be very small. (For Th we calculate that 
the activity coefficient in metal must be -10- 10 smaller than the activity coeffi
cient in the silicate liquid). 

In contrast, the Fe systems studied failed to take up significant actinides. Thus, 
the actinides were never reduced from the silicate melt, even at oxygen fugacities 
sufficiently low to reduce silicate to silicon. Th, U and Pu are known to form 
metallic compounds with Fe (Dwight, 1969); however, the activity coefficients 
must be much larger than for Pt metal solution. 
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Naturally-occurring Fe metals are U-poor. Reed and Turkevich (1955) found 
less than 0.5 ppb U in iron meteorites. The partitioning of U into Fe metal relative 
to Ca-phosphate is < 10-2 for the St. Severin LL6 chondrite (Jones and Burnett, 
1979). More significantly, Stapanian et al. (1980) found essentially no U in the 
Si-rich metal of enstatite chondrites even though, for the very reducing conditions 
under which these objects formed, U deviates from its usual lithophile character 
and concentrates in CaS. It is probably also significant that of all the lithophile 
elements present in our experimental systems, including Sm, only Si and the 
actinides were reduced. However, unless pressure plays a very important role, 
the U partition coefficients for Fe metals in Table l are sufficiently low that 
significant actinide incorporation in planetary cores seems unlikely. Overall. Th 
is less easily reduced and, although data are not available, based on the Pt results 
it seems unlikely that Th would partition significantly into Fe metals, when U 
does not. Our data and that of Stapanian et al. (1980) indicate that if K is sig
nificantly incorporated into planetary cores, the relative chemical behavior of K 
and actinides must reverse from what is observed at low pressure. One can 
always appeal to hypothetical and, perhaps, untestable pressure effects but it 
should also be noted that there are alternative heat sources for planetary cores 
apart from dissolved radioactive elements [see for example, Ruff and Anderson 
(1980) and references cited]. 

The reduction and solution of the actinides into noble metals with the formation 
of intermetallic compounds, e.g., PuPt5 , has been studied (see, e.g., Keller and 
Erdmann, 1976). Indeed, this method, coupled with a subsequent high tempera
ture sublimation of the actinide from the alloy, has become a standard technique 
for producing extremely pure transuranic metals. This has been termed "coupled 
reduction" since both a relatively low f o. and a noble metal (Pt, Ir, Pd, Rh) are 
necessary for reduction to occur, implying very low activity coefficients for the 
reduced metal in Pt solution. Similar lanthanide-noble metal intermetallic com
pounds are known, but we know of no reference to these having been synthesized 
by coupled reduction, in agreement with our observation of no Sm reduction. 

Taken at face value our data show that, at the f o. and temperature of these 
experiments, both Pu and U are reduced and similarly partitioned into a Pt-Si 
liquid (D = 0.5). However, U is strongly partitioned into solid Pt while Pu is 
strongly excluded. Some reduction of Th is observed but to a much lower degree 
than U or Pu. Thus, coupled reductions could efficiently fractionate U from the 
other actinides although more experiments would be necessary to work out the 
exact nature of these fractionations. If this is not due to the presence of Au, the 
preference for U could be a reflection of a stabilization of the Pt 5d9 shell by a 
delocalization of the lone U 6d electron (Brewer and Wengert, 1972). This is 
speculative, but similar arguments also predict lower partitioning of Th into Pt 
metal, assuming a ground state electron configuration of 7s22p2 for Th metal. 

Pt-rich complexes (Fremdlinge) and nuggets in Allende coarse-grained inclu
sions have been described and studied in some detail (Wark and Lovering, 1978; 
El Goresy et al., 1978; Blander et al., 1980); however, there is no question that 
many of these Pt metal grains are U-poor ( < 10 ppm by fission track analysis) 
relative to the ave.rage solar system U /Pt ratio (Wark, pers. comm., 1980). If 



181 

1000 J.H.JonesandD.S.Bumett 

these Pt-rich phases represent condensates from the solar nebula, this lack of 
association may be difficult to understand. This V deficiency of Pt phases implies 
one of the following: (I) V was too volatile (Boynton, 1978a) to alloy with Pt, 
(2) V partitioned preferentially into a co-condensing phase, e.g., perovskite, (3) 
the redox conditions at the time of Pt-metal condensation were too oxidizing for 
U to alloy with Pt or (4) V did alloy with Pt but later, at a lower temperature or 
higher Jo.,, exsolved and redistributed, possibly into perovskite or into the Th-U
rich phases described by Wark and Lovering (1978). The solar nebula could have 
been reducing enough for U to be reduced and alloyed (fo., - !01

' atm) (Larimer, 
1968), although formation of some Ca-Al-rich inclusions, and especially the frem
dlinge (El Goresy et al., 1978), under relatively oxidizing conditions has been 
proposed (Boynton, 1978b; Grossman et al., 1979). 

Whether coupled reduction was an important process for most Allende Pt metal 
grains is uncertain, but it probably can explain the subclass of Zr-bearing frem
dlinge reported by El Goresy et al. (1978). Grossman (1980) has emphasized the 
difficulty in understanding the formation of Zr metal given the high stability of 
Zr02 • Brewer (1967) reports coupled reduction of Zr02 by H 2 in the presence of 
Pt, and Brewer and Wengert (1973) report the formation of very stable Zr-Pt 
intennetallic compounds and estimate dilute-solution Zr activity coefficients in 
Pt of < 10-12

• We consider it highly likely that these Zr-rich Pt metal grains will 
also be rich in U. In general, actinide incorporation into Pt-metals must be con
sidered as a possible source of actinide-lanthanide and intra-actinide fractionation. 
These are complications to both Pu-Nd and Pu-U-Th chronologies for Ca-Al
rich inclusions. 
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Abstract-A detailed study of the U distribution of the St. Severm chondrite has been made by fission 
track radiography in order to clarify the interpretation of fission Xe thermal release data in terms of the 
mineralogical loca£ion of the fission Xe within the meteorite. This is of importance because the 
H·"-Pu/n~u ratio for St. Severin has been widely adopted as the average solar system value. The U 
contents of the constituent minerals cannot account for the total rock U which, instead appears to be 
primarily localized on grain boundaries. The greatest localizations of U are in olivine-poor, orthopyrox
ene-rich 'clasts'. Our data coupled with those of PODOSEK (1970a) show that 244Pu in St. Severin was 
also located on grain boundaries and that the bulk of Pu and U are unfractionated within this meteorite. 
Due to recoil. the 244Pu fission Xe is found in 10 micron surface layers on major phases. Assuming that 
the grain boundaries (on which the Pu was located) was formed during metamorphism, the 244Pu 236U 
ratio for St. Severin applies to a time subsequent to the textural recrystallization of the meteorite. Our 
data support the interpretation of Podosek and our best estimate of the solar system 244Pu/ 238U is 
0.015. 

INTRODUCTION 

Inspired by the measurement of a relatively high 
(0.03) 244Pu;238U ratio in a separate of whitlockite 
[Ca3(P04),} from the St. Severin chondrite (WASSER
BURG er al., 1969a), many calculations on the time 
scale for galactic nucleosynthesis have been published 
(see. e.g., HoHENBERG. 1969; w ASSERBURG et aL 
1969b; SCHRAMM and WASSERBURG, 1970; FOWLER. 
1971 ), showing that the 0.03 value required a rela
tively late injection of r-process elements immediately 
prior to the formation of the solar system. However, 
interpreting 0.03 as the solar system abundance ratio 
for 244Pu/238U involved the assumption that Pu and 
U are not geochemically fractionated. The well 
known constancy of Th;U at 3.8 (MORGAN and 
LOVERING, 1968; ToKsbz and JOHNS'!DN, 1977) sup
ports this assumption; however, assuming no frac
tionation is particularly suspect when the Pu/U ratio 
is obtained from the analysis of a specific mineral. 
Based on a stepwise heating measurement of the 
heavy Xe isotopes in a neutron-irradiated St. Severin 
sample, PoOOSEK ( 1970a b, 1972) reported a 
244Pu/238U ratio for a total rock sample of St. 
Severin of 0.015, which was interpreted as indicating 
that Pu was enhanced relative to U in whitlockite and 
that 0.015 should be used for the solar system 
244Pu/238U ratio. 

GANAPATHY and GROSSMAN (1976) questioned this 
interpretation, arguing that the whitlockite Pu/U 
ratio was difficult to understand relative to the other 
minerals in St. Severin and, thus. that St. Severin was 
probably a disequilibrium assemblage, formed from 
materials of fractionated Pu/U ratio. O<oZAZ (1974) 
reported a high Th;U = 10 for whitlockite from St. 

*Caltech ContribUtion No. 3211. 

Severin, which challenges the whitlockite Pu1U ratio 
as the solar system abundance ratio. Laboratory par
titioning measurements (BENJAMIN et al., 1978) indi
cate, at least for the experimental conditions under 
which the samples were synthesized. that Pu is prefer
entially incorporated into whitlockite over both Th 
and U, demonstrating that the whitlockite Pu;U is 
probably too high. However, Crozaz found no other 
significant U-bearing phases other than phosphates in 
St. Severin. She concluded [as had W ASSERB!JRG et al. 
(1969a) previously] that phosphates accounted for a 
small proportion (5-10~ 0 ) of the U in the meteorite. 
Thus, the sources of the fission Xe on which the 0.015 
value of Podosek was based were still unknown. 

LUGMAIR and MART! {1977) and w ASSERBURG et al. 
(1977) have shown that the Pu/Nd ratio is constant 
for whitlockite and clinopyroxene in Angra dos Reis 
and have proposed that this ratio be used for 244Pu 
chronology rather than 244Pu/238U. MARTI et al. 
(1977) point out that the Pu;Nd ratio of Angra dos 
Reis is also found in Juvinas and in melilite from an 
Allende coarse-grained inclusion and further propose 
that a solar system 244Pu; 238U ratio of 0.004 be 
adopted where this value is calculated as the product 
of the Angra dos Reis (Pu/Nd) ratio and a chondritic 
(Nd/U) ratio. The relationship of this result to the 
O.G! 5 value from Podosek for St. Severin is unclear. 

It appeared to us that a detailed study of the distri
bution of U in St. Severin would help in understand
ing the Podosek data in a petrographic context. The 
basic issue is the interpretation of the fission Xe data 
in terms of the mineralogical sites of 244Pu in the 
meteorite. Knowing these sites should provide an im
proved basis for the evaluation of the 
244Pu/238U = O.D15 value as the solar system aver-
age. 

1895 
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EXPERIMENTAL 

Six polished sections of ..... 45 mm1 each were prepared, 
covered with mica fission track detectors, and irradiated 
with neutrons to a ftuence of -1-2 x 1018 n/cm2

• Prior to 
irradiation all samples were ultrasonically cleaned in 100°~ 
ethanol with a final cleaning stage of spectro-quality meth
anol. Standards were 368 ppb U glass. as determined by 
isotopic dilution. The amount of contamination on the sec
tions was assessed from the background track density on 
those portions of the mica exposed to the epoxy in which 
the sections were mounted. The section with the lowest 
background track density {equivalent to about 2 ppb U. 
similar to the range. l.2-1.9 ppb, observed on blank epoxy 
discs) was selected for detailed mapping. The other sections 
were only scanned for high track density phases ( > 50 ppb 
U ). However. since any localized area can be influenced by 
contamination. we have measured the U concentrations of 
the major. but U-poor. minerals, olivine and orthopyrox
ene. by direct etching of irradiated grains. Prior to irradia
tion these grains were sealed in quartz vials while under 
vacuum and then annealed at 80<YC for l hr. For oHvine 
and orthopyroxene. this annealing should remove all cos
mic ray and fossil fission tracks (FLEISCHER et al., 1975; 
CARVER and ANDERS. 1976). 

To assure proper etching conditions, test grains of St. 
Severin olivine and orthopyroxene were irradiated with 
252 Cf fission fragments. Etchants and etching times 
reported by LAL et al. (1968) were found to be suitable. All 
grains on which tracks were counted were identified using 
the electron microprobe. The irradiated grains were 
mounted in epoxy and polished such that at least 10 mic
rons of material was removed; thus. any U surface con
tamination on the grains cannot contribute to the observed 
track density. We assume that the track density on the 
mterior surfaces of our irradiated grams is twice that which 
would have been observed on a polished surface in contact 
with our external mica detector. This factor of 2 is not 
exactly correct (REIMER et aL 1970) but is sufficiently accu
rate for our purposes. For phosphates, U concentrations 
are based on the central track densities from SEM photo· 
graphs from lightly-etched (8 min) mica detectors. 

RESULTS 

In order to calculate the fraction of the totaJ rock U 
which is accounted for by any given mineral. it is necessary 
to know the. modal abundances of the various phases. We 
have uuJized modes obtained in two ways: (1) calculated 

from bulk chemical and mineral compositions: and (21 
observed by direct measurement over ..... 25 mm2 on our 
best section. Our mineral analyses (Table 1) are consistent 
with representative LL chondrite data. as given by V Al" 

SCHMUS (1969). For method (l) we used the bulk ana!yS1s of 
JAROSEW1CH and MASON (1969), but analyses reported by 
MULLER (1968) or by 0RCEL et al. (1967) are in good agree
ment and would have given essentially the same mode. The 
directly measured modes [method (2)] were obtained with 
an automated microprobe point-count procedure (ALBEE et 
al .• 1977). St. Severin is known to have a light-dark struc
ture (WASSERBURG er aL 1969a) which is presumably the 
result of impact brecciation. The specimen from which our 
sections were made is primarily dark material, but we have 
also measured a mode for the light material for compari
son. Measurements were made of 1800 and 1500 points 
respectively for the whole rock and light sections. The 
various modes given in Table 2 show distinct differences. 
Although our section appears to be metal and sulfide defi
cient compared to abundances expected from bul~ chemi
cal data. the light material is especially deficient m metal 
and sulfide. and it appears to be depleted in orthopyroxene 
as well. The mode for the dark material is closer to the 
mode from the bulk chemical analysis but is still deficient 
in opaques and orthopyroxene compared to olivine .. ~nd 
plagioclase. For our purposes we adopt the mode fo'r the 
'best' section in Table 2. for which most of our U data 
apply; however. our conclusions would be unchanged if the 
mode from the bulk analyses were adopted instead. 

Table 3 gives a summary of our U analyses for the 
varlous phases in St. Severin. Oh.vine systematicall.Y 
excludes large-ion lithophile elements; consequently, it ts 
observed to be essentially devoid of U. This also shows up 
clearly in sections where large, rellct olivine chondrules 
define essentially track-free regions. 

Because U has no known siderophile or chalcophile 
character, well located sulfide and metal grains in our irra
diated section yield very low U contents, The limits given 
in Table 3 correspond to only a few grains; much lower 
limits could be obtained but this does not seem worth
while. Our results are consistent with those of REED and 
TURK.EVICH (1955) for iron meteorites ( <0.5 ppb) and those 
ofTATSUMOTO et al. (1973) or REED et al. {1960) for troilite 
from iron meteorites (0.1-1 ppb). These results are given as 
limits because we have no way to correct for the effects of 
contamination on localized areas on sections at these con~ 
centrations. In general no contamination corrections have 
been applied to Table 3. Because of small grains the chromite 
value may be high, but given its low modal abundance. 

Table l. Representative ele<:tron microprobe analyses of St. Severin minerals (wt%) 

Olivine Orthopyroxene Oinopyroxene Plagioclase Chromite Whitlockite Chlorapatite 

Na,o NA 0.01 0.78 9.60 2.83 0.31 

MgO 36.67 28.10 16.27 1.91 3.43 0.03 

AJ,O, 0.11 0.93 21.56 5.43 

SiO, 37.93 55.68 53.66 66.68 0.04 0.08 

CaO 0.05 0.82 21.08 2.25 46.92 53.78 

Ti02 O.QJ 0.17 0.36 4.19 NA NA 
Cr20 3 0.15 0.24 0.64 NA 52.69 NA NA 
MnO 0.48 0.45 0.33 NA l.11 NA NA 
FeO 27.81 16.49 5.90 0.68 33.11 0.48 0.12 

NiO 0.04 NA NA NA NA NA NA 
K,O NA NA NA 0.91 NA NA 

46.14 41.21 P20, 
NA 0.90 F 

a NA 3.45' 

Total 103.14 102.02 99.94 101.78 98.46 99.83 98.99 

NA ::$: not analyzed. . . . . . . 
a the measured halogen abundances would fill only about 3/4 of the ha.Iogen sne m st01ch1ometnc _ap~t1te. This may 

reflect site vacancies, systematic errors in microprobe F analyses or, conceivably, some hydroxyl substnuuon. 
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Table 2. Modal abundance of St. Severm mineralsa 

From chemica\ Point-count Point-count Dark structure 
Mineral analysisb 'best' section light structure calculated<: 

Olivine 54 62 79 55 
Orthopyroxene 19 !9 3.7 25 
C1inopyroxene 6.2 5.1 6.8 4.5 
Plagioclase 10.3 10.3 9.9 10.5 
Troilite 5.8 1.7 0.2 2.4 
Metal 3.2 1.0 0.1 1.4 
Chromite 0.82 0.6 0.5 0.6 
Whitlockite 0.48' 0.47 

{ O.ot { 0.73 
Chlorapatite 0.024 

~ modal data in wt0,~. 
busing bulk analysis of JAROSEWICH and MASON (1969) and mineral analyses from 

Table 1. 
c cakulated assuming 'Best' Section = 70% dark + 30~/~ light. 
'assumes all Pin whitlockite; if 121 ppm a (QUUANO-Rtco and W:O.NKE, 1969) assumed 

to be in chlorapatite, 035?~ chlorapatite and 0.15?~ whitlockite is calculated. See text. 

it makes an insignificant contribution to the whole-rock 
uranium content. Our whitlockite analyses are in agree
ment with others from the literature (CANTELAUBE et al .. 
1967; CJwzAz, 1974: l'ELLAS and STORZER, 1975; MANHES 
et al .. 1978). Crozaz reported one chlorapatite grain in her 
St. Severin sections: in contrast, we observed two large 
(lQ0--.200 micron) and seven small ( S: 50 micron) chlorapa· 
tites. Our apatite U concentration agrees with Crozaz. but 
is somewhat higher than values of 3. 7 and 4.8 ppm: 
reported for two grains by PELLAS and STORZER (1975). 
Our adopted modal abundance is an area-weighted aver
age of the grains seen in our sections and those of Crozaz. 
Despite the greater abundance of chlorapatite in our sec
tions, the phase still makes only a small contribution to the 
whole rock U. However, it should be noted that if all the 
chlorine in St. Severin (121 ppm; QuuANO-R1co and 
WANKE. 1969) is assumed to be in chlorapatite, then all of 
the U in the meteorite could be accounted for by this 
phase. Given the relatively high U concentration, chlorapa
tite grains greater than -1~3 microns in size would be 
readily spotted. Therefore, if only grains greater than this 
size are considered. there is a material balance problem for 
chlorine as well as U. We cannot rule out that submicron 

Table 3. U concentrations of St. Severin minerals 

Mineral 

Oh\.·lne 
Orthopyroxene 
Clinopyroxene 
Plagioclase 
Troilite 
Metal 
Chromite 
Whitlockite 
Chlorapatite 

u (ppb) 

Whole rock 
contribution 

(ppb)'' 

0.3 ± 0.1 0.18 
2.9 ± 0.2 0.54 
5.3 ± 1.4 0.28 
3.2 ± 0.5 0.33 

< 1.3 <:O.o2 
< 1.8 <0.02 

4.7 ± 0.7 0.03 
276 ± 16 1.30 

6775 + 360 1.63 
- Total = 4.3 + 0.5 

Whole rock value: 14 ppb-PELLAS (pers~nal communi
cation). 16ppb--FISHER (1972). ll ppb--This work. 

a Utilizing mode from 'best section', Table 2. Except for 
apatite where 0.024~~ was used. See text. 

b Correction for fission fragment range differences in 
minerals relative to glass standards has been applied based 
on ranges calculated by NmtTHCLIFFE and SCHlLLING 
( 1970). Except for metal and sulfide corrections are less 
than 9~~-

ch\orapatite grains contain aH the U in St. Severin. but this 
does not change any subsequent conclusions. 

We were not able to etch tracks in St. Severin plagio
clase because the grains are highly fractured (shock?) amt·· 
dissolved before tracks were revealed. Consequently. the 
plagioclase U content in Table 2 is based on ptagiodase 
grains mapped in our 'best' section. Our plagioclase U 
content is based on only a few grains; however. track 
densities over small plagioclase grains in the sections con
clusively show that U is not concentrated in this mineral. 
Given the low plagioclase abundance. 160 ppb would be 
required to account for the total .U and this can unequivo
cally be ruled out. For comparison, anorthitic feldspars 
from lunar rocks (CROZAZ et al., 1970) and achondrites 
(CARVER and ANDERS. 1976) have low (<I ppb) U contents. 
If there is a significant amount of surface contamination. 
even on our best section, the plagioclase U content will be 
somewhat high. 

Figure I shows a grain by grain breakdown of our orth
opyroxene concentrations, plotted against the area of the 
grain which was scanned. Some studies have shown that U 
content is a decreasing function of grain size for igneous 
rocks (see, for example, BURNEIT et al., 1971 ). There is no 
obvious correlation but large errors for individual grains 
prohibit strong conclusions. Secondly. such a correlation 
would only exist statistically because the grains were 
extracted from a crushed sample. Thirdly, the area scanned 
is smaBer than the actual grain area because of the pres
ence of opaque inclusions and of badly corroded regions 
from etching. These prevent tracks from being counted on 
alt portions of the grains., and this difference in area 
scanned and grain area win also put scatter into F1g. 1. 
Nevertheless, the results are consistent with a uniform 
(equilibrated) orthopyroxene U content as shown by the 
inset in Fig. 1. The inset shows that all but 3 of 30 grains 
lie within ± 2 standard deviations from the mean. Many of 
the grains counted have fractures which may be natural 
cleavages. Any U in these fractures could produce fission 
tracks leading to high apparent U concentrations for the 
orthopyroxene. U localizations in clinopyroxene cleavages 
have been documented by BHANDARI et al. (1971). In one 
grain, excluded from Fig. 1, we saw tracks arising from 
such cleavages. According to Pellas (private communica
tion, 1977) the U concentration for St. Severin orthopyrox
ene is given incorrectly in LAL et al. ( 1969), with the actual 
value being 7 ppb. This is about a factor of 2 higher than 
our concentration of 3 ppb. The 7 ppb figure was based on 
a measured neutron flux rather than by direct comparison 
with a U standard, and this may be a source of some of the 
discrepancy. However, even at 7 ppb. orthopyroxene would 
only account for - 10% of the total rock U. Our orthopyr-
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Fig. I. U concentration in orthopy~xene (in ppb} vs area scanned for tracks. Inset in upper right shows 
the distribution of the deviation (L\..) of each point from the average divided by its standard deviation (a,) 

based on counting statistics. Most points are within D./a = ±2. 

oxene U contents are much higher than those for large 
orthopyroxene grams from achondrites (CARVER and 
ANDERS, 1976), even though the achondrite total rock U 
contents are much higher. This difference is somewhat sur
prising, and it suggests that our apparent orthopyroxene U 
contents are high because of tracks originating from frac
tures or from grain boundaries. It is possibly significant 
that the lowest U concentration was observed on our most 
perfect crystal (ploned at -5.5 on rhe inset to Fig. I J. 

A priori. dinopyroxene was the most likely mineral to be 
a major source of U. In fact. some discussions of the Pu 'U 
fractionation for St Severm have alreadv assumed that this 
was determined by partitioning between. clinopyroxene and 
whit!ockite {SEITZ er al.. 1974; GANAPATHY and GROSSMAN. 
1976). Large clinopyroxene grains in St. Severin are very 
rare, as indicated by the fact that this mineral was not 
reported in two previous petrographic descriptions (0RCEL 
et al., 1967; JAROSEWICH and MASOS. 1969). Our identifica
tion of this mineral as chnopyroxene is based on micro
probe analyses (Table l) and the fact that diopsidic clino
pyroxene is a well-known constituent of ordinary chon
drites. Based on four, approximately JOO micron, grains in 
our best section, the average U concentration is 5.7 ppb. 
with a total range in concentration from 4.4 to 7 .7 ppb. 
Again, this value may be slightly high if there is significant 
contamination for this section. Most importantly, clinopyr
oxene grains greater than 20 µ with 80 ppb U (the amount 
required to dominate the total rock U) would produce 
distinctive clusters of tracks (stars) in our irradiated sec
tions., and these are definitely not present. 

Table 3 combines the measured U mineral contents 
and the modal abundances to calculate the fraction of 
the total rock U which can be accounted for by each 
phase. Table 3 shows that the total rock U content of 
St. Severin cannot be accounted for by the U contents 
of the principal minerals, at least for larger ( > 20 mic
ron) grains. The preceding discussion indicates that 
the uncertainties in the mineral analyses tend to lead 
to high U contents; thus, this conclusion is quite firm. 

The whole-rock U concentration of FISHER (1972) 
(16 ppb, with ± 10~~ agreement among four duplicate 
analyses) appears reasonable compared to other 

literature chondrite U concentrations. Random scan
ning over our best section gave 11 ppb; by the same 
method, CROZAZ (1974) found 9-14 ppb, and Storzer 
and Pellas (private communication) found 
13.8 ± 1.4 ppb. The radiogenic 4 He data of MARTI et 
al. (1969) correspond to a 4.5 x 109 yr. U-He age if 
11 ppb U and Th/U = 3.8 is assumed. All of these 
measurements are reasonably consistent. We shall 
adopt 11 ppb as measured for our section. Thus. the 
rock sections have the U. but our analyzed mineral 
grains do not. 

In order to obtain a more detailed view of the 
actual U distribution. the mica detector for our best 
section was given a Jong (30 min) etch to make the 
235 U fission tracks readily visible at low magnifica
tion. The fission tracks are not randomly distributed 
but are concentrated in broad (hundreds of microns). 
comparatively fine-grained (20-30 microns) regions 
that are rich in orthopyroxene, clinopyroxene and 
plagioclase and are nearly devoid of olivine. The U 
content in these regions is -4-0 ppb. It may be profit
able to think of St. Severin as a breccia with these 
fine-grained, olivine-poor areas as 'clasts'. These 
'clasts' appear to be contained within the dark breccia 
fragments, consistent with our observation of low 
orthopyroxene contents in the light material. Not all 
fine-grained areas have high U contents, however. 

In light of the foregoing discussion, we conclude 
that the U in St. Severin is conce;.trated on grain 
boundaries or interstitial phases in the fine-grained 
olivine-poor clasts, with the amounts of interstitial U 
varying from clast to clast. 

We have attempted to observe directly a correlation 
between track patterns and grain boundary locations in the 
track rich areas. This comparison is difficult because: (a) 
there are too few tracks to delineate clearly an image of the 
grain boundary distribution, (b) the fiss10n fragment range 
{ - IO microns) is comparable to many grain radii making 
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Fig. 2. Detailed view of U fission tracks for a St. Severin 
section irradiated to - l0 19n,cm 2

. Part (a) is a superposi
tion of the gram boundaries and the fission tracks (dots) on 
the mica detector affixed to the meteorite during the irra
diation. Part (b) is a map identifying the minerals corre
sponding to the grains in (a). The nominal track locations 
have been shifted relative to the meteorite secuon by an 
amount given by the arrow in (al to get a better fit of the 
.. holes .. in the track distribution to the large olivine grains. 
The average U concentration of the area drawn is 11 ppb. 
Given the 10 micron range of fission fragments, a grain 
boundary distribution is hard to observe directly. but the 
data shown are· consistent with this hypothesis. particularly 

the boundaries illustrated by the path ABC. 

a grain boundary correlation difficult to recognize. (c) there 
are uncertainties ( -15 microns) in relating positions on the 
mica detectors to the corresponding sample locations and 
{d) a small gap between the sample and mica detector will 
blur any small scale track pattern. The problems involved 
in trying to demonstrate the grain boundary-U correlation 
are illustrated in Fig. 2. Polished (cm-sized) slabs of St. 
Severin were covered with mica detectors and irradiated 
with a thermal neutron ftuence of ..... 1019/cm 2 (slabs were 
used because epoxy cannot survive this fluence). Several 
relatively coarse-grained areas (80-100 micron grains) were 
selected prior to irradiation. Fig. 2a shows the detailed 
track-grain boundary comparison for the area selected for 
detailed analysis. Figure 2b (based on microprobe data) 
identifies the minerals in Fig. 2a. Each dot in 2a represents 
the point of exit of a single fission fragment from the 
sample. but it should be emphasized that the location of 
the fissioning U atom may be as much as 10 microns 
removed from the point of exit and larger if there is a gap 
between sample and detector. Figure 2a is a 'best fit' in the 
sense that the large 'holes' in the track map were matched 
to the large olivine grains by a small translation (:::::: 20 mic
rons, indicated by arrow in 2al relative to the 'absolute' 
locations of the tracks determined by matching large phos
phate grains (elsewhere in the section) and corresponding 
localizations of tracks (stars) on the mica detector. This 
amount of translation is acceprable within the errors of 
locating the absolute position of a given fission track on a 

section. The area pre-selected for analysis turned out to be 
rich in clinopyroxene and free of orthopyroxene. The aver
age U content defined by the tracks shown in Fig. 2a is 
11 ppb indicating lack of significant contamination. Inter
pretation of the track patterns is complicated by the pres
ence of the fine-grained phases: nevertheless. the features 
of the track patterns, particularly the concentrations along 
the boundaries ABC (Fig. 2b~ are best accounted for by a 
grain boundary U distribution. The overall track patterns 
in our sections are not well matched by postulating tha1 
the U is concentrated in small clinopyroxene grains. 
although that model could not completely be ruled out for 
the area shown in Fig. 2. 

Our assignment of U to grain boundary locations is thus 
primarily indirect, but it is required by the mineral results 
and not ruled out by the actual observed track distribu
tions. 

DISCUSSION 

Based on the data of Table 3 and the actual fission 
track distribution over polished sections of St. 
Severin, we find that at least 50~ ~ of the U resides on 
grain boundaries, preferentially in tine-grained oli
vine-poor 'clasts'. Fission fragments from fission 
events along these grain boundaries-both 244Pu 
spontaneous fission. 4.6 x 109 yr ago and the 235 U 
neutron induced fission produced by reactor irradia
tion during the analysis by PooosEK ( 1972)--will 
recoil into the surrounding mineral grains. If our 
observation of U localization in orthopyroxene-rich 
clasts is generally valid more fission Xe will be found 
in orthopyroxene, but there will still be significant 
recoil into olivine. feldspar and clinopyroxene. We 
conclude that the fission Xe measured by Podosek 
arose from the outer 10 micron layers of major 
phases. 

Podosek found a linear array of stepwise-heating 
Xe isotopic data (for a reactor-irradiated St. Severin 
sample) when plotted on a 130Xe/ 132 Xe vs 
134Xe/ 132 Xe correlation diagram. Taken at face value 
this linear array indicates that the heavy Xe isotopes 
in St. Severin could be regarded as a two-component 
mixture of fission Xe (from both 244Pu and neutron
induced 235U fission) with an ambient 'trapped' Xe 
component similar to that found in carbonaceous 
chondrites (A VCC). The fact that different tempera
ture fractions showed variations in these isotopic 
ratios indicated that the fission and trapped Xe com
ponents were located at different sites in the meteor
ite: otherwise no isotopic variations would have been 
observed. Extrapolation of the correlation line to the 
130Xe/ 132Xe = 0 axis yielded the 134Xe; 132Xe ratio in 
the fission component, and from this a 244Pu '238U 
ratio was calculated. The fact that only one fission 
component was observed (i.e., the data formed a 
linear array) suggested that Pu and U were unfrac
tionated. In relating our work to the stepwise heating 
data, it is useful to consider two (perhaps oversimpli
fied) scenarios: 

I. When the amounts of fission Xe released in the 
various temperature fractions are considered most 
( - 60%) of the fission Xe is found in the I 300- l 500°C 
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temperature fractions. However. the spread in the iso

tope ratios which permits the calculation of a 
244Pu; 238U ratio is obtained from the 1100 and 
l200'C temperature fractions. The 1300, 1400 and 

lSOO'C data points plot comparatively close to 
A VCC. and the errors on Pu;1J derived from these 
data points by themselves correspond to a wide range 
of Pu/U ratios (0-0.02). although the actual values 
tend to be lower than 0.015. Extrapolation of the cor
relation line thus might give only the Pu/U ratio of a 
specific phase(s) which releases Xe at I I00-1200°C. 
This phase could contain as little as 30% of the fission 
Xe and might have a Pu;1J ratio which is chemically 

fractionated from the actual total rock value. Assum
ing that this hypothetical phase is also required to 
have about 30~~ of the U, it could be identified in our 
experiment. For example, a major mineral with rela

tively low U content ( :S 50 ppb) could account for an 
appreciable fraction of the total U but still have been 
missed in previous studies. 

In summary, scenario I essentially postulates that 
the Podosek correlation line does not actually yield 
the total rock Pu;U but that of some specific phase. 

II. Here we take the Podosek correlation line at 
face value to indicate that. except for minor phases 
such as phosphates. Pu and U are not fractionated. In 
this scenario. the distribution of U gives directly the 

distribution of Pu. which was the original experimen
tal objective. 

Our data appear to rule out scenario I, for which 
the extrapolation of the correlation line was deter
mined by the release of a single phase accounting for 
about 30° 0 of the fission Xe. No phase accounting for 
30° 0 of the U was found. In particular, clinopyroxene. 
which a priori was the most plausible candidate. 
accounts for less than 10~ 0 of the U. 

However. a variation on scenario l must be considered 
in which the l 100 ·nonce fission Xe represents the com
bined release of the two phosphates: whitlockite plus apa
tite. From Table 3 the combmed phosphates account for 
2.9 ppb or 26° 0 of the total rock U (assuming I l ppb). The 
amount of "'U fission Xe in the 1100 and 1200°C tern· 
perature fractions is equivalent to 25~~ of the U fission Xe 
(equivalent to -3 ppbl (PoooSEK. 1970a~ in good agree
ment with that obtained from our track data and modal 
abundances. Furthermore, combining our relative phos
phate U contents and modal abundances with the Pu 
(whitlockite). Pu {apatite) == 2 ratio from adjacent grain fos
sil track measurements by PELLAS and STORZER (1977 and 
private communication) gives a weighted average Pu/U 
ratio for the two phosphates of 0.017, in agreement with 
the Podosek value~ 1f this 'phosphat~ moder is correct, the 
Pu;U = 0.015 ratio of Podosek cannot be immediately 
equated to th~ total rock ratio, followlng the general dis
cussion in 'scenario I' 

Similarly. using the data of OlOZAZ (1974) and our 
modal abundances. an average St. Severin phosphate Th/U 
ratio of 6 is obtained indicating fractionation of Th and U 
in the combined phosphates compared to our assumed 
total rock Th/l1 of 3.8. Since Th and U are fractionated. 
the probability of Pu-U fractionation ts also high. Paren
thetically. there is no direct measurement of Th/U in the 
same whole rock St. Severin specimen. Combining the total 
rock Th concentration of MATSUDA er al. (1972) with a 

range of total rock U contents from 11-16 ppb---gives low 
Th<'U ratios. 2.0-3.6, but we tentativelv ascribe this to sam
pling differences. A Th/U measureme~t on the same speci
men is required. However. there are serious difficulties with 
this 'two-phosphate moder which probably make it incor· 
rect: (1) It is probable that our samples are anomalously 
apatite-rich. Shirck reports two apatites out of 200 phos· 
phate grains (as quoted in CROZAZ. 1974), 5 times less than 
our modal abundances. Morover. W ASSERBCRG er al. 
(t969a) found no apatites in microprobe analyses of 
~undreds of phosphate grains from their mineral separates. 
(2) LEWIS (1975) reports Xe analvses for both neutron-irra
diated and unirradiated sampl~s of phosphate separates 
from a large. l.3 kg. sample of St. Severin. His mineral 
characterization procedures did not distinguish apatite 
fro~ whitlockite: however. on the assumption that the sep
aration procedures did not bias between the two phos
phates. the data for his irradiated samples provide a direct 
measurement of the Pu/U for a mixture of St. Severin 
phosphates. Stepwise temperature measurements on the 
irradiated samples indicated variations in the Pu/U ratio 
within the separate. This variation can be explained by the 
presence of both apatite and whitlockite with verv different 
Pu U ratios or. following Lewis. by variations- in Pu.1U 
among different whhlockite grains. The data of PELLAS and 
STORZER (1975) support the latter interpretation. In.....any 
case. however, the average Pu/U ratios of the phosphate 
separates can be calculated from the Xe data, yielding 
0.040 and 0.034 for the coarse and fine size fractions 
respectively. These ratios are higher than calculated above 
(0.017) for an apatite-whitlockite mixture_ The discrepanq 
probably indicates that either the adopted Pu(whitlockite),1 
Pu(apatite} ratio or the relative modal abundance of whit
lockite and apatite is incorrect. It appears much more 
reasonable that the apatite abundance in our sample is 
high. (3) Plagioclase of the St. Severin composition 
(An 1o_.,) begins to melt at 1130-l!SOT and the recoil 
fission Xe on the surface of this mineral should be released 
by l lOO·c or certainly in the 1200'C fraction (allowing for 
temperature calibration uncertainties). The modal plagio
clase abundance is 10° ~ so at least this much of the fission 
Xe should be accounted for by recoils into plagioclase. 
Further, because plagioclase grains are svstematicallv 
smaller (thus having more surface area} a~d/or if ouf 
observation of a concentration of U in olivine-free clasts 
(which have 20-30° 0 feldspar) is generally valid. the plagio
clase surface fission Xe might account for most of the fis
sion Xe observed in the 1100i120CfC fractions, 

Summarizing, we feel that arguments (l-3) are quite 
strong and rule out the 'two-phosphate' model as an inter
pretation of the 1100/!200'C fission Xe release of Podosek. 
The agreement between the Pu(U measured in the step
wise-heating experiments of Podosek and that calculated 
from this model is probably coincidental. due to an ano
malously high apatite abundance in our sections. However. 
it should also be emphasized that there are features of the 
PooosEK (1970a) data that are not easily understood 
and/or require further study: (1) The PoOOSEK (1970) data 
yield a U content of 6 ppb which does not agree well with 
other total rock U data. (2) The neutron tluences, required 
to calculate Pu;U, were obtalned from the amount of 
1 isxe produced in KI. assuming only thermal neutron cap
ture on 12 ,1; effects of resonance neutron capture were not 
considered. The effect of this assumption will be to over
estimate (Pu1U) and to underesumate the U content. The 
magnitude of the error is difficult to estimate; ALEXANDER 

et al. (1972) obtain reasonable U values for Apollo 12 
samples by the same assumption. Consequently, it appears 
that systematic neutron fluence errors are not serious. and 
that the U concentration discrepancies indicated in (1) and 
(2) must be ascribed to other sources of error. e.g .. absolute 
Xe concentration measurements. It should be emphasized 
that only the neutron fiuence and Xe isotope ratios enter 
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the calculation of Pu,1U, consequently there is no strong 
basis for questioning the 0.015 value on analytical grounds. 
although additional data are clearly needed. 

We conclude that scenario II given in the introduc
tion is probably correct; thus. the interpretation of the 
Podosek correlation line can be taken at face value, 
indicating 244Pu/238U = 0.015 as the actual total 
rock ratio and implying that, overall, U and Pu have 
the same distribution within the meteorite. There are 
two ways in which this conclusion could be invalid: 
(a) The Pu/U ratio varies systematically for different 
grain boundaries, and (b) Podosek also analyzed a 
specimen which is anomalously apatite-rich. There is 
no evidence for either of these alternatives. One can 
then equate the grain-boundary distribution of U we 
observe today to the distribution of 244Pu in the 
meteorite 4.6 x 109 yr ago. We can now pursue the 
implications of that distribution. 

Given the superficial distribution of 244Pu fission 
Xe on grain surfaces, the question arises whether the 
inferred 244Pu/238U ratio of O.o\5 could be low 
because of diffusion loss of 244Pu fission Xe. The high 
release temperature of the reactor-produced "'U tis· 
sion Xe which, as our data show, will also recoil into 
grain surfaces, suggests that this is unlikely. The recoil 
of the fission Xe into major mineral phases has prob
ably stabilized it against diffusion loss. Similarly, 
assuming Th is also concentrated on grain boun· 
daries, the alpha particles in the U-Th decay series 
will be implanted to 15-30 micron depths and the 
resulting 4 He also stabilized against diffusion loss. 
The relatively high U-He age of St. Severin (MARTI et 
al., 1969; FISHER, 1972) and the qualitatively similar 
siting of the 4He and fission Xe is a strong argument 
against diffusion loss of fission Xe. However, the 
recoil effects in the radiogenic Pb are much smaller; 
consequently, disturbances of the Pb·U·Th isotopic 
relationships in St. Severin and other equilibrated 
chondrites may be rather likely, given the superficial 
location of the U, Th and radiogenic Pb. No disturb
ance is evident in the St. Severin Pb data of MANHES 
et al. (1978), but the measurements made were not 
particularly sensitive to anything except very large 
disturbances. 

The above arguments against significant 244Pu fis
sion Xe loss are qualitative; it would be desirable to 
be able to treat the problem of fission Xe retention 
quantitatively. Given the knowledge of the location of 
the 244Pu fission Xe in St. Severin and the fact that 
the distribution (surface layer) is relatively simple, it 
would appear possible to define more precisely the 
concept of a 'time (or temperature) of Xe retenti<m' 
which is important for all chronology calculations 
based on 244Pui238U or 244Pu!Nd. Estimates of the 
diffusion coefficients as a function of temperature in 
principle can be obtained from thermal release data; 
however. even for an initial surface layer distribution 
the diffusive loss for spherical grains of the size found 
in St. Severin still depends on grain size. More impor
tantly. essentially all fission Xe was observed at tern· 

peratures above 1100°C where partial melting has 
occurred. This prohibits interpretation of the release 
data in terms of diffusion. However careful stepwise 
heating measurements below partial melting tempera
tures yield fission Xe diffusion coefficients which then 
could be used to· calculate reliable amounts of gas loss 
for an assumed thermal history. 

St. Severin is a complex and evolved object. It has 
suffered brecciation and metamorphic recrystalliza· 
tion, probably in that order. The metamorphic time 
scale was probably not negligible compared to the 
244Pu half-life, as indicated by the 244Pu fission track 
studies of PELLAS and STORZER (1977) or by evolved 
87Sr/86Sr measured in some whitlockites (PAPANASTAS
smu and w ASSERBURG, 1969; MANHES et al., 1978). It 
is perhaps unreasonable that such an evolved object 
be used for the solar system 244Pu/238U ratio; this is 
essentially the basis of GANAPATIIY and GROSSMAN'S 
(1976) arguments. One might then expect other 
meteorites, theoretically more 'primitive', to show 
higher 244Pu/238U ratios. But the high Pu/U ratio for 
a mixed set of Allende white inclusions (PODOSEK and 
LEWIS, 1972) undoubtedly reflects PujU chemical 
fractionation as judged by the high Th/U ratios in 
some inclusions (CHEN and TILTON, 1976; TATSUMOTO 
et al., 1976). The 244Pu/238U ratio for a coarse
grained Allende inclusion matches the St. Severin 
ratio well (DROZD et al., 1977). The only known can
didate for such a primitive sample is Nadiabondi (H5) 
whose whitlockite has a 244Pu/238U ratio - 5 times 
that of St. Severin 's whitlockite (KIRSTEN et al., 1977). 
However. another H5 chondrite, Allegan. appears to 
have a lower Pu/U ratio than St. Severin (PODOSEK, 
! 970b). The question then arises as to whether the 
244Pu fission Xe data for St. Severin define a 
244Pu/238U ratio which predates metamorphism. 

PAPANASTASSIOU and WASSERBURG (1969) found sig· 
niJicant evolution in initial (87 Sr/86Sr) for St. Severin 
whitlockite, (0.6998), suggesting metamorphic re-equi
libration over a time scale of - 300 Myr. MANHES et 
al. (1978) using the whitlockite separates of LEWIS 
(1975), report a much lower (0.6990) initial 87Sr/86Sr; 
however they also found that a hand-picked separate 
of large whitlockite grains gave a high (0.6996) value. 
They ascribed this evolved ratio to inherited radio· 
genie 87 Sr from adjacent troilite because the hand· 
picked whitlockites were binary grains with troilite 
and because troilite exhibited high Rb/Sr and a low 
model age, suggestive of Sr loss. It is not clear that the 
MANHES et al. explanation can account for the 
Papanastassiou and Wasserburg result which was 
based on a separate from about 100 g of meteorite 
(W ASSERBURG et al., 1969a), although our sections in· 
dicate that a relatively high ( - 35%) fraction of whit
lockites (> IOOmicrons) show a grain boundary with 
troilite. The low initial 87 Sr/86Sr of MANHES et al. 
suggests that either the metamorphic interval of St. 
Severin was rather short or that a significant fraction 
of the Sr in St. Severin was not isotopically re-equili· 
brated during motamorphism. The slow cooling rates 
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inferred by PELLAS and SroRZER ( 1977) argue against 
a short metamorphic interval. Thus, our interpre
tation is that Sr isotopic re-equilibration was not 
complete during metamorphism. Could the 244Pu fis· 
sion Xe data also relate to an older time. i.e .• was 
fission Xe retained during the metamorphic interval? 
Results by HUNEKE et al. (1977) for basaltic clasts in 
the Kapoeta achondrite indicate that Sr re-equilib· 
ration occurred in these without 244Pu fission Xe loss. 
Our data put some constraints on the discussion of 
this problem. From the simplest point of view the 
grain boundaries on which the U resides today and 
from which the measured fission Xe evolves were 
probably formed during the metamorphism. These 
boundaries did not exist during older times; conse· 
quently, it would be concluded that the measured 
244Pu/2 "U ratio does not apply to a time prior to 
metamorphism, but instead corresponds to some time 
during metamorphism. Specifically, the measured 
ratio applies to a time after the textural re-equilib· 
ration of the meteorite. 

Our conclusions raise (or at least reemphasize) 
some serious chronology problems. If the 
244Pu/238U = 0.015 ratio applies to the end of a 
period of metamorphism lasting more than 108 years. 
then one should find meteorites with 244Pu/238U 
ratios at least 2-3 times that measured for St. Severin. 
However, the "'Xe- 1291 age for St. Severin is not 
significantly lower (8 Myr younger than Bjurbiile) 
than most other meteorites (PoooSEK, t 970a). Since 
the distribution of I is not known, it is possible that 
the time of radiogenic 129Xe retention was pre-meta
morphism and therefore much earlier than the time of 
244Pu fission Xe retention. There is not a good corre
lation between radiogenic 129Xe and fission Xe in St. 
Severin. supporting this possibility. Alternatively, 
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since textural re-equilibration and fission Xe retention 
may have occurred relatively early in the metamor
phic period, it is also possible that there is no signifi
cant difference between one effective time of retention 
for radiogenic 129Xe and fission Xe and that signifi
cantly higher Pu/U ratios will not be found in other 
meteorites. In general. we have no solutions for the 
difficulties in understanding the results of various 
methods of measuring meteorite age differences which 
have been noted by several authors (see. e.g., GRA y et 
al., 1973). 

Jn summary, we feel that our data (I) strongly sup
port the validity of the 244Pu/238U value of O.Dl5 for 
St. Severin as a true whole rock result and (2) support 
the assumption that this ratio is unaffected by fission 
Xe diffusion loss. Thus, 244Pu/238U = O.ot5 would be 
our best estimate for the solar system value although 
additional direct measurements on equilibrated chon
drites are required. The arguments of Grossman and 
Ganapathy for the use of Allende coarse-grained in
clusions as the source of the solar system 244Pu/238U 
appear equally valid to us; however more dat~ to 
check the constancy of Th/U in Allende coarse
grained inclusions are needed (BoYNroN. 1978: CHEN 
and TtL TON. 1976). It is probably significant that 
DROZD et al. (1977) found 0.017 = 244Pu/238U in one 
such inclusion. 

Our data of course say nothing about the possibi
lity that Pu and U were fractionated on a whole rock 
basis during the formation and metamorphism of St. 
Severin. However, this possibility can be tested by 
exactly the same method as used by Grossman and 
Ganapathy for the Allende coarse-grained inclusions. 
Figure 3 shows the ratio of the concentrations of 
'refractory" trace elements in St. Severin to those in 0 
chondrites. These elements (plus others for which St. 

Ca Sr La Ce Nd Sm Eu Gd Dy Er Yb Lu Th 

Fig. 3. Enrichment factors for refractory elements in St. Severin relative to Cl chondrites are shown to be 
uniform. Factors given are weight concentration ratios. Data sources for St. Severin and Cl's respectively 
are as follows: Ca-JAROSEWICH and MASON (1969~ GROSSMAN and GANAPATHY (1976): Sr-GOPALAN 
and WETHERILL (1969), TATSUMOTO et al. (1976): REE-MASUDA et al. (1973). NAKAMURA (1974); Th
MATSl!DA et al. (1972), TATSUMOTO et al. (1976): U: solid points-FISHER (1972). solid square--PELLAS 
(personal communication), solid triangle--{this paper). the range of values labeled C is from CROZAZ 

(1974). all are normalized to the U data of TATSUMOTO er al. (1976) for Cl chondntes. 
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Severin data are unavailable) are uniformly enriched 
in coarse-grained Allende inclusions. The figure also 
shows that there is no consistent evidence for strong 
fractionations of these refractory elements in St. 
Severin. (Note the supressed zero in Fig. 3). Much of 
the observed scatter may represent sample variations 
in absolute abundances rather than in relative abun
dance variations. It would seem worthwhile to have 
an analysis of these elements on a single sample, par
ticularly the Th;U ratio, which is the best clue to 
Pu/U fractionation. 

MARTI et al. (1977) have proposed 0.004 as the solar 
system 244Pu/238U ratio, where this value was calcu~ 
lated as ('44Pu;Nd)•oo• x (Nd/238U),, where ADOR 
refers to Angra dos Reis and ch to chondritic. Figure 3 
shows that Nd/U in St. Severin is equal to the Cl 
chondrite value; consequently, the Pu;Nd is about 4 
times higher for St. Severin than ADOR, if we adopt 
0.015 as the 244Pu/235U ratio for St. Severin. [It is 
also possible to calculate (Pu;U) or (Pu/Nd) for St. 
Severin based on Pu concentrations obtained from 
absolute fission 136Xe concentrations for unirradiated 
whole rock St. Severin samples. However, we consider 
these less reliable because of sampling problems and 
errors in the decomposition of the Xe mass spectrum 
whereas the Podosek Pu/U comes from the same 
sample and is independent of any absolute rare gas 
concentration measurements. Thus, using Xe data 
from MARTI et al. (1969) and WASSERBURG et al. 
(1969) and 12 ppb U, Pu.JU ratios for St. Severin rang
ing from 0.005 to 0.013 are obtained. These tend to be 
lower than 0,015, but do not clarify the situation, 
although it is worth noting that the uncertainties in 
the O.QJ5 ratio are such as to make it high]. The 
studies on ADOR (MARTI and LUGMAIR, 1977, WAS
SERBURG et al., 1977) support the Pu/Nd hypothesis 
although recent work (BENJAMIN et al., 1979) shows 
that Nd and Pu do not have equal crystal-liquid par
tition coefficients. This means that fractionation can 
occur in some igneous processes, although in many 
cases the fractionation will be small. It is also possible 
that the lack of fractionation is only valid for igneous 
processes and that Pu and Nd were fractionated (e.g., 
by nebular processes) in the formation of the ADOR 
parent planet. Another possibility is that the lower 
Pu;Nd ratio may represent a 160 Myr younger age 
for ADOR than St. Severin. ADOR has a slightly 
lower initial 81 Sr/86Sr (WASSERBURG et al., 1977) rela
tive to 0.6990 as quoted by Manhes et al. for St. 
Severin; however, the extremely low alkali contents 
and K/U ratio of ADOR (TERA et al., 1970) suggest 
a very refractory parent planet for ADOR (perhaps 
one formed from Allende-coarse-grained-inclusion type 
material). If so, then the low 87 Sr/86Sr reflects an 
early time of formation for the ADOR parent planet 
but the lower Pu;Nd (or Pu/U) in ADOR reflects a 
later magmatic event 160 Myr after the textural re
equilibration of St. Severin. This is speculative, but in 
any case we feel that the directly measured chondritic 
Pu.JU from St. Severin is preferable for the solar sys-

tern ratio to the one inferred indirectly by Marti et al. 
The closer coherence of Pu to Nd than U is a fact for 
ADOR, and we agree that relative meteorite ages may 
be more accurately calculated from Pu/Nd. This hy
pothesis can be independently evaluated. but relative 
meteorite ages should be recognized as a distinct ap
plication of the presence of 244Pu in the early solar 
system from the use of 244Pu; 238U for cosmochrono
logical purposes. 
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Appendix IV 

Beta Radiography of Finite Samples 

The following examples are used to illustrate the dependence of Smu 

values on grain size. Because individual beta particles do not have 

definite, well-defined ranges, beta ranges must be treated collectively. 

Empirically, betas are exponentially absorbed by a thick absorber (thick-

ness, E) such that the flux I is given by 

I = I e-ur 
0 

where I 0 is the unattenuated flux and u is the coefficient of absorbtion. 

The absorber thickness necessary to attenuate the beta flux by 0.5 (d1/2) 

is given by 

d1; 2 = ln2 • p /u 

where p is the density of the absorber (Evans, 1955). For a 15lsm source 

of p = 3g/cm3 and d1; 2 = 2.1 x l0-3g/cm 2, u is approximately 10 3/cm. 

Case I - Infinite half-space source 

For a semi-infinite 151 sm source of strength I
0 

(betas/cm3•sec), the 

contribution to the track production rate at the surface dS of a volume 

element dv (located at a polar angle e with respect to the surface) is 

given by 

dS = I(r) case dv/(4w r 2) 

integrating over all volume yields 

Case II - Hemispherical source, radius R 

This case is very similar to the infinite half-space but with different 

limits of integration. Therefore, at the center of the hemisphere 
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Case III. - Infinite thin source 

For a thin plate of thickness.!_, the solution consists of two parts: 

£(distance from source volume dv to surface) < t and (2) r)t. For r < t, 

as in the case of the hemispherical grain. For r)t 

and 

00 

f32 =I
0
f Ct 2/r 2) e-ur dr/4 
t 

Case r.T. - Long cylindrical source, radius R. 

where 

'Th.e axial track production rate f3 is given by 

00 

[ 1 - e -uR + u f f ( R/ r) 
R 

e-ur dr] 

f(R/r) = sin-l(R/r) - (R/r)(l - (R/r)2)1/2 • 

Case V. - Edge of a thick source 

e-ur dr] 

On the surface of a large, thick source (infinite quarter-space) at a 

distance Z from the edge (source boundary normal to the surface containing 

Z), f3 is given by 
00 

l/1TJ u e-ur g(Z/r) dr] 
z 

where g(Z/r) sin-l(z/r) + (Z/r)(l - (Z/r)2)1/2 
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As examples these cases will be tabulated and compared to the semi-

infinite slab (Case I), to show how f3 is affected by grain size. All 

calculations assume the "grain" to be surrounded by inert material. 

For Case II, the hemispherical grain, radius R 

R (3center/(3case I 

10µ 0.63 
20µ 0.86 
30µ 0.95 
50µ 0.99 

For Case III, thin grain of thickness t 

t f3III/f3I 

10µ o. 75 
20µ 0.94 
30µ 0.98 

For Case IV, long, cylindrical source, radius R 

10µ 
20µ 
30µ 

R f3IV/f3I 

0.73 
0.92 
0.98 

For Case V, a distance Z from the edge of a thick source 

z f3V I f3 I 

10µ 0 .92 
20µ 0.97 

Based on these calculations, large crystals analyzed > 20µ from glass-

crystal interfaces should yield satisfactory results. 


